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Coupled‑core fiber Bragg gratings 
for low‑cost sensing
Jose A. Flores‑Bravo1, Javier Madrigal2, Joseba Zubia1, Salvador Sales2 & Joel Villatoro1,3*

Sensors based on Bragg gratings inscribed in conventional single mode fibers are expensive due to the 
need of a sophisticated, but low‑speed, interrogation system. As an alternative to overcome this issue, 
in this work, it is proposed and demonstrated the use of coupled‑core optical fiber Bragg gratings. It 
was found that the relative reflectivity from such gratings changed when the coupled‑core fiber was 
subjected to point or periodic bending. This feature makes the interrogation of such gratings simple, 
fast, and cost‑effective. The reflectivity changes of the gratings are attributed to the properties of the 
supermodes supported by the coupled‑core fiber. As potential applications of the referred gratings, 
intensity‑modulated vector bending and vibration sensing are demonstrated. We believe that the 
results reported here can pave the way to the development of many inexpensive sensors. Besides, 
coupled‑core fiber Bragg gratings may expand the use of grating technology in other areas.

Fiber Bragg grating (FBG) sensors are increasingly accepted in more fields and  sectors1–4 due to their multiple 
advantages which include, among others, compact size, high sensitivity, reliability, and immunity to electromag-
netic interference. Another key advantage of such sensors is the possibility of monitoring several parameters, or 
the same parameter in several points, along a conventional single mode optical  fiber3,5. The FBG technology is 
mature and commercially  available6.

FBG sensors require a sophisticated readout unit to monitor the position of the Bragg wavelength (λB) with 
high accuracy. The two most common methods to do so entail either a broadband light source and a picometer-
resolution spectrometer or a tunable laser and a suitable photodetector. Both interrogation systems are bulky 
and costly, which makes FBG sensors expensive. As a low-cost alternative to interrogate FBG sensors, compact, 
integrated read-units have been proposed in the past years, see for example Refs.7–11. However, such miniature 
FBG interrogators do not compete yet in performance with the bulky ones. It is important to point out that the 
speed with which λB is monitored with bulk or integrated FBG interrogators is limited to a few  kHz12.

To reduce the cost of the interrogation of FBG sensors, changes in the position of λB can be converted to 
intensity changes by means of edge  filters7,13–15,  interferometers16,17, or similar wavelength-selective  devices18 in 
combination with inexpensive photodetectors. The so-called π-phase-shifted FBGs interrogated with narrow 
linewidth lasers have been proposed to develop intensity-modulated  sensors19–24. The advantages in these cases 
include lower cost than the wavelength tracking method and much higher speeds as intensity changes can be 
detected from DC to several  MHz14,17,20,21,23. However, the use of wavelength filters or π-phase-shifted FBGs has 
some drawbacks. One is the cost of the filter, and the other is its linear section and useful wavelength range that 
may be limited. Therefore, the Bragg wavelength of the grating must be properly selected. In addition, with filters 
or π-phase-shifted FBGs, temperature compensation may be complex.

Intensity-modulated FBG sensors are good candidates for monitoring dynamic events like impacts or 
 vibrations2,17, as well as other parameters, as for example, bending or  curvature25–28. Although in the latter case, 
it is important to discriminate the direction of the bending or curvature.

Based on the aforementioned, it clear that is important to investigate new methods to fabricate fiber Bragg 
gratings to develop functional sensors whose interrogation be less complex or expensive than the existing ones. 
Thus, herein, we propose the use of an optical fiber consisting of two coupled cores with FBG gratings for 
cost-effective optical sensing. The reflection spectrum of our gratings is a narrow peak similar to that of FBGs 
inscribed in conventional optical fibers. However, unlike conventional FBGs, the reflectivity of the coupled-
core fiber gratings changed when such fiber was subjected to point or periodic bending (vibrations). It was also 
observed that the sensor provided both amplitude and direction of the bending.

The advantages of the sensors here proposed include inscription of Bragg gratings with standard procedures 
and an interrogation system that can be compact, simple, fast, and cost effective. No additional wavelength filters, 
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tunable lasers or fiber devices like fan in/out are necessary. Thus, we believe that the concepts and approaches 
reported here may expand the use of Bragg grating technology for sensing or may represent a cost-effective 
alternative for sensing bending and vibrations and other parameters that can induce bending to the coupled-
core optical fiber.

Sensor fabrication and working mechanism
The cross section of the twin-core fiber that was used in our experiments is shown in Fig. 1a. The fiber was 
fabricated at RISE Acreo (Sweden) by drilling a void in the preform of a standard telecom fiber and inserting a 
second core into the void. The fiber was then drawn using conventional methods. In this manner, the fiber had 
two identical single-mode cores, each with a diameter of 8 μm and a numerical aperture of 0.12. One core was 
located in the geometrical center of the fiber and the other core was approximately at 15 μm from the central 
one. This short separation allows optical coupling between the cores.

A short segment of the twin-coupled-core fiber (TCCF) was fusion spliced to a conventional single mode 
optical fiber (SMF) that had a numerical aperture of 0.14. The splicing was carried out with a clad alignment 
method with a conventional fusion splicer. Under these conditions, the central core of the TCCF and the unique 
core of the SMF were axially aligned; see Fig. 1b. As the TCCF and the SMF have similar numerical apertures, 
the splice loss was low, below 0.5 dB.

To inscribe Bragg gratings in the cores of the TCCF, it was first hydrogenated at ambient temperature during 
2 weeks at a constant pressure of 50 bar. A 5 mm-long grating with λB = 1552.5 nm was inscribed in the two-core 
fiber with the well-established phase mask technique. A frequency-doubled Argon-ion laser operating at 244 nm 
was used. The inscription setup is described in more detail  elsewhere29. The two cores of the fiber had gratings 
with the same period, length and reflectivity (~ 35%). The position of the gratings from the SMF-TCCF junction 
was arbitrary as it was not critical. During the inscription of the gratings, the reflection spectrum was monitored 
with the setup shown schematically in Fig. 1c. Light from a superluminescent light emitting diode (SLED) with 
peak emission at 1550 nm was launched to the grating through a broadband optical fiber coupler. The reflected 
light was analyzed with a small spectrometer (IMON-512, Ibsen Photonics).

Due to the axial symmetry of the SMF-TCCF structure, see Fig. 1b, the excitation of the TCCF is carried out 
with the fundamental SMF mode. Such a mode excites two supermodes in the TCCF, which propagate at differ-
ent velocities. As the two cores of the fiber are identical and the light is launched into the central core, thus, the 
normalized optical power in the central core (Pc) of the TCCF at a length L from the SMF-TCCF junction  is30,31:

In the above equation, Δnef is the difference between the effective refractive indices of the supermodes excited 
in the TCCF and λ is the wavelength of the optical source. Thus, if the transmission of an SMF-TCCF-SMF 
structure is measured, it will be periodic in  wavelength31,32.

The situation when the SMF-TCCF structure where the twin-core fiber has Bragg gratings in the cores, see 
Fig. 1b, can be analyzed as follows. The Bragg reflection condition indicates that a specific wavelength will be 
reflected and that the intensity of the Bragg wavelength depends on the coupling coefficient of the forward and 
backward propagating supermodes. Therefore, if the TCCF is bent in the y direction, according to the coordinate 
system shown in Fig. 1a, the off-center core will experience more or less stress depending on the direction of the 
bending. The central core is in the neutral axis of the stress. The refractive index the off-center core is modified 
due to the stress caused by the bending. As a consequence, the field intensities of the supermodes, hence, the 
amount of light that in the cores of the fiber, will change. Therefore, changes in the reflectivity of the Bragg grat-
ings can be expected when the TCCF is subjected to bending or vibrations.

(1)Pc(L, �) = cos
2(π�nef L/�),

Figure 1.  (a) Cross section of the twin coupled-core optical fiber (TCCF) used in the experiments. The 
coordinate system to orient the cores is indicated. (b) Schematic representation of a single mode fiber (SMF) 
spliced to the TCCF. (c) Sketch of the device interrogation; SLED is superluminescent light emitting diode. The 
input and reflected light are illustrated with a broad and narrow ‘spectrum’, respectively.
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Results and discussion
To corroborate the aforementioned concepts, the effective refractive indices (nef) of the supermodes excited in 
the TCCF were calculated at 1552.5 nm with a commercial photonic simulation software (MODE from Lumeri-
cal). The TCCF was assumed to be straight or bent with different radius of curvature in − y and + y directions, 
see Fig. 1a. The results of our simulations are summarized in Fig. 2. From the figure, it can be concluded that the 
value of nef of both supermodes increases when the TCCF is bent in the + y direction but it decreases if the fiber 
is bent in the − y direction. As it was pointed out above, the reason of this behavior is due to the asymmetry of 
the TCCF. The index of the off-center core of the TCCF increases or decreases depend on the direction of the 
bending due the stress experienced by the material the core is made  of30.

The 2D profiles of one supermode at different values of curvature are shown in Fig. 3. The figure shows that 
the intensity of the supermode tends to concentrate in the off-center core of the TCCF as the value of curvature 
increases in the + y direction. This is due to the compression that such a core experiences when the fiber is bent in 
the + y direction. The opposite happens when the curvature is in the − y direction. In this case, the central core has 
more intensity than the off-center core. The distribution of intensity of the supermodes in the bent two-core fiber 
gives rise to changes in the reflectivity of the Bragg grating since it depends on the amount of light in the cores.

After the inscription of the gratings in the cores of the TCCF, we investigated the potential of our device for 
sensing bending and its direction as well as vibrations. To investigate the performance of our devices as bend sen-
sors, the cores of the TCCF were oriented in the direction of the bending, after that, the fiber was bent in the + y 
and − y directions, see Fig. 1a. During the experiments, the SMF-TCCF junction was fixed and the TCCF was 
bent at a point located at 31 mm from the fixing point. The TCCF was angle cleaved to avoid Fresnel reflections 
that could affect the reflectivity measurements. A motorized translation stage was used to bend the dual-core 

Figure 2.  Calculated effective refractive indices (triangles) at 1552.5 nm of the two supermodes excited in the 
TCCF as a function of curvature. The + y and − y directions are according to the coordinate system shown in 
Fig. 1a. The solid and dashed lines are fitting to the calculated data.

Figure 3.  Calculated field intensities of a supermode at different values of curvature (C) applied to the TCCF. 
All the calculations were carried out at 1552.5 nm. The solid arrows indicate the direction of the bending and 
the dashed arrows show the central core of the TCCF. Each blue area has dimensions of 40 × 40 μm2.
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fiber in a controlled manner. At each bending angle, the spectrum of the grating was collected with the measur-
ing setup shown schematically in Fig. 1c.

Some observed reflection spectra when the TCCF was bent in the − y direction are shown in Fig. 4. The 
wavelength position of the Bragg grating did not change, however, the reflectivity of the grating decreased in 
proportion to the bending angle. When the TCCF was bent in the + y the opposite was observed, i.e., the reflec-
tivity increased. The calibration curves of the bending in the + y and − y directions are shown in Fig. 5. In such 
a figure, ΔR = (Ra − R0), where Ra was the absolute maximum of the reflection when the bending angle was a. R0 
was the maximum of the reflection when the TCCF was straight.

The bending sensitivities in the + y and − y directions were found to be, respectively, 0.043 and − 0.067 a.u. 
per degree. The difference in the sensitivities may be due to the asymmetry of the TCCF. It is worth noting that 
in both bending directions, ΔR/R changed linearly with the bending angle and its sign can indicate the direction 
of the bending.

To investigate the bending response of our device at different orientations of the fiber cores with respect to the 
direction of the bending, the TCCF was rotated in the clockwise direction in steps of 30°, at each rotation angle, 
the fiber was bent in the + y and − y directions with the same procedure described in the above paragraphs. The 
bending sensitivities that were found are shown in Fig. 6. The results of such a figure indicate that the bending 
sensitivity decreases gradually with the orientation of the off-center core of the fiber with respect to the direction 
of the bending. Thus, if maximum sensitivity is important, the off-center core must be parallel to the direction 
of the bending.

In an ideal case, the TCCF should be insensitivity to bending when the off-center core is perpendicular to 
the direction of bending, see the drawing labeled with 90° in Fig. 6. However, due to unavoidable experimental 
errors and possible imperfections of the TCCF, a low bending sensitivity was observed at such conditions.

Figure 4.  Reflection spectra for a 5-mm long Bragg grating inscribed in the TCCF at different bending angles 
in the − y direction, according to the coordinate system shown in Fig. 1a. The inset graph is a zoom in of the 
reflection indicated with a dotted square.

Figure 5.  Calibration curves observed when the TCCF was bent in the + y and − y directions indicated in the 
drawing. R was the reflectivity of the grating when the TCCF was straight and ΔR refers to relative reflectivity 
changes observed at different bending angles. The latter are indicated with the letter θ in the bottom inset figure.
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The behavior of the TCCF with Bragg gratings can be explained with the results shown in Figs. 2, 3 and 4. 
The intensity of the light that reaches the two Bragg gratings changes with bending, thus, the light reflected and 
measured at the central core of the TCCF with a conventional SMF depends on the bending angle. It is important 
to note from Fig. 5 that a bending angle of 0.2° can be detected. This may be due to the high bending sensitivity 
of the supermodes excited in the TCCF.

The temperature effect on two gratings, one with Bragg wavelength close to 1552 nm and the other close 
to 1556 nm, was studied from − 20 to + 50 °C. The results of our experiments are shown in Fig. 7. We observed 
that the relative reflection of the gratings changed little with temperature. From Fig. 7b, the fluctuations of the 
reflectivity of the grating caused by temperature were found to be around 1.3%. We believe that the low number 
of data points (512 in 85 nm) of the spectrometer (IMON-512, Ibsen Photonics) that was used to monitor the 
reflection spectra from the gratings contributed to such fluctuations. The referred spectrometer provided the 
position of the Bragg wavelength with good accuracy, see the right-hand side graphs of Fig. 7. The temperature 

Figure 6.  Bending sensitivities measured at different orientations of the TCCF cores with respect to the 
direction of the bending which was in the + y and − y directions in all cases. Two orientations of the TCCF are 
shown in the graph. The rotation angle of the TCCF is measured from y to x according to the inset illustrations.

Figure 7.  Normalized reflection spectra of coupled-core fiber gratings with Bragg wavelengths around 
1552.5 nm (a) and 1556.5 nm (b) at temperatures indicated in the graphs. The horizontal lines show the 
fluctuations of the reflectivity of the gratings. The right-hand side graphs show the position of the Bragg 
wavelengths (dots or asterisks) at different temperatures. The solid lines are a fitting to the experimental data.
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sensitivity of the two gratings was found to be ~ 9.30 pm/°C, which is similar to that of a Bragg grating written 
in conventional single-core optical fibers.

The experimental results presented and discussed above suggest that with our method to fabricate and interro-
gate coupled-core fibers Bragg gratings, inexpensive intensity-modulated bending sensors that have the capability 
of distinguishing the direction of the bending can be developed. In this application, the only requirement is to 
orient the off-center core of the fiber parallel to the direction of the bending. Although in a practical application, 
temperature compensation may be necessary, but this is a common practice in FBG sensors.

As the gratings here reported were inscribed with UV laser light, they cannot operate at temperatures higher 
than 300 °C. For such temperatures, gratings inscribed with femtosecond lasers may be an option.

Our bending sensor can be substantially simpler than other FBG bending sensors that need two or more 
Bragg gratings and expensive interrogation to discriminate the direction of the bending and to compensate the 
effect of temperature, see for  example25–27,33–35. Vector bending sensors with Bragg gratings in single-core optical 
 fibers26,36,37 or in multicore  fibers27,33,34,38 have been demonstrated but they are more complex due to their fabri-
cation or interrogation. Other alternatives for sensing bending include the use of coupled core optical fibers in 
interferometric  configurations32,39–42, but they also need an expensive wavelength-tracking interrogation method 
and temperature compensation. Intensity-modulated curvature (bend) sensors based on Bragg gratings written 
in multicore fibers have been demonstrated  recently43, but such sensors cannot distinguish the bending direction.

A straightforward application of the devices here proposed is for monitoring vibrations (cyclic bending). To 
explore this application, the measuring setup shown in Fig. 8 was implemented. TCCF was secured on a fiber 
rotator and placed in cantilever position with the off-center core oriented in the direction of vibration. In this 
manner, the segment of TCCF was free to oscillate. An amplified piezoelectric actuator with flexure mount 
(APFH720, Thorlabs), with maximum displacement of 2500 µm connected to a function generator was used to 
induce vibrations to the TCCF at different frequencies. To measure reflectivity changes of the coupled-core Bragg 
grating, a single germanium amplified photodetector (Thorlabs, model PDA30B2) connected to a miniature USB-
powered PC oscilloscope (Picoscope, series 2000) was used. The refereed photodetector and oscilloscope are 
inexpensive. Thus, the detection system of the gratings reported here may cost less than 500 Euros; this means, 
10 times lower than the cost of a high-resolution spectrometer that operates around 1550 nm.

Vibrations induced to the TCCF segment were detected as periodic voltage changes with the cited oscillo-
scope. From such voltage oscillations, we calculated the fast Fourier transform (FFT) with the software provided 
by the manufacturer of the oscilloscope. We investigated the behavior of the TCCF with gratings at different 
vibration frequencies.

Figure 9 displays the measured voltage as a function of time when the TCCF with a grating with Bragg wave-
length at 1552.5 nm was oscillating at 1 kHz. In the figure, we show the raw and the smoothed data. From the 
raw data the FFT was calculated. Figure 10 displays the observed FFTs when the TCCF was oscillating at 0.3, 1, 
and 5 kHz. A dominant peak (indicated with an arrow) located at the input vibration can be observed.

We also investigated the capability of our device to measure lower frequencies. Figure 11 displays the meas-
ured FFTs when the TCCF was vibrating at frequencies between 1 and 30 Hz. Again, a dominant peak can be 
seen at each input frequency.

It is worth noting that the device responded well for low and high frequencies. Thus, it can be useful to 
monitor events like seism, ground motions, or small movements of critical infrastructures or machines. For 
such applications, our vibration sensor is substantially simpler than several FBG-accelerometers reported in the 
literature, see for  example2, which monitor shifts of the Bragg wavelength. However, for practical applications, 
our coupled-core fiber Bragg gratings must be properly packaged as bare optical fibers can be easily broken 
when they are bent.

Figure 8.  (Top) Schematic of the measuring setup implemented to monitor vibrations. The injected and 
reflected light from the grating are illustrated with a broad and narrow ‘spectrum’, respectively. (Bottom) 
Photographs of the mini oscilloscope, photodetector, and piezoelectric actuator with the fiber rotator attached 
on it. PC is personal computer. The photos were taken by one of the authors (J. Villatoro).
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Figure 9.  Measured voltage as a function of time when the TCCF was oscillating at 1 kHz.

Figure 10.  Measured FFT amplitudes as a function of frequency when the TCCF was oscillating at 0.3, 1.0 and 
5.0 kHz. A dominant peak is observed at such frequencies.

Figure 11.  Measured FFT amplitude as a function of frequency. The vertical table shows the input frequencies. 
A grating with Bragg wavelength of 1552.5 nm was used.
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Conclusions
In this work, we have demonstrated that Bragg gratings inscribed in an optical fiber with two identical coupled 
cores can be used to develop intensity-modulated sensors. We have demonstrated that the reflectivity of the Bragg 
gratings changed in proportion to the bending applied to the coupled-core fiber. Thus, the reflection changes 
from the Bragg grating can be monitored easily with a low-cost photodetector. An important advantage is that 
temperature alters little the reflectivity of the Bragg grating but it causes changes in its wavelength position.

The results reported here could be useful in the design of a variety of inexpensive sensors based on coupled-
core fiber with Bragg gratings for practical applications. Intensity-modulated bending and vibrations sensing 
were demonstrated. The advantage of our sensors include capability of distinguishing the bending direction or 
detecting vibrations in a broad range. We demonstrated the detection of frequencies from 1 Hz to 5 kHz. Any 
other parameter that can be converted in local or periodic bending to the coupled-core fiber, hence, in point or 
periodic intensity changes can also be detected. Thus, it seems feasible to develop sensors to monitor pressure, 
impact, force, touch, etc.

Sensors for monitoring fast phenomena, as for example impacts, ultrasound, etc., may be developed with 
coupled-core fiber with Bragg gratings because intensity changes can be monitored at high speed, up to MHz. 
Multiplexing of coupled-core fiber Bragg grating sensors seems also feasible. For example, with a 1 × N coupler, 
it would be possible to interrogate N sensors. Although, wavelength division multiplexers and demultiplexers, 
which are commercially available, may be necessary to discriminate reflection changes of several sensors with 
different Bragg wavelengths.

We believe that the concepts and results shown in this work may expand the applications of Bragg gratings 
in the sensing field and perhaps in other applications. They also may open up new lines of research that lead to 
novel and functional sensors that are less expensive than their counterparts based on Bragg gratings written in 
conventional single-core optical fibers.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained 
from the authors upon reasonable request.

Received: 20 November 2021; Accepted: 11 January 2022

References
 1. Riza, M. A., Go, Y. I., Harun, S. W. & Maier, R. R. FBG sensors for environmental and biochemical applications—A review. IEEE 

Sens. J. 20, 7614–7627 (2020).
 2. Li, T., Guo, J., Tan, Y. & Zhou, Z. Recent advances and tendency in fiber Bragg grating-based vibration sensor: A review. IEEE Sens. 

J. 20, 12074–12087 (2020).
 3. Sahota, J., Gupta, N. & Dhawan, D. Fiber Bragg grating sensors for monitoring of physical parameters: A comprehensive review. 

Opt. Eng. 59, 060901 (2020).
 4. Massaroni, C. et al. Fiber Bragg grating sensors for cardiorespiratory monitoring: A review. IEEE Sens. J. 21, 14069–14080. https:// 

doi. org/ 10. 1109/ JSEN. 2020. 29886 92 (2021).
 5. Götten, M. et al. A CDM-WDM interrogation scheme for massive serial FBG sensor networks. IEEE Sens. J. https:// doi. org/ 10. 

1109/ JSEN. 2021. 30704 46 (2021).
 6. Cusano, A., Cutolo, A. & Albert, J. Fiber Bragg Grating Sensors: Recent Advancements, Industrial Applications and Market Exploita-

tion (Bentham Science Publishers, 2011).
 7. Mendoza, E. A. (Patent US 7512291B2, 2009).
 8. Yang, F. et al. Miniature interrogator for multiplexed FBG strain sensors based on a thermally tunable microring resonator array. 

Opt. Express 27, 6037–6046 (2019).
 9. Darwich, D., Youssef, A. & Zaraket, H. Low-cost multiple FBG interrogation technique for static applications. Opt. Lett. 45, 

1116–1119 (2020).
 10. Silveira, P. C. et al. 2018 IEEE International Instrumentation and Measurement Technology Conference (I2MTC), 1–6 (IEEE).
 11. Darwich, D., Youssef, A., Pisco, M. & Zaraket, H. Investigation of low-cost interrogation technique based on modulated distributed 

feedback laser. IEEE Sens. J. 20, 2460–2466 (2019).
 12. Tosi, D. Review and analysis of peak tracking techniques for fiber Bragg grating sensors. Sensors 17, 2368 (2017).
 13. Kouroussis, G. et al. Edge-filter technique and dominant frequency analysis for high-speed railway monitoring with fiber Bragg 

gratings. Smart Mater. Struct. 25, 075029 (2016).
 14. Fernández, M. P., Rossini, L. A. B., Cruz, J. L., Andrés, M. V. & Caso, P. A. C. High-speed and high-resolution interrogation of FBG 

sensors using wavelength-to-time mapping and Gaussian filters. Opt. Express 27, 36815–36823 (2019).
 15. Ogawa, K. et al. Wireless, portable fiber Bragg grating interrogation system employing optical edge filter. Sensors 19, 3222 (2019).
 16. Kim, C.-S. et al. Multi-point interrogation of FBG sensors using cascaded flexible wavelength-division Sagnac loop filters. Opt. 

Express 14, 8546–8551 (2006).
 17. Cheng, L.-K., Hagen, R., van Megen, D., Molkenboer, F. & Jansen, R. Sensors and Smart Structures Technologies for Civil, Mechani-

cal, and Aerospace Systems (International Society for Optics and Photonics, 2019).
 18. Dong, X., Shao, L.-Y., Fu, H., Tam, H. Y. & Lu, C. Intensity-modulated fiber Bragg grating sensor system based on radio-frequency 

signal measurement. Opt. Lett. 33, 482–484 (2008).
 19. Gatti, D., Galzerano, G., Janner, D., Longhi, S. & Laporta, P. Fiber strain sensor based on a π-phase-shifted Bragg grating and the 

Pound-Drever-Hall technique. Opt. Express 16, 1945–1950. https:// doi. org/ 10. 1364/ OE. 16. 001945 (2008).
 20. Rosenthal, A., Razansky, D. & Ntziachristos, V. High-sensitivity compact ultrasonic detector based on a pi-phase-shifted fiber 

Bragg grating. Opt. Lett. 36, 1833–1835 (2011).
 21. Wu, Q. & Okabe, Y. High-sensitivity ultrasonic phase-shifted fiber Bragg grating balanced sensing system. Opt. Express 20, 28353–

28362. https:// doi. org/ 10. 1364/ OE. 20. 028353 (2012).
 22. Huang, J. et al. Optical sensors reflection-based phase-shifted long period fiber grating for simultaneous measurement of tem-

perature and refractive index. Opt. Eng. https:// doi. org/ 10. 1117/1. OE. 52.1. 014404 (2013).
 23. Guo, J., Xue, S., Zhao, Q. & Yang, C. Ultrasonic imaging of seismic physical models using a phase-shifted fiber Bragg grating. Opt. 

Express 22, 19573–19580. https:// doi. org/ 10. 1364/ OE. 22. 019573 (2014).

https://doi.org/10.1109/JSEN.2020.2988692
https://doi.org/10.1109/JSEN.2020.2988692
https://doi.org/10.1109/JSEN.2021.3070446
https://doi.org/10.1109/JSEN.2021.3070446
https://doi.org/10.1364/OE.16.001945
https://doi.org/10.1364/OE.20.028353
https://doi.org/10.1117/1.OE.52.1.014404
https://doi.org/10.1364/OE.22.019573


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:1280  | https://doi.org/10.1038/s41598-022-05313-9

www.nature.com/scientificreports/

 24. Deepa, S. & Das, B. Interrogation techniques for π-phase-shifted fiber Bragg grating sensor: A review. Sens. Actuators A 315, 
112215. https:// doi. org/ 10. 1016/j. sna. 2020. 112215 (2020).

 25. Wang, Q. & Liu, Y. Review of optical fiber bending/curvature sensor. Measurement 130, 161–176 (2018).
 26. Bao, W., Rong, Q., Chen, F. & Qiao, X. All-fiber 3D vector displacement (bending) sensor based on an eccentric FBG. Opt. Express 

26, 8619–8627 (2018).
 27. Yakushin, S. S. et al. A study of bending effect on the femtosecond-pulse inscribed fiber Bragg gratings in a dual-core fiber. Opt. 

Fiber Technol. 43, 101–105 (2018).
 28. Jang, M., Kim, J. S., Um, S. H., Yang, S. & Kim, J. Ultra-high curvature sensors for multi-bend structures using fiber Bragg gratings. 

Opt. Express 27, 2074–2084. https:// doi. org/ 10. 1364/ OE. 27. 002074 (2019).
 29. Liu, Z. et al. Strongly coupled multicore fiber with FBGs for multipoint and multiparameter sensing. Opt. Fiber Technol. 58, 102315. 

https:// doi. org/ 10. 1016/j. yofte. 2020. 102315 (2020).
 30. Murakami, Y. & Sudo, S. Coupling characteristics measurements between curved waveguides using a two-core fiber coupler. Appl. 

Opt. 20, 417–422 (1981).
 31. Rugeland, P. & Margulis, W. Revisiting twin-core fiber sensors for high-temperature measurements. Appl. Opt. 51, 6227–6232 

(2012).
 32. Yin, G., Zhang, F., Xu, B., He, J. & Wang, Y. Intensity-modulated bend sensor by using a twin core fiber: Theoretical and experi-

mental studies. Opt. Express 28, 14850–14858 (2020).
 33. Flockhart, G. et al. Two-axis bend measurement with Bragg gratings in multicore optical fiber. Opt. Lett. 28, 387–389 (2003).
 34. Zhang, H. et al. Fiber Bragg gratings in heterogeneous multicore fiber for directional bending sensing. J. Opt. 18, 085705 (2016).
 35. Bao, W., Wang, C., Wang, Y., Sahoo, N. & Zhang, L. 2D bending (curvature) recognition based on a combination of a TFBG and 

an orthogonal TFBG pair. Appl. Phys. Express 12, 072009 (2019).
 36. Rong, Q., Qiao, X., Yang, H., Lim, K. S. & Ahmad, H. Fiber Bragg grating inscription in a thin-core fiber for displacement meas-

urement. IEEE Photonics Technol. Lett. 27, 1108–1111 (2015).
 37. Chen, F., Qiao, X., Wang, R., Su, D. & Rong, Q. Orientation-dependent fiber-optic displacement sensor using a fiber Bragg grating 

inscribed in a side-hole fiber. Appl. Opt. 57, 3581–3585 (2018).
 38. Blanchard, P. M. et al. Two-dimensional bend sensing with a single, multi-core optical fibre. Smart Mater. Struct. 9, 132 (2000).
 39. Guzman-Sepulveda, J. & May-Arrioja, D. In-fiber directional coupler for high-sensitivity curvature measurement. Opt. Express 

21, 11853–11861 (2013).
 40. Van Newkirk, A. et al. Bending sensor combining multicore fiber with a mode-selective photonic lantern. Opt. Lett. 40, 5188–5191 

(2015).
 41. Villatoro, J. et al. Ultrasensitive vector bending sensor based on multicore optical fiber. Opt. Lett. 41, 832–835 (2016).
 42. Wang, S. et al. Bending vector sensor based on the multimode-2-core-multimode fiber structure. IEEE Photonics Technol. Lett. 28, 

2066–2069. https:// doi. org/ 10. 1109/ LPT. 2016. 25827 58 (2016).
 43. Liu, Z. et al. Temperature-insensitive curvature sensor based on Bragg gratings written in strongly coupled multicore fiber. Opt. 

Lett. 46, 3933–3936. https:// doi. org/ 10. 1364/ OL. 432889 (2021).

Acknowledgements
The authors are grateful to Walter Margulis for providing the twin core fiber used in this work and for fruitful 
discussions.

Author contributions
J.A., F.B. conducted experiments and analyzed data, J.M. and S.S. fabricated the Bragg gratings; J.Z. supervised 
the project and provided resources; J.V. conceived the idea, analyzed data and wrote the manuscript. All authors 
reviewed and approved the manuscript.

Funding
This work is part of the Projects No. PGC2018-101997-B-I00 and RTI2018-094669-B-C31 funded by the MCIN/
AEI/10.13039/501100011033/ and FEDER, Una manera de hacer Europa; and the scholarship PAID-01-18 
Granted by the Universitat Politècnica de València.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1016/j.sna.2020.112215
https://doi.org/10.1364/OE.27.002074
https://doi.org/10.1016/j.yofte.2020.102315
https://doi.org/10.1109/LPT.2016.2582758
https://doi.org/10.1364/OL.432889
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Coupled-core fiber Bragg gratings for low-cost sensing
	Sensor fabrication and working mechanism
	Results and discussion
	Conclusions
	References
	Acknowledgements


