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Abstract 
 

Humidity sensing is essential in various fields, including industrial processes, agriculture, 

engineering, and health. A material suitable as a sensing element for humidity detecting is polymer 

optical fiber (POF). In this study, a combination of micro and macro bendings was proposed to increase 

the sensitivity of the sensing element. The sensing element was constructed by peeling the out-most 

coating of the POF, but keeping intact the cladding and core. The macro bending was done upon the 

peeled part of the POF by making a circular form with varying diameter of 3.5, 4.0 and 4.5 cm. The micro 

bending was constructed by making a local bent via subjecting to electrical discharge flame from an 

inductor generator with varying number of micro bendings, i.e., 1, 2 and 3. The sensing element was then 

tested for its sensitivity as a humidity sensor. The sensing element was positioned inside a self-custom 

made humidity measurement box consisting of a hygrometer and a pipe to stream water vapor inside the 

box. The normalized power was measured by varying the % humidity inside the box. In general, the result 

showed that increasing the humidity caused the normalized lupower to decrease, hence increasing the 

power loss of the sensing element. Moreover, the sensitivity of the sensing element was increased 10 

times for the combined micro and macro bendings compared to a sensing element without micro 

bendings.  
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Introduction 
 

Humidity control is an important element for maintaining a healthy environment in houses or 

factories. Humidity affects the health and air quality of buildings and their inhabitants. It even supports 

manufacturing performance to run optimally. Industrial processes, agriculture, civil engineering, and 

structural health monitoring are strongly influenced by humidity [1,2]. Moreover, condensation on the 

surface encourages corrosion or mold growth. Hence, the availability of humidity measurement devices is 

therefore essential in order to determine and control the humidity level of the environment. Conventional 

humidity measurement utilizes mechanical and electrical effects, such as mechanical hygrometer, chilled 

mirror hygrometer, wet and dry bulb psychrometer, and infrared (IR) optical absorption hygrometer [3].  

There are various methods in constructing humidity measurement devices, i.e., humidity sensors based on 

1) optical absorption, 2) gratings, which consists of fiber Bragg and long period fiber gratings, 3) 

interferometry, e.g., Fabry-Perot, Sagnac, and modal interferometers, 4) resonators, e.g., microloop, 

microring, microtoroid, and microsphere, and 5) electromagnetic resonances, especially lossy mode 

resonances [1,2]. The aforementioned sensing methods have their own advantages, and therefore utilized 

according to the intended applications, e.g., humidity measuring devices based on induced-stress-optic 

effect [4], agarose gel [5,6], evanescent wave scattering [7], liquid-level measurement for industrial 

application [8,9], and displacement sensors [10].  

Humidity measurement using optical fibers (OF) is a potential alternative as it has many 

advantages, such as small size [11,12], bio-compatible [13], has remote sensing ability [4], free of 

electromagnetic interference [2], and can withstand impacts and vibrations [14]. In general, there are 2 

types of OF, viz.: Glass and polymer optical fiber (POF). POF is more superior compared to glass fiber 

optic, such as bigger core diameter, higher flexibility, lighter weight, easier to be coupled, and cheaper 

[15]. Moreover, POF can be handled without special equipment or technique, and easy to be used by 
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anyone without special training. Especially in this study, POF is very suitable for low-speed and short 

distance applications, such as humidity measurement sensors [16]. POF may be applicable to housing 

networks and appliances, industries, or even in transportations. One advantage of the POF that is explored 

further is its high flexibility. Hence, making POF easily bent. The bending may be circular with certain 

diameter and/or smaller (local) bent forms known as macro- and micro bendings, respectively. Macro 

bending the POF has been utilized as the sensing element for humidity sensors, e.g., see [15,17,18] via 

producing power loss upon the POF. 

The characteristics of power loss of POF sensors have been studied in various literatures. 

Experimental and numerical studies have been conducted in order to study a sensing element based on 

bending and elongated grooved of the POF [15]. Cheng et al. [19] have studied the macro bending loss of 

POF utilized for crack opening displacement. A correspondence between the geometry of helical structure 

and macro bending loss of POF for monitoring pavement loss is explored in [20]. The bending treatment 

effect shows that reducing the bending radius increases the power loss [21]. The significant increase in 

the power loss due to the POF bending is dependent upon various parameters such as the refractive index 

[22], bending radius [23,24], and wavelength of the light sources [15]. Moreover, adding a local or micro 

bending on the POF gives a significant effect towards the additional increase of power loss, which is 

induced when humidity of the environment changes. Hence, a combination of macro and micro bendings 

is further explored upon the POF for humidity sensor based on power loss. 

The sensing principle of the POF proposed here can be explained by the macro bending effect of the 

POF. When a POF is bent at a location, then optical power loss is induced at that location. The 

mechanism behind the bending loss is explained by considering that the refractive index of the cladding is 

lower than that of the POF core. For a straight POF (without bending), a light that is launched into the 

core at a low angle measured from its axis undergoes total internal reflection between the core and 

cladding interface. However, when the POF is bent some of the light escapes from the core and cladding 

due to the change of the incidence angle. This loss is given by a formula given as follows [14]; 

 

Loss =
𝑇

2√𝑅
exp (2𝑊𝑎 −

2𝑊3

3𝛽2 𝑅),                                     (1) 

 

with  𝑇 =
2𝑎𝑘2

𝑒√𝜋𝑊𝑉2, 𝑊2 = 𝛽2 − 𝑛2
2𝑘0

2, 𝑉2 = 𝑎2𝑘0
2(𝑛1

2 − 𝑛2
2), 𝑎 is the radius of the core fiber, R is the 

radius of the bend, 𝑘 =
2𝜋

𝜆
, 𝑘0 =

2𝜋

𝜆0
, 𝑇 is the total of birefringence fiber effect, 𝛽 is the phase constant, 𝑛1 

is the refractive index of the core, and 𝑛2 is the refractive index of the cladding. Eq. (1) shows that there 

is a critical curvature radius. If the curvature radius is larger than the critical curvature radius, then there 

is no loss of power. On the other hand, if the curvature radius is smaller than this critical curvature radius, 

then there is optical loss. Furthermore, the variation in the refractive index (𝑛) of these POF bendings 

with respect to humidity (𝐻) is obtained from Lorenz-Lorentz relation as [11]; 

 

𝑑𝑛

𝑑𝐻
=

(𝑛2+2)
2

6𝑛
𝑘𝑚𝑆 (1 −

𝑓

𝑓𝑐
),                                                                                      (2) 

 

where km is the molar refraction divided by the molecular weight of water, 𝑆 is the moisture solubility of 

the polymer, 𝑓(0 < 𝑓 < 1) is the fraction of the absorbed moisture that contributes to an increase in 

polymer volume, and is expected to depend on temperature. In Eq. (2) the critical value, 𝑓𝑐, is defined by 

𝑓𝑐 = 𝑘𝑚𝜌𝑚
𝑛𝑝

2+2

𝑛𝑝
2−1

, where 𝑛𝑝 is the refractive index of the polymer without any moisture and 𝜌𝑚 density of 

water. Finally, the output power (𝑃𝑜𝑢𝑡) of the POF sensor head with respect to 𝑛 of the sensing layer is 

given by; 

 

𝑃𝑜𝑢𝑡 = 𝑃𝑖𝑛 (
𝑛1

2−𝑛2

𝑛1
2−𝑛2

2),                                                                             (3) 

 

where 𝑃𝑖𝑛 represents the total power injected into the guided modes of the POF from the source. 

 

Materials and methods 
 

The POF used in this study is SH-4001 produced by Mitsubishi Rayon Company Ltd. The POF is 

specified with coating diameter of 2.2 mm, cladding diameter of 1 mm, and core diameter of 0.98 mm 
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with a numerical aperture of 0.5. The materials of the core and cladding are polymethyl methacrylate 

(PMMA), polytetrafluoroethylene (PTFE), and low-density polyethylene (LDPE). The core refractive 

index is 1.492 and cladding refractive index is 1.402. Moreover, the equipment used in this study is an 

induction generator (Figure 1(a)), a hygrometer, an optical power meter (OPM), and a knife. The light 

source utilized in this study is Helium-Neon (He-Ne) laser with a wavelength of 632.8 nm as a light 

source for the POF. Finally, a self-custom made plastic box for humidity measurement is constructed 

(Figure 1(b)).  
 
 

 
Figure 1 The equipment used, e.g., (a) an induction generator and (b) a self-custom made humidity 

measurement box. 
 

 

In order to produce the macro bending, the out-most coating of the POF is mechanically peeled off 

using a knife such that the remaining materials are only the cladding and the core. The length of the 

peeled (out-most) coating is varied with values of 4, 6, and 8 cm. The peeled part of the POF is then bent 

into a circular form, which signifies the macro bending. Because the length of the peeled coating is varied 

then the diameter of the bending is also varied, i.e., the longer the peeled coating the longer the diameter 

of the bending (see Figure 2). 

Table 1 shows the variation of the macro bending diameters and number of micro bendings. The 

diameter variations used in this study are 3.5, 4.0, and 4.5 cm. Each macro bending diameter variation is 

given 3 variation of the micro bending, i.e., 1, 2, and 3. Hence, there are 9 variations of POF as the 

sensing elements for humidity detection. Figures 2(a) to 2(e) corresponds to fiber codes of C3, C2, B3, 

A3, and A1, respectively. 
 

 

Table 1 Variation of diameter and indentation. 
 

No. Fiber code Macro bend diameter (cm) 
Number of micro 

bend 

1 A1 3.5 1 

2 A2 3.5 2 

3 A3 3.5 3 

4 B1 4.0 1 

5 B2 4.0 2 

6 B3 4.0 3 

7 C1 4.5 1 

8 C2 4.5 2 

9 C3 4.5 3 

 

 



Trends Sci. 2022; 19(7): 3200   4 of 9 

  

 
Figure 2 Macro and micro bendings of POF with code specifications given in Table 1, i.e., (a) C3, (b) 

C2, (c) B3, (d) A3, and (e) A1. 

 

 

The micro bending is produced by giving a small or local bent upon the POF using an induction 

generator (Figure 1(a)). The bent is formed due to the effect of the discharge flame between 2 electrodes 

on the induction generator. The distance between 2 electrodes is 8 mm. The part of the POF, especially 

the circular (macro bend) part, to be locally bent is placed in middle of the 2 electrodes. The micro bent is 

formed after being hit by the flame produced by the induction generator for 30 s. Figure 2 shows the 

results of the POF with various combinations of macro and micro bendings. 

 

 

 
Figure 3 The data collection scheme. 

 

 

The sensing elements of the POF that have been given macro and micro bendings are then tested as 

humidity sensors. Figure 3 shows the data collection scheme to determine the effect of the bendings 

towards the changes in the humidity. The apparatus on Figure 3 is a self-custom made humidity 

measurement box (Figure 1(b)). This apparatus consists of a big plastic box. Inside the box, the sensing 

elements are set across the box from one end to the other end of the box. A hygrometer as a detector for 

humidity is also placed inside the box. Water vapor may be streamed into the box to vary the humidity 

inside the box. Every change in the humidity is compared to the attenuation of light intensity read by the 

OPM. The range of humidity percentage (% humidity) is 60 to 75%. 

 

Results and discussion 
 

The micro bending upon the POF may be observed in Figure 4 using a light microscope. The micro 

bending is in the form of a sharp and local indentation on the POF (yellow arrow). It may be observed 

that the bending part is smooth and does not look to be damaged from the flame induction treatment. The 

bending increases in Figures 4(a) - 4(c). A white light passes through the bent POF in Figures 4(a) and 

4(b). The existence of this micro bending causes a change in the path of light passing through the POF, 

i.e., from a path with an angle greater than the critical angle to a path with an angle lower than the critical 

angle. Hence, causing some of the light rays to escape the POF and thus producing the power loss. If this 

bending increases, the power loss also increases, which is consistent with the study in [21]. 
 

(a) (b) (c) (d) (e) 
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Figure 4 The micro bending upon the POF magnified 10× using a light microscope. The yellow arrow is 

the local bending on the POF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 The normalized power vs % humidity for the sensing element with varying number of micro 

bendings (and a macro bending). 
 

 

The normalized power loss of the POF as a function of the humidity (%) can be observed in Figure 

5 with variation of the number of micro bendings. In this case, the macro bending is set to be constant 

with a diameter of 4 cm. The data in the forms of crosses, triangles, rectangles, and diamonds represent 

the normalized power loss of the POF with 0, 1, 2 and 3 micro bendings, respectively. In general, it may 

be observed that increasing the humidity causes the power loss to increase (i.e., the normalized power 

decreases). This means that the change in humidity affects the normalized power of the POF having micro 

and macro bendings. This is in accordance with the result in [7] where a relative humidity sensor using 

tapered POF coated with seeded Al-doped ZnO is studied producing a decrease in the output voltage as 

the relative humidity is increased. A study in [1] on humidity sensing using PMMA POF also produces 

decreasing backscatter intensity change, which is decreasing as the relative humidity is increased. 

However, on the contrary, a study in [25] concerning relative humidity sensor based on evanescent-wave 

POF shows an increase of fiber output as the relative humidity is increased. It may also be observed that 

there is a difference between the normalized power decrease (as the humidity is increased) graphs 

between the POF without and with micro bendings (for all number of micro bendings), i.e., the 

normalized power drops when the POF is given micro bendings. The normalized power decreases further 

as the number of micro bendings is increased. 

 

 

(a) (b) (c) 
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Figure 6 Sensitivity of the humidity sensing using POF without and with 2 micro bendings. 

 

 

A further inspection of the normalized power decrease of the POF with micro bendings (as the 

humidity is increased) is that the profiles have linear trends at the beginning, i.e., at 60% humidity, and 

tend to saturate after a certain humidity value. Hence, 2 of the profiles from Figure 5 are further 

observed, which are the profiles without and with 2 micro bendings. Linear trendlines are produced for 

these 2 profiles given in Figure 6. The linear trendline of the profile without micro bending is given as 

follows (black solid line in Figure 6); 

 

y = −0.0014x + 1.0815.               (4) 

 

Moreover, the linear trendlines of the profile with 2 micro bendings are divided into 2 parts, i.e., the 

sensitive and the saturated parts, given by (black dashed-lines in Figure 6); 

 

y =  −0.0098x + 1.5843,               (5) 

 

and 

 

y = −0.0014x + 1.016.                (6) 

 

It may be observed that the trend line for the normalized power without micro bending is quite slant 

and the humidity may ranged from 60 to 75%. Hence, the sensor without micro bendings has a sensitivity 

of about 0.0014/1 %. On the other hand, the linear trend line of the normalized power with 2 micro 

bendings of the sensitive part is more sharply inclined compared to the linear trendline without micro 

bendings. In this part, the sensitivity of the POF as a sensing element increases to around 0.01/1 %, i.e., 

an increase of 10× compared to the sensitivity of the POF without micro bendings. However, the range at 

this level of sensitivity decreases to around 70% (from 60%). Furthermore, in the saturated part, the 

trendline becomes similar to the trend line without micro bending with the same value of sensitivity. This 

means that when the sensor becomes saturated the sensitivity decreases. This analysis is in accordance to 

that conducted in [15] where they produce the sensitivity of the sensing element with respect to the 

deformation displacement.  

Finally, the diameter of the macro bending is varied and the number of the micro bending is kept 

constant (3 micro bendings) given in Figure 7. The figure shows graphs of normalized power vs % 

humidity with varying macro bending diameters of 3.5, 4.0, and 4.5 cm, represented by the yellow-

triangle, red-rectangular, and blue-diamond data, respectively. It may be clearly observed that decreasing 

the diameter of the macro bending tends to increase the power loss of the sensing element, which is in 

accordance with the result in [21]. The greatest power loss is produced by the macro bending diameter of 

3.5 cm.  
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Figure 7 The normalized power vs % humidity for varying macro bending diameters. 

 

One-way to theoretically discuss the relationship between the micro and macro bendings, the power 

loss, and the humidity of the sensing element is to invoke again Eqs. (1) and (2). In this case we only 

consider the effect of the loss and the humidity solely by the refractive index of the core and cladding. 

Modifying Eq. (1) by expanding the exponential term in the RHS of the equation using the power series, 

and keeping just the first-order term, we obtain; 

 

Loss =
𝑇

2√𝑅
.                                                                                                                           (7) 

 

Assuming further that  > n2(ko)2, we produce a proportionality,  

 

Loss ~ 
1

(𝑛1
2−𝑛2

2)
.                                                                                                                 (8) 

 

This means that the loss is inversely quadratic to the refractive index of the core and cladding, i.e., if 

the refractive index of the core and cladding decreases then the loss increases. Next, Eq. (2) is discussed. 

It can be observed that 𝐶 ≡ 𝑘𝑚𝑆 (1 −
𝑓

𝑓𝑐
) ≥ 0, then dn/dH  0 because n > 0. This means that increasing 

H increases n, and further relating this to Eq. (8), increasing H means the (power) loss decreases, which is 

inconsistent with the results obtained in Figures 5 and 7. Therefore, a modification of Eq. (2) is given to 

incorporate the micro and macro bending factors that significantly change the character of dn/dH. The 

bending of the POF is similar to a peak or a sharp turn of a line (see an illustration of von-Mises stress 

contours in [15]). A peak or a sharp turn on a line is continuous but not differentiable. Hence, in order to 

include the latter property, a negative factor in the RHS of Eq. (2) is proposed that constitutes the 

bendings of the POF, i.e.; 

 

𝑑𝑛

𝑑𝐻
= −𝐶(𝑎, 𝑁)𝑘𝑚𝑆 (1 −

𝑓

𝑓𝑐
)

(𝑛2+2)
2

6𝑛
,                                                   (9) 

 

with N is the number of the micro bendings. Because of the negative sign in Eq. (9), n decreases as the 

humidity is increased. This causes the loss to increase as the humidity is increased in accordance with the 

results of Figures 5 and 7. 
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Conclusions 
 

Micro and macro bendings of POF have been combined as a sensing element in order to increase the 

sensitivity of the humidity sensor. The micro and macro bendings affect the normalized power of the 

sensing element in detecting the humidity, i.e., increasing the % humidity tends to decrease the normalize 

power, hence increasing the power loss. Increasing the number of the micro bendings (and keeping the 

diameter of the macro bending constant) causes the decrease of the overall profile of the normalized 

power, and hence increasing the power loss. Moreover, decreasing the diameter of the macro bending 

tends to decrease the normalized power. It is also demonstrated that the sensitivity of the sensing element 

increases as it is given a combination of micro and macro bendings compared to the sensing element 

without micro bending. However, the % humidity range of the sensitive part decreases for the sensing 

element with combined micro and macro bendings compared to the sensing element without micro 

bendings. A theoretical aspect of this study is also briefly discussed through a modification on dn/dH by 

considering a negative factor that depends upon the diameter of the macro bending and the number of 

micro bendings. A further study may be conducted to observe the physical and chemical properties of the 

combined micro and macro bendings via various characterizations, e.g. scanning electron microscope 

(SEM). It is also interesting to study the spectral response of the sensor as well.  
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