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ARTICLE INFO ABSTRACT

Article history: This project presents on the analysis of strain sensing performance through software
Received 22 June 2023 simulation and experimental setup. The bare and FBG strain sensors are tested by
Received in revised form 14 January 2024 applying strain at the grating region of the FBG and the output of the experiment is
Accepted 20 June 2024 displayed on the optical spectrum analyzer (OSA) in terms of power (dBm) and

Available online 10 August 2024 wavelength (nm). The performance of the FBGs has been evaluated by comparing the

strain sensitivity and wavelength shift obtained. The FBG strain sensor has a strain
sensitivity of 38.25 pm/N, which is higher than the bare FBG's strain sensitivity of 12.49
pm/N. The FBG strain sensor's experimental and simulation performance is also
investigated. OptiSystem software is used to simulate the strain sensor performance.

Keywords: The overall results indicate the ability of FBG to be utilized as a strain sensor as the Bragg
Fiber Bragg grating; strain sensor; wavelength is shifted by the combination effect of effective refractive index and grating
sensitivity; Bragg wavelength period influenced by the changes of strain.

1. Introduction

Fiber Bragg grating (FBG) is a hidden reflector in the core fiber that is tuned to one wavelength of
light and transmits all others. To block specific wavelengths, FBG can be employed as an inline optical
filter. The first approach by Dr. Kenneth O. Hill and his co-workers paved the way for a number of
advancements and innovations in the fabrication of FBGs by Tao et al., [1]. FBG is the most mature
grating-based sensor, and it is already widely used owing to its advantages. The features include
tolerance to electromagnetic interference, resistance to severe conditions and small size. These
strengths have resulted in the rapid development and deployment of FBG, particularly in measuring
and monitoring devices in a variety of industries.

The refractive index of the optical fiber core area is periodically modulated using an FBG. The FBG
has the ability to reflect some emission wavelengths while transmitting others. This assertion is
verified by Figure 1, which depicts the operation of the FBG sensor. The spectrum exhibits broad
emission when light is launched from the input side of the fiber, as shown in Figure 1(a). However,
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as illustrated in Figure 1 when light passes through the FBG, only wavelengths that fulfil the Bragg
condition are reflected back in the same core (b). In Figure 1(c), the remaining light is transmitted
without loss as shown in Aizzuddin et al., [2].
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Fig. 1. Transmitted and reflected spectrum from FBG [2]

Bragg wavelength has a narrow spectrum output that reflected from the FBG sensor after being
irradiated by the light source. The ability to maintain the grating wavelength is a key characteristic of
FBG. FBG reflects light with a characteristic spectrum centered at Az, the Bragg wavelength, which
is the most essential parameter of an FBG-based sensor because it shifts with strain and temperature
variations as stated in Dante et al., [3]. The Bragg wavelength, can be written as:

/13 = ZnEffA (1)

where nefis the effective refractive index of the fiber's core and is the grating period. As the reflected
Bragg wavelength is subject to physical changes, changes in the effective refractive index or grating
period will naturally modify it. The maximum wavelength reflectance is affected not only by the Bragg
grating, but also by strain and temperature.

The evaluation of maximum wavelength shift caused by the enacted strain is the basic operation
of FBG strain sensor. Strain optic effect leads to a variation in both grating period and effective
relative index which resulting the Bragg wavelength to be shifted. The measurement of Bragg
wavelength shift due to the added strain can be expressed by:

Mg =[(1-p) Azl (2)

where pe is the photoelastic coefficient and € is the axial strain undergo by the fiber. Compared to
the regular electrical strain gauge, FBG strain sensors have more advantages and basically the best
strain sensors available as stated in More et al., [4].

In this project, the focus is to construct a strain sensing experiment between bare and FBG strain
sensors in order to evaluate the performance of the FBGs by comparing the strain sensitivity
obtained. Next, both experimental results will be analyzed along with outcomes produced from the
simulation process using the OptiSystem Software.

2. Literature Review
During the last decade, many optical fibers sensing have been developed. Optical fiber Bragg

grating (FBG) is the most popular among the available sensing techniques. There are various types of
FBG sensors that are commonly used in the industry especially strain sensors.
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In the work reported by Almubaied et al., [5], FBG strain sensor was employed to observe the
corrosion of reinforced concrete. A bare FBG sensor was bonded on the structure of steel
reinforcement in order to monitor the percentage of corrosion based on the Bragg wavelength shift.
From the result obtained, it is displayed that the wavelength shift increases caused by the stress that
introduced by the existence of the corrosion. This shows that the FBG strain sensor was strong and
sensitive enough to detect the progression of steel bar corrosion in concrete. This early detection of
corrosion cracks can reduce the cost for the maintenance and repair of the concrete infrastructure.

In paper Liu et al., [6], the writers focused on investigating the slope monitoring resulting from
the frequently landslides and other geological disasters occurrences which often cause high financial
and humanitarian cost. The wavelength shift increases caused by the stress that introduced by the
existence of the corrosion. They have designed a FBG strain sensor that combines the test time, initial
measurement accuracy, maximum sliding distance, dynamic range, and remote real-time monitoring,
resulting in a better landslide early-warning monitoring system.

An all-fiber sensing system made of gold-plated FBGs and acrylic FBGs that could monitor axial
strain and temperature simultaneously was suggested and built in Wu et al., [7]. The strain and
ambient temperature applied to the sensor were easily monitored by using a spectrometer to detect
the shift in the transmission spectrum in real time. As axial strain increased, the entire transmission
spectrum shifted towards the long wavelength direction, and the reflection spectrum shifted by
acrylate-plated FBG1 and gold-plated FBG2 were same, so the reflection peak did not split. The
wavelength shift and strain change obtained from the work indicated a good linear relationship as
plotted in Figure 2 below.
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Fig. 2. Wavelength shift in respect to strain changes [7]

While [8, 9] focused on improving the FBG by splicing a handmade twin-core photonic crystal
fiber (TCPCF) with two SMF segments and then tapering at each splice site and also by affixing the
FBG to a substrate via a lever mechanism. In comparison to the bare FBG result, both works
demonstrated that the proposed idea significantly improves strain sensitivity. Due to its great strain
sensitivity, the proposed sensors had a wide range of applications in rough industrial environments,
particularly mechanical engineering and health monitoring.

Apart from experimental analysis, previous work by Kachare et al., Razi et al., and Kumar et al.,
[10-13] utilized two friendly user simulation software packages, OptiGrating 4.2.2 and OptiSystem
12, to analyze various FBG combinations. This tool provided a wide range of optical and wireless
components enabling the researcher to plan and construct a comprehensive optical network, which
was a low-cost, time-saving, and efficient solution. FBG parameters, such as bandwidth, side lobes,
peak power, and sensitivity were considered while constructing the FBGs. The OptiGrating 4.2.2 was
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used to create various gratings such as uniform, apodized, tilted, and superstructure Figure 3 displays
the block diagram designed in OptiSystem [10]. From the result obtained, it could be concluded that
the FBGs had a good response towards temperature and strain changes that were applied to it.

Fig. 3. Block diagram in OptiSystem [10]

Researchers in Elgaud et al., [14] also proposed a remote FBG based strain-temperature sensor
setup by using a combination of the two modelling tools offered by Optiwave Systems. At varying
temperatures, a good linearity between the wavelength shift and strain was found with the same
slope for all values, indicating continuous sensitivity throughout the observations. The strain and
temperature sensitivity of the two FBGs were determined to be 1.2 pm/strain and 14.4 pm/°C,
respectively.

Researchers in [15] have also conducted water leakage detection and localization in tunnels
whereas an ultra-weak fiber Bragg grating (UFBG) technology is used as strain sensor. Water leakage
is a hazard in tunnel construction which is affected by the underground water as stated in Huang et
al,, Li et al., and Yuan et al., [16-18]. This leakage will degrade the structure of the tunnel and the
surrounding area in terms of safety and strength as mentioned in Wongsaroj et al., and Yu et al., [19,
20].

3. Research Methodology
3.1 Designing FBG Strain Sensor using Simulation Software

The simulation setup is divided into two components. First, the FBG sensor is constructed and
tested using OptiGrating under various strain values for characterization purposes. The created FBG
is then exported as spectrum files that OptiSystem can read, allowing it to be deployed later in the
sensor setup designed by the OptiSystem tool. The system is then evaluated in terms of its ability to
analyze the strain readings based on wavelength shifts caused by strain effect.

3.1.1 OptiGrating section
OptiGrating is used to create consistent FBG sensor with a length of 6 mm, and a modulation

index of 0.0001 and the further details of the parameters are as defined in Table 1 with reference to
the works by Wu et al., [7].
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Table 1

Parameters of uniform FBG
Parameters Details
Core Width (um) 5
Core Reflective Index 1.46
Cladding Width (um) 125
Cladding Reflective Index 1.45
Length (mm) 20
Modulation Index 0.0001
Number of segments 25
Center Wavelength (nm) 1539.0067

First, the reflective index and the width of core and cladding need to be determined. Apart from
that, all the values shall remain constant. The linearity response and sensitivity to the applied physical
measurand of both developed FBG sensors are evaluated. The FBG, centered at 1539.0067 nm, is
dedicated to strain changes with constant temperature. Shift in wavelength individually by strain is
calculated by the formula given below:

AAB = ABnew_ ABoriginaI (3)

where, A is the wavelength shift only due to strain, new is the Bragg wavelength obtain when the
strain is applied and original is the original Bragg wavelength.

3.1.2 OptiSystem section

The design of a remote sensing optical communication network is simulated in the OptiSystem
section. It includes a white light source with a power of -130 dBm, an optical circulator, a single mode
fiber of 0.5 km length, FBG sensor designed in OptiGrating that are incorporated as a spectrum file,
and an OSA, as shown in Figure 4. Other than that, all parameter in the OptiSystem were using default
setting. The strain is then applied by entering the value into the micro-strain box, where the strain
changes based on the weight calculation. Also, the temperature remains constant at 25°C. Then,
select the spectrum graph option to obtain the result in terms of wavelength (m) vs power (dBm). A
light source with a wavelength of 1539.0067 nm is launched into one of the fiber's ends. This signal
is sent through the optical circulator. The FBGs reflect some signal at a specific wavelength, which is
then directed to the spectrum analyzer through the circulator. The reflected signals are monitored
at the OSA, and the specific cause of wavelength shifts is determined.

White Light Source

o OO
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FBG

1]

[ ]
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Fig. 4. Schematic diagram of OptiSystem design
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3.2. Experimental Setup

Characterization of the spectrum is a must in order to compare the spectrum of the FBG before
applying strain variations. For this experiment, the broadband amplified spontaneous emission (ASE)
spectrum was use as the broadband light source. YOKOGAWA AQ6370B optical spectrum analyzer
(OSA) was utilized to measure and display the output spectrum of the experiment with resolution of
0.2 nm and sampling point of 5000. Figure 5 shows two setups of the characterization of FBG which
(a) is for the characterization of transmitted spectrums while (b) is for the FBG reflected spectrum. A
circulator is needed in characterizing the reflected spectrum as it allows light to travel in only one
direction and managed to get the reflected spectrum to be measured by OSA.

(a)

FBG o
A e (=

Circulator

(b)

ASE

——— Il

CO0o
OSA |:”:|

Fig. 5. Schematic diagram of the experiment setup for
a) transmitted spectrum of FBG and b) reflected
spectrum of FBG

The arrangement of the stain sensor experiment is carried out as in Figure 6. This setup consists
of ASE as the broadband light source, OSA to measure the output spectrum, circulator, iron slotted
weight with hanger, tripod, clamp and most important thing is the samples of bare and built-in strain
sensor FBG. The ASE is connected to port 1 of the circulator while the OSA is connected to the port 3
of the circulator with resolution of 0.2 nm, span of 100.0 nm and sampling point of 5001. The port 2
of the circulator is linked to the end of the FBG.

ASE
Source

Fig. 6. Experimental setup for strain sensing

The FBG strain sensor is tested against the bare FBG in this experiment to evaluate the
performance of the fiber against the applied strain. The fibers are tested in a regular room
environment with varied load ranges ranging from 1 N to 10 N. To avoid any instability, the weight
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was progressively increased at 10 N increments and maintained for roughly 5 minutes before the
data was collected. The OSA data on reflected spectrum is examined and recorded at each desired
weight. OSA will display the FBG response in terms of power (dBm) and wavelength (nm). The graph
is then saved by selecting the save button and the data is saved as excel documents and graphic form.
The wavelength shift can be observed by OSA as the weight is increased. Furthermore, the
experiment results can be used to compute and compare the strain sensitivity, linearity, and
resolution of the two fibers

4. Result and Discussion
4.1. Analysis of FBG Characterization

Both the ASE spectrum and the bare FBG have been characterised by observing and measuring
the output spectrum at the OSA. As mentioned in earlier, the configuration of the end result is shown
in Figure 7. The transmission of the ASE spectrum represents the broadband input spectrum. On the
other hand, the transmitted spectrum of FBG indicates that the Bragg wavelength has transmitted
the light through the fiber core as the wavelength of the light does not fulfil Bragg's condition. The
central wavelength of the bare FBG transmission spectrum is at 1544.4910 nm.

-50 —— Transmission Spectrum of FBG

—— ASE Spectrum

—

-100
1500 1510 1520 1530 1540 1550 1560 1570 1580

Power (dBm)

Wavelength (nm)

Fig. 7. ASE spectrum and FBG transmitted spectrum

Next, the characterization of FBG involving measuring the signal at which is reflected back
through the fiber and enters the circulator port 3 has been carried out. The output of the
characterization is measured using OSA. The reflected spectrum is obtained as the wavelength of the
input light satisfies the Bragg condition. Figure 8 illustrates the reflected spectrum of the bare FBG
and the central wavelength of the FBG reflected spectrum is at A15=1544.4910 nm while the center
of Bragg wavelength for the built-in FBG strain sensor is at 1539.0067 nm as in Figure 9. The power
recorded in these characterizations are lower compared to the transmission characterization due to
the use of a circulator, which generates losses.

Following that, OptiGrating simulation was also used to study the characteristics of the FBG strain
sensor. The reflection and transmission spectra are displayed in Figure 10. It demonstrates that the
spectrum matches those provided by the OptiGrating samples library. The proposed FBG sensor were
evaluated in terms of their linearity responsiveness and sensitivity to physical stimuli measurand.
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Fig. 9. Reflected spectrum of FBG strain sensor

o

Transmittivity/Reflectivity (dB)

Ewnmww

mf

il f\

WWWW i ™

1.536

1.538
Wavelength [um]

1.540

1.542

Fig. 10. Reflected (blue line) and transmitted spectrum
(red line) of 1539.0067 nm FBG strain sensor

4.2.

Experimental Results of Strain Sensing FBG

Both FBGs experience a shift in wavelength when weight is increased from 1 N to 10 N. Figure 11
shows a very minimal wavelength shift of 0.115 nm observed for the bare FBG. The strain that was
applied from the experiment was then calculated using the formula from (2) and plotted in graph Fig.
12 between wavelength shifts. A clear correlation between weight applied and strain was observed
as the higher the strain, the more the wavelength shift was detected.
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Fig.11. Reflected spectrum of bare FBG at different
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Fig. 12. Strain vs wavelength shift graph for bare FBG

As for the FBG strain sensor, the wavelength recorded at 10 N is 1539.3870 nm and the total
wavelength shifted is 0.3803 nm which is slightly higher than the bare FBG due to the presence of
the built-in strain sensor on the grating area of the FBG. The wavelength shift can be seen by viewing

the zoom-in spectrum in Figure 13.
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H
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- 5

-76
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Wavelength (nm)

1539.3 15395 1539.7 1539.9

Fig. 13. Reflected spectrum of FBG strain sensor at different weight

The output wavelength shift for FBG strain sensor is then plotted as in Figure 14 which shows the
spectral response of both FBGs towards the strain rises. A good linear correlation between the strain
and wavelength shift can be observe in the graph below.
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Fig. 14. Graph of strain versus wavelength shift of FBG
strain sensor

Both fibers underwent increments in the Bragg wavelength value as formulated in the strain
sensitivity equation (2) due to the strain dependence of refractive index and the thermal expansion
as weight is increased up to 10 N. The equation demonstrates that the greater the weight applied,
the higher the strain exerted, resulting in a greater wavelength shift.

The total wavelength shifted for both sensors can be used to determine which sensor is better.
The Bragg wavelength changes measured for the bare and built-in FBG strain sensors between 1 N
and 10 N are 0.1150 nm and 0.3803 nm, respectively. This indicates that both bare and FBG strain
sensors can operate as strain sensors because their wavelengths shift as strain varies. However, the
FBG strain sensor has a larger wavelength shift than the bare FBG, indicating that it has better sensor
performance.

As the built-in strain sensor FBG produces a better result, demonstrating its possibilities for use
in industrial commercial applications, particularly remote, real-time, high precision and early warning
monitoring.

4.3. Comparison of Experimental and Simulation Result

The data gained from the simulation has been plotted in the figure Figure 15 to show the
relationship between the strain applied and the wavelength shift. These outcomes demonstrate that
simulation can be used to achieve different peak positions when the strain is applied to the grating
period. Next, the results from both experimental and simulation are mapped in a linear graph as in
Figure 16 so that it can be clearly compared.
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Fig. 15. Strain vs wavelength shift graph using simulation
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Fig.16. Comparison of simulation and experimental results of
wavelength shift

According to Figure 16, the simulation's linearity is better than both experimental results, as the
simulation software is only capable to simulate ideal strain sensor using uniform FBG. However, the
experimental outcome for the built-in FBG sensor reveals that it is the best sensor as it has the highest
strain sensitivity, indicating that real or physical testing outperforms simulation by 35%. The
wavelength shift with respect to strain is applied, demonstrating the correlation of experimental data
with the expected wavelength change in simulation. Consequently, the experimental results
correlate well with simulation and confirm the proposed assumption for FBG as a strain sensor. Table
2 displays the clear comparison between results obtained.

Table 2
Performance of strain sensing experiment and simulation
Parameters FBG strain sensor (experiment Bare FBG (experiment)  Uniform FBG (simulation)
Sensitivity (pm/N) 38.25 12.49 27.91
Linearity (%) 96.62 98.99 99.20
Linear Range (N) 1-10 1-10 1-10
Total wavelength shift ~ 380.30 115.00 287.30
(pm)

The FBG strain sensor has a strain sensitivity of 38.35 pm/N, while the bare FBG has a strain
sensitivity of 12.49 pm/N, signifying a more than two-fold improvement over the bare FBG. The
improved strain sensitivity is owing to the fiber's built-in strain sensor, which makes it more sensitive
to strain change. While the uniform FBG perform through simulation process resulting a better result
from bare FBG in terms of linearity, sensitivity and wavelength shift in total.

5. Conclusions

In conclusion, the results and analysis for the FBG strain sensor is demonstrated in this paper.
Both bare and FBG strain sensors are investigated experimentally to evaluate the strain sensitivity.
Then, the uniform FBG is designed through simulation software, and it is proven that the wavelength
of FBG sensors has a linear relationship with strain increase, which coincides with the applied weight. The
strain sensitivity of the FBG strain sensor is 38.25 pm/N, which is higher than the strain sensitivity of the
bare FBG (12.49 pm/N) and the uniform FBG (27.91 pm/N). The experimental results are more
sensitive than the simulation results, which can be attributable to the simulation software's design
parameters. The FBG strain sensor also demonstrates better resolution and wavelength shift
compared to the other FBGs, proving its benefits as strain sensor.
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