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Abstract: In recent years, multicore fiber (MCF) has attracted increasing interest for sensing applica-
tions, due to its unique fiber structure of multiple parallel cores in a single fiber cladding, which offers
a flexible configurable platform to establish diverse functional fiber devices for sensing applications.
So far, a variety of discrete fiber sensors using MCF have been developed, among which one of the
major categories is the MCF grating sensors. The most distinct characteristic of MCF that differs from
the normal single mode fibers is that the off-center cores of a MCF are sensitive to bending, which is
caused by the bending induced tangential strain in off-center waveguides through either compression
or stretching. The bending sensitivity has been widely developed for bending/curvature sensing
or measuring physical parameters that are associated with bending. In this paper, we review the
research progress on MCF-based fiber grating sensors. MCF-based diverse fiber grating sensors will
be introduced, whose working principles will be discussed, and various types of applications of the
MCEF grating sensors will be summarized. Finally, the challenges and prospects of MCF grating for
sensing applications will be presented.

Keywords: multicore fiber; fiber Bragg grating; long period grating; fiber grating sensors

1. Introduction

In recent years, multicore fiber (MCF) technology has been extensively investigated
for applications spanning optical fiber transmission, sensing and laser [1-6], etc. Thanks
to the promotion of bandwidth requirement in the field of optical fiber communications,
the MCEF-based space-division multiplexing technique has developed rapidly in the last
decade as a promising solution to increase the transmission capacity per fiber [7], which
has substantially facilitated the development of MCF manufacturing and the relevant
optical components. On the other hand, since multiple spatial cores of the MCF allow for
independent parallel optical transmission within a single fiber, the unique MCF also turns
out to be a flexible configurable platform that allows to develop diverse functional fiber
devices and systems for sensing applications.

Multicore fiber contains more than one core in a single fiber cladding, whose core
numbers and their spatial distributions can be flexibly designed in terms of the tolerance of
inter-core crosstalk. Some common core arrangements of MCF include hexagonal struc-
ture [8], square lattice structure [9], ring structure [10], and linear array structure [11],
etc. On the other hand, MCF can be manufactured with homogeneous or heterogeneous
fiber cores, depending on the used material compositions of the cores, i.e., the cores of
a homogeneous MCF have identical refractive index profiles, while those of the hetero-
geneous MCF are not the same. Currently, most of the MCFs are weakly-coupled MCFs,
whose core-to-core pitch is deliberately set to be large (generally >30 um) in order to avoid
high crosstalk between adjacent cores [12]. As a result, the weakly-coupled MCFs can
transmit optical signals independently in different spatial cores. In addition, some effective
fiber structure designs have been proposed to suppress inter-core crosstalk, including the
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trench-assisted cladding structure and the air-hole-assisted cladding structure [2,13], etc.
However, in contrast, strongly coupled MCFs have also been developed recently, whose
cores are much closer to each other in comparison with the weakly coupled MCFs. This
kind of MCF supports super-modes transmission [14], which is therefore also considered as
a form of multimode fiber. In a MCF-based optical system, one of the most critical optical
components is the multiplexer/de-multiplexer (fan-in/fan-out), which is used to achieve
optical coupling between each core of the MCF and the single mode fibers (SMFs). The
proposed schemes include free space lens coupling [15,16], waveguide coupling [17], and
etched or tapered fiber bundle coupling [8,18-21], etc.

Multicore fiber possesses some outstanding advantages, including multiple indepen-
dent spatial channels, all-solid cores, small size and compact, excellent mechanical robust
properties, etc. Specifically, different from the situation in the normal SMFs, where the
cores are located in the fiber center, i.e., the strain neutral axis, the off-center cores of MCF
are sensitive to bending, since fiber bending will generate tangential strain in off-center
positions of the waveguide. The bending sensitivity has been used to develop various
bending/curvature sensors, as well as to measure some other physical parameters that
are associated with bending, e.g., vibration, acceleration, flow velocity of liquid and gas,
etc. MCF sensors can be divided into two categories, i.e., distributed fiber sensors and
discrete fiber sensors [22,23]. On one hand, MCF-based distributed fiber sensors have
shown unprecedented performance that allows for distributed curvature and 3-D shape
sensing [24]. In addition, MCF space-division multiplexed system configurations also turn
out to be effective solutions of many critical problems in conventional distributed sensors,
e.g., addressing the intrinsic cross-sensitivity issue in Brillouin distributed sensors [25,26],
enabling large dynamic range and ultra-high measurement resolution simultaneously [27],
achieving multi-parameter sensing [28,29], as well as extending the sensing range and fre-
quency measurement range [30,31], etc. On the other hand, so far, a variety of discrete fiber
sensors using MCF have been developed, which can roughly be categorized into two types,
including the MCF grating sensors and the MCF interferometric sensors. MCF gratings
sensors are one of the major categories of MCF discrete sensors, where fiber gratings are
written in the cores of MCE. In addition, the multi-core structure of the MCF provides an
excellent platform to fabricate in-fiber spatially integrated interferometers by means of
splicing with other fibers or tapering, as well as using the fan-in/out coupler [32-34], etc.,
as shown in Figures 1 and 2, respectively.
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Figure 1. MCF sensor fabricated with tapering. (a) The cross-section image of the MCEF. (b) Schematic
diagram and operation principle of the Michelson-type multipath interferometer. (¢) MCF-MI
structure under microscope. (d) Spherical end face of MCF under microscope. Reprinted with
permission from Ref. [34] © 2016 Optica Publishing Group.

In this paper, we review the research progress of fiber grating sensors that are using
multicore fibers. Firstly, the unique bending sensitivity in off-center cores of MCF will be
introduced in Section 2. Then, the advances in MCF-based fiber Bragg grating (FBG) sensors,
tilted fiber Bragg grating (TFBG) sensors, and long-period grating (LPG) sensors will be
summarized thoroughly, which will be presented in Section 3, Section 4, and Section 5,
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respectively. Section 6 will discuss the challenges and future prospects of MCF grating
sensors. Finally, a conclusion will be given in Section 7.
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Figure 2. MCF Michelson interferometer sensor fabricated by using the fan-in/out coupler. Reprinted
with permission from Ref. [33] © 2018 Optica Publishing Group.

2. Bending Sensitivity in Off-Center Cores of MCF

There has been increasing interest in developing various MCF grating sensors, includ-
ing MCF-based FBG, TFBG, and LPG sensors, etc. It is well-known that SMF-based fiber
grating sensors have been widely used for measuring temperature and strain, etc. The
fiber core of SMF is located on the strain neutral axis, so theoretically FBG that is inscribed
in the central core of a SMF is not sensitive to bending, as bending will not give rise to
strain to the FBG. While in a bent MCEF, as shown in Figure 3, the cores on the outer side
of the neutral plane will be stretched, and the cores on the inner side of the neutral plane
will be compressed, as a result fiber bending will give rise to tangential strain in off-center
cores [24,31,35]. The fiber gratings written in the off-center cores of MCF will thus be
sensitive to bending, due to fiber bending induced strain. By using the unique bending
sensitivity, MCF has been widely used for bending sensing and relevant applications.
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Figure 3. Schematic diagram of a bent MCF with a bending radius of R. The inner side cores will be
compressed, while the outer side cores will be stretched. As a result, bending will generate different
local tangential strains in distinct spatial cores. Adapted with permission from Ref. [31] © 2018 IEEE.
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Let us take a seven-core fiber as an example, as shown in Figure 4 [36]. Fiber bending
induced local tangential strain in MCF can be quantitatively determined, as given by [24,35]

i = % cos(8, ) M

where d; is the distance of core i to the fiber center, R is the bending radius (x = 1/R), 6y, is
the bending angle which is defined to be the angular offset from the local x-axis to the local
fiber bending direction, and 6; is the angular position of core i, i.e., the angle from local
x-axis to a specific core i. It is worth noticing that for the central core d = 0, so it can be inferred
from Equation (1) that fiber bending will not generate strain in the central core of MCFE.

Jt‘ A

Figure 4. The transversal spatial distribution of cores of a seven-core fiber, showing the definitions of
some important geometrical parameters. Reprinted with permission from Ref. [36] © 2016 Optica
Publishing Group.

3. MCF-Based Fiber Bragg Grating Sensors

The first demonstration of bending sensing using fiber Bragg gratings in MCF was
reported by Gander et al. [37]. Since fiber bending will give rise to local tangential strain in
off-center cores, assuming that two cores are in the bending plane, then the strain difference
between the two cores is determined by

2d
Ae—sl—ez—i 2
Note that this fiber bending induced tangential strain in off-center cores will lead to
the shift of Bragg wavelengths of FBGs, as a result the difference in Bragg wavelength
between two adjacent gratings written in different cores can be used to retrieve the local
curvature, as governed by
AAg = Ap(1— pe)Ae ©)]

where p; is the effective photo-elastic coefficient. Equation (3) indicates that the Bragg
wavelengths difference is proportional to the strain difference Ag, and thus the curvature.
Therefore, curvature can be obtained from the measurement of two FBGs. The benefit of
the MCF-based curvature sensor is that it is temperature-independent, because the two
FBGs in the MCF have almost identical temperature sensitivities.
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By using a pair of FBGs in two cores of the MCE, it is only able to measure a one-axis
bending, while in order to measure a two-axis bending, two pairs of orthogonal FBGs in
three cores are required [38], e.g., cores 1-3 in Figure 5a, where the difference between the
wavelength shifts in each grating pair reveals the differential strain and hence the curvature.
For a specific azimuthal placement of the four-core fiber, bending sensitivity of the FBGs
has been calibrated by bending the fiber in the horizontal and vertical (i.e., x and y) planes
separately. The Bragg wavelength differences between the two core pairs (i.e., cores 1 and
2, cores 2 and 3) are plotted in Figure 5b,c, respectively [38].
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Figure 5. (a) The cleaved face of the four-core fiber. (b,c) are the measured wavelength difference
versus applied curvature for x-axis and y-axis bending with a linear least-square fit: (b) pairing of
cores 1 and 2; (c) pairing of cores 2 and 3. Adapted with permission from Ref. [38] © 2003 Optica
Publishing Group.

Note that by using the two pairs of FBGs, their wavelength difference can be described
by a matrix in terms of curvature x, and xy, as given by

24 B 9
23 23 roos) Ky
where AAY, and A)Y, are the constant absolute wavelength difference between FBGs, p, g,
7, and s are the calibrated response coefficients of FBGs along the two bending axes. Inverse
matrix transformation can then be performed to determine the relative bending in the x
and y axes, so two-axis curvature measurement is achieved.

The result indicates that the responses of FBGs under different bending angle are
distinct. As a matter of fact, it can be inferred from Equation (1) that the curvature sensitivity
(wavelength shift vs. curvature variation) of an outer core should be angular position
dependent, which is subject to a cosinoidal function with respect to the angular offset
between the fiber core and the bending direction, i.e., 6, — 6;. The offset angle dependence
of the curvature sensitivity of the off-center core has been investigated, whose experimental
setup is shown in Figure 6a [39]. The setup allows to adjust the curvature of the sensing

fiber, as well as to rotate the fiber with about 2° angular accuracy. Here, the curvature x of
the sensing fiber is governed by [39,40]

sin(LzK> = (L=AL)x _ZAL>K (5)

where L is the initial length between the two fixed ends of the fiber without bending and
AL is the movement distance of the adjustable stage.
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Figure 6. (a) Experimental setup of the proposed curvature sensor; (b) theoretical definition of the
bending orientation angle; (c) schematic diagram of a curved fiber when the bending angle is 270°;
(d) Bragg wavelength shifts versus curvature for the two FBGs at different bending angles. The inset
shows the wavelength fluctuations of the central FBG at different bending angles over the curvature
range from 0 to 1.896 m~. (e) Relationship between the curvature sensitivity of FBG in the off-center
core and the experimental bending orientation angle. Adapted with permission from Ref. [39].

As shown in Figure 6b, a heterogeneous seven-core fiber was used in the experiment,
while only one outer core and the central core have been used for characterization. A
schematic diagram of the curved fiber with 270° bending angle is presented in Figure 6c.
By rotating the fiber, a different bending angle (i.e., the angular offset) with respect to the
selected fiber core can be generated, note that the initial state is trivially considered to be
0°; meanwhile for each applied bending angle, the Bragg wavelength shifts under different
curvatures were measured, and the result is plotted in Figure 6d. It is observed that for
each specific bending angle, the Bragg wavelength shift of FBG in the outer core is linear to
the curvature of the sensing fiber, and different bending angle leads to distinct curvature
sensitivities. In contrast, as shown in Figure 6d, the Bragg wavelengths of FBG in the
central core remain almost unchanged under different curvature, so it turns out that it is not
sensitive to bending, because the FBG is located on the strain neutral axis of the fiber. Using
the measurement results of Figure 6d, the obtained curvature sensitivities of FBG in the
off-center core as a function of the bending angles is presented in Figure 6e. It verifies that
the curvature sensitivity of FBG in the off-center core varies with the relative bending angle.
Specifically, as indicated by Equation (1), it follows a cosinoidal (or sinusoidal) function
with respect to the bending angle, and a period of 360°. Since the FBG in the central core is
insensitive to fiber bending, it can be used to compensate the effects of temperature and
externally applied axial strain.

The bending angle dependence of the curvature sensitivity of a specific off-center core
has been investigated in a twin-core few-mode fiber (TC-FMF) [41]. As shown in Figure 7,
each core of the TC-FMF supports LPy; and LP;; modes. While three resonance peaks
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were observed in the FBG reflection spectrum of the TC-FMF, which result from the LPy;
mode resonance, LPy;—LP;; mode cross-coupling resonance, and LP;; mode resonance,
respectively. The bending response of one resonance peak has been investigated by rotating
the fiber from 0° to 360° with a step of 15°, and the measurement was then repeated for
some different curvatures of the sensing fiber. The result is shown in Figure 8a. It indicates
that for a specific fiber curvature, the resonance wavelength varies periodically with respect
to the bending angle, which matches well with the inference of Equation (1). The curvature
sensitivities (wavelength shift vs. curvature variation) can then be calculated from the
measurement result, which is shown in polar coordinate in Figure 8b. The result indicates
that the curvature sensitivity reaches to the maximum when the bending angle is 0° (or
360°) and 180°, which is because the used sensing fiber core is located in the bending plane
and bending caused strain is the maximum in this case, as inferred from Equation (1); while
the curvature sensitivity is zero when the bending angle is 90° and 270°, which is because
the used sensing fiber core is located in the strain neutral axis plane in this case, as a result
bending will not give rise to strain in the fiber core.

0=90°

Figure 7. Schematic diagram of a curved twin-core few-mode fiber with bending radius of R, where
bend direction angle 6 is the angular offset between the fiber bend plane and the axis connecting core
A and core B. The inset shows the microscopic image of the TC-FMF. Adapted with permission from
Ref. [41] © 2017 IEEE.
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Figure 8. (a) Resonant wavelength of one peak in the reflection spectrum of TC-FM FBG as a function
of the bend direction angle under different bend curvatures. (b) Bend sensitivities of the TC-FM FBG
in different bend directions. Adapted with permission from Ref. [41] © 2017 IEEE.

The bending responses of all the three resonance peaks have also been compared.
For a given bending direction, different bending radii were applied to the sensing fiber,
meanwhile the reflection spectra were recorded, respectively, as shown in Figure 9a. The
wavelength shifts of the three peaks as a function of the curvature are shown in Figure 9b.
The linearly fitted curvature sensitivities are —36.26, —37.41, and —36.35 pm/ m~L, respec-
tively. Therefore, it turns out that there is no large difference between the resonance peaks
in terms of the response of fiber bending.
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Figure 9. Bend response of the TC-FM FBG with different bend curvatures. (a) Reflection spectra
evolution of the TC-FM FBG with different bend curvatures. (b) Wavelength shift of the three
resonance peaks in the reflection spectra of the TC-FM FBG as a function of bend curvature. Adapted
with permission from Ref. [41] © 2017 IEEE.

The curvature sensitivities of FBGs in all the off-center cores of a seven-core fiber have
also been characterized [42], as shown in Figure 10. For a given curved MCF with bending
angle 6, as each outer core has different angular position 6;, i.e., their relative angle offsets
to the bending direction are distinct, the outer cores have different curvature sensitivities.
While because the six outer cores are arranged hexagonally, the curvature sensitivities are
actually the same with 60° offset in the polar coordinate between two adjacent outer cores.
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Figure 10. Bend sensitivities for the six outer-core FBGs in the seven-core fiber plotted for vari-
ous bend directions (from 0° to 360°). Reprinted with permission from Ref. [42] © 2018 Optica
Publishing Group.

In addition to the silica fiber, polymer optical fiber (POF) has also been investigated
for bending sensing [43]. As shown in Figure 11a, the POF has off-center cores, in which
Bragg grating is inscribed. Using the experiment setup shown in Figure 11b, bending
was then applied to the sensing fiber along four directions, i.e., 0°, 90°, 180°, and 270°,
and the measured wavelength shifts as a function of the curvature is shown in Figure 11c.
The fiber core is compressed along the 0° bending direction, and it is stretched along the
180° bending direction. While fiber bending should not give rise to strain in the fiber core
along 90° and 270° bending directions, since the fiber core is in the neutral plane, and the
wavelength shift of FBG along these two bending directions is assumed to be caused by
misalignment of the fiber axis or a slight twist of the POF during measurement. The benefit
of polymer fiber is that it has a smaller Young’s modulus and its failure critical strain is
much larger in comparison with the silica fiber, so it has potential in the bending sensing
applications that have very small bending radius.
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Figure 11. (a) Microscope image of the polymer fiber cross-section marked with the orientations;
(b) schematic of the experimental setup for characterizing the FBG-based sensor. R is the bend radius
and h is the displacement; (c) wavelength shifts of the eccentric polymeric FBG against curvatures at
four different orientations. The symbols show the experimental data and lines depict the best-fit lines.
Adapted with permission from Ref. [43] © 2010 IEEE.

It is realized that the most prominent advantage of FBG in MCEF is that it allows for
bending measurement, which is a unique characteristic that the FBG does not possess in the
core of a normal SMF. As a matter of fact, FBG in MCF has also enabled the measurement
of parameters that are associated with bending, e.g., transverse loading, acceleration,
vibration, flow velocity of liquid and gas, etc.

For example, it is observed that when transverse loading is applied to an MCEF, the
reflection spectrum of FBG in the MCF will split due to transverse stress induced birefrin-
gence [44], as shown in Figure 12a, and it turns out that the splitting is a function of the
applied loading, as shown in Figure 12b. It can be observed that the peak splitting of FBG
is also angular position dependent for a given loading, because transverse stress is the
largest around the cladding edge along the diameter that is aligned with the loading axis
i.e., cores 1 and 3 in Figure 12b, and it is the lowest in the cores that are far from the loading
axis, i.e., cores 2 and 4 in Figure 12b.

1.24
3
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o 08-
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F 0.44
x
[
3]
o

0.01

0 75 150 225
Load (N)

1552 1553 1554 1552 1553 1554
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Figure 12. Birefringence-induced peak splitting due to increasing loading. Adapted with permission
from Ref. [44] © 2004 Optica Publishing Group.

In fact, the orientation of transverse loading can also be retrieved from the measure-
ment of FBG peak splitting in MCF. Because transverse loading induced birefringence is
different at different angular positions, as a result the peak splitting of FBGs in different
fiber cores is distinct as well, as is shown in Figure 12b. Therefore, the load angle relative to
the cores can be found from the ratio of the Bragg peak splitting between pairs of cores [45].
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This has been demonstrated by using FBGs that were inscribed at the same axial position
in all cores of a four-core fiber, whose cores are arranged at the vertices of a square. Specifi-
cally, a parameter « that defines the ratio of peaking splitting coefficients (i.e., the slope of
peaking splitting versus loading at a specific angle) of two adjacent cores is used to deduce
the orientation of loading, as given by

_ dA)\i/dA)\]’
dF dF

(6)

where AA; and AA; are the peak splitting of FBGs in two neighboring cores, F is the applied
loading. The dependence of splitting coefficients ratio on loading angle is presented
in Figure 13, where both the theoretical curve and experimental data are shown, and
measurement was carried out by using two cores with 90° separation, i.e., cores 1 and 2 in
the inset of Figure 13.

Stress difference ratio

0O 15 30 45 60 75 90 105 120 135 150 165 180
Angle (degrees)

Figure 13. Theoretical curve (solid curve) and experimental data (points) for the stress difference ratio of
two cores at 90° separation. Reprinted with permission from Ref. [45] © 2005 Optica Publishing Group.

Making use of the fiber bending induced differential strain between the FBGs in a four-
core fiber, pitch and roll sensing has also been demonstrated [46]. As shown in Figure 14a,
the four-core fiber was supported at one end and a small mass was attached to the other
end of the fiber, so a cantilever is formed. The free end of the fiber trends to be curved due
to gravity, thus, in this case the fiber bending induced differential strains between opposite
grating pairs are determined by the orientation of fiber in pitch (in the vertical plane) and
roll (azimuth) with respect to gravity. Specifically, the roll angle can be acquired from the
ratio of the strain differences between two orthogonal core pairs, e.g., core pairs (1, 2) and
(2, 3), as shown in the inset of Figure 14a. Moreover, the pitch angle can be achieved from
the magnitude of the differential strain between pairs [46]. The measurement result of pitch
and roll is shown in Figure 14b.

FBGs in a four-core fiber have also been used for dynamic two-axis curvature mea-
surements by making use of the bending induced differential strain in off-center cores of
the MCF [47]. For this application, in order to achieve dynamical strain measurement,
arrayed waveguide grating (AWG) was used to interrogate the Bragg wavelength of the
FBG by monitoring the optical power of different AWG channels, and then the ratio of the
power in these channels was used to infer the grating wavelength, which permits strain
measurement dynamically at kilohertz frequency.
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Figure 14. (a) Sensing fiber mounted in rotary stage; in this case the pitch angle is set at 45°. The inset
shows the used four-core fiber in this experiment; (b) experimental results from pitch (6) and roll (¢)
measurements. x = A1 — A2, y = A2 — A3 are the differential Bragg wavelength shifts (in nm with
offset removed) between orthogonal pairs (1, 2) and (2, 3) of MCF gratings. Data are plotted for 6 = 0°,
30°, 45° (¢ range 0-540°) and 6 = 60°, 75° (¢ range 0-360°). Adapted with permission from Ref. [46].

Note that the strain difference between two gratings in the MCF can be used to
determine the radius of curvature R in the plane of the cores, as governed by

R = a
€1 — &

@)

where d is the distance between the cores and ¢, is the strain in the nth core. Therefore,
the curvature in two dimensions can be obtained by using two orthogonal FBG pairs. As
shown in Figure 15a, FBGs were written co-located in the cores of the MCEF, and three
cores have been used in the experiment. The MCF containing the FBGs was inserted into a
stainless steel tube, and a cantilever was formed by clamping the tube at one end. A high
speed camera was used to capture the displacement of the end of the cantilever during
cantilever vibration at 28 Hz frequency; so that it can be used to compare with the result
that was measured by the FBGs. Figure 15b presents the measured deflections by both the
FBGs in MCF and the camera along x-axis and y-axis directions, showing good reliability.
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Figure 15. (a) Cross-section of the MCF. (b) Upper plot, x-deflection measured by MCF FBGs (solid
curve) and camera (x). Lower plot, y-deflection measured by sensor (solid curve) and camera (o).
Adapted with permission from Ref. [47] © 2006 Optica Publishing Group.
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Based on the measurement of differential strain using FBGs in a four-core fiber, dis-
placement sensing of the tunnel has also been demonstrated [48]. As shown in Figure 16, in
order to measure displacement of the tunnel, the orientation calibrated MCF was mounted
on two tunnel sections, as shown in Figure 16b, where FBGs are inscribed co-located in
the cores of MCF. Figure 16c shows the schematic diagram of the displacement sensor. As
explained previously, measurements of two orthogonal FBG pairs can be used to determine
the two-axis curvature, and then the bending plane as well. For small deflection, once
the curvature at a known position along the fiber cantilever is obtained, it can be used to
determine the translational displacement ¢, as governed by [48]

6,1 «x
"(x)=12—(5 — =+
where w(x) is the displacement of the cantilever at a point x along the cantilever of length
L, and w” (x) is the second derivative of w.
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Figure 16. (a) Cross-section of MCF used in this experiment; (b) cantilever containing MCF attached
to tunnel lining; (c) FBG pairs act as curvature sensors—the curvature is determined from the strain
difference between the gratings; (d) experimental results from translation tests. Adapted with
permission from Ref. [48].

The measurement of differential response between FBGs in a four-core fiber has also
been developed for acceleration sensing [49]. The accelerometer consists of a short fiber
cantilever with FBGs inscribed in the fiber cores near the clamping point, as shown in
Figure 17a, where the inset shows the used four-core fiber. An epoxy mass is attached to the
fiber end of the cantilever, as shown in Figure 17b, which helps to increases the sensitivity
of the sensor.

o

(c)
‘:?) 5
LEJ ¢ r T
£
& 3 ’..l
Epoxy £ o
= -
end 52
mass g 1
=9 v 0 1 2 3 4 5 6

acceleration from reference (g,)

Figure 17. (a) Schematic diagram of the MCF cantilever-based accelerometer, the inset shows the
four-core fiber used in the experiment; (b) the packaged acceleration sensor; (c) acceleration response
of MCF accelerometer between 30 and 200 Hz. Adapted with permission from Ref. [49].
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Using the same principle that has been explained previously, the measured differential
strain between two adjacent FBG is used to determine the curvature (1/R) in the plane of
the two cores, and by using two orthogonal pairs of cores, two-axis curvature measurement
can be achieved. Then, acceleration a can be calculated once curvature is determined, as

governed by [49]
El 1
= — . — 9

? m(x—1) R ©)
where E is the Young’s modulus, I is the second moment of area of the fiber, m is the end
mass, x is the distance of the measurement position from the clamp, and [ is the length of
the fiber cantilever. The measurement result of acceleration is shown in Figure 17c. On the
other hand, it is worth mentioning that the frequency response of the sensor is also related
to the cantilever length I and the fiber mass M, as given by [49,50]

3EI
f MB (10)

Therefore, the frequency response of the MCF-based accelerometer can be adjusted by
changing the fiber length and the end mass that is attached to the fiber end. In addition,
FBGs in a twin-core fiber have also been used for an acceleration sensor [51], but since two
cores (one core is located in the fiber center) can only determine the curvature in a one-
dimensional plane, it can be used as a one-axis accelerometer. While, using several FBGs
simultaneously in multiple cores of seven-core fibers, two-dimensional accelerometers have
been demonstrated, which are capable of measuring the vibration azimuthal angle as well
as the acceleration simultaneously [52,53].

What is more, based on the same principle of the MCF accelerometer, MCF and
multifiber inclinometers have also been developed [54,55]. As shown in Figure 18, the
inclinometers are made of MCF or multifiber bundle cantilevers, in which FBGs are in-
scribed in the fiber cores, and a phase generated carrier demodulation technique has been
used to extract the differential phases between the FBGs [56,57]. The differential strain
measurements of FBGs in three cores (e.g., cores A-C in Figure 18b) can be used to retrieve
the bending orientation and bending radius [58], which is then used to calculate the incli-
nation through a transform equation that is derived from the calibration procedure [54].
In addition, fiber Bragg gratings in a seven-core fiber have also been developed in a two-
dimensional inclinometer, which is able to measure the azimuthal angle and the inclination
angle simultaneously [59].

Positive
Bend Direction

T LT —

Neutral
Bend Axis

Figure 18. (a) The packaged MCF inclinometer. (b) Core geometry of the MCE. Bend direction denotes
the direction of positive radii of curvature (end of the fiber points down). Neutral bend axis defines
the plane of bending. The cores are labeled with their respective core radii and angular offsets from
0°. Figure reproduced from Ref. [54] © 2009 SPIE.
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Utilizing the bending sensitivity of off-center cores of the MCF, parametrical fiber
three-dimensional (3D) shape sensing has been widely investigated in recent years [60]. The
technology relies on the measurement of fiber bending induced strains in multiple cores
originally through axially co-located discrete FBGs arrays, then the obtained differential
strains are used to retrieve the local bending angles and bending radii along the fiber
length, and by using these parameters eventually the overall shape of the MCF can be
parametrically reconstructed by solving the Frenet-Serret equations [35,61]. Figure 19
shows an example of MCF enabled shape sensing by using this technology [62]. In order to
ensure high shape reconstruction accuracy, the sensing fiber needs to contain high density
FBGs arrays, e.g., typically 1 cm spacing [62]. In this case, the interrogation of the Bragg
wavelengths of the FBGs is unable to be accomplished by the traditional optical time-
domain reflectometry (OTDR) technique due to its bad spatial resolution, i.e., in the order
of meters. On the other hand, the wavelength-division multiplexed FBG arrays scheme
suffers from finite bandwidth of the light source, which results in very limited multiplexing
numbers of FBGs. Therefore, normally the high density FBGs arrays in MCF are measured
by using the optical frequency-domain reflectometry (OFDR) technique [62,63], since it can
offer up to micrometers spatial resolution.

Figure 19. An example of multicore fiber enabled shape measurement. Figure reproduced from
Ref. [62] © 2005 SPIE.

It is worth mentioning that when FBG arrays are used to measure the local strains
in cores of the MCEF, the spatial resolution of strain measurements is determined by the
interval of two adjacent FBG groups. As mentioned previously, the interval is typically
1 cm, which might be still insufficient. The sparse discrete sets of strains that are used
for shape reconstruction might lead to accumulated large angular error, which rapidly
reduces the accuracy of the retrieved shape. Therefore, it turns out that localization of strain
with higher spatial resolution is preferred. This can be done by measuring the intrinsic
Rayleigh backscattering signals through OFDR, then strain can be retrieved by calculating
the cross-correlation of two sets of Rayleigh measurements [64—66]. What is more, in order
to increase the signal-to-noise ratio (SNR) of measurement, continuous weak fiber Bragg
gratings can be inscribed in the cores of MCF along the whole fiber length [67-69].

As a matter of fact, the sensing fiber may also have an arbitrary twist along the fiber
length, so in addition to bending, fiber twist will also give rise to additional strain in the fiber
cores, which might cause error in shape reconstruction of the sensing fiber [70,71]. Therefore,
fiber twist induced strain needs to be separated from the overall strain measurement in
MCE. In order to be able to measure fiber twist, a kind of helical MCF with permanent
twisted off-center cores and a straight central core has been developed [72-77]. As an
example, Figure 20 presents the schematic diagram of a helical seven core fiber [77], in
which continuous weak fiber Bragg gratings have been written in the cores of MCF along
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the whole fiber length during the fiber drawing process, so it allows for a fiber twist effect
compensated strain measurement with high SNR, which will be very helpful for shape
sensing. In fact, in addition to fiber twist, the error of core position as well as inaccurate
placement of the FBGs within each cross-section of the MCF will also eventually decrease
the accuracy of shape reconstruction [78,79]. Moreover, it is found that the parameters of
FBG length, fiber geometry, photo-elastic coefficient, etc., also have an impact on the shape
reconstruction accuracy [80,81].

Figure 20. (a) End-view image of a seven-core fiber with coating removed; (b) twisted multicore fiber
schematic showing UV transparent coating (right). Bare glass region (left) shown to highlight twisted
multicore continuous gratings. Adapted with permission from Ref. [77] © 2017 IEEE.

In fact, it is realized that precise fully 3D shape sensing using MCF is complicated
and difficult, because the angular error will accumulate along the fiber length during
shape reconstruction, so the technology is highly dependent on the accuracy of strain
measurement and the localization resolution of strain, while MCF enabled curvature
sensing turns out to be easier and reliable. So far, multipoint two-dimensional curvature
sensing using discrete FBG arrays in MCF [82,83], as well as distributed curvature sensing
using the Brillouin optical time domain analysis (BOTDA) technique in MCF have been
demonstrated with high accuracy [24]. As for the application fields, MCF enabled curvature
and shape sensors have shown great potential in many industrial applications [60], e.g., for
real time sensing of a wing’s shape in flight, and for medical instruments such as a catheter
or robotics that can be integrated into minimally invasive surgery systems [84-87], etc.

Here, it is worth mentioning that writing gratings in MCF turns out to be more
complicated than in SMF, due to the geometric difference in spatial position between cores
of the MCF, which adds some technical challenges in fabrication, e.g., due to the lens effect
of the fiber, the grating strength may have variations between cores, and it may also lead
to different transmission/reflection profiles of the FBGs [39,62,76,88-91]. Currently, the
most widely used way to write gratings in MCF is to use UV light irradiation, and this
method will normally bring in gratings in all cores of the MCE. However, in order to achieve
selective FBG inscription in any specific core of a MCEF, a femtosecond laser writing method
can be used [41,92-94]. In addition, the small spot direct ultraviolet writing technique has
also been used to achieve FBG inscription into individual cores of a seven-core fiber [95].

In addition to the widely developed applications for bending and shape sensing, FBGs
in MCF have also been used for measuring temperature, strain, and refractive index [96-99],
etc. Efforts have also been made for the demodulation of FBG in MCF. For example, a
broadband source with a sinusoidal spectrum has been used to interrogate the wavelength
of FBGs in MCF [100], which transforms the wavelength shift of FBGs into the variation in
reflected power, thus, providing a fast wavelength measurement method. The microwave
photonics filtering (MPF) technique has also been used to measure the wavelengths of
FBGs in MCF, which retrieves the curvature of fiber by monitoring the notch frequency
shift of the MPF, offering a high resolution curvature measurement solution [101]. On the
other hand, it is worth mentioning that similar functionality to MCF has been achieved
by using a fiber bundle that is composed of multiple single mode fibers, in which FBGs
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have been inscribed, and they have been used to measure inclinometer [55], curvature and
temperature [102], as well as 2D flow velocity [103], etc.

4. MCF-Based Tilted Fiber Bragg Grating Sensors

In addition to the conventional FBG, tilted fiber Bragg grating (TFBG) has also been
written in MCE. As shown in Figure 21, inter-core crosstalk induced by TFBG has been
observed in a seven-core fiber [104], including forward transmission crosstalk and back-
ward reflection crosstalk. As an example, Figure 21b shows the measured transmission
spectrum, crosstalk, and back crosstalk between core 1 and core 3. The experimental result
also indicates that the magnitude and direction of fiber bending, as well as the external
refractive index have an impact on the inter-core crosstalk, which might be used for sensing
applications. For example, the inter-core crosstalk caused by TFBG in MCF has been used
for temperature and surrounding refractive index sensing [105]. The result shows that for
refractive index sensing, the higher the tilted angle the higher the sensor sensitivity.
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Figure 21. (a) Schematic diagram of the MCF with TFBG inscribed, showing inter-core crosstalk
induced by TFBG; (b) transmission spectra of inscribed TFBG, crosstalk, and back crosstalk between
cores 1 and 3. Adapted with permission from Ref. [104] © 2017 Optica Publishing Group.

Tilted fiber Bragg gratings in 4-core fibers have also been used to develop refrac-
tometers [106]. Thanks to the reduction in the core-surrounding medium distance in the
multicore fiber, higher sensitivity can be achieved in comparison with their counterparts
in SME Particularly, a plasmonic sensor-based refractometer was demonstrated using
gold-coated TFBG in the 4-core fiber, which brought a 10fold sensitivity increase, showing
great potential for biosensing applications. However, it is worth mentioning that so far the
number of investigations on the MCF-TFBG sensor is still very low, which is much less
than that of the MCF based FBG sensors and LPG sensors. It is believed that MCF will
enable more TFBG based sensing applications in the future.

5. MCF-Based Long Period Grating Sensors

Long period gratings (LPGs) have also been inscribed in MCFs [107-111]. Similar
to the characteristic of FBG in MCF, LPG in MCF is also bending sensitive, owing to the
reason that fiber bending will give rise to tangential strain in off-center positions of the
fiber. The bending dependence of LPGs in a seven-core fiber has been characterized, as
shown in Figure 22 [108]. The seven-core fiber contains six outer cores that are arranged
in a hexagonal pattern and a central core. The resonant wavelength shift of each LPG as a
function of curvature is presented in Figure 22a, where the fiber is placed at the straight
position. The bending angle dependence of the resonant wavelength under a constant
curvature of 1.25 m~! has also been measured, as shown in Figure 22b, which shows
sinusoidal response curves, owing to the angular dependence of the strain caused by fiber
bending. It is also worth mentioning that LPG in MCF is also found to be sensitive to
torsion [108].
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Figure 22. (a) Wavelength shift with the curvature magnitude. (b) Wavelength shift with curvature
direction at a constant curvature of 1.25 m~!. Adapted with permission from Ref. [108] © 2018 IEEE.

LPGs in a three-core fiber have also been used to develop a two-dimensional mi-
crobend sensor [109]. As shown in Figure 23, the three-core fiber consists of one central
core and two outer cores with isosceles triangle arrangement and 120° angular offset. LPGs
with different periods have been written in the two outer cores, therefore, different resonant
wavelengths are obtained, as shown in Figure 23. The resonant wavelength shift of the
two LPGs as a function of curvature under different bending angles has been measured,
as shown in Figure 23¢ [109]. It is then proposed that the calibrated result can be used to
estimate a coordinate system whose x- and y-axis are the resonant wavelengths of the two
LPGs, respectively, as shown in Figure 23d. Therefore, the coordinate can be used to infer
the bending angle. Quantitatively, this is achieved by calculating a matrix. As has been
mentioned previously, since the curvature sensitivity s; (obtained from Figure 23c) of LPG
in the MCF follows a sinusoidal response curve, which can be fitted by

si =Y+ A sin(f) —0;),i=1,2 (11)

where 8 is the bending angle, and the other parameters can be determined by experiments.
Then, curvature C and bending angle 6 can be obtained by calculating the matrix
AA| Y1 + Aqsin(6 — 60;)

[A/\J =C L/z + Ay sin(0 — 67) (12)

where AA; and AA; are the resonant wavelength shifts of the two LPGs.

LPGs in a seven-core fiber have also been used for external refractive index sensing,
where the surface of MCF is partially coated by a thin film SnO, layer [110]. In addition
to the widely used UV irradiation method, LPGs have also been generated in a heteroge-
neous seven-core fiber through electrical arc discharges by using a commercial fiber fusion
splicer [111]. The LPGs in heterogeneous cores have been used for strain and temperature
discriminative sensing.
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Figure 23. (a) Schematic diagram of the LPFGs in the three-core fiber; (b) measured transmission
spectra of the LPFG1 and LPFG2; (c) measured resonance wavelength as a function of curvature for
different orientations; (d) bending vector sensing coordinate system. Adapted with permission from
Ref. [109] © 2017 Optica Publishing Group.

6. Discussion

Thanks to the unique structure of multicore fiber, which contains multiple cores in a
single fiber cladding, multicore fiber turns out to be an excellent platform with unprece-
dented advantages that allows to develop diverse functional lab-on-fiber devices, with
much better flexibility and diversity than the normal single mode fiber. So far, multicore
fibers have been used to fabricate various in-fiber integrated devices and sensors, e.g., a
variety of MCF gratings and interferometers. Particularly, owing to the bending sensitivity
in off-center cores, multicore fibers have opened up a new field of sensing applications, i.e.,
bending and 3D shape sensing. A summary of various multicore fiber sensors is presented,
as shown in Table 1.

Despite the exciting developments and bright future of multicore fiber sensors, there
are still some critical issues that need to be addressed. Firstly, it remains a technical
challenge to manipulate an individual core in the multicore fiber due to the restriction
imposed by the geometric structure and lens effect of the fiber, e.g., it is difficult to write
fiber gratings or fabricate interferometers with different properties in distinct cores in
co-located positions of a multicore fiber. In order to enable lab-on-fiber application, high-
precision core-selective fabrication technology is required in the future. Secondly, though
MCEF has been widely developed for bending and shape sensing, it requires calibration
of the original azimuthal angle that is used for reference. Unfortunately, high precision
position calibration is difficult due to the small size of the fiber. The angular deflection
of the original fiber placement turns out to be one of the major factors that cause error
in bending sensing. In addition, another problem is the low bending sensitivity of fiber
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gratings, as a result it is difficult to retrieve small curvature change, especially when the
bending radius is large, which also leads to large error in shape reconstruction. Therefore,
it is necessary to improve the sensitivity of bending measurement. This may be done
by using a MCF that has a larger distance from the off-center core to the fiber center, as
inferred from Equation (1), i.e., the longer the distance, the higher the bending sensitivity. In
addition, instead of using fiber gratings, other high sensitivity sensing techniques can also
be employed in bending and shape measurement, e.g., phase-sensitive optical time-domain
reflectometry (@-OTDR) [112], etc. However, it should be pointed out that the meter-scale
spatial resolution of ¢-OTDR is not comparable with that of FBG. Finally, it is worth
mentioning that, comparing with the traditional widely used curvature sensing scheme
employing optical fiber modal interferometers [113], MCF grating-based curvature sensors
have the merits of being compact, robust, and having excellent mechanical strength, but
their curvature sensitivity may not be comparable with some of the modal interferometer-
based curvature sensors.

Table 1. Summary of different multicore fiber sensors.

Type of Sensor Application Principle/Feature Refs.
Bending/ curvature sensing Fiber bending causes differential response in [37-39,41-43,
different cores 82,83,100,101]
Transverse loading sensing Transverse stress causes birefringence change [44,45]
Vibration sensing Fiber bending causes output power change of FBGs [47]
MCF-based Displacement sensing Displacement causes fiber curvature change [48]
FBG sensor Acceleration sensing Fiber bending causes differential strain in different cores [49-53]
Inclinometer sensor Fiber bending causes differential strain in different cores [54,55,59]
[35,60-62,64,68,
3-D shape sensing Differential strain in different cores 71,73,74,77—
81,84-87]
Temperature, strain sensing Temperature and strain sensitivity [96,97]
Refractive index sensing Using etched multicore fiber [98,99]
MCF-based Temp era.turet, curvatur(.e and Inter-core crosstalk, surface plasmon resonance [104-106]
TFBG sensor refractive index sensing
Bending sensing Fiber bending causes wavelength shift of LPGs [107-109]
MCF-based Fiber surface is partially coated with a thin film
LPG sensor Refractive index sensing p S y [110]
nO, layer
Temperature, strain sensing Temperature and strain sensitivity [111]
Curvature and 3-D shape sensing  Measuring the differential strain using BOTDA technique [24]
MCF-based Temperature and strain Hybrid Raman and Brillouin sensor, or using [25,26]
distributed discriminative sensing heterogeneous multicore fiber !
fiber sensor High performance distributed Large dynamic range and ultra-high measurement [27]
fiber sensing resolution simultaneously
Multi-parameter sensing Using a hybrid sen.sing system, e.g., DTS and DAS, [28,29]
simultaneously
Distributed vibration sensing MCEF interferometer enables wide frequency [30,31]

measurement range

7. Conclusions

In this review, a comprehensive survey of research progress on multicore fiber grating
sensors was presented. Several key aspects of the achievements using the multicore fiber
in fiber grating sensing systems are summarized, including multicore fiber-based fiber
Bragg grating sensors, tilted fiber Bragg grating sensors, and long period grating sensors.
In addition to the traditional sensing applications, e.g., measuring temperature, stain, and
refractive index, etc., the unique bending sensitivity in off-center cores of MCF has been
widely developed for bending/curvature sensing or measuring physical parameters that
are associated with bending, e.g., transverse loading, acceleration, vibration, flow velocity
of liquid and gas, and 3D shape, etc. Thanks to the structure of multiple parallel cores in
MCEF, it shows unprecedented advantages in allowing to develop diverse functional lab-on-



Photonics 2022, 9, 381 20 of 24

fiber devices, and it is believed that multicore fibers will enable more exciting applications
in the future.
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