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Abstract

Routine maintenance of commercial aircraft requires reliable detection and repair of corro-
sion to ensure structural integrity. Post-repair inspections are commonly performed using
manual ultrasonic point measurements of residual thickness, a process that is time-intensive
and constrained by limitations in accuracy, repeatability, and cost. This study reports initial
results of a non-contact, ultrasonic Lamb-wave-based inspection method, implemented
with a mobile prototype system. The prototype integrates scanning, data acquisition, and
reporting into a mobile workstation to support automated corrosion-repair inspections.
Field trials validated the underlying measurement principle, while highlighting challenges
when subsurface structures interfere with skin-only thickness evaluation.

Keywords: non-destructive testing; maintenance; repair and overhaul; aviation; direct
velocity mapping; automation; corrosion detection

1. Introduction
Non-Destructive Testing (NDT) plays a vital role in maintenance, repair, and overhaul

(MRO) within aviation, enabling structural assessment without compromising functionality.
By detecting cracks, corrosion, and delamination (composites), NDT supports condition-
based and preventive maintenance, reducing in-service failures, downtime, and costs, while
ensuring compliance with stringent airworthiness standards set by authorities such as the
Federal Aviation Administration (FAA) and the European Union Aviation Safety Agency
(EASA) [1].

A broad range of NDT techniques addresses the diverse aircraft inspection demands.
Conventional methods such as Ultrasonic Testing (UT), Eddy Current Testing (ECT), Ra-
diographic Testing (RT), and Dye Penetrant Inspection (DPI) remain widely used [2], while
advanced approaches like infrared thermography and shearography are increasingly ap-
plied for composites. For quality assurance, Laser-Doppler vibrometry and water-coupled
high-frequency transducers (squirter systems) provide high sensitivity [3], though they are
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impractical for in-service inspection due to two-sided access, time requirements, and limited
scalability [3]. Selection of an NDT method depends on defect type, material, environment,
and required sensitivity and resolution, ensuring both reliability and applicability [2].

In manufacturing, NDT is often highly automated through fixed installations that
deliver precise, repeatable measurements under controlled conditions. In contrast, MRO
inspections are portable but less automated, requiring skilled operators to adapt procedures
to complex geometries in variable environments [1]. Flexibility is prioritized over through-
put, but anticipated labour shortages increase the urgency to automate and optimize MRO
NDT [4]. Greater automation will be critical to maintain quality, reduce human error, and
meet growing demand.

Among the most critical MRO tasks is the inspection and repair of corrosion, a perva-
sive issue that can significantly compromise structural integrity [5]. After corrosion removal
and surface treatment, skin thickness must be verified against airworthiness limits, which
generally prohibit reductions exceeding 10% of the nominal value [6]. Currently, certified
inspectors perform manual pulse-echo ultrasound point measurements [3], producing
hand-drawn iso-thickness maps. This process is slow, operator-dependent, and poorly
suited to digital maintenance strategies.

This study builds on TNO’s Lamb-wave inspection concept [3,7] and presents results
of a prototype system tested in an MRO environment for residual thickness evaluation of
repaired corrosion spots. The goal is to assess the accuracy and robustness of the Direct
Velocity Mapping (DVM) method against allowable detection limits, thereby reducing
reliance on specialized expertise and streamlining corrosion-repair protocols through
automated analysis and reporting.

2. Materials and Methods
The measurement principle of DVM is based on generating and detecting Lamb waves.

An ultrasonic actuator excites acoustic waves in the sample. The Lamb waves travel through
the sample, at a velocity depending on sample thickness, and radiate an ultrasonic field
in the air above. This ultrasonic field is measured by scanning a plane above the sample
with a microphone array. Using this ultrasonic data, algorithms calculate the velocity of
the Lamb waves, which is then converted into a thickness map of the sample [3]. The
inspection system comprises a structural frame holding the sensor head, which integrates a
MEMS microphone array for detection, three laser-line sensors, and a digital camera that
captures the inspected area to aid logging and result interpretation.

2.1. Experimental Setup

The ultrasonic setup employs a piezoelectric actuator attached to the test specimen
via a vacuum-activated rubber sleeve operating at ~35 kPa. The actuator introduces low-
frequency ultrasonic waves and must be positioned within 50 cm of the defect under
inspection. For multiple panels, one actuator per panel ensures effective wave transmission.
Signal generation is handled by a waveform generator (DC–120 MHz) (Keysight 33631A,
Penang, Malaysia) and a power amplifier (DC–1 MHz) (Krohn-Hite 7500, Brockton, MA,
USA). A 2-ms linear frequency sweep with a range of frequencies spanning 20-250 kHz
at a 200 V peak-to-peak amplitude was used to excite the actuator [3]. The MEMS array
consists of 128 omnidirectional ultrasonic elements with 3 mm spacing between them.

The sensor head is mounted on a four-legged rectangular metal frame and is placed
on top of the surface that is to be inspected. The frame houses a 2D translational system
that allows the sensor head to move over the region of interest, two thermocouples, three
Micro-Epsilon (Ortenburg, Germany) LLT3000 laser profilers to determine the position
of the measured surface with respect to the MEMS array and a Daheng Imaging (Beijing,
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China) Mercury 2 camera. To facilitate the co-registration of the thickness map and optical
data, ArUco markers are placed on the surface prior to the start of the inspection process.
At the locations of the ArUco markers, acoustic energy must pass through the markers
to reach the MEMS array; however, very little energy is transmitted through, resulting
in these regions being masked in the thickness maps. A similar effect occurs directly
beneath the actuator, where acoustic energy transmission is also affected, and those areas
are consequently masked.

The acoustic data collected during scanning is acquired on a measurement PC and
stored. After acquisition, the data is processed offline to generate a thickness map of the
component with a size of approximately 20 × 30 cm, utilizing the material’s phase velocity
dispersion curve, known as Direct Velocity Mapping (DVM) [4], with the final spatial
resolution of the thickness map being 1 mm. Figure 1 shows the final setup.

 

Figure 1. The complete scanning system during operation on an aircraft wing.

2.2. Experiments

This study evaluates the suitability of the system for post-repair thickness measure-
ments of corrosion spots in aircraft components by investigating accuracy, robustness, and
reliability in an operational MRO environment. Field trials were conducted at JetSupport
(Schiphol Airport, Schiphol, The Netherlands) on aluminum wing panels. High-curvature
and complex geometries were excluded from this first prototype evaluation.

Two rounds of field trials were performed. The first focused on pristine wing areas to
minimize variability. Its objectives were to assess thickness variation under operational con-
ditions and system robustness to external factors. A calibration procedure was conducted
on the test day to mitigate environmental influences such as temperature and humidity [3].
The first trial included three experiments:

• Repeatability test: The system was placed on a visually pristine area near the wing’s
root, consisting of two adjacent panels, and a series of 14 consecutive measurements
was performed without interrupting or repositioning the system. The resulting thick-
ness maps were then used to calculate the standard deviation of the thickness varia-
tions between repetitive measurements.

• Actuator-repositioning test: In practice, the system and actuators must be repositioned
to measure different corrosion spots. To assess the influence the actuator placement
has on system performance and measurement results, the actuators were relocated
between measurements. The system was again placed on top of the wing, at a panel
joint, with one actuator on each panel located at diagonally opposing corners of the
inspection area and three measurements were performed. The actuators were then
repositioned to the opposite ends of the second diagonal, and another three scans
were carried out. To compare the measurements between the two actuator-placement
configurations, the mean value from each dataset was calculated and then subtracted
from each thickness map.
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• Vibration test: The system was placed on a pristine area of the wing, away from
the root, and three measurements were performed during which vibrations were
manually introduced by tapping near the scanner. External vibrations were generated
by sustained manual tapping at the trailing edge of the wing, producing quasi-random
temporal excitation due to the inherent variability of manual input, consistent with the
random nature of vibrations that occur during maintenance routines. The mean value
of each dataset was then subtracted from the respective thickness map to determine
whether any significant variations appeared in the measured data.

The second round of field trials involved thickness measurements of blended corrosion
spots on top of the wing and specifically near and at the edge of the air brake. The repaired
spots can be observed in Figure 2. The actuators were placed at every panel located within
the inspected area, and no parameters were varied during scanning.

 

Figure 2. Blended corrosion spots located at the trailing edge of the wing and on the air brake. The
red stickers placed by the corrosion repair crew indicate corrosion spots that require removal. ArUco
markers are placed only at the top corners of the panel, since the scanning region is at the edge of the
wing, to enable co-registration of results.

3. Results and Discussion
This section presents the results obtained from the field trials described previously and

discusses the performance of the system in terms of its reliability, accuracy and sensitivity
to external parameters, as well as its ability to measure and determine the thickness of
repaired corrosion spots.

3.1. Preliminary Results
3.1.1. Repeatability Tests

The histogram presented in Figure 3 depicts the variation in thickness between mea-
surements. It is effectively a measure of the system’s ability to repeat multiple mea-
surements without significant deviations from each other. The figure indicates a normal
distribution with a standard deviation of 13.78 µm, while the majority of the values are
within 50 µm—a requirement set during the conceptual and design phases of the system to
ensure reliable thickness readings. This is a promising first result, suggesting that the cur-
rent configuration is able to reproduce repeatable thickness measurements in thin aircraft
panels (0.5–2 mm [8]) and that a 10% thickness reduction should be detectable.

3.1.2. Vibration and Actuator-Positioning Effects

As outlined in Section 2.2, two robustness tests were performed: (i) actuator-
repositioning, where actuators were placed at diagonally opposing corners of the inspection
area and then moved to the opposite diagonal, and (ii) vibration tests, where actuators
remained fixed while manual tapping near the inspection area introduced external distur-
bances. A selected region on the aircraft wing—consisting of two panels—that was scanned
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during these field trials is seen in Figure 4 along with the resulting thickness map from one
of the tests and a schematic showing the nominal panel and rivet areas.

Figure 3. Repeatability test results. Variation in thickness between measurements calculated using
the recorded acoustical data from 14 sets of measurements. The red dashed line indicates the position
of the mean, and the green dashed lines are the ± one standard deviation locations.

(a) (b) (c)

Figure 4. The pristine area of the wing comprises two panels under inspection during vibrations and
actuator placement tests. (a) Digital photo of the area with ArUco markers used in co-registration.
The ceiling of the hangar is reflected by the wing. The blue arrow indicates the tapping position
during vibration tests. The actuator placement in the vibration and actuator-position tests is indicated
by the red and green stars, respectively. (b) Resulting thickness map from acoustical data obtained
during a first (control) test. Encircled in black is the subset region that was further investigated during
these tests. (c) Rivet and nominal areas within the encircled region of (b).

It is evident from Figure 4b that the MEMS sensor, apart from the skin, also detects
the underlying structures that are connected to the skin. This is particularly apparent in
the area in Figure 4b with thicknesses above 10 mm, which is far beyond regular skin
thicknesses. To avoid the influence of these components, a subset of the area, where the
acoustic response of the underlying structures is less significant, was chosen to further
investigate actuator placement and vibration effects. In this subset, although not as severe,
there are still discontinuities in areas of the panels due to rivets, seen in Figure 4c.

Thick underlying structures that are acoustically coupled to the wing skin, for example,
through a combination of rivets and adhesives, reduce measurement accuracy, as absolute
accuracy decreases with increasing thickness [7]. This reduction in accuracy is critical for
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corrosion inspections in these regions, as the 10% thickness reduction criterion applies only
to the nominal thickness of the wing skin. Further research is required to enable reliable
corrosion assessment in such structurally complex regions. For other applications, such as
the detection of stringer debonds, these measurements may still be of interest; however,
such applications are beyond the scope of this paper.

Figure 5 presents the variation in thickness difference between measurements for
both the actuator-reposition and vibration tests, as well as a standard repeatability test to
facilitate comparison. As each experiment was repeated three times, the mean from each
thickness map was calculated and subtracted to produce the graphs in the figure.

 
Figure 5. Repeatability (a–c), actuator repositioning (d–f) and tapping (g–i) test results. The difference
between the actual thickness and the mean calculated for each thickness map. The red stars indicate
the position of the actuators during each test and are the same across tests of the same row.

All tests indicate a larger spread in the rivet areas compared to the nominal thickness
regions, where the difference from the mean is within a ±2 µm range. In the rivet areas,
that range is within ±5 µm, indicating that even small subsurface effects can influence
measurements. In order to attempt a first indication of any potential vibration and actuator
placement effects, the mean, standard deviation and the maximum error in nominal and
rivet areas were calculated for each experiment. The mean is then the average of the three
test cases within each experiment, which for all experiments is around 1 × 10−18 µm.
This value is not significant within numerical precision and can therefore be considered
effectively zero. The results are summarized in Table 1 below.

The data presented in Table 1 show that both the actuator repositioning and vibration
(tapping) tests yield results consistent with the repeatability baseline. The mean devia-
tions are effectively zero across all experiments, confirming that no systematic bias was
introduced by actuator movement or external disturbances. Standard deviations in the
nominal regions remain within 50–65 µm, while slightly higher variability is observed in
rivet areas due to localized structural discontinuities and acoustic coupling. Maximum
errors are below 0.9 mm in all cases, indicating that the system maintains stable perfor-
mance under moderate external excitation and actuator repositioning, with measurement
variation comparable to normal repeatability.
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Table 1. Mean, standard deviation and maximum error calculated for repeatability, actuator position
and vibration experiments in rivet and nominal thickness zones.

Area Experiment Mean (µm)
Standard
Deviation

(µm)

Max Error
(µm)

Nominal

Repeatability 0 49.6 804
Actuator

Repositioning 0 65.2 886

Tapping Test 0 53.3 797

Rivet

Repeatability 0 21.3 641
Actuator

Repositioning 0 17.1 296

Tapping Test 0 20.4 588

3.2. Post-Corrosion Repair Thickness Measurements

Figure 6 presents the results from the inspection of several blended corrosion spots
located on the top surface of the air brake on the aircraft’s wing. The camera image acquired
prior to the scan is used in order to associate the blended corrosion spots with their actual
locations in the thickness map.

Figure 6. Post-repair (blended) corrosion spots located at the edges of the air brake and the resulting
thickness map. (a) Camera image of the inspected area. (b) Thickness map of the area, the white
squares indicate the location of the ARUCO markers and the circle map indicates the location of the
actuator. (c) Cross-section of the thickness map. The arrows in (a,b) indicate the cross-section of the
thickness map shown in (c).

Thickness readings from acoustical data on blended corrosion spots range between
1.8 and 2.2 mm (Figure 6c). Thicker areas (>2.2 mm) in Figure 6 likely correspond to
underlying structures acoustically coupled to the wing skin. In these regions, assessing
skin thickness—as required during corrosion repairs—is challenging. Several strategies
to address these complexities are under development. Moreover, visibility of underlying
structures may have broader applications, such as investigating stringer debonding. These
results are promising, indicating thinner skin at corrosion spots. However, pulse-echo mea-
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surements with manually drawn contours did not enable a reliable quantitative comparison.
Future work will establish such a comparison.

4. Conclusions and Recommendations
This study evaluates a prototype Lamb-wave-based ultrasonic inspection system

designed for automated post-repair thickness measurement of blended corrosion spots
in aircraft structures. Under the requirement that a 10% reduction in thickness must be
detectable, the results showed good sensitivity to thickness variations, with consistent
accuracy in terms of repeatability, robustness to vibrations, and tolerance to variations in
actuator positioning relative to the inspected area. The results on blended corrosion spots
show that these areas have a reduced thickness. However, a comprehensive quantitative
analysis and comparison to pulse-echo data to fully assess system accuracy remain tasks
for future work.

A key challenge identified in this study is the acoustic coupling of subsurface struc-
tures, which makes it harder to measure the thickness of the airplane skin. Several solution
strategies to mitigate the influence of these underlying structures are currently being investi-
gated. These next steps will be critical in determining the system’s readiness for operational
deployment in corrosion thickness measurements.
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