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Abstract

There has been a growing interest in using Fiber Bragg Grating (FBG) sensors for the detection of humidity and water content
due to their high sensitivity, ease of installation, multiplexing capability, reliability, and resistance to electromagnetic inter-
ference. Although, several studies and papers have been published on FBG sensors and their applications in various fields
such as construction, geophysical, there is a lack of a consolidated review that specifically focuses on recent developments
in agriculture with particular reference soil humidity and water content. Therefore, a comprehensive and up-to-date analysis
of the advances, detection mechanisms, challenges, and potential future directions in this field is needed. This paper provides
an in-depth analysis and summarizes the fundamental principles, advancements, methodologies, and recent research find-
ings, highlighting the potential application in agriculture, development, challenges, and prospects for FBG-based humidity
and water content detection. By utilizing the changes in FBG wavelength or amplitude caused by the presence of humidity,
they provide an effective means for real-time monitoring and control of water content. However, challenges remain to be
addressed, such as the need for accurate calibration and the potential for drift over time. In this review, we further discuss
the strategies and techniques proposed to overcome the highlighted challenges, such as sensor packaging, signal processing
algorithms, and calibration procedures, and suggest that further studies could be done to investigates the novel materials with
enhanced sensitivity and selectivity, development of miniaturized and wireless FBG sensor system, as well as investigating
multiplexing techniques for simultaneous measurement of multiple parameters.
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1 Introduction through the fiber, a section of it is reflected at the Bragg

wavelength, while the remainder moves forward [1, 2].

Fiber Bragg Grating (FBG) sensors consist of an optical
fiber transformed into a grating structure that reflects a par-
ticular type of light, the Bragg wavelength. As light passes
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The refractive index of the material surrounding the sen-
sor can be affected by humidity and water content, resulting
in minor changes in the Bragg wavelength. These changes
can be detected and exploited to determine the humidity
and water content of the environment [3-5]. On the other
hand, humidity and water content are critical parameters
that must be accurately monitored in various applications
[6, 7]. FBG sensors are an excellent tool for agriculture due
to their remarkable sensitivity, robustness, versatility, and
remote sensing capabilities [8—10]. These sensors can be
used for many purposes, such as monitoring soil and crop
health and keeping an eye on structural and livestock condi-
tions [9, 11-13]. Although their cost, limited availability,
data interpretation, and expertise requirements may pose a
challenge, they provide substantial advantages to farmers
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seeking reliable and precise data to enhance their agricul-
tural methods [11, 14, 15]. However, it should be noted that
excessive humidity can lead to the growth of mold and mil-
dew, corrosion of electronic components, and degradation
of materials [16—18]. Additionally, insufficient humidity
levels can cause discomfort, dryness, and damage to sensi-
tive equipment. Therefore, precise measurement and control
of humidity are essential in industries such as agriculture,
pharmaceuticals, food processing, HVAC systems, and envi-
ronmental monitoring. Humidity-sensitive material is often
applied to FBG sensors to detect humidity and water content,
such as the coating, which interacts with water molecules,
altering the refractive index surrounding the FBG sensor
and resulting in a shift in the Bragg wavelength as humid-
ity or water content levels vary. By observing the shift in
the reflected light wavelength, we can accurately know the
environment's humidity or water content level. However, it
is essential to note that FBG sensors are primarily used for
relative humidity measurements rather than direct absolute
humidity or water content measurements in agriculture.
The precise relationship of the wavelength shift to humidity
or water content depends on the sensor calibration and the
specific coating utilized. FBG sensors require calibration to
adjust for temperature, strain, wavelength shifts, and manu-
facturing variations for precise readings [19-22], whereas
they are coated to protect them from moisture, chemicals,
and other environmental factors while enhancing sensitiv-
ity and reducing strain transfer [4, 7, 23]. The advantages
of FBG technology to detect humidity and water content in
agriculture include its exceptional accuracy and sensitiv-
ity, remote sensing abilities, and durability [18, 24]. These
benefits make FBG sensors an essential tool for reliable and
accurate monitoring in agricultural applications.
Traditional methods such as gravimetric, psychrometric,
hygrometry, and dew point measurement have been widely
used, but may not provide real-time or highly sensitive meas-
urements. However, FBG has limitations such as variation
in sensitivity, slow feedback time, limited accuracy, need
for frequent calibrations, and susceptibility to contamination
[25, 26]. On the other hand, FBG sensors offer a unique and
promising approach to humidity and water content detection
and the ability to multiplex measurements that make them
well-suited for humidity detection applications in agriculture
[27, 28]. During exposure to changes in humidity or water
content, the FBG sensor experiences a shift in its Bragg
wavelength that is measured using an optical interrogator
system, allowing an accurate determination of humidity
levels [29, 30]. Bragg wavelength shifts are directly pro-
portional to change in humidity or water content changes,
allowing precise measurements with high resolution [30]. In
addition, FBG sensors have a quick response time, making it
possible to monitor humidity levels in real-time accurately in
agriculture. FBG sensors have immunity to electromagnetic
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interference unlike capacitive or resistive sensors because
FBG sensors do not require electrical connections, mak-
ing them immune to electromagnetic noise [6, 31, 32]. This
makes FBG sensors particularly suitable for use in envi-
ronments with high levels of electromagnetic interference,
such as industrial settings. However, to effectively monitor
moisture levels in agriculture, it is essential to understand
how the system functions. An important consideration is that
different weather conditions can cause the upper layers of
the soil to dry quickly. Various factors, such as air circula-
tion, temperature changes, and evaporation rate, affect the
drying process because when the top surface is exposed to
air and sunlight, evaporation rates increase and can acceler-
ate drying [33, 34]. By strategically placing sensors at vari-
ous depths in the soil, fluctuations in moisture content can
be recorded across multiple layers. This real-time monitor-
ing provides a comprehensive understanding of the moisture
levels within the soil profile, allowing farmers to schedule
irrigation and manage their crops with knowledge.

Furthermore, FBG sensors can operate in harsh environ-
ments, including high temperatures and corrosive conditions
where the sensing element of an FBG sensor is encapsulated
within a protective coating, which protects it from external
factors [21, 35, 36]. This robustness makes FBG sensors
ideal for applications where traditional sensors may fail or
deteriorate [37]. Over the past few years, there has been
notable advancement in the development and application
of FBG sensors for detecting humidity and water content.
Researchers have experimented with different techniques
to enhance the performance of FBG sensors, such as using
various fiber types, coatings, and interrogation systems.

These advances have led to improved accuracy, sensi-
tivity, and reliability of FBG sensors in humidity detection
applications. Therefore, this review article aims to provide
a comprehensive overview of the recent applications and
developments of FBG in the detection of moisture and
water content. We discuss the principles behind FBG sens-
ing, it’s advanced sensors for detecting humidity and water
contents, and the various techniques used to enhance their
performance. Additionally, this paper will highlight the com-
parison in coating materials, comparison with traditional
methods, key challenges and future prospects in the field of
FBG-based humidity sensing.

2 FBG Working Principle

FBG sensors have many practical uses in measuring various
physical parameters, including strain, temperature, pressure,
humidity, and water content [38—40]. These sensors use the
fiber's optical properties, which change in response to water
content, to make these measurements. The basic principle
behind FBG sensors is the Bragg reflection phenomenon
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(Ag), which occurs when a light wave passes through a fiber
with a periodic modulation of the refractive and encounters
a change in the refractive index of the surrounding medium
[13, 22,39, 41]. Using an FBG sensor to gauge humidity and
water content, the fiber is subjected to the observed condi-
tions where the existence of humidity in the surrounding
air or on the fiber's surface alters its refractive index, result-
ing in a distinct spectral pattern generated by the reflection
of light waves in the fiber [16, 42]. This adjustment to the
Bragg reflection spectrum allows the assessment of humidity
and water content which can be determined using the for-
mula Ay =2n_sA, where n represents the effective refractive
index of the fiber core, and A is the refractive index modu-
lation period [34]. As illustrated in Fig. 1, the FBG reflects
a narrow spectral segment of light at the Bragg wavelength
[43]. Studies have verified that an FBG operates on the prin-
ciple of recurring disturbance of the refractive index along
the fiber axis [44]. This disturbance is created by exposing
the fiber core to a powerful ultraviolet interference pattern
[45]. As a result, when a wide-range light moves within the
optical fiber and arrives at the grating, only one wavelength
is reflected and the remaining signal is marginally reduced
(as depicted in Fig. 1). The reflected wavelength is identified
as the Bragg wavelength, which the subsequent equation can
represent:

The Bragg wavelength (Ag) can detect variations in
strain or temperature. This is because any alteration in
strain or temperature results in a modification of the fiber
refractive index (n.g) or the grating period (A). Conse-
quently, a shift in the Bragg wavelength occurs and by
observing this shift, one can determine the value of the
strain or humidity. Furthermore, changes in strain (A,) or
temperature (A;) can also cause a shift in the pitch of the
grating, which is detectable by measuring changes in the
wavelength of the reflected light. The equation that relates
these changes (Eq. 2) is the following:

Ahg = KA, + K Aq )

where K, is the strain coefficient and K is the temperature
coefficient.

FBG sensors have proven to be highly effective in meas-
uring physical parameters and creating magnetic sensors in
various fields, as evidenced by various monitoring applica-
tions [35, 46-48]. A study [35] detailed the development
of the FBG sensor using a phase mask between an ultra-
violet laser and a photosensitive fiber to write the grat-
ing structure. As light passes through the photomask, its
shadow governs the grating's formation inside the fiber.
Interference arises from the light's intensity when trans-
mitted and reflected at the grating location. The fiber's core
is infused with a spectrum of light, and any fluctuations

Mg =2n,4A 1)
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reflected by the FBG sensor may weaken due to absorption
and scattering by surrounding materials [50, 56, 57].
Coating materials applied to the FBG sensor can signifi-
cantly affect its sensitivity and selectivity due to its high
affinity for water molecules to ensure efficient water vapor
absorption. Polymer coatings such as polyimide or polyeth-
ylene glycol (PEG) are commonly used due to their high
water absorption capacity [50]. When exposed to water
vapor, specific coatings may expand, exerting pressure on
the FBG sensor, resulting in a Bragg wavelength deviation.
According to [64], polyimide FBGs (FBGs without coatings)
are layered with polyimide on the outer coating after remov-
ing the original coating. A calibration experiment shown in
(Fig. 2) compared the strain detected by a bare polyimide
FBG and an uncoated FBG. The findings indicated that coat-
ing with polyimide does not impact the strain measurement
and on the substrate surface is typically insignificant [65].
Therefore, when mounted on a substrate surface, a polyimide
FBG without a coating can be considered an uncoated FBG.
Furthermore, [66] utilized a hygroscopic material to
coat the FBG which involves two steps that are depicted in

‘\

olyimide FBG
S uncoated FBG

e e —— T

(©)

(Fig. 3a). First, when there is an increase in environmental
humidity, water molecules are absorbed with the pores of
agarose or agar, which replace air. This leads to swelling of
the agarose or agar layer as a result of the hydrophilic nature
of these materials. The degree of swelling increases with
higher environmental humidity, and some hypersensitive
materials have a quality correlation with silica. Therefore,
their swelling cause macrostrain in the FBG, which results in
a Ay that indirectly, measures RH. The authors performed
preliminary analysis at two RH values (roughly 15% and
45%) and a consistent temperature of approximately 20 °C
to assess the properties of the spectra and their correlation
with variations in relative humidity, and obtained spectra
from three FBG coated sensors and a reference FBG spec-
trum (Fig. 3d—g) where the coated are spectra compared to
the FBG sensor (Fig. 3f).

Additionally, as the relative humidity increases, the FBG-
coated sensors demonstrate a shift in spectra toward a larger
wavelength as a result of the coating material enlargement.
Conversely, the reference FBG's spectrum shift is almost
negligible, indicating minimal sensitivity to RH (as shown
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in Fig. 3b and h). The coated sensors' response time to RH
changes is comparable to or faster than that of the reference
sensor. In slow-moving air, the reference sensor response
time is 50 s. However, the coated sensor's response must be
faster to keep pace with RH changes. On the basis of Fig. 3c
and i, it can be observed that the conjunction within the out-
put and input of the two sensors is quite similar. The maxi-
mum change in wavelength (AAg) for the agarose-coated
sensor is around 1.0 nm, while for the agar-coated sensor, it
is around 1.2 nm. These two sensors responded to changes
in relative humidity, so we can estimate their average sensi-
tivity by calculating the ratio between the A\ recorded for
the two extreme RH values used during the test and the dif-
ference between these two RH values. The sensitivity of the
agar and agarose coated sensors is approximately 0.14 nm/%
and 0.12 nm/% respectively. The degree of hysteresis for
both coated sensors is considered acceptable.

The diameter of etched tilted FBG coated with GO
affected its performance (Fig. 4i—iii) and confirmed that
there is a variant of highest sensitivity at 20 um diameter
which used a buffered oxide etch to facilitate the etching
process [67]. The coating's response to increasing humid-
ity changes the refractive index, affecting interference
at recombination. However, [68] found that the resonant
wavelength shift moves towards the blue spectrum with
increasing humidity. Humidity was measured using a tapered
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plastic optical fiber (POF) that is highly sensitive with a
0.0386 mV/%H and a dynamic range from 50 to 75%H. The
POF was coated with seeded Al-doped ZnO and prepared
using the sol—-gel method with a ZnO nanocrystal seed layer,
which determined RH through water absorption on the fiber
surface. This caused an increase in the refractive index of
the coating and more light leakage, making the amount of
light transmitted at the fiber output directly proportional to
the RH [69]. The data presented in (Fig. 4a—e) show that
the wavelength of light varies with humidity and particle
diameter. For example, when the diameter was 20 pm and
the RH was 20%, the wavelength was 1535.962 nm. How-
ever, when the RH increased to 80%, the wavelength shifted
to 1535.367 nm, resulting in a shift of 595 pm. The results
follow in line with other particles, where the wavelength
shifts as the humidity increases. Overall, this information
highlights the importance of considering the diameter and
humidity when studying the behavior of light.

However, to properly reflect the negative thermal and
optical coefficient characteristics of polydimethylsiloxane
(PMS), the fiber cladding should be coated with PMS to
allow the excitation of evanescent solid waves [7]. This can
be achieved through a core offset, tapered, or bend fiber,
which is simple to prepare, highly adaptable, and cost-
effective and has garnered significant attention in the field
[70-73]. Furthermore, ensuring the long-term stability and
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reliability of FBG sensors for the measurement of humidity
and water content is a significant challenge [46]. Humidity
and water content can have detrimental effects on the sen-
sor's performance, leading to drift or degradation over time.
Moisture-induced swelling or changes in the refractive index
of the sensing materials can result in shifts in the Bragg
wavelength, affecting the accuracy and reliability of the
measurements. Advancement in FBG sensor production for
humidity and water content measurements are being made to
address these challenges through the development of novel
sensing materials with improved stability and sensitivity
[24, 74]. For example, researchers have explored the use
of nanomaterials, such as graphene oxide or metal-organic
frameworks, which exhibit a high surface area and tunable
properties. These materials can improve the interaction
between the sensor and the surrounding medium, leading
to improved sensitivity and stability [34, 75]. Furthermore,
the integration of FBG sensors with other technologies to
enable real-time monitoring and data analysis help to over-
come the challenges. For example, combining FBG sensors
with wireless communication systems allows remote moni-
toring of humidity and water content in various applications,
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ent diameters of 20, 35, 50, 55 and 60 pm respectively, a-1-e-1
1535.367-1535.962 nm, 1549.815-1550.060 nm, 1538.2-1539 nm,
1537.8-1538.6 nm and 1539.4-1540.4 nm respectively [67]

such as structural health monitoring or environmental sens-
ing [76-78]. Additionally, advances in signal processing
algorithms and machine learning techniques enable a more
accurate interpretation of sensor data, leading to enhanced
measurement capabilities. During the heat-curing process,
the film shrinks, causing uneven stress on the moisture-sen-
sitive material and resulting in a fragile FBG region [79].
Additionally, thermal curing can warp the film, leading to
a chirp effect that affects the sensor's practical monitoring.
To prepare the FBG sensor for use, the optical fiber coat-
ing was removed from 10 mm at either end, simplifying the
application of the polyimide coating [34, 41, 49, 80]. Sub-
sequently, the fiber was affixed to a pre-coated glass with the
aid of a release agent [7]. Furthermore, a sensitive coating
was administered to the FBG sensor surface, which responds
to the surrounding environment, such as humidity or water
vapor, resulting in the alteration of the reflected wavelength
of the FBG sensor. The coating substance can be selected
based on its ability to absorb or absorb moisture, ensuring
precise measurement of humidity or water content [34, 59].
In summary, FBG sensors offer great potential for measuring
humidity and water content due to their unique properties.
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However, challenges remain to select appropriate materials,
design highly sensitive sensors, and ensure long-term sta-
bility and reliability [5]. Ongoing advancements in sensing
materials, fabrication techniques, and integration with other
technologies are addressing these challenges and driving fur-
ther improvements in the production of FBG sensors for
measurements of humidity and water content.

3.1 Analysis of Typical Responses and Impacts
Exhibited by FBG Sensors

FBG sensors are affected by multiple factors when detecting
humidity and water content, which include the wavelength
of light, coating materials, and environmental conditions.
When exposed to humidity or water, sensors change their
optical properties, which can be analyzed to determine
water content levels [39, 79]. FBG sensors often respond
to humidity by exhibiting a shift in their Bragg wavelength.
The changes in the refractive index of the medium, causing
a shift that can be positive or negative depending on the fiber
coating [81, 82]. Variations in humidity levels can lead to a
modification in wavelength, which can be positive or nega-
tive, depending on the coating material [10, 41]. This occurs
when water interacts with the coating material, causing it
to swell or expand and, consequently altering the effective
refractive index of the fiber, leading to a change in the Bragg
wavelength [28, 53]. The degree of deviation is dependent
on the amount of moisture present. However, it is crucial to
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understand that the influence of humidity and water con-
tent on FBG sensors can differ according to factors such as
design, calibration and environmental conditions [83—-85].
The embedded FBGs were produced and subjected to ten-
sion tests to determine the highest strain detection ranges of
the embedded FBG, which is based on the varying materials
adopted for the coatings (Fig. 5). The optical fiber diameter
was 0.25 mm in both cases, while the steel tube's outer and
inner diameters varies as depicted in (Fig. 5b, ¢) which pro-
vides an illustration of the FBG embedded on strand in the
tension test. The recoated FBG specimens were prepared
with polyimide and acrylate, and bonded to the seamless
tube using epoxy resin. The authors later suggested that the
impact of FBG sensor aid and ensure the reliable sensitivity
for detecting the temperature, strain, and water content in a
given experiment.

Kim et al. [84] in the study further proposes a technique
to increase the detection of embedded FBG strain ranges
detection (Fig. 5d). Then a polyimide tube protects the sen-
sor, and epoxy resin is injected to combine them (Fig. Se).
During the conducted research, two types of FBG sensors
were created: a standard FBG sensor and a new FBG sensor
where the tube has a 1.23 mm outer diameter and a 1.13 mm
inner diameter with typical values of 231 MPa for tensile
strength and 2.50 GPa for elastic modulus. Their tests found
that using the polyimide tube to protect the FBG sensor
effectively increases its maximum strain measurement range
when embedded in a strand (Fig. 5f). However, due to the
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fragility of the FBG sensor that can easily be damaged, they
suggested that the monitoring of the strain using the FBG
sensing system should be performed at the optimum yield
strain [46, 77, 78]. These effects can lead to measurement
inaccuracies, calibration errors, reduced sensitivity, and
permanent sensor damage [20, 77]. However, according to
[17, 86] study explored the relationship between moisture
concentration, hydrophobic materials, and stress in flip chip
ball grid array packages during reflow was explored. Their
findings revealed that the use of hydrophobic materials can
increase Von-Misses stress. Moreover, [31, 87] researches
introduced an FBG-Fabry Perot cavity sensor that simultane-
ously measures temperature and humidity, making it a ver-
satile tool in agriculture. Also, [88] study compared FBG-
based humidity sensors with electrical sensors in a harsh
waste environment, showing the superiority of the former.
In an attempt by [52] to detect the humidity with FBG, a
sensing system was constructed to measure CO, and humid-
ity in a testing chamber (Fig. 6a). Multiple FBG sensors
were strategically placed along the central axis, showing
the highest sensitivity to CO, at 0.585 pe/vol% CO, and to
humidity at 4.191 pe/% RH. During testing, the tempera-
ture was maintained at 20.0 + 0.5 °C with great care [52].
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According to the authors, as the humidity levels increased
from 2.2% RH to 85.0% RH (as shown in Fig. 6b, ¢), the
sensors displayed wavelength shifts of 463 pm and 282 pm,
respectively. Additionally, dynamic sensing response curves
of the sensors across the same humidity range were also dis-
played in (Fig. 6d, e). It is essential to mention that the sen-
sors' response curves matched up precisely with the humid-
ity levels detected by the hygro-thermograph (indicated by
the blue dotted line). The response values of the sensors
were collected from (Fig. 6d, e), which display the varying
humidity conditions, and their corresponding linear fits are
depicted in (Fig. 6f, g).

Groundwater salinity can be measured accurately using
the PI capillary coating method because the pre-treatment
techniques can enhance the salt sensitivity of the coating
procedure, and there is no noticeable variation in salinity
sensitivity across batches [89]. The wavelength of the P-FBG
(polyimide coated FBG) is positively correlated with the
temperature, and higher salinity sensitivity leads to greater
temperature sensitivity. In gravel aquifers, the enclosed
P-FBG salinity sensor provides a high level of accuracy in
measuring both salinity and temperature. To validate the
applicability of the P-FBG salinity sensor, further practical
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test should be carried out to investigate reasonable layout
methods for long-term monitoring of groundwater salinity
in coastal aquifers.

It should be noted that FBG sensors are often coated with
materials specifically designed for humidity sensing appli-
cations. These coatings are typically hydrophilic and have
a high affinity for water molecules [20]. They are designed
to enhance the responses and sensitivity of the sensor to
changes in humidity. The response of FBG sensors to water
content is similar to that of humidity, as water content is
essentially a measure of the moisture volume available in a
material [90, 91]. However, the response can be more com-
plex due to factors such as water absorption and desorption
kinetics, as well as the presence of other substances in the
material [92]. In some cases, FBG sensors can exhibit hys-
teresis in their response to changes in humidity or water
content. Hysteresis refers to the phenomenon in which the
sensors output does not follow the same path during increas-
ing and decreasing levels of humidity or water content. This
behavior can be attributed to the time-dependent nature of
moisture absorption and desorption processes.

4 Recent Applications of FBG in Humidity
Detection

4.1 Review of Studies Utilizing FBG Sensors
for Humidity Monitoring

FBG sensors are an attractive option in various fields includ-
ing agriculture, due to their ability to measure and monitor
different environmental parameters with high accuracy, relia-
bility, and immunity to electromagnetic interference, making
them promising for agricultural field [46, 93]. These sensors
can be effectively embedded in the soil to track soil moisture
levels and temperature fluctuations, thus helping farmers
in optimize irrigation practices and ensuring optimal crop
growth [74]. In addition, they can be conveniently attached
to animals to monitor their health and identify any abnormal
behaviors. In the realm of agricultural structures, FBG sen-
sors play a crucial role in monitoring structural integrity to
prevent costly repairs, as well as measuring air quality, water
quality, and pesticide levels to ensure sustainable practices.
However, it is essential to recognize that the initial costs
associated with sensor installation and maintenance can be
substantial. Despite this, the long-term benefits of improved
efficiency and productivity often outweigh the initial invest-
ment. Another parameter measured by FBG sensors is the
humidity, which is very important in agricultural practices
as it directly affects plant growth, enhanced soil performance
and overall productivity. However, there are still limitations
and challenges associated with the use of FBG sensors, such
as a limited range of measurable humidity levels and the
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potential for signal attenuation over long distances. When
FBG sensors are embedded in concrete to measure humidity
in real-time, the results indicate that they provide precise and
reliable measurements and the data can be utilized for qual-
ity control and optimizing the curing process [2]. To meet
food demand while ensuring environmental preservation,
efforts are underway to improve and refine agricultural prac-
tices. A key component of effective environmental monitor-
ing is the use of reliable sensing techniques, such as FBG
sensor technology, which has proven to be invaluable in this
regard, particularly for critical applications [10]. By employ-
ing a tilted polyimide-covered FBG, the gradient-boosting
regression approach enables the simultaneous monitoring
of important environmental parameters, such as temperature
and humidity [10, 94]. This technique is particularly well
suited for predicting both temperature and humidity in real-
time, as it offers enhanced performance metrics. Thus, it is
highly useful for tracking these variables simultaneously.

Studies by [95, 96] on using FBG sensors to monitor real-
time temperature and relative humidity in greenhouses with
a sensor network that embedded FBG sensors at various
locations within the greenhouse structure found that FBG
sensors provide accurate and reliable measurements, facili-
tating precise greenhouse climate control. [97] Devised a
sensor system that utilized FBG sensors implanted at differ-
ent levels within the soil to effectively monitor soil moisture
levels in agricultural settings. Their findings indicated that
the data collected from the FBG sensors resulted in more
efficient irrigation practices, improving water management,
and higher crop yields. Another study created a sensor sys-
tem that merged FBG sensors with an automated irrigation
control system by [81], proving that precision irrigation with
FBG sensors considerably reduced water consumption while
ensuring ideal soil moisture levels for plant growth. FBG
sensors have been widely incorporated into agricultural pro-
duction for a range of purposes, encompassing crop monitor-
ing, livestock management, structural health monitoring, and
environmental surveillance. Farmers may find it beneficial
to seek assistance from data analysts or agricultural experts
to interpret the extensive amount of data collected by these
sensors. Regarding future prospects, the application of FBG
technology in agriculture holds promise in the development
of wireless sensor networks and the enhancement of data
analysis algorithms, thus allowing more precise decision
making.

In their research, [98] has produced a updates fiber optic
sensor that accurately measures temperature and humidity
levels. This sensor can detect humidity levels between 30
and 60% humidity and temperatures between 15 and 65 °C.
The humidity sensitivity of the sensor is 22.07 pm/%RH, and
its temperature sensitivity is 9.98 pm/°C. To further enhance
its functionality, researchers are exploring the possibility
of coating the grating area or adjusting the sensor layer's
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positioning on the FBG. Another suggestion [49] is to utilize
a humidity fiber sensor on both ends of an FBG coated with
polyimide. This sensor can measure humidity levels from
25% RH to 95% RH and has significantly improved long-
term stability at an environmental temperature of 25 °C.
Despite the sensors' good linearity and sensitivity, they
remain susceptible to environmental temperature changes. A
hygroscopic substance can be applied to the grating to create
an FBG-based relative humidity sensor; the swelling impact
of the moisture-sensitive polymer's volume expansion results
in a change in the Bragg wavelength (Fig. 7a). Because of
the inherent temperature dependency of Bragg wavelength,
this shift occurs in the presence of temperature changes. A
polymer coated FBG responds by superimposing the effects
of temperature and relative humidity in a linear way [99,
100]. Thus, the Bragg wavelength shift can be represented
as a linear equation when temperature and relative humidity
levels fluctuate.

A)\‘Bmg

= S;AT + Spy X ARH 4)

‘Brag
where Sy is the relative humidity and Sy is the temperature
sensitivities of the coated FBG.

It is crucial to acknowledge that coated FBGs possess an
innate sensitivity to variations in temperature and humidity.
As a result, obtaining precise relative humidity measure-
ments requires the use of suitable techniques that can distin-
guish the enhancement of humidity and temperature within
the sensor readings. This technique, commonly known to
as temperature compensation, usually involves obtaining a
temperature reading as close to the humidity sensor location

as possible [101, 102]. The mechanism of this sensor shows
that a hygroscopic substance can be applied to the grating to
create a relative humidity sensor where the swelling impact
of the moisture-sensitive polymer's volume expansion shifts
the Bragg wavelength. Temperature changes cause this shift,
which puts the FBG under longitudinal strain. Another
option is the thermal effect, which combines the thermal-
optic effect and the thermal expansion of the material.

According to (Fig. 7b), the humidity deviation is
within +3%RH, the declared accuracy of the capacitive
sensors. This meets the requirements established by the
compact muon solenoid experiment [101]. Minor varia-
tions in relative humidity readings between FBG and stand-
ard hygrometers can impact dew point calculations. This is
especially noticeable in (Fig. 7c) when the volume contains
dry air. In such cases, both sensors function outside of the
recommended operating range. During shallow humidity
conditions, it is challenging to determine which dew point
temperature measurement is the most precise. Therefore, it
can only be concluded from the experiment that both sensors
detect dry air within the volume.

Furthermore, FBG is thermally sensitive, so a thermal
compensation scheme is necessary, as an uncoated Bragg
grating can be used as it is insensitive to humidity varia-
tions [33, 58]. Liu et al. [103] placed the sensor in a testing
chamber for humidity testing, where the chamber humidity
control was accurate to within + 1%RH, and set the humid-
ity range from 40 to 90%RH, with the temperature main-
tained at 25 +0.1 °C. During the test, they monitored the
reflection spectra as the humidity increased in increments of
10%RH, and kept each humidity level constant for at least
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15 min to ensure the sensor's output had stabilized. Fig-
ure 8a shows two Fabry—Perot interferometer (FPI) dips and
an FBG peak on interference spectra in the 1540-1600 nm
wavelength range. As humidity increased, the FPI-dip wave-
length (approximately 1575 nm) shifted by 8.78 nm toward
the red, while the FBG-peak wavelength remained almost
unchanged. Figure 8b shows that the FBG peak remained
steady regardless of humidity changes.

In contrast, in (Fig. 8c), the FPI-dip wavelength shifted
by 8.78 nm due to micro-cantilever expansion caused by
increased humidity which led to differences within optical
path of the reflected light and a shift in the reflected spec-
trum through the resonant wavelength. Based on the parallel
measurements (N =5) of the corresponding FPI-dip wave-
length shift, the error was less than 10% for each humidity
level. The results of the humidity test were linearly fitted
and are depicted in (Fig. 8d). The FPI sensing part exhib-
ited a remarkable humidity sensitivity of 0.348 nm/%RH
(R>=0.974), while the FBG part demonstrated a negligible
humidity sensitivity. These test results are indicative of the
high humidity sensitivity of the FPI sensing part [103].

Additionally, a proposed method by [41] involves the
establishment of an online procedure for deploy a large-
scale distributed humidity sensor using a P-FBG (polyimide
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coated FBG) array based on an optical fiber drawing tower.
The data indicates that the PI-FBG array exhibits a humidity
sensitivity ranging mostly between 1.3 and 1.5 pm/%RH,
with an average sensitivity of 1.4 pm/%RH and a linearity
of 99% or higher. The P-FBG array humidity sensor dem-
onstrates consistent and reliable short-term stability fluctua-
tions as a coating material for the optical fiber humidity sen-
sor. Each humidity sensor within the P-FBG array exhibits
an accuracy deviation of less than 2%RH, which indicate
excellent humidity measurement accuracy. Further advance-
ments in the drawing and coating processes can potentially
enhance the sensitivity and consistency of the P-FBG array
humidity sensor. Hygroscopic materials have a strong affin-
ity for water molecules and readily absorb or release mois-
ture depending on the ambient humidity level [13]. When the
hygroscopic coating absorbs moisture, it swells and causes
a strain on the FBG sensor. This strain changes the reflected
wavelength, which can be measured and correlated with
the humidity level. In an experiment by [40], the FBG was
tested at a temperature of 25 °C. Figure 9a shows a lim-
ited portion of single-mode optical fiber that has a regularly
modulated refractive index, known as the FBG structure.
Figure 9b shows that the sensitivity of all materials increases
with thickness. To optimize the absorption properties of the
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Fig.9 FBG Humidity-based sensor a hygroscopic polyimide coating setup, b FBG shift, ¢ wavelength shift for the tested materials [40].

materials, the thickness of the coating is carefully adjusted.
The FBG was coated with different materials of varying
thicknesses and then subjected to fluctuations in humidity
levels ranging from 11.3 to 97.3% humidity. The study's
authors [40] analyzed the FBG response time and discov-
ered that the FBG used experienced a red shift in wavelength
response as humidity levels increased. (Fig. 9c—f) shows
the reflected properties of the proposed FBG for different
humidity levels.

According to research by [104], a film composed of
porous silica xerogel applied to an MMF using the sol-gel
technique can gauge humidity levels. The film sensitivity
ranges from 0.079 a.u./nm/%RH to 0.088 a.u./nm/% humid-
ity, with a limit of detection of 4% humidity, a response time
of 10 s, and a dynamic range of 4-100% humidity. The film's
sensing mechanism relies on the multi-mode fiber’s altera-
tion in reflectivity as the silica xerogel film absorbs water
molecules. In a separate study [105], an examination was
carried out on the impact of the size of silver nanoparticle in
polyaniline composite for humidity sensing. The configura-
tion that proved to be the most efficient had a response time
of 30 s, a sensitivity of up to 28.78 millivolts per percentage
of relative humidity, and a dynamic range of 5-95% relative
humidity [69]. Hence, it is recommended to use a dual FBG

structure to improve resistance to changes in temperature
and humidity that will involve separating the reference FBG
from the one used for measurement [106, 107]. According
to research, humidity can affect the wavelength shift of a
grating that is under strain differently than a strain-free
FBG [108]. To ensure that FBG use humidity sensors are
effective, it is essential to assess several factors, including
sensitivity, response time, linearity, hysteresis, repeatabil-
ity, stability, and temperature dependence. These sensors
are vulnerable, but offer quick response times and are very
stable; making them ideal for situations that requires accu-
rate and dependable humidity measurements.

Polymer humidity-sensitive materials such as chi-
tosan [109], agarose [59], Nafion [110], polyvinyl alco-
hol [111], and polyimide [98] can be used to create films
that expand as they absorb water molecules, making them
ideal for high-humidity environments. When the FBG is
coated with a polyimide section, it becomes susceptible to
changes in humidity in its surroundings. As the moisture
level increases, the polyimide expand and as it decreases,
the polyimide contracts. This expansion and contraction
strains the FBG, leading to a change in its wavelength. The
relationship involving the central wavelength shift of FBG
and the change in humidity levels may be expressed [3].
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In their comparative experiments, it was discovered that
incorporating graphene film into FBG humidity sensors
based on polyimide films can significantly enhance their
sensitivity [93]. In addition, the sensors boast a compact
structure, good repeatability, and promise for potential
humidity measurement applications. Adding moisture-
sensitive dopants to the fiber core or cladding allows for
measuring humidity or water content with great accuracy
[57]. Alternatively, nanostructured coatings can be cus-
tomized to have a high sensitivity to moisture or water
vapor by adjusting their surface properties and composi-
tion [57, 112]. Applying these coatings to the FBG sensor
results in wavelength changes when exposed to humidity
or water vapor, making it possible to precisely measure
humidity or water content precisely [113].

An experiment was carried out using an electron micro-
scope to determine the thickness of the polyimide coating,
and their findings show that the thickness of the coating is
directly related to the number of repetitions [98]. Achiev-
ing a smooth and uniform polyimide film is significantly
dependent on the dip coating rate. Through experimentation,
we have discovered that a consistent film can be achieved
with a rise and fall rate of 10 pm/s. A demonstrated in
(Fig. 10b) with a diagram of the dip-coating process con-
figuration system and their experimental setup, as shown in
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(Fig. 10a), includes a light source, FBG wavelength con-
firmation unit, semiconductor optical amplifier, optical cir-
culator, polyimide-coated FBG sensor array, saturated salt
solutions, etc.

The spectrum of the sensor array in (Fig. 10c) is known
to change in response to fluctuations in relative humidity.
The reflection of signals from the five sensors was expected
to produce a wavelength shift that corresponded to the
RH change. These five FBGs were created under identical
conditions and shared nearly identical optical properties,
including a similar center wavelength. Despite overlapping
in frequency, the reflected spectrums of the five RH sen-
sors could be distinguished in the time domain. However,
the optical spectrum analyzer could not provide complete
information on the condition of each RH sensor along the
cable, including the wavelength shift. In their experiment, a
wavelength demodulation system was used with TDM tech-
nology was used to evaluate the changes in wavelength of
each RH sensor based on FBG, when exposed to varying
levels of humidity. The reflected spectra of all five sensors
in the array were analyzed, as illustrated in (Fig. 10d). These
sensors were placed inside a container with a humidity level
of 83.4%. Using the equation, the peak wavelengths were
calculated, resulting in measurements of varying orders.
The use of fused deposition modeling with polylactic acid
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(PLA) material to construct FBG pressure sensors has been
studied by [35] and [114]. Also, [115] discovered that the
sensing performance of FBG sensors was not affected by
their embedding in melted PLA materials. Another experi-
ment was demonstrated on how to use bare FBG sensors to
measure tilt angles using the FDM method where the focus
was on fusing FBG sensing technology with 3D printing to
produce a tilt sensor.

5 Recent Applications of FBG in Water
Content Detection

5.1 Review of Studies Using FBG Sensors
for Real-Time Water Content Measurement

Accurately measuring water content is crucial in various
fields such as agriculture, environmental monitoring, and
civil engineering, and FBG sensors have undergone exten-
sive research regarding their practicality and efficacy in real-
time measurement. These investigations have explored vari-
ous aspects such as sensor design, calibration techniques,
and field applications. FBG-based water content sensors
offer numerous advantages over traditional methods of water
content measurement, including higher accuracy, real-time
monitoring capabilities, and the ability to measure water
content at multiple depths (Table 2). Phase-shifted FBGs
were found to create a sensor with reliable measurements
and higher resolution in various temperature and humid-
ity environments [116]. However, a novel humidity optical
sensor set-up that uses cascaded and spectrally overlapped
FBGs to respond effectively to changes in relative humid-
ity while minimizing temperature sensitivity has also been
reported [7]. Another study by [9] involved encapsulating
urea granules with EC and coating FBGs with AgNP to
monitor the gradual release of urea in soil and water using
FBG sensors. AgNP-coated FBGs were specifically used to
monitor the slow release of urea in soil and water, while
the release rate of EC-coated urea granules was determined
through a water test using different operating wavelengths.
During the controlled-release process in water, the FBGs
exhibited changes in Bragg wavelength, respectively. These
findings highlight the effectiveness of FBG sensors as a val-
uable tool for monitoring urea emissions in soil and water.
It was also confirmed that a coating-based FBG humidity
sensor with optimized sensitivity and rapid response is effi-
cient for adequate detection of water content, as the investi-
gation also looked at the versatility of the coating in terms
of sensing different chemical components [4, 10]. A fiber
optic humidity sensor with an excellent linear response to
humidity was proposed by [54, 93, 117] which was based
on a cascaded chirped FBG Fabry—Perot interferometer
coated with a humidity-sensitive film. Furthermore, [118]

utilized taper technology to develop a chirped microstructure
FBG for strain-sensing applications, while [119] explored
the temperature and strain sensitivities of two different
undoped polymer optical fibers and their inscription times.
In an attempt to analyzed the utilization of FBG sensors for
measuring water temperature by [28], study were carried out
in the range of 4 to 25 degrees Celsius by using FBG sen-
sor which exhibited exceptional responsiveness, accuracy,
and a sensitivity of 0.0101 nm/°C. This characteristic makes
it suitable for applications in water engineering, environ-
mental monitoring, and industrial settings, because of its
stability and rapid response time. The findings contribute to
the advancement of technology for precise and instantane-
ous measurement of water temperature, enabling meticu-
lous monitoring across diverse applications. However, more
research is needed to understand its performance in various
climatic conditions and a wider temperature range.
Numerous scientific studies have been carried out to
increase sensor precision and reliability of sensors, such
as [76, 125] who focused on utilizing long-period gratings
(LPGs) in conjunction with FBGs to enhance water con-
tent measurements. The resulting hybrid LPG-FBG sensor
demonstrated superior performance over conventional FBG
sensors, delivering highly accurate and dependable measure-
ments [20]. Achieving precise measurement of water con-
tent through FBG sensors necessitates meticulous calibration
techniques. Multiple studies have suggested various calibra-
tion methods to establish a correlation between the measured
wavelength shift and the actual water content. As an illustra-
tion, researchers [77, 83, 91] have formulated a calibration
model utilizing artificial neural networks (ANNs), which can
effectively forecast the water content with the use of FBG
sensors [81]. The ANN model exhibits immense potential for
real-time monitoring applications through data collection,
preprocessing, feature extraction, model training, model
validation, and deployment and has yielded results consist-
ent with empirical data [126—128]. ANN has used FBG sen-
sors to improve the accuracy of water content forecasting in
soil moisture monitoring, water resource management, land
assessment, and infrastructure health monitoring [129-131].
The study of Alshaikhli, et al. [4] revealed that FBG sensors
demonstrated enhanced linearity performance under varying
humidity conditions where the percentage errors for these
conditions were reduced. By incorporating ANN technol-
ogy, the accuracy and sensitivity of the FBG sensors were
significantly improved, making them suitable for a wide
range of applications including structural soil monitoring,
crop production, and food processing. Their study suggested
that the use of ANN-based FBG sensors could effectively
enhance the performance of fiber optic sensors, particularly
in the realm of environmental monitoring and related fields.
However, future research should focus on exploring differ-
ent coating materials and grating configurations based on
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ANN:Gs to further enhance the performance of FBG sensors
in humidity and temperature applications.

Furthermore, Liu et al. [39] conducted outdoor model
experiments and utilized thermodynamic principles to inves-
tigate the inaccuracies in water content measurement using
the AH-FBG (active heated-FBG) method. The findings
suggest that the approach with the maximum temperature
increase value [ATmax(0)] approach exhibits superior accu-
racy for gas and soil, but significant measurement errors per-
sist for biochar mixed soil. The errors in water content moni-
toring are due to variations in heat power and longitudinal
heat transfer during heating, which are influenced by initial
ground temperatures and water content gradients. By suc-
cessfully implementing four ANN models, the researchers
developed the AH-FBG-ANN approach as an enhancement
to the conventional data analysis method. The precision of
monitoring is highly influenced by the cover conditions,
which also impact the gradients of the soil water content and
initial ground temperatures. Therefore, considering the cover
layer is crucial for field monitoring [132]. Additionally, etch-
ing-based methods serve as an alternative means of creating
FBG sensors capable of detecting humidity and water con-
tent, which involves selective etching of the fiber cladding

(a) Calibration of FBG pressure sensor in measuring (c)
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surrounding the FBG to unveil the core region [133]. A new
sensor configuration has been designed to measure the water
content and temperature in tanks with different densities of
liquids, including aircraft fuel, biochemicals, and explosives
[134]. Throughout an experiment conducted, the water con-
tent in the soil was methodically increased from O to 4% until
a fully saturated state of 24%. As demonstrated in (Fig. 11a),
the relationship within the water content of one sensor dur-
ing calibration and the wavelength shift of FBG sensors [91].
The graph reveals that the wavelength of the FBG sensors
gradually altered as the soil absorbed water from the pres-
sure—volume controller. However, the wavelength increased
drastically once the water content exceeded 12%, eventually
reaching saturation at 24%.

During the monitoring process, it was observed that the
FBG sensor exhibited a trend in the variation of water con-
tent that was comparable to that of the conventional sensor
at a depth of 0.2 m. This indicates the proper functioning of
both sensors, as depicted in (Fig. 11b). The pressure sensors
displayed changes aligned with the recorded precipitation of
the rainfall gauge, but differed from the variation in water
content. These discoveries offer substantial proof of the effec-
tiveness of pressure sensors. Based on observations from the
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Fig. 11 FBG water content sensor detection a measuring water content of soil with calibration of FBG sensor, b comparison at depth 0.2 m, ¢

comparison at 0.4 m, d comparison at 0.6 m [91]
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authors [91], it was discovered that the ground tends to dry
more rapidly during early morning and night due to cooler
temperatures and the absence of direct sunlight. (Fig. 11c and
d) illustrate the increased drying rates during these particu-
lar periods. FBG sensors have found diverse applications in
measuring water content in environments such as soil, con-
crete, and structures. These investigations aimed to verify
the efficacy of FBG sensors under real-world conditions and
evaluate their dependability for long-term monitoring. Nota-
bly, studies [135] conducted a field study utilizing FBG sen-
sors to observe soil water content in an agricultural field. The
results demonstrated that the FBG sensors delivered precise
and uninterrupted measurements, underscoring their poten-
tial for precision agriculture and water resource management.

In addition to individual studies, comprehensive reviews
and meta-analyses consolidate the findings of several stud-
ies on FBG sensors for water content measurement. These
reviews provide a broader perspective on the current state of
research in this field and identify promising areas for future
exploration. A review was also conducted to examine the
obstacles and prospects of employing FBG sensors for soil
moisture monitoring, underscoring the need for uniform
calibration procedures and sensor deployment strategies
[91]. Recent studies in utilizing FBG sensors to monitor
water content in real time have yielded promising results.
Advances in sensor design, calibration methodologies, and
on-site implementation have paved the way for more reliable
and precise water content monitoring systems [136]. These
advancements have improved the accuracy, sensitivity, and
efficiency of measuring the water content in different medi-
ums [63, 137]. As a result, industries such as agriculture,
environmental monitoring, and water resource management
can benefit from more accurate data for decision making and
resource optimization [127, 136]. However, further research
must address certain obstacles, including sensor drift, long-
term stability, and scalability for large-scale applications.

In conclusion, FBG-based water content sensors provide
many advantages compared to traditional measurement tech-
niques, including fast response time, accuracy, stability, sen-
sitivity, and potential cost savings in the long run. These sen-
sors have been extensively studied and proven to be effective
in various applications. However, it is important to note that
the performance of FBG-based water content sensors may
vary depending on factors such as sensor design, calibration
methods, and environmental conditions.

6 Feasibilities Comparison of FBG Sensor
over Other Sensing Technologies
With their unique operation based on wavelength modula-

tion, FBG sensors are a special kind of sensing technologies
that provide accurate readings in a range of environmental

@ Springer KE;E

situations. With features such as multiplexing, high preci-
sion, and distant sensing, they are advantageous for a range
of measuring different parameters simultaneously, reducing
the cost and complexity of agricultural monitoring systems.
However, they require specialized equipment and expertise
to install and maintain, making them more expensive than
traditional electrical sensors in the short term [138]. How-
ever, their long-term benefits, such as their durability and
low power consumption, offset these initial costs. FBG sen-
sors may be used in high-temperature and high-radiation
situations because they are resistant to electromagnetic inter-
ference. Depending on the particular needs of the applica-
tion, the cost and complexity of other sensing technologies
may change. The particular needs of the application, such
as precision, environmental conditions, economic con-
cerns, and scalability, determine whether FBG sensors or
other sensing technologies are best. Based on data gathered
from the existing literature, it was confirmed that when soil
moisture measurement techniques are compared, it becomes
clear that existing approaches are not up to the task of pro-
viding quick, accurate, automated, geographically dispersed
readings that take into account factors unique to each soil
(Table 3). These problems include the reliance on frequency,
time commitment, and calibration for a particular location,
problems with salinized soils, mobility challenges, health
risks, and expensive equipment expenses. Techniques such
as TDR and FDR currently on the market are unsuitable for
this use. Presti et al. [11], confirmed that FBG can track the
development of plants as well as real-world environmental
variables such as humidity and temperature. The encour-
aging results demonstrate the practicality of FBG-based
sensors in practical settings, which holds promise for the
advancement of precise and continuous methods for moni-
toring plants health growths and development.

FBG sensors are superior to traditional electrical sen-
sors due to their resistance to electromagnetic interference,
making them ideal for agricultural environments (Table 4).
They are smaller and lighter, making them easier to deploy
in large numbers. Because of wavelength division multi-
plexing, FBG sensors also have increased sensitivity, which
enables them to detect minute variations in the surrounding
medium. This property makes them appropriate for accurate
measurements such as temperature and moisture monitoring
in the soil water content and humidity. Due to its sensitivity
to strain and temperature fluctuations, its potential for grat-
ing functionalization with moisture-activated polymer for
changes in relative humidity, and its multiplexing capacity,
FBG technology is perfect for plant sensing [40, 59, 61].
These characteristics could provide special advantages for
compact sensor systems, allowing the simultaneous monitor-
ing of environmental factors and plant development in the
agricultural industry. Furthermore, the results of using an
FBG sensing-based quasi-distributed optical fiber sensing
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Table 3 Comparison some sensing technologies in humidity and soil water content measurements

Sensor technologies ~ Flexibility Response time Measured parameter  Principles Depth of measure- Major specification
ment
FBG sensor In situ/Lab Nanoseconds  Volumetric soil Electromagnetic Any depth
moisture content wavelength
TDR (time domain In situ/Lab 28 s Volumetric soil Dielectric constant 0.3-0.6 m Operating frequency
reflectometer) moisture content 10-150 MHz
Tensiometer Insitu/Lab 2-3h Suction Suction or negative ~ 0.15-0.6 m 0-1 atm (0-100 kPa)
tension created
Resistive sensor Insitu/Lab 2-3h Volumetric soil Electrical resistance  0.1-0.3 m 1-15 atm (100—
moisture content 1500 kPa)
Conventional Labscale 24h Gravimetric soil Evaporation/chemi-  Any depth 105 °C
Thermogravimetric moisture content cal action
technique
Capacitance tech- In situ Instantaneous  Volumetric soil Dielectric constant I m Operating frequency
nique moisture content 10-150 MHz
Thermal dissipation  In situ 2-3h Volumetric soil Heat dissipation 0.1-0.3m 50-200 mA
block moisture content
Neutron moisture In situ 1-2 min Volumetric soil Neutron scattering <03 m Mean energy 5 MeV
meter moisture content fast neutron is the
input
FDR (Frequency In situ Instantaneous ~ Volumetric soil Dielectric constant 1m Operating frequency
domain reflectom- moisture content 10-150 MHz
eter)

system to assess a geogrid reinforced sand slope model
shows that the strain distribution of the geogrid could be
accurately monitored by FBG sensors and demonstrated an
empirical correlation between the strain of the geogrid and
the model slope's factor of safety [139, 140]. However, due
to the short duration of the test, the study failed to consider
the impact of temperature on the FBG monitoring data.
Thus, the temperature effect should be taken into account
for long-term monitoring utilizing various compensation
techniques depending on the field and additional research
to determine whether it is feasible to use this technology-
based approach to assess the stability of reinforced slopes.

7 Prospective Challenges\Limitations
and Future Directions

FBG-based humidity and water content detection face sev-
eral challenges that need to be addressed to obtain accurate
and reliable measurements. Several research studies have
confirmed that FBG sensing systems are a practical and
reliable option for detecting humidity and water contents
in the field. However, it is essential to remember that FBG
sensors may only sometimes be the most effective choice.
One limitation of FBG sensors is that they can only perform
quasi-distributed monitoring, and the number of sensors in
series is restricted [43]. FBG is a superior choice for humid-
ity and water content instrumentation due to its precision
and real-time measurement. While it is a pricier option, the

cost of FBG is expected to decrease significantly, making it
more accessible [33]. Conventional and FBG sensor systems
complement each other and are highly beneficial for remote
monitoring. Validation of the field performance of FBG sen-
sors requires the use of conventional sensors. However, only
a few cases have been reported in which both technologies
have been integrated to detect humidity and water contents.
Advanced monitoring methods, appropriate sensor layouts,
and an intelligent warning system are necessary to effec-
tively monitor and predict humidity and water contents.

Additionally, FBGs have low humidity sensitivity due to
the similarity in the refractive index between water vapor
and air, which limits their usefulness in precise measure-
ments and calls for improved sensitivity to humidity [141].
FBGs are sensitive to temperature, pressure, and strain
changes, which can cause false and inaccurate readings
of humidity such as fluctuation in temperature can cause
strain expansion with the fiber, thereby causing a shift in
the reflectance wavelength [92]. Developing techniques to
ensure accurate measurements is crucial. Although FBGs
can detect changes in strain or temperature caused by water
content, accurately quantifying the absolute water content of
a sample still poses a challenge due to the fact that measur-
ing the amount of molecules within a sample is a complex
process [82].

FBG sensors can be multiplexed on a single fiber optic
cable, allowing the simultaneous monitoring of large agri-
cultural fields at different intervals or close to each other.
These microstructures can be sensitive to parameters other
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than strain or temperature, making it possible to create mul-
tifunctional sensors to measure pressure, acceleration, and
displacement [107]. By using a single optical source, it is
possible to address each sensor, and adding more sensors to
the same fiber only results in a minimal loss of signal qual-
ity, while also eliminating any interference if specific spec-
tral portions of the light spectrum are allocated to each sen-
sor. They also enable remote monitoring and data collection
through wireless communication technologies, reducing the
need for manual intervention. Advanced data analysis algo-
rithms are being developed to process the vast amount of
data collected, facilitating predictive modeling for improved
decision-making in agriculture [128, 142]. FBG sensors are
being miniaturized to enhance cost-effectiveness and ease
of deployment in various agricultural applications. They can
measure strain in agricultural structures, monitor soil tem-
perature, improve water management, and assess crop health
by measuring leaf temperature, humidity, and light inten-
sity. Integration of FBG sensors in agriculture represents a
significant technological advance that enables data-driven
decision making and optimizes resource utilization.

On the basis of this review, the future of FBG-based sen-
sors for detecting humidity and water contents will depend
on addressing the limitations and challenges to improve their
performance and expand their applications. The following
potential solutions and improvements on the FBG sensor
are recommended:

e Modifying the fiber's surface or coating it with mate-
rials that can absorb or interact with water molecules
more effectively. This can increase the strain or tempera-
ture changes induced by humidity variations, leading to
improved sensitivity.

e Exploring novel sensor configurations and signal pro-
cessing algorithms to minimize cross-sensitivity and
improve accuracy of humidity measurements.

e Investigating alternative sensing mechanisms in combi-
nation with other sensors such as capacitive or resistive
sensors, to directly measure the absolute water content
rather than relying on indirect measurements through
strain or temperature changes.

e Adoption of advanced techniques or using multiple FBGs
with different spectral responses can measure multiple
parameters in a single FBG sensor, making it more ver-
satile in various applications.

e Using high-temperature stable materials or a hybrid
structure of a high-temperature stable fiber and a stand-
ard FBG with a larger core size. Implementing these
methods can make FBGs capable of functioning in severe
temperatures exceeding 100 °C.

¢ Developing techniques like narrowband filters, shielded
fibers, and reference FBGs can eliminate or reduce
the noise. It can improve their accuracy and reliability

because FBGs can encounter various forms of noise, such
as thermal, mechanical, and signal leakage.

e Developing advanced techniques includes large-scale
fabrication, new materials with built-in gratings, and
printing/coating for FBGs, which can significantly reduce
the cost and increase the scalability of FBG fabrication,
enabling their widespread adoption in various applica-
tions.

¢ Integrating FBGs with microelectromechanical systems,
nanotechnology, and artificial intelligence to create
advanced sensing systems. This integration will enable
the measurement of dynamic parameters, real-time moni-
toring, and sensor data analysis and expand the potential
applications of FBGs in industries such as healthcare,
aerospace, and automotive.

In summary, the future prospects for FBGs are bright,
driven by advances in fabrication techniques, novel applica-
tions in agricultural fields, and integration with other tech-
nologies. As research and development efforts continue,
we can expect to see further improvements in FBG perfor-
mance, expanded areas of application, and increased adop-
tion in various sectors.

8 Conclusions

In conclusion, this review paper has explored the recent
applications of Fiber Bragg Grating (FBG) in agriculture
especially in humidity and water content detection. FBG
sensors have shown great potential in agriculture due to their
numerous advantages such as high sensitivity, fast response
time, and immunity to electromagnetic interference. The
review began by providing an overview of FBG technology
and its working principle. It highlighted the importance of
detecting humidity and water content in various industries
such as agriculture, environmental monitoring, and indus-
trial processes. The article then delved into the different
types of FBG-based humidity and water content sensors,
including direct and indirect measurement methods in agri-
culture. Several recent applications of FBG in the detection
of humidity and water content were discussed in detail. The
review highlighted the advantages of FBG sensors in each
application, such as their ability to provide real-time meas-
urements, non-invasiveness, and compatibility with harsh
environments. Additionally, the paper addressed the chal-
lenges and limitations associated with FBG-based humidity
and water content sensors. These challenges include tem-
perature cross-sensitivity, hysteresis effects, and signal drift
over time. Various techniques for mitigating these challenges
were also discussed, such as using temperature compensa-
tion algorithms and employing specialized coatings on the
FBG sensors. Its wide range of applications and advantages
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make it a valuable tool for researchers and industries alike.
However, further research is still needed to address the
remaining challenges and optimize the performance of FBG-
based sensors in this field. This review paper aims to pro-
vide researchers, engineers, and industry professionals with
a comprehensive understanding of the recent developments
and applications of FBG technology in humidity and water
content detection. By shedding light on the advancements,
challenges, and future prospects, this paper aims to inspire
further research and innovative applications in this domain.
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