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This work investigated the coupling behavior of the scattered-bend loss in displacement
sensor during the bending of the fiber by using a multimode polymer optical fiber (POF). To
utilize the scattered-bend effect for displacement measurement, a side coupling technique
can be used by twisting a pair of POF fibers and bent the structure into a loop. The working
principle of the sensor is quite simple. The bent radius grows smaller as the fiber draughts
which simulate a change of displacement. The scattered-bend loss increases as the
illuminating fiber is bent in decreasing angle and the light being coupled to the receiving
fiber. The fabricated sensor is tested based on static measurement analysis and the sensor
is characterized by its sensitivity, resolution, linearity, and repeatability error. From the
experiment, the fabricated sensor has a range of roughly 160 mm with a sensitivity of 0.817
nW/mm, a resolution of 1.228 mm, and a repeatability error of 1.856 %. The sensor exhibits
high linearity from 0 mm to 80 mm. The sensor's design structure and analysis are simple,
comprehensive, and cost-effective, with potential benefits in industrial applications.

1. Introduction

In sensing applications, most of the sensors can sense a variety
of parameters such as temperature [6], pressure [7], displacement

An optical fiber is a data transmission medium that uses
lightwave propagation in conjunction with a fiber that is often
constructed of glass or plastic. Optical fiber is mostly usedin the
application of high-speed and long communication. Various
features of light behavior in optical fiber have been researched
through time, including bend-loss studies which this work is based
on and this paper is an extension of work originally presented in
2022 IEEE 9" International Conference of Photonics[1] among
others [2], light propagation [3], coupled-mode theory [4] and
scattering [5]. Until now, researchers have been attempting to
explain many occurrences and properties in various types of
optical fiber.
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[8], biomedical [9], food quality [10,11] and chemical [12]. Many
fibers have been used in the application of sensors such as glass
optical fiber [13], polymer optical fiber, Fiber Bragg Grating [14],
etc. In comparison to other fibers, POF is inexpensive, flexible [15]
and is well known for its high reliability in short-distance
communication and sensing applications. POF is widely
recognized for its physical toughness, which can withstand the huge
physical strain, as well as its low weight when compared to silica-
based fiber, which is much more delicate and fragile due to the
incredibly thin glass fiber it contains [16]. POFs are also immune to
electromagnetic interference and have multiplexing capabilities
[17].
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1.1. Common Techniques

Researchers had offered many techniques to obtain a high-
performance sensor with a simple structure and low-cost
manufacture in Polymer Optical Fiber (POF) sensor applications
[18]. Among the techniques proposed by researchers are long-
period gratings [19], nonlinear effects [20], surface plasmon
resonance [21] and fiber bragg gratings [22]. An intensity-based
technique has addressed a high-performance, simple, and a low-
cost sensor for various detections based on the approaches
indicated above since it does not require specific equipment [23].
A sensor that uses light intensity as the measurement detecting
technique is known as an intensity-based sensor [24]. The common
sensor that uses an intensity-based sensor is a pressure sensor,
temperature sensor, turbidity sensor, and displacement sensor. In
terms of displacement measurement sensors, various methods
have been proposed. Most of the methods are able to detectstatic,
dynamic, and plane-in-outmeasurementanalysis.

Diffraction grating technique [25] has achieved a 4 mm to 14
mm range of the best linearity for displacement range, however,
it has a complicated design setup and complicated analysis, and
the range is very small. The technique is found to be complicated
because it requires a specific angle cut or called a diffraction angle
at the end of the illuminating fiber which can cause a loss if the cut
not clean enough. The analysis of this method is also difficult to
determine the diffraction order its need to obtain the LED light
wavelength, light cone angle, the period of the diffraction grating,
and diffraction angle of the illuminating fiber.

This works integrated the principle of macro-bend loss and
scattering loss to realize the fabricated sensor. The works studied
and investigated the right tapered depth, bending angle and turns
in order to optimize the results.

1.2. Macro-bend and Scattering Loss

The displacement sensor described in this research is based on
the coupling of scattered-bend loss where to determine the
scattering loss in POF, two fibers were twisted together. The first
fiber is acting as illuminating fiber, while the second fiber couples
scattered-bend radiation loss using the side coupling approach
[26]. Fiber loss increases as a result of bending, as does coupling
power. Based on this technique, the power coupling structure is
employed for the displacement measurement sensor. The power
coupling was visualized by measuring the outputs and calculate
the coupling ratio at each bend diameter.

In optical application, there are a few detected types of losses
in light transmission which are bend loss, dispersion loss, scattering
and attenuation loss [27]. A bending loss is a loss that occurred due
to the physical pressure where bending is applied to the optical
fiber strand. There are two types of bending losses which are
macroscopic bending and microscopic bending [28]. When the
light source propagates, the power gets transferred into other
modes, so the changing of the mode due to different refraction
index due to bending makes the power leaked where the power will
not continue to propagate in the fiber core, which the radiated light
is known as scattering loss. This loss is caused by the material
compositional fluctuation, density of the material, and

www.astesj.com

manufacturing defects of the fiber [29]. Due to the bending of the
fiber and density fluctuation in the core of the fiber, the loss is called
scattered-bend loss.

Macro-bend Coupling
Scattered-bend power

Coupling power

A

Incident light (P1)

Incident light (Po)

Figure 1: Coupled macro-bend and scattered-bend illustration.

In this method, the coupled scattered-bend loss has generated
a polynomial to exponential-like curve while the macro-bend is
producing an exponential curve [30]. This is caused by the power
of the macro-bend being reflected at back-end of the receiving
fiber. In general, due to the bending of fiber, consequently, there
are two losses increase which are the macro-bend loss and
scattered-bend loss. The macro-bend loss is propagating in the
same direction as the light while a scattered-bend loss propagates in
opposite direction toward the back-end of the receiving fiber. This
can be illustrated in Figure 1.

To utilize the scattered-bend loss in the sensor application in
this research, a polymer optical fiber, POF from ESKA Mitsubishi
SK-40 bare multimode is used due to its durability and flexibility
to the tightest bend and has a larger core which is 0.98 mm. To
observe the relationship of the scattered-bend and macro-bend
based on the changing of the bend radius, the coupling power
received at both ends of the receiving fiber is measured and the
ratio with respect to the LED input power can be calculatedas:

Co=2% (1)
Cn =2% @)

Where C, is the coupling ratio of scattered-bend, P, is the
received power at the back-end of the fiber, C,, is the coupling ratio
of macro-bend, P, is the received power atforward-end of the fiber
and P; is the input power of the light source.

2. Experimental Design and Setup

Based on the coupling ratio of both macro-bend and
scattered-bend equations, it can be observed that with the increases
of bend-diameter, the power received at both back-end and
forward-end is increasing. In this research, variation of the
received power and bending diameter testing parameters are
applied in displacement detection. The design of the sensor
structure is shown in Figure 2 setup.

In the proposed structure, only a single light source as input is
required for the illuminating fiber. The LED used is from
Advanced Fiber Solutions, OS417N with an operating wavelength
of 650 nm and output power measured, 6.475 mW. The power
meter used is also from Advanced Fiber Solution, OM110N for
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detection of the received fiber at the back-end and forward-end of
the receiving fiber. The power meter is set to 650 nm for calibration
and the resolution of 1 mW or 0.01 dB.

Fixed plate

Coated
Twisted fiber

Illuminating
Fiber

Fixed end of
fiber

[]

Power

RED LED
650 nm

Power Receiving
meter 1 Fiber

meter 2

Figure 2: POF displacement sensor design structure.

For the main sensing part, a pair of twisted polymer optical fiber
of SK-40 Bare Multimode POF is used and the fiber is coated with
a black tube where in this experiment a black electrical shrink tube
is used. The first fiber is connected to an LED source as an
illuminating fiber. The second fiber is connected with a power
meter to measure the received power both back-end and forward-
end as receiving fiber. To test the sensor, the twisted fiber is bent to
an initial 100 mm of bend radius, and adhesive tape is used to put
the fiber at a fixed acrylic plate. The sensor is analyzed by using
static measurement analysis with multiple variations of initialbend
diameter.

During the experiment, the twisted fiber is manually pulledup
to 100 mm for initial set loop with the changing of decreasing 10
mm displacement at each time. Each of the measurements is taken
for both ends for scattered-bend and forward-end for macro-bend.
From the result obtained, the losses of the light can be observed by
the study of the graph of the received power. The tests are repeated
three times to measure the repeatability of the reading for both the
back-end and forward-end. The step will be repeated with setup
loop of 80 mm and 60 mm loop. At the end of the experiment, the
bestresult among the set loop of the sensor is characterized for the
sensor parameter. The characterization of the sensor is based on
performance parameters of resolution, sensitivity, repeatability
error, and linearity of the reading and the obtained characteristic is
compared with another studies.

3. Experimental Results
3.1 Coupling Power Ratio

Before the fabrication of the sensor, the coupling power
response is studied and the result is being used as the reference
element and for the verification of the sensor. Based on the
coupling power ratio curve in Figure 3 and Figure 4, both losses in
receiving fiber increase along with the decreasing bent diameter.
This happened due to the increases of both losses in the illuminating
fiber where with the side coupling effect, the light propagated from
the illuminating fiber is radiated based on the evanescent wave
theorem to receiving fiber. Most of the radiated power propagates
parallel with the source but some of the power is refracted toward
the back-end of the receiving fiber which is known as scattered-
bend coupling power. When the fiber loop is pulled, the bend
diameter is decreasing which causes the variation of coupling
power.
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Based on Table 1, the losses of the light in receiving fiber are
decreasing at the forward end of the fiber from -44.06 dBm at 100
mm to -32.15 dBm at 20 mm. This also same goes to the power
received at the back-end where the light losses also show a
significant decrease from -51.50 dBm at 100 mm to -41.81 dBm
at 20 mm. From observed Table 1, it is used for the displacement
sensing and as guidance or reference to validate the sensor.

Bend Diameter Vs Coupling Ratio (Macro-bend)
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Figure 3: Macro-bend coupling power ratio.
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Figure 4: Scattered-bend coupling power ratio.
Table 1: Power losses from the reference power output.
Power Received (dBm) Total Power (dBm)
Diameter | Macro- Scattered- | Macro- Scattered-
(mm) bend bend bend bend
100 -35.95 -43.39 -44.06 -51.50
90 -35.18 -42.56 -43.29 -50.67
80 -33.60 -41.34 -41.71 -49.45
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70 -32.08 -40.49 -40.19 -48.60
60 -31.16 -39.37 -39.27 -47.48
50 -29.46 -37.64 -37.57 -45.75
40 -27.85 -36.42 -35.96 -44.53
30 -26.72 -35.38 -34.83 -43.49
20 -24.04 -33.70 -32.15 -41.81

3.2 Displacement Sensing Test

Figure 5 shows the initial bending diameter of the twisted bend
part at 100 mm, 80 mm, and 60 mm used in the sensor structure.
The bending diameter of the structure decreased in 10 mm at each
test which increases the coupled power received at receiving fiber.

(@ (b) (©)

Figure 5: Initial bending diameter of sensor structure for (a) 100 mm,
(b) 80 mm and (c) 60 mm

Power Recelved vs Displacement (Initial=100mm)
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Figure 6: Received power at back-end of receiving fiber (Scattered-
Bend coupling power).

Figure 6 showing the power received for the initial 100 mm
bend diameter. It clearly shows that when the fiber is dragged 10
mm in each reading, the power received also increases. For macro-
bend coupling power, it is producing an exponential curve
relation as shown in Figure 7. From the experiment, both losses
have producing good repeatability.

WWww.astesj.com
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The step of the experiment is repeated by changing the loop
bend diameter to 80 mm then 60 mm. As for a structure with an
initial loop bend diameter of 100 mm, the smallest bend diameter
at 160 mm displacement length is 50 mm. While the smallest
diameter for initial loop bend of 80 mm is 30 mm at 160 mm
displacement length, the smallest diameter for initial loop of 60
mm is 20 mm at 150 mm displacement length.

The result obtained can be verified by comparing the value of
the power received of the tested sensor with the coupling power
ratio graph.

Macro-bend power received (100mm)
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Figure 7: Macro-bend coupling received power at forward-end of
receiving fiber.
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Figure 8: Scattered-bend coupling received power at forward-end
of receiving fiber of 80 mm structure.

The power received should be in the range between the initial
diameter and smallest diameter based on the coupling power ratio
as shown in Figure 3 and Figure 4. The structure with 80 mm and
60 mm initial bend loop also shows a huge power gap between
the changes of bend diameter for scattered-bend losses. This is
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because the characteristic of both losses is polynomial to
exponential-like relation as in Figure 8 to Figure 11. This is also
due to the increases of both losses at illuminating fiber which then
transferred to receiving fiber by side coupling effect.

As in Figure 8 and Figure 9, both graphs showing the
increases of the coupled power of scattered-bend for initial bend
loop of 60 mm and 80 mm. In terms of the differences between
received power, the coupling power of the macro-bend is
particularly high compared to scattered-bend for all bending
structures as shown in Figure 10 and Figure 11. This phenomenon
happened because the macro-bending loss is producing a much
higher loss due to the stress of the fiber which makes the refraction
angle inside the fiber core is changes and then the light is radiated
out from the core to the cladding. Due to the macro-bend is mostly
propagate parallel with the light source the power received at the
forward-end of the receiving fiber is higher compared to the back-
end.

Scattered-bend power received (60mm)
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Figure 9: Scattered-bend coupling received power at forward-end
of receiving fiber of 60 mm structure.
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Figure 10: Macro-bend coupling received power at forward-end of
receiving fiber of 80 mm structure.
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While coupling power of scattering-bend loss is much lower
because the scattering losses are considered a minor loss
compared to macro-bend. This is because the scattering losses
are caused by the density fluctuation and core defect which
commonly ignore. Therefore, the coupled power of the scattered-
bend in receiving fiber is very low.
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Figure 11: Macro-bend coupling received power at forward-end of
receiving fiber of 60mm structure.

In comparison, the coupling power of scattered-bend loss is
much stable, and the response showed by the scattered-bend loss
coupling power towards the increases of displacement is much
more suitable in displacement sensing application compared to
macro-bend effect and characteristic of the proposed sensor has
high reliability.

4. Sensor Characterization

The sensor characterization is a crucial part of sensing
application. A sensor characterization is required to assessif the
produced sensor is a good sensor [31]. In this experiment, the
characterization parameters of the sensor that have been
determined are sensitivity, linearity, resolution, and repeatability
error as stated in Table 2. The characteristic will also be compared
with other fiber-based displacement sensors in terms of the
displacement range. The characterization is analyzed based on
static measurement analysis. Based on the tested sensor, the best
characteristic sensor is the structure that have an initial bend
diameter of 100 mm, because the sensor is much more sensitive
with the value of 0.817nW/mm, has a reasonable resolution value
of 1.228 mm, and a small repeatability error of 1.858% compared
to initial bend loop of 80 mm and 60 mm. Based on the comparison
between techniques as in Table 3, the sensor proposed has one of
the highest achieved displacement ranges which is up to 160 mm. If
the tested sensor is compared with the linearity, the proposed sensor
has good linearity at 0 mm to 80 mm and
120 mm to 160 mm where each linearity has a R? of 0.9182 and
0.9777. The sensitivity of the sensor is 0.817mW/mm which was
calculated by using:
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AP.
s=22 3)

Where S is the sensitivity of the sensor, AP, is changes of
received power at the back-end of the fiber, and Ad is changes of
displacement. For the repeatability error, the sensor is tested three
times at each test using the repeatability testing method where
statistical mathematics is used by calculating the pooled standard
deviation of the output.

Table 2: Fabricated sensor performance parameters.

Parameter Measured Value Reference Value
Range 0 mm — 160 mm 150mm -160mm
Sensitivity 0.817nW/mm 0.1nW/mm to
SnW/mm

Resolution 1.228mm 0.lmm to 1.5mm
Linearity y =0.3282x + 0.8<R%<1

42.55

R>=0.9182
Repeatability 1.856% 2% to 1%
Error

Table 3: Comparison between the technique in sensor structure.

Technique Displacement Range

Twisted coupled macro-bend [32] Omm — 140mm

Diffraction grating Ended [25] 4mm — 14mm

Dual-wavelength compensation [33] Omm — 10mm

Twisted coupled scattered-bend Omm — 160mm

5. Conclusions

In this research, a displacement measurement displacement
sensor is designed by using a polymer optical fiber (POF) where
the sensing part is utilizing the scattered-bend loss by side
coupling method utilizing macro-bend effect. A scattered-bend
loss is a combination of the scattering losses with the bending loss
of the fiber where the losses are caused by density fluctuation and
physical bending of the fiber. The measurement of the scattered-
bend coupled power is measured at the back-end and the macro-
bend coupled power at the forward-end of the receiving fiber.
Most of the losses generated propagated parallel with the light
source and some of the losses are refracted toward the back-end
of the receiving fiber. This phenomenon explains the reason
coupled power received at the forward-end of the receiving fiber
is higher compared to the power received at the back-end of the
fiber. The fabricated sensor can detect a measurement of
displacement up to 160 mm with a sensitivity of 0.817 nW/mm,
resolution of 1.228 mm, and repeatability error of 1.856%. The
fabricated sensor also has a simple structure and analysis, low cost
and easy to set up. The sensor also has a high potential advantages
on the industrial application such as civil structuring, building
surveyor, architecture, earth movement, landslides and medicine.
The future works may include the utilization of IoT subsystem to
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be part of the system where the data collected can be analyzed
beforehand and send to the users.
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