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Abstract: A relative humidity sensor was fabricated by exploiting an evanescent wave (EW) on a U-
bent tapered plastic optical fiber (POF) coated with zinc oxide (ZnO) nanorods. The POF was tapered
manually using a polishing method to a diameter of 0.5 mm, a length of 5 cm, and a radius of 5 cm.
ZnO nanorods were synthesized using a hydrothermal method and grown on the POF by a seeding
process for 12 h. A significant response of the sensor was observed when the sensor was exposed to
35 to 90%RH due to the intense chemisorption process and changeable relative index in the POF. The
sensitivity and resolution of the sensor have been improved by factors of 1.23 and 2.18, respectively,
compared to the conventional tapered POF sensor without ZnO coating. Besides, the ZnO-coated
sensor also exhibited better repeatability properties in terms of output voltage when exposed to 35 to
90%RH for three repeated measurements. The obtained results revealed that the proposed new POF
sensor has an excellent sensing performance as an RH sensor in terms of sensitivity, repeatability, and
stability properties.

Keywords: evanescence wave sensor; tapered plastic optical fiber; zinc oxide nanorods; humidity
sensing

1. Introduction

Precise humidity measurements are vital for many applications including food, agri-
culture, and electronic industries. Depending on the level of sophistication required,
commercially available humidity sensors can be inaccurate and irresponsive. They are
susceptible to electromagnetic interference and have a limited range of operation [1]. Accu-
rate humidity sensors for real-time measurement are needed for quality and safety control
in many industries. Fiber-optic technology can be exploited for this purpose. Fiber-optic
sensors have been used to sense humidity using various approaches. For instance, loop
resonator-based relative humidity (RH) sensors managed to achieve a sensitivity as high
as 0.2053 dBm/%RH, but they are sensitive to changes in their looped touching region [2].
Micro-ball [3], and micro-bottle [4] resonators have also been used to detect RH, but extra
precautions should always be taken to ensure the resonators are positioned properly for
the proper coupling of light. On the other hand, there is also an increasing interest in
nanostructure materials for sensing applications due to their huge advantages in electrical
and optical properties. This growing attention among researchers is motivated by advances
in humidity sensor technology based on nanostructure materials, including advantages
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such as small size, immunity against electromagnetic waves, rapid response and recovery
time, and high sensitivity [5]. There have been significant numbers of studies on optical RH
sensors based on nanostructure materials such as zinc oxide (ZnO) [6], tungsten disulfide
(WS2) [7], tin oxide (SnO2) [8], titanium dioxide (TiO2) [9], polyethyleneimine (PEI), and
graphene oxide (GO) [10]. Among them, ZnO has been widely used for RH sensing as it is
a high refractive index (RI) material (RI = 2.008), in which the surface adsorption of water
molecules onto the ZnO leads to changes in the optical properties of ZnO [11]. By using an
optical fiber for RH sensing, the complex RI can be modified by coating the optical fiber
with the nanostructure material [12].

ZnO has distinctive optical and electrical features such as thermal stability, good
electrical conductivity with a high exciting binding energy (60 meV), a large bandgap
energy (3.37 eV), and reactive surfaces for chemisorption of molecular water at ambient
temperature [13]. In particular, ZnO nanorods have shown a good response to humidity
in the literature [14–17]. One of the main features of ZnO nanorods is that their effec-
tive RI changes during exposure to humidity, causing higher light scattering loss via the
nanorods’ structure. This effect contributes to changes in light transmission and increases
the sensitivity to humidity [18].

In RH sensing, plastic optical fiber (POF) has recently attracted attention from re-
searchers due to benefits such as a large diameter, high numerical aperture, low atten-
uation in the visible areas, more satisfactory manufacturing, and excellent mechanical
strength [19,20]. Furthermore, POF is flexible and smooth and has a lower softening tem-
perature, allowing flexibility and tapering. With specific attention to intensity modulation
schemes and low-cost solutions, POF-based RH sensors offer valuable alternatives to tradi-
tional technologies. When the light scatters through the sensing region, the RI of the coating
varies with the humidity level due to evanescent absorption, and, as a result, the intensity
of the output light will be modified [21–23]. To enhance the environmental impact of the
RI, optical fiber cladding was removed using chemical and mechanical etching [24] and
heat-pulling methods [25], followed by a tapered section coated with metal oxides [26,27].

Previously, researchers have demonstrated relative humidity (RH) sensing using a
straight POF [5,28–30] and U-shape POF [31,32]. Jindal et al. found that the U-shape
POF showed better performance in RH sensing compared to the straight POF [33]. The
interaction between the fiber mode and the external environment generates more light
leakage from the fiber as the bending radius is reduced. This feature increases sensitivity
significantly, but if the fiber’s refractive loss is too high, the output signal at the receiving
end will be low [34]. In other work, the U-shape POF was tapered to enhance the sensitivity
of various sensors [34–37]. However, there are no previous reports on tapered U-shape
POF coated with ZnO nanorods via the hydrothermal method for RH sensing. In this
paper, ZnO nanorods were synthesized using hydrothermal methods and coated onto
a tapered POF before bending it to a radius of 5 cm for RH sensing. To the best of our
knowledge, it is the first time the ZnO nanorod-coated tapered U-shape POF (Z-UPOF)
has been investigated for RH sensing. In addition, a red light-emitting diode was used in
this work to investigate the sensitivity of the RH sensor. The present work demonstrated
the higher sensitivity of the Z-UPOF compared with the uncoated sensor. This approach
provides an efficient, easy, and cost-effective method for RH sensing.

2. Preparation of ZnO Nanorods Coated Tapered U-Shape POF

The POF used consists of polymethylmethacrylate (PMMA) as the core and fluorinated
polymers as the cladding. It has a diameter of 1.0 mm, a core refractive index of 1.492, and
a cladding refractive index of 1.402. At first, a blade was used to cut a 5 cm long section
of fiber jacket protector from the center of the fiber. Then, the tapered POF was prepared
by removing the cladding layer using acetone, followed by polishing the core fiber using
sandpaper of 1000 grit. Micrometers were used on a regular basis to measure the stripped
area, to ensure the waist diameter of the tapered fibers was approximately 0.5 mm.



Photonics 2022, 9, 796 3 of 12

ZnO nanorods were then grown on the prepared tapered U-shape POF. Initially, a
seeding process was conducted to form a nucleation center for the growth of ZnO nanorods.
ZnO seed particles were synthesized by dissolving 0.0044 g of zinc acetate dihydrate
[Zn(O2CCH3)2·2H2O] (Emsure®, Darmstadt, Germany) in 20 mL of ethanol [C2H5OH]
(95%) to form a 1 mM solution under constant stirring for 30 min at a temperature of 50 ◦C.
After the solution temperature reached ~35 ◦C, another 20 mL of ethanol was added to the
solution. In order to increase the pH of the solution to alkali, 0.0003 g of sodium hydroxide
[NaOH] (Emsure®, Darmstadt, Germany) was added to 20 mL of ethanol at a temperature
of 50 ◦C and stirred slowly. Then, the solution was stored for 3 h in a water bath at a
temperature of 60 ◦C. Next, the tapered POF was dipped into the ZnO seed solution for
30 s and placed on a hotplate, with a temperature of 70 ◦C, followed by the evaporation of
the solvents for 2 min to secure the seeds. This process was repeated 10 times to provide an
optimal seed distribution on the tapered POF surface. Then, the sample was annealed at
70 ◦C for 3 h.

Next, 1.4875 g of zinc nitrate hexahydrate [Zn(NO3)2·6H2O] (Sigma-Aldrich, Germany)
and 0.7 g of hexamethylenetetramine [(CH2)6N4] (Sigma-Aldrich, Darmstadt, Germany)
were dissolved in 500 mL of deionized water (DI) to form 10 mM solutions. The seeded
POFs were then placed in a 200 mL synthesis solution and dried in an oven at 90 ◦C. The
synthesis solution was replaced every 5 h with a new solution to maintain a continuous
growth of ZnO nanorods on the tapered POF. The ZnO nanorods were grown for 12 h on
the tapered U-shape POF and were rinsed with DI water several times. This seeding process
was similar to that reported in the reference [38]. Then, the proposed sensor was inserted
into a plastic holder to form the fiber into a U-shape structure. The tapered U-shape POF
coated with ZnO nanorods was labeled Z-UPOF, while the tapered U-shape POF without
coating was labeled N-UPOF in this work. Figure 1 shows the image of the Z-UPOF with a
bending radius of 5 cm.
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Figure 1. The image of prepared U-shape tapered POF.

The ZnO nanorods on the tapered U-shape POF were then characterized. Figure 2a
shows the scanning electron microscope (SEM) image. It confirmed that the structure of
ZnO is nanorods based on the rod structure and consists of many superfine nanorods on
the POF. The magnification was set at 2.39 KX to observe the ZnO structures coated on the
Z-UPOF. Energy dispersive X-ray (EDX) analysis with an operating voltage of 10 keV was
carried out on the Z-UPOF to identify the chemical elements as shown in Figure 2b. The
analysis revealed that the topcoat layer on the POF consisted of zinc (78.99%) and oxygen
(21.01%), which verified the sensing material for relative humidity sensing is ZnO.
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3. Experimental Setup and Arrangement

The experimental setup for RH sensing in this work is shown in Figure 3. Through-
out the experiment, a hygrometer was fixed on the controlled chamber (0.13 m × 0.9 m
× 0.6 m) wall as a reference to the actual chamber RH level. One tip of the sensor
(Z−UPOF/N−UPOF) was connected to the red LED and the other tip of the sensor was
connected to the phototransistor to perform RH sensing. The power supply Arduino Uno
+5 V was used to operate the LED and the phototransistor, while a computer was used
to monitor the data of humidity sensing. The red LED wavelength of 650 nm was used
to access the optical fiber effects on light transmission through the fiber and the optical
power was converted into an electrical signal using a phototransistor IF-D92 (Industrial
Fiber Optics, Tempe, AZ, USA). During the exposure of the sensor to the relative humidity,
the temperature inside the controlled chamber was kept constant at 24 ◦C. Previous studies
have been published examining the relative humidity of 40–70% to solve the issue of the
spread of viruses and bacteria and provide an optimum comfortable working environ-
ment [18]. This range is in accordance with the Malaysia Industry Code of Practice on
Indoor Air Quality (2010) [39]. In addition, a higher value, measured up to 90%RH, helps
keep electronic parts from corroding, which can be a fire risk in closed spaces [2]. Thus, in
this work, the range between 35%RH and 90%RH was chosen to tailor these requirements.
In this work, N-UPOF and Z-UPOF were exposed to RH in the range of 35% to 90%. To
accommodate the lowest RH levels in this measurement, silica gel was used to lower the
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RH level to 35%. Then, wet wipes were substituted inside the chamber to raise the RH level
to 90%. This experiment was recorded for every 5% of RH level starting from 35%RH and
repeated three times to ensure the reliability of both sensors.
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4. Result and Discussion

The repeatability properties of N-UPOF and Z-UPOF are shown in Figure 4. This
measurement was conducted three times between 35% and 90%RH. The time interval to
collect the data for each measurement was 3 min. It can be observed that the output voltages
of the N-UPOF and the Z-UPOF decreased as the RH level increased. The maximum
repeatability percentages (MR%) for N-UPOF and Z-UPOF were approximately 16% and
8%, respectively. Hence, the higher MR% in N-UPOF contributed to the irregular output
voltage shift (Figure 4a), while the output voltages of Z-UPOF showed better consistency
(Figure 4b). In addition, Z-UPOF produced a higher output voltage range of 1.56–2.61 V in
comparison with the N-UPOF (2.13–2.90 V). This difference can be caused by the variation
of the effective RI and the changes of light incident on the ZnO nanorods [12]. These
results suggest that ZnO nanorods allow more absorption of water particles to induce more
changes in evanescent wave (EW) with respect to the amount of humidity adsorption to
achieve good repeatability.

Hysteresis curves of N-UPOF and Z-UPOF sensors are displayed in Figure 5. This
test was carried out by observing the sensing responses for the adsorption and desorption
processes of the RH in the range of 35 to 90%RH for both sensors. The time interval
between the two processes was set to 3 min for both sensors. Based on Figure 5a,b, the
highest calculated humidity hysteresis (γH) contributed by N-UPOF and Z-UPOF were
approximately 11.34% and 6.89%, respectively. The humidity hysteresis was calculated
using γH = ± (∆Vmax/VFS)100%, where ∆Vmax is the maximum voltage variance at a
certain humidity level and VFS is the full-scale output of voltage [40]. The small hysteresis
produced in a sensor results in higher reliability and measurement consistency [41]. For
N-UPOF, it was found that the voltage level was lower during the desorption process, from
90% to 85% of the RH level. This is due to the non-existence of ZnO nanorods which causes
a slow sensing response during the transition between the adsorption and desorption
processes, thus exhibiting a further voltage reduction from 90%RH to 85%RH. However, at
85%RH, the output voltage starts to increase back in response to the decrement in %RH. As
seen, Z-UPOF has lower humidity hysteresis; thus, the Z-UPOF sensor produced better
measurement consistency in the voltage stability compared to the N-UPOF due to the
coated material on the tapered U-shape POF where the hydrophilicity of ZnO plays a role
during water molecule absorption [42].
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Output voltages against RH for N-UPOF and Z-UPOF sensors are shown in Figure 6.
The output voltages for both sensors decreased linearly with the increment of the RH
levels. The sensitivity of the sensor is defined as the slope of the curve between the
%RH and output voltage [43]. It can be observed that the sensitivity of the N-UPOF is
0.0158 V/%RH with a linearity of more than 99%, while the sensitivity of Z-UPOF is
0.0194 V/%RH with a linearity of more than 99%. This can be caused by high surface area,
high photosensitivity, catalyst-free growth, large area uniform production, and the high
sensitivity of ZnO nanorods [17]. Besides that, the rapid adsorption of water molecules on
the surface can also be attributed to the porous structure of ZnO nanorods on the POF. This
surface adsorption process also modulates the optical properties of the ZnO nanorods. As
the RH level increases, additional water molecules on the surfaces of the ZnO nanorods on
the Z-UPOF were absorbed. This behavior was also reported by Liu et al., where increasing
water molecules lead to an increase in the effective surrounding medium refractive index
as well as in the coefficient of absorption of ZnO nanorod surfaces, leading both to a larger
leakage and light absorption within the ZnO nanorods structures [30]. Table 1 summarizes
the sensitivity of the RH sensing application in the other related work.



Photonics 2022, 9, 796 8 of 12Photonics 2022, 9, x FOR PEER REVIEW  8  of  12 
 

 

 

Figure 6. Output voltages against relative humidity for N−UPOF and Z−UPOF sensors. 

Table 1. Comparison with other %RH sensor. 

Refs.  Sensing Element  Range (%RH)  Sensitivity 

This work   U‐shape POF  35–90  0.0231 V/%RH 

[6]  Silica fiber  50–80  0.5221 dBm/% 

[44]  Straight POF  40–90  4.98 nm/%RH 

[45]  Glass substrate  35–85  0.0527 dBm/% 

[46]  Silica fiber  35–85  0.2774 dBm/% 

[47]  Twisted macro‐bend POF  40–80  4.23 nW/% 

[48]  Straight POF  50–75  0.0172 mV/% 

Both sensors (N‐UPOF and Z‐UPOF) were tested for voltage stability by exposure to 

90% RH where the output voltages were recorded continuously for 60 s on the first day 

and after 10 days. Figure 7 displays N‐UPOF and Z‐UPOF voltage stability for the 1st and 

10th days. It was observed that the output voltage for N‐UPOF after 10 days was similar 

to the 1st day, while the output voltage stability for Z‐UPOF was slightly reduced after 10 

days. It was revealed that the output voltage of Z‐UPOF was slightly reduced because of 

the degradation of ZnO nanorods after 10 days, where this phenomenon has also been 

observed in reference [42]. However, the sensitivity of Z‐UPOF on the 10th day remained 

at 0.0194 V/%RH, as illustrated in Figure 6. 

35 40 45 50 55 60 65 70 75 80 85 90
1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

y = -0.0194x + 3.2813
R² = 0.9963

y = -0.0158x + 3.4810
R² = 0.9852

O
u

tp
u

t 
vo

lt
ag

e 
(V

)

Relative humidity (%)

 N-UPOF
 Z-UPOF
 Linear Fit of N-UPOF
 Linear Fit of Z-UPOF

Figure 6. Output voltages against relative humidity for N−UPOF and Z−UPOF sensors.

Table 1. Comparison with other %RH sensor.

Refs. Sensing Element Range (%RH) Sensitivity

This work U-shape POF 35–90 0.0231 V/%RH
[6] Silica fiber 50–80 0.5221 dBm/%
[44] Straight POF 40–90 4.98 nm/%RH
[45] Glass substrate 35–85 0.0527 dBm/%
[46] Silica fiber 35–85 0.2774 dBm/%
[47] Twisted macro-bend POF 40–80 4.23 nW/%
[48] Straight POF 50–75 0.0172 mV/%

Both sensors (N-UPOF and Z-UPOF) were tested for voltage stability by exposure to
90%RH where the output voltages were recorded continuously for 60 s on the first day
and after 10 days. Figure 7 displays N-UPOF and Z-UPOF voltage stability for the 1st and
10th days. It was observed that the output voltage for N-UPOF after 10 days was similar
to the 1st day, while the output voltage stability for Z-UPOF was slightly reduced after
10 days. It was revealed that the output voltage of Z-UPOF was slightly reduced because
of the degradation of ZnO nanorods after 10 days, where this phenomenon has also been
observed in reference [42]. However, the sensitivity of Z-UPOF on the 10th day remained
at 0.0194 V/%RH, as illustrated in Figure 6.
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Figure 7. N-UPOF and Z-UPOF voltage stability during (a) the 1st day and (b) 10th day.

Table 2 summarizes the characteristics of N-UPOF and Z-UPOF sensors. Both sen-
sors (N-UPOF and Z-UPOF) showed superiority in terms of sensing performance with
> 99% linearity. The standard deviation is the amount of change from the mean value of
repeatable measurement data, while the resolution is the minimum concentration of the
suggested sensor that gives an output measurement by dividing the standard deviation
with sensitivity [45]. The standard deviation and resolution were found to be 0.0619 V and
3.1958%RH for the Z-UPOF, while N-UPOF obtained 0.1157 V and 7.3233%RH, respectively.
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This is because the Z-UPOF enhanced the interaction between the sensing region and the
environment, thus significantly increasing the sensing response [5]. It is found that the
sensitivity and resolution of the Z-UPOF sensor improved by a factor of 1.23 and 2.18,
respectively compared to the N-UPOF.

Table 2. Characteristics of N-UPOF and Z-UPOF sensor.

Parameters N-UPOF Z-UPOF

Average Standard deviation (V) 0.1157 0.0619
Resolution (%) 7.3233 3.1958

Sensitivity (V/%RH) 0.0158 0.0194
Linearity (%) >99 >99

5. Conclusions

A simple fiber optic for RH sensing applications was successfully developed using
ZnO nanorods coated on tapered U-shape POF. The Z-UPOF structure greatly improved
the sensing performance as compared to the N-UPOF while reducing the complexity of
the fabrication process. The sensitivity and resolution of the Z-UPOF sensor improved by
factors of 1.23 and 2.18, respectively, compared to the N-UPOF.
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