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Abstract: The technologies grouped under the term Extended Reality (XR) are constantly
evolving. Only fifty years ago, they were delegated to the science fiction strand and were
not feasible except in the distant future; today, they are successfully used for personnel
training, diagnostic maintenance, education, and more. This article focuses on one such
technology: Augmented Reality (AR). In particular, it aims to present an improvement of a
software created to monitor the values of Fiber Bragg Grating (FBG) sensors for aeronautical
applications. The ability to overlay the status of various network-connected smart elements
allows the operator to evaluate actual conditions in a highly intuitive and seamless manner,
thus accelerating various activities. It was evaluated in a controlled environment to perform
strain and temperature measurements of an Unmanned Aerial Vehicle (UAV), where it
demonstrated its usefulness.

Keywords: aeronautics; augmented reality; data visualization; databases; graphical user
interfaces; internet; middleware; optical fiber sensors

1. Introduction

In the aeronautical sector, situational awareness, human-machine interface, and real-
time visualization of complex information about the operational status of a system play
crucial roles. Regardless of the field of application (aeronautics, space, drones, etc.) or
the operational phase considered (testing, operational life, maintenance), human factors
significantly contribute to the level of reliability and safety of the product in question. In this
context, the way data are visualized by the end-user is strategically important in limiting
potential errors or failures related to human factors. Similarly, an innovative visualization
method can provide access to information that would otherwise be unavailable.

The use of Extended Reality (XR) in the aerospace sector is thought to satisfy this
requirement. Since their inception, such technologies have had periods of hype followed by
those of disillusionment. In recent years, however, they have rapidly progressed, leading
to the creation of remarkable devices, such as the Vive Pro 2 from HTC, Taipei, Taiwan, for
Virtual Reality (VR), the Vision Pro from Apple, Cupertino, CA, USA, for Mixed Reality
(MR), and the Hololens 2 from Microsoft, Redmond, WA, USA, for Augmented Reality
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(AR). This evolution led to the creation of applications that, only fifty years ago, were
simply unthinkable.
XR technologies allow the creation of applications that can achieve the following:

*  Replace the physical world with a virtual environment (VR).
e Use physical world data to adapt virtual content (MR).
*  Superimpose information on the physical world (AR).

They can be used to perform different activities. VR technology is often used for edu-
cation [1,2], personnel training [3,4], games [5,6], and more. AR technology is instead used
for showing visuals or plots [7,8], diagnostic maintenance [9,10], personnel training [11,12],
and more. Finally, MR, because of its intermediate nature, includes use cases similar to
those of VR and AR [13-15].

The work described in this paper combines two technologies: AR visualization and
optic fiber sensing, specifically Fiber Bragg Grating (FBG) sensors. Due to their interesting
properties, FBG sensors are attracting interest for various applications, ranging from
biological [16-18] and structural health monitoring [19-21] to aeronautics [22-24] and
aerospace [25-27]. These two technologies have been combined to visualize sensory data
as intuitively and immediately as possible. Preliminary software previously developed
by the authors of this paper [28] has been improved to add a new visualization based on
a heat map. It has been tested in a controlled setting using FBG sensors equipped on an
Unmanned Aerial Vehicle (UAV) with a wingspan of about 5 m.

2. Methodology

The optic fiber has a multi-layered, mixed polymer—glass cylindrical structure through
which information travels in the form of a light signal. Its small diameter (250 pm) minimizes
its invasiveness, while its glassy nature and the optical nature of the signal make it immune
to electromagnetic disturbances, chemically inert, and operational in a wide temperature
range. Optic fibers are, therefore, the perfect medium for transporting information over long
distances. However, if photo-inscriptions on a short segment of fiber optics are created using
an Ultraviolet (UV) laser beam, it is possible to obtain an interference pattern that reflects
a specific frequency called the Bragg frequency. This reflected frequency is the output of
the FBG sensor and can be used to measure various quantities, such as strain, temperature,
pressure, humidity, and more. The working principle is summarized in Figure 1.

Figure 1. FBG working principle. This image was taken from [29].

The advantages described above also apply to FBG sensors and contribute to making
their use strategic for monitoring different types of systems. In this paper, they are used
to monitor the state of a UAV named Anubi, which was entirely designed, developed,
and built by the Icarus student team at Politecnico di Torino. Its carbon fiber structure
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guarantees high maneuverability and remarkable stability, allowing flight tests to be con-
ducted with adequate reliability. This structure was instrumented using FBG sensors,
which enable the measurement of strain and temperature, which are of primary interest for
this work, even in very remote points or areas subject to particularly demanding opera-
tional conditions. This capability is made possible by the highly advantageous physical
properties of the fiber itself. By processing these parameters, information on the overall
system performance can be obtained. The scheme of the developed system is represented

in Figure 2.
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Figure 2. Optical data telemetry system. This image was taken from [30].

Given the possibility of high-frequency acquisition, optical sensing can lead to the
generation of large amounts of data, making it essential to have an adequate information
management system. At the same time, the way in which the generated information
is transmitted to the end-user, i.e., the human—-machine interface, is also of fundamental
importance. A rapid, innovative, and intuitive approach can significantly impact the overall
safety and reliability of the product.

For this reason, the decision was made to develop software for visualizing data from
FBG sensors via AR [28]. The choice of reference system to use was Microsoft HoloLens 2,
which is currently one of the most advanced AR visors on the market. In the data generation,
transmission, and visualization system previously developed by the authors of this paper,
which will be used again here, various components interact with each other [22]. An optical
interrogator is physically connected to the optical fibers and collects the data measured
by the FBGs. Such data are sent to a Raspberry Pi from the Raspberry Pi Foundation,
Cambridge, United Kingdom, equipped with a 4G Internet dongle that runs a software
called Middleware, which is capable of reading the data from the interrogator and sending
it to a MongoDB database in the cloud using the 4G connection. The AR software connects
to the same database in order to retrieve data and display them to the end-user. The
graph visualization already provided by the software offers a quantitative view, which
is problematic when there is a need to display information from many sensors due to
the limited Field of View (FOV) of the Hololens 2. For this reason, it was decided to
implement a heat-mapped visualization to more qualitatively visualize the sensor data on
the Three-Dimensional (3D) model of the object of interest, which in this case is the Anubi
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UAV. The temperature and strain measurements are represented through hue variations in
the vicinity of the physical position of the sensors. Orderly by wavelength intensity change,
the colors displayed can be as follows:

e  Lightblue, dark blue, and dark purple for strain sensors.
*  Green, yellow, and red for temperature sensors.

Using the buttons in the interface, it is possible to hide or show the two visualizations;
it is then possible to make them follow the movement of the user’s head or occupy a fixed
spatial location. The data received are subjected to a subsampling carried out in such a way
as to reduce the number of calls to update the graph. This is a small compromise necessary
to increase the speed of use of the program.

3. Tests

The tests concern practical cases related to the possible uses of the developed software
in a laboratory context, where it is possible to appreciate both the graph visualization and
the new heat-mapped one. The Anubi instrumented UAV was used to perform strain and
strain + temperature tests. It presents the following sensors:

*  Nine strain FBG sensors mounted in different positions of the upper and lower part of
the right wing.

¢ One temperature FBG sensor mounted on the upper part of the right wing, near the
base, used for thermal compensation.

¢ One temperature FBG sensor mounted on the top of the Anubis fuselage, right near
the center, used to measure the external temperature.

For the sake of clarity and to account for the limitations of the Hololens FOV, in the test
images shown below, the software interface does not report the values of all sensors but only
the most interesting ones. In the case of the strain tests, two sensors mounted on the top
and bottom of the wing were chosen (Ch3Gr3 and Ch3Gr4) to highlight the compressions
and tractions acting on the wing itself. On the other hand, the FBG temperature sensor
mounted on the fuselage of Anubis was also monitored in the strain + temperature tests. In
both cases, the sensor was mounted in the first channel of the interrogator (Ch1Gr1).

During the tests, the 4G network was used. An average latency of about 2.5 s was
experienced, thus allowing data to be viewed in near-real time.

3.1. Strain Test

The strain test involved the analysis of the software behavior in the presence of
variations related only to the strain. In the initial setup of the test, illustrated in Figure 3,
it is possible to see that two weights of 1 kg each were mounted on the wings of Anubi.
These weights, held still by special sliding supports, created compression on the lower
part of the wing and traction on the upper part. Following the weight removal, the wing
returned to its rest condition. This behavior is neatly visible in the graph shown in the top
image of Figure 4. The reintroduction of the weight then restored the initial situation of the
test, with the compression on the lower part of the wing and traction on the upper part.
The bottom image of Figure 4 shows the final phase of the test. The evolution of the test is
clearly visible through the visualizations offered by the software.
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Figure 3. A snapshot of the setup used for the tests.

Figure 4. Snapshot of the different phases of the strain test.

3.2. Strain and Temperature Test

The strain and temperature test involved analyzing the behavior of the software in the
presence of both strain and temperature variations. The initial configuration is identical
to the one shown in Figure 3, with two 1 kg weights mounted on the wings of Anubi that
created a compression of the sensors on the lower part of the wing and a traction of those
on the upper part. During the test, which lasted about 6 minutes, the following operations
were performed:



Eng. Proc. 2025, 90, 53 60f9

¢  The temperature sensor was overheated with a lighter for about 15 s. As shown in the
top image of Figure 5, where the value measured by this sensor is represented in the
lower part of the software interface, this led to the traction of the temperature sensor
itself and an increase in the value measured. It then started to decrease towards its
slow return to the rest condition. This behavior is shown in the center and bottom
images of Figure 5.

¢ The 1 kg weight in the right wing was removed, causing it to return to the

rest condition.

The bottom image of Figure 5 shows the final phase of the test. The evolution of the
test is visible through the visualizations offered by the software.

Figure 5. Snapshot of the different phases of the strain and temperature test.

4. Conclusions

In this research work, existing AR software was improved by adding a new heat-
mapped visualization, which is certainly less precise than the graph visualization but more
effective at showing the overall situation of the system measured by AR devices with a
limited Field of View such as the Hololens 2. The system architecture has been successfully
tested in a controlled setting with both strain and temperature measures. In all cases,
it was possible to observe the data coming from the FBG sensors in near-real time via
AR, with an average latency of about 2.5 s on a 4G network. The successful operation of
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this data visualization and monitoring system serves as an initial demonstration of the
immense opportunities that can arise from the synergy between AR technology and fiber
optic sensing. The high sensitivity of fiber optics and its high measurement capabilities
of parameters related to systems of various sizes and complexity allow the development
of a versatile and innovative tool capable of supporting human operators in numerous
applications (maintenance, flight parameter control, etc.). Therefore, the preliminary results
described in this paper are the starting point for the next steps of the research work, which
will be carried out in the optical instrumentation and sensing in the aeronautical field and
in data visualization through AR.
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3D Three-Dimensional

AR Augmented Reality

EX Extended Reality

FBG  Fiber Bragg Grating

FOV  Field of View

MR  Mixed Reality

UAV  Unmanned Aerial Vehicle
uv Ultraviolet

VR Virtual Reality
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