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ABSTRACT
In this study, an optical fiber micro-bending pressure sensor system is fabricated and investigated. This system
consistsof two parts: a multimode optical fiber, which is a sensor part, and the OTDR device, which is an
analyzer of the optical signal that propagateinside the optical fiber. The multimode optical fiberis fabricated
using etching chemical method.The clad of the fiber with 1 cm length is etched by hydrofluoric acid. The sensing
systemis used to detect small changes in the pressure thatis produced from the linear displacement of the two
plats of the Mode Scrambler. The relationship between the applied pressure and the losses in the OTDR trace is
calculated during the monitoring process. The results show that removing the jacket and the clad of the optical
fiber, leads to increase the sensitivity of the sesor. The highest sensitivity of sensing system is 168.4 dB/cm after
etching cladding of fiber, while the lowest sensitivity is 131.4 dB and 97.6 dB for the clad and the jacket,
respectively. In addition, the multimode optical fiber with the core only offers better sensitivity to the small
changes in the applied pressure compared with the multimode optical fiber with the core and the jacket.
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I. INTRODUCTION

Since the end of the last century and the beginning of this century, scientists have been able to diagnose
and discuss various issues to develop and manufacture devices of small size, low cost, good efficiency and high
responsibility. These numerous studies have led to the emergence of optical fibers. Optical fibers are light in
weight, small in size, high flexible, easy to handle and not affected by the electromagnetic field. Optical fiber
also has no harmful side that effects on the environment because using the light to carry the information instead
of electricity. The optical fibers can transmit light signals for long-distances without any significant losses.
These advantages have led to the emergence of fiber optic sensor technology [1-4].

Using optical fibersas sensors have been extensively applied in various applications such as, in plant
fuel stations and oil pipelines [5-8]. In addition, many different optical fiber sensorsare invented and fabricated,
such as pressure sensors [9], temperature sensors [10], FBG sensors [11], SPR sensors [12, 13], and microwave
bending sensors [14] -15]. All of these species of sensors have a single working principle in which optical fiber
works as a sensing part to sensitize the surrounding medium. In addition, fiber optic sensors have been used in
many different fields such as, the medical field [16], the architecture of building structures and wells [17-18].

The optical fiber sensor system consists of three main parts: an optical source, which generates the
pulse light, an optical fiber that acts as an sensor, and the optical detector that receives the light pulses coming
from the source. When light is transferred from the source to the sensing part in the fiber, the properties of light
(intensity, wavelength and phase) is changing which leads to change the light signal that falling on the detector,
and this can be used in the control process [19, 20].

There has recently been growing interest in the development of optical fiber sensors for micro-bending,
where many researchers have manufactured and adapted these types of sensors in various fields [21-24]. Most of
these studies used OTDR technology to describe the response of optical fiber sensors. OTDR technology is one
of the most important techniqueswhuch used in optical fiber safety test. It is also used in calculating fiber length,
attenuation and losses along the fiber. Additionally, the applied pressure produces a curvature at specific
pointalong of optical fiber, which leads to increase the losses in the power of the optical signal, and this can be
accurately measured by using the OTDR device[25-30].

This research is aim to build a micro-bending optical fiber sensors system. The system consists two
parts,the first part is the multimode optical fiber that acts as a micro-banding sensor due to the applied pressure
and the second part, represents the OTDR device, which is used as an analyzer for the optical signal transmitted
within the fiber.
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Il. PRINCIPLEOF OPTICAL TIME DOMAIN REFLECTOMETER (OTDR)

The principle of OTDR device is based on the reflected light in an optical fiber. The optical fiber is
connected to the OTDR device from one side only and the other side (the far end) of the fiber remains free in the
air as shown in Figure 1. The OTDR consists of the Light source, Photo-detector, Coupler and Signal
processing. This device used to measure the attenuation ofreflected light in the fiber. In addition, the OTDR
device is used to determine the losses at the mechanical connectors, the splicing parts as well as the
identification of all other defect points along the fiber. Also, theOTDR displays the attenuation trace including
all events resulting from defects as shown in Figure 2 [31-34].
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Figure 1. Basic components of the OTDR device
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Figure 2. Curved attenuation of the OTDR device

I1l. FABRICATION OF OPTICAL FIBER SENSOR

In the proposed sensing system, a multimode optical fiber (MMF) with a refractive index of 1.456 and
a length of 60 m is used as the micro-bending pressure sensor. The optical fiber consists of a core and a clad
with a diameter of 50 um and 125 pm, respectively. This type of fiber is characterized by the carry a large
amount of light compared to the single mode fiber (SMF), which leads to increasing the amount of reflected
light or incoming light to the detector of the OTDR device.

The sensing part is fabricated by etching 1 cm of the clad from the fiber using the chemical etching
method. First, before the etching process and to make sure that the fiber is free from any impurities, the fiber is
cleaned by acetone, alcohol and then washing by distilled water respectively. This process is followed by
removing all impurities using special paper tissues to clear and dry the optical fibers. Second, the optical fiber is
fixed on a U-shaped plastic holder, and then it is immersed inside the hydrofluoric acid bath (49% HF). HF acid
has the properties of reaction with silica, which is used to dissolve this material while not interacting with the
plastic material. In addition, the claddingof the fiber is completely removed within 20 minutes inside the HF
acid. Figure 3 shows the image of optical fiber before and after the etching using an electron microscope. It can
be seen that the cladding of optical fiber has been completely removed without any damage to the core surface.
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Note that, this reduced the diameter of fiber from 125 pm to 50 pm, with a smooth surface of core that is free
from any unwanted roughness which may effecton the sensitivity of the optical fiber.

Ionla 51 6T wuam

Figure 3. Optical fiber diameter before and after the etching

IV. MICRO-BENDING SENSOR SYSTEMSET UP

Figure 4a shows the Mode Scrambler tool used in this research to generate the micro- bending at the
sensing part of the optical fiber.This tool produces periodic deformation on the fiber due to the resulting
pressure. It consists of a pair of plats with teeth in each plate made of stainless steel. Also, one of the plates is
fixed which cannot be moved, while the second platis movable part forward or backward using a knob. In
addition, the control knob is in the form of a circle divided from 0° to 360°. Its used to increase or decreases the
pressure at the sensing part placed between two plates. When the control knob move in angular displacement, it
leads to linear displacement in the movable plate. Additionally , the Mode Scrambler can be used to convert the
angular displacement to linear displacement in the movable plate, and this process leads to increases or decrease
the distance between the two plates according to the direction of the control knob. The relationship between the
angular displacement and linear displacement is calculated using the traveling microscope as shown in Figure
4b.

Figure 4. (a) the traveling optical microscope(b) Illustration the parts of the Mode Scrambler

Figure 5 shows the optical fiber micro-bending sensor system after placing the fiber between the two
plates of the Mode Scrambler at sensing parte. In such case, the disturbance can be observed at the sensing part
of fiber (zoom-in) between the teeth of two plates. When the applied pressureisincreasingon the fiberdue to the
teeth of plates, the intensity of the transmitted light inside the fiberis change. Thus, the attenuation spectrum in
OTDR trace will alsochange and this leads to give theinformation of small change in the applied pressure on the
sensing part.
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Figure 5. Illustrate the optical fiber sensor micro-bending system after
placing the fiber between the plates of Mode Scrambler

V. RESULTS AND DISCUSSION
5.1. Calculate the relationship between the angle displacement and the linear displacement of the Mode
Scrambler
Table 1 shows the relationship between angular displacements (6°) and the linear displacement (d um)
in the micro-bending device(Mode Scrambler). This relationship is calculated of both cases (increase and
decrease)by placed the ModeScrambler on the travelling microscope. The distance between the two plates
(linear displacement) is obtainedby changing theknob(see Figure 4).

‘Table 1. The relationship between the angular displacement and the
linear displacement

Increasing Decreasing
MNo. Linear Angular Linear Angular
displacement displacement displacement displacement
(d pm) 0% (d pm) (9%
1 0 0 1] 1]
2 21 30 21 30
3 42 G0 42 60
4 (-1 90 6l a0
5 Bd 120 Bd 120
[ 105 150 105 150
7 126 180 126 180
8 147 210 147 210
9 166 240 166 240

As can see from Table 1, the value of the linear displacement increaseswhen the angle displacement
isfrom 0° = 0° to 0° = 240° with increment step equal to 30°. Also, when the angle displacement is decreased,
the linear displacementdecreases for same values of 0°. Figure 6 shows the relationship of increasing and
decreasingbetween the angular displacement and the linear displacement. The result shows there is well linear
relation ofangular displacement and linear displacement. In addition,the equation of the linear line fitting is
given by Y = 0.69X — 0.22, where Y indicates the linear displacementand X indicates angular displacement. The
R-square value for the linear line fitting is 0.9996, which indicates very good linearity. It should be noted that
the values shown in Table 1 were used to determine the changes in the micro-bending (applied pressure) at the
sensing part.

DOI:10.9790/1813-0709032633 www.theijes.com Page 29



OpticalFiber Micro-bending Sensor System: Fabrication and Characterization

180

m Increasing an
160 - Dcecreasing ! g
— S =) -
g 130 Lincar Fic
-
- 120
g 100 . i
= RO .
g‘ 60 -
- ¥y 069 x - 0.22
5 a0 = ‘
5 IR 0.9990
ot 20 e
O
o S50 100 150 200 250

Anpgular displacoment (07)

Figure 6. Linear fitting of the linear displacement as a function
of increase and decrease of angle displacement

Determine the sensitivity of the optical fiber sensor system

The sensitivity of the sensing systemis defined as a changing of the losses in the OTDR trace due to
the applied pressure at a sensing partof the optical fiber. Figure 7 a, 7 b and 7 ¢ show the typical
OTDRtraces after applied pressure at sensing part with jacket, clad and core respectively. The OTDR traces
were determinedusing the YOKOGAWA OTDR VIEWER program. In these traces, the initial value of the
angle displacement is equal to 0 = 30° which equates of 21 umof a linear displacement (see Table 1).As can
be seen in Figure 7, the step dropin the OTDR trace was increased after removed the jacket and clad of
optical fiber.Consequently, the loss in the OTDR trace also increased due to the increased in the step drop.
The results show that the highest loss was found to be 3.162 dB and this related to the sensing part after
removing both of jacket and clad from the fiber (Figure 7 c). The lowest loss is equal t01.645 dBand 2.261
dBof sensing part with jacket and clad respectively (Figure 7 a and b).
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Figure 7. The typical OTDR tracesafter applying pressure at the sensing part with jacket, clad and core,( 6 =
300).
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The comparison of OTDR traces of the optical fiber with jacket, clad and core is shown in Figure 8.
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Figure 8. The comparison of OTDR traces of sensing part with jacket, clad and core, (6 = 300)

The experiments were performed of different values of the angular displacement (6=30° — 6=240°)
with increment step of 6=30°. And the reading of the corresponding losses from the OTDR traces were
measured. Figure 9 shows the linear displacement versus the losses from the OTDR traces of sensing part
with jacket, clad and core. The losses recorded using OTDR trace were found to be proportional linearly to
the linear displacement. The results were further analyzed to obtain the sensitivity of optical fiber sensor.
The sensitivity was estimated to be 168.4 dB/cm, 131.4 dB/cm and97.6 dB/cmof the sensor with jacket, clad
and core respectively.It can see from Figure 9 that the sensitivity of the sensor with core only is larger than
the sensitivity of the sensor with jacket and clad.This is because the bare core of the sensor was in direct
contact with the applied pressure which induced changes in optical behavior leading to loss more of light
and thus the response increases.Overall, the results show that the optical fiber sensor system includes the
multimode fiber sensor and OTDR has potential for pressure monitoring, and they are able to localize the
change in the applied pressure at unclad part of optical fiber.
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Figure 9. The losses of the OTDR trace versus the linear displacement (applied pressure) of sensor with
jacket, clad and core.

VI. CONCLUSION
In this work, an optical fiber micro-bending sensor system based OTDR and multimode
optical fiber was presented. The chemical etching method was used to remove 1 cm of cladding from the
optical fiber. The experiment was performed to test the ability ofsensing system to localize the pressure
produced from the teeth of two plates of Mode Scramblerat sensing part. The losses (step drop) from the
OTDR trace at the sensing part were affected via applied pressure. The results indicated that the responseof
the sensing part was enhance after etchingprocess compare to sensing response with jacket and cladding.The
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maximum sensitivity of sensing system was equal t0168.4 dB/cm of sensing part after etching process,while
the minimum sensitivities were equal131.4 dB/cm and97.6 dB/cmof sensing part with jacket and clad
respectively.Due to a good linearity between the applied pressure and the losses produced from the step drop in
the OTR trace, the proposed sensing system can be implemented for practical pressure measurement.
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