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Abstract: This paper introduces a novel structural health monitoring (SHM) approach
based on guided electromagnetic waves propagating in a dielectric waveguide in the
frequency range from 23.5 to 26 GHz. This approach enables the detection of structural
damage based on the analysis of radar signals. This paper presents the performance of the
methodology through an experimental case study considering an autonomous heavy lift
drone where the whole SHM system is integrated onboard. The whole data acquisition
pipeline is described, and damage detection results based on a damage indicator approach
are presented and discussed. Finally, this work proves the ability of guided electromagnetic
wave technology to be used in flying aerial vehicles. The methodology can be applied to
other aircraft structures and application cases in the future.
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1. Introduction

The importance of drones for private and industrial purposes has grown rapidly in
recent years. In Europe alone, it is estimated that a total of 400,000 commercial drones
and around 7 million drones for hobby purposes will be registered in the next 30 years.
For reasons of economic efficiency, commercial use in particular is focusing on highly auto-
mated operation of drones—with minimal use of pilots and even completely autonomous
in the long term. Such unmanned aerial vehicles (UAVs) can be used in the context of
traffic/logistics, forestry and agriculture, alarm and warning systems, pipeline monitoring,
shipping, etc. A heavy lift drone is considered in this work as a platform carrying the whole
structural health monitoring (SHM) system.

In the literature, several monitoring approaches have been proposed to improve the
flight safety of UAVs. One example is presented in [1], where structural vibrations are
measured with accelerometers for undamaged and damaged drones. The computation and
analysis of a damage index (DI) is performed onboard and in real time. A related study that
also processed vibration signals was presented by Ghazali and Rahiman in [2] employing
artificial intelligence methods. As an alternative, it is also possible to process audio signals
for the analysis of structural drone conditions, as demonstrated in [3,4].

Appl. Sci. 2025, 15, 6478

https:/ /doi.org/10.3390/app15126478


https://doi.org/10.3390/app15126478
https://doi.org/10.3390/app15126478
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-5999-157X
https://orcid.org/0000-0003-1249-918X
https://orcid.org/0000-0003-2299-2250
https://orcid.org/0000-0002-2387-1947
https://doi.org/10.3390/app15126478
https://www.mdpi.com/article/10.3390/app15126478?type=check_update&version=1

Appl. Sci. 2025, 15, 6478

2 0f 10

Recently, guided electromagnetic waves in K-band have shown excellent damage de-
tection properties thanks to their sensitivity to waveguide properties [5]. The performance
thereof is improved by the inherent absence of parasitic effects from secondary reflections
of the structure and independence upon any surface contaminants. The most common non-
destructive testing approach relies on the dielectric properties of the monitored structure.
However, during the last decade, different approaches have been introduced, including
a jointed electromagnetic waveguide [6] and microwave leakage monitoring [7]. The for-
mer one exploits a specific supplementary waveguide confining the electromagnetic wave
across the structure. The second approach exploits the dielectric properties of a cavity to
establish a proper waveguide when electromagnetic wave propagation is shielded by the
boundaries. This last approach has been adopted for pipe inspection to detect wall thin-
ning [8], cracks [9-11], and slits [12], achieving a detection range of 19-26.5m for multiple
pipe diameters [13].

The methods’ applicability to side incident inspection [14], bent pipe inspection [15],
and multi-flaw detection [16] has also been verified. Also, the probability of detection
has been established to assess reliability [17]. However, all these examples have been
tested in laboratory facilities, employing high-fidelity devices and equipment. In this
paper, the authors show for the first time an in situ application attempt, where the system is
integrated onboard an autonomous heavy lift drone to manage the data acquisition pipeline
in flight.

2. Experimental Setup
2.1. Autonomous Heavy Lift Drone

The LIBIS is an electrically powered UAV designed for versatile aerial operations
(Figure 1). This UAV has a maximum takeoff weight of 25 kg and a wingspan of 2 m,
achieved through its unique tandem wing configuration. Each semi-wing is equipped with
a brushless motor, enabling the UAV to perform vertical takeoffs and landings by operating

as a rotary-wing aircraft.

Figure 1. LIBIS—electrically powered UAV designed for versatile aerial operations with a maximum
takeoff weight of 25 kg and a wingspan of 2 m.

The UAV is powered by four batteries positioned at its center of mass. Although the tip
motors enable fixed-point flight, this mode is highly inefficient and leads to rapid battery
depletion. To extend its flight range, the LIBIS switches to a fixed-wing configuration,
where a tail motor provides forward thrust, allowing for longer flight durations on a
single charge.

The UAV is controlled by a Pixhawk flight controller, which incorporates GPS, compass,
and accelerometer-gyroscope modules. This flight controller is capable of managing the
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five motors, actuators, and batteries without encountering pin limitations. Additionally, it
enables autonomous flight operations, eliminating the need for manual piloting.

The LIBIS structure is composed of three primary materials. Load-bearing components,
including the wings and central fuselage box, are constructed from carbon fiber and
aluminum. The central box, made from extruded aluminum profiles, allows for the easy
integration of experimental equipment. Non-load-bearing components are 3D printed from
PLA and PETG filament, providing flexibility to modify their geometry and accommodate
various payloads. In this experiment, the upper fuselage section was adapted to house the
device under test (DUT).

2.2. Design, Realization, and Characterization of the Dielectric Waveguide

Electromagnetic waves (EWs) can propagate in 3D open space or in a volume con-
strained by metallic boundary conditions. Metallic boundary conditions cause electromag-
netic fields to disappear at the edges, resulting in complete reflection. EWs propagating in
so-called waveguides are denoted as guided EWs. Resonators are a special case in which
metallic boundary conditions exist in all three spatial dimensions. Cavities indicate that
the dielectric consists of a gas or vacuum. On the other hand, dielectric resonators can
also be filled by a dielectric medium [18]. Concerning electrodynamics, solving Maxwell’s
equations results in characteristic resonant frequencies that can be calculated analytically
for plane-parallel, rectangular, and cylindrical waveguides [19]. For other cross-sections
and non-metallic boundary conditions, such as those present in omega stringers, only
numerical calculations are possible [7].

For the proof of concept in this work, a rectangular dielectric resonator was filled with
polypropylene with dimensions of 200 mm x 100 mm X 3.3 mm, as shown schematically
in Figure 2. A numerical model in CST Microwave Studio is depicted in Figure 3a. Four
scattering parameters with the two-port setup can be measured when electromagnetic
energy is coupled into and out of the waveguide through the K-connectors. The metallic
housing made of aluminum is used to fulfill the three-dimensional metallic boundary
conditions for the lowest possible transmission loss.

Lﬁ._ Port 1 Port 2 ] K-connector
3mm I Metal housing
[1.65mm Polypropylene Pin ! I 3.3mm
///////DUT///////
Ve 7 /

V4

Figure 2. Schematic representation of the waveguide with a propylene matrix in two spatial dimen-
sions. The waveguide covers 200 mm of the DUT for determining its structural health. The direction
of EM wave propagation is denoted as z.

In a previous study, Rao et al. [18] used this waveguide under laboratory conditions
with a vector network analyzer (VNA) for ultra-wideband stimulation from 20 GHz to
40 GHz. To set the resonant frequency to the center frequency of 30 GHz, a thickness of
3.3 mm was determined for the polypropylene matrix. However, the VNA cannot be used
for in situ demonstration due to its large dimension and significant weight.

Together with an aluminum test plate, which is shown in Figure 3b, the waveguide is
completed. The test plate is screwed to the substrate and consists of seven holes (numbered
consecutively) with diameters ranging from 2 mm to 8 mm, which can be closed with screws.
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Starting with the reference state, which represents the intact structure of the DUT, the screws
are unscrewed one after the other in order to measure structural changes systematically.
Preliminary numerical and experimental results with the VNA from 23.5 GHz to
26 GHz are shown in Figure 4. 517 stands for the reflected signal at port 1 and Sy; for the
transmitted signal from port 1 to port 2. Due to the symmetry of the waveguide, S and
Spo are similar. More transmission is given with a higher frequency up to the excitation of
the first mode at 30 GHz. The trends of simulated and experimental Sq; are comparable.

(b)

Figure 3. (a) Complete rectangular waveguide design containing two K-connectors, a polypropylene
substrate, metallic housing, and an aluminum test plate as the DUT. (b) The bolts (numbered) of the
test plate are removed one by one to reduce electromagnetic energy inside the waveguide.
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Figure 4. Comparison of numerical and experimental signals in frequency domain from 23.5 GHz to
26 GHz for the case of reflection (S11) and transmission (Sp7).

The proposed device benefits from the metallic housing so that microwave radiation
remains inside the cavity. This means that the immunity and susceptibility of the UAV is not
affected [20]. The same shielding protects the device from electromagnetic interference from
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the outside, for example, coming from criminals and the environment [21]. The proposed
sensing method can be considered an alternative to the widely used comparative vacuum
monitoring approach reported in [22], making the method attractive for the continuous
monitoring of various structural defects such as cracks. However, the orientation of
cracks relative to the angle of incidents must be taken into account, as demonstrated
through parametric simulations in [6]. In contrast to global monitoring approaches, using
accelerometers and strain gauges [23], the proposed method is a local damage detection
technique that is able to identify small damage sizes in the order of only 1 to 2 mm [6].
In order to separate the effects from multiple holes, a blind source separation technique can
be used [24].

2.3. Data Acquisition and Analysis

The sensor setup for this experiment consists of an sR1030 radar from IMST GmbH
(Kamp-Lintfort, Germany) for radar sensing and a Raspberry Pi for data acquisition, data
validation, pre-processing, data storage, and wireless data transfer to a laptop. Despite
not being a fully fledged VNA, the radar could provide the same insights, and its smaller
size is also better suited for in-flight testing. The radar system was operated via Power-
over-Ethernet using a corresponding switch. Since the Raspberry Pineeds 5 V while the
PoE-switch needs at least 24 V, a DC-to-DC converter was used to power both parts from
the same 24 V source.

A schematic of the setup is shown in Figure 5. The sR1030 radar system sends out its
frequency ramps into the waveguide from 23.5 GHz to 26 GHz with its maximum band-
width of 2.5 GHz. The setup, which was mounted on the UAV, can be seen in Figure 6. This
waveguide is fully integrated into the housing of the drone as shown in Figure 7. For the
experiments, the sensor setup was mounted inside the LIBIS UAV from the Polytechnic
University of Madrid. For safety reasons, the drone was tied to a laboratory table so that
it could hover slightly above the table. Photos of the final setup, including the drone
prototype, can be seen in Figure 8.

The waveguide has screws that can be removed from the top, creating holes through
which EW can leak into the surrounding area. This leads to a change in the detected waves
at the end of the waveguide. During the measurements, the seven screws are always
removed in exactly the same order. Due to the high sensitivity, even partial rotations of the
screws already result in signal changes, hence influencing the damage indicator. In each
measurement, screws can only be removed one after another, and the trend of the damage
indicators can be analyzed.

C| Lapto
Radar RaspberryPi >>> (C ptop

Figure 5. Data processing pipeline.
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Figure 8. (left) Photo showing the radar, Raspberry Pi, and waveguide; (right) photo of the complete
drone prototype.

The time domain data recorded by the radar are sent to the Raspberry Pi using a TCP
connection, where the signals are first checked for completeness. If a measured frequency
ramp is incomplete, it is discarded and another one is requested from the radar. One
measurement consists of 100 ramps. Once these have been recorded, they can be accessed
through a Wi-Fi connection from the Raspberry Pi. Further evaluation takes place on a
laptop. For the analysis and calculation of damage indicators, the ramps of a measurement
are averaged and Fourier-transformed. The averaged ramps in the frequency domain s can
be used to calculate the damage indicator (DI) as the RMS relative to a baseline signal b:

—b;)2. 1)

In this equation, N denotes the number of samples. A higher damage indicator here
means greater damage.



Appl. Sci. 2025, 15, 6478

7 of 10

3. Results

First, a series of measurements were carried out with the drone switched off. These
measurements serve as a basis for comparison. If the same trend is visible in a similar form
later in flight, then the influence of motor vibrations and other external influences during
flight is negligible. The result can be seen in Figure 9. Each removed screw results in a
significant increase in the damage indicator.

3.5 1le7
B Dam. 1 I Dam. 5
3.0 Il Dam. 2 [ Dam. 6
I Dam. 3 B Dam. 7
B Dam. 4

2.5

2.0

15

1.0

0.5

0.0

Figure 9. Development of the DI for the drone on the ground. A clear trend can be observed as the
number of removed screws increases.

For simulating flight conditions, the drone hovered above the table in the laboratory.
As it was fixed to the table for safety reasons, the flight control system could not change
the position of the drone as desired in order to remain balanced. This repeatedly led to
heavy touchdowns and impacts on the table, causing the drone to shake. These impacts
are comparable to the effect of outdoor turbulences, but many times stronger. It can be
assumed that no similarly strong effects are to be expected during a real flight.

Figure 10 shows the raw signals in the time domain together with the signals resulting
from the FFT in the frequency domain. The 100 ramps of a measurement were averaged.
Semi-transparent areas show the minimum and maximum variances of the ramps from
their mean value. It should be noted that the variances are very small even in flight.
The setup is very precise and has high repeatability despite external influences. Only at
low frequencies in the frequency domain is a larger variance visible, which is why the low
frequencies are ignored by a range gating when calculating the DI

Figure 11 shows the DI during hovering with the same clear trend as when the drone
was on the ground. For a systematic evaluation, each condition was repeated three times.
In the figure, the baseline state has only two bars, because one measurement serves as a
reference for all other measurements and is therefore zero. The drone was temporarily
on ground between the measurements. The three DI values for each condition differ only
minimally from each other and agree sufficiently well. Only the last measurement in
condition Dam. 5 showed an outlier. After carrying out the three measurements of Dam.
5, one battery of the drone had to be recharged. After that, an additional measurement
was taken to ensure continuity. The DI of this fourth measurement is slightly higher than
the DIs of the first three measurements. Apparently, the DIs are sensitive to the available
power of the motors. However, reloading does not mask the effect of the next damage step.
In a real-world application, changes in engine power during flight would have to be taken
into account. The same is probably true for all dynamic changes during flight. The extent
to which these factors influence the DI in a significant way still needs to be researched.
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Figure 10. (top) Time domain data of the first two reference measurements and the first measurement
of every waveguide leak state. (bottom) Frequency domain data for every measurement shown above.
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Figure 11. RMS-based damage indicators of the reference and the seven damaged states given by
removed screws for the hovering drone.

Both the results on the ground and in hovering flight also show the influence of the
size of the removed screws. The size of the screws starts with a diameter of 2 mm and
increases with Dam. 2 to 4 mm, with Dam. 4 to 6 mm, and with Dam. 5 to 8 mm. The steps
from Dam. 4 to Dam. 5 and Dam. 5 to Dam. 6 are visible in the measurements on the ground
in Figure 9. In the measurements during hovering flight, the step from Dam. 3 to Dam. 4
can also be seen in Figure 11.

4. Conclusions

It was demonstrated in this work that guided electromagnetic waves in K-band are
a promising tool for reliable damage detection in airspace structures under real-world
conditions. It was shown through an experimental campaign that damage in the order
of only 2mm can be identified during controlled flight operation in the laboratory with
severe disturbances, showing robustness against operative flight conditions. Although a
simplified device under test was studied here, i.e., an aluminum plate containing holes,
the approach can easily be applied to more complex aerospace components.

Future research can use flexible dielectric substrates that conform to the irregular
shape of the shell, e.g., via flexible dielectric sheets [25]. It is expected that temperature
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variations will also influence the detectability of damage, because the sensor extends and
shrinks. Temperature influence studies under controlled laboratory conditions have been
planned to quantify such effects; see related studies in the context of ultrasonic SHM
systems [26]. Suitable compensation strategies in post-processing must be developed.
Another aspect is related to the performance assessment of the SHM system, e.g., in terms
of probability of detection (POD). In this context, the authors have already proposed some
preliminary developments that might by transferred and extended in the context of guided
electromagnetic waves [27].
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