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I. INTRODUCTION

A fiber Bragg grating (FBG) is defined as a small 

segment of optical fiber that is capable of transmitting all 

wavelengths except specific ones that are reflected [1, 2]. 

An FBG is obtained by producing periodic or quasiperiodic 

changes in the refractive index of the core of a single-mode 

optical fiber. This periodic variation in refractive index is 

basically achieved by irradiating the core of the fiber with 

an interference pattern of ultraviolet light. In this manner, 

the pattern is imprinted into the fiber [3, 4]. The FBG has 

found itself in a variety of applications such as measuring 

dynamic strain, ultrasound detection, pressure measurement, 

temperature monitoring in building architecture, ultraviolet 

sensors, and microwave generation [5-17]. It can be also 

used for maintenance in flight condition monitoring, space 

vehicles, and in marine and medical science [18, 19]. Its 

application has been further extended to provide real-time 

monitoring of cracks or leaks in reactor-vessel-head 

penetration in a nuclear power plant (NPP) [20, 21]. The 

use of FBG for strain measurement has drawn a lot of 

attention from researchers, owing to its unique properties 

such as effectiveness and simplicity, compared to other 

types of optical fibers [22]. According to the literature, 

wide application of FBGs can be due to their ability to 

retain reflectivity under radiation exposure, and their 
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immunity to electromagnetic interference [23, 24].

Researchers have tried various strategies to enhance the 

sensitivity of FBGs. For instance, Seo et al. reported that 

cantilever sensors are capable of exhibiting a highly 

sensitive resonance-frequency spectrum [25]. Subsequently, 

Lee et al. used copper/carbon and copper-coated fiber to 

develop a FBG acoustic sensor for integrated structural 

health monitoring (ISHM) of a nuclear power plant (NPP) 

[21, 26]. By carrying out a full three-dimensional numerical 

analysis and experimental verification of an acoustic sensor 

in the frequency range from 0.5 to 30 kHz, Moccia et al. 

showed the first evidence of the resonant behavior of an 

underwater acoustic sensor of an FBG coated by a ring- 

shaped material [27]. To produce tension and compression 

in FBGs, Fayed et al. used a rapidly variable electromagnetic 

force [28], while Mavoori et al. employed a magnetic 

actuator [29], and Iocco et al. utilized a piezoelectric 

actuator [30]. Furthermore, a motorized actuator was used 

to produce axial strain in either tension or compression 

mode [29]. On the other hand, Goh et al. applied a 

beam-bending method [31], in which a cantilever beam 

with applied lateral strain was used to produce the tension 

and compression [32-35]. Linear-displacement measurement 

is specifically important, whereby a number of configurations 

for FBG strain sensors have been demonstrated [36-38].

The selection of suitable materials presenting high 

flexibility and excellent curvature deviation, for the purpose 

of producing a systematic deflection in the FBG, is of great 

importance. A graphene sheet has very high mechanical 

strength, yet can be easily stretched. Ma et al. emphasized 

that with such unique characteristics of graphene [39, 40], 

it is possible to build miniature pressure and acoustic 

sensors with high sensitivity and dynamic range. Graphene 

provides outstanding properties that can be integrated into 

various flexible and stretchable electronic devices, in a 

conventional and scalable fashion [41]. The mechanical 

properties of graphene make it an attractive candidate for 

applications in strain sensing. Graphene-based materials 

have shown gauge factors among the highest reported 

values, enhancing the elongation range of strain sensors 

from stretches of a few percent to several hundred percent 

[41]. In this research, the sensing response of FBGs bonded 

to graphene and poly(methyl methacrylate) (PMMA) sheets 

is investigated versus the changes in mechanical deflection. 

Four FBGs of various grating lengths (5, 15, 25 and 35.9 

mm) are utilized, and their response is measured under 

tension and compression modes of an applied tensile 

stress. The remainder of this paper is organized as follows: 

the methodology of materials preparation, device setup, 

and measurement are presented in section II, while the 

achieved results are discussed in section III, followed by 

the drawing of the main conclusions in section IV.

II. METHODS

2.1. Preparation of the FBG Bonded to a Graphene Sheet 

on PMMA Substrate

To prepare the FBG bonded to graphene on a PMMA 

substrate, a desired area of 74 × 26 mm2 from 150-mm long 

FIG. 1. Experimental setup for (a) measuring the strain and (b) recording the reflected spectrum and average output voltage 

simultaneously, and (c) a schematic diagram describing the structure of the FBG-bonded sensor.
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of PMMA substrate, having a thickness of 1 mm, was used 

to bond the FBG sensors. This was done using a specified 

adhesive material of the SELLEEYS type to bond the FBG 

horizontally onto the surface of the graphene sheet. The 

specifications of the graphene sheet are as follows: carbon 

content 97%, thickness 25 µm, density 2 g/cm3, thermal 

conductivity (x-y plane) 1300~1500 W m-1 K-1 (z plane) 

13~15 W m-1 K-1, tensile strength 30 MPa, sheet resistance 

2.8 × 10-2 Ω/square. The SELLEEYS adhesive was used to 

affix the graphene sheet upon the PMMA substrate. The 

FBG-bonded sensors were sandwiched between graphene/ 

PMMA on one side and PMMA on the other side. Figure 

1(c) presents a schematic diagram describing structure of 

the FBG-bonded sensor.

2.2. Experimental Setup for Measuring the Strain

To produce tension and compression deflections in the 

FBG-bonded sensor, two translation stages were used, as 

shown in Fig. 1(a). Using aluminum plate, the sensor was 

screwed down at one end of translation stage A. Rotation 

of the knob results in a linear displacement of the 

translation stage B, in micrometers. By this means, the 

curvature of the PMMA substrate can be increased or 

decreased, which in turn deflects the FBG in tension or 

compression mode. An external amplified spontaneous 

emission (ALS-18-B-FA ASE) light source with a spectral 

range from 1452 to 1652 nm, operating at its maximum 

power of 1.83 mW, was used to obtain the response of 

the FBG. The response was recorded for both the FBG 

bonded to a graphene sheet and the FBG bonded to 

graphene/PMMA, in two modes. Considering that the FBG 

was attached to the front of the PMMA substrate, the 

compression mode was realized by applying a lateral 

displacement d to the back of the substrate, while the 

tension mode was achieved by applying a lateral 

displacement to the front of the substrate. The displacement 

was made possible by linear translation stage B (see Fig. 1). 

To analyze the obtained results and assess the performance 

of the FBG sensors, the sensitivity of the sensors was 

measured under different physical conditions. In previous 

studies, optimum FBG performance was seen with the FBG 

sensor under stress at a location of 3 cm [42]. Therefore, 

in these experimental investigations the analysis of the 

FBG bonded to graphene on PMMA was carried out 

when the FBG sensors were subjected to different lateral 

displacements, under compression and tension modes, with 

the stress location fixed at the optimal value of 3 cm.

2.3. Correlation between Optical and Electrical Outputs 

of FBG Bonded to Graphene

Attempts have been made to estimate the correlation 

between the system’s reflected power and average output 

voltage. This objective was realized using the same 

procedures and experimental setups presented in subsection 

2.2; the only difference was that a 3-dB coupler was 

connected to port 3 of the circulator and extended to a 

high-speed photodiode and an optical spectrum analyzer 

through ports 1 and 2 respectively, while the photodiode 

was used in conjunction with an oscilloscope, as illustrated 

in Fig. 1(b).

 The area under the curve of average output voltage 

versus lateral displacement was determined as follows: two 

different baselines were created for the reflected spectrum, 

and then the average of the areas at the two baselines was 

considered. The first baseline was generated at the bottom 

of the broad peak, and the second was taken at 90% of 

the first. Each baseline is defined by a segment connecting 

λ1 to λ2, respectively the initial and final points of the 

baseline along the abscissa, as shown in Fig. 2.

Consequently the average area under the curve for the 

reflected spectrum of optical power versus lateral 

displacement was plotted for all grating lengths (5, 15, 25, 

and 35.9 mm) of the bonded FBGs, in compression and 

tension modes. The normalized output voltage and area 

were calculated by assuming a value of zero for the first 

measurement, while subtracting the actual first value from 

each of the subsequent measurements.

FIG. 2. Illustration of (a) the first assigned baseline and (b) the second assigned baseline, which are used to measure the area under 

the curve.
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III. RESULTS AND DISCUSSION

3.1. Sensitivity of FBGs Bonded to PMMA and Graphene/

PMMA under Tension and Compression

The normalized average output voltage of the bonded 

FBGs versus linear lateral displacement, in both compression 

and tension modes, was recorded following the methodology 

described in section 2.3. The obtained results are shown in 

Fig. 3, where it can be seen that the reflected output 

voltage increases when lateral displacement is increased at 

different stress locations for the FBGs of 25-mm grating 

length, under tension and compression. The relationship 

between output voltage and lateral displacement was found 

to be almost linear for the FBGs bonded to PMMA 

substrate and deflected at stress locations of 1 and 2 cm. 

However, at the far stress location of 3 cm, the FBGs 

bonded to graphene/PMMA showed a nonlinear correlation. 

As such, two distinct regions I and II were observed, in 

which the sensitivity of the FBGs was found to differ: The 

sensitivity in the low-deflection region was higher than 

that in the high-deflection region. This can be safely 

ascribed to the stiffness of the graphene/PMMA system. In 

the low-deflection region, the elasticity of the graphene 

sheet prevailed over that of the PMMA, while in the 

high-deflection region the elastic response of the PMMA 

dominates. From the sensitivity measurement, the optimum 

response was guven by the FBG bonded to graphene/ 

PMMA. It is worth mentioning that the sensitivity at the 

3-cm stress location was higher than those at the other 

locations, for both modes. Notably, the increase in voltage 

with FBG deflection is highly responsive when the stress 

location is far from the fixed end of the FBG, elaborating 

that the deflection impact is effectively distributed across 

the area of the bonded FBG, which in turn leads to 

increased reflection power. Hence the farthest possible 

stress location of 3 cm was chosen.

3.2. Sensitivity of FBG Sensors with Different Grating 

Lengths under Compression and Tension

The normalized average output voltage versus linear 

lateral displacement of FBGs bonded to graphene/PMMA 

was measured following the methodology described in 

section 2.3. The FBG grating lengths were 5, 15, 25, and 

35.9 mm [43-46], and the FGBs were deflected at 3 cm. 

FIG. 3. The normalized output voltage for the FBG (1549.39 

nm) with 25-mm grating length, under (a) tension and (b) 

compression, for different applied-stress locations.

FIG. 4. The normalized output voltage versus linear lateral 

displacement for the FBGs bonded to graphene/PMMA, 

under compression and tension, with stress applied at 3 cm.

TABLE 1. The variation of sensitivity for grating lengths of 5, 

15, 25, and 35.9 mm, under tension and compression, for the 

FBGs bonded to graphene/PMMA substrate

Physical 

condition

Sensitivity × 10-4 (V.µm-1) 

5 mm 15 mm 25 mm 35.9 mm

Tension 0.619 2.200 5.390 9.300

Compression 0.719 3.410 4.280 8.270
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Figure 4 shows the average output voltage versus linear 

lateral displacement for all grating lengths of the FBG 

bonded to graphene/PMMA, under tension and compression. 

One can notice from the figure that the output voltage rose 

with increasing grating length, which is attributed to the 

increase in reflected output power coming from the larger 

grating lengths, yielding higher output voltage detcted by 

the oscilloscope.

The sensitivity of the FBGs with various grating lengths, 

under tension and compression, was calculated from the 

slope of the output voltage using the Origin Pro 9 software, 

as tabulated in Table 1. Note that for the smaller grating 

lengths of 5 and 15 mm, the response in compression mode 

is better than that in tension mode, while for the larger 

grating lengths of 25 and 35.9 mm the FBG response in 

tension mode wasbetter. Notably, this change for the FBG 

with grating length of 15 mm under compression was very 

linear, showing a regression coefficient of determination R2 

of 0.99374. It was observed that the sensitivity in tension 

mode was different than that in compression mode. This 

can be due to that one face of the FBG is bonded to the 

graphene sheet, and hence a bilateral deflection of different 

sensitivities is yield, which can be fruitfully utilized for 

various applicants. Consequently, in the low-deflection 

region, the sensitivity of FBGs under compression was 

larger than for those under tension, while in the high- 

deflection region the opposite trend was observed.

3.3. Output Power of the Reflected Signal under Deflected 

Tension and Compression

Figure 5 shows the reflected spectrum of the FBGs with 

various grating lengths, for tension stress applied at 3 cm. 

One can notice from the results a clear, broad band shift 

toward longer wavelengths (redshift) when the FBGs are 

tensioned. This is in good agreement with theoretical 

expectations and with previous findings reported by other 

researchers [25, 33]. Moreover, it was observed that area 

under the reflected curve increased with increasing tension, 

indicating an enlarged signal of reflected power with 

increased mechanical deflection. The variation in reflected 

FIG. 5. Reflected power spectra of the FBGs with grating lengths of (a) 5 mm, (b) 15 mm, (c) 25 mm, and (d) 35.9 mm, induced by 

different lateral displacements due to tension.
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power for the FBGs at high lateral deflection can be 

attributed to inhomogeneity in the FBG’s internal structure, 

which is dominant at high deflections, thereby deteriorating 

the reflected spectrum peak. Noteworthy is the pronounced 

change in the area under the reflected spectrum, which is 

ascribed to birefringence [48, 49].

The results shown in Tables 2 and 3 present an increase 

in the average area under the reflection curve for all FBGs, 

under both tension and compression. The output power 

reflected from the FBG increased with increasing lateral 

displacement, due to the increment in the area under the 

reflection curve. Since the integrated area represents the 

output reflected power coming from the FBG, the total 

output reflected power received by the photodiode is 

therefore increased.

IV. CONCLUSION

The presented sensitivity analysis of FBGs revealed that 

bonding the FBGs to graphene/PMMA substrate led to 

improved sensitivity performance, under both tension and 

compression. Higher sensitivity was found for FBGs of 

larger grating length, and for those bonded to graphene. It 

was concluded that FBGs with small grating lengths of 5 

and 15 mm performed better in compression mode, 

whereas FBGs with larger gratings length of 25 and 35.9 

mm were more responsive in tension mode. The general 

trend in sensitivity change was seen to be similar for 

different FBGs. However, this change for the FBG of 

grating length 15 mm under compression was the most 

linear, showing a regression coefficient of determination R2 

of 0.99374. 
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