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Abstract. This article explores mathematical modeling strategies aimed at developing advanced stabilization techniques for fiber-optic sensors (FOS)
used in space infrastructure. These sensors operate in extreme environments characterized by significant temperature fluctuations, high radiation
exposure, and continuous mechanical vibrations, all of which can impact their performance. To address these challenges, this study proposes protective
solutions, optimized design enhancements, and the integration of new system components to improve sensor durability and measurement precision.
Numerical simulations validate the effectiveness of these solutions in maintaining sensor functionality during long-duration space missions. Additionally,
the improved monitoring and control methodologies developed in this research contribute to enhanced operational efficiency and long-term sustainability
in space applications. Beyond aerospace, these techniques are also applicable to harsh environments such as deep-sea exploration and underground
mining, where extreme conditions demand highly resilient sensing technologies. The continued evolution of fiber-optic technologies supports
the advancement of sensor systems across a wide range of industrial and scientific applications.
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OPTYMALIZACJA PRACY SWIATLOWODOWYCH CZUJNIKOW
W WARUNKACH KOSMICZNYCH

Streszczenie. Niniejszy artykul przedstawia strategie modelowania matematycznego majgce na celu opracowanie zaawansowanych technik stabilizacji
Swiatlowodowych czujnikow (FOS) wykorzystywanych w infrastrukturze kosmicznej. Czujniki te dziatajg w ekstremalnych warunkach, charakteryzujgcych
sig duzymi wahaniami temperatury, wysokim poziomem promieniowania oraz cigglymi drganiami mechanicznymi, ktore mogq wplywac na ich wydajnosé.
Aby przeciwdziataé tym wyzwaniom, badanie to proponuje zastosowanie Srodkéw ochronnych, optymalizacje konstrukcji oraz integracje nowych
komponentow systemowych, co zwigksza trwalos¢ czujnikdw i precyzje pomiaréw. Symulacje numeryczne potwierdzajg skutecznosé¢ tych rozwigzan
w utrzymaniu funkcjonalnosci czujnikéw podczas dhugotrwalych misji kosmicznych. Ponadto opracowane w tym badaniu udoskonalone metody
monitorowania i kontroli przyczyniajq si¢ do poprawy efektywnosci operacyjnej oraz dlugoterminowej trwatosci systemow kosmicznych. Poza
zastosowaniami w eksploracji kosmosu, techniki te sprawdzajq si¢ rowniez w trudnych warunkach, takich jak badania glebinowe i gornictwo podziemne,
gdzie ekstremalne Srodowiska wymagajg wysoce odpornych technologii pomiarowych. Ciggly rozwdj technologii swiattowodowych wspiera postep
w tworzeniu nowoczesnych systemow czujnikowych w wielu gateziach przemystu i nauki.

Stowa kluczowe: siatka Bragga, thumienie promieniowania, stabilno§¢ termiczna, odporno$¢ na wibracje, materiaty kosmiczne, modelowanie numeryczne

Introduction

Modern advancements in space exploration and rocket
technology demand highly reliable and precise sensor systems.
Fiber-optic sensors (FOS) offer significant advantages in this field
due to their immunity to electromagnetic interference,
lightweight structure, and high precision. These sensors
are capable of simultaneously measuring various parameters
[2, 21-23], including temperature, mechanical stress, vibration,
and pressure. Additionally, the extreme conditions of space — such
as radiation exposure, temperature fluctuations, vacuum
environments, and mechanical vibrations — can impact the long-
term performance and reliability of equipment [6, 8, 24].

To address the evolving needs of space exploration,
optimizing and enhancing FOS technology has become a key
focus. Researchers have developed mathematical models
and analytical methods that support FOS applications in extreme
environments. Through Python-based simulations and data
analysis, studies provide practical insights into FOS functionality
under demanding conditions.

FOS technology continues to gain widespread adoption across
various fields due to its strong responsiveness, resistance
to electromagnetic interference, and ability to function in harsh
environments [22]. In the context of space exploration, these
sensors are particularly valuable because they maintain
operational stability despite exposure to vacuum conditions,
radiation, and temperature variations.

Deploying FOS in space, however, presents several
challenges, including exposure to cosmic radiation, extreme
temperatures, and mechanical stressors that can affect their
durability. Understanding the impact of these external factors
is essential for developing models that assess performance
reliability and enhance sensor stability.

The advancement of space exploration and the development
of rocket and space technologies demand highly reliable
and precise sensor systems. Fiber-optic sensors (FOS) have
proven to be highly beneficial in this field due to their immunity
to electromagnetic interference, lightweight design, and ability
to deliver highly accurate measurements. These sensors can
simultaneously ~ monitor ~ various  parameters, including
temperature, mechanical stress, vibration, and pressure.
Additionally, extreme space conditions — such as radiation
exposure, significant temperature variations, mechanical
vibrations, and vacuum environments — can impact the long-term
reliability and performance of equipment.

Given the growing importance of space exploration,
the continuous enhancement and optimization of FOS
technologies remain a top priority. Researchers have developed
mathematical models and conducted extensive studies to improve
the application of FOS in harsh environments. Utilizing Python-
based simulations, they provide practical insights through real-
world examples and analyze collected data for better system
performance.

FOS technology is gaining increasing recognition across
various fields due to its high responsiveness, resistance
to electromagnetic interference, and ability to function under
extreme conditions. In space missions, these sensors
are particularly valuable because they maintain stability even
in vacuum environments, high-radiation zones, and fluctuating
temperatures.

However, deploying FOS in space presents multiple
challenges, including exposure to cosmic radiation, extreme
thermal conditions, and mechanical stressors that may affect their
durability. To ensure long-term reliability, it is essential to study
the impact of these external factors through precise modeling,
enabling both performance assessment and the development
of stability-enhancing solutions [26].
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The reliability of fiber-optic sensors (FOS) in space missions
depends on their seamless integration with various system
components, including power sources, communication networks,
and data processing units. For optimal performance in dynamic
external environments, these sensors must function as part
of a well-coordinated system. Developing effective modeling
and optimization techniques for FOS in complex space
applications is a crucial aspect of designing next-generation space
missions. Through system modeling, researchers can identify
potential compatibility issues between sensors and their connected
systems, enabling them to develop effective solutions to enhance
overall performance.

The study of space-based sensors increasingly relies
on numerical modeling and simulation techniques to predict
their behavior under extreme conditions. These analytical methods
help evaluate sensor responses when subjected to radiation,
temperature fluctuations, and mechanical vibrations [15, 16, 19].
Numerical modeling allows researchers to assess FOS
performance across diverse environmental conditions, ultimately
contributing to the development of more reliable space-grade
sensors. Additionally, research efforts focus on advancing
radiation-resistant materials, including specialized optical fiber
coatings, to enhance sensor durability in harsh space
environments.

1. Background and problem statement

The use of fiber-optic technologies in space exploration began
in the late 20th century, initially focusing on temperature
monitoring inside spacecraft. Over time, advancements
in fiber-optic research have expanded their applications,
now encompassing structural health monitoring, fuel level
detection, and hazardous gas measurement [2, 22, 26].

Radiation exposure remains one of the most significant
challenges in space, affecting both astronauts and onboard
equipment. Increased optical losses in fiber-optic materials due
to radiation can reduce sensitivity and measurement accuracy
[19, 21, 23]. Additionally, fiber performance can deteriorate when
subjected to extreme temperature fluctuations, ranging from
-150°C to +150°C, as noted in several studies [1, 8, 24].
Mechanical factors, including sustained loads and shock impacts,
necessitate specialized mounting solutions for Bragg grating
hardware to ensure durability in space applications [6, 25, 26].

To enhance fiber resistance to radiation, ongoing
research explores the incorporation of modified core materials
and protective surface coatings [11, 15, 23]. A comprehensive
approach is required to analyze the combined effects of radiation
exposure, thermal variation, and mechanical stress. Mathematical
models provide valuable insights into these interactions, aiding
in the development of more resilient fiber-optic systems.

Integrating Fiber Bragg Grating (FBG) sensors into multilayer
insulation (MLI) systems offers new possibilities for spacecraft
environmental monitoring. These sensors enable real-time
assessment of critical parameters, including temperature, pressure,

and structural integrity, ensuring optimal operational
performance [6].
e

Fig. 1. Structural diagram of a fiber-optic sensor (FOS) with optical modules
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A fiber-optic sensor (FOS) system that operates using
amplitude modulation of optical radiation is illustrated in Fig. 1.
Several patented prototypes demonstrate integrated FOS
designs capable of simultaneously measuring both pressure
and temperature [22].

Fiber-optic sensors are generally categorized based on their
detection position, operational mechanism, and practical
applications. They can be classified as either internal or external,
depending on where the sensing process occurs. External sensors
function by transmitting light signals through optical fibers
to a separate detection unit, where the measurement takes place.
In this configuration, the fiber primarily acts as a medium for light
transmission between the source and the detection point [7, 16].

The working principle of intensity-based fiber-optic sensors
relies on signal attenuation. A sensor mechanism converts
the measured quantity into a force that bends the optical fiber,
leading to a reduction in signal intensity. This loss of light occurs
as the fiber interacts with external objects, causing absorption
and scattering of light waves. Because higher light power levels
are required for effective sensing, multimode fibers with larger
core diameters are preferred for these applications [18, 20].

The intensity of light propagating through the fiber
is influenced by three fundamental principles: microbending,
bend losses, and evanescent field effects. These mechanisms play
a crucial role in determining sensor performance and directly
impact sensitivity levels [5, 17]. Understanding and optimizing
these factors are essential for enhancing the accuracy
and reliability of fiber-optic sensing systems.

2. Methodology

This section presents a mathematical simulation of fiber-optic
sensor behavior under extreme environmental conditions, along
with its implementation using Python programming. The system
enables the analysis of critical sensor parameters, including
temperature, strain, and radiation-induced damage, providing
valuable insights during evaluation.

The propagation of light through optical fibers is governed
by a wave equation, which defines its behavior and interaction
within the fiber medium:

2
VZE(r,z)+n2(r)(27”) E(r,z)=0 )
where E(r,z) is the electromagnetic field amplitude;

n(r) — the refractive index; A — the free-space wavelength.

For Bragg gratings, the Bragg wavelength Apg is determined
by the periodic modulation of the refractive index, defined as:
AB = 2ngff A &)

where Neff is the effective refractive index; A — the grating

period.
Changes in temperature T and strain & modify the Bragg
wavelength Ag as follows:

Alg =1 (a+§)AT +1B (l— pe)Ag 3)
where ¢ is the thermal expansion coefficient; ¢ - the thermo-

optic coefficient; pe — the photoelastic coefficient.

In space environments, radiation effects can degrade sensor
performance by increasing optical losses. The radiation-induced

loss coefficient oy can be modeled as:

where o is the initial loss coefficient; ky — the radiation
sensitivity constant; y — the dispersion coefficient;

D - the absorbed radiation dose.
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The transmitted power P(z) along the fiber is then governed

by:
dP

P (a0 +kr o0(7D)P(2) ®

Solving this expression enables the estimation of power losses
that occur due to radiation absorption throughout the fiber.

The core equations of the combined model including
temperature effects and strain and radiation parameters simplify
into the following equations:

VZE(r,2)+n? (r)| 22 )E(r.2) = 0
B (T.e)=2ngff (T,e)A
atotal =0 +Kr exp(7, D) ©)

dP
E=—atotalp(z)

The sensor response system operates based on the principles
of light wave propagation, measuring the impact of Bragg
wavelength shifts caused by environmental factors. It evaluates
radiation-induced decay and power loss in transmitted light [3, 4].
Additionally, the system examines light behavior in fiber optics,
considering Bragg wavelength variations due to temperature
fluctuations and mechanical strain, while also conducting
a comprehensive loss analysis under radiation exposure
and optical power reduction along the fiber length.

By integrating mathematical modeling, researchers can assess
the performance of fiber-optic sensors across various operational
temperature ranges, strain conditions, and radiation exposure
levels [14, 27, 28, 29]. Utilizing fundamental mathematical
techniques, it becomes possible to predict sensor functionality,
aiding in the design of robust sensors capable of operating
in extreme environments. A unified analytical framework
encompasses all key factors influencing sensor performance
[9, 12, 13].
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Fig. 2. Information processing algorithm for fiber-optic sensor simulation

The figure presents the information processing workflow
developed for simulating the behavior of fiber-optic sensors
in extreme environments. The process begins with the definition
of initial conditions and key input parameters, including thermal
and radiation exposure profiles relevant to space applications.
These parameters feed into the modeling stage, where the optical
response of the sensor is computed through a series of numerical
procedures implemented in Python. The simulation module
integrates temperature, strain, and radiation effects to evaluate
changes in signal characteristics [10]. The results are then
processed and structured for visualization, enabling the generation
of simulation outputs such as Bragg wavelength shifts and power
attenuation. This algorithm provides a systematic framework
for analyzing sensor performance under combined environmental
stressors, supporting further development and refinement
of sensing technologies for aerospace applications.

IAPGOS 2/2025

p-ISSN 2083-0157, e-ISSN 2391-6761

3. Simulation results and analysis

The test data indicates that temperature variations cause
a linear shift in the Bragg wavelength Ag, primarily due

to thermal expansion and the influence of the thermo-optic
coefficient, as described by Equation (3). Additionally,
the fraction of transmitted power decreases gradually with
increasing radiation dosage, following an exponential decay
pattern outlined in Equation (5).

Figures 3a and 3b, generated using Python-based simulation,

illustrate the key characteristics of Bragg wavelength shifts Ag

and optical power attenuation in fiber-optic sensors exposed
to extreme environmental conditions. These findings provide
critical insights into sensor behavior under thermal and radiation
stress, helping optimize their design for enhanced durability
and performance.
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Fig. 3a. Dependence of Bragg wavelength on temperature
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Fig. 3b. Dependence of relative power on radiation dose

Figure 3a presents the simulated dependence of the Bragg
wavelength on temperature within the range from -50°C
to +100°C. The graph demonstrates a clear linear increase
in Bragg wavelength as the temperature rises. This trend
is consistent with theoretical expectations based on Equation (3),
where both thermal expansion (o)) and the thermo-optic effect ()
contribute to the wavelength shift. The observed linearity enables
precise modeling of the sensor’s thermal response, which
is essential for designing systems with predictable behavior under
varying thermal loads. From a practical standpoint, the inclusion
of thermocompensators or integrated thermostats could help
maintain sensor stability in spacecraft applications, where thermal
cycling is intense and frequent.

Figure 3b shows the relationship between radiation dose
and the relative transmitted optical power. The simulation
confirms that power attenuation follows an exponential decay
pattern, in accordance with Equation (5). As radiation dose
increases up to 10° rad, the transmitted power drops significantly.
This effect results from radiation-induced optical losses, modeled
via an exponential growth of the attenuation coefficient (4). These
findings reinforce the importance of selecting radiation-hardened
materials and implementing shielding solutions to preserve signal
integrity over long-duration missions. For instance, alloying
the fiber core and applying protective coatings could help mitigate
radiation-induced degradation.

Together, these two simulation outcomes validate
the reliability of the proposed mathematical model. The Bragg
wavelength shift under thermal influence and the loss of optical
power due to radiation are both captured accurately
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by the framework. Moreover, these insights align well with
theoretical models and previous research findings, thereby
supporting the model’s applicability in design optimization.

Beyond the temperature and radiation effects, the simulation
framework is adaptable. It allows the inclusion of other parameters
— such as strain, vibration, cladding composition, and fiber
geometry — that further influence performance. The model thus
provides a robust basis for future extension, especially when
validated against empirical data from space-based or laboratory
testing campaigns.

Similar thermal response characteristics were observed
by Rovera et al. [29], who reported Bragg wavelength shifts
in the range of 10-15 pm/°C depending on fiber type and coating.
Likewise, Smailov et al. [28] validated comparable simulation
results for temperature and strain dual-sensing applications
on concrete substrates. Our estimated sensitivity of ~12.3 pm/°C
is within this range and demonstrates consistent sensor behavior.

With respect to radiation-induced attenuation, McKenzie et al.
[4, 27] and Khabay et al. [18] reported signal losses exceeding
80% at doses around 10° rad, aligning with the ~88% power loss
observed in our model. This correlation reinforces the reliability
of our numerical approach for extreme radiation environments.

These findings are supported by results in [18, 28, 29], where
similar levels of sensitivity and attenuation trends were reported
for fiber-optic sensors in aerospace and microelectronic
applications. Comparative alignment with earlier studies
strengthens the generalizability of our model and supports
its application for mission-specific system design.

The simulation results confirm that the mathematical model
accurately represents the critical factors affecting fiber-optic
sensor functionality. The obtained results support the model’s
predictions, demonstrating its capability for optimizing sensor
performance under challenging operational conditions.

A deeper analysis of the research data reveals several essential
insights. Sensor stability can be improved through the use
of thermocompensators or thermostats to regulate temperature
and maintain operational integrity. Enhancing radiation resistance
requires the use of advanced materials that incorporate core
fiber alloying and protective coatings, as described in (4).
The base model also accounts for additional experimental factors
and structural characteristics, such as cladding material properties
and fiber diameter. Incorporating space-testing experimental
results into the model will further enhance its validation
and applicability to real-world scenarios.

4. Conclusions

The space environment benefits significantly from fiber-optic
sensors due to their capability to provide reliable, high-precision
measurements across multiple parameters under extreme
conditions. These sensors offer advantages such as immunity
to electromagnetic interference, lightweight construction,
and the ability to withstand harsh environments. The mathematical
simulation developed in this research integrates key environmental
factors — including heat, radiation, strain, and vibration — into
a unified system for analyzing sensor behavior and automating
numerical experiments. The Python-based model effectively
predicts how temperature fluctuations and radiation exposure
influence Bragg wavelength shifts and transmitted power,
with the results closely matching previous simulation data
and theoretical predictions. Specifically, the Bragg wavelength
demonstrated a sensitivity of approximately 12.3 pm/°C, while
the transmitted power dropped by about 88% across a 10-meter
fiber at a radiation dose of 10° rad. These figures quantitatively
confirm the model’s predictive accuracy and its potential
for sensor design refinement.

This validation reinforces the reliability of the proposed
simulation approach and emphasizes its utility as a design tool
for engineering space-grade sensor systems. To further enhance
the operational stability of fiber-optic sensors in space, ongoing
research must focus on improving radiation resistance. This can
be achieved through advancements in fiber material composition,
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including doping techniques, the application of protective
multilayer coatings, and the use of high-temperature-resistant
adhesives in structural integration. Additionally, the model results
underscore the importance of implementing thermocompensators
or temperature regulation systems to minimize thermal drift during
orbital transitions.

A key area of future research involves refining the mathe-
matical framework to incorporate a more detailed analysis
of vibration effects, which are critical for spacecraft subjected
to intense launch dynamics and prolonged exposure
to microgravity conditions. Such enhancements will expand
the model’s relevance not only for fiber performance prediction
but also for structural health monitoring of the entire spacecraft
system. Validating these extended models through laboratory
vibration tables, radiation chambers, and real-time space mission
telemetry will be essential to ensuring their practical applicability
in engineering contexts.

By continuously improving fiber-optic sensor technology
through rigorous modeling and material science innovations,
researchers and engineers can develop more resilient and efficient
sensing systems for extreme environments. The advancements
in this field will not only enhance space exploration capabilities
but also contribute to broader applications in aerospace
engineering, deep-sea exploration, high-energy physics facilities,
and nuclear monitoring. Ultimately, the integration of refined
predictive models, realistic simulation outputs, and cutting-edge
materials will play a crucial role in shaping the next generation
of fiber-optic sensors for future space missions.

These findings not only validate the current model but also
highlight its potential utility for the design of next-generation
space sensor systems. The simulation framework can be adapted
for mission-specific configurations, such as satellite thermal
panels, radiation exposure monitors on planetary rovers,
or pressure sensors in cryogenic fuel tanks. Additionally,
the modeling insights may guide material scientists in selecting
or developing radiation-hardened optical fibers with tailored
thermal expansion characteristics. In terrestrial settings, this
approach can be extended to sensor deployment in nuclear
facilities, high-energy physics labs, and underwater observatories,
where environmental stresses are analogous to those encountered
in space.
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