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INTRODUCTION

Fiber-optic sensors are widely used for mea-
suring deformation and temperature of com-
posite materials, thanks to sufficient advantag-
es: small diameter (less, than 150 mm), small 
weight, corrosion resistance. FBG sensor has 
reflective index modulation along the length of 
a single-mode optical fiber. Figure 1(а) shows 
chart of FBG sensor, which consists of the core, 
cladding and coating. Light travels in the core 
due to full internal reflection on the border of 
the core and cladding. Optical fiber is usually 
covered with coating (for instance, polyimide) 
to protect the fiber surface and lessen the strain 
concentration around built-in fiber [Takeda 
2005,Takeda 2014]. When floodlight is in FBG 
sensor, the narrow spectral subcomponent is re-
flected inversely from the grating area (Fig. 1b).

Figure 2а, 2b shows a schematic diagram 
of FBG sensor, enclosed into capillary pipe 
and sealed from both edges, using rapid-curing 
araldite [Boateng 2019].

The sensors with fiber Bragg grating, wide-
ly used for control over the health of composite 
structures in civil, airspace and wing-energy in-
dustries in the works [Minakuchi 2013, Takaga-
ki 2017, Her 2017, Umer 2012, Moriche 2016, 
Böger 2008, Giri 2015]. Strain-measuring sen-
sors to control deformation, which secure short 
precision due to their reference dimension with 
regard to reinforcing fibers in the article [Moriche 
2016] there was developed. FBG sensors offer 
the solution, which does not allow laminated 
structure breakdown (usually with a diameter 
of 125–300 micron), they are inert and sensi-
tive to both temperature and mechanical load-
ing. In the works [Chiang 2011, Antonucci 2006, 
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Murukeshan 2000], FBG technologies there were 
used to monitor thermoactive resin curing for air-
space and wing energy industries. 

The optoelectronic sensor system, shown in 
Figure 3, which consisted of two light sources: 
superluminescent diode for lighting Bragg grating 
sensor and laser diode with 1310 Nm wavelength 
to light the fi ber edge in the article [Antonucci 
2006] there was developed. 

Figure 4 shows the interrogation system with 
grating [Murukeshan 2000], used for research. 
Light from light-emitting diode unites with op-
tical fi ber, which is broken down into two by 
means of fi ber coupler 2/2. Interrogating brancher 
arm 2/2 is equipped with nuclear FBG with cer-
tain wavelength selection. Refl ected wavelength 
is studied, using picowave reference system, as 
it is shown in the Figure. Most researchers men-
tioned in the article herein are conducted, using 
this system confi guration, except the devices for 
various tests. Interrogation system with Bragg 
grating was used by Micron-optics company for 
interrogating inverse signals. Collecting, process-
ing and imaging the data were fulfi lled, using Na-
tional Instrument PC-DIO-24DAQ card.

Regardless of big executed work on charac-
terization of FBG sensors for monitoring systems 
state, only several researches informed about 
successful usage of FBG sensors at high tem-
peratures, low deformation, as well, at resin cur-
ing or gel formation at the moment / time. There 
exists a lot of techniques for treat monitoring in 

Figure 1. FBG sensor chart: а) total construction and b) FBG core 
with measuring principle [Takeda 2005, Takeda 2014]

Figure 2. а) Chart of FBG sensor, enclosed 
into a tube with fastened both edges, 

b) view of isolation material cross-section 
with FBG sensor [Boateng 2019]

Figure 3. Optoelectronic sensor system [12]
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autonomous regime, but only few on-line meth-
ods are accessible [Grattan 2000, Hill 1997, Ma-
hendran 2009, Koissin 2014, Minakuchi 2016, 
Anil Kumar 2016, Hu 2017, Umer 2015, Gagné  
2014, De Lima Filho 2014].

To characterize FBG, the authors used passive 
system of temperature decontaminating, which 
permits slow heat exchange with two temperature 
baths, laboratory air and liquid nitrogen (LN2) 
[De Lima Filho 2014]. Scheme of experimental 
installation is given in Figure 5.

Figure 6 shows the basic diagram of Bragg 
wavelength interrogator with wideband signal
(BIBS) and FBG [De Lima Filho 2014]. FBG 
refl ection spectra are measured with an opti-
cal spectrum analyzer ANDO AQ6317B (OSA), 
switched on to the third port of optical circulator, 
the fi rst port of which is powered from the wide-
band source of C-range (BBS) of model BBS 
1560 + 2FA00 from JDS Uniphase. Optical circu-
lator transfers power from the fi rst to the second 
port, to which the FBG is switched on. Refl ection 
capacity from FBG entered the second port and 
went to the third port.

Figure 7 shows computing logical schemes 
for model Simulink [Boateng 2019]. By means of 

Matlab Simulink logical diagrams, there Simulink 
model was shown, solved at various temperatures. 
Models of MATLAB/Simulink logical block for 
uncoated and coated FBG, enclosed into a capil-
lary tube, are shown in Figure 7, accordingly.

Figure 8 shows modeling of three models log-
ical schemes, constructed using logical diagrams 
where forces, deformations and temperatures in 
units can be computed [Schubela 2018]. 

In the article herein, the system from fi ber-
optic sensors, based on fi ber Bragg gratings there 
is presented, which is focused at digital theoreti-
cal demonstration and modeling the fi ber Bragg 
grating, using MATLAB (Simulink), which give 
eff ects of fi ber Bragg grating.

MATERIALS AND METHODS

Modeling the computer program MATLAB 
(Simulink), used for designing the system of fi ber-
optic sensors, based on fi ber Bragg gratings, pa-
rameters are set for fi ber Bragg grating, used in 
modeling herein, to measure deformation and tem-
perature of fi ber Bragg grating with Bragg wave-
length displacement and spectral refl ection ability 
for both refl ection indices and grating length. 

Theoretically normalized refl ection is created 
with fi ber Bragg grating. Refl ected wavelength λ, 
called Bragg wavelength, is clarifi ed in the cor-
relation herein:

𝜆𝜆𝐵𝐵 = 2𝑛𝑛𝑛𝑛Λ (1)

Wavelength changes in fi ber Bragg grating 
due to temperature and deformation can be linked 
with the following equation:

∆𝜆𝜆𝐵𝐵 = 𝜆𝜆𝐵𝐵(1 − 𝜌𝜌𝑒𝑒)𝜀𝜀 (2)

Figure 4. Interrogation system with Bragg grating [Murukeshan 2000]

 Fig. 5. Diagram of a temperature control 
microchamber [23]
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Amplitude refl ection spectrum of uniform 
fi ber Bragg grating is defi ned with a following 
equations:

R(L,) = 𝐾𝐾2𝑠𝑠𝑠𝑠𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾)
Δ𝛽𝛽2𝑠𝑠𝑠𝑠𝑠𝑠ℎ2+𝑘𝑘2𝑐𝑐𝑐𝑐𝑠𝑠ℎ2(𝛾𝛾𝛾𝛾) (3)

R(L,) = tanℎ2(𝛾𝛾𝛾𝛾) (4)

RESULTS AND DISCUSSION

To model the system from fi ber-optic sensors, 
based on fi ber Bragg gratings, it is necessary to 
demonstrate features and behavior of fi ber Bragg 
grating. Bragg wavelength displacement changes 
are due to strain and temperature. Spectral refl ec-
tion ability of fi ber sensors with Bragg grating 
changes at diff erent variation of refl ection index 
and grating length. 

Figure 6. Schematic diagram of the Bragg wavelength interrogator 
with broadband  signal (BWIBS) and FBG [23]

Figure 7. Computing logical schemes for Simulink model [Boateng 2019]

Figure 8. Logic diagram of three models: (а) First model, (b) Second model, (c) Third model [Schubela 2018]
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Figure 9 shows the system of fi ber-optic sen-
sors, based on fi ber Bragg gratings. The system 
consists of source unit in Simulink, which is mod-
eled as a source of Transfer Matrix Method 1550 
Nm central wavelength and in 1540–1550 Nm 
range. That source is set going to FBG through 
fi lter. The fi lter restricts only a narrow band, 
which shall be sent to FBG sensor. From every 
FBG with central wavelength in the area of ultra-
violet excimer laser it is refl ected back, dependent 
on refl ective spectra of separate FBG. 

Figure 10 shows increase of dependence of 
deformation on Bragg wavelength. As it is seen 
from the given Figure, the deformation is in-
creased along with fi ber wavelength. Fiber wave-
length changes, comparing to its initial wave-
length, in which the fi ber detects deformation. 

Figure 11 shows increase of the dependence of 
temperature on Bragg wavelength displacement. 
As it is seen from the Figure, Bragg wavelength 
displacement shows increase, if temperature 

changes higher up. Bragg wavelength displace-
ment was measured at temperature rise. Tempera-
ture change increased up to 220°C, while Bragg 
wavelength displacement continues to increase 
up to 11,59456. 

Figure 12 shows spectrum of fi ber Bragg 
grating refl ection with diff erent change of refl ec-
tive index at grating length L = 1 mm. As it is 
seen from the Figure, refl ection capacity of fi ber 
Bragg grating alters at diff erent changes of refl ec-
tive index. Spectral refl ection capacity increases 
along with increasing of refl ective index change. 
It increases up to 70% at ∆n = 0.007, when grat-
ing length was 0.5 mm.

Figure 13 shows change spectrum of fi ber 
Bragg grating refl ection with diff erent grating 
length at refl ective index change ∆n = 0.0003. As 
it is seen from the Figure 14, changes of spectral 
refl ection capacity vary at diff erent grating length 
0.5 mm, and refl ective index changes were fi xed 
at ∆n = 0.0001. Refl ection capacity was observed 

Figure 9. Systems from fi ber-optic sensors, based on fi ber Bragg gratings

Figure 10. Dependence of deformation on Bragg wavelength 
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Figure 11. Dependence of temperature on Bragg wavelength displacement 

Figure 12. Spectrum of fi ber Bragg grating refl ection with diff erent 
change of refractive index at grating length L = 0.5 mm

Figure 13. Spectrum of fi ber Bragg grating refl ection with diff erent 
grating length at refl ective index change ∆n = 0.0001
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Figure 14. Refl ective spectra from fi ber sensors network with 4 FBG, dependent on fi lter position

Figure 15. Refl ection spectra from fi ber sensor network with 5 FBG, dependent on fi lter position

with grating length increase. While grating length 
increases up to 1 mm, the spectral refl ection ca-
pacity grows up to 70%, when change of refl ec-
tive index was set as constant at ∆n = 0.0001.

As it is seen from the picture, the sum of laser 
refl ection capacity from 4 FBG was measured in 
spectrum analyzer, which represents output inten-
sity, which will be measured at interrogation de-
vice, where the fi lter is with 0.01 Nm pitch. Root-
mean-square error (RMSE) for polynomial fi tting 
of 4th degree is 4.250×10-4.

Figure 15 shows at refl ection spectra from 
fi ber sensor network with 5 FBG dependent on 
fi lter position. As it is seen from the Figure, using 
5 FBG, the data complies with polynomial of 5th

degree, with RMSE: 5.675×10-4. 

CONCLUSIONS

The presented herein off ered to develop the 
system from fi ber-optic sensors, based on fi ber 
Bragg gratings by means of MATLAB (Simu-
link). It was designed for developing the code 
and modeling fi ber-optic sensor, based on fi ber 
Bragg gratings. There was computed deforma-
tion, temperature and spectral refl ection capac-
ity both for diff erent refl ective index change 
and grating length. At simulation it is seen that 
deformation occurs when fi ber length changes, 
comparing to its initial length. Deformation ris-
es along with Bragg wavelength displacement 
increase, and temperature has linear distribu-
tion. Bragg wavelength displacement actually 
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influences at temperature, when Bragg wave-
length displacement increases, temperature, as 
well, rises. Also, it was computed that the sum 
of laser reflected power from 4 FBG was mea-
sured in spectrum analyser, which represents the 
output intensity, which will be measured at in-
terrogation device, where the filter is with 0.01 
Nm pitch. Root-mean-square error (RMSE) for 
fitting polynomial of degree 4 is 4.250×10-4, and, 
at using 5 FBG the data complies with degree 5, 
with RMSE: 5.675×10-4. As it is seen from the 
research presented herein, the system from fi-
ber-optic sensors, based on fiber Bragg gratings, 
consisting of five fiber-optic sensors operates in 
full mode and offers good results. 

Acknowledgments

This work is supported by grant from the 
Ministry of Education and Science of the Re-
public of Kazakhstan within the framework of 
the Project No. AP09259547 “Development of 
a system of distributed fiber-optic sensors based 
on fiber Bragg gratings for monitoring the state 
of building structures”, Institute Information and 
Computational Technologies CS MES RK. Ex-
perimental researches have been carried out in 
the laboratories of optoelectronics at the Electric 
engineering and computer sciences faculty of Lu-
blin Technical University.

REFERENCES

1. Takeda N., Okabe Y., Kuwahara J., et al. 2005. De-
velopment of smart composite structures with small-
diameter fiber Bragg grating sensors for damage 
detection: Quantitative evaluation of delamination 
length in CFRP laminates using Lamb wave sensing. 
Compos Sci Technol, 65, 2575–2587.

2. Takeda S., Tsukada T., Sugimoto S., et al. 2014. 
Monitoring of water absorption in CFRP laminates 
using embedded fiber Bragg grating sensors. Com-
pos Part A Appl Sci Manuf, 61, 163–171.

3. Boateng E., Schubel P., Umer R. 2019. Thermal 
isolation of FBG optical fibre sensors for compos-
ite cure monitoring. Sensors and Actuators A, 287, 
158–167.

4. Minakuchi S., Takeda N. 2013. Recent advancement 
in optical fiber sensing for aerospace composite 
structures. Photonic Sens, 3(4), 345–354. 

5. Takagaki K., Hisada S., Minakuchi S., Takeda 
N. 2017.Process improvement for out-of- auto-
clave prepreg curing supported by in-situ strain 

monitoring. J Compos Mater, 51(9), 1225–1237. 
6. Her S.-C., Huang C.-Y. 2013. Thermal strain analy-

sis of optic fiber sensors. Sensors, 13, 1846–1855. 
7. Umer R., Waggy E.M., Haq M., Loos A.C. 2012.

Experimental and numerical characterizations of 
flexural behavior of VARTM-infused composite 
sandwich structures. J Reinf Plast Compos, 31(2), 
67–76. 

8. Moriche R., Sánchez M., Jiménez-Suárez A., 
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22. Gagné M., Loranger S., Lapointe J., Kashyap R. 
2014. Fabrication of high quality, ultra-long fiber 
Bragg gratings: up to 2 million periods in phase. 

Opt. Exp, 22, 387–398. 
23. De Lima Filho E.S., Diaa Baiad M., Gagné M., 
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