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ABSTRACT The development of novel fibre Bragg grating (FBG)-based bending measurement methods requires
comprehensive experimental validation under controlled laboratory conditions. This preliminary stage is essential for
verifying the proposed sensing principle, optimising the sensor configuration, and evaluating the interrogation technique
prior to implementation in practical applications. Controlled laboratory experiments provide repeatable and well-defined
loading conditions, enabling the influence of individual parameters, such as bending radius and temperature, to be
investigated independently while minimising the effects of external disturbances. Such investigations facilitate a thorough
assessment of sensor performance, including sensitivity, repeatability, and temperature cross-sensitivity, and provide the
basis for optimising the sensing system. Consequently, laboratory validation constitutes a fundamental stage in the
development of advanced FBG-based bending sensing techniques, significantly accelerating the translation of innovative
sensing concepts into engineering and industrial applications. Accordingly, the development of robust and temperature-
independent bending measurement methods remains an important area of research. The objective of this work is to
present a novel optoelectronic method for determining the bending radius using modified periodic fibre structures. Based
on a comprehensive analysis of existing fibre Bragg grating based bending sensing principles and sensor configurations, an
original bending determination method employing a modified FBG structure was developed. The proposed experimental
configuration comprises a superluminescent diode source, an optical circulator, two optical spectrum analysers, a uniform
fibre Bragg grating, and a tilted fibre Bragg grating. Experimental investigations of the spectral response of the combined
FBG-tilted FBG (TFBG) structure under various bending conditions and throughout the intended operating temperature
range provide the basis for the development of a temperature-independent bending determination method. Prior to
implementing the proposed sensing approach, the uniform FBG and TFBG are fabricated in accordance with the specified
design parameters, and their spectral characteristics are characterised over the given temperature range. The experimental
results are subsequently used to establish design guidelines for selecting the optimal FBG and TFBG parameters to achieve
temperature-independent bending sensing.

KEYWORDS fibre Bragg grating (FBG), temperature-independent measurement, optical sensing, bending radius

determination, sensor electronics.

I. INTRODUCTION

he development of fibre Bragg grating (FBG)-
T based bending sensing systems has advanced

significantly over the past decades, driven by the
growing demand for accurate, reliable, and real-time
monitoring in industrial, biomedical, aerospace, civil
engineering and other applications [1-6]. A wide variety of
FBG-based bending sensing systems have been proposed,
differing in sensor configuration, sensing principle,
interrogation technique, and signal processing algorithms.
These differences lead to substantial variations in their
metrological and operational performance.

The performance of an FBG-based bending sensing
system is commonly evaluated using several key
parameters, including measurement accuracy, measurement
range and temperature -cross-sensitivity. In addition,
practical considerations such as e.g. system complexity,
cost, robustness, power consumption and suitability for
real-time operation are important. Despite the considerable
progress achieved to date, existing FBG-based bending
sensing systems still face limitations related to these
parameters. Consequently, there is a growing need to

develop novel bending measurement methods and to design
advanced sensing systems based on these methods. Such
developments are expected to improve measurement
performance, increase robustness and reliability, reduce
implementation costs, and expand the applicability of FBG-
based bending sensors in demanding engineering and
industrial environments.

The development of novel bending measurement
methods should be preceded by comprehensive laboratory
investigations under controlled experimental conditions.
This preliminary stage is essential because it enables the
validation of the sensing principle, optimization of the
sensor configuration, and evaluation of the interrogation
method before deployment in practical applications.
Laboratory experiments provide repeatable and well-
defined loading conditions, allowing the influence of
individual parameters, such as e. g. bending radius or
temperature, to be  investigated independently.
Consequently, laboratory investigations constitute a
fundamental stage in the development of new FBG-based
bending measurement methods, accelerating the transfer of
innovative sensing solutions to practical engineering and
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industrial applications. Therefore, the development of
innovative bending measurement techniques remains an
important area of research. The purpose of the work is
presentation of the optoelectronic method for determining
the bending radius using modified periodic fibre structures.

Il. FBG-BASED METHODS FOR BENDING MEASUREMENT

The most common laboratory FBG-based method for
bending measurement uses a light source, an optical
circulator and detector (optical spectrum analyser (OSA),
spectrometer or photodiode). For reflection-mode FBG
sensors a three-port optical circulator is commonly
employed as a passive, non-reciprocal optical component
providing unidirectional routing of optical signals by
directing the incident light from Port 1 to Port 2 and the
reflected light from Port 2 to Port 3. This configuration
enables the separation of the transmitted and reflected
optical signals. The main advantage is direct observation
of the reflected spectrum and straightforward
identification of the Bragg peak and other specific peaks.
Optical circulators are the preferred components in
reflective FBG bending sensing systems because they
maximise optical efficiency, improve signal-to-noise
ratio, reduce back reflections, and facilitate long-distance
and multiplexed sensing. FBG is the passive optical
sensing element in the FBG bending sensing systems.

The schematic of optical circulator and the example of
its application in FBG-based systems is given in Fig. 1.
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FIG. 1. Schematic of optical circulator and the example of its
application in FBG-based systems.

An optical circulator is a single passive optical
component while an optical interrogator is an
optoelectronic measurement instrument that typically
contains a light source, optical routing components (e.g., a
circulator or coupler), photodetector or optical spectral
analyser, and  signal-processing electronics. An
interrogation system is optical and electronic subsystem
that supplies light to the FBG sensor, collects the reflected
or transmitted optical signal, demodulates a measurable
parameter (wavelength, intensity, phase, or frequency),
converts that parameter into the into the corresponding
measurand (bending/curvature). The techniques, trends,
and applications of interrogation-based fibre-optic sensors
are described in [7]. OSA measures the complete reflected
spectrum of the FBG. Therefore, it can be used when the
interrogation system needs to measure the specific
wavelengths or analyse the complete reflection spectrum.
Considering the advantages of OSA usage, including direct
measurement of wavelength shift eliminating the need for
additional wavelength demodulation techniques, high
wavelength  accuracy  enabling  highly  accurate
measurements of bending, strain, or temperature, full
spectral information allowing detailed analysis of spectral
shape, peak position, bandwidth, side lobes, and multiple
resonances, it can be concluded that OSA 1is ideal for
laboratory characterization. The drawbacks of OSAs are
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high cost, relatively long acquisition time and bulky design
restricting their application in compact and real-time FBG
sensing systems. In contrast to OSA the photodiode
measures only the total optical power incident on it. Before
the light reaches the photodiode, an optical filter converts
wavelength changes into intensity changes. Photodiodes are
much faster than OSAs.

Broadband interrogation using ASE (Amplified
Spontaneous Emission) and SLD (Superluminescent
Diode) sources combined with an optical spectrum analyser
remains the predominant interrogation approach reported
for FBG bending sensors [8]. ASE sources are preferred for
high-power interrogation of multiplexed FBG arrays and
laboratory systems, where optical power and spectral
flatness are important. SLD sources are preferred for
compact, low-power and cost-effective interrogation
systems, making them attractive for portable and embedded
bending sensing applications. Tunable-laser interrogators
are used less frequently for higher-resolution measurements
[9]. For most FBG-based bending sensing systems,
commonly two approaches depending on the interrogation
method are employed: the system measures wavelength
shift (wavelength interrogation) or changes in the reflected
optical power (intensity interrogation).

An analysis of existing FBG-based bending
measurement methods was performed. Two of the analysed
methods are described below.

A temperature-insensitive intensity-based bending
sensor was proposed by [8] (Figs.2-4). The operating
principle of the proposed sensor is based on a
superimposed TFBG—FBG structure. The tilted fibre Bragg
grating (TFBG) couples the forward-propagating core
mode to backward-propagating cladding modes, whose
transmission characteristics are highly sensitive to fibre
bending. A uniform FBG, inscribed at the end of the
TFBG, reflects part of the incident light, which passes
through the TFBG twice. Consequently, the reflected
optical power is modulated by the bending-dependent
transmission loss of the TFBG cladding-mode resonances.
As the fibre curvature increases, the transmission loss of
the cladding modes changes, leading to a corresponding
variation in the reflected FBG power. In contrast, the Bragg
resonance of the TFBG remains nearly unaffected by
bending and therefore serves as a stable reference signal for
compensating  optical source power fluctuations.
Furthermore, because the FBG and TFBG exhibit nearly
identical temperature sensitivities, the sensor output is
effectively insensitive to ambient temperature variations. In
the quasi-linear operating range, the sensor exhibited a
curvature sensitivity of approximately 0.6 dB-m™.
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FIG. 2. Schematic diagram of the experimental setup for bending
measurement [8].
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FIG. 3. Schematic diagram of the superimposed fibre Bragg
grating (a), transmission spectrum of the TFBG (b), reflection
spectrum of the superimposed grating (c) [8].
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FIG. 4. The reflection spectra of the superimposed grating for
various curvature [8].

The authors in [10] proposed a compact fibre-optic
three-dimensional (3D) shape sensor based on two
serially connected tilted fibre Bragg gratings (TFBGs)
with mutually orthogonal grating planes (Figs. 5-6). The
sensor simultaneously measures bending and axial strain
using a single-ended interrogation configuration based on
Fresnel reflection from the cleaved fibre end. The bending
magnitude and direction are determined from the
differential intensity response of selected cladding-mode
resonances, whereas axial strain is obtained from the
Bragg wavelength shift. Owing to the orthogonal
orientation of the two TFBGs, the sensor enables
determination of the bend magnitude and orientation
(with a +180° ambiguity). Experimental results
demonstrated bending sensitivities ranging from -0.33 to
+0.21 dB-m™, depending on the bending direction, and an
axial strain sensitivity of 1.06 pm-ue™!. The sensor was
interrogated using a tunable laser source and a high-
resolution optical spectrum analyser, allowing accurate
spectral intensity and wavelength measurements.
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FIG. 5. Schematic diagrams of experimental setup for bending
and strain measurements (a) and the pair of orthogonal
TFBGs (b) [10].
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FIG. 6. Transmission spectra of the dual orthogonal TFBGs for
various curvatures [10].

I1l. PROPOSED BENDING RADIUS DETERMINATION
METHOD

Based on a comprehensive analysis of existing FBG-
based bending sensing methods and sensor designs, an
original bending determination method employing
modified FBG structures was proposed. The experimental
setup used for bending radius determination is given in
Fig. 7.

CIRCULATOR

FIG. 7. Schematic diagram of the experimental setup for bending
radius determination.

The experimental setup consists of a SLD source, an
optical circulator, a climatic chamber (in which the uniform
FBG and TFBG are mounted in the fibre bending control
system) and two OSAs. The uniform FBG is connected to
Port 2 of the optical circulator. Light emitted by the SLD
source enters Port 1 and is directed through Port 2 to the
uniform FBG. The transmitted spectrum is recorded by the
first OSA. The light reflected by the FBG, containing the
Bragg wavelength component, is routed from Port 2 to Port
3 and subsequently launched into the TFBG. The spectrum
transmitted through the TFBG is recorded by the second
OSA. The resulting spectrum contains the FBG Bragg
reflection peak, whose spectral profile is modified by fibre
bending due to the interaction with the TFBG, as shown in
Fig. 8 for different bending radii.
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FIG. 8. Resulting spectra for different radii: 2 cm (a, d), 3 cm (b,
d), 4 cm (c, d) for the investigated FBG based structures.

Fig. 8d demonstrates that the resulting spectra vary
with the bending radius. The most pronounced changes
are observed in the modified Bragg peak, whose spectral
characteristics exhibit a strong dependence on the applied
bending. Both the intensity and the spectral shape of the
modified Bragg peak exhibit variations with bending
radius, providing additional spectral features that can be
exploited for bending-radius sensing (Fig. 9). Quantitative
analysis of the characteristic spectral parameters as a
function of bending radius enables the development of a
robust optical sensing method for bending radius
measurement.

FIG. 9. Evolution of the modified Bragg peak shape in the
resulting spectra with bending radius.

Experimental investigations of the spectral response
of the combined FBG-TFBG structure under different
bending conditions and over the intended operating
temperature range enable the development of a
temperature-independent bending measurement method.
Prior to implementing the proposed method, the uniform
FBG and TFBG are fabricated according to the required
specifications, and their spectral characteristics are
characterised over the intended operating temperature
range. Based on the experimental results, guidelines for
selecting appropriate FBG and TFBG parameters for
temperature-independent bending sensing are
established.

IV. CONCLUSION
The development of original FBG-based bending
measurement methods and their experimental validation
under controlled laboratory conditions remain essential
steps toward the realization of high-performance sensing
systems for practical engineering applications. Future
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research should focus on optimising and validating the
proposed method to ensure its reliable operation under
real operating conditions.

AUTHOR CONTRIBUTIONS
L.H. — conceptualization, methodology, investigation,
writing-original draft preparation, writing-review and
editing, visualization; J.K. — investigation, writing-review
and editing.

COMPETING INTERESTS
The authors declare no conflicts of interest.

REFERENCES

[1] Q. Wangand Y. Liu, “Review of optical fiber
bending/curvature sensor,” Measurement, vol. 130, pp.
161-176, 2018.
doi: 10.1016/j.measurement.2018.07.068.

[2] M. H. Yassin, M. H. Farhat, R. Soleimanpour, and M.
Nahas, “Fiber Bragg grating (FBG)-based sensors: a
review of technology and recent applications in
structural health monitoring (SHM) of civil engineering
structures,” Discover Civil Engineering, vol. 1, Art. no.
151, 2024.
doi: 10.1007/344290-024-00141-4.

[3] L. Hotra, J. Klimek, 1. Helzhynskyy, O. Boyko, and S.
Kovtun, “Selected Issues Concerning Fibre-Optic
Bending Sensors,” Informatyka, Automatyka, Pomiary w
Gospodarce i Ochronie Srodowiska, vol. 15, no. 4, pp.
177-181, 2025.
doi: 10.35784/iapgos.8681.

[4] Y. Su,J. Wang, J. Li, Z. Xu, and Y. Wang, “Optical
curvature sensor based on polarization characteristics of
optical fiber,” Opt. Express, vol. 31, no. 6, pp. 9275—
9286, 2023.
doi: 10.1364/0E.482949.

[5] S.Deng, T. Wang, B. Tan, and G. Lu, “Theoretical and
experimental study on FBG bending sensor for
quantitative monitoring of bolt looseness,” Measurement,
vol. 216, Art. no. 113002, 2023.
doi: 10.1016/j.measurement.2023.113002.

[6] R. Chen, L.Li, Q. Yu, Z. Luo, Z. Lian, C. Teng, H. Qu,
and X. Hu, “Large Range Curvature Measurement Using
FBGs in Two-Core Fiber with Protective Coating,”
Micromachines, vol. 15, no. 11, Art. no. 1310, 2024.
doi: 10.3390/mil5111310.

[71 K. Dey, A. Majee, and S. Roy, “Interrogation-Based
Fiber-Optic Sensors: A Comprehensive Review of
Techniques, Trends, and Applications,” IEEE Sensors
Reviews, vol. 2, pp. 589-608, 2025.
doi: 10.1109/SR.2025.3611945.

[8] X.Dong,Y.Liu, L.-Y. Shao, J. Kang, and C.-L. Zhao,
“Temperature-Independent Fiber Bending Sensor Based
on a Superimposed Grating,” I[EEE Sensors Journal, vol.
11, no. 11, pp. 3019-3022, 2011.
doi: 10.1109/JSEN.2011.2157124.

[91 S. A.Sadik, F. E. Durak, and A. Altuncu, “Fiber Bragg
Grating Sensor Interrogation Using Tunable Erbium-
Doped Fiber Ring Laser Source,” Sakarya University
Journal of Science, vol. 25, no. 2, pp. 349-356, 2021.
doi: 10.16984/saufenbilder.789433.

[10] D.Feng, W. Zhou, X. Qiao, and J. Albert, “Compact
Optical Fiber 3D Shape Sensor Based on a Pair of
Orthogonal Tilted Fiber Bragg Gratings,” Scientific
Reports, vol. 5, Art. no. 17415, 2015.
doi: 10.1038/srep17415.




SISIOT Journal | journals.chnu.edu.ua/s

Jacek Klimek

Ph. D. Jacek Klimek is assistant
professor at the Department of
Electronics and Information
Technologyof the Lublin University of
Technology. His areas of scientific
interest cover  fabrication and
investigation of fibre Bragg gratings,
fibre optic sensor design.

ORCID ID: 0000-0001-8141-6136

Les Hotra |

Les Hotra graduated from Department
of Applied Mathematics, Lviv
Polytechnic National University |
(Ukraine). He is currently a
postgraduate student at Lviv
Polytechnic National University. His
areas of scientific interest cover
mathematical modelling and electronics
including biomedical devices.

ORCID ID: 0009-0005-1351-1883

Bu3HaueHHA paaiyca BUrMHY 3 BUKOPUCTAHHAM
moandikoBaHUX BOJIOKOHHUX BperriBCbKUX IpaTok

Necb Fotpa®”, Aluek Knimek?

Kadeapa enekTpoHHOI iHXeHepii, HaujioHanbHMI yHiBEpCUTET «J/1bBiBCbKa NoNITEXHIKa», /1bBiB, YKpaiHa
2 Kadeapa eneKkTpoHiku Ta iHbopmaLiH1X TeXHONOTIN, yHiBepcuTeT «JTiobaiHcbka MonitexHikay, /liobiH, Monbla

*ABTOp-KOpecnoHAeHT (EnekTpoHHa agpeca: les.m.hotra@Ipnu.ua)

AHOTALLIAl Po3pobKa HOBMX METOAIB BUMIpPIOBAHHA BUMMHY Ha OCHOBI BOMIOKOHHWMX 6perriscbkux rpatok (BBI) Bumarae
KOMM/IEKCHOI eKCMepuMEHTaNbHOT NepeBipkM B KOHTPO/IbOBAHWUX JflabopaTopHUX ymoBax. Llet nonepegHin etan €
Ba)K/IMBUM [OJ/19 NEPEBiPKM 3anpOMNOHOBAHOIO MPUHLNUMNY BMMIPOBaHHA, ONTMMI3aLii KOHOirypaujii ceHcopa Ta OLiHKM
MeTo4y ONUTYBaHHA Nepesa Moro BNPoBaAMEHHAM Yy NPaKTUYHI 3acTocyBaHHA. KOHTPO/IbOBaHi 1abopaTopHi EKCNePUMEHTH
336e3nevytoTb MOBTOPIOBAHI Ta YiTKO BM3HAYEHi YMOBM HABAHTAXKEHHA, LLO [03BOJIAE He3aNeXHO A0C/iAKYBaTU BMIMB
OKpPEMWX MapaMETPIB, TAKUX AK PaAiyc BUrMHY Ta TeMnepaTypa, MiHIMi3ytoun BNAMB 30BHIiWHIX 36ypeHb. Taki 40CNioKEeHHA
CNPUAIOTbL PeTesibHIM OLiHL NPOAYKTUBHOCTI CEHCOPA, BKAKOYAOUYM YYT/IMBICTb, MOBTOPKOBAHICTL Ta NMEPEXPECHY YYTIUBICTb
[0 TemnepaTypu, Ta 3abe3nedyyloTb OCHOBY A1A ONTUMI3aLil cucTemMn BUMiptoBaHHA. OTXe, nabopatopHa nepesipKa €
dyHAAMEHTaIbHUM eTanom y po3poblLii NepeoBUX METOAB BUMIPIOBaHHA BUIMHY Ha OCHOBI BEI, 3HaYHO mpucKopiooum
BNPOBaAKEHHA iIHHOBALIMHMX KOHLENLi BUMIPOBaHHA B iHXEHEpPHi Ta NPOMMCIOBI 3acTOCyBaHHA. BignosigHo, po3pobka
HaZiMHWUX Ta TeMnepaTypHO-He3aNeKHMUX METOAIB BUMIPIOBAHHA BUIMHY 3a/IULWIAETHCA BaXK/MBOM rany33io AOCAIAMKEHb.
MerToto ui€ei poboTn € NpeacTaBAeHHA HOBOIO OMNTOENEKTPOHHOIO METOAY BM3HAYEeHHS pajiyca BUIMHY 3 BUKOPUCTAHHAM
MOAMOPIKOBAaHUX NEPIOAMYHUX BOJIOKOHHUX CTPYKTYp. Ha OCHOBI KOMMJIEKCHOrO aHanisy iCHyt4YMX MpUHLMMIB Ta
KOHirypaujii ceHcopiB BUIMHY Ha OCHOBi BOJIOKOHHWUX OperriBCbKMx FpaTok 6yno po3pobaeHO OopuriHaNbHUI MeTop,
BU3HAYEHHA BUIMHY 3 BUKOPUCTAHHAM MoaundikoBaHoi cTpyKTypu BEI. 3anponoHoBaHa ekcnepumeHTanbHa KoHbirypauis
MiCTUTb [)KEepPeno Ha OCHOBI Cyrnep/tOMIHECLLEHTHOrO AioAa, ONTUYHWUIN LMPKYAATOP, ABa OMTUYHI aHaNi3aTopu CheKkTpy,
OZHOpPiAHY BOJIOKOHHY OpEerriBCbKy FPaTKy Ta MOXM/Y BOJIOKOHHY OperriBcbKy rpaTtky. EKcnepumeHTanbHi [OChiaXKeHHs
CMeKTpa/bHOI XapaKTepUCTUKM KoMBiHOBaHOI cTpykTypu BBl - moxuna BBI' (MBBI) 3a pi3HWX YMOB BUMMHY Ta B YCbOMY
nepeabayysaHomy Aiana3oHi poboumx TemnepaTyp 3abe3neyyioTb OCHOBY AN PO3PO6KM TemnepaTypHO-He3anexHoro
METOZly BMMIpPIOBaHHA BUTMHY. Mepes BNpoBaAMeHHAM 3anpornoHOBaHOro Nigxody A0 BUMIploBaHHA oaHopigHi BBl Ta
MBBEl BUroTOBNAIOTLCA BIAMOBIAHO [0 334aHMX KOHCTPYKTMBHMX MapaMeTpiB, a iXHi CreKTpaibHi XapaKTepUCTUKM
XapaKTepu3yloTbCA B 33a4aHOMY Aiana3oHi TemnepaTtyp. EKcnepumeHTanbHi pesyabTaT 3roAo0M BMKOPUCTOBYIOTbLCA A/A
BCTAHOB/IEHHA PEeKOMeHAalil LoA0 NPoeKTyBaHHA Ta BM6OpY onTMManbHux napametpis BBl Ta MBBI' ana AocarHeHHs
TemnepaTypHO-HEe3a/IeXKHOrO BUSHAYEHHA BUTUHY.

K/1HOYOBI CJ/IOBA BonoKoHHa b6perriscbka rpatka (BBI), TemnepaTypHO-He3anexHe BUMIPIOBAHHA, ONTUYHA CEHCOPWKa,
BM3HAYEHHA pajjyca BUTMHY, CEHCOPHA e/IeKTPOHIKa.
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