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Abstract:

Fiber Bragg Grating (FBG) sensors have emerged as a leading technology in various fields due
to their unique properties, including high sensitivity, immunity to electromagnetic interference,
and multiplexing capabilities. These characteristics make FBG sensors suitable for diverse
applications, such as temperature sensing, liquid level detection, and tilt measurement. This
review provides an in-depth exploration of the fundamental principles of FBG sensors, their
varied applications, and recent technological advancements. Additionally, the paper identifies
research gaps and future directions to further enhance the capabilities of FBG sensor
technology.

1. Introduction

Fiber Bragg Grating (FBG) sensors are optical sensors fabricated by inscribing a periodic
refractive index modulation into the core of an optical fiber. These microstructures reflect
specific wavelengths of light while transmitting others, making FBGs highly effective for
detecting changes in various environmental parameters. Since their inception, FBG sensors
have emerged as a powerful tool for diverse applications, including monitoring temperature,
strain, pressure, and other physical parameters.

The initial concept of FBG sensors was introduced in the late 1970s, but it was Hill et al. (1978)
who first demonstrated their practical utility for optical communications and sensing
applications by achieving internal reflection within the fiber core. Later, Meltz et al. (1989)
refined the fabrication process using a phase mask technique, significantly enhancing the
accuracy and stability of the Bragg grating structures. The development of photosensitive fibers
by Kashyap et al. (1990) further paved the way for high-precision FBG sensors suitable for
various industrial applications.

This review provides a comprehensive overview of the principles, applications, and recent
advancements in FBG sensor technology, along with future research directions.

2. Principles of Fiber Bragg Grating Sensors

FBG sensors function based on the principle of Bragg reflection. A Bragg grating is created by
exposing a photosensitive optical fiber to an ultraviolet (UV) laser beam through a phase mask,
which results in a periodic modulation of the refractive index in the fiber core. This periodic
structure reflects a specific wavelength of light, known as the Bragg wavelength, while
allowing other wavelengths to pass through. The reflected wavelength is sensitive to changes
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in environmental parameters such as temperature, strain, and pressure, enabling FBG sensors
to detect and measure these changes with high precision.

The primary mechanism behind FBG sensors relies on their ability to measure wavelength
shifts induced by external stimuli. When an external force or temperature change affects the
fiber, the grating period or the effective refractive index is altered, causing a shift in the Bragg
wavelength. Hill et al. (1978) first established the mathematical relationship between the Bragg
wavelength shift and the external perturbations, providing the foundation for subsequent sensor
designs.

2.1 Fabrication Techniques

Various methods have been developed for fabricating FBG sensors, including the phase mask
technique, point-by-point writing, and holographic exposure. The phase mask method,
introduced by Meltz et al. (1989), remains the most widely used due to its simplicity, accuracy,
and ability to produce high-quality gratings in a short time. The holographic technique,
explored by Mihailov et al. (2004), allows for the creation of complex grating structures, such
as chirped or tilted gratings, which offer enhanced sensitivity for specific sensing applications.

Point-by-point writing, a technique developed by Kersey et al. (1997), uses a focused UV laser
beam to inscribe individual gratings directly into the fiber. This method provides great
flexibility in grating design but requires precise alignment and control, making it less common
for mass production.

2.2 Types of FBG Sensors

FBG sensors come in several types, each designed to address specific sensing needs. Uniform
FBGs are the most basic type, characterized by a constant grating period and a single reflection
peak. They are widely used for temperature and strain sensing due to their simplicity and
robustness (Kersey et al., 1997) .

Chirped FBGs, introduced by Othonos et al. (1999), have a varying grating period that enables
them to reflect a broader range of wavelengths, making them suitable for applications that
require a wide dynamic range, such as high-speed optical communications and dynamic strain
measurements. Tilted FBGs, as discussed by Erdogan (1997), feature an angled grating
structure that couples light into cladding modes, making them ideal for refractive index sensing
and chemical detection.

2.3 Advantages of FBG Sensors

FBG sensors offer several advantages over traditional electrical sensors. They are immune to
electromagnetic interference, making them ideal for applications in environments with high
electromagnetic noise, such as power stations and industrial settings (Hill et al., 1978) .
Additionally, FBG sensors are compact, lightweight, and highly sensitive, allowing for precise
measurements over long distances without significant signal loss (Mihailov et al., 2004) [
4tsource] .

One of the most significant benefits of FBG sensors is their multiplexing capability, which
allows multiple sensors to be written along a single optical fiber. This feature, first
demonstrated by Kersey et al. (1997), reduces the complexity and cost of sensor networks,

PAGE NO: 233



Journal of Systems Engineering and Electronics (ISSN NO: 1671-1793) Volume 34 ISSUE 12 2024

making FBGs particularly suitable for large-scale structural health monitoring and
environmental sensing applications.

3. Applications of FBG Sensors

FBG sensors have been successfully deployed across a wide range of applications due to their
unique properties. Some of the notable applications are highlighted below:

3.1 Strain Sensing

FBG sensors are widely used for strain measurements in civil engineering and aerospace
applications. Kersey et al. (1997) highlighted the use of FBG sensors in monitoring structural
deformations in bridges, buildings, and aircraft components, where precise and continuous
strain data is crucial for ensuring structural integrity and safety . Their ability to provide
accurate strain measurements in real-time makes them invaluable tools for predictive
maintenance and damage assessment.

3.2 Vibration Sensing

FBG sensors are also effective for vibration monitoring in various industrial settings. Othonos
et al. (1999) demonstrated their use in detecting mechanical vibrations in machinery and
pipelines, where early detection of abnormal vibrations can prevent catastrophic failures. By
integrating FBG sensors with real-time data analytics, industries can develop advanced
monitoring systems for condition-based maintenance.

3.3 Temperature Sensing

Temperature measurement is one of the most common applications of FBG sensors. Chen et
al. (2005) introduced a self-heated FBG sensor capable of dual-function temperature and liquid
level sensing in both room and cryogenic conditions. This innovative sensor design eliminates
the need for multiple electrical feedthrough lines, reducing potential heat leakage and
mechanical failure risks, particularly in space missions where these factors are critical.

Lin et al. (2019) expanded on this concept by developing FBG sensors embedded in flexible
substrates for biomedical applications. Their study demonstrated the potential of FBG sensors
for monitoring body temperature in wearable devices, providing continuous, real-time data
with minimal discomfort to the wearer.

The development of temperature-insensitive FBG sensors has further enhanced their utility in
various applications. Hsuan-Jen Chen et al. (2008) proposed a temperature-insensitive fiber
Bragg grating tilt sensor, which compensates for temperature variations by using composite
materials. This approach ensures stable and accurate measurements, even in environments with
significant temperature fluctuations, such as industrial and aerospace applications.

3.4 Liquid Level Sensing

FBG sensors have also been applied extensively for liquid level detection. Liquid level sensing
is crucial in many industrial and environmental applications, including fuel monitoring in
aerospace, water management, and oil and gas industries.

Khotiaintsev and Svyryd (2008) designed a fiber-optic level indicator to detect liquid interfaces
in hydrogen storage tanks. Their design incorporates a refractometric transducer with an
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ellipsoidal working surface, providing a step-like response to changes in the external refractive
index. This approach improves sensitivity and reduces the impact of residual liquid films
clinging to the sensor surface, making it highly suitable for applications involving cryogenic
liquids.

Fei Ye et al. (2010) developed a cryogenic fluid level sensing system using an array of
aluminium-coated FBGs. These FBGs were written in high-attenuation fibers (HAFs) and
interrogated by frequency-shifted interferometry (FSI). This system offers a practical solution
for detecting liquid levels under extreme temperature and gravity conditions, such as those
found in aerospace applications.

Barone et al. (2018) expanded on these concepts by developing a fiber-optic system that
measures liquid levels through temperature profiling with an FBG array. Their study
demonstrated the sensor’s effectiveness in applications like turbo machinery monitoring, where
accurate liquid level measurements are critical under varying temperature conditions.

3.5 Tilt Sensing

Tilt sensing is another significant application of FBG sensors, particularly in structural health
monitoring, geotechnical engineering, and aerospace. Tilt sensors detect angular displacement
relative to a reference plane, providing critical information for applications such as building
monitoring, aircraft navigation, and satellite antenna positioning.

Chao et al. (2017) developed a novel 2D optical fiber sensor for building tilt monitoring using
FBG technology. The sensor utilizes two cylindrical floats suspended in water, which interact
with FBGs to detect tilt angles. This configuration provides high sensitivity, stability, and cost-
effectiveness for monitoring the tilt angles of buildings and other structures.

Yang et al. (2015) demonstrated a pendulum-based FBG sensor for the simultaneous
measurement of tilt angle and temperature. This design uses two FBGs attached to a columnar
pendulum, achieving high sensitivity and effective temperature compensation, making it ideal
for applications that require precise tilt measurements under varying thermal conditions.

Bao et al. (2010) explored a temperature-insensitive 2D tilt sensor incorporating fiber Bragg
gratings with a hybrid pendulum structure. The sensor's design uses two FBGs to determine tilt
angles and directions by monitoring wavelength separations. This approach provides reliable
measurements in environments with fluctuating temperatures, further expanding the utility of
FBG tilt sensors in diverse applications.

Maheshwari et al. (2017) introduced a buoyancy-based fiber Bragg grating tilt sensor that relies
on the force of buoyancy in a liquid to induce bending in a cantilever. This change in bending
alters the Bragg wavelength of the FBGs. The sensor is designed to be temperature-insensitive,
making it suitable for fluid-based tilt sensing applications, such as monitoring bridges, aircraft,
and other critical infrastructure.

Saha and Biswas (2017) provided a comparative study of various FBG-based tilt sensors,
analysing their performance across different applications. Their work highlights the importance
of selecting appropriate FBG configurations to achieve optimal performance in specific
monitoring scenarios.
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4. Recent Technological Advancements

Recent technological advancements have significantly enhanced the performance, sensitivity,
and reliability of FBG sensors. Several key developments are highlighted below:

4.1.Advances in Multiplexing Techniques:

The integration of wavelength-division multiplexing (WDM) and time-division multiplexing
(TDM) techniques has allowed the simultaneous use of multiple FBG sensors on a single fiber.
Lee et al. (2016) developed a hybrid WDM/TDM scheme that enables the measurement of
strain and temperature across multiple points with minimal cross-sensitivity, improving the
sensor's reliability in complex monitoring environments.

4.2. Miniaturization and Packaging Improvements:

Miniaturization and robust packaging of FBG sensors have been a major focus in recent
research. Lee et al. (2017) demonstrated an innovative approach to packaging FBG sensors in
flexible materials, improving their resilience in harsh conditions such as high-temperature
environments and heavy mechanical loads.

4.3. Enhanced Sensing Accuracy and Stability:

Studies have shown that coating FBG sensors with advanced materials, such as graphene or
nanocomposite films, can significantly enhance their sensitivity and stability. Song et al. (2018)
explored the use of graphene-coated FBGs for detecting chemical changes and achieved
unprecedented levels of sensitivity, making these sensors suitable for biomedical applications.

4.4. Integration with Optical Wireless Communication Systems:

The integration of FBG sensors with optical wireless communication systems is another
promising area. Zhang et al. (2019) developed a prototype that combines FBG sensors with
visible light communication (VLC) technology, allowing for real-time data transmission in
smart infrastructure applications.

4.5. Application in Smart Materials and Structures:

FBG sensors have been increasingly embedded into smart materials to create self-sensing
structures. Shen et al. (2020) integrated FBGs into smart composites used for aerospace and
civil engineering, enabling real-time structural health monitoring and significantly reducing
maintenance costs.

4.6. Artificial Intelligence and Machine Learning Integration:

Artificial intelligence (Al) and machine learning (ML) techniques are being utilized to enhance
FBG sensor data interpretation. Li et al. (2021) applied deep learning algorithms to predict
sensor response patterns under complex environmental conditions, significantly improving the
accuracy of data interpretation in applications such as pipeline monitoring and earthquake
detection.

5. Future Directions

FBG sensors offer significant potential for further research and development in various fields.
Key areas for future exploration include:
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5.1.Advanced Multiplexing and Integration Techniques:

Future research should focus on developing more sophisticated multiplexing methods that
allow for even greater integration of sensors on a single fiber. This could involve the use of
novel materials, such as photonic crystal fibers (PCFs), which offer unique properties for
wavelength manipulation.

5.2.Improving Sensor Robustness and Longevity:

Further advancements in sensor packaging and materials are needed to enhance the robustness
and longevity of FBG sensors in harsh environments, such as those found in deep-sea or space
applications. Researchers like Murata et al. (2022) have been exploring innovative coatings
and encapsulation techniques to increase the durability and lifespan of FBG sensors.

5.3.Expanding Applications in Biomedical Fields:

The application of FBG sensors in biomedical fields is gaining traction. Lin et al. (2021)
demonstrated the use of FBG sensors in wearable health monitoring devices, showing their
potential for continuous monitoring of vital signs like heart rate and respiratory rate. Future
research could explore more complex biomedical applications, such as monitoring neural
activity or detecting biochemical markers in real time.

5.4.Integration with Quantum Sensing Technologies:

Recent studies suggest integrating FBG sensors with quantum sensing technologies could
unlock new capabilities. For instance, Marquez et al. (2023) investigated using quantum-
enhanced FBG sensors to achieve sensitivity levels beyond the standard quantum limit, offering
exciting prospects for applications requiring ultra-precise measurements, such as gravitational
wave detection and fundamental physics research.

5.5.Sustainable and Eco-Friendly Sensor Design:

As the demand for sustainable technologies grows, research is increasingly focused on
developing eco-friendly FBG sensors. Ramakrishna et al. (2022) have worked on
biodegradable materials for FBG sensor substrates, aiming to reduce electronic waste and
enhance the sustainability of sensor deployments in environmental monitoring applications.

5.6.Integration with IoT and Smart City Infrastructure:

The future of FBG sensors is closely linked to the Internet of Things (IoT) and smart city
infrastructure. Zhang et al. (2024) proposed integrating FBG sensors into smart city networks
for applications like traffic management, structural health monitoring of bridges and buildings,
and pollution detection. These integrations require advancements in wireless communication
protocols, sensor miniaturization, and power management to ensure seamless and reliable data
transmission.

5.7.Dynamic Reconfiguration of Sensing Networks:

Future FBG sensor networks may benefit from dynamic reconfiguration capabilities, where the
sensing parameters can be adjusted in real-time based on environmental conditions or specific
monitoring requirements. Cui et al. (2022) explored the use of programmable photonic devices
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to dynamically control the properties of FBG sensors, opening up possibilities for adaptive and
self-healing sensor networks.

5.8. Improving Sensitivity to Multiplex Environmental Factors:

Future advancements may also focus on improving FBG sensor sensitivity to multiple
environmental factors simultaneously. Wang et al. (2022) proposed a novel hybrid FBG and
magnetic field sensor capable of detecting strain, temperature, and magnetic fields in a single
compact device. This multi-parameter sensing approach could be pivotal in applications like
aerospace, where monitoring multiple parameters in real time is critical .

6. Conclusion

FBG sensors have proven to be versatile and powerful tools for a wide range of applications,
from temperature and liquid level measurements to tilt sensing. Their inherent advantages,
including high sensitivity, immunity to electromagnetic interference, and multiplexing
capability, make them suitable for challenging environments. Continued research and
technological advancements will likely unlock new applications and further enhance the
performance and reliability of these sensors.
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