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ABSTRACT

The mobility of an Unmanned Aerial Vehicle (UAV) offers significant
benefits when deploying remote Non-Destructive Testing (NDT)
inspections of large-scale assets. Ultrasonic inspection is primarily
a contact-based NDT method, that grants the opportunity to remotely
monitor the structural health of an industrial asset with enhanced
internal integrity information. Presented in this paper is an implemen-
tation of an autonomous UAV system, equipped with an ultrasonic
thickness measurement payload. This system is designed to conduct
ultrasonic inspections of non-magnetic facilities and industrial infra-
structure where surface adhesion cannot be achieved magnetically.
Operating within a laboratory environment, this system autonomously
positioned the transducer on a vertically mounted, unpainted, alumi-
nium sample and completed an ultrasonic thickness measurement
without manual intervention. An onboard laser scanner provided
instantaneous UAV alignment and standoff error measurements versus
the sample’s surface normal vector. While inspecting a region of the
aluminium sample with 12.92 mm nominal thickness, the UAV system
demonstrated a measurement error of 0.03 mm. During this process,
the standard deviation of the craft’s positional error was recorded to be
below 63.26 mm, accompanied by an angular alignment error versus
the surface normal vector of below 2.71°. The accuracy of the UAV
deployed inspection, including thickness measurement accuracy and
positional accuracy, depends on many factors. As such, transducer
alignment constraints, electrical noise and UAV stability are investi-
gated and discussed. Findings from this paper may be taken to inform
future research regarding autonomous airborne ultrasonic inspection

of constructed infrastructure and industrial facilities.

1. Introduction
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A UAV (Unmanned Aerial Vehicle) is a pilotless aerial robot system, generally com-
prised of a flight controller, navigation and communication systems and a functional
payload. Their mobility and size provide UAVs with the ability to effectively undertake
many laborious or dangerous tasks, such as NDT (Non-Destructive Testing) evaluations
of live power lines [1,2] and concrete crack detection in bridges [3]. UAVs provide an
airborne approach to inspect high-altitude and high-risk sites such as offshore wind
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turbine blades and selected areas within nuclear facilities which conventionally require
inspectors to work in the presence of radiological safety hazards.

Traditionally, the UAVs for NDT inspections deploy a sensing payload with
a relatively large standoff distance to avoid collisions and near-surface aerodynamic
challenges [4,5]. Photogrammetric inspection is one such approach whereby UAVs
equipped with a high-resolution camera evaluate the surface condition of the target
object [6]. This technique has been demonstrated by many commercial industrial
inspection services [7]. In some cases, it has been expanded to include information
available outside the visible light spectrum [8]. Thermographic inspection is another
non-contact evaluation technique. It focuses on using a thermal camera to monitor heat
distribution in damaged or worn structures or, in more sophisticated cases, to observe
infrared absorption spectra specific to a leaking gaseous hydrocarbon [9]. A further
example of thermographic inspection lies in solar panel defect detection [10]. The
photogrammetric and thermographic measurements, however, are only capable of iden-
tifying prominent near-surface and surface-exposed defects. They therefore represent
forms of visual inspection and are heavily influenced by environmental conditions and
hardware setups. Additionally, such technologies are not sensitive to incipient damage
and are inadequate to determine early-stage defects hidden underneath a surface coating
[11,12].

Ultrasonic measurement is an inspection technology, used to determine internal
support material corrosion or fatigue crack formation beneath an exposed outer surface
[12,13]. In doing so, pressure wave packets are transmitted into the sample. Reflection
signals from discontinuities in the material are then captured and analysed to assess
structural defects. The relative amplitude of these signals and instrumentation noise,
expressed as the Signal to Noise Ratio (SNR), strongly influences measurement accuracy.
Contact-based ultrasonic inspections grant higher SNR compared to the contactless air-
coupled measurements [14]. This remains problematic as long as existing UAVs fly only
at comparatively large standoff distances from the target object. It is also highly challen-
ging to manually pilot a UAV with sufficient accuracy to perform a close-range inspec-
tion whilst maintaining an appropriate contact force and alignment for a conventional
transducer to operate successfully. To this end, R. Mattar et al. demonstrated an early
prototype of a wall-sticking, manually piloted UAV for ultrasonic corrosion mapping of
metallic storage tanks [15]. Mattar et al. mounted an ultrasonic transducer, accompanied
by an electromagnet, at the tip of an extended arm. They utilised an onboard micro-
controller to control the electromagnet and generated around 530 N adhesive force to
ensure the ultrasound probe remained in stable contact and acoustically coupled to the
tank wall. However, the system is only capable of conducting thickness measurements of
ferromagnetic structures. Other non-magnetic materials, such as aluminium, cannot
support the required adhesive force. A further attempt at UAV deployed ultrasonic
inspection is presented by R. Jarvis et al., placing an EMAT (Electromagnetic Acoustic
Transducers) onto two industrial samples (a ferromagnetic plate and pipe) with
a manually piloted UAV [16]. The authors measured wall thicknesses of these two
samples with a limited success rate: 65% in the case of the plate, dropping to 60% for
the pipe. The unsuccessful deployments occurred when the landing trajectory was not
perpendicular to the target surface and translational momentum cause the probe to
topple over after making contact. B, Kocer et al. developed an ultrasonic system with
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a non-linear controller to conduct thickness measurements of a ceiling using
a commercial ultrasonic transceiver [17]. The authors focused on the flight controller
design to achieve stable flight and exert force on the ultrasonic transducer. The inspec-
tion accuracy was about 10% of the nominal thickness.

Currently, UAV deployed ultrasonic thickness measurement systems are being proto-
typed by a selection of industrial inspection companies [18,19]. Most current literature is
focused on the measurement of ferromagnetic structures, with the notable omission of
consideration for significant infrastructure, buildings and bridges composed of non-
magnetic materials (e.g. concrete, aluminium, titanium and a variety of composites).
These materials lack the susceptibility to magnetic force necessary to ensure the transducer
remains on the inspection surface. Recently published examples of UAV based ultrasonic
measurement systems focus on flight control theory, using commercially available ultra-
sonic inspection payloads. Herein, a custom transceiver was designed and fully integrated
into the UAV system, granting additional flexibility for future research.

Thus, this paper presents a UAV system, integrated with an ultrasonic thickness
measurement payload capable of assessing surfaces without relying on magnetic adhesion,
demonstrated against an aluminium target with no susceptibility to magnetic force. The
system is autonomously stabilised and guided for ultrasonic inspection of both large
metallic storage vessels and other non-magnetic industrial assets. A laser scanner onboard
the UAV determines the craft’s standoff distance and alignment offset relative to the
inspection surface while measurements are obtained using a 5 MHz split-crystal ultrasonic
transducer and on-board ultrasonic transceiver circuitry. Air gaps between the transducer
and sample cause impedance mismatch and reduce the efficiency of energy transmission.
To transmit more ultrasonic energy into the sample, a small quantity of couplant gel is
applied between the transducer and inspection surface, as is common in conventional
inspection. The transducer itself is held in a spring-loaded mounting structure to ensure
an appropriate contact is maintained while the UAV manipulates its thrust to provide the
force that couples the probe with the surface. Employing this strategy, the UAV autono-
mously measures thickness at pre-planned locations on the target surface.

Ultrasonic thickness measurements aboard the UAV are attained by a conventional
split-crystal transducer, utilising piezoelectric materials to generate and receive the
ultrasonic pressure waves. The transducer operates in a ‘pitch-catch’ configuration,
which helps to minimise the near-field dead-zone and improves resolution when mea-
suring thin plates [20].

However, as is discussed in greater detail below, several factors may mitigate the
performance benefits offered by this configuration when applied in the context of UAV-
based inspection. Notably, transducer alignment errors and UAYV instability can give rise
to poor acoustic coupling, resulting in high attenuation of the returned ultrasonic signals.
Electromagnetic noise introduced by interference from UAV motors may also be
expected to raise the noise floor in the measurement signal, causing additional reduction
of the SNR and further diminishing the inspection accuracy.

2. Aim and objectives

This paper presents a prototype UAV system for ultrasonic thickness mapping of large-
scale facilities and evaluates the UAV deployment parameters which influence inspection
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accuracy. Particular examination is given to the detrimental effects of the aerodynamic
challenges induced by close proximity flight, transducer alignment constraints and
electrical interference from the craft’s motors. These experimental results provide bench-
marks for UAV ultrasonic inspection system performance.

The structure of this paper is as follows. Section 3 demonstrates the implementation of
a UAV system with an integrated ultrasonic inspection payload and details the experi-
mental setup used to assess its performance. Section 4 details the procedure developed for
measuring the alignment error and offset distance to the aluminium plate using an
onboard laser scanner. Section 5 evaluates and analyses the parameters influencing the
system SNR and inspection accuracy. Section 6 details empirical results of the UAV
deployed ultrasonic inspections. Section 7 provides a discussion based on these experi-
mental results. Finally, in Section 8, the paper is concluded with a summation of insights
gained from the work.

3. System overview and experimental setup
3.1. System overview

The inspection system utilised in this paper (as shown in Figure 1) is composed of: an
AscTec Firefly UAV [21], custom manufactured ultrasonic transceiver circuitry,
a 5 MHz, 10 mm diameter spilt-crystal ultrasonic transducer [22] installed at the tip of
the spring-loaded arm and a Hokuyo URG-04 LX laser scanner [23].

The Firefly UAV is a commercially available aerial platform, which is specified for
a maximum take-off mass of 1.6 kg and offers circa 15 minutes flight time under nominal
conditions. Flights are automated by a customised Proportional-Integral-Derivative
(PID) controller [24] running on a ground-based workstation accompanied by an
onboard computer for sensor data acquisition and wireless transmission.

In a manner common to most commercial UAVs, the AscTec Firefly relies on GPS
satellite data to perform autonomous navigation. However, the experiments presented in
this paper were undertaken within an indoor laboratory environment, wherein GPS
signals are unavailable. Therefore, a Vicon MX T-series tracking system is used as
a replacement to conduct the laboratory-based inspections [25]. The system is comprised

. Laser Scanner (c)

Ultrasonic Transceiver Circuitry

(b) Spring Mounted 5 MHz Split Crystal Probe

f 680 mm |

Figure 1. (a) AscTec Firefly UAV equipped with ultrasonic payload (b) Cross-section of the spring-
loaded arm mechanism (c) The UAV system top-down view and bounding dimensions.
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of twelve optical cameras and precisely tracks the full position and orientation UAV pose
at 100 Hz in real-time. This data is utilised by the controller to govern the UAYV altitude,
updating every 50 ms.

A Hokuyo URGO04-LX planar laser scanner [23] mounted atop the UAV is utilised to
provide distance mapping of the inspection scene in front of the UAV. The scanner has
a mass of 160 g, a 240° field of view with 0.35° angular resolution and presents with
a 20 mm peak-to-peak measurement error. A curve-fitting algorithm is utilised to process
the raw data output and compute the standoff and orientation errors in real-time, as
detailed in Section 4. Sensor readings are used to estimate target orientation relative to
the front of the craft and thereby determine its alignment offset versus the surface normal
vector. This mechanism ensures that the UAV flies with correct orientation, keeping the
probe face parallel to the asset surface while the distance measurement provides infor-
mation used to maintain a designated standoff distance and avoid damaging collisions.

Ultrasonic thickness measurement is attained by deploying a 5 MHz, 10 mm diameter,
split-crystal transducer, accompanied with customised ultrasonic transceiver circuitry.
The transducer is manufactured by GB Inspection with plastic housing that reduces its
mass to 17 g [22]. Like most hard-face transducers, it requires appropriate angular
alignment and utilises acoustic couplant gel, placed between the asset and transducer
surfaces, to eliminate any air gap and propagate acoustic energy.

The customised ultrasonic transceiver circuitry is a 76 g, light-weight system, speci-
fically designed to minimise the mass of the hardware necessary to operate split-crystal
ultrasonic probes within small robotic platforms. The system contains a pulse generator;
a Variable Gain Amplifier (VGA); an Analogue to Digital Converter (ADC) for digitising
A-scan echo signals and a high-speed Field-Programmable Gate Array (FPGA) controller
for data acquisition.

The ultrasonic transceiver generates 180 V unipolar rectangular pulses, stimulating
the piezoelectric element inside the transducer, and thus effecting the transmission of
ultrasound waves into the sample. A transimpedance amplifier, coupled with the VGA,
forms the receiver front end to pre-process the ultrasonic echo signal and amplify it into
the acquisition range of the ADC. The amplified signals are digitised at a sampling rate of
100 MHz. These signals are initially buffered in the FPGA, then wirelessly transmitted via
the UAV’s onboard computer to a ground-based workstation for further processing to
provide the final quantitative A-scan thickness measurement. The software running
within the UAV onboard computer fires the transducer and ultimately controls the
acquisition process, providing a 20 Hz pulse repetition frequency.

The AscTec Firefly is designed as a platform for fundamental UAV control research
and applications in free flight around other bodies. As such it is particularly suited for
photogrammetric inspection when equipped with a lightweight camera. However, unlike
photogrammetry, ultrasonic inspection is a contact-based measurement, which requires
the transducer to meet the inspection surface with appropriate force and alignment to
ensure adequate coupling of the transmitted and received acoustic energy. Because of
aerodynamic challenges and concerns regarding collisions, the UAV is required to
maintain a small distance (110 mm) between the propeller swept area and the inspection
surface. Therefore, the ultrasonic transducer is held at the tip of a spring-loaded arm
extending from the centre of the UAV.
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This approach is not without compromise. The presence of this arm and transducer
increases the UAV mass and alters its distribution, introducing a significant turning
moment (the product of force and distance to the UAV’s centre) and so acting to
destabilise the aircraft. Thus, the mechanical mounting structure was designed to mini-
mise the increase in payload mass and turning moment. The 3D printed, lightweight
structure (depicted in Figure 1) is composed of a central tube, a spring-loaded head,
a UAV mounting manifold and a battery carriage. The battery carriage is placed at the
back of the UAV to counterbalance the additional turning moment of the arm, aiding
flight stability.

Herein, all thickness measurements are conducted by evaluating the time difference
between two back-wall echoes observed in the A-scan results. An increased noise level
and weakened signal strength are noted to negatively influence the measurement accu-
racy, obfuscating the peaks used to define thickness in the acquired signal. In order to
investigate such effects, the relative strength of the signal versus the accompanying noise
is defined by the SNR, calculated by dividing the peak amplitude of the reflected signal by
the noise amplitude and expressing the result in decibels:

Asi na
SNR (dB) = 20 log,,~** : 1)

noise

In this case, the noise is taken as the maximum amplitude of the signal within the regions
where the reflected echo is not observed, ignoring the initial pulse transmission.

3.2. Experiment setup

A 1 m® aluminium plate of 15 mm nominal thickness was fabricated and vertically
mounted in the laboratory to mimic an industrial inspection scenario as presented in
Figure 2. Dimensions of the plate are defined to provide suitable scale to replicate flight
conditions in proximity to industrial structures such as petrochemical tanks and nuclear
facilities. In such scenarios, measurement accuracy mainly depends on the quality of
ultrasonic coupling between the probe and the asset, itself related to the flight conditions
and motion of the UAV. This setup is therefore indicative of the accuracy during
inspection of larger scale assets under a similar UAV flight profile. Rectangular pockets
were machined into the rear surface of the plate to simulate the measurement of different
thicknesses and complex corrosion geometry. Additionally, 15 flat-bottomed holes were
also drilled in the plate with different depths and diameters, representing different sizes
and depths of sub-surface defect.

Whilst the surfaces of inspection targets will likely be painted in the case of in situ
assets, here the sample retained a finish as manufactured, noting that non-destructive
inspections commonly require the removal of surface coatings prior to measurement.
Such conditions provide a means to evaluate system performance in the absence of the
negative effects of surface coating including signal attenuation by ultrasonic impedance
mismatch or variations in acoustic coupling caused by uneven coating thickness.
Furthermore, the unpainted surface allows for characterisation of UAV inspection of
materials with high reflectivity, known to present additional uncertainty in laser distance
measurements [26].
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Figure 2. (a) Aluminium sample schematic diagram. Still images taken from a video of the inspection
process when UAV was: (b) close to the surface, (c) undertaking ultrasound inspection and (d)
retracting to leave the surface.

When conducting the airborne inspections, the UAV initially rises to the target height
and stabilises itself at a distance from the asset, centring itself relative to the desired
inspection point prior to approach. After achieving this pre-planned attitude, the con-
troller guides the UAV closer to the asset until the ultrasonic probe at the front of the arm
contacts the surface and measurements may be taken. Thereafter, the controller retracts
the UAV to a standoff distance of 800 mm to prevent collision damage from forward
movement induced by environmental disturbances. The UAV thereby leaves the inspec-
tion surface and makes ready for the next point measurement, repeating the alignment
and approach stages. After finishing the inspection process, the controller guides the craft
to a designated safe area and performs an automatic landing.

4. Distance and alignment measurements of reflective surfaces

Locating the position of the target object and understanding its surface geometry is
essential in autonomous in-service inspections. The Hokuyo URG-04 LX laser rangefin-
der employed by this system is a phase-shift measurement sensor, commonly used for
obstacle avoidance, mapping of the area immediately surrounding a mobile robot and
localisation of the robot within that area [26]. The scanner has a mass of 160 g, a 240°
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field of view with 0.35° angular resolution and presents with a 20 mm peak-to-peak
measurement error. As described in Section 3.2, it was mounted atop the UAV to
measure instantaneous standoft and orientation error relative to the target asset and
permit the autonomous control of the aircraft. Generally, standoff distance to the sample
is determined based on the minimum distance in the rangefinder’s swept measurement
arc, while alignment is calculated using the angle at which the minimum distance is
recorded. However, in this case the specular reflective nature of the aluminium sample, as
with other highly reflective materials, results in measurement errors in the laser scanner
range data, owing to its reliance on phase-shift measurements [26,27]. To improve the
measurement accuracy, a curve-fitting based data processing algorithm was applied. This
process computes the standoff and orientation errors in real-time by fitting a plane to the
closest part of the structure.

In considering this algorithm it is first noted that the laser scanner output for a flat
plane in noiseless conditions can be written as:

D

De = cos(60 — 6 @

where Dy is the measured distance to the surface at an angle of 6°, D is the UAV standoff
and 0 is the angle with the shortest distance (representative of the UAV orientation
error), as shown in Figure 3.

Therefore, the objective of the curve fitting process is to find the value of D and ©’,
which best fits the laser measurement data. However, due to the specular reflective nature
of aluminium material, the sensor measurements around the angle where the path of the
laser light approaches the surface normal direction contain relatively large error, as
visible in Figure 4. Such surface finishes complicate the laser scanner curve fitting and
measurement interpretation but do provide a unique feature to retrieve the alignment

LY UAV x

kS

Figure 3. A generic representation of the laser scanner reading with 8’ alignment angle offset.
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offset after curve fitting, as the distance acquired perpendicular to the target surface (0°
incidence angle) contains the largest error relative to the ideal curve. Hence, the align-
ment angle acted on by the flight controller was estimated using this phenomenon.
Figure 4 is an example of the distance and alignment measurement versus the aluminium
plate described in Section 3.2 using the laser scanner output. As shown in the figure,
a 27 mm steady-state error was visible on the resultant fitted curve and corrected for
using the calibration data of the aluminjum material [26]. The process successfully
estimated the alignment angle and the standoff distance to the inspection sample.

Overall, the distance and alignment measurement can be determined per the following
procedure, as shown in Figure 4(a).
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Target Offset and Orientation Extraction Algorithm

Step 1 Generate an initial guess for: plane offset distance, Dy = minimum measured distance in single scan of
rangefinder swept arc, Angular location of nearest point of contact, 8¢ = the angle of the minimum
measured distance.

do iteration N, starting at N =1

Enumerate over the distance D from 90 % to 110 % of the previous best fit distance, Dy_1,
computing deviation from the curve fit at each point to find an updated candidate distance Dy
which best represents the raw curve after a previous iteration’s change in 6.

Enumerate over the angle & within the boundaries of region of laser region reflection pertaining to
the sample to find a candidate angle &'y which is best describes the raw curve with the updated
value of D.

|00p while 9’N¢6/N—1 and DN¢DN71
return ' = @'y, D = Dy

Step 2 Find the angle with the largest fitting error by comparing the raw data and the curve as fitted with the
value of D and & attained in step 1. This angle is the alignment offset between the UAV and
aluminium plate and so the final value of 8.

Step 3 Correct for material specific offset in distance measurement using the calibration data of the
aluminium material to give a final value for D. Herein, an offset of 27 mm was subtracted from the
distance.

Figure 5 shows the distance and alignment error measured from the UAV onboard
laser scanner during the inspection, compared with the measurements from the Vicon
system. As shown in Figure 5(a), the majorities of alignment measurement errors and the
distance measurement errors were below 2° and 60 mm Such results show the laser
scanner has successfully estimated the alignment and standoft distance when inspecting
a high reflective surface.

5. Factors impacting ultrasonic inspection accuracy
5.1. Probe alignment angle

The transducer utilised in this paper is a split-crystal ultrasonic probe. It may be readily
found from practical experience that probe alignment error causes signal attenuation
when the transducer face is not parallel to the target surface. As described in [28], such
misalignments produce uncertainties in the measurement process, resulting in measure-
ment errors. This experiment is thus designed to measure the alignment constraints of
the transducer and quantify their impact on inspection accuracy in the larger context of
the UAV deployment. Here, the ultrasonic transducer was mounted on the end of

(a) 14 ' ' v ' (b) 8 —

12 7 L

>
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«
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©
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s

~

obm im - i g | 0
-5 -4 3 3 4 5 100 80 60

60 80 100

-2 B [] 1 40 20 0 20 40
Alignment Measurements Error (°) Distance Measurements Error (mm)

Figure 5. Measurement errors from the onboard laser scanner, compared with the values from the
Vicon tracking system (a) alignment angle (b) standoff distance.
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a KUKA KR6 R900 sixx: an industrial, six-degree of freedom, robotic manipulator arm
[29]. Utilising the internal pose feedback, the robot pitch, roll and yaw angles and (x,y,z)
translations, measured with 0.01° angular and 0.01 mm translational resolution respec-
tively, were manually adjusted to move the ultrasonic probe through a range of poses.
Compared with the vibration present when mounted on the UAV, the KUKA robot can
deploy the transducer to much more precise positions granting the experiment repeat-
ability and providing more accurate quantification results. Additionally, the measure-
ments under this setup are not influenced by interference from the UAV motors, which is
further described in Section 5.2. The motors of the robot were stationary during the data
acquisition, so they have no contribution to noise.

In conducting the assessment, the transducer is triggered and its output signal
digitised while the robot arm is manually controlled to adjust the transducer through
a range of + 6° in pitch and + 9° in roll angle while maintaining contact with the
inspection target via a layer of couplant gel. As demonstrated in Figure 6, an aluminium
sample of 9.2 mm thickness is horizontally attached to the robot inspection platform and
constitutes the inspection target for this scenario. This sample is approached vertically by
the robotic manipulator, using the same transducer and circuitry as on the UAV plat-
form, described in Section 3. To ensure that the maximum usable range of transducer
orientations is determined, the amplifier gain of the ultrasonic acquisition board was set
to its maximum value (47 dB) for the duration of these trials.

The A-scan signals of the transducer with different alignment errors are presented in
Figure 7. These received signals have been digitally post-processed utilising a bandpass
filter with a centre frequency of 5 MHz and bandwidth of 2 MHz. Tables 1 and 2 list the
measurement errors with different roll and pitch alignment errors, respectively, relative
to the surface normal vector. It should be noted that measurement errors when the
transducer is positioned at large angles from surface normal are omitted from Tables 1
and 2 because the reflections are not distinguishable in the A-scan signals in these cases.

As shown in Figure 7, the reflection signals had the largest amplitude while the
transducer was parallel to the surface. In this case, a total of nine repetitions of the back-

(2) \X . 1 (b)
2

Robot Control Direction

Ultrasonic
'y » - Transducer |
/’% N, LU V|
B 7_' 9.2 mm
i \Inspection

Sample

Figure 6. (a) Transducer orientations (b) Experiment setups for the quantification of alignment
constraints.
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Figure 7. A-scan signals with different transducer alignment errors (a) the transducer roll angle was
adjusted between + 9° (b) the transducer pitch angle was adjusted between + 6°.

Table 1. Thickness measurement errors with different roll angle alignment errors.
Alignment Error 8 77 6 5 4 3 22 1° 0 -1° 22 -3 -4 5 6
Measurement Error (mm) 032 028 028 024 0.24 0.15 0.06 0.03 0 0.03 006 009 0.12 028 032

Table 2. Thickness measurement errors with different pitch angle alignment errors.

Alignment Error -3° -2° 1° 0° 1° 2° 3°
Measurement 0.82 0.73 0.06 0 0.03 0.38 0.73
Error (mm)

wall echo are identifiable in the A-scan signals. The increased signal attenuation at
orientations diverging from normal and accompanying growth in measurement error
highlights the relationship between the transducer alignment and inspection accuracy. As
such, the back-wall reflections are markedly attenuated in the case where the transducer
roll and pitch offset are larger than 6° and 3°, respectively, to the point where no single
echo can be visually identified within the A-scan signal. Thus, the bounding constraints
for alignment offset that may be tolerated while obtaining recognisable reflections are +
6° on roll angle and * 3° on pitch angle. It should, however, be noted that the reflection
signals can be recognised in one direction of the movement about the roll axis up to 6°
but 8° in the other. This phenomenon occurs owing to the alignment error’s influence on
the sound propagation path. Specifically, the transmitting and receiving piezoelectric
elements are offset from the probe’s columnar axis within the housing and so are tilted
slightly towards this axis, to focus at a specific depth and achieve better signal transduc-
tion when properly aligned with the surface. This trigonometric effect means that the
returning energy diverges more slowly from the receiver element when movement occurs
in the direction of positive roll than in the negative, for a consistent angular increment.

5.2. UAV interference

Interference from the UAV system, generated by the electric motors that provide
the flight thrust, represents an influential factor in terms of inspection accuracy
when using an aerial system. The raising of the noise floor as a result of the high-
current electrical switching and magnetic field induction when the motors are
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activated may be expected to reduce the SNR, negatively influencing the accuracy of
thickness measurement.

In an experiment designed to investigate these effects, ultrasonic thickness measure-
ments were undertaken from a stationary UAV that had been mounted rigidly in contact
with the inspection surface and had its motors deactivated, to isolate the effects of
electrical interference. To provide a comparison, the measurements were then repeated
while the rotating UAV’s six motors at speeds matching those required for flight. With
the transducer having been optimally aligned manually and the amplifier gain set to
maximise SNR, the rigid mounting structure acted to eliminate the effects of inconsistent
alignment across the comparative trials. The raw signals recorded with deactivated
stationary motors and with rotating motors are shown in Figure 8(a,c), respectively.
The digitally post-processed signals returned from the bandpass filter are similarly
presented in Figure 8(b,d).

As presented in Figure 8, the rotating UAV motors slightly increased the power
density of the noise: discrete flickers are observed in both raw signals, retaining
a consistent amplitude but increasing in frequency upon activation of the motors.
However, this effect does not remain observable in the bandpass filtered signals.
Although the interference increased the level of the noise, the SNR in the post-
processed signal is reduced by less than 1 dB (from 25.13 dB to 24.22 dB), which did
not influence the measurement accuracy. Hence, the electrical noise could be filtered out
by appropriate digital signal processing. These noise sources can thus be considered to
have minimal negative impact on measurement accuracy.
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Figure 8. Thickness measurement signals (a) raw A-scan when the motors were stationary (b)
processed A-scan when the motors were stationary (c) raw A-scan when the motors were rotating
(d) processed A-scan when the motors were rotating.
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5.3. UAV positional accuracy

As described in Section 5.1, the ultrasonic transducer requires the alignment error to be
maintained below 3° in the roll and 6° in the pitch angle. This translates to a tolerance of +
3°and + 6° on the pitch and yaw angles expressed in the UAV’s orientation frame. Due to
the nature of multirotor kinematics and aerodynamic effects arising from near-surface
flight [30], these boundaries for alignment error of the probe represent a significant
challenge from a UAV control perspective. Additionally, the mass of the ultrasonic
measurement payload is close to the upper limits of feasibility for the UAV, which affects
the craft’s controllability and stability and further influences the transducer alignment and
positional accuracy [31]. Unlike the alignment error, the positional error will not attenuate
the signal amplitude as long as surface contact can be maintained. Such positional error
may represent an obstacle in terms of repeatability, but a meaningful inspection may be
conducted so long as the precise deployment position can be accurately recorded.

In attempting to quantify the flight stability performance of the current hardware,
the UAV’s full pose was tracked by the Vicon motion capture hardware and the
positional accuracy relative to the desired point of inspection determined across
flights with and without the ultrasound inspection payload. The results below demon-
strate the impact of the payload mass on the UAV’s positional accuracy. Additionally,
to evaluate the influence of near-surface aerodynamic effects, the position and align-
ment accuracy was quantified while the UAV was flying at distances of 200 mm and
800 mm from the aluminium plate. These two distances represent examples of
a relatively small standoff, where the aerodynamic effects are prevalent, and the far
distance, where the craft experiences free flight. These results therefore present the
impact of the near-surface aerodynamic challenges and that of payload mass. Table 3
contains the standard deviations of the UAV pitch angle, yaw angle, y-axis position
and z-axis position, respectively. The positional error in the x-axis is omitted because
the UAV motion in this axis was used to approach the surface and so the error is of
no consequence during contact inspection owing to constraints imposed on the craft
position by the nature of physical contact Table 4.

The results illustrate that the ultrasonic payload mass increased the standard deviation
of the UAV yaw angle by 50% (from 1.82° to 2.61°), while the pitch angles were similar in
both configurations. As described in Section 5.1, such reductions in UAV stability impact

Table 3. Standard Deviation of the UAV poses.

Without Ultrasonic With Ultrasonic With Ultrasonic
Without Ultrasonic Payload and near- Payload and free Payload and near-
Payload and free flight surface flight surface
pitch angle 0.49° 0.50° 0.48° 0.37°
yaw angle 1.19° 1.82° 2.61° 2.71°
y-axis position 24.01 mm 54.47 mm 36.54 mm 63.26 mm
z-axis position 12.37 mm 17.91 mm 16.83 mm 17.48 mm

Table 4. UAV pose error and inspection results during contact measurement.
Pitch Error ~ Yaw Error  Y-axis Error  Z-axis Error SNR Measurement Error

Small Alignment Error 1.21° 0.07° 25.41 mm 41.90 mm 30.05 dB 0.03 mm
Large Alignment Error 1.61° 2.01° 46.73 mm 20.11 mm 8.00 dB 0.22 mm
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the accuracy of the inspection results, the measurement error could be increased by
a factor of 1.5. The increased moment of inertia about the UAV’s vertical axis introduced
by the mass of the transducer and extended arm, coupled with the limited yaw authority
when using differential motor reaction torque to turn the UAV, lead to a situation where
negative effects were observed more readily in the yaw stability. The positional stability
was also diminished with the standard deviation on the y-axis growing from 54.47 mm to
63.26 mm. Similar z-axis stability was observed in the inspections with and without
payload. Of all the directions considered in terms of the decrease in UAV stability during
the close-range inspections, the y-axis was therefore most affected. The presence of the
inspection payload increased the UAV total mass to a value approaching the upper limits
of the UAV’s capability, leading to challenges when utilising a PID controller to stabilise
the aircraft in the horizontal plane. This effect is not present to the same extent in the
z-axis as the craft may use all six motors to concertedly correct for disturbances in this
direction, reducing the sensitivity to increased payload.

In spite of the increase in alignment and positional error observed when carrying the
additional ultrasonic payload and moving into close proximity with the inspection
surface, it is possible to maintain the UAV alignment errors in pitch and yaw angle
within the transducer’s identified limitations such that contact-based inspection readings
were able to be taken.

6. Inspection results

The UAYV successfully delivered the ultrasonic probe to the sample surface, as shown in
Figure 2. During the inspection, the difference between total thrust used during free flight
and when in contact was found to be negligible upon examination of the recorded battery
voltage draw data. Figure 9(a) shows one such ultrasonic A-scan signal captured during
the thickness measurement deployed by the UAV using 180 V unipolar excitations to
stimulate the transducer. At the time of signal acquisition, the pitch and yaw angle errors
were 1.21° and 0.07°, while the errors on the y-axis and z-axis relative to the desired
inspection position were 25.41 mm and 41.90 mm respectively. In this instance, the SNR
of the filtered signal is 30.05 dB, and the error in the thickness measurement is 0.03 mm
versus the independently ascertained thickness of 12.92 mm as measured when the UAV
was manually positioned and oriented in the optimal pose with its motors disabled.

By contrast, Figure 9(c) shows an A-scan signal captured with poorer alignment,
having angular errors of 1.61° and 2.01° in the pitch and yaw axes of the UAV frame and
translational errors of 46.73 mm and 20.11 mm in the y-axis and z-axis, respectively. The
presence of the alignment error attenuated the signal amplitude by 22 dB and increased
the error to 0.22 mm.

It should be noted that the gain of the amplifier in the ultrasonic transceiver circuit
was maximised to ensure the signals captured with large alignment errors were visible
to the transceiver ADC. However, the high amplitude signals returned by a system with
small alignment errors were overamplified to the point of saturation, resulting in
distortion of the echo signals (as shown in Figure 9(a)). Due to the increasing
attenuation of the acoustic signals by the material as a function of path length, the
third and later echoes of sufficiently reduced amplitude to appear undistorted, as
depicted in Figure 9(b). Hence, the thickness was measured using the time difference
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Figure 9. Thickness measurement signals acquired from the autonomous UAV deployed inspection (a)
(b) with relatively good alignment (c)(d) with relatively large alignment error.

between the first and second undistorted echoes and the earlier distorted echoes were
ignored.

Thickness mapping can be retrieved from a collection of the thickness measurements
in various known positions. Despite the limited ability of the current system to deploy the
sensor precisely, recording the craft positional data while conducting the measurements
using the Vicon tracking system allows for the results of repeated flights to build up an
image of component thickness across its surface area. Figure 10 presents an inspection
result as an example of this, intended to simulate inspection in an industrial scenario. The
inspection is composed of six measurements acquired in three independent flight trials.
Thickness measurement was conducted by the autonomous controlled UAV system in
different locations on the sample, focussed around a central point of interest. Depending
on the UAV starting position, the overall time cost of each measurement trial (including
take-off, approach, retracting, landing) is around 1 minute. Over the trials, the ultrasonic
measurements were successfully acquired by the UAV system with measurement errors
below 2% versus reference geometry, which demonstrated the feasibility of the system for
NDT inspections.

7. Discussion

While the results presented herein demonstrate the capability of the system to perform
contact-based ultrasonic thickness measurements of a non-magnetic aluminium sample,
the nature of the method by which the system enters contact using rotor thrust means
that it is not limited to assets composed of this material.
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Figure 10. Inspection result of the UAV measurements conducted in six different positions.

The inspections detailed above were performed in a laboratory environment, wherein
the UAV position data for navigation was provided by the Vicon tracking system. When
operating outdoors and in situ, the localisation systems commonly employed, such as
conventional GPS or its differential implementations, are less accurate with typical
accuracy of 0.22 m [32] compared to the millimetre scale errors of the Vicon photo-
grammetry-based system. Therefore, the UAV positional accuracy during such inspec-
tions can be worse compared with the results presented in this paper. However, the
challenges from near-surface aerodynamic and payload mass remain pertinent to out-
door inspection scenarios. Therefore, the impacts of such parameters, as evaluated in this
paper, are still indicative of some of the challenges encountered in field use.

Compared with other state-of-art systems, the UAV described herein utilised a spring-
loaded structure to deploy the ultrasonic transducer and conducts NDT measurement
with a customised, light-weight ultrasonic transceiver, which grants full flexibility of the
instrumentation software, allowing adaptation to a number of unique inspection scenar-
ios. While aerial inspection systems documented in literature employ non-linear control
structures with fine position control [17], the UAV detailed here is able to attain superior
measurement accuracy in interactions while governed by a common PID control loop.
Here, accuracy of airborne thickness measurement versus the known geometry ranged
from 0.03 mm, while inspecting a 12.92 mm thick region of the aluminium plate, to
approximately 0.20 mm when measurements were located near a feature boundary. It is
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notable, therefore, that further measurement accuracy improvements maybe be possible
if such non-linear control algorithms were integrated with the ultrasonic instrumentation
hardware and laser-based surface alignment method employed here.

Operating as detailed in this paper, the UAV system successfully and autonomously
positioned the transducer to complete ultrasonic thickness measurements without man-
ual intervention. Guided by range measurements from a planar laser scanner with
a curve-fitting compensation algorithm, the UAV system was able to compute the
standoff and orientation errors relative to its target structure in real-time. Employing
this feedback, dynamic pose correction allowed execution of the flight path required for
inspection without detailed prior knowledge of the asset geometry or its position within
the operating environment. This can be highly advantageous for in situ inspection, where
such asset information is often undocumented, without requiring the computational
burden of a full real-time mapping strategy.

In practical experimentation, the standard deviation of the positional error versus the
target location was recorded below 63.26 mm, with angular alignment error versus the
surface normal vector below 2.71°. Investigation presented in Section 5 determined the
bounding constraints of operability in this regard. Due to the nature of the ultrasound
coupling mechanism, alignment offset may be tolerated up to + 6° about the UAV roll
axis and * 3° on pitch axis. These figures quantify the challenge of the aerial ultrasound
application in terms of flight control and stability. Direction of future research is further
informed by the experiment results in Section 5.3, indicating minimal negative effects of
electrical noise arising from UAV systems on ultrasonic measurement accuracy.

Overall, these findings provide benchmarks for autonomous ultrasonic inspection and
the factors impacting measurement accuracy, offering practical insight towards industrial
deployment of future airborne NDT technologies.

8. Conclusions and future work

This paper presents an autonomous, UAV deployed, contact-based, ultrasonic measure-
ment system for the inspection of vertical non-magnetic facilities and details how
measurements were conducted by utilising a commercial split-crystal probe with custo-
mised transceiver circuity. The UAV was able to successfully navigate an indoor labora-
tory environment under the direction of the flight controller utilising additional
information from a planar laser scanner and acting without manual intervention. The
onboard scanner successfully estimated distance and alignment during the inspection of
a reflective aluminium sample. As such, the system conducted measurements in a region
of the aluminium sample with 12.92 mm nominal thickness, reporting the thickness with
0.03 mm error owing to non-ideal conditions intrinsic to the nature of the system. At the
point of inspection, the pitch and yaw errors were 1.21° and 0.07°, while the errors on the
y-axis and z-axis were 25.41 mm and 41.90 mm, respectively, relative to the desired
inspection pose.

Two parameters, probe alignment angle and electrical interference from the UAV
motors are considered as potential constraints on inspection performance, influencing
the ultrasonic measurement accuracy in terms of a reduction in SNR. Their isolated
impacts on the overall accuracy were quantified and analysed. Despite the increased
power density of system noise conferred by the electrical interference of the active
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brushless motors, the noise contribution from this source is much less than that arising
from the probe alignment error. Experimental analyses show that the probe’s roll and
pitch angle are required to be within 6° and 3°, respectively, of the surface normal vector
to receive any identifiable back-wall echoes in the A-scan signal. It is noted that while
conducting measurements of an area of the sample with 9.2 mm thickness, non-ideal
alignment within the bounds stated gave rise to maximum errors of 0.82 mm, a marked
increase when compared to other better-aligned measurements.

In its role governing the transducer orientation, the UAV’s positional accuracy, includ-
ing the surface alignment accuracy, is crucial to producing a meaningful inspection and, as
such, the accuracies of the current inspection system were evaluated and discussed. Due to
the aerodynamic challenges and the payload mass restrictions, the performance levels
presented are taken as the intrinsic limitations of the current system.

The findings from this paper can be used for future research regarding autonomous
airborne ultrasonic inspection of civil infrastructure and industrial facilities. Future work
will also consider methodologies to improve UAV stability and reduce its positional and
alignment error in a manner that would grant enhanced inspection accuracy. The six
motors of the UAV system are currently positioned within a single horizontal plane with
the same orientation and so struggle to produce an appropriate force to maintain contact
with the surface in a manner decoupled from the manoeuvring of the aircraft. In attempt-
ing a manoeuvre to hold the probe in place, the nature of this thrust mechanism limits the
controllability of the aircraft, in turn impacting the stability of the transducer coupling.
Hence, alternative UAV mechanical designs will be investigated to lessen the probe
alignment issues and further improve the inspection accuracy beyond current efforts.
Moreover, a novel ultrasonic transducer topology with a wider angular coupling capability,
is identified as a strategy to offer greater redundancy against alignment error caused by the
non-idealities in the UAVs positioning. Investigations into the capability of coded ultra-
sonic excitation schema to better extract sample thickness information in instances of
limited coupling are also regarded as a means of improving the overall system perfor-
mance. Similarly, although the main contribution of this paper may be found in deploy-
ment of an ultrasound probe for the thickness measurement of an aluminium test sample,
the aerial system and methodology are versatile. Future work utilising a different inspection
payload may permit ready application to other types of contact-based NDT, such as EMAT
(Electro Magnetic Acoustic Transducer), pulsed eddy current and phased array ultrasound.
This constitutes an opportunity to further researches upon the inspections of more
complicated structures, such as multi-layered assemblies [33].

Finally, it is worth noting that, as a conventional transducer, the ultrasonic probe
utilised in this system requires a small quantity of couplant gel to be applied between the
transducer and inspection surface, which is of limited practicality in real inspection
scenarios. Thus, a dry-coupled ultrasonic transducer coupling via a deformable layer of
rubberised material instead of liquid couplant, will be considered as part of future work.
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