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Abstract: A sensitive tapered optical fiber sensor incorporating graphene oxide (GO) and polyvinyl 
alcohol (PVA) composite film for the rapid measurement of changes in relative humidity was 
proposed and experimentally demonstrated. The sensing principle was based on the intensity 
modulation of the transmitted light induced by the refractive index changes of the sensitive coatings. 
The sensing region was obtained by tapering a section of single-mode optical fiber (SMF) from its 
original 125 µm diameter down to 9.03 µm. The tapered structure was then modified through 
deposition of GO/PVA nanocomposites by using the dip-coating technique. The field emission 
scanning electron microscope (FESEM) and Raman spectroscopy were used to characterize the 
structure of the composite film. As evidenced by a Fourier transform infrared spectroscopy (FTIR) 
analysis, the presence of oxygen functional groups (such as –OH and COOH) on the GO structure 
enabled the attachment of PVA molecules through hydrogen bonding and strong adhesion between 
GO/PVA layers. The performance of the sensor was tested over a wide range (20% RH to 99.9% RH) 
of relative humidity. The sensor showed a good response with its signal increasing linearly with the 
surrounding humidity. The tapered optical fiber sensor with the coating of GO/0.3 g PVA achieved 
the highest sensitivity [0.5290 RH (%)]. The stability, repeatability, reversibility, as well as response 
time of the designated sensor were also measured and analyzed. 
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1. Introduction 
Knowledge in relative humidity (RH), the 

precise amount of water vapor in the air expressed  

as a percentage of the quantity needed for saturation 

at the same temperature, helps scientists in 

designing applications to satisfy human needs. 
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Measurements of RH are often expressed in 

percentage. The relation is determined by (1): 

( )% 100v

s

P
RH

P
= ×           (1) 

where Pv is described as the actual partial pressure 

of the moisture content in the air while Ps is the 

saturated pressure of the moisture content in the air 

at constant temperature (Bar or kPa) [1]. RH 

measuring sensors are used in agriculture, food 

processing, semiconductor processing, mining, 

textile, and pharmaceuticals industries. It is expected 

that the humidity sensor market will reach 

approximately USD 1.88 billion per annum by 2023 

with a compound annual growth rate of 15% starting 

from 2017. 

In the last decade, fiber-based sensors have 

attracted significant interest. Fiber-based sensing 

offers advantages over electrical and electronic 

sensing due to the predictable and controllable 

nature of the photonic behavior of the light. 

Fiber-based sensors can operate in hazardous 

settings and even those with a high risk of explosion 

[2]. Most importantly, it is unaffected by 

electromagnetic interference produced by electronic 

devices situated nearby the sensor [3]. Another 

advantage is the size of the fiber being relatively 

small, which is compact and space-saving. With 

easy and safe installation and operation, optical fiber 

sensors have become a popular research focus where 

their potential is being explored in many kinds of 

measuring purposes [4, 5]. Among the different 

types of fiber-based sensors, tapered optical fiber 

sensors are considered as one of the most facile and 

easy sensors to be fabricated. This type of sensor is 

fabricated by reducing the diameter of the fiber to 

allow the existence of evanescence waves that are 

highly sensitive with any changes happening in the 

surrounding medium. The ultrasensitive structure 

can be manipulated for different sensing 

applications. 

The coating of fiber-based sensors with nano- 

structured elements is helpful as it provides 

high-impact improvements in the accuracy, 

reliability, stability, and practicality. The RH sensing 

mechanism in the tapered optical fiber sensor 

application involves the humidity sensitive coatings 

(hydrophilic materials) coated on the tapered region 

to enhance the transmission signal through the 

improvements on evanescent waves [6]. Some of the 

materials are used in the coating include polyvinyl 

alcohol (PVA) [7, 8], chitosan [9], metallic oxide 

film [10], and graphene oxide (GO) [11, 12]. With 

880 gas sensor papers recorded in September, 2018, 

GO represents an important potential material for 

discussing [13]. This 2-dimension (2D) material is 

reliable due to its morphological property, which has 

a high surface-to-volume ratio due to its layered 

honeycomb structure and excellent conductivity, and 

the surface can easily be modified by its functional 

groups. GO sheets contain abundant reactive oxygen 

functional groups, epoxy groups (C–O–C), carboxyl 

groups (–COOH), carbonyl groups (C=O), and 

hydroxyl groups (–OH) at the edge of the sheets, 

making it strongly hydrophilic [14]. The 

involvement of hydrophilic property supports the 

material to swell physically and the refractive index 

changes corresponding to the shift in RH. 

Incorporation of the GO with the inorganic 

semiconductor or polymer such as the PVA is a 

suitable way to further enhance the former’s 

film-forming characteristics. The polymer coatings 

have the advantages of excellent performance with 

long-term stability [15], making it a good choice to 

be exploited together with the GO to form a stable 

nanocomposite film. The presence of oxygen 

functional groups in the graphene oxide structure 

makes it possible for intercalation of the PVA to 

happen between the layers of the GO to form a 

composite film as illustrated in Fig. 1. Reports have 

been made regarding the largely improved 

mechanical properties of the PVA when the GO is 

added into the matrix [16–18]. 
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Fig. 1 Molecular structure of the GO before and after the 

intercalation with the PVA. 

In this study, we reported on the absorbance 

response of the tapered optical fiber coated with 

GO/PVA nanocomposites layer exposed with the 

humidity level ranging from 20% RH to 99.9% RH. 

The stability, repeatability, reversibility, and 

response time of the developed sensor were tested 

and analyzed. 

2. Mechanism of the tapered optical fiber 
sensor 

By using the knowledge of the total internal 

reflection principle and evanescence waves’ 

interaction, tapered fiber sensors are made by 

reducing the diameter of the fiber from the order of 

a micrometer down to the order of a nanometer. 

Shortening the diameter of the optical fiber provides 

access for the evanescent waves of the mode 

propagating through the tapered region. Given the 

evanescent wave intensity, E decays exponentially 

from the distance, a, from the core-cladding 

interface, where E0 is the initial evanescent wave and 

b is the attenuation coefficient as expressed in (2): 
E = E0e

–ab.             (2) 

Referring to (3), given λ is the wavelength of the 

propagating light, n2 and n1 are the refractive indices 

of the glass and the medium surrounding it, and θi is 

the incident angle, thus the penetration depth dp is 

expressed as 

2 2 2
2 12 sin

p

i

d
π n n

=
−

λ
θ

.        (3) 

In (4), dp is defined as the depth at which the 

electric field drops to 1/e of the initial value at the 

surface. The number of reflections, N, happens at the 

glass-medium in the contact interface, depends 

greatly on the fiber diameter: 
tan(90 )

( , , ) *N d l l
d

θθ −=          (4) 

where l is defined as the length between the fiber 

and the sample, and θ is the incident angle while d is 

the fiber diameter in the sensing area. N increases as 

d decreases. From this context, it is concluded that 

the sensitivity of the fiber increases when the fiber 

diameter decreases. 

3. Sensor fabrication and experimental 
procedure 

3.1 Fabrication of microfiber 

The tapered microstructure was fabricated by 

simultaneously heating and stretching a short section 

of a single-mode optical fiber (SMF). The process 

created a region of the fiber with a reduced and 

uniform diameter bounded by the conical 

unperturbed surrounding fiber line. The method is 

known as the heat and pull technique, and the setup 

is shown in Fig. 2(a). It is comprised of a linear 

guide stage, a moving stage, and a flame torch. The 

tapering system operates by pulling one side of the 

fiber while flame brushes it back and forth 

horizontally along the structure. Briefly, a standard 

single-mode silica optical fiber (model G652D) with 

core and cladding diameters of 10 microns and   

125 microns was tapered. The polymer buffer 

coating was removed from a 2-cm-long section in 

the middle of a 500-cm-long of the SMF using a 

mechanical stripper. The stripped section of the 

optical fiber was exposed to a flame produced by a 

butane gas burner (max temperature 1 800 ). ℃ A 

high precision stepper motor (model SD02B) and a 

microcontroller controlled the speed and moved the 

direction of the linear and moving stages. In this 

experiment, the pulling speed of the fiber holding 

blocks was kept at a constant rate of 1 mm/s while 

the distance for the flame brushing was set at 1.5 cm. 

The tapered optical fiber with a tapered length of  
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28 mm and a waist diameter of 9.03 μm was 

fabricated, as shown in Fig. 2(b). 

Linear guide stage 

Moving stage

 
(a) 

 

(b) 

Fig. 2 Figures show (a) the tapering system established in 
the laboratory and (b) the structure of the tapered SMF observed 
under the microscope at 100/1.25 resolution with a diameter of 
9.03 μm. 

3.2 Preparation of the GO-PVA composite and its 
deposition onto the fiber 

Commercially purchased GO dispersion (from 

Graphene Supermarket) with a concentration of     

6 mg/ml and a lateral flake size in the range of      

0.3 μm – 0.7 μm was dissolved in deionized water 

until it reached the concentration of 2 mg/ml. The 

solution was then mixed with the PVA in the powder 

form (Sigma Aldrich) with different ratios of 0.2 g, 

0.3 g, and 0.4 g. A homogenous mixture of the 

GO/PVA composite was obtained after it was stirred 

and heated for 12 hours in 30 . The tapered fiber ℃

was cleaned by dipping the tapered region in the 

acetone solution for 15 minutes. It was immersed 

into GO/PVA dispersion for 30 minutes before being 

left to dry for 24 hours at room temperature to allow 

the formation of the stable composite film on the 

surface of the fiber. 

3.3 Experimental setup 

The experimental setup for the proposed sensor 

is shown in Fig. 3. A Tungsten-Halogen light source 

(Ocean Optics HL-2000) with a wavelength range of 

360 nm – 2 400 nm was utilized as the input light. 

The sensing region of the tapered fiber coated with 

the GO/PVA composite film was fixed in the sealed 

chamber. Thorlabs spectrometer CCS 200 series 

detected the output spectrum with the wavelength 

range of 200 nm – 1 000 nm. The probe of a humidity 

meter with a sensitivity of 0.1 RH (%) was placed 

in the middle of the chamber to provide a reference. 

The humidity level in the chamber increased 

gradually with the presence of the saturated salt 

solution and decreased gradually when silica gel was 

added into the system. The GO/PVA composite film 

was moisture sensitive. Hence, changes in the RH 

inside the chamber would give a different result to 

the output spectrum. In this experiment, the 

performance of the sensor was investigated for RH 

ranging from 20% to 99.9%. Any unnecessary 

movement was avoided during the data intake to 

preserve the setup adjustment. 

PC

Spectrometer

Salt solution/silica gel

Humidity meter

Enclosed container 

Tungsten halogen 
light source 

 
Fig. 3 Schematic diagram of the experimental setup. 

4. Results and discussion 

4.1 FTIR analysis 

To further observe the hydrogen bonding 

interactions between the GO and PVA, Fourier 
transform infrared spectroscopy (FTIR) tests were 
conducted. Samples of GO, PVA, and GO/PVA 

nanocomposites in different compositions were 
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characterized just before the coating process 
occurred. Figure 4 shows the characteristic 
transmission bands of the amorphous pure PVA, 
aqueous GO, and aqueous GO/PVA nanocomposite 

with different comprises of the PVA, 0.2 g, 0.3 g, and 
0.4 g, respectively. 

The FTIR spectrum of the PVA showed a broad 

absorption band with the peak located at 3 351 cm–1 

attributed to the symmetrical stretching vibration of 

O–H while the peak at 1 722 cm–1 corresponded to 

C=C skeletal stretching vibration groups in the PVA 

[19]. The spectrum of the pure GO exhibited two 

main signature peaks located at 3 323 cm–1 and     

1 635 cm–1 corresponding to hydroxyl (O–H) and 

carboxyl groups (C=O) stretches [20]. In        

the spectrum of well-dispersed PVA/GO 

nanocomposites, a broad and strong absorption band 

was observed between 3 000 cm–1 and 3 700 cm–1. As 

a general rule, the O–H stretching peak was 

sensitive to the hydrogen bonding. The absorption 

band was slightly shifted from 3 323 cm–1 in the pure 

GO to a lower wavenumber of 3 315 cm–1, 3 299 cm–1, 

and 3 290 cm–1 with the addition of 0.2 g, 0.3 g, and 

0.4 g of the PVA, indicating the formation of the 

hydrogen bonding between GO sheets and 

additional PVA chains. 
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Fig. 4 FTIR curves of the PVA, GO, 10 ml GO + 0.2 g PVA, 

10 ml GO + 0.3 g PVA, and 10 ml GO + 0.4 g PVA. 

Meanwhile, the peak for carboxyl stretching 

vibration at 1 635 cm–1 appeared with a higher 

intensity in the GO/PVA spectrum, indicating that 

the hydrogen bonding between C=O and O–H has 

been established. The results suggested that the 

addition of the PVA damaged the GO structure by 

introducing hydrogen bonding interactions between 

the hydroxyl groups on the PVA molecular chains 

and the oxygen-containing functional groups of GO 

sheets as referred to Fig. 1. Strong interaction 

between the GO and PVA confirmed the good 

interfacial adhesion, which is an important criterion 

for the nanocomposite to be used as the coatings 

layer of the sensor. 

4.2 Surface morphology 

The surface morphology of the GO/PVA 

nanocomposite coated on tapered optical fibers was 

inspected by the field emission scanning electron 

microscopy (FESEM, ZEISS SIGMA). Figure 5(a) 

shows an overview of the surfaces of the GO/PVA 

composite as the top layer coated on the fiber. The 

nanocomposites surface appears to be uniformly 

distributed under the low magnification image, 

indicating that the PVA was homogeneously 

dispersed into the GO layers. Figure 5(b) shows the 

surface of the coated tapered fiber at 100 K 

magnification. In contrast, the surfaces of the 

nanocomposites showed noticeable roughness with 

minimal cracks and no specific shape identified. The 

uniform coating had wrinkles appeared on it, and a 

common phenomenon was observed in 2D films and 

membranes. The grain structure was improved 

gradually with the increasing amount of the 

cross-linking network between the GO and PVA, 

resulting in the formation of the well-textured and 

oriented molecular structure of the surface. The 

coating deposited appeared to be uniform 

throughout the fiber with coating thickness of  

82.94 nm to 84.56 nm as illustrated in Fig. 5(c). 
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(a) 

 
(b) 

 
(c) 

Fig. 5 FESEM: (a) top view image of the tapered fiber 
coated with the GO/PVA nanocomposite layer, (b) magnified top 
view image of the tapered fiber coated with the GO/PVA 
nanocomposite layer, and (c) cross-sectional view of the tapered 
fiber coated with the GO/PVA nanocomposite layer. 

4.3 Raman analysis 

The GO/PVA nanocomposite film on the tapered 

fiber had undergone characterization through the 

Raman spectroscopy to identify the molecules 

present on the nanocomposite coating on the tapered 

fiber. Figure 6 shows the Raman spectrum of the 

GO/PVA nanocomposite measured at room 

temperature with a 532 nm laser excitation. 
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Fig. 6 Raman spectrum of the coated tapered fiber. 

Three significant peaks could be observed from 

the characteristic curve. The D peak was located at  

1 343.71 cm–1 due to stretching of the C–C bonding 

from the doubly resonant-induced mode [21]. The G 

peak appeared at the Brillouin zone center   1 

595.76 cm–1 where it was due to doubly degenerate 

phonon mode because of the first-order scattering of 

E2g of phonon of sp2 C atoms [22]. The two 

prominent defects induced that the selected GO had 

a large defect density. The 2D band was located at  

2 716.56 cm–1. The value of relative intensity ratio of 

both the D and G peaks (ID/IG) defined by the 

measure of disorder degree [23] was 0.93. Intensity 

of the 2D peak to the intensity of the G peak (I2D/IG) 

gave information about the number of graphene 

layers in the material [24], which in this case was 

0.89. These values indicated few-layer graphene 

oxide presence in the GO/PVA composite coating. 

4.4 Humidity sensing mechanism 

The sensing mechanism of this device was based 
on the adoption of the GO/PVA thin film on the 

optical fiber tapered region. Dispersion of the 
layered GO into PVA matrix formed stable 
nanocomposites through the strong hydrogen 

bonding. Due to the polyelectrolyte nature of the 
PVA, the nanocomposites could be exploited as a 
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moisture-sensitive functional layer. The presence of 
RH from ambient surrounding resulted in water 
molecule accommodation within the composites 
interlayer. The coating layer swelled and its inertial 

mass increased, thus, altering the effective refractive 
index of the coating material. The variation in 
effective refractive index of the coating would 

subsequently alter the light transmission as 
suggested by the total internal reflection principle. 
Figure 7 illustrates the absorption spectra of tapered 

optical fibers coated with (a) 10 ml GO + 0.2 g PVA, 
(b) 10 ml GO + 0.3 g PVA, and (c) 10 ml GO + 0.4 g 
PVA composite films under different surrounding 

RHs ranging from 20% to 99.9%. 
Figure 7(a) shows that the spectral response from 

10 ml GO + 0.2 g PVA coating was inconsistent and 

not in particular increasing or decreasing manners 
concerning surrounding RH. Total absorption 
percentage was recorded in a small range between 

85% and 93%. There were two obvious overlapping 
spectra observed between 20% RH and 30% RH, and 
50% RH and 60% RH, respectively. The unstable 

signals from the sensor were mainly due to the 
non-uniform composite structure formed by 
relatively low amount of the PVA involved. A small 

fraction of PVA molecules were intercalated into the 
three-dimension interconnected GO structure, and 
the remaining PVA inevitably passed through the 

layers resulting in the instability of the composite 
structure. 

A linear relationship between the absorbance and 

surrounding RH is shown in Fig. 7(b) recorded from 
the sensor coated with 10 ml GO + 0.3 g PVA 
composite. As the humidity increased, the 

percentage of absorption decreased in the wide 
range of 5 % to 60 %. In this case, a significant 
absorption capability of the composite layers was 

shown. A satisfactory amount of PVA molecules 
were supplied and intercalated with the GO structure, 
and acted as ideal bridges in the GO/PVA composite. 

As a result, more hydrophilic surfaces were created 
and favored the water molecule absorption ability of 
the coating upon exposure towards humid 

surrounding. The absorbed water molecules filled 
the slices spaces between the PVA and GO layers, 
leading to the swell of the GO/PVA composite 
structure. This interaction was responsible for a 

decrease in the effective refractive index of coating 
layers and further alteration of transmitted light 
intensity. 
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(c) 

Fig. 7 Percent absorptions of the tapered optical fiber coated 
with (a) 10 ml GO + 0.2 g PVA, (b) 10 ml GO + 0.3 g PVA, and 
(c) 10 ml GO + 0.4 g PVA composite films under RH ranging 
from 20% to 99.9%. 
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Figure 7(c) shows an inconsistent spectral 

response again being monitored when the sensor 

was coated with 10 ml GO + 0.4 g PVA. The total 

absorption percentage was recorded in relatively 

small range between 53% and 62%. An increase in 

the PVA resulted in the gallery spacing presented 

within the GO layer, which was gradually filled and 

blocked by entangled PVA polymer chains. The 

defect introduced within the composite layers would 

impede the ability of the GO/PVA coating to absorb 

water molecules, thus resulting in a poor efficiency 

of the sensor. The correlation between the percent 

relative absorption and percent RH is plotted in Fig. 

8 with the fitting line. The highest sensitivity 

recorded was 0.529 0 RH (%) corresponding to the 

composite film of 10 ml GO + 0.3 g PVA whereas 

the composite films with the values of the PVA 0.2 g 

and 0.4 g had the low sensitivities of 0.065 9 RH (%) 

and 0.007 7 RH (%), respectively. 

A series of experiments were carried out in terms 

of repeatability, reversibility, stability, and response 

time of the chosen sensor with the composite film of 

10 ml GO + 0.3 g PVA to further investigate its 

performance. Repetitive experiments of the 

proposed humidity sensor were conducted to 

observe the accuracy of the data executed by the 

sensor. The experiment results are shown in Fig. 9 

where the points are quite close to each other 

showing high accuracy data with the maximum 

sensitivity error of 3.11% in three trials. The 

fabricated sensor was tested for its reversibility, and 

the result is shown in Fig. 10. The data of the same 

humidity in increasing and decreasing orders fell 

nearly at the same point, indicating a good 

reversibility. The reversibility was monitored when 

the RH level changed from 20% RH to 99.9% RH; 

both of these RH levels were controlled using 

saturated salt solution and silica gel. The enclosed 

container was designed to allow the humidity level 

in the container to switch from one to another. 
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Fig. 8 Fitting line of the sensitivity of the sensor coating with 

different compositions at the wavelength of 700 nm. 

 
Fig. 9 Repetitive test result of the tapered fiber sensor coated 

with the GO/PVA composite. 
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Fig. 10 Reversibility of the sensor at room temperature. 

The stability of the proposed humidity sensor 

coated with the GO/PVA composite film was tested 

for 90 minutes under three fixed RH levels of 20% 
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RH (the lowest % RH), 65% RH (room % RH), and 

99.9% RH (the highest % RH), respectively. Based 

on the results shown in Fig. 11, there were only 

small fluctuations that occurred in the three 

conditions. Light source fluctuation might be one of 

the factors affecting the stability. However, this 

could be much negligible over a large humidity 

change. Fluctuation happened in the range of 0.004 

for 20% RH as shown in Fig. 12(a) and 0.005 when 

the sensor operated at room % RH (65% RH), as 

shown in Fig. 12(b). The highest fluctuation 

happened at 99.9 % RH where the data fluctuated in 

the range of 0.009, as shown in Fig. 12(c). A 

self-referencing based on the single micro bend loop 

technique as per described in [25] could be used 

instead of using the halogen-tungsten lamp to avoid 

any fluctuations effecting the data. The second 

optical source was unaffected by the measurement 

technique, hence the output is undependable of the 

source intensities. 
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Fig. 11 Stability test results of the proposed sensor at three 
different RHs. 

A double y-axis graph is plotted in Fig. 13 to 

study the effect of power in response to increasing 

value of relative humidity. The response time of the 

system was evaluated by connecting the coated 

tapered fiber with a power meter to measure the 

power (nW) output of the sensor in correlation with 

time and RH. The response time was monitored in a 

controlled environment of 25 . ℃ The time taken for 

the sensor to reach 99.9% RH level was 147 seconds. 

The recovery time was also investigated as plotted 

in Fig. 14, in which the value was 293 seconds. 
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Fig. 12 Fluctuation of stability data at (a) 20% RH,       
(b) 65% RH, and (c) 99.9% RH. 
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Fig. 13 Response time of the designated sensor. 
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Fig. 14 Recovery time of the sensor. 

5. Conclusions 

The response of the tapered fiber coated with the 

GO/PVA composite film for RH sensing purpose 

was investigated. The PVA was chosen as the 

coating material due to its excellent property of 

good swelling rate with moisture. GO layers on the 

other hand possessed a high surface area for the 

intercalation of the PVA, thus making the mixture of 

both complements each other as a good composite 

film to be coated on the fiber sensor. Three sensors 

with different compositions were tested under RH 

ranging from 20% RH to 99.9% RH to figure out the 

right ratio of the GO and PVA used as the coating 

film. For comparison, the fiber sensor with a  

coating of 10 ml GO + 0.3 g PVA showed the  

highest sensitivity of 0.529 0 RH (%). Repeatability, 

reversibility, stability, and response time of the 

designated sensor were in good measurement, 

attributing to a reliable sensor. 
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