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ABSTRACT Humidity measurement in biomedicals, industry and electronic manufacturing applications
needs an accurate and fast measurement of relative humidity by the sensor. In recent years, electronic
sensors are utilized in the market, but optical humidity sensors provide several advantages over it. This
paper reports the classification of optical fiber humidity sensors based on their working principles, such as
fiber Bragg gratings, interferometers, and resonators. Along with the mentioned optical fiber structures, their
fabrication process, equipment required for humidity sensing and the coating technique used are explained
in this review. Recently, metal oxide semiconductors have been widely used as sensing material, specifically
in humidity sensor applications. Thus, this paper explores optical fiber humidity sensors based on the three
working principles mentioned, all of which incorporate metal oxide coatings. This review reveals that the
most commonly used metal oxide for optical fiber humidity sensing is graphene oxide. This is because
graphene oxide offers high sensitivity, fast response and recovery time over the other types of metal oxide.
A large number of oxygen-containing groups on the surface and edge of graphene oxide also contribute to
humidity sensing performance since it can permeate and absorb more water molecules. The use of hybrid
nanomaterials is recently discovered and their potential as emerging coating material for optical applications
are not fully exploited yet. Thus, there is still an opportunity for improvement in terms of sensitivity, response
and recovery time in the context of optical fiber humidity sensor.

INDEX TERMS Metal oxide, fiber optic, humidity sensor.

I. INTRODUCTION
Humidity is an important aspect that plays a crucial role in our
lives, with applications ranging from the living environment
to industrial production and food storage [1], [2]. Humidity
is defined as the amount of water in the atmosphere and can
be measured as absolute humidity (AH) or relative humidity
(RH). The contrast between these two types are based on
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their definition, measurement and temperature impact. The
first type is absolute humidity, which is the actual amount of
water vapor presents in the air, giving the ratio of the mass
of water vapor to the mass of dry air. The unit for AH is in
grams ofmoisture per cubic of air (g/m3) and it is independent
of temperature [3], [4], [5].

The second type of humidity is relative humidity (RH)
which is the ratio of the amount of moisture content of air
to the maximum moisture level that the air can carry, and it is
highly dependent on the temperature [6], [7], [8], [9]. In this
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study, the relative humidity sensing will be reviewed by using
different types of metal oxide as sensing material for optical
fiber humidity sensor (OFHS).

Humidity sensors are widely used in many applications to
detect specific AH and RH values. For example, humidity
monitoring in medical applications specifically monitors the
air supplied tomechanically ventilated patients in critical care
[10], [11]. The suitable range of AH and RH values at the
level of the upper trachea is between 5 mg/L (50% RH at
27-28 ◦C) and 42 mg/L (85% RH at 34 ◦C nasal, 95% RH at
35 ◦C naso/orophaynx). If the AH level is lower than 5 mg/L,
it indicates a high risk of respiratory complications due to
insufficient humidification of inspired air [12]. Apart from
biomedical applications, humidity sensors are also commonly
used in cooling the computers, heat treating furnaces, smelt-
ing furnaces and clean rooms [13]. Different requirements
of humidity are critical for applications mentioned above.
If these conditions are not met, respiratory system of patients
in critical care unit will be affected and operations may not
function properly.

Over the years, many kinds of humidity sensors have been
created, such as capacitive, resistive and optical humidity
sensors [14], [15], [16], [17]. These days, humidity sensors
available in the market comprise of electronic sensors. The
optical fiber humidity sensor has more advantages than the
electronic sensor due to its smaller size, higher durability, and
the ability to work in inflammable environments at higher
temperatures and pressure [18]. Predominantly, their elec-
tromagnetic immunity contributes to the OFHS tolerating
hazardous and demanding conditions in industrial processes
[19], [20], [21]. OFHS can be categorized based on their
working principles, namely (1) fiber Bragg grating (FBG), (2)
interferometer and (3) resonator. These sensing techniques of
OFHS will be discussed in detail throughout this review.

Researchers have put in various efforts to identify the best
sensing materials for optical fiber humidity sensor based on
fiber optics. Recently, metal oxide semiconductors have been
broadly utilized as sensing material, particularly in sensor
applications. Metal oxide is made up of an oxide anion with
a cation of a single metal or metalloid element [22]. The
commonly used metal oxides are titanium dioxide (TiO2),
zinc oxide (ZnO), tin (IV) oxide (SnO2) are synthesized and
studied for practical applications [23]. Semiconductor metal
oxides have a rich history in gas sensing, dating back to their
discovery in the 1960s. There are known for their small size,
cost effectiveness and compatibility with simple measuring
instruments [24], [25], [26], [27], [28]. These properties have
made them a popular choice for gas sensors due to their
quick and sensitive detection capabilities [29], [30]. While
this review primarily focuses on metal oxide coatings in
humidity sensors, it is worth nothing their extensive use and
development in gas sensing applications over the years.

Research conducted by Ascorbe et al. revealed that sensing
performance using water-swelling materials, such as poly-
meric coatings and inorganic salts on the fiber, was not
promising. They recorded low sensitivity, slow response and

recovery times [18]. These materials also possess nonlinear
behavior, especially at high relative humidity percentages,
making them not compatible for humidity sensing applica-
tions. However, metal oxide coatings have shown excellent
linear responses and high sensitivity within the humidity
range of 20% to 90% RH, making them a suitable choice
for humidity sensing. Study by Li et al. indicated that group
IV metal oxide coatings, such as hafnium oxide (HfO2),
zirconium dioxide (ZrO2), and TiO2, demonstrated improved
chemical stability and corrosion resistance [31]. These find-
ings suggest that metal oxide coatings may be a more suitable
option for optical fiber humidity sensors when compared
to other materials like polyvinyl alcohol and polymethyl
methacrylate. While we did not directly compare the perfor-
mance of metal oxide coatings with other materials on the
same fiber sensors, the literature supports the idea that metal
oxide coatings offer several advantages over other materials
for humidity sensing applications. Furthermore, metal oxides
are more cost-effective when compared to alternative materi-
als [28], [32], [33].

The purpose of this study is to summarize the metal oxide
coating used for optical fiber humidity sensors. The second
objective of this study is to identify the commonly used
metal oxides as sensing materials that can help to enhance
the sensor’s sensitivity at low and high relative humidity.
Hence, this review is structured as follows, an introduction
that includes the definition of absolute and relative humidity,
applications of humidity sensing, the advantage of OFHS
over electronics humidity sensors, metal oxides as sensing
materials for OFHS. In Section II, three different sensing
techniques; (1) fiber Bragg grating (FBG), (2) interferometer
and (3) resonator used in OFHS are outlined. FBG can be
further classified into uniformFBG, tapered FBG, tilted FBG,
long period grating and micro-nano structured FBG. Two
types of interferometers and resonators are covered in this
review, which encompassed Mach-Zehnder and Michelson
interferometers, and microfiber knot and microfiber loop res-
onators. OFHS structure alongwith their sensingmechanisms
will be elaborated in this review. Additionally, work done by
others on humidity sensingwithmetal oxides will reviewed as
well. Lastly, in Section III, the conclusion regarding this topic
and recommendations for future work will be discussed.

II. CLASSIFICATION OF OPTICAL FIBER HUMIDITY
SENSOR BASED ON WORKING PRINCIPLE
A. FIBER BRAGG GRATINGS (FBG)
Fiber Bragg gratings (FBG) is a common sensing method
widely used for various physical parameter measurements
such as pressure, strain and temperature. It is broadly used
as it has many pros such as tiny in size, multiplexing capabil-
ity, great sensitivity, light, and immunity to Electromagnetic
Interference (EMI) [34], [35], [36], [37]. Bragg gratings are
an optical structure containing periodic perturbation of the
refractive index (RI) of a waveguide [38]. FBG is produced
by exposing the core of the fiber to intense laser light with a
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periodic pattern and this will permanently raise the refractive
index of the core. Grating is the fixed index modulation and
has a period reliant on the exposure pattern [39], [40]. FBG
permits the transmission of some wavelengths and reflects
others, as depicted in Fig. 1. This behavior is analogous
to the wavelength peak of the FBG, which corresponds to
its characteristic period. In humidity sensing applications,
FBG sensor as a sensing technique is common since many
research studies are focused on this technique. In this follow-
ing section, five types of FBGs are discussed, along with their
sensing mechanisms and example of the metal oxide-coated
FBG.

FIGURE 1. Sensing principle of fiber Bragg grating sensor. Adopted from
[46]. (b) Expected output [46].

1) UNIFORM FIBER BRAGG GRATING
The first type of FBG is the uniform fiber Bragg grating
(FBG). In a uniform FBG, the grating of the fiber maintains
uniformity across the entire structure of the FBG [41]. The
uniform FBG possesses a distinctive spectral characteristic:
the ability to reflect a specific wavelength of light while
transmitting others. This property has garnered the attention
of researchers for use in sensing purposes. For instance,
research conducted by Malakzadeh et al. [42] utilized this
uniform FBG for temperature and strain sensing. Meanwhile,
in RH sensing, the uniform FBG is also being employed
to detect different RH levels using various sensitive coating
materials to enhance the sensor’s performance [43], [44],
[45]. An illustration of a uniform FBG example is provided
in Fig. 1 (a).

a: SENSING MECHANISM OF UNIFORM FIBER BRAGG
GRATING
As the light is illuminated through the optical fiber, a tiny
quantity of light is reflected at every periodic change. When

the grating period of the fiber sensor is about half the wave-
length of the input light, the reflected light signals combine
coherently to produce a single large reflection at a specific
wavelength. The grating will not influence the light travel-
ing at wavelengths other than the Bragg wavelength which
fulfils (1),

λB = 2n3 (1)

where λB is the Bragg wavelength, n is the effective reflective
index of the grating inside the fiber core and 3 is the grating
period [18]. In humidity sensing application, the change in
RH can cause a change in the effective RI of the FBG, which
in turn causes a shift in the Bragg wavelength. This shift can
be measured and used to determine the RH [43].

b: METAL OXIDE COATED UNIFORM FIBER BRAGG GRATING
Research conducted by Nemeth Macambira et al. in 2019
[43] utilized graphene oxide (GO) as the coating material
where they deposited GO on the FBG surface by dripping
it onto the fiber surface. Subsequently, they injected a laser
light with a central wavelength of 1046 nm and a power of
50 mW, inside the FBG for one hour. As a result of this
process, a portion of the laser’s energy was converted to heat,
leading to an increase in FBG temperature. Consequently, the
solubility of FBG decreased, and the GOwas deposited on the
FBG’s surface. This deposition technique is known as optical
deposition. The optical micrograph of FBG without and with
GO coating is shown in Fig. 2.

FIGURE 2. The optical micrograph of FBG (a) without GO (b) coated GO
film [43].
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In this work, relative humidity level was varied between
20% and 70%. The measurement of transmission spectrum
was recorded by RH’s interval of 10%. Fig. 3 displays the
transmission spectra of the FBG coated with GO under dif-
ferent RH conditions. When the RHwas below 20%, the fiber
surface’s refractive index experienced minimal alteration due
to a limited presence of water molecules penetrating the GO
film. As a result, the transmission spectrum of the FBG
remained almost unchanged. On the other hand, when the
RH exceeded 70%, the adsorption of water molecules by the
GO films saturated. Consequently, as the RH continued to
increase beyond this point, the RI of the fiber hardly changed,
and the central wavelength of the transmission spectrum sta-
bilized. From Fig. 3 (a), it is evident that the peak wavelength
shifts to a higher wavelength as the RH increases. This study
also revealed a good linear correlation between humidity and
wavelength shift, with a sensitivity of 0.00253 nm/%RH and
a linear coefficient of 0.9984.

FIGURE 3. (a) Transmission spectra of GO-coated FBG at different relative
humidity percent (b) The relationship between relative humidity and peak
wavelength shift [43].

2) TILTED FIBER BRAGG GRATING
Tilted fiber Bragg grating (TFBG) is one of the optical fiber
gratings where the grating plane is tilted at a particular angle

with respect to fiber axis as illustrated in Fig. 4 [35], [36],
[37]. The tilted angle within the grating plane and the fiber
axis will result in the transmission spectrum producing many
resonances and causing further complex mode to couple. The
mode coupling in TFBG includes the core and mode coupling
and the core and radiation coupling. The transmission char-
acteristic of the TFBG gives a lot of information based on the
fiber and grating structures, as the tilt and refractive index
modulation play a pivotal role in determining the coupling
efficiency and cladding mode resonance bandwidth [13].

FIGURE 4. Tilted fiber Bragg grating [13].

a: SENSING MECHANISM OF TILTED FIBER BRAGG GRATING
Fig. 4 depicts a flat phase plane that is perpendicular to
the guide shaft, which elucidates the mode fiber coupling
between wave vectors. This coupling takes place along the
fiber axis, leading to the creation of a uniform axial conduc-
tion mode. The resonant wavelength for the Bragg condition
in a regular fiber grating can be denoted by (1), which can be
written as (2).

λBragg = neff ,coreneff ,core3g (2)

The coupling between forward-propagating core modes and
back-propagating core modes accounts for the Bragg reso-
nance condition. As the grating plane is tilted with respect to
the fiber axis, the grating period along the fiber axis can be
mathematically represented by (3).

3g =
3g

cosθ
(3)

By substituting (3) to (2), the Bragg resonant wavelength is
equals to,

λBragg = (ncoreeff + ncoreeff )
3g

cosθ
(4)

The tilted angle between the grating plane and the fiber axis
gives rise to the coupling between a portion of the light that
propagates forward in the core and the light that propagates
backward in the cladding. The mathematical representation
for the resonant wavelength of the cladding is as follows:

λcladding,i = (ncoreeff + ncladdingeff ,i )
3

cosθ
(5)

ncladdingeff ,i is the refractive index of the ith cladding mode.
From (5), if the refractive index rises, the wavelength will
also be increased or redshifted [13]. For humidity sensing
applications, when the water is adsorbed by sensing material,
the resonance wavelength of the cladding will be changing as
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the refractive index of the sensing material is changed. From
(5), the refractive index will change as the relative humidity
rises, making the wavelength shift.

b: METAL OXIDE COATED TILTED FIBER BRAGG GRATING
This section focuses on the application of a metal oxide coat-
ing for tilted fiber Bragg grating (TFBG) in humidity sensors.
Graphene oxide (GO), one of the metal oxides discovered
between 2017 to 2021, was used as the sensing material due
to its large surface-area-to-volume ratio and high absorption
property across a broad range of wavelengths, thus making
it suitable for use in optical fibers for UVA and biochemical
sensing [38]. To coat the GO on the tilted fiber, a piezoelectric
injection method was used, with the aim to provide a uniform
coating and fast processing, making it ideal for humidity
sensors. The TFBG used in the research work conducted by
Chiu et al. was produced by inscribing single mode fiber
(SMF) using phase mask technique, followed by spraying an
aqueous solution of GO onto the optical fiber surface [13].
The grating plane had a tilted angle of 10 degrees, and the
grating length was 5 mm.

To ensure secure adhesion of the GO on the fiber surface,
the coated fiber was subjected to a piezoelectric injection
process. This involved raising the coated fiber to 100◦C, facil-
itating the evaporation of solvent and enhancing the bonding
of GO. Following this, the fiber was placed in a humidity
chamber maintained at a constant temperature of 27◦C, with
a relative humidity range spanning from 20% to 80% for
humidity sensing purposes. The thickness of the GO coating
wasmeasured to be 1µmusing scanning electronmicroscopy
(SEM), and an SEM image of the GO-coated optical fiber is
shown in Fig. 5.

FIGURE 5. SEM image of GO coated optical fiber at 50 µm. (b) SEM image
of GO coated optical fiber at 10 µm [13].

When GO coating on a tilted fiber Bragg grating (TFBG)
was exposed to moisture, the water molecules were absorbed
on the GO layer, causing the gap between the coating and
optical fiber to change. Specifically, as the relative humidity
increased, the gap between the two layers increased as well,
which then altered the external refractive index of the TFBG.

Chiu et al. conducted a study on TFBG with different
etching diameters and found that 20µmdiameter had the best
sensitivity for humidity sensing [13]. Response and recovery
times of the TFBG coated with GO and etched with 20 µm
diameter were observed to be 12.25 min and 21.75 min,

respectively, when the RH was changed from 20% to 80%
RH.

From Fig. 6, the refractive index decreases when the
humidity increases, shifting the wavelength from long to
short wavelength. For example, whenRHwas 20%, thewave-
lengthwasmeasured at 1535.962 nm, andwhenRHwas 80%,
the wavelength was ascertained at 1535.367 nm. A total of
595 pm of wavelength shift was determined when RH was
changed from 20% to 80%. This translated to sensitivity of
0.01 nm/%RH.

FIGURE 6. Response and recovery time of TFBG sensor for 20% to 80%
RH [13].

Jiang et al. also used GO-coated TFBG for ultrafast humid-
ity sensing application. The TFBG was fabricated using
scanning phase-mask technique, with grating plane inclined
at an approximate angle of 82◦, and the grating length of
15 mm [38]. The GO was coated on the TFBG using the
dip-coating technique, and multiple coating processes were
performed to achieve the desired thickness. The coated fiber
was immersed for 20 minutes and dried for 5 minutes for
each coating process, resulting in a deposited GO layer with
∼54 nm thickness. The coated fiber was placed in a humidity
chamber with RH % range from 30% to 80% RH. They
deduced that as the RH increased, the GO film absorbed a
higher amount of water molecules, increasing the refractive
index and resulting in a redshift of the resonance wave-
length. The sensitivity of GO-coated TFBG was measured
to be 0.0185 nm/%RH, which was higher than the uncoated
TFBG. The graphene sheets in metal oxide coated fiber sen-
sor contained hydroxyl and epoxide groups. These groups
maintained the relative interlayer distance of the crystal-
lites and construct 2-D GO nanochannels. The constructed
nanochannels enabled smooth movement for single-layer
water molecules, and the rate of water molecule transported
through the channels, formed by the interstitial spaces amid
micro-sized crystallites, was approaching 1 ms−1. This prop-
erty promotes metal oxide coated fiber sensors effective for
fast response properties in humidity sensing applications.

By comparing the two research works executed using
GO as a coating material for TFBG, the research done by
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Jiang et al. in 2019 showed higher sensitivity compared to
Chiu et al. in 2017. The reason for sensitivity difference was
mainly attributed by TFBG tilt angle. Jiang et al. employed a
higher tilted angle at∼82◦ with 15 mm grating length, result-
ing in the resonant wavelength of the cladding to have higher
increment as the RH was increased. Even though Jiang et al.
recorded higher sensitivity (0.0185 nm/%RH) compared to
Chiu et al. (0.01 nm/%RH), it should be noted that their work
were being carried out at different RH settings. As mentioned
earlier, one of the most vital properties of the RH sensor is
its response and recovery time. The response and recovery
time recorded by Chiu et al. were 12.25 min and 21.75 min,
respectively. On the other hand, Jiang et al. achieved 0.042 s
and 0.115 s for response and recovery time, making it more
acceptable for humidity sensing applications. The summary
of these two research is demonstrated in Table 1.

3) TAPERED FIBER BRAGG GRATIN
Tapered fiber Bragg gratings (TFBGs) are another type of
optical fiber gratings used for sensing applications. TFBGs
consist of two transition regions where the fiber diameter
slowly reduces and enlarges [47]. As light travels through
the optical fiber, the energy inside the fiber core is confined
within reflective boundaries. When incident broadband light
passes through the fiber core and reaches the FBG, it is
reflected only at the Bragg wavelength, λBraggz [39].

a: SENSING MECHANISM OF TAPERED FIBER BRAGG
GRATING
Referring to Fig. 7, Zhang et al. explained that the remaining
energy is transmitted along the tapered region, known as the
evanescent field [39]. TFBGs aremore sensitive than standard
optical fibers due to the mode confinement at the core and
cladding interface. In a tapered FBG, the light is focused
on the thin core until the mode guidance becomes weak and
expands. The mode is then guided by the cladding/air inter-
face, where the mode diameter is at its maximum and exposed
tomaximum confinement. The sensitivity of a TFBGdepends
on geometrical parameters such as taper length and diameter.
The tapered region permits maximum interaction with the
surroundings, making it vital for sensing applications.

FIGURE 7. Tapered fiber Bragg grating. Adopted from [39].

The evanescent wave (EW) spectroscopy around the
tapered region can be used to measure the environment’s
chemical composition since it has high sensitivity. The pen-
etration depth dp of the EW decay can be calculated by this

equation,

dp =
λ

2π
(
n2eff − n2s

) 1
2

(6)

where λ is the wavelength of light in free space, neff is the
effective RI of the mode guided by the optical fiber and ns
is the RI of the surrounding environment. The penetration
depth (dp) of the EW decays exponentially with the space
between the waveguide and the surrounding environment,
with a smaller penetration depth indicating a higher sensi-
tivity [48]. Therefore, controlling the penetration depth is
crucial in designing optical fiber sensors with high sensitivity
for various sensing applications.

b: METAL OXIDE COATED TAPERED FIBER BRAGG GRATING
FOR HUMIDITY SENSING
An example of metal oxide used for coating the tapered FBG
for humidity sensing is zinc oxide (ZnO). ZnO has been
broadly utilized for humidity sensing applications. This is
because ZnO has a good photoelectric characteristic, surface
absorption activity, and desirable structure, thus making it
ideal for a broad scope of applications in environmental pro-
tection, photodetection, and sensing devices [49], [50]. Apart
from that, ZnO’s surface contains a lot of oxygen vacancies,
which can help to increase active interaction between nanos-
tructures and water molecules for improved humidity sensing
performance [51], [52], [53]. Yu et al. in their research,
stated that through physical adsorption, the O2 was usually
adsorbed on the ZnO’s surface. Following this adsorption,
the O2 obtained negative electrons from ZnO to produce O−

2
on the surface of ZnO. The vacancy of oxygen defects on
the surface of ZnO promotes dissociation of water molecules
and facilitates the adsorption of oxygen. The higher number
of surface oxygen vacancy defects will provide a higher
opportunity for the water molecules to be absorbed on the
surface of ZnO [49].

Aris et al. conducted research by coating tapered FBGwith
ZnO using the dip-coating method [54]. Before the coating
process, the fiber was etched and the FBG diameter was
measured at 84.74µm. After undergoing the coating process,
FESEM was used to observe the ZnO nanostructures on the
tapered FBG and the image of grown ZnO is shown in Fig. 8.
Then, this coated tapered FBG is placed in a humidity

chamber consisting of saturated salt solution for RH ranging
from 55% to 80%. The tapered FBG was illuminated with
amplified spontaneous emission (ASE) as a broadband light
source. The uncoated and ZnO coated tapered FBG experi-
enced wavelength shift of 35.3 pm and 61.5 pm, respectively,
as displayed in Fig. 9.

The coated ZnO achieved higher sensitivity (0.0025 nm/%
RH) than the uncoated fiber (0.0014 m/%RH). This is
because the absorption of the water molecule by ZnO will
generate more strain and trigger a higher shifting of the
Bragg wavelength, resulting the sensor to be more responsive
towards humidity. In conclusion, the use of ZnO as sensing
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FIGURE 8. FESEM image of ZnO nanostructures grown on tapered
FBG [54].

FIGURE 9. Wavelength shift of uncoated and ZnO coated tapered FBG
against RH % [54].

material succeeded in increasing the sensor’s sensitivity by
85%.

4) LONG PERIOD GRATING
Long period grating (LPG) contains a few centimeters long
optical fiber with periodic perturbation in its refractive index
or geometry. The period is usually in the range of 100 to
1000 µm [55], [56], [57], [58]. The schematic of long period
grating used for sensor application is illustrated in Fig. 10.

FIGURE 10. Schematic diagram of long period grating in sensing
application [59].

The LPG schematic diagram consists of an LPG transducer
inscribed onto an optical fiber. This fiber includes a respon-
sive layer that enhances its receptiveness to changes in the
refractive index of the surrounding medium, thereby enabling
the detection of the intended analyte.

a: SENSING MECHANISM OF LONG PERIOD GRATING
The grating encourages the coupling between the light from
the fundamental core mode to forward propagating cladding
modes. This results in discrete attenuation bands that are vis-
ible in the fiber transmission spectrum, as shown in Fig. 10.
These bands are located at wavelength λres,i, which fulfills the
phase-matching requirement, given by equation (7) below:

λres,i =

(
neff ,co − n(i)

eff ,cl

)
· 3 (7)

where neff ,co is the effective refractive index of the coremode,
nw(i)

eff ,cl is the refractive index of the ith cladding mode and
3 is the period grating [55]. The attenuation bands have
the transmission value at the resonance wavelength can be
determined by:

Ti = cos2 (ki · L) (8)

where L is the grating length and ki is the coupling coefficient
for the ith cladding mode [59], [60].
The vital characteristic of the LPG is that the resonance

wavelength and the amplitude of attenuation bands are influ-
enced by external environment which the outer layer of the
fiber is subjected to. This is in contrast with the traditional
emphasizing on the core and cladding refractive index for
phase-matching conditions [55], [61]. The phase-matching
condition is satisfied if the external RI is smaller than the
RI of the cladding. Then, the effective refractive index of
the cladding will be increased and at the same time, retain-
ing the RI of the core, the resonance wavelength will shift
from high to low wavelength [62]. If the external RI sur-
passes the effective RI of the cladding, the phase-matching
condition is no longer met. As such, internal reflection is
no longer maintained at the interface between the cladding
and the surrounding medium. As a result, the guided modes
within the cladding behave like radiation modes. In this case,
wavelength shift does not take place, but the intensity of the
resonance loss band will change. The change of intensity is
determined by the quantity of light reflections occurring at the
interface between the cladding and the surrounding medium.

b: METAL OXIDE COATED LONG PERIOD GRATING FOR
HUMIDITY SENSING
The example of metal oxide used in coating LPG for humid-
ity sensing application is graphene oxide (GO). GO is a
two-dimensional nanomaterial consisting of sp2 and sp3

hybridized carbon atoms accompanied by a bunch of oxygen-
rich functional groups. The oxygen-rich functional group
enables GO to be used in sensing applications where the GO
is coated on the fiber surface using dip-coating technique
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FIGURE 11. (a) Uncoated LPG response on humidity changes. (b) Transmission spectra of GO coated LPG. (c) Intensity variations of the resonance band
centered at 1592 nm at different RH% [62].

[62]. To ensure the stability of coating and the immobiliza-
tion of GO flakes, the silica fiber surface is functionalized
using 3-(trimethoxysilyl)propyl methacrylate before con-
ducting the coating process. The estimated coating thickness
in this study was approximately 1.5 µm. This research tested
the GO coated LPG by placing the fiber in a humidity cham-
ber. The relative humidity was studied within the range of
60% to 95% RH. To investigate the sensor performance on
relative humidity, one end of GO coated LPG was attached to
the broadband light source through single-mode fiber (SMF),
while the other side was connected to the optical spectrum
analyzer (OSA) to note the transmission spectra.

The experiment started by monitoring the performance of
the uncoated LPG for humidity sensing. The result showed
that there was no change on the transmission spectrum when
the uncoated LPG was exposed to RH lower than 96%.

However, as the RH reached 97%, slight changes in the
intensity and wavelength of the resonance band occurred,
as shown in Fig. 11 (a). It was deduced that for RH higher than
97%, the water droplet could be possibly deposited on the
uncoated fiber surface. This occurrence caused measurement
error due to the strain exerted on the LPG because of these
deposited droplets. The research was continued by observing
GO coated LPG by changing the RH% from 20% to 95%.
As shown in Fig. 11 (b), the transmission spectra exhibited
resonance band centred at wavelength of 1592 nm. Since the
wavelength revealed a small shift for RH lower than 60%,
the experiment focus was narrowed, concentrating on range
60% to 95% RH. Fig. 11(c) shows that when the humidity
percentage was increased, the intensity of the resonance band
also increased as well, for 60% to 95% RH. The change of
the center wavelength and intensity of the resonance band
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FIGURE 12. (a) The microscope image of GO-coated LPG and (b) transmission spectrum of 4 layers GO-coated LPG. (c) The transmission spectrum of
the 4-layer GO at different RH level [63].

was attributed to the difference in optical properties. These
differences were related to changes in the RI and coupling
coefficient of GOmaterial when exposed to water molecules.
The sensitivity of GO coated LPG in this study was revealed
at 0.15 dB/%RH over the range of 60% to 95%RH at 25 ◦C.
In 2020, research executed by Sahoo et al., also used GO

as the coating material for LPG with the same deposition
method [63]. The fabrication of the LPG involved the utiliza-
tion of the point-by-point technique, where a collimated UV
beam exposure was used to achieve the periodic refractive
index modulation of the fiber. The designed LPGs had a
period of 428 µm and a length of 20 mm. In comparison
to previous research, this study covered a slightly lower rel-
ative humidity (RH) range, specifically from 40% to 80%
RH. In contrast, the study by Dissanayake et al. examined a
broader RH range, ranging from 60% RH to 95% RH. In this
work, they studied on 2- and 4- layers of GO. The micro-
scope image of GO-coated LPG and transmission spectrum
of 4 layers GO-coated LPG is shown in Fig. 12 (a) and (b).
The graph demonstrates a noticeable reduction in the atten-

uation bands of the three coupled cladding modes after GO
was coated on LPG. This reduction was more pronounced
at for the peak observed at 1650 nm. The intensity of this
peak decreased from 15 dB to 4 dB. This change could be
attributed to the presence of the additional GO film layer
on the surface of the LPG, which alters the cladding mode
coupling coefficient.

For RH sensing performance, this study varied the RH from
40% to 80%RH with a step of 10% at a constant temperature,

25 ◦C. The results revealed that the 4-layers GO-coated
significantly more responsive to RH changes compared to
2-layers of GO. The transmission spectrum of the 4-layer GO
is shown in Fig. 12 (c). In the graph, all the peaks exhibited
variation as the RH is varied, indicating that the 4-layer
GO was more sensitive when exposed to different RH. The
sensitivity of the 4-layer was calculated to be 0.0084%/RH,
whereas the 2-layer GO-coated sensor recorded a sensitiv-
ity of 0.000025%/RH. The sensitivity of 4-layers GO was
increased by 33 times. This study proved that apart from the
metal oxide coating, the thickness of coating also played a
crucial role for humidity sensing at different RH.

One recent work in 2021 using GO coated S-type LPG
was conducted by Tsai et al. [64]. The coating technique
employed in this study was piezoelectric inkjet, and the
S-type LPG was fabricated through a lithography process
using SU-8 305 negative photoresist and an etched single-
mode fiber (SMF). Fig. 13 (a) and (b) show the fabricated
optical microscope image and scan emission microscope
image of the sensor, respectively. The SMF was subjected to
wet etching, resulting in three different diameters: 37 µm,
42 µm, and 60 µm. After analyzing the resonance wave-
length shift and the transmission loss of the resonance dip
for these three diameters, they concluded that 37 µm was the
optimal fiber diameter.When subjected to RH levels spanning
from 20% to 80% RH, the 37 µm diameter recorded the
highest sensitivity at 0.17773 dB/% RH with strong linearity
of 0.9661. In contrast, the widest diameter (60 µm) sen-
sor recorded sensitivity of 0.0351 dB/% RH, with a lower
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FIGURE 13. Transmission spectrum of S-type long period grating at (a) ascending RH and (b) descending RH [64].

linearity of 0.9574. The transmission spectrum of the sensor
with a diameter of 37 µm is shown in Fig. 13 (c).
From the study, it was proven that the sensitivity of the RH

sensors was inversely proportional to the fiber diameter. The
results obtained for the three mentioned diameters denoted
a consistent trend: as humidity increased from 20% RH to
80% RH, the RI of GO decreased accordingly. The presence
of more water molecules caused a decrease in the refractive
index of the graphene oxide, leading to a reduction in the
resonant dip of the coated LPG. Conversely, when relative
humidity decreased, the transmission loss of the resonant dip
escalated. This is due to the liberation of water molecules
from the GO film, causing the effective refractive index of
the coating materials to rise.

Furthermore, this study also investigated the effect of
descending humidity to the sensor by introducing dry air. This
approach was undertaken to reduce the resonance attenuation
dip of the sensor. The transmission spectrum of descending
RH for the first cycle is shown in Fig. 13 (d). The experiment
was repeated three times to study the repeatability of the RH
sensor.

Through curve fitting analysis, as the humidity decreased
from 80% to 20% RH, the sensitivity of the base S-type

LPG sensor documented values of 0.1797, 0.1819, and
0.1856 dB/% RH for the first, second, and third cycles
correspondingly. Moreover, the linear fit of the response
exhibited correlation coefficients of 96.97%, 95.86%, and
95.62% for the corresponding cycles. This study recorded
the highest sensitivity during the third cycle of dehumidifica-
tion. In comparison to the three previously discussed studies
that used the same material, GO to coat LPG, this study
achieved the highest sensitivity at 0.1856 dB/% RH with
correlation coefficients of 95.62%. The sensitivity demon-
strated in study is slightly higher than the study reported by
Dissanayake et al. (2018), where a sensitivity of 0.15 dB/%R
was recorded. Additionally, the sensitivity obtained in this
study was 18 times higher than the result reported by Sahoo
et al. which was 0.0084%/RH [62], [63]. The summaries of
the three research studies that utilized long period grating as
a sensing mechanism are presented in Table 1.

5) MICRO-NANO STRUCTURED FIBER BRAGG GRATINGS
One of the drawbacks of commonly used FBGs fabricated
by SMF is their limited sensitivity in detecting the evanes-
cent wave, primarily attributed to the constraints of the thick
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FIGURE 14. (a) Scanning electron microscopic images of (a) fiber Bragg grating (b) micro/nano fiber Bragg
grating and sensor’s characteristics (c) variation of the peak wavelength (d) peak wavelength shift at
different relative humidity level [65].

cladding layer [65]. To overcome this limitation and enhance
the interaction between the light field and the environmen-
tal medium, micro/nano fiber Bragg gratings (MNFBGs)
are utilized. MNFBGs are a type of fiber Bragg grating
fabricated in a micro/nanofiber using femtosecond pulse irra-
diation, nanoimprinting technique, and chemical corrosion
method [65], [66]. Compared to common FBGs, MNFBGs
are smaller in size, making them favorable for applications
where size is important, such as in medical instrument appli-
cations [67], [68]. Besides, MNFBGs are also being used in
RH monitoring. Research conducted by Li et al. [65] utilized
this FBG structure coated with GO to monitor different con-
centrations of RH ranging from 20% to 80%RH.

The MNFBGs was fabricated using a chemical corrosion
technique and the creation of the consistent grating was
achieved through the utilization of a phase mask made from
zero-order fused silica, featuring a period of 1059.39 nm.
For MNFBG fabrication, hydrofluoric acid (HF) was used
for corrosion process. The corrosion time was increased from
15 minutes to 30 minutes, resulting in diameter grids rang-
ing from 105 µm to 12 µm. In this study, the grid area
employed was 12 µm (with 30 minutes corrosion time),
as smaller grid area was known to enhance sensitivity. The
reflected spectrum of the fiber was shifted from 1552.826 nm
(FBG) to 1550.065 nm (MNFBG). The images of FBG and
MNFBG were also observed using SEM and are shown in
Fig. 14 (a) and (b). From the SEM images, the diameter of
the FBG noticeably decreased from 125 µm to 12 µm. The

reduction in diameter allowed stronger evanescent field to
penetrate the surrounding medium, increasing the interaction
with the medium and enhancing the sensor’s sensitivity.

The study was continued by coating the MNFGB with
GO using optical deposition. The reflected spectrum of
GO-coated MNFBG was compared with the uncoated fiber
and it was found that the power was increased approximately
1 dB. This enhancement was attributed to the role of GO,
which served as the cladding and effectively confined the
optical signal within the core. The size of GO flakes obtained
was about 2 µm with thickness of 2.5 µm. These measure-
ments aligned with the findings of previous study carried out
by Jiang et al. [38]. He mentioned that the capability of the
GO film to absorb water molecules was influenced by its
thickness. If the GO film was extremely thin, for instance
5 layers (approximately 6 nm), or exceedingly thick, reaching
20 µm, its capability to absorb water would be diminished.
A thin GO film absorbed only a small amount of water
molecules would restrict the humidity detection range. On the
other hand, excessive thickness in the GO film would change
the RI of the outer layer (near the air) with varying water
absorption. Meanwhile, the RI of the inner layer (near the
MNFBGs surface) remained relatively constant due to the
restricted permeation of water molecules [38].

The RH sensing performance using GO-coated MNFBGs
was observed in RH range 20% to 80%RH with increment of
10%. It was found that, at RH levels below 20%, the central
wavelength of the reflected spectrum experienced minimal
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TABLE 1. Sensing performance of metal oxide coated fiber bragg grating.

change. This was due to the insufficient penetration of water
molecules through the GO film, resulting in little variation in
the effective RI. Conversely, when the RH exceeded 80%, the
central wavelength becamemore stable owing to the saturable
of water molecule absorption by the GO film. Despite further
increment in RH, the effective RI remained unchanged. The
changes of peak wavelength and the corresponding wave-
length shift are plotted against varying RH, as shown in
Fig 14 (a) and (b). This study recorded the sensitivity of
17.361 pm/RH% with response and recovery time of 3.2 s
and 8.3 s, respectively. The finding from this work as well as
those from the use of other metal oxides in coating four types
of FBG are summarized in Table 1.

From Table 1, only two types of metal oxides have been
employed as coating materials for fiber Bragg grating optical
fiber humidity sensors: GO and ZnO. Among these, GO is
the more commonly used material, with seven out of eight
studies utilizing it to enhance the performance of the FBG
sensors. In terms of sensitivity, a study conducted by Jiang
et al. [38] reported that GO achieved the highest sensitivity at
0.0185 nm/%RH, covering a wide range of relative humidity
(RH) from 30% to 80% RH. In comparison, the study by
Aris et al. [54] recorded a sensitivity of 0.00251 nm/%RH
using ZnO but with a narrower RH range (55% to 80%
RH). Regarding response and recovery times of the humid-
ity sensor, GO exhibited a rapid response with a recovery
time of 0.042 seconds and 0.115 seconds, respectively. How-
ever, it’s worth noting that the studies utilizing ZnO as the

coatingmaterial did not provide information on this particular
parameter.

B. INTERFEROMETER
Interferometer-based optical fiber sensors offer a highly
responsive foundation for sensing applications. The inter-
ferometer’s performance is influenced by the interference
between higher order modes with the fundamental modes,
resulting in variations in resonance wavelength. The phase
shift in the optical spectrum relies upon the optical path length
of the interference mode, which can be expressed as the
following (9).

φ =
2π
λ

(
δneff

)
L (9)

In (9), λ is the wavelength, L is the sensing length, δneff
is the refractive index difference between the higher order
and the cladding modes [69]. There are two main compo-
nents in the interferometer sensor, which are the sensing arm
and reference arm [69]. The guided light will be split into
a separate path; the light travels through the sensing arm
will exposed to the sensing medium, meanwhile the light
propagating in the reference arm is isolated from the sensing
medium. The constructive and destructive interference will
be generated depending on the two arms’ in phase and out of
phase conditions. Two types of interferometers will be dis-
cussed in this review, namely Mach-Zehnder and Michelson
interferometers.
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1) MACH-ZEHNDER INTERFEROMETER
Mach-Zehnder interferometer (MZI) has been broadly uti-
lized in sensing applications such as humidity and temper-
ature sensing applications due to its flexible structure and
compactness [69], [70], [71], [72]. To construct an MZI, two
taper regions are necessary as optical components. These
tapered regions enable efficient transfer of a significant
portion of light energy from the fundamental mode to the
cladding modes. As the guided light propagates into the first
tapered region, the energy distribution of the fundamental
mode faces difficulty to maintain the local fundamental mode
within the tapering section due to its short diameter. Conse-
quently, the mode leaks through the cladding region, resulting
in the conversion of the fundamental mode’s energy loss into
higher order cladding modes. This phenomenon is referred
to as the core-cladding transition. At the steep slope of the
tapered region, a significant number of modes are excited and
coupled to the guided light, transitioning into higher order
modes, as depicted in Fig. 15. These higher order modes
subsequently couple back to the fundamental mode at the
second tapered section, generating spectrum interference.

FIGURE 15. Schematic diagram of dual taper used to realize MZI.
Adopted from [69].

a: SENSING MECHANISM OF MACH-ZEHNDER
INTERFEROMETERS
The Mach-Zehnder interferometer operates based on the
measurement of phase shift occurring between two beams
[73]. The interference is generated due to the difference in
optical path lengths between the sensing and reference arms,
despite these arms being physically equal in length. During
the sensing operation, the sensing arm interacts with the envi-
ronment while the reference arm remains isolated. Changes
in the surrounding parameters introduce phase shifts, con-
sequently leading to patterns of constructive or destructive
interference [69]. Commonly, MZI is based on multimode
interference and the schematic diagram of MZI is shown in
Fig. 16.

The output intensity of the interference pattern can be
calculated using the following equation,

I = I1 + I2 + 2
√
I1I2cosφ (10)

where I1 and I2 are the intensity of the propagating light and φ

is the phase difference. The phase difference can be obtained
by using the following formula,

φ =
2π
λ

(
1neff

)
L (11)

where1neff is the effective RI between the core and cladding
of the fiber and L is the sensing length.

FIGURE 16. Schematic diagram of dual taper used to realize MZI.
Adopted from [69].

b: METAL OXIDE COATED MACH-ZEHNDER
INTERFEROMETERS
A few types of metal oxide have been discovered and are
used for coating Mach-Zehnder interferometers for humidity
sensing application. In a study conducted by Lokman et al.,
ZnO was chosen as the sensing material for coating an Inline
Mach-Zehnder interferometer (IMZI) [14]. The fabricated
dumbbell-shaped IMZI used in this research is shown in
Fig. 17. The two fabricated bulges had diameter of 198 and
196 µm, respectively, with the tapered waist diameter in
between themmeasured at 95µm. The two bulges were sepa-
rated at by 1000 µm gap, and the humidity sensor employing
the IMZI relied on the signal interference between core and
cladding modes within this dumbbell configuration. These
bulges functioned as a beam splitter and beam combiner.
In the first bulge, which served as a beam splitter, the cladding
modes were excited and passed through the fiber cladding
and the surrounding coating layer, while some light continued
to propagate inside the core. In the second bulge, which
functioned as a beam combiner, part of the cladding modes
was recoupled into the core of the SMF. Hence, IMZI was
created from the optical phase difference between the core
and higher-order cladding modes.

FIGURE 17. Microscope image of fabricated dumbbell-shaped IMZI [14].

The nanowires ZnO coating IMZI structure was achieved
by dip-coating the IMZI structure into the ZnO solution
obtained using the sol-gel method. The dip-coating process
was repeated five times, and followed by drying the IMZI
for each dip-coat at 60 ◦C. The purpose of drying was to
facilitate evaporation the solvent and get rid of the organic
residuals. The experiment was conducted by placing the
coated IMZI inside the humidity chamber with a saturated
salt solution to vary the RH from 35 to 60% RH. As the
ASE laser source was ejected through the IMZI sensor, the
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sensor probe generated a sinusoidal-like reflected spectrum.
The emergence of sinusoidal-like spectrum was attributed
to the difference of optical path between the cladding and
core modes, resulting an interference pattern in the IMZI.
Variation in the RH percentage induced changes in the RI
of the surrounding medium. The variance in RI modified the
output of the transmission spectrum. As the RH percentage
increased, the resonant wavelength of the probe was red-
shifted. For example, the resonant wavelength of one of the
peaks shifted from 1553.715 to 1554.205 nm as RH per-
centage increased. The red shifting was due to the rise of
surrounding RI, hence reducing the phase difference between
the core and cladding modes.

To observe the effectiveness of ZnO coating on the IMZI,
the experiment was conducted for both uncoated and coated
ZnO. The ZnO-coated IMZI showed remarkable improve-
ment in sensitivity, elevating it from 0.0001 nm/%RH to
0.0205 nm/%RH. The increased sensitivity was a result from
the interaction of ZnO and surrounding high humidity. Under
such conditions water molecules were confined between the
nanowires mesh due to electrostatic force. Instead of air,
the nanowire meshes trapped the water molecules, causing a
linear change in the RI of the ZnO coating with the increment
of RH. This phenomenon occurred due to the fact that RI of
water (1.333) is greater than the RI of the air (1.001). As the
RI of the surrounding changed, the path length difference
between the core and cladding modes within the IMZI also
changed accordingly. This resulted in shifting the interference
spectrum to a longer wavelength. This explanation aligned
with the result obtained from the experiment carried out by
Lokman et al. [14]. The observed response time of this sensor
was less than 5 s which was considered a fast response time.

In another research, Liu et al. used a different type of
metal oxide: graphene oxide (GO) [74]. In their study, they
utilized the core-offset MZI by splicing three sections of
SMFs with a small lateral offset, as shown in Fig. 18 (a).
The GO was deposited on the core-offset MZI by using dip-
coating technique. As shown in Fig. 18 (a), when light was
ejected towards the first core-offset MZI via SMF1, the mis-
alignment of core diameters caused the excitation of higher
order modes. During the forward transmission of the light,
a part of the light entered the core of SMF2, referred as core
modes. Simultaneously, the remaining portion was coupled
into SMF2’s cladding, denoted as cladding modes. Because
of the phase difference between the core and cladding modes,
interference occurred at the second core-offset structure, fol-
lowed by their re-coupling with SMF3. Consequently, both
intensity and wavelength of the resonant dips of the MZI
experienced variations.

This research was conducted with RH% ranging from 30%
to 60%. As indicated in Fig 18 (b), with increasing RH%, the
extinction ratio of the transmission spectra diminishes from
around 22 dB to approximately 16 dB at the resonant dip
located at 1545.7 nm. A portion of the light escaped as it
traversed the cladding and encountered interference between

the cladding and the GO composite film. This was due to
the cladding’s refractive index being lower than that of the
GO composite film. Conversely, the RI of the GO composite
film decreased as the RH was raised, owing to its increased
water absorption. This caused a reduction in the RI difference
between the cladding and the GO composite film. Hence,
there would be a decrease in light leakage, leading to a
reduction in extinction ratio of the transmission spectrum.

The sensor’s sensitivity was observed by plotting the fitting
line of the resonant dips at the wavelength of ∼1545.7 nm
across various RH levels, as illustrated in Fig. 18 (c) above.
From the fitting line, the sensitivity of the sensor was esti-
mated at 0.104 dB/%RH with a linear coefficient of 99.61%.
As shown in Fig. 18 (b), the transmission dip A shifted to
shorter wavelength when the RH was reduced from 60% to
30%. The fitting line of the transmission dip A with different
levels of RH is depicted in Fig. 18 (c).

The sensor’s sensitivity was observed by plotting the fitting
line of the resonant dips at the wavelength of ∼1545.7 nm
across various RH levels, as illustrated in Fig. 18 (c) above.
From the fitting line, the sensitivity of the sensor was esti-
mated at 0.104 dB/%RH with a linear coefficient of 99.61%.
As shown in Fig. 18 (b), the transmission dip A shifted to
shorter wavelength when the RH was reduced from 60%
to 30%. The fitting line of the transmission dip A with
different levels of RH is depicted in Fig. 18 (d). From the
fitting line, the sensitivity of the sensor was determined to
be 0.0272 nm/%RH. The sensitivity of uncoated core-offset
MZI was also investigated, and the sensitivity was observed
at 0.0032 nm/%RH, which was lower compared to the GO-
coated core-offset MZI. This research showed that coated
metal oxide’s on the core-offset MZI successfully increased
its sensitivity as the uncoated core-offset MZI sensitivity was
only one-tenth of the sensitivity of coated MZI.

Furthermore, research conducted by Fan et al. also
involved GO as the coating material for the MZI humid-
ity sensor. In their study, the MZI was constructed through
the fusion splicing of a segment of few-mode fiber (FMF)
between two segments of no-core fiber (NCF), which func-
tioned as couplers [75]. The schematic diagram of few-
mode MZI with NCF-FMF-NCF structure is illustrated in
Fig. 19 (a).
Referring to the structure in Fig. 19 (a), when the light

enters from SMF1 to NCF1, part of the light will be coupled
into the cladding of FMF. This coupling leads to the excitation
of cladding modes caused by the mismatch between the core
diameters. At the same time, the other part of the light will
propagate inside the core of FMF, exciting the fundamental
and high-order modes. Then, both lights in core and cladding
modes continue to travel inside FMF at different propagation
constants and interfere at the FMF-NCF2-SMF2 region, with
most of the lights coupled into the SMF2.

In this research, the GO sheet was coated on the FMF
to increase the moisture absorption capacity for humidity
sensing. This study was conducted with RH% ranged from
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FIGURE 18. (a) Schematic diagram of core-offset Mach-Zehnder interferometer. Adopted from [74]. (b) Transmission spectrum of the
core-offset MZI coated GO film under different RH from 30% to 60% RH. (c) Fitting line of the resonant dips at the wavelength of ∼1545.7 nm
with variation of RH%. (d) Fitting line of the measured wavelength shift of the transmission dip A with variation of RH and fitting line of
uncoated MZI with RH changing from 30% to 60% [74].

30-95%, with the constant temperature at 25 ◦C. The trans-
mission spectrum of the sensor is shown in Fig. 19 (b).
From Fig. 19 (b), it is evident that as the RH increases, the

wavelengths are shifted to the left. A clear linear correlation
is detectable within the RH 30-50% and 55-95%. The sensor
recorded higher sensitivity 0.191 nm/%RH at lower RH and
lower sensitivity 0.061 nm/%RH at RH 55-95%. This can
be explained that GO sheet in lower RH had a larger gap,
facilitating the absorption of water molecules, causing the

significant changes in neff of the cladding mode, resulting
in larger wavelength shifts. Meanwhile, at higher RH, only a
small amount of watermolecules could be absorbed due to the
gradually saturated GO sheet. It caused only a slight change
in the neff and smaller wavelength shift. The relationship
between the resonance dip near 1564 nm and RH% is plotted
and is shown in Fig. 19 (c). From the fitting line at 30-50%RH
and 55-95%RH, the sensor’s sensitivity is obtained as the
values mentioned before.
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FIGURE 19. (a) Schematic diagram of few-mode Mach-Zehnder interferometer. Adopted from [75]. (b) Transmission spectra of the sensor with RH from
30-95%. (c) Relationship between the wavelength of the resonant dip∼1564 nm and RH [75].

Next, research accomplished by Wang et al. [76] also
employed GO to coat the RH sensor. In this study, a core-
offset MZI was used to detect RH ranging from 35.3% to
95.8%RH. The schematic representation of the core-offset
MZI sensor used in this study is depicted in Fig. 20 (a). The
nonaligned structure illustrated in the figure was assembled
using a fiber fusion splicer, and GO was coated within the
core-offset region to act as the sensing element. This study
used the same sensing mechanism as research conducted
by Liu et al. [74] wherein the difference in optical path
lengths for two light beams transmitted along the core and the
cladding led to their recombination in the final SMF segment,
resulting in interference. Typically, the RI of the cladding was
influenced by changes in the surrounding RI, while the RI
of the core remained unchanged. However, in this specific
structure, due to variations in the effective RI resulting from
alterations in the external RI, this configuration could be
employed to quantify shifts in external parameters.

Prior to the relative humidity (RH) sensing exploration,
a coating of graphene oxide (GO) was applied to the core-
offset region using a drop casting technique, with 2-3 layers
applied and subsequently dried within a blast drying oven to
create a GO-film. The light emitted from the light source was
directed into the first SMF, passing through the coated area.
The difference in effective RI caused a shift in the interference
spectrum. The transmission spectrum of the sensor at various
RH levels is depicted in Fig. 20 (b). From the transmission
spectrum, it is evident that the graph experienced a red shift

with a displacement of 4 nm, while the depth of interfer-
ence reaches 19.84 dB. Additionally, this study evaluated the
response time, which was measured at 7 s. The long response
time was due to relation time of sensitive material. In the case
of GO at micron scale, the relaxation time was 6.4 s. The
sensitivity of this sensor was calculated from the wavelength
shift when the RH changes is equal to 0.05 nm/%RH with
linearity of 88%. The linearity of this sensor was considered
low due to the uneven thickness of the GO layers, as noted by
the authors.

Another study also harnessed the potential of GO as the
sensing material. In 2022, Fu et al. utilized a sensor compris-
ing a concise segment of tapered dual side-hole fiber (DSHF),
positioned between two SMFs. The illustration of this config-
uration along with the cross section and microscope image of
the cone region are shown in Fig. 21 (a), (b) and (c) [77]. This
investigation embraced the same sensing mechanism, where
the light propagated inside the cladding (higher order mode)
interfered with the fundamental mode that propagated inside
the center of DSCF at the last SMF region. The resulting
interference was observed due to the varying optical path
lengths of the light. The DSCF was tapered using the oxyhy-
drogen flame heating technique and the GOwas coated to the
tapered-DSHF using the optical deposition. The utilization
of GO as a coating material facilitated the absorption of
water molecules. These water molecules were subsequently
adhered to the GO surface or permeated the layers of the
GO film. As a result, this process elevated the carrier density
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FIGURE 20. (a) Schematic illustration of core-offset Mach-Zehnder interferometer. Adopted from [76]. (b) Transmission spectrum of the relative humidity
sensor at different RH level [76].

on the GO surface, leading to a decrease in the RI of GO.
Thus, the effective RI of the mode decreased, and the distinct
responses from the two modes contributed to the shift in the
interference spectrum.

Firstly, the uncoated tapered-DSHF was examined under
varying RH conditions, ranging from 35.2%RH to 66.3%RH.
Subsequently, the performance of coated tapered-DSHF was
observed. The sensitivity of uncoated tapered-DSHF was
recorded as 0.016 nm/%RH, with a linear fitting degree at
99.3%. In contrast, the coated tapered-DSHF exhibited a sen-
sitivity of 0.142 nm/%RH. Notably, the sensor’s sensitivity
increased by 7.9 times with the application of the GO coating.
Then, the study was continued by varying the tapered-DSHF
diameter at 9µm, 15µm and 23µm. Among these, the 9µm
diameter exhibited the optimal performance with a sensitivity
of 0.142 nm/%RH. The transmission spectrum of 9 µm with
different RH levels, along with the graphical representation
of the relationship between resonant wavelength and RH are
shown in Fig 21 (d) and (e). These findings affirmed that
the sensor’s sensitivity increased by using smaller diameter
of tapered fiber. However, it cannot be excessively small as
this could lead to higher losses. This study also recorded the
response and recovery time of the optimal sensor used were
0.23 s and 2.19 s, respectively.

The latest research involving the utilization of a metal
oxide-coatedMZI fiber sensor, which was conducted by Ding
et al. in 2023. In this study, a balloon-like fiber interferometer
was employed to detect varying levels of relative humidity
(RH), ranging from 35% to 90% RH [78]. The configuration
of the balloon-like sensing head is outlined in Fig. 22 (a).
The fabrication of the balloon-like sensor involved bending
a SMF and subsequently coating it with a layer of GO using
a dip-coating technique. To understand the morphology and
thickness of the coating, SEM is used for analysis. The SEM

image of the GO-coated fiber is shown in Fig. 22 (b). From
Fig. 22 (b), since the cladding diameter equal to 125 µm and
the deposited SMF is about 125.5 µm, the sensing material
was calculated to be 250 nm. Furthermore, a uniform distri-
bution of GO nanomaterials can be observed in Fig. 22 (c).

This study identified the optimal sensitive length within
the sensing region at bent diameter of 8 mm sensing region
and determined the ideal thickness for coating material. The
investigation continued by varying the sensitive length across
10 mm, 15 mm and 20 mm increments. Across all these
three lengths, the sensitivity remained higher at lowRH levels
(less than 50%) compared to the sensor’s performance at
higher RH levels (more than 50%). This sensitivity disparity
arose from the fact that at lower RH levels, the GO nano-
material coating was dry and have a wider gap, resulting in
more water molecules to enter the material. Thus, it caused
greater change in effective RI, hence observing a larger
wavelength shift. In contrast, as the RH levels increased, the
adsorption of water molecules by GO materials gradually
approached a state of saturation. As a result, the effective
RI only have slight change causing a small wavelength shift.
Among the three lengths, 20 mm exhibited highest sensitivity
at 0.449 nm/RH when the RH level was varied. The transmis-
sion spectrum of 20 mm sensitive length with a red shifted
graph is shown in Fig. 22 (d).

The high sensitivity observed at longer sensitive length
suggested that the sensor’s sensitivity correlated with the
increment of sensing length. This outcome could be attributed
to the fact that a longer sensitive length allowed greater
coverage of the sensing region by GO nanomaterial. As men-
tioned earlier, this study also explored the optimal thickness
of the GO coating by introducing two additional thickness
levels, employing different ratios of deionized water to GO.
The thickness 250 nm, which was previously employed was
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FIGURE 21. (a) Schematic illustration of tapered dual side hole fiber (DSHF). (b) The cross section of the tapered-DSHF. (c) The microscope
image of tapered-DSHF. (d) Transmission spectrum of GO-coated tapered DSHF at different relative humidity level. (e) The relationship between
the resonance wavelength and relative humidity [77].

prepared with a mixing ratio of 1:4. The other thickness
had the mixing ratios of 1:5 (100 nm) and 1:3 (350 nm).
Both the 1:5 and 1:3 mixing ratios recorded lower sensi-
tivity with lower wavelength shift when the RI was varied.
This sensor demonstrated highest performance with 20 mm
sensitive length and a 250 nm GO thickness, yielding a
sensitivity of 0.449 nm/RH. This study recorded response
and recovery time of the sensor at 4.8 s and 7.8 s,
respectively.

In this section, a summary of six research works was pro-
vided, highlighting the utilization of metal oxides as sensing
material in Mach-Zehnder interferometer. Two types metal
oxides were studied, namely ZnO and GO. Among these
research studies, it was noteworthy that the investigation
conducted by Lokman et al., which employing ZnO, recorded

the lowest sensitivity at 0.0205 nm/%RH in comparison to
other studies that utilizedGO as the coatingmaterial. Notably,
the sensitivity of the humidity sensor appeared to be sig-
nificantly enhanced when GO was employed as the sensing
material. This is due to the unique properties of GO that
have a high number of oxygen-containing groups such as
carboxyl, hydroxyl and carbonyl that are distributed in a ran-
dom manner on the basal plane and edge plane, contributed
to a higher amount of water molecules can be absorbed from
the surrounding [74]. Meanwhile, when considering studies
that employed the same coating material, GO, the research
carried out by Ding et al. demonstrated the highest sensitivity,
reaching 0.449 nm/RH. This particular study employed the
MZI sensing mechanism, incorporating a balloon-like sensor
configuration to detect various levels of relative humidity.
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FIGURE 22. (a) Schematic diagram of balloon-like sensor. (b) SEM image of the fiber with graphene oxide coating. (c) The SEM of GO-coated on the fiber
surface. (d) The transmission spectrum of 20 mm sensitive length of balloon-like sensor [78].

2) MICHELSON INTERFEROMETER
The second type of interferometer that has been widely
used for sensing applications is theMichelson interferometer.
Michelson interferometer can be constructed by linking two
separate fiber pieces to the output ports of a fiber coupler
and connecting 100% reflecting mirrors or Bragg grating at
the opposite terminations of these fibers. This interferometer
works much similarly to MZI, but the crucial difference
between these two types of interferometers is that the light
that propagates in its two arms is obliged to interfere at
the same coupler where it split [79], [80], [81], [82]. The
schematic diagram of the Michelson interferometer is shown
in Fig. 23 (a). Agrawal also mentioned in his journal article
that the interference that occurred at the same coupler made
Michelson interferometer acting as a nonlinear mirror, which
was similar to Sagnac interferometer. Nonetheless, a crucial
differentiation is the optical fields involved in the interference
inMichelson interferometer do not share an identical physical
path [79]. The construction of the Michelson interferometer
can be realized through either two-core fiber or by imple-
menting beam splitters directly within the fiber structure.
The Michelson interferometer made by two-core fiber will
be discussed in detail in this discussion.

a: SENSING MECHANISM OF MICHELSON
INTERFEROMETERS
Michelson interferometers operates similarly to MZI, relying
on the phase shift measurement between two beams. How-
ever, in the Michelson interferometer, interference occurs at
the same coupler. Chu et al. used a side polished twin-core
fiber Michelson interferometer (SPTCFMI) to sense relative
humidity [83]. The SPTCFMI is shown in Fig. 23 (b). Two

cores, each with a diameter of 8.9 µm, were symmetrically
positioned within the cladding, which measured 123 µm in
diameter. The refractive index of the corewas 1.448, and there
was a RI difference of 0.0042 between the core and cladding.

Fig. 23 (c) illustrates the experimental setup using super-
continuum laser as the light source, an OSA, a fiber circulator
and an SPTCFMI coated with metal oxide films. One end of
the SPTCFwas spliced to the SMF pigtail of the fiber circula-
tor, while the other endwas cleaved to achieve a 4% reflection
at the interface between silica and air. The fusion and tapering
process between the SMF and TCF was carried out with the
aim to achieve a splitting ratio of approximately 50:50 in the
two cores. This was essential to ensure a significant fringe
visibility on the interference spectrum. The tapering process
was terminated when the two cores possessed roughly equal
energy, which could be observed through a beam view ana-
lyzer. Subsequently, the light was coupled into the TCF via
the tapered region, and the reflected beam from the TCF’s end
would recombined along the same tapered section to establish
the MZI. To determine the optical path difference (OPD), the
fiber was subjected to bending, and the interference at the
output of the circulator was observed.

The optical path difference between the interferometer’s
two arms without side polished surface is equal to an integer
multiple of the wavelength. This is shown in (12) below,

2 (n1L1 − n2L2) = mλm (12)

where n1 and n2 are the effective RI of the two core modes
and L1 and L2 are the length of the cores, m is an integer
and λm is the wavelength of the interference peak. When the
RI of the surroundings in the side-polished area undergoes
alteration, the effective RI of the core mode region within
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FIGURE 23. (a) Schematic diagram of Michelson interferometer. (b) Side polished twin-core fiber Michelson interferometer. (c) Humidity sensor
set-up based on SPTCFMI coated with GO [51]. Adopted from [83].

the side-polished section likewise adjusts. This leads to a
modification in the RI disparity between the two cores (1n).
The new optical path difference of the side-polished core
mode is shown in (13), where l is the side-polished length.

2 (n1L1 − n2L2) + 21n · l = m(λm + 1λ) (13)

Thus, the wavelength shift of the interference peak can be
written as (14).

1λ = 1n · l · λm/ (n1L1 − n2L2) (14)

b: METAL OXIDE COATED MICHELSON INTERFEROMETERS
Chu et al. experimented Michelson interferometers coated
with graphene oxide films for humidity sensing [83]. The GO
film was coated on a side-polished twin-core fiber Michel-
son interferometer using a multiple-drop-casting technique
to ensure a smaller coated area and homogeneous thick GO
film. To observe the effect of metal oxide coating on humidity
sensing performance, the experiment was firstly conducted
using uncoated SPTCFwith the polished depth (d), 0µm. The
interference peak result showed only 0.13 nm peak shift in
RH range from 40% to 75% RH, as shown in Fig. 24 (a). The
small wavelength shifting of the peak indicated the change
of RH in the surrounding side-polished region had weak
influence on the polished core mode. On the other hand,
Fig. 24 (b) depicts significant blueshift on the transmission
spectrum with the increment of RH.

The application of a GO coating led to a rise in inter-
ferometer loss by approximately 1.5 dB due to the higher
refractive index (RI) of graphene oxide. This resulted in
an increased release of energy from the polished core. The
sensitivity of the coated SPTCFMI was also higher than

FIGURE 24. Transmission spectra of the SPTCFMI with different RH at d =

0 µm (a) uncoated (b) coated GO film [83].

uncoated fiber, where the sensitivities were∼1.191 nm/%RH
and ∼0.003 nm/%RH, respectively. The higher peak shift
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TABLE 2. Sensing performance of metal oxide coated interferometers.

and the sensitivity of GO coated SPTCFMI were higher
because the increasing of RH helped greater absorption of
water molecules by the GO film. The absorption led to
direct swelling of the GO layer and subsequently influ-
enced the peak shift and sensitivity. Consequently, the
expansion of the GO film could potentially contribute to the
alteration of the effective RI of the GO film. In other word,
graphene is prone to absorb polar molecules because of its
ultrahigh carrier activity, in which the water molecules will
act as electron acceptors.

When the water molecules were attached to the surface of
the GO film, there would be a rise in the density of charge
carriers (holes) within theGO. This resulted in the Fermi level
of the GO to increase beyond the Dirac point and blocking
interband transitions and elevating the graphene’s chemical
potential. Hence, the difference of refractive RI of the GO
film was formed. As the amount of water being absorbed
increased, the effective RI of the side polish core would
reduce. Thus, the increase in RH influenced the resonant
wavelength in the transmission spectra, shifting it to lower
wavelengths. The research was further explored by varying
the side-polished depth. It was observed that the sensitiv-
ity was increased to ∼2.728 nm/%RH. This elevation in

sensitivity was attributed to the enhanced evanescent field
of the polished core, which interacted more significantly
with the GO films. The response and recovery time of
GO coated SPTCFMI were 3.6 s and 6.4 s, respectively
and these timing were considered very fast. The findings
from this research with earlier discussed research works
that used metal oxide as sensing material are shown in
Table 2.

From Table 2, two types of metal oxides have been iden-
tified for use in coating interferometer fiber sensors: GO
and ZnO. Similar to the trend observed with FBG humidity
sensors, GO has been more frequently employed as a coating
material to enhance sensor performance. The study conducted
by Chu et al. [83] using GO reported higher sensitivity, mea-
suring 2.72 nm/RH%, and covered a wider relative humidity
(RH) range from 40% to 75% RH. In contrast, the study
by Lokman et al. [14] using GO recorded lower sensitivity,
at 0.0205 nm/%RH, and had a narrower RH range from 35%
to 60% RH. In terms of response time, GO also demonstrated
a faster response, with a time of 3.6 s, while studies using ZnO
did not specify the exact response time and only mentioned a
response time of less than 5 s. Notably, studies employing
ZnO as a coating material did not provide information on
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recovery time, whereas studies using GO recorded a rapid
recovery time of 6.4 s.

C. MICROFIBER RESONATOR
The structures of microfiber resonators are micro-knot
(MKR) resonator, micro-loop (MLR) resonator and micro-
coil (MCR) resonator. The schematic diagram of these three
structures are shown in Fig. 25. The microfiber resonator
works based on the resonance effect which the strong evanes-
cent field of microfiber is used to detect the change of the
environment medium parameter. The difference in the sur-
rounding medium will affect the RI of the microfiber and
will cause a shifting of the resonance wavelength peak in the
output spectrum [84].

FIGURE 25. Schematic diagram of (a) micro-loop resonator
(b) micro-knot resonator and (c) micro-coil resonator [84].

1) MICROFIBER KNOT RESONATOR
The microfiber knot resonator (MKR) presents a more sta-
ble structure in comparison to the microfiber loop resonator
(MLR) and offers a simpler alternative to the microfiber coil
resonator. It demonstrates a reduced susceptibility to external
influences [85]. TheMKR structure comprises a tapered fiber
featuring a waist region ranging from hundred nanometers to
several micrometers in diameter, forming a loop. This specific
configuration enables the interaction of the evanescent field
from the propagating signal with the surrounding environ-
ment of the MKR [86]. The fabrication process of the MKR
involves utilizing a micro-tapering technique employing var-
ious heating sources such as a flame, a laser-based heating
tube, or an electric strap heater [87], [88]. The example of a
microscopic image of MKR is shown in Fig. 26 (a).

a: SENSING MECHANISM OF MICROFIBER RESONATOR
The working principle of the microfiber resonator is based on
the resonance wavelength that will differ as the RH percent
varies, resulting in the surrounding RI to change as well. The

RI of the material medium relies on its structure and composi-
tion, which according to the Lorentz-Lorenz formula, RI can
be expressed as the following equation,

n =

(
3M + 8πNAγρ

3M − 4πNAγρ

) 1
2

(15)

where n is the RI of the medium, M is the molecular weight
of the medium, NA stands for the Avogadro constant, γ

represents the medium’s polarization index and ρ denotes the
density of the medium [90]. By assuming whole parameters
have constant values except the ρ, when the medium expands
due to the absorption of the water molecules, the values of ρ

and n will decrease. Meanwhile, if the medium shrinks after
the absorption process and the interstitial gap in the medium
is filled, both ρ and n will increase.

Then, the transmission of light through the microfiber
resonator can be estimated by (16), known as coupled-mode
equations. The following equation is used to calculate the free
spectral range (FSR),

FSR≈
λ2

NgπD
≈

λ2

NgL
≈

λ2

neff L
(16)

where λ is the operating wavelength, Ng is the group index of
the mode propagating in the microfiber, neff is the effective
RI of the microfiber, and L is the loop length of either the
MKR or the MLR. From (16), any changes in RI or the loop
length will cause the resonance wavelength to be shifted. This
phenomenonwill be supported by the example of the research
using MKR and MLR for humidity sensing applications,
in the following section.

b: METAL OXIDE COATED MICROFIBER KNOT RESONATOR
Several metal oxides have been discovered and utilized as
coating for MKR in humidity sensing applications. Faruki
et al. exploited titanium dioxide TiO2 to increase the humid-
ity sensing performance of the sensor [89]. In their study,
the microfiber was fabricated by using the flame brushing
method on SMF. After the tapering process, the MKR with
a diameter of 2.5 mm is produced, as shown in Fig. 26 (b).
The MKR was stationed in the humidity chamber with a
light from a tunable laser source (TLS) injected through it,
and the MKR output was divided by the 50:50 coupler. The
output was then measured by the OSA and optical power
meter (OPM). The hygrometer was also being placed inside
the humidity chamber as reference RH. The experiment setup
of this research is shown in Fig. 26 (c).

This research was first conducted by using uncoatedMKR.
As the humidity inside the chamber fluctuated, the silica fiber
absorbed the water vapor molecule, causing a change in RI.
The RI increased with the rise in RH. The water molecule
successively increased the density of the fiber and contributed
to a positive resonancewavelength shift. The sensitivity of the
uncoatedMKRwas observed to be equal to 0.0013 nm/%RH.
The positive shifting trend and sensitivity are illustrated in
Fig. 27.
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FIGURE 26. (a) Microscopic image of MKR [87]. (b) Schematic diagram of the MKR. (c) Experiment setup for relative humidity
sensing using MKR. Adopted from [89].

FIGURE 27. Behavior of uncoated MKR (a) transmitted power spectra for three different RH (b) resonance wavelength versus RH [89].

Then, the research was continued using TiO2 coated
MKR. To observe whether the TiO2 nanoparticles were
attached to the microfiber, OPM was used to monitor the
light ejected by TLS into the MKR. As the MKR was
immersed inside the TiO2 solution, the loss of light trans-
mission started to rise due to the use of a solvent, DI-water,
which evaporated easily. This allowed the attachment of
TiO2 nanoparticles to the fiber knot. Other than that, the
evanescent field surrounding the knot played a role in

attracting and binding the TiO2 nanoparticles to the fiber
knot.

The coated MKR was exposed to RH range from 40% to
95%, and it exhibited higher sensitivity than the uncoated
MKR. Since the structure of TiO2 was porous, it assisted the
adsorption and capillary condensation to develop as the RH
was increased. The RI of the TiO2 also increased as the water
molecules filling up the porous TiO2. The response of coated
MKR to RH increment is presented in Fig. 28 (a).
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FIGURE 28. Behavior of TiO2 coated MKR (a) transmitted power spectra for three different RH (b) resonance wavelength versus RH. Response
and recovery time of (c) uncoated MKR (d) coated MKR to drastic humidity change [89].

FIGURE 29. Microscope image of fabricated MKR with a diameter of
3.02 µm [86].

Fig. 28 (b) shows the coated MKR response is in linear
relationship with the increment of RH from 40% to 95% RH.
The sensitivity of MKR increased by 92.30% when coated
with TiO2, with sensitivity recorded at 0.0025 nm/%RH.
This was owing to the presence of a nano-scale porous
arrangement in the TiO2 coating, which facilitated greater
capacity for efficient adsorption of water molecules com-
pared to the uncoated MKR. The resonance wavelength of
the TiO2 coated MKR also shifted more significantly than
the uncoated MKR. The graph for the response and recovery
time of uncoated and coated MKR are shown in Fig. 28 (c)
and (d). Based on this figure, the response and recovery time
for uncoated MKR are 15 s and 20 s while the coated MKR
are 25 s and 30 s. The fast response time indicated a fast
diffusion process, while the slow recovery time showed a
slow desorption process.

Next, Azzuhri et al. used GO coated MKR for humidity
applications [86]. GO was employed due to its high sensi-
tivity and the existence of oxygen functional groups such
as carboxyl, hydroxyl and epoxy groups in their hexagonal
crystalline structure of graphene [91], [92], thus making it
easier to handle. Other than that, GO could be easily reduced
in solution to form a thin film,making it convenient to be used
in coating MKR [93]. The MKR used in this sensing appli-
cation was fabricated by using the flame-heating technique
on a single SMF. Maintaining the core diameter unchanged
while thinning the cladding to a point where it becomes
exceptionally thin, the core was exposed at the tapered waist
region. This facilitated the interaction between the core and
the surrounding medium. This research constructed the MKR
by looping the fabricated tapered fiber, forming a ring at the
tapered region. The microscope image of fabricated MKR
with a diameter of 3.02 µm is shown in Fig. 29.
To observe the effect of GO coating on MKR, the

research was carried out using both uncoated and coated
MKR. The coating process of MKR was completed by
drop-casting the GO solution on the MKR. The transmis-
sion spectrum of MKR without and with GO coating are
shown in Fig. 30 (a) and (b). The transmission spectrum of
coated MKR increased from -41 to -27 dBm as the RH was
increased.

Meanwhile, for uncoated MKR, the increment of trans-
mission spectrum was only 10 dBm. The analysis on the
transmission spectrum revealed that the GO layer exhibited a
high level of hygroscopicity, resulting in a higher amount of
water molecules being absorbed by the GO layer as the RH%
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FIGURE 30. Transmission spectrum of MKR (a) without GO coating (b) with GO coating. Resonance wavelength shift versus RH graph
for (c) uncoated MKR (d) GO coated MKR [86].

increases. Subsequently, this resulted in a rise will in RI of the
GO layer, enhancing its capability to confine the evanescent
field of the test signal as it traversed through the core of
the MKR. As uncoated MKR, the change of RI was less
significant compared to GO coated MKR. The comparison
on the resonance wavelength shift between uncoated and GO
coated MKR are shown in Fig. 30 (c) and (d).
The graph in Fig. 30 shows the resonance wavelength

shift as the RH percent increases for uncoated MKR and
coated MKR. The sensitivity for uncoated and coated MKR
are analyzed at 0.0095 nm/% RH and 0.0104 nm/% RH,
respectively. By comparing these two obtained sensitivity
values, it could be proven that GO film was accountable for
the increased humidity sensitivity. The existence of oxygen
functional groups on GO surface promoted higher adsorption
of water molecules on its surface. In this section, it can be
summarized there were two types of metal oxide used in
coating the MKR, which were TiO2 and GO. The research
using GO showed significantly higher sensitivity for humid-
ity, with sensitivity four times greater than the sensitivity of
TiO2 coated MKR. However, when considering response and
recovery times, the study conducted by Faruki et. al which
utilized TiO2, recorded 25 s for response time and 35 s for
recovery time. The remarkable aspect of GO is its broad RH
detection range, spanning from 0% to 80% RH, making it

suitable for wide range of applications, encompassing from
low percentage to high percentage RH.

2) MICROFIBER LOOP RESONATOR
Microfiber loop resonator (MLR) is one of the microfiber
resonator structures that only has a single turn of microfiber
coil [94]. MLR is fabricated by tapering an optical fiber to the
required diameter, followed by the formation a self-touching
loop that is supported by the static electricity and Van der
Waals forces. The coupling efficiency of the loop can be
enhanced by changing the tapering process carefully. MLR
structure is reactive to humidity changes in the surrounding
environment because of the evanescent mode around the loop,
which is very sensitive to RH changes [95]. An example of the
schematic MLR structure is shown in Fig. 31 (a). In addition
to the aforementioned advantages of MLR, it is also easy to
fabricate and has chemical stability, simple structure and has
low insertion loss thus making it convenient to be used in
sensing application [95].

a: METAL OXIDE COATED MICROFIBER LOOP RESONATOR
FOR HUMIDITY SENSING
Two undertaken research studies that were conducted
employed ZnO as the coating material for MKR to increase
the sensitivity. This semiconductor metal oxide has good
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FIGURE 31. (a) Schematic diagram of MLR structure. Adopted from [96]. (b) Fabrication process of PMMA microfiber. (c) FESEM images of
4500x magnified image of ZnO nanorods. (d) Experiment setup for relative humidity sensing using uncoated and ZnO coated PMLR. Adopted
from [97].

electrical and optical properties suitable for sensing applica-
tions. Other than improved sensing performance, ZnO was
used as the sensing material due to its huge surface area,
low cost, and bio-safe properties [95], [98], [99]. The first
research was conducted in 2017 by using a Polymethyl
methacrylate (PMMA) microfiber loop resonator (PMLR)
coated with zinc oxide (ZnO) nanorods [97]. In this research,
a bent 8 µm diameter of PMMA microfiber with a loop
diameter of 42 µm was used for RH sensing. The PMMA
microfiber was produced using a molten PMMA in con-
junction with the direct drawing technique. This technique
involved the use of hot plate to melt the PMMA and ensured
the temperature was also maintained. The fabrication process
is shown in Fig. 31 (b).

The fabrication process started by immersing the tip of the
silica fiber into the molten PMMA. Next, the fiber tip was
drawn and the molten PMMA was extended, resulting in the
formation of a bare PMMA microfiber upon cooling in the
surrounding air. Then, the ZnO nanorods were coated onto
the fiber using the sol-gel immersion method.

To observe the growth of ZnO nanorods on the PMMA,
FESEM was used, and the microscopic images are shown
in Fig. 31 (c). From the FESEM image, the ZnO nanorods
were observed to be scattered, but their diameters and length
were uniforms. To investigate the RH sensing of the PMLR,
the PMLR was placed inside the humidity chamber with a
range of 50% to 80% RH. Then, a light source from ASE
was ejected into the coated and uncoated PMLR. Next, the
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FIGURE 32. (a) Microscopic image of PMLR. (b) Relative humidity response to uncoated and ZnO coated PMLR. (c) Output power versus relative
humidity for uncoated and ZnO coated PMLR [97].

transmitted light and the wavelength shift was measured
using OSA. The experiment setup of this research is shown in
Fig. 31 (d) and the microscopic image of PMLR with 4000x
magnification is shown in Fig. 32 (a).

FromFig. 32 (a) themicrofiber loop structure ismaintained
by the Van der Waals attraction force that connects the two
neighboring PMMA microfibers. This attraction was strong
enough to stand the elastic force from the bent microfiber.
The relative humidity versus resonant wavelength shift of the
uncoated and ZnO-coated PMLR is shown in Fig. 32 (b).
From Fig. 32 (b) the wavelength is gradually shifted from
50% to 80% RH for both uncoated and coated PMLR. From
this graph, the sensitivity of ZnO coated PMLR is observed
to be equal to 0.0224 nm/%RH and the uncoated PMLR has
lower sensitivity at 0.0091 nm/%RH. Then, the transmitted
light from the PMLR versus various RH level results is
illustrated in Fig. 32 (c). From the graph, the transmitted
light of ZnO coated PMLR decreases with increasing RH
with the sensitivity of 0.5221 dBm/%RH. From this research,
by coating the PMLR with ZnO nanorods, it was proven the
performance of the sensor can be enhanced. As the ZnO layer
absorbed the water molecules, the RI of the effective coating

of the fiber was increased. The increment of RI resulted in
a greater leakage of light and induced an extra mass on the
surface, influencing the transmission characteristics of the
PMLR.

The second research was conducted in 2020 byAdnan Zain
et al. using ZnO nanorods coated MLR for RH sensing [95].
The sensing mechanism of this sensor was highly dependent
on the dispersion of the evanescent mode surrounding the
looped section. Alterations in RI of the nearby surround-
ings notably affected this evanescent wave. The schematic
diagram of MLR used in this research is shown in Fig. 33.
When the RH increased, the ZnO absorbed a higher amount
of water, causing more light to refract into the coating
layer. This led to a decrease in the light intensity inside
the MLR, resulting in significant transmission loss. There-
fore, the output power linearly decreased as RH increased,
producing higher sensitivity than the uncoated MLR
structure.

The silica fiber was tapered to the desired diameter of 7 µm
by using the flame brushing technique. Next, the tapered
fiber was circled into a self-touching loop with a diameter
of 300 µm as depicted in Fig. 34 (a).
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TABLE 3. Sensing performance of metal oxide coated microfiber resonator.

FIGURE 33. Schematic diagram of MLR coated ZnO [95].

FIGURE 34. (a) Microscopic image of MLR. (b) FESEM image of ZnO on
the MLR at 5 kx magnification and (c) 10.00 kx magnification [95].

Then, the tapered fiber was immersed into ZnO solution
prepared using the sol-gel method. To verify the successful

growth of ZnO nanorods on the MLR, FESEM was used to
study its morphology. The FESEM images of ZnO-coated
MLR are shown in Fig. 34 (b) and (c). The light propagation
inside this sensor was examined by emitting the light source
from TLS, recording the output power using OPM, and con-
necting it to a computer to observe the power spectrum.

The fiber sample was positioned inside the humidity cham-
ber to measure its response time as RH varied from 35% to
85% RH. The response time of the ZnO coated MLR was
0.744 s, faster than the uncoated MLR, with a response time
of 1.66 s. The recovery time of this sensor was also quicker at
1.04 s, while uncoated MLR recorded 1.588 s. Fast response
and recovery time of the sensor were essential for responding
to sudden changes in RH. The graph of output power versus
RH is shown in Fig. 35.

FIGURE 35. Response of uncoated and ZnO coated MLR toward 35% to
85% RH [95].

From Fig. 35, the sensitivity of ZnO coated MLR is
0.2774 dBm/%RH which is two times higher than uncoated
MLR, 0.1376 dBm/%RH. The sensitivity of ZnO coated
MLR was higher because the power loss increased gradually
due to the increment of RI of the ZnO as RH rised. ZnO
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absorbed more light from the evanescent mode as the RH
increased, resulting in reduction of light propagation inside
the ZnO-coated MLR structure. This research successfully
demonstrated that by using ZnO as coating material, the
response and recovery time and sensor sensitivity were better
than the uncoated MLR. Although both works used ZnO,
there was a difference in sensitivity which; the ZnO coated
PMLR attained higher sensitivity at 0.5221 dBm/%RH. The
summary table for microfiber resonator coated with different
metal oxides is presented in Table 3.

As shown in Table 3, three types of metal oxides have
been identified for use as coating materials in microfiber
resonator humidity sensing applications: TiO2, GO, and ZnO.
Due to variations in sensitivity units, it is possible to compare
the sensing performance of TiO2 and GO coatings. A study
conducted by Azzuhri et al. [86] used GO as a coating for
microfiber resonators (MKR) and achieved a high sensitivity
of 0.0104 nm/%RH. This sensitivity was four times higher
than that of TiO2-coatedMKR. The broader relative humidity
(RH) range covered by the GO-coatedMKRmakes it suitable
for applications where both low and high RH ranges are
of primary concern. However, the study by Azzuhri et al.
[86] did not investigate the response and recovery times for
comparison with TiO2. Regarding the sensing performance
of ZnO-coated microfiber resonators (MLR), both studies
on MLR used ZnO, but they employed different deposition
techniques. The study by Irawati et al. [97] achieved a high
sensitivity of 0.5221 dBm/%RH but with a limited RH range
(50% to 80% RH). In contrast, the study by Adnan Zain et al.
[95] covered a broader RH range (35% to 85% RH) but
recorded a sensitivity of 0.2774 dBm/%RH. Unfortunately,
just as with the GO-coated MKR study, the study by Irawati
et al. did not investigate response and recovery times, making
direct comparisons challenging.

III. CONCLUSION
In conclusion, this paper comprehensively summarizes vari-
ous methods to monitor relative humidity using optical fiber
sensors. This work reviews the working principles of OFHS
based on FBG, interferometers, and microfiber resonators in
detail. Additionally, several metal oxides have been discussed
as sensing materials for each mentioned OFHS, including
TiO2, ZnO, and GO. It is evident from this review that the
sensitivity, response, and recovery time of OFHS have shown
significant improvement due to the utilization of metal oxide
coatings. However, this review has also identified a limitation
in the variation of metal oxides employed as coating mate-
rials for optical fiber humidity sensors, as only three types
have been uncovered. Despite this limitation, this paper has
highlighted GO and ZnO as promising candidates due to their
high sensitivity, quick response, and recovery times.

From the study on published work, GO is used consistently
for all three types of OFHS that are covered in this review.
Graphene oxide succeeds in proving its ability to increase
the sensitivity of OFHS as it consists of a large number of
oxygen-containing groups on the surface and edge that can

permeate and absorb water molecules [100]. Besides that,
GO can be easily dispersed in solution and can be used
as a thin film without requiring sophisticated equipment.
Although GO has shown excellent performance on humidity
sensing, it is still possible to enhance its performance based
on the following suggestions. The first suggestion is to use a
combination of 2Dmaterials such as the composition of metal
and metal oxide as the sensing material. Other than that, the
use of 3D structures instead of 2D structures is proposed to
increase the surface area, so that more water molecules to be
easily absorbed. It can be achieved by using metal oxide with
carbon materials, which are multi-functional nanomaterials
that are widely used these days. Even though these two rec-
ommendations are already widely used for humidity sensing,
their application on optical fiber substrate has gained signifi-
cant attention only in recent years. Thus, there is still room for
improvement where future work can be focused on this area
to optimize the fabrication process, further enhance sensing
performance and to explore novel sensing mechanisms.
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