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with a diameter of 5 cm was bent by adjusting the translation stage from 0.1 cm to
0.9 cm distance in forward and backward direction. The results showed that the
Bragg wavelength shifted towards the longer wavelength region when the distance
decreased. The polydimethylsiloxane-coated fiber Bragg grating sensor shows a

Keywords: sensitivity of 1743000 A.U, 8 times higher than the uncoated fiber Bragg sensor with
Bend sensor; fiber Bragg grating; a sensitivity of 284000 A.U. The presence of the polydimethylsiloxane layer has
polydimethylsiloxane; sensitivity successfully improved the sensor performance.

1. Introduction

The development of optical fiber sensors has been prompted by the advancement of optical fiber
for communication technology [1]. The key benefits of fiber optic sensors are compact, passive, light,
and immune to electromagnetic interference. Additionally, they have minimal power requirements,
low attenuation, exhibit great sensitivity, wide bandwidth, and environmental toughness but the
primary drawbacks are their high price and user unfamiliarity [2,3] .

Fiber Bragg grating (FBG) is a type of optical fiber sensor. Unlike normal optical fiber, FBG can
reflect light at a certain wavelength mainly the so-called Bragg wavelength. It is very sensitive to
strain. Hence, the sensor is often demonstrated as a bend sensor.

An overview of the FBG strain sensors is provided in this work. The study commenced with a
measurement analysis, i.e., strain. Strain describes the displacement of particles in a substance to a
reference length. It is a normalized measure of deformation. The strain is related to changes in the
matter's size and shape as well as rigid body motions like translations and rotations [4]. The normal
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strain is known as tensile strain if the length of the body expands and compressive strain if it
decreases [5].

In previous work, various optical technologies have been presented as bend sensors such as
multi-core fiber (MCF) [6,7], long period fiber gratings (LPFGs) [7,8], fiber Bragg gratings (FBGs) [9,
10], photonic crystal fiber (PCF) [11,12], fiber tapers and fiber lateral-offset splicing [13-15]. The
findings indicated that the measurement sensitivity is very low. Only a few sensors can identify three
or more bending directions, which is insufficient for bending measurement. Most sensors are unable
to distinguish directions or can only distinguish two opposed directions [16].

The preparation and performance testing of polydimethylsiloxane (PDMS) films are essential
steps in the development of PDMS. Through the examination of the PDMS's fabrication process and
characteristics, a film that can be loaded and unloaded repeatedly was created which is called a
membrane [17]. It has the potential to be excellent biocompatibility and biologically relevant
mechanical properties to serve as a coating for fibers. When integrated photonic circuits and circuits
are being made [18-28] in an integrated system, PDMS is typically created into a unique waveguide
[29,30]. Numerous studies have revealed that the PDMS-prepared integrated system has the
gualities of low loss, high temperature stability, and sufficient mechanical stability. Then, there were
rising concerns about the sensitive features of temperature and humidity. Numerous optical fiber
waveguides composed entirely of PDMS were also developed at the same time [31,32]. Due to
PDMS's excellent plasticity, optical waveguides can be easily constructed into a range of different
forms, including knotted, twisted, and tapered fiber. The strain and temperature sensitivity of fiber
sensors may be enhanced with PDMS [33].

This paper demonstrates the PDMS coated FBG as a bend sensor. The sensor operates at the
near-infrared wavelength region ranging from 1510 nm to 1630 nm. The sensor performance was
studied in both forward and backward flexibility. The sensor static characteristics, sensitivity and
linearity were calculated and discussed.

2. Methodology
2.1 Polydimethylsiloxane Preparation

The PDMS was prepared by following the procedure in the previous literature [34,35]. Firstly,
about 10 ml of epoxy (Slygard 184, Sigma Aldrich) and 1 ml of hardener (Curing Agent, Sigma Aldrich)
were mixed into a disposable tube (refer to Figure 1). The mixture was stirred for 1 minute to remove
the unwanted bubbles and to ensure the mixture was homogenous.
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Fig. 1. Preparation of polydimehtylsiloxane (PDMS)

Homogenous PDMS suspension

2.2 Coating Procedure Method

The FBG was first placed and fixed in the petri dish during the coating process. Next, the mixture
was slowly poured into the petri dish and coated the whole FBG resulting in a 2 mm coat thickness.
The alignment of the FBG is on the neutral axis of the PDMS membrane. Subsequently, the sample
was left to dry at room temperature (27 °C) for 2 days. After that, the coated sample was taken out
from the petri dish and trimmed to form a rectangular shape, as shown in Figure 2.

Fiber Bragg grating

Polydimethylsiloxane

/

Fig. 2. PDMS coated FBG
2.3 Experimental Procedure

In the experiment, the PDMS-coated FBG sensor was fixed and placed on the translation stage as
shown in Figure 3. The sensor was characterized by adjusting the distance ranging from 0.1 t0 0.9 cm
for the forward direction and 0.9 cm to 0.1 cm for the backward direction. The sensing system was
excited using a broadband amplified spontaneous emission light source (ASE) (ASE FL7004, FiberLabs)
ranging from 1530nm to 1610nm. The optical spectrum circulator was used to navigate the reflected
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light from the sensor to the optical spectrum analyser (OSA) (AQ6370D, YOKOGAWA) to monitor the
sensing spectrum changes.

"

Optical Spectrum
Analyzer

Amplified Spontaneous
Emission Light Source

_ Backward ~

L Translation stage J

Fig. 3. Experimental setup

Figure 4 shows the procedure to adjust the fiber. Figure 4 shows the initial condition of the FBG,
in the forward and backward directions.

FBG In Forward direction FBG in Backward direction

g U |

Fig. 4. shows the initial condition of the FBG, in the forward and backward directions

L Translation stage J

3. Results and Discussion

Figure 5 presents the sensing spectrum in the forward direction and the analysis of the shifting
of Bragg wavelength from the distance of 0.1 cm to 0.9 cm for the first cycle of the experiment. As
can be seen in Figure 5 (a), the spectrum fluctuates due to noise resulting in the data's instability.
However, in Figure 5 (b), the spectrum became more stable as the FBG embedded in the PDMS. The
Bragg wavelength shift was observed to be more prominent. In Figure 5 (a), the initial peak
wavelength of uncoated FBG is 1549.8803 nm, which was increased to 1549.9024 nm, with a total
increase of 0.0221 nm in the forward direction. The initial optical power loss is 13.15 dB was reduced
to 13.1 dB, with a total power loss of 0.05 dB. In Figure 5 (b) the initial peak wavelength of PDMS-
COATED FBG is 1550.1278 nm was increased to 1550.2716 nm, with a total increase of 0.1438 nm in
the forward direction. The initial optical power loss is 14.42 dB was reduced to 14.39 dB, with a total
power loss of 0.003 dB.
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Fig. 5. The sensing spectrum of the (a) uncoated (b) coated in the forward
direction

Figure 6 (a) depicts the Bragg wavelength shift, A\(nm), against the distance (cm) in the forward
direction from 0.1 cm to 0.9 cm. In Figure 6 (a) uncoated FBG, as the distance of the diameter
decreases from 0.1 cm to 0.9 cm, the uncoated Bragg wavelength shift increases from 0 AA(nm) to
0.0222 AA(nm) with the total change of 0.0222 AA(nm). A different trend can be seen in Figure 6 (a)
PDMS-COATED FBG, as the distance of the diameter decreases from 0.1 cm to 0.9 cm, the coated
Bragg wavelength shift increases from 0 AA(nm) to 0.1438 AA(nm) with the total change of 0.1438
AN(nm). In Figure 6 (a), the Bragg wavelength is linearly increasing with the decrease of the distance.
The sensitivity achieved by uncoated FBG for the forward direction is 0.0284, AA(nm) with the linear
regression value of 0. 9134. In comparison, the PDMS-COATED FBG sensitivity is 0.1743, AA(nm), with
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a linear regression value of 0.9576. Table 2 summarizes the Bragg wavelength shifting for the forward
direction.

Figure 6 (b) presents the optical power changes (dB) against the distance (cm) in the forward
direction from 0.1 cm to 0.9 cm. For the uncoated FBG, as the diameter decreases, the optical power
changes from -0.0733 dB to -1.97 dB with a total change of -1.8967. However, a different graph can
be seen in Figure 6 (b) PDMS-COATED FBG. As the diameter decreases, the optical power changes
increase drastically with the help of coated FBG, from -0.0933 dB to -0.2433 dB with a total change
of -0.15 dB. In Figure 6 (b), uncoated FBG showed a subsequential change in the optical power dB,
whereas the coated FBG showed only a slight change. The optical power changes of the PDMS-
COATED FBG are higher than the uncoated FBG, which is -0.15 dB. Table 1 summarizes the optical
power changes for the forward direction. In Figure 6 (b), the optical wavelength changes are linearly
decreasing with the increase of the distance. The sensitivity achieved by uncoated FBG for the
forward direction is -2.5372 dB/cm with a linear regression value of 0.9109. In contrast, the PDMS-
COATED FBG sensitivity is -0.1617 dB/cm with a linear regression value of 0.0.837.

0.18
® uncoated fbg (forward)
0.16 pdms fbg (forward)
. B " y =0.1743x+0.0004
Linear (uncoated fbg (forward)) R% = 0.9576
0.14 F........ Linear (pdms fbg (forward))
£
£
3 012
o
]
a0
§ o1
]
=
B
S 008
E]
=
=, 0.06
&
s ¥ =0.0284x - 0.0026
0.04 - R* =0.9134
- .
0.02 e o
e "
. JPUSURPPPEE B ®.. Y
Q & t + t + + +
0 01 0.2 03 0.4 0.5 0.6 0.7 038 09 1
Distance (cm)
(a)
0.5
¥ =-0.1617x-0.0577
R?=0.837
0
. ®
8 ...
- °
o5 T *
- .
&
= ]
©
F-
<
s 1
X y=-2.5372x+0.5112
e R?=0.9109
= ¥
o
=
5 1.5
® uncoated fbg (forward) [ ]
pdms fbg (forward)
2 L
-+« Linear (uncoated fbg (forward))
Linear (pdms fbg (forward))
-5
0 0.1 02 03 0.4 0.5 0.6 0.7 08 09 1
Distance {cm)

Fig. 6. The (a)Bragg wavelength shift (b) Optical power changes in the forward direction
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3.1 Backward Direction

Figure 7 presents the sensing spectrum in the backward direction and the analysis of the shifting
of Bragg wavelength from the distance of 0.9 cm to 0.1 cm for the first cycle of the experiment. As
shown in Figure 7 (a), the spectrum fluctuates due to the noise resulting in the data's instability.
However, in Figure 7 (b), the spectrum became more stable as the FBG embedded in the PDMS. The
Bragg wavelength shift was observed to be more prominent. In Figure 7 (a), the initial peak
wavelength of uncoated FBG is 1549.9024 nm was decreased to 1549.8801 nm, with a total decrease
of 0.0223 nm in the backward direction. In comparison, the initial optical power is 13.11 dB,
increasing to 13.16 dB, with a total power increase of 0.05 dB. In Figure 7 (b), the initial peak
wavelength of PDMS-COATED FBG is 1550.2702 nm was decreased to 1550.1264 nm, with a total
decrease of 0.1438 nm in the backward direction. In comparison, the initial optical power is 14.23
dB, which increased to 14.26 dB, with a total power increase of 0.003 dB.
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Fig. 7. The sensing spectrum of the (a) uncoated (b) coated in the
backward direction
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Figure 8 depicts the Bragg wavelength shift, A\(nm), against the distance (cm) in the backward
direction from 0.9 cm to 0.1 cm. In Figure 8 (a) uncoated FBG, as the distance of the diameter
increases from 0.9 cm to 0.1 cm, the uncoated Bragg wavelength shift increases from -0.0222 AA(nm)
to 0 AA(nm) with the total change of 0.0222 AA(nm). A different trend can be seen in Figure 8 (a)
PDMS-COATED FBG, as the distance of the diameter increases from 0.9 cm to 0.1 cm, the Bragg
wavelength shift decreases from -0.1438 AA(nm) to 0 AA(nm) with the total change of 0.1438 AA(nm).
In Figure 8 (a), the Bragg wavelength is linearly increasing with the increase of the distance. The
sensitivity achieved by uncoated FBG for the forward direction is 0.7253, AA(nm) with a linear
regression value of 0. 7253. In contrast, the PDMS-COATED FBG sensitivity is 0.0.1733 AA(nm) with a
linear regression value of 0.9501. Table 2 summarizes the Bragg wavelength shifting for the backward
direction.

Figure 8 (b) presents the optical power changes (dB) against the distance (cm) in the backward
direction from 0.9 cm to 0.1 cm. For the uncoated FBG, as the diameter increases, the optical power
changes from 0 dB to 1.83 dB, with a total change of 1.83. However, a different trend can be seen in
Figure 8 (b) PDMS-COATED FBG. As the diameter increases, the optical power changes decrease from
0 dB to 0.1233 dB, with a total change of 0.1233 dB. In Figure 8 (b), uncoated FBG showed a
subsequential change in the optical power dB, whereas the coated FBG showed only a slight change.
The optical power changes of the PDMS-COATED FBG are lower than the uncoated FBG, which is
0.1233 dB. Table 2 summarizes the optical power changes for the backward direction. In Figure 8 (b),
the optical wavelength changes are linearly decreasing with the increase of the distance. The
sensitivity achieved by uncoated FBG for the forward direction is -2.3533 dB/cm with a linear
regression value of 0.0.8648. In contrast, the PDMS-COATED FBG sensitivity is -0.1367 dB/cm with a
linear regression value of 0.8199.

0.04
0.02 o
y =0.0202x-0.0219
R?=0.7253
0 4
O s
E TR TP P T LEL L S ‘ assnnnns ._. ..............
LT DL L o

Eom JU—
3
w
2-0.04 1
c
]
=
o
%-006 y=0.1733x-0.1431
] R* = 0.9501
o
£.008 1
=
2
g b ® uncoated fbg (backward)

o | pdms fbg (backward)

014 * e Linear (uncoated fbg (backward))

-0.16 + + + + + + : Linear [p:dmsfbg tbackw?;d}}

0 01 0.2 03 0.4 05 06 0.7 0.8 09 1

Distance(cm)

(a)

112



Journal of Advanced Research in Micro and Nano Engineering
Volume 17, Issue 1 (2024) 105-116

25
® uncoated fbg (forward)
pdms fbg (forward)
------- Linear (uncoated fbg (forward))
2 4
Linear {pdms fbg (forward))
L L °
—_— L]
@
2
g 15 4 °
-]
=
[1]
=
]
@
2 .
<]
a
g .
s y=-2.3533% +2.4081
R? = 0.8648
05 <+
y=-0.1367x+0.1569
R® =0.8199 .
o + g + ¥ + + ¥ + g
0 0.1 0.2 03 0.4 05 06 07 0.8 09 1

Distance (cm)

(b)
Fig. 8. The (a)Bragg wavelength shift (b) Optical power changes in the backward direction

Table 1 summarizes the FBG sensing performance based on optical power changes. The uncoated
sensor shows a sensitivity of -2.5372 dB/cm and -2.3533 dB/cm in the forward and backward
directions, respectively. Meanwhile, the PDMS coated FBG shows a sensitivity of -0.1617 dB/cm and
-0.1367 dB/cm in the forward and backward directions, respectively. Even though the distance
changes are similar for the uncoated FBG and PDMS coated FBG, slight changes can be observed from
a short distance to longer distance, while the power is consistent and stable. Thus, this indicates that
the Bragg wavelength shift can show significant changes and improve sensitivity. As for the optical
power, the uncoated sensor shows the highest sensitivity compared to the PDMS coated FBG
because the PDMS absorbed the power loss.

Table 1

FBG sensing performance based on optical power changes

Sensor Forward sensitivity =~ R? Backward sensitivity R? Measurement
(dB/cm) (dB/cm) range (cm)

Uncoated -2.5372 0.9109 -2.3533 0.8648 0.1-0.9

PDMS-COATED FBG -0.1617 0.837 -0.1367 0.8199

Table 2 summarizes the FBG sensing performance based on the Bragg wavelength shift. The
uncoated sensor shows a sensitivity of 0.0284 nm/cm and 0.0202 nm/cm in the forward and
backward directions, respectively. Meanwhile, the PDMS coated FBG shows a sensitivity of 0.1743
cm/nm and 0.1733 cm/nm in the forward and backward directions, respectively. The Bragg
wavelength shift for the PDMS coated FBG sensor showed 8 times sensitivity higher than uncoated
FBG.
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Table 2

FBG sensing performance based on Bragg wavelength shift

Sensor Forward sensitivity R? Backward sensitivity R? Measurement
(nm/cm) (nm/cm) range (cm)

Uncoated 0.0284 0.9134 0.0202 0.7253 0.1-0.9

PDMS-COATED FBG 0.1743 0.9576 0.1733 0.9501

The presence of PDMS has successfully improved the sensing performance. The PDMS coated
FBG sensor shows a small sensitivity for the optical power changes because the PDMS layer absorbs
the light loss penetrating the cladding region during bending. Thus, the PDMS coated sensor can rely
on the Bragg wavelength shift without the optical intensity compensation. Next, the mechanical
properties of the PDMS, such as strong and flexible, have improved the sensor feasibility by providing
high sensitivity sensing performance. Furthermore, this can be seen in Table 2, in which the PDMS
coated FBG sensor offers a larger wavelength shift compared to the uncoated sensor.

4. Conclusions

In conclusion, the PDMS-COATED FBG sensor can be an attractive candidate for bending
purposes. Furthermore, the PDMS-COATED FBG sensor has been successfully introduced for strain
measurement. The FBG sensor is embedded in PDMS elastomer, making the structure more stable
and easier to handle. It also increases sensitivity and reduces bend loss. The strain can be measured
by the application of bending, thus affecting the Bragg wavelength. The sensitivity of uncoated fiber
Bragg grating in the forward direction exhibits a sensitivity of 0.0284 nm/cm and linearity of 0.9134.
In contrast, the polydimethylsiloxane fiber Bragg grating indicates a sensitivity of 0.1743 nm/cm and
linearity of 0.9576. The finding indicated that Fiber Bragg grating with polydimethylsiloxane could
improve the sensitivity by 8 times.
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