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ABSTRACT In space applications, CubeSats are used for all kinds of commercial and research purposes.
These small satellites are launched in such large numbers that from a pollution point of view it makes
sense to return them intact to Earth. To establish this, a dedicated reentry is needed. During this reentry
process, the CubeSat has to make use of a heatshield which deforms due to multiple forces acting upon
the structure. In order to monitor this heatshield, this study aims at investigating, designing, simulating,
and testing the integration and readout of fiber Bragg gratings (FBGs) into a mock-up heatshield, in order
to monitor its shape. Therefore, a mock-up of a CubeSat and its accompanying heatshield is constructed
to simulate the realistic use of FBGs. Based on the external dimensions of the heatshield, the study gives
a practical installation pattern for the FBGs. A 3-D simulation model of the heatshield and accompanying
CubeSat is built. To achieve deformation in this 3-D model, the study proposes an algorithm based
on single-point data. Using existing OROCOS/ROS middleware, the study establishes a comprehensive
system for setting up and reading out FBGs in order to gather information on the heatshield’s status.
Finally, after testing the mock-up heatshield set, the system can reflect the deformation of the heatshield
in real-time in the 3-D model. Additionally, the system can save the entire deformation process of the
heatshield as a series of model files, which can be used for sophisticated static analysis.

INDEX TERMS CubeSat, fiber Bragg grating (FBG), heatshield, monitoring, reentry.

I. INTRODUCTION

ACUBESAT is an affordable platform usable for com-
mercial, educational, and research purposes [1]. These

low-cost, versatile, and efficient platforms are used for Earth
observation [2], communication [3], deep space research [4],
as well as for space weather monitoring [5]. Another feature
is its small size of 10 × 10 × 10 cm for one unit (1U),
making these platforms suitable for small sample return using
a reentry system [6]. For example, biological experiments
carried out aboard the International Space Station (ISS)
could be returned to Earth, using a reentry CubeSat. This
allows a flexible and low-cost transportation system for
sample return [7]. A 3U reentry CubeSat would consist of a
deployable heatshield housed in the top unit of the CubeSat
(1U), together with a payload bay for the samples (1U)
and the onboard systems (1U) [7] (Fig. 1). The heatshield

consists of an inflatable cone with the inflatable ring located
at the bottom of the cone and a nose cone at the top of
the CubeSat (Fig. 1). When the heatshield is used, the ring
at the bottom of the cone is gradually filled with gas and
eventually fully expanded.
The structural integrity of theCubeSat’s heatshield is critical

during the reentry process. Extreme space conditions can
seriously affect the status of the heatshield. In order to have
a better view on this status, a monitoring system can be
integrated inside the heatshield, enabling the measurement of
parameters, such as temperature, stress, and strain. In order
to do so, conventional thermal and pressure sensors can be
used [8]. Accelerometers can be embedded in the heatshield
for measuring structural stresses and deformation during
reentry [9].Additionally, camera systems canbeused for health
monitoring purposes [10], although these systems can only be
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installed on larger spacecrafts. Due to extreme temperature
differences in space and the various types of radiation, the
lifetime of sensors can be significantly reduced. Furthermore,
violent vibrations during the launchof the satellitemaydamage
the sensor systems and render them ineffective.
Fiber Bragg gratings (FBGs) can withstand this harsh

environment of space and can be used to build a shape
monitoring system for heatshields during reentry [7]. FBGs
are passive sensors, not requiring an electrical supply to
acquire data. Moreover, they are insensitive to electromag-
netic interference and have a high signal-to-noise ratio and
measurement accuracy [11]. FBGs are lightweight, immune
to electromagnetic interference, and flexible in installation,
making them ideal for space missions with stringent weight
and space requirements [12]. FBGs are already widely used
in structural health inspection systems for other scenarios,
such as bridges and pipelines [13], [14]. FBGs are not yet
widespread in mobile structures, because the need of an
associated interrogator, which is not always easy to integrate
into the system [15]. The use of FBGs in space and space-
related applications is slowly increasing [12], [16].
This work explores a new concept in which FBGs are

used to monitor the health of a heatshield during the
reentry process, specifically focusing on the applied forces.
This article first describes the working principle of FBGs,
consequently their respective characteristics and the selection
of space-related FBGs. The study then focuses on a 3-D
simulation, followed by the building, readout, and real-time
linking to the 3-D model of a monitoring system, using
FBGs integrated into a mock-up heatshield. Finally, this
article concludes and suggests future directions for further
improvement.

II. FIBER BRAGG GRATINGS
A. WORKING PRINCIPLE
An FBG is an optical filter that selectively reflects light at
a specific wavelength, acting as a band-rejection filter. The
wavelength of reflected light is determined by the spacing
of the periodic refractive index variations, or grating, within
the fiber core. This grating allows all wavelengths that do
not match its resonance condition to pass through while
reflecting those wavelengths that meet the Bragg condition
established by the core’s index modulation [7].

FBGs operate on the principle of Bragg diffraction, in
which light of a specific wavelength is reflected by the
periodic refractive index changes within the fiber itself [7].
This selective reflection is described by the Bragg condition,
which can be stated as

λB = 2neff� (1)

in which λB is the Bragg wavelength, neff is the effective
refractive index of the fiber core, and � is the periodic
spacing between the refractive index variations [7]. When
the grating is subjected to an external force, resulting in an

axial strain, a change occurs in the Bragg wavelength �λB.
This is reflected in (2) [10]

�λB = 2neff�(1 − ρe)ε (2)

in which ρe is the effective strain-optic coefficient of the
fiber core material, while ε is the longitudinal strain.
Based on the definition of strain ε, the latter can be

rewritten as [17]

ε = �λB

λB(1 − ρe)
= �l

l
(3)

in which l and �l are the original length and the change
in length, respectively [17]. Using the relationship between
strain ε and stress (σ ), the force (F) exerted on the ends of
a section of fiber can be calculated by

F = ε . E . A = �λB

λB(1 − ρe)
. E . A (4)

in which E is Young’s modulus and A the cross section of
the fiber. Hence, the force can be calculated based on FBGs.
Additionally, the effective refractive index neff and the

periodic spacing � are temperature dependent, allowing
the measurement of temperature variations with FBGs.
The refractive index of the core is affected by both the
thermo-optical coefficient and the coefficient of thermal
expansion of the fibers. Hence, the temperature change can
be detected. In the presence of both temperature and strain,
the varying wavelength �λB can be obtained from the
resonant wavelength λB, the strain ε, and the temperature
variation �T [17]

�λB

λB
= (1 − ρe)ε + (

as + af
)
�T (5)

in which as is the coefficient of thermal expansion, and af
is the thermo-optic coefficient.

B. FBG SETUP FOR SPACE APPLICATIONS
Due to the excellent characteristics, FBGs are used in
aerospace projects up to a certain limit [18], [19]. The
advantages of using FBGs in space include: 1) high
immunity to electromagnetic interference, which effectively
isolates the effects of cosmic radiation on measurement
results; 2) lightweight; 3) flexible mounting positions and
potential for embedding in recessed structures; 4) multipa-
rameter sensing; and 5) multiple sensors can be effectively
multiplexed, significantly reducing the overall power con-
sumption of the sensing system [20].
In addition, unlike traditional sensors, FBGs are passive,

meaning they do not require power to drive them. The
only element that needs to be powered is the interrogator
connected to the FBGs [7], [10], [21]. This interrogator is
responsible for generating the light spectrum propagating
inside the fiber and decoding the reflected wavelengths.
Fiber Coating Material Selection: The unique environment

of space forces a dedicated choice in fiber material. A
tradeoff is needed between the fiber harness protection level
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and the weight of the sensor. Two main types of coating
materials are used in fiber-optic sensors: 1) metal and
2) polymer [14], [22]. Polymers are the better choice for
aerospace equipment where lightweight is desired. Hence,
polyimide tubed fiber is used for its outstanding properties.
Polyimide has high- and low-temperature resistance, excel-
lent mechanical properties, is radiation resistant, is flexible,
and has excellent dielectric properties [23].
Grating Selection: Six main types of FBG gratings exist: 1)

uniform positive-only index change; 2) Gaussian apodized; 3)
raised-cosine apodized; 4) chirped; 5) discrete phase shift;
and 6) superstructure, each with their pros and cons [24].
Different grating structures are associated with different
refractive index offsets and refractive index distribution
properties. In general, there is a tradeoff between data accuracy
and data volume in the choice of the grating. Denser grating
numbers and more complex grating structures mean more
accurate measurement data, larger data transfers, and more
complicated data processing [14], [17]. Given the limited
computing power that a CubeSat has and the real-time nature
of the structural monitoring required, a relatively small amount
of data should be used to build an accurate model that reflects
the deformation of the heatshield surface. Consequently, the
measurement points of the FBGs need to be spread over
the heatshield’s surface as much as possible to obtain the
overall model parameters [6]. Therefore, superstructure FBGs
(SFBGs) are the preferred choice because they generate less
measurement data compared to other FBGs and do not require
complex data handling processes [25]. Additionally, due to
the unique structure of SFBGs, it is also possible to carry
out multiparameter measurements, such as simultaneously
measuring the surface structure strain and temperature [26].
Core Selection: It is crucial to consider the effects of

high temperatures. Specifically, it is important to note that
silica index gratings can become unstable at temperatures
exceeding 400 ◦C and may completely disappear at 900 ◦C.
For this reason, sapphire optical fibers are a more stable
choice for high-temperature applications [27]. However, the
applied heatshield will absorb most of the generated heat,
hence, the estimate is that FBGs having temperature ranges
between 200 ◦C and 300 ◦C are sufficient. Consequently,
silica fibers are sufficient as a core.
Interrogator: The interrogator consists of two main

components: 1) the transmitter and 2) the receiver. The
transmitter generates optical signals traveling through the
optical fiber, modulating the signals based on the measured
parameter. This signal generation is done by using LEDs
or laser diodes. The receiver detects the modulated signals
using PIN diodes and converts these signals into electrical
signals for further processing and analysis [28].

C. FBG HEATSHIELD INTEGRATION
As shown in Fig. 1, the conical structure of the heatshield
is well supported at the bottom and top by the inflatable
ring and the nose cone. Therefore, large deformations on
the heatshield are most likely to occur in between these two

FIGURE 1. CubeSat with deployed heatshield.

FIGURE 2. FBG integration into the heatshield.

parts. For this reason, the best mounting position for the
FBGs is along the longitudinal side of the cone, which also
allows the sensor to be well fixed at both ends using the
nose cone and the inflatable ring (Fig. 2). In addition, as the
transmitter–receiver end of the sensor is sensitive, this side
should be placed under the nose cone to obtain maximum
protection.
When using FBGs for surface measurements, it is impor-

tant to consider the integration of the sensor into the
structure. Specifically, the adhesive between the FBG and
the surface of the structure to be measured must be able
to transfer the strain from the structure to the sensor in an
accurate way. Several bonding techniques exist, such as the
use of specific glues [29] and epoxy resins with special heat
treatments [30].
Another option is to embed the FBG in the composite

structure. Embedded sensors can better reflect the strain
changes in the structure. However, due to the strong inhomo-
geneities within the composite material, FBG misalignment
with the local layers within the structure can cause distortion
of the reflection spectrum [20]. Furthermore, embedded
sensors have the disadvantage that the repair of the sensor
is hard, meaning that once the sensor is damaged, the entire
structure may have to be replaced.

III. SIMULATION OF HEATSHIELD PARAMETERS
The heatshield and the FBG setup, using traditional FBGs, is
simulated using Python in the freely available, open-source
3-D computer graphics software tool called Blender [31].

VOLUME 4, 2025 7000108
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FIGURE 3. Heatshield model and FBG locations (red cubes).

FIGURE 4. (a) Heatshield and CubeSat mock-up. (b) Multicore fiber integration onto
the heatshield.

By using a combination of facets, the heatshield shape is
modeled in 3-D. Additionally, the inflatable ring is created
using Blender’s built-in ring model, while the nose cone
is created by using Blender’s sphere model. Finally, the
construction of the CubeSat itself is also integrated into the
model (Fig. 3).

To simulate the concept, the FBGs are spread uniformly
across the heatshield, from the top nose cone toward the
inflatable ring (Fig. 3). To indicate the location of the sensor
on the heatshield, a string of cubes is embedded on the
surface along the longitudinal side of the cone. Specifically,
five cubes in a series represent an FBG, in which each cube
represents a grating (or sensor) in the core of the FBG.
The locations of these red cubes serve as the sensing points
where the deformation of the heatshield is measured.

IV. TESTING METHODOLOGY
A. HARDWARE SETUP
The aim is to link the described Blender simulation to a
hardware mock-up of the heatshield and CubeSat [Fig. 4(a)].
A multicore fiber is slit into a polymer tube which is glued
onto this mock-up [Fig. 4(b)]. This multicore fiber is a single
fiber containing multiple cores dispersed in the cladding
(Fig. 5). One channel is centrally located, while the other

FIGURE 5. Spatial arrangement of the multicore fiber (cross section).

channels are off-center, making it easier to analyze the 3-D
deformation forces. The red line in Fig. 5 shows the cross-
sectional Cartesian coordinate system in the X-direction.
This is used as a reference for the subsequent settings of
the channels, X and Y axes in the model and in the data
processing of the FBG. Take into account that the heatshield
has an angle of 30◦ to the horizontal (Fig. 1). Hence, the
X- and Y-deformation data of the FBG cannot be used
directly in the Blender model. The X-axis deformations of
the FBG need to be correctly mapped onto the x-, y-, and
z-axes in the Blender model.

The different wavelengths used are 1529.98, 1539.01,
1547.68, 1557.01, and 1562.96 nm, having a window of 3
nm each. The FBGs are coupled to an FAZT I4E optical
sensing instrument [32]. Due to the integration of four cores
in a single fiber, a multiplexer is needed to combine and
separate the signals of the four cores.

B. SOFTWARE SETUP
The deformations in the mock-up can be quantified in real-
time using the simulation model. Therefore, Open Robot
Control Software (OROCOS) is used [33]. The OROCOS
framework is first used for the basic settings of the
interrogator, such as the mean wavelength of each grating
and the monitoring window intervals. Then, after obtaining
the real-time wavelength data from the interrogator, the
OROCOS program links to Robot Operating System (ROS).
This allows real-time data readout connecting to external
applications.
As the data read from the FBGs is accessed through an

ROS node on a Linux system (programmed in C++), and
the 3-D modeling of the heatshield is implemented through
the Blender software (programmed in Python), it is necessary
to find a solution for the data interaction between these two
applications. The strategy to address this problem is to use
a Socket communication mechanism based on the TCP/IP
protocol [34].

C. REAL-TIME DATA READ-OUT SETUP
In order to perform a real-time data read-out process and
simultaneously visualize the deformation in the Blender
model, a specific roadmap is used [34]. The nature of
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a socket is a mechanism for communication between
different processes. It contains a series of different parameter
files [34]. The main components include Relevant Protocols,
Local Address, Local Port Number, Remote Address, and
Remote Port Number.
After creating the ROS node and the subscription of

TOPIC in Linux, the C++ code will create a socket with a
specified IP address and a port number. The Python code in
Blender will connect to this socket and listen to the contents
of the socket according to the corresponding IP address and
port number, thus enabling the real-time transfer of hardware
data to the 3-D modeling application.
In Fig. 6, the heatshield monitoring process is shown.
In order to transform the sensor data into deformation

data in the Blender model, a three-step approach is followed:
1) an initialization; 2) finding the magnitude of the force that
creates a bend in the x,y direction taking the initialization
phase into account; and 3) applying the force/deformation
to the Blender model.
1) In the initialization process, the “stand-still” position,

i.e., no bending, of the FBGs is used as the baseline.
The wavelength values associated with this initial setup
are measured, which are called the “offset values.”

2) Additionally, the magnitude of the forces in x- and
y-direction are obtained by comparing the measured
wavelengths (“last data”) with the ones measured in
point 1 above (“offset”).
Using the formula below, the strain for each channel
(ch) is obtained

Strainch = k
last datach − offsetch − offsetch1

offsetch
(6)

in which last datach is the wavelength measured in
that specific channel (2, 3, or 4—see Fig. 5), offsetch
is the initial value of that specific channel (2, 3, or
4), and offsetch1 is the average value of the wavelengths
of channel 1. k represents the constant relationship
between the applied force and the deformation. The
latter linear relationship is a simplification in the frame
of this proof of concept and can be extended in future
work.
The cores are separated by 90◦, 210◦, and 330◦ (see
also Fig. 5) related to the x-axis. Hence

Fxch n = Strainch n . cos
(
anglech n

)
(7)

Fych n = Strainch n . sin
(
anglech n

)
(8)

Taking into account the deformation obtained by all
channels, the total force in x- and y-direction in the
cross section is

Fxtotal = Fxch 2 + Fxch 3 + Fxch 4 (9)

Fytotal = Fych 2 + Fych 3 + Fych 4. (10)

3) Since the multicore fiber is mounted at an angle of 30◦
to the horizontal (see Fig. 1), the x- and y-deformation
data of the FBGs need to be converted taking into
account an angle of 30◦ in the Blender model.

FIGURE 6. Heatshield monitoring process flowchart.

TABLE 1. Initial values of the coordinates of the sensing points.

V. EXPERIMENTAL RESULTS
The four channel multicore fiber setup (Fig. 5) together with
the flowchart (Fig. 6), enables the generation of the X, Y ,
and Z coordinates of the FBGs in different configurations. A
calibration process was carried out in order to obtain valid
deformation coordinates. The calibration process consists of
different cases.
Case 1: The FBGs have no strain, hence the reflected

wavelengths of the four channels (each having five sensors—
an example is given in Table 1 for one channel) remain
constant.
Case 2: Where a section of the FBGs has a uniform strain

(the wavelengths of the four channels vary by the same
amount), which means that it is in a state of axial tension
or compression.
Case 3: Where the FBGs are subjected to bending but not

an overall stretch. Hence, the FBGs are subjected to a strain
that bends it but does not stretch or shrink them as a whole.
The actual bending may consist of cases 2 and 3. Since

both cases are strain variations, the actual bend can be
considered a linear superposition of cases 2 and 3. Since
channel 1 is distributed on the central axis (see Fig. 5), the
strain on channel 1 can be considered the average strain
on the whole fiber. The ability of channels 2, 3, and 4 to
measure the three spatial dimensions is due to their eccentric
structure, which is arranged in a symmetrical configuration
with an equal distance from the center and an angle of
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FIGURE 7. Physical and simulated heatshield downward deformation.

FIGURE 8. Physical and simulated heatshield multiple point deformation.

FIGURE 9. Physical and simulated heatshield complex deformation.

120◦ between the adjacent channels. The FBGs on these
three channels will be more sensitive to the strain in both
directions of their position in line with the axis.
The goal is to test the hardware setup in different

circumstances: 1) pushing the heatshield downward; 2) press-
ing at multiple points simultaneously; and 3) a complex
deformation. These tests show the real-time connection
between the physical deformation of the heatshield and the
visualization in the model.

A. DOWNWARD DEFORMATION TEST
Pressure is applied vertically downward on the surface of
the heatshield at a location where the grating is installed and
the sensing point on the surface of the corresponding 3-D
model becomes recessed (Fig. 7).
As an example, the 4-channel data corresponding to the

five gratings and the coordinates of the sensing points
obtained by the algorithm are shown in Table 2.

B. MULTIPLE POINT DEFORMATION TEST
Pressing down vertically on the multiple mounting grating
positions of the heatshield, the sensing points on the 3-D
model surface are visible (Fig. 8).

TABLE 2. Wavelengths of the four channels and sensing points coordinates.

C. COMPLEX DEFORMATION TEST
Applying a composite force to the surface of the heatshield,
the 3-D model shows the combined result of the vertical and
longitudinal forces applied simultaneously (Fig. 9).

These results show that the physical deformation can be
read-out in real-time and linked to the 3-D model. This
information gives valuable insight in the deformation of
the heatshield during reentry. Integrating these data into
an onboard feedback system, would allow, using dedicated
steering surfaces onto the heatshield, the creation of an
adaptable reentry trajectory [6].

VI. CONCLUSION AND FUTURE WORK
In this research, FBGs are implemented inside a mock-up
heatshield of a 3U reentry CubeSat in order to monitor the
deformation of the heatshield. The results in Section V show
that the physical deformation of the heatshield is measurable
in real time using the 3-D simulation model. This conceptual
design is a first step in having a full-size monitoring system
based on FBGs which is implementable inside a CubeSat.
Future work consists of selecting applicable FBGs which

fit the exact size and build-up of the heatshield. A more
extended setup using multiple FBGs having more sensing
points will allow a better full-size analysis of the heatshield.
Also, using data interpolation between fiber cables could
reflect the ability of the system to detect and pinpoint
additional deformation sources.
The miniaturization of the interrogator is also part of

future work, together with the analysis of how and if these
integrated FBGs can be folded in order to fit inside the 1U.
On the software side, the algorithms used in the current
monitoring system can be further improved by optimizing the
calculation processes. Using FBGs in these high-temperature
environment comes with certain issues, such as crosstalk
between strain and temperature. In order to avoid this, certain
techniques can be applied, such as a strain-isolated FBG, or
the use of specific coatings, such as gold or carbon.
The current acquisition rate used in the Blender software

is 2.86 Hz. In order to reduce the response delay in real-life
situations, further simulation tests should be done.
If the onboard generated data of the deformation during

reentry is used in a feedback-loop, this allows the dedicated
steering of the reentry trajectory by using specific flaps or
additional inflatables on the heatshield. This steering process
and additional hardware integration are also part of future
work.
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