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Abstract

Optical-based sensors have been widely used for various applications, including biosensing,
civil structural health monitoring, and humidity sensing. Fiber Bragg Grating (FBG) is one
of the optical-based sensing approaches that are commonly used in these applications. The
effect of hygroscopic coating on different grating profiles, including uniform, apodized, and
tilted FBG, was investigated by connecting the FBG to a light source and optical spectrum
analyzer (OSA). The reflected wavelength of the FBG, captured by the OSA at increasing and
decreasing relative humidity ranging from 40 to 80% RH were recorded. Tin dioxide (SnO2)
is one of the metal oxides with a hygroscopic nature, which is suitable to act as a coating
material for FBG. For improved sensitivity, the HMT-enhanced technique was applied
in this study to modify the surface morphology of SnO2, increasing the porosity of the
nanostructure for water adsorption and desorption. The result showed that the sensitivity
and linearity of the FBG-based humidity sensor can be enhanced via HMT-enhanced SnO2

nanostructure coating onto uniform FBG. A sensitivity of 1.30 pm/%RH and 1.52 pm/%RH
was reported during incremental and decremental RH, respectively, and a fitting coefficient
of >0.97 was recorded. This approach demonstrated the feasibility of hygroscopic coating
on FBG to enable broad applications across various humidity sensing industries such as
agriculture, pharmaceutical, and semiconductors.

Keywords: OSA; wavelength shift; sensitivity; spectral; refractive index; hygroscopic

1. Introduction
Fiber Bragg Grating (FBG) is one of the optical fiber sensors in which the diffraction

grating causes the refractive index undergo quasi-periodic modulation along the fiber
core [1,2]. The grating structure within the fiber core reflects a specific narrow band of
wavelength, called the Bragg wavelength, and transmits the remaining wavelength with
minimal attenuation, as illustrated in Figure 1 [3]. The central wavelength of FBG, according
to the coupled-mode theory (CMT), is given by the following [4]:

λB = 2ne f f Λ (1)

Photonics 2026, 13, 178 https://doi.org/10.3390/photonics13020178

https://crossmark.crossref.org/dialog?doi=10.3390/photonics13020178&domain=pdf&date_stamp=2026-02-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0009-0004-2150-6286
https://orcid.org/0000-0001-9672-7519
https://orcid.org/0000-0002-5783-3981
https://orcid.org/0000-0001-5068-4402
https://doi.org/10.3390/photonics13020178


Photonics 2026, 13, 178 2 of 18

where λB is the Bragg wavelength, neff is the effective refractive index, and Λ is the grat-
ing period.

Figure 1. Conceptual illustration of uniform FBG, adapted from [5].

Uniform FBG refers to contradirectional coupling waveguides with a constant period,
phase, and amplitude along their length [5,6]. The CMT stated the transmittance, T, and
reflectance, R, characteristics of a uniform FBG, given by the following [7]:

T = 1 − R (2)

R = tanh2κL (3)

where κ is the coupling coefficient, and L is the grating length.
The propagation constant, β, of a contradirectional coupling waveguide is expressed

as follows [7]:
β1 = −β2 = κne f f (4)

The reflected wavelength of FBG is usually caused by the change in refractive index
induced by the change in physical parameters such as temperature, T, and strain, ε, leading
to the shift in central wavelength, which is expressed as follows [8]:

∆λB = λB(KT∆T + Kε∆ε) (5)

where KT is the temperature sensitivity, and Kε is the strain sensitivity.
Apodized FBG shows advantages of minimizing side-lobe in the reflection spectrum,

as the change in refractive index is reduced gradually towards the edge of the grating struc-
ture [9]. The grating profile also allows optimization of optical characteristics, including
reflectivity and FWHM.

The reflectivity of a function of grating length L and wavelength λ of apodized FBG,
using CMT, is given as follows [10]:

R (L, λ) =
κ2sinh2(sL)

s2cosh2(sL) + ∆β2sinh2(sL)
(6)

where ∆β is the differential propagating constant given as β = β − β0. The β and β0 are
given as follows:

β =
2πn0

λ
(7)

β0 =
π

Λ
(8)
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s2 = κ2 − ∆β2 (9)

The grating structure of tilted FBG is usually slanted at an angle of around 4 to 30◦,
which allows the cladding mode to be adjusted according to the perturbation for response
optimization [11]. The tilted FBG measures the transmission spectrum for sensing purposes
as a collection of backward-propagating cladding mode resonances [12]. The resonant
wavelength based on phase matching condition is given by the following [13]:

λcore =
2nco

e f f Λ

cosθ
(10)

λcl =
ncl

e f f + nco
e f f Λ

cos θ
(11)

where λco and λcl are the wavelength of the core and cladding mode, and nco
e f f and ncl

e f f are
the effective mode indices of λco and λcl, respectively. θ represents the tilted angle of the
grating structure.

The transmittance of a tilted FBG is expressed as follows [13]:

T = 1 − tanh2(κL) (12)

FBG is usually designed for the purposes of telecommunication owing to its capability
in suppressing the birefringence in conventional SMF [14]. Other common applications
of FBG are temperature and strain sensing, where the wavelength shifts induced by the
refractive index perturbation are detected with high precision [15,16]. To enable humidity
sensing, hygroscopic materials such as polyimides, graphene oxide, and metal oxides
have been explored for FBG coating [17,18]. These materials exhibit advantages such
as good sensitivity, linearity, and thermal stability to realize high-performance humidity
sensors [19,20]. Previous studies have been carried out on polyimide-coated FBG and
reported a sensitivity of 1.5 pm/%RH and a fitting coefficient of ~0.99 within a humidity
range of 11 to 83% RH [21]. Another research was conducted on polyimide coated on micro-
nano uniform FBG, fabricated via a tapering process [2]. A sensitivity of 0.8 pm/%RH
and a fitting coefficient of 0.982 were reported during decremental RH from 65 to 30%
RH. A tilted FBG with polyvinyl alcohol (PVA) and graphene oxide (GO) coating revealed
sensitivity of −0.24 pm/%RH from 35 to 85% RH [22].

Limited studies reported the performance of apodized and tilted grating profiles.
Although the hygroscopicity of metal oxides has been explored previously, their coating
on FBG has not been extensively studied. One of the metal oxides, tin dioxide (SnO2),
has gained attention due to its chemical and physical stability [23]. However, this mate-
rial often showed limitations when exposed to high humidity levels [24]. Modification
on SnO2, such as doping, nanocomposite, and additive-enhanced technique have also
been investigated to increase the humidity sensing performance of the hygroscopic mate-
rials [25–27]. A Zn-doped SnO2 nanoparticle showed improved response time compared
to pure SnO2 within a humidity range from 11 to 97% RH, contributed by the doping
technique that results in the formation of cauliflower-like morphology with enhanced
porosity and formation of oxygen vacancies [25].

The tungsten disulfide (WS2)-modified SnO2 hybrid nanocomposite revealed an im-
proved sensing response of 8.5 and 862.8 times higher than pure SnO2 and WS2, respec-
tively [26]. The nanocomposite technique created synergistic effects between SnO2 and
WS2, increasing specific surface area, preventing the agglomeration between SnO2, and
providing more active sites for water adsorption. The HMT increases the porosity and
surface area of SnO2, improving the water uptake of the nanostructure, which is dominated
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by pore surface adsorption [28]. The material properties lead to enhanced hygroscopic
strain around three to four times over the same RH interval, which increases the swelling
effect on the fiber core when coated onto the FBG sensing region [29]. Among all the
improvement techniques, coating of HMT-enhanced SnO2 onto FBG has yet to be examined.
Therefore, this study will focus on the coating of the proposed nanostructure onto FBG
with different grating profiles.

2. Materials and Methods
The experiments started with FBG sample fabrication, followed by FBG preparation

and the drop casting method to coat the hygroscopic material onto the FBG sensing region.
The surface of the coated material was tested to understand the morphology formation,
whereas the optical performance was examined through the change in the FBG reflected
spectrum. The overall process flow was illustrated in Figures 2–4.

 

Grating structure inscription via phase 
mask technique FBG coating with polymer

Stripped off polymer coating on 
sensing region

Cleaned sensing region with 
isopropanol

Figure 2. Process flow chart for FBG fabrication and preparation stage.

Synthesis of SnO2-HMT precursor 
solution via hydrothermal route

Drop cast precursor solution onto FBG 
sensing region

Annealing coated FBGs to achieve 
fully cured nanostructure

Subject FBG samples to material 
characterization

Figure 3. Process flow chart for hygroscopic coating and material characterization stage.
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Strip off the tip of FBG Cleave the tip of FBG

Splice the FBG with Port 2 of optical 
circulator

Connect Port 1 of optical circulator to 
ASE light source, and Port 3 to OSA

Insert FBG sample into humidity-
controlled chamber

Adjust the humidity within the 
chamber from 40 to 80 %RH and 80 

to 40 %RH to achieve incremental and 
decremental RH cycle

Capture and record the reflected 
wavelength by OSA at every 10 %RH 

interval for uniform and apodized 
grating

Capture and record the transmitted 
wavelength by OSA at every 10 %RH 

interval for tilted grating

Capture and record the wavelength 
shift based on reflected/ transmitted 

wavelength

Figure 4. Process flow chart for optical spectrum analysis stage.

2.1. FBG Fabrication and Preparation Stage

The FBG samples were fabricated via the phase mask technique [30], based on the
unique properties of the ultraviolet-sensitive characteristic of single-mode optical fiber,
as illustrated in Figure 5. Three grating profiles were selected as uniform grating is most
applied across broad applications, including humidity sensing, apodized grating offers
side-lobe suppression [31], and tilted grating offers self-compensation while enabling
multiparameter sensing [13].

To inscribe the grating structure onto the core of an uncoated FBG via a writing
platform, the phase mask was placed between the UV light and the targeted FBG to incur
a periodic interference pattern along the fiber. For an apodized grating, a uniform phase
mask and a Gaussian beam laser were applied for the fabrication, whereas the tilted grating
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was fabricated by rotating the phase mask and FBG to the desired angle relative to the
UV beam.

Figure 5. Conceptual illustration of uniform FBG fabrication.

Upon inscription, the FBG was coated with a polymer coating and cured under a
thermal-controlled environment. The fabrication process yields FBGs with different grating
structures with the listed specifications, as shown in Table 1. To prepare the FBG for
hygroscopic coating, the polymer coating of the FBG sensing region was stripped off
using a fiber stripper and cleaned with isopropanol to ensure no residue remains on the
cladding surface.

Table 1. FBG specification of different grating profiles.

Grating Profile Specification

Uniform

FBG CW: 1540 nm +/−0.5 nm
FBG Length: 10 mm

BW@3 dB: 0.25+/−0.05 nm
Ref > 80%

Apodized

FBG CW: 1550 nm +/−0.5 nm
FBG Length: 10 mm

BW@3 dB: 0.25+/−0.05 nm
Ref > 80%

SLSR > 15 db

Tilted

Angle: 5◦

FBG CW: 1550 nm +/−0.5 nm
FBG Length: 10 mm

BW@3 dB: 0.3+/−0.1 nm
Ref > 70%

2.2. Hygroscopic Coating and Material Characterization Stage

The HMT-enhanced SnO2 coating solution, which was prepared via a low-temperature
hydrothermal route [32], was coated onto the sensing region using a drop casting tech-
nique [33]. To ensure uniformity of coating, the FBG was placed on a hotplate heated to
80 ◦C, and 100 µL of coating solution was dropped onto the sensing region and let dry for
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1 min using a micropipette. The same steps were repeated until 500 µL of coating solution
was coated to fully cover the surroundings of the sensing region.

Upon coating, the FBG was subject to annealing at 140 ◦C for 3 h, to ensure the
precursor was fully cured on the FBG surface. The same preparation and coating steps
were repeated for FBG with different grating profiles. For the analysis of mass change
in hygroscopic material, a modified gravimetric technique was carried out in a sealed
humidity-controlled chamber for the hygroscopicity test. This technique was selected as
the water uptake is dominated by adsorption on internal pore surfaces rather than bulk
lattice expansion.

The RH levels within the chamber were adjusted incrementally from 40 to 80% RH,
and decrementally from 80 to 40% RH. The mass change in the material at every 10%
RH was measured and recorded. To understand the surface morphology of hygroscopic
material coated onto FBG, a Field Emission Scanning Electron Microscope (FESEM) was
used on the coated region, whereas Energy-Dispersive X-ray Spectroscopy (EDS) was
carried out to verify the chemical elemental composition of the coated SnO2-HMT.

2.3. Optical Spectrum Analysis Stage

To capture the reflected wavelength of FBG under different RH levels of uniform and
apodized grating, one end of the coated FBG was connected to the optical circulator (port 2).
One end of the optical circulator (port 1) was connected to the ASE light source for light
input, and port 3 was connected to the optical spectrum analyzer (OSA), as illustrated in
Figure 6. For the tilted grating, the setup was illustrated in Figure 7, where the optical
circulator was removed, and one end of the FBG was connected to the ASE light source
and OSA, respectively. Fiber stripping, cleaving, and splicing have been carried out on the
FBG and optical circulator to enable signal transmission.

Figure 6. Schematic diagram of laboratory setup for uniform and apodized grating.

The coated FBG was placed into a sealed humidity-controlled chamber, with the same
setup as the hygroscopicity test. All four FBG grating profiles coated with SnO2-HMT
were tested under the same humidity conditions, and the optical spectrum analysis was
conducted. The FBG samples were connected to the same setup of light source and OSA
equipment. The reflected wavelength or transmitted wavelength captured by the OSA was
recorded at every 10% RH. For uniform and apodized grating, the wavelength shift was
recorded based on the reflected wavelength of the fiber core [34], as illustrated in Figure 8,
whereas the wavelength shift in tilted grating was recorded based on the transmitted
wavelength corresponding to core modes, as the core modes reflection is effective in
normalize the sensor’s response [35,36], as shown in Figure 9.
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Figure 7. Schematic diagram of laboratory setup for tilted grating.

 

Figure 8. Reflected wavelength of uniform FBG obtained from OSA at every 10% RH interval.

Figure 9. Transmitted wavelength of tilted FBG obtained from OSA at every 10% RH interval.
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3. Result and Discussion
3.1. Hygroscopicity Test

The hygroscopicity test was conducted on SnO2-HMT, and the mass change at every
10% RH interval was listed in Table 2. A slope coefficient of 0.11 and a fitting coefficient of
>0.96 was obtained from the linear regression of mass change over RH. The mass uptake
ratio was also calculated based on the oven-dried material mass, and a slope coefficient of
0.16 was recorded from the linear regression of mass uptake ratio over RH.

Table 2. Mass changes in SnO2-HMT under incremental and decremental RH cycle.

Relative Humidity (%RH) Mass (mg),
Incremental RH

Mass (mg),
Decremental RH

40 71.97 72.17
50 72.53 72.70
60 74.47 74.80
70 75.30 75.40
80 76.30 76.30

3.2. Material Characterization

An FESEM image under 100× magnification was captured on the uniform FBG coated
with SnO2-HMT, and EDS was performed on the coated surface for the analysis of elemental
composition, as shown in Figure 10. FESEM image under 30,000× magnification, as
shown in Figure 11, indicated the formation of SnO2-HMT nanoparticle surrounding the
FBG sensing region. The tin (Sn) and oxygen (O) elements observed from the EDS were
attributed to the SnO2 coating material, whereas the carbon (C) element was caused by
the presence of HMT, one of the organic surfactants. Minor chloride (Cl) residue can be
observed from the EDS, as the coating solution is being prepared using a precursor of tin
(ii) chloride dihydrate (SnCl2·2H2O) under a low-temperature hydrothermal route. Since
the hygroscopicity of SnO2-HMT is dominated by the porous structure, a minimum trace of
Cl residues does not significantly alter pore surface adsorption or swelling characteristics.

Figure 10. FESEM and EDS of coated FBG under 100× magnification.
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Figure 11. FESEM of coated FBG under 30,000× magnification.

The cross-sectional view of coated SnO2-HMT from FESEM image under 150× magni-
fication, as shown in Figure 12, revealed that no delamination between the coating material
and substrate occurred upon exposure to incremental and decremental humidity cycles.
The coating thickness was approximately 55–57 µm.

Figure 12. FESEM of SnO2-HMT cross-sectional view under 150× magnification.
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3.3. Optical Spectrum Analysis

The linear equation (y = mx + c) of the wavelength shift has been calculated as
illustrated in Figures 13–15. Comparing the three different grating profiles as illustrated in
Table 3, the uniform grating showed the highest sensitivity, which is 1.30 pm/%RH during
incremental RH, and 1.52 pm/%RH during decremental RH. The uniform grating also
showed the highest linear fitting coefficient compared to other samples, where the R2 value
is >0.97. The sensitivity of the apodized and tilted grating is <0.5 pm/%RH when subject
to a humidity cycle under the same conditions, where the apodized grating showed the
lowest R2 value with <0.9. The time elapsed for each 10% RH interval is shown in Figure 16.
A 15 min waiting time was applied to record the wavelength change for each incremental
and decremental change of 10% RH.

Table 3. Optical spectrum analysis of different grating profiles.

Grating
Profile

Incremental RH Decremental RH

%RH
Reflected

Wavelength
(nm)

Sensitivity
(pm/% RH) %RH

Reflected
Wavelength

(nm)

Sensitivity
(pm/% RH)

Uniform

40 1540.694

1.30

80 1540.748

1.52
50 1540.706 70 1540.725
60 1540.723 60 1540.714
70 1540.728 50 1540.701
80 1540.748 40 1540.684

Apodized

40 1550.666

0.34

80 1550.681

0.42
50 1550.670 70 1550.668
60 1550.670 60 1550.668
70 1550.674 50 1550.664
80 1550.681 40 1550.662

Tilted

40 1548.828

0.26

80 1548.840

0.44
50 1548.831 70 1548.834
60 1548.834 60 1548.826
70 1548.833 50 1548.824
80 1548.840 40 1548.823

The uniform grating provides a consistent grating profile along the core, improving
the interaction between evanescent fields with the hygroscopic coating and increasing
sensor sensitivity and linearity. The lower effective refractive index modulation towards
the edge of the apodized grating could reduce the effect of hygroscopic coating along the
sensing region [37], whereas the cladding mode of tilted grating was more sensitive to
external perturbation, leading to the lower sensitivity and linearity of the FBGs in humidity
sensing applications [38].

The hysteresis of incremental and decremental is calculated by the following [25]:

Hysteresis % =
∆Y

∆Yspan
× 100 (13)

where ∆Y is the maximum and minimum value of wavelength at maximum hysteresis,
and ∆Yspan is the maximum and minimum values of wavelength in the humidity range of
40–80% RH.
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Incremental RH

Decremental RH

Linear regression
Wavelength (nm)

Linear regression
Wavelength (nm)

(a)

(b)

Y = 1541 + 0.00130 x %RH
R²: 0.978

Y = 1541 + 0.00152 x %RH
R²: 0.985

Figure 13. Wavelength shift in uniform grating under (a) incremental RH and (b) decremental RH.
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Incremental RH

Decremental RH

(a)

(b)

Linear regression
Wavelength (nm)

Linear regression
Wavelength (nm)

Y = 1551 + 0.00042 x %RH
R²: 0.805

Y = 1551 + 0.00034 x %RH
R²: 0.898

Figure 14. Wavelength shift in apodized grating under (a) incremental RH and (b) decremental RH.
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Incremental RH

Linear regression
Wavelength (nm)

Decremental RH

(a)

(b)

Linear regression
Wavelength (nm)

Y = 1549 + 0.00026 x %RH
R²: 0.858

Y = 1549 + 0.00044 x %RH
R²: 0.900

Figure 15. Wavelength shift in tilted grating under (a) incremental RH and (b) decremental RH.

https://doi.org/10.3390/photonics13020178

https://doi.org/10.3390/photonics13020178


Photonics 2026, 13, 178 15 of 18

Time Elapsed (Minutes)
0 10 20 30 40 50 60

1540.68
1540.69
1540.70
1540.71
1540.72
1540.73
1540.74
1540.75
1540.76
1540.77
1540.78 Incremental RH - Wavelength (nm)

Decremental RH - Wavelength (nm)
Incremental RH - Linear Regression

Decremental RH - Linear Regression

Figure 16. Time elapsed of uniform grating under incremental RH and decremental RH.

For uniform grating, the maximum hysteresis calculated at 40% RH was 16%. At high
humidity levels, the hysteresis dropped to 4% and 2% at 70% RH and 80% RH, respectively,
indicating the water desorption started to slow down at lower humidity levels. This can
be attributed to the uniform moisture-induced swelling effect of the coating materials
dominating the FBG strain change at higher humidity levels. However, during desorption,
the shrinkage of the coating material did not transfer back to the sensing region with the
same efficiency, due to limited interfacial adhesion.

Despite the highest sensitivity and linearity of the uniform grating in this study,
apodized and tilted grating offer advantages in other sensing applications. The side-lobe
suppression in apodized grating enables long-distance monitoring applications [34]. The
capability to excite the cladding mode of tilted grating improves interaction with the
surrounding medium [39]. Although the uniform grating showed improved performance
in humidity sensing, the apodized grating can be deployed for cascaded FBG sensing
network in wavelength division multiplexing systems [40], whereas the tilted grating is
suitable for simultaneous sensing in biosensing or chemical sensing applications [41,42].

4. Conclusions
This paper evaluated the performance of uniform, apodized, and tilted FBG in humid-

ity sensing and reported a sensitivity of 1.30, 0.34, and 0.26 pm/% RH, respectively, under
incremental RH, and 1.52, 0.42, and 0.44 pm/%RH, respectively, under decremental RH.
The study also revealed the highest linearity in uniform FBG, with R2 values of 0.978 and
0.985, respectively, for incremental and decremental RH, which outperform both apodized
and tilted grating with an R2 value below 0.9.

This result showed coating of SnO2-HMT enabled an increase in sensitivity and
linearity of uniform grating compared to apodized and tilted grating, which can be due to
the compatibility between the hygroscopic coating and uniform grating structure, leading
to consistent strain change throughout the incremental and decremental RH cycle. The
overall low sensitivity can be due to the coating-substrate adhesion being slightly weaker,
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jeopardizing the effective transfer of the swelling effect to the FBG axial sensing region [43].
The narrow spectra of apodized grating contribute to side-lobe suppression, with a tradeoff
of reduced effective refractive index modulation along the sensing region, limiting the
sensitivity toward refractive index perturbation induced by water–surface interaction. The
tilted grating exhibited advantages in core-cladding mode coupling but increased the
susceptibility to environmental interference.

However, both apodized and tilted grating own advantages in other applications,
including high-speed transmission systems with dispersion compensation and sensor
networks for long-distance monitoring using apodized FBG [34,44], and simultaneous
measurement of multiple parameters such as temperature, strain, and liquid level with
tilted FBG [45,46]. For continuous improvement of FBG in humidity sensing performance,
especially for increased sensitivity, surface preparation, such as etching, can be further
explored to enhance the adhesion between coating materials and substrate [47]. Another ap-
proach is to introduce an adhesion layer between the coating material and the substrate for
improved interfacial contact, reducing the mechanical loss to achieve higher sensitivity [43].
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