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Abstract—We propose and demonstrate a fiber optic
multi-point bending measurement system that uses Bragg
gratings inscribed along a multi-core fiber (MCF) and a silicon
avalanche photodiode (Si-APD) that produces two-photon
absorption (TPA) photocurrent for 1.55-um light. Because
the TPA photocurrent from the Si-APD is proportional to the
mean square of the optical intensity, the intensity correlation
between 1.55-um probe and reference beams is measured
from it without using complex electrical circuits. The pro-
posed system has different lengths of optical fibers between
each core of MCF and input/output ends of a single mode fiber
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optic system, which makes different the correlation signal between the reference beam and the probe beam reflected
from different Bragg gratings in MCF. That enables the reflection spectra of all the Bragg gratings in MCF to be separately
measured even when they are overlapped in the wavelength domain. As a result, the bending radius and its direction are
measured without using multiple detectors or optical switching devices. We conducted proof-of-concept experiments by
using a 7-core MCF with almost the same Bragg gratings inscribed in each core at three points along the fiber. We also
demonstrated an example of application to shape measurement.

Index Terms— Bending measurement, fiber Bragg grating, multicore fiber, optical fiber sensor, two-photon absorption

process.

|. INTRODUCTION

ENDING measurement is an important technology that

is required in applications such as shape measurement
and health monitoring of structures. Among various methods
having been developed, optical fiber-based bending sensors
have attractive features of non-invasiveness to the human
body, electromagnetic-noise-free operation, and mechanically
flexible properties. Because of these characteristics, the fiber
optic bending sensors are expected to be applied to bending
measurement of medical instruments, robot arms, and struc-
tural health monitoring for bridges, tunnels, and aircrafts. The
typical fiber optic bending sensors include (i) modulation-
based ones that change their output optical power according
to the bend-induced transmission loss [1]-[3] and (ii) Bragg-
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grating- or long-period-grating-based ones that change their
Bragg wavelengths or resonance wavelengths by the applied
bending [4]-[6]. The bending sensor based on Brillouin fre-
quency shift in an optical fiber [7], [8], Rayleigh backscatter-
ing [9], and Fabry-Perot interferometer [10] are also proposed.
A sophisticated system using Rayleigh backscattering has
achieved distributed sensing with a high spatial resolution and
successfully measured a needle shape [9]. The Fabry-Perot
method is especially useful for measuring small curvature at
a single point [10]. In principle, a bending sensor using a
single fiber with a single core measures in-plane bending.
Three-dimensional bending measurement needs multiple
waveguides. Some methods use multiple optical fibers with
Bragg gratings for this purpose [11]. The grating-based
methods are employed easily without using complex signal
processing and useful for shape measurement with a rela-
tively lower spatial resolution. Some other recently proposed
methods use a multicore fiber with Bragg gratings (MCFBG)
inscribed in each core [12], which realize three-dimensional
bending measurement with one optical fiber [13]-[17]. In the
MCFBG-based bending measurement, we need to discriminate
reflection spectra of different Bragg gratings. If the Bragg
wavelengths are sufficiently separated, the reflection spectra

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Experimental setup for multipoint bending measurement system
using multicore fiber Bragg gratings and two-photon absorption process
in Si-APD. Red dashed line is electrical connections, blue solid line is
single mode fiber (SMF), and green solid line is multicore fiber (MCF).

and their shift can be easily identified [14]. However, sophis-
ticated techniques are required to inscribe different Bragg
gratings in the neighboring cores. On the other hand, MCFBG
with the same grating in the neighboring cores is relatively
easier to fabricate. However, bending sensors using such
an MCFBG generally need to change the optical path or
use multiple detectors to identify the reflected optical signal
from the different cores [15], [16], which makes the system
complex.

In this paper, we propose a fiber optic multi-point bending
measurement system that uses MCFBGs having almost the
same Bragg wavelength and a silicon avalanche photodiode
(Si-APD) that produces two-photon absorption (TPA) pho-
tocurrent. The proposed method is based on intensity corre-
lation measurement using TPA process in a Si-APD, which
does not require multiple light sources, detectors, nor optical
switching devices [18], [19]. In the last study, we have qualita-
tively performed the proof-of-concept experiment with a single
point sensing part [20]. In this study, we investigate multipoint
bending measurement. In addition, we will demonstrate an
example of application to shape measurement.

Il. PRINCIPLE

A. Measurement of Reflection Spectra Using
TPA Photocurrent of Si-APD

Fig.1 shows an experimental setup for multipoint bending
measurement using MCFBG and TPA process in a Si-APD.
Two laser diodes at 1.55 um, LD1 and LD2, are used to
produce probe and reference beams, respectively. The ref-
erence beam is modulated by the frequency f,,. The probe
beam is firstly modulated by the frequency f7 for synchronous
detection and then it is modulated by the frequency f,,. Then
the probe beam is split by a splitter and each beam is injected
into each core of a MCF through a fan-in device. These beams
are reflected by the multiple gratings inscribed in the MCF
and pass through an optical circulator to be combined with
the reference beam. Finally, it is focused on a Si-APD and
the intensity-correlation signal from it is obtained through a
lock-in amplifier (LIA).

Although the Si-APD is usually insensitive to the light in the
1.55 um wavelength band, high intensity light can induce the
TPA process to produce photocurrent in proportion to the mean
square of the light intensity. Using the square characteristic

Boundary line

Outside

Fig. 2. Cross section of MCFBG.

of TPA photocurrent, the intensity correlation between the
probe signal and the reference light is measured without using
expensive and complicated electronic circuits. The intensity
correlation signal obtained by LIA is [18], [19]

c

al nAL;
iLIA:const—}—,b’ZIp,jcos(anm J)’ (D)

j=1
where f is the proportional constant, /, ; is the intensity
of the probe beam reflected by the j-th Bragg grating, n is
the refractive index of the fiber, AL; is the difference in
transmission length between the probe beam reflected by the
Jj-th Bragg grating and the reference beam, and c is the speed
of light. Eq. (1) shows that sweeping the modulation frequency
fm induces periodical change of the cosine components in the
intensity correlation signal, where the period of the cosine
component with AL; is

fi

c

- 2
AL 6)

which is inversely proportional to AL;. This means that
Fourier peaks of the intensity correlation signal gives AL;.
In the proposed system, AL; is set different by inserting
different lengths of optical fibers between the splitter and the
fan-in device. Here, the amplitude of Fourier peaks are pro-
portional to /, j, which is proportional to the Bragg grating’s
reflectance for the wavelength of the probe beam. Under these
conditions, even if the reflection spectra of the Bragg gratings
overlap in the wavelength domain, we can separately measure
them by using the Fourier spectra of the intensity correlation
signals obtained for the different wavelengths of probe light.

B. Measurement of Curvature and Bending Direction

In a relatively narrow wavelength range of 10 nm or less,
the Bragg wavelength of a fiber grating is supposed to be
changed linearly with strain and temperature as

Ap = SAe + KAT, 3)

where S is the strain coefficient, A¢ is the strain change, K is
the temperature coefficient, and AT is the temperature change.

Fig.2 shows a cross section of MCFBG used in this study,
which consists of one central core and equally spacing six
outer cores. The solid line that connects the midpoint of
cores 1 and 6 and that of cores 3 and 4 is the reference line.
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Fig. 3. Optical path length design of multicore FBG bending measure-
ment system.

The dashed line is the boundary that separates the inner and
outer regions of the bend. Let the angle of the boundary line
against the reference one be 6, and the angle of the line
connecting the j-th outer and the central cores against the
reference line be ;. The strain applied to the grating in the
Jj-th outer core is expressed as follows [8], [9].
rj A

€j :E—i—ejo:zcrsm (Hj—ﬁb)—i—eo, 4
where r; is the distance from the boundary line to the
Jj-th outer core, x is the curvature (reciprocal of the curvature
radius R), r is the distance of the outer core from the central
one, which is the same as the core pitch in the seven-core
MCEF, and ¢jo is the initial strain before bending, which is
the same as the tensile strain applied to the central core. Note
that because of the symmetric structure, the Bragg wavelength
of the grating in the central core is basically independent
of bending. Supposing that the temperatures of all cores are
the same, the bending-induced Bragg wavelength shift of the
grating in the j-th core is

Aijng(ej—eo), (5)

where S is the strain coefficient. Using Eqs. (4) and (5), we
can derive the curvature radius R and the bending direction 8.

1. EXPERIMENTAL SETUP

A. Design of Multipoint MCFBG System

We conducted experiments using a 7-core MCF with Bragg
gratings inscribed at three points (MCFBG 1, 2, 3) along the
fiber, which consists of 21 Bragg gratings in total. In our
method, the path lengths of the probe beams reflected at
different gratings have to be different from each other so
that we can separately measure the reflection spectra. In this
experiment, the distance between the neighboring MCFBG
was set at 0.15 m. In addition, fibers with lengths of 0.5,
1.0,...,3.0 m were inserted between the splitter and the
fan-in device (Fig. 3). Table I shows the optical path length
difference of the probe beams reflected once at MCFBG N
(N=1,2,3)incorej (j =0,1,2,...,6) from that reflected
at MCFBG 1 in the core0, which we call relative propagation
length hereafter. Because all the optical path length differences

TABLE |
OPTICAL PATH LENGTH DIFFERENCE OF PROBE BEAM REFLECTED
ONCE ATMCFBGN(N=1,2,3)INCOREj(j=0,1,2,...,6)
FROM THE BEAM REFLECTED AT MCFBG 1 IN COREO
Core0 Corel

Core2 Core3 Core4 Core5 Core6

MCFBGI 0m 1.5m 3.0m 45m 60m 75m 9.0m
MCFBG2 045m 195m 3.45m 4.95m 6.45m 7.95m 9.45m
MCFBG3 09m 24m 39m 54m 69m 84m  99m

_80 O O O O u) O O

-100

Output to input power ratio / dB
1
D
[e=)

01 2 3 45 6 7 8 9 10111213
Optical path length difference / m

e Signal o Noise

Fig. 4. Output to input power ratio of probe and noise component.

are different from each other, the reflection spectra can be
separately observed.

The probe beam passes back and forth through an 8-branch
optical splitter, which attenuates the optical power down to
less than 1/64. Some part of the probe beam is reflected by the
Bragg gratings multiple times and its propagation path length
can be the same as the beam reflected only once at one of the
Bragg gratings, which makes noise. The powers of such noise
beams were calculated, assuming the same reflectance for all
the gratings and a maximum reflection number of 7 times.
In this calculation, we found that the reflectance of 10% is
approximately the optimum value to minimize the noise power.
Fig. 4 shows the simulated output to input power ratio of the
probe beam reflected once at a Bragg grating and the noise
component generated by the multiple reflection as a function
of relative propagation length, where the reflectance of the
gratings is assumed to be 10%. The probe signal appears at the
relative propagation length of 1.5k, 0.45+1.5k, 0.9+1.5k [m],
while the noise component appears at 0.9+1.5k, 1.35+1.5k,
1.841.5k [m] (k = 0,1,2...). The signal to noise ratio of
more than 10 dB is guaranteed.

IV. EXPERIMENTAL RESULTS

A. Bending Measurement Using Multipoint MCFBG

In the experiment, the modulation frequency of probe and
reference was swept over 2 GHz with a step of 2.5 MHz, which
gives a spatial resolution of 0.15 m [19]. First, the sensing fiber
was wound with a radius of 3 cm. Fig.5 shows the Fourier
spectrum of the obtained signal as a function of the optical
path length difference between the probe light reflected at
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Fig. 6. Measured reflection spectra of all the Bragg gratings.

each reflection point of MCFBG and the reference light. The
spectrum has 21 peaks corresponding to the number of Bragg
gratings.

The reflection spectra of all the gratings were obtained
by (i) sweeping the wavelength of the probe beam with
a step of 0.04 nm, (ii) deriving the Fourier spectrum for
each probe wavelength, and (iii) curve fitting the peaks of
the Fourier spectra in the wavelength domain. Fig.6 shows
the obtained reflection spectra of all the gratings, where the
data points were fit by super Gaussian function. Fig.7 shows
the bend-induced wavelength shift of the outer core Bragg
gratings as a function of the outer core number, which is
derived by subtracting the Bragg wavelength of the center
core grating from that of the outer one. The influence of the
temperature change and the initial tensile strain is canceled by
the subtraction. In fact, temperature and tensile strain equally
shift the Bragg wavelengths of the gratings in the neighboring
cores. In addition, Bragg wavelength is not changed by the
bending in the center core grating, because the effect of
bend-induced compression and expansion of the grating pitch
around the neutral axis is cancelled out. From Eqs. (4) and (5)
with the fact that the outer cores are equally spaced, the data
of Bragg wavelength shifts are fit with a sinusoidal function in
principle, where the amplitude and the phase of the sinusoidal
function correspond to the curvature and the bending direction,
respectively. The amplitudes of all the sinusoidal curves A,,

Wavelength shift / nm
=

_2 4
-3 I ] ] ! I !
1 2 3 4 5 6
Core number
(a) MCFBG1
3

Wavelength shift / nm
<=

72 4
73 + ' ' ! 4 i
1 2 3 4 5 6
Core number
(b) MCFBG2
3

Wavelength shift / nm
<

1 2 3 4 5 6
Core number
(c) MCFBG3

Fig. 7. Bend-induced wavelength shift of the outer core Bragg gratings
as a function of the outer core number for MCFBG1, 2, 3in Fig. 3, where
the multicore fiber is wound with a curvature radius of 3 cm.

are the same, which corresponds to the experimental condition.
A slight difference in phase is due to the twisting of the fiber.

B. Evaluation of Measurement on Bend-Induced Bragg
Wavelength Shift and Bending Direction

First, we bent MCFBGs in a plane with the same curvature
(the reciprocal of bending radius) x of 0.100 to 0.333 cm™!
at the same time and obtained the sinusoidal curves for each
curvature in the same manner as Fig.7. The amplitude A,, of
the sinusoidal curve was measured for each curvature from the
mean value of five times measurements. Fig.8 shows that A,
linearly changes with the curvature. Note that the least square
lines do not pass through the original point, which is thought
to be due to the ununiform strain of the fiber. We calculated
the slope dA,/dx, which is the sensitivity to bend, and its
standard deviation (Table II). Here, the theoretical value of
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Fig. 8. Amplitude of sinusoidal curve obtained as a function of outer
core number Ay vs. set curvature « for (a) MCFBG1, (b) MCFBG2, and
(c) MCFBGS.

TABLE Il
THE SLOPE OF BEND-INDUCED WAVELENGTH SHIFT AS A FUNCTION
OF CURVATURE AND THE STANDARD DEVIATION
OF WAVELENGTH SHIFT

Standard deviation [nm]
510pe K= K= K= K= K=
-1 il e — == =
[om /em™1\ ) 100 cm? | 0.159 em™ |0.217 em™ {0278 cmt| 0.333 cm!
MCFBG1| 3.87 00138 | 00232 | 00112 | 00364 | 00191
MCFBG2| 433 00175 | 00208 | 00105 | 00224 | 00134
MCFBG3| 4.59 00473 | 00221 | 00269 | 00267 | 00354
the slope is
dA, dA, de S ©)
_—-—— = r
dx de dx ’

where Eqgs.(4) and (5) are used. For the light with a wavelength
of 1.55 um, the strain coefficient S of a glass FBG is reported
to be 1.2 pm/ue = 1.2 x 107% m [21]. The core pitch r of

4.3 cm

4.-3 qo 4.3 cm

Fig. 9. Experimental setup of bending direction measurement. The
sensing fiber is fixed on 4 cubes with MCBGs bent around the surface
of the cylinders. The sensing fiber is rotated with the cubes every
90 degrees and the bending direction of MCFBGs is changed.
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Fig. 10. Measurement results of bending in 4 directions for (a) MCFBG1,
(b) MCFBG2, and (c) MCFBG3.

the MCF is 35.4 um. Substituting these values into Eq.(6),
we have Sr = 42.5 x 1072m?2, which supports the validity
of the experimental results of 38.7 x 10~2m? (MCFBGI),
43.3x107?m? (MCFBG2), and 45.9 x 10~1?m? (MCFBG3).

Next, the bending direction of the three MCFBG parts were
changed every 90°. We attached the sensing fiber to four
cubes and bent the three MCFBGs along three cylinders with
a radius of 4.3 cm(Fig. 9). By rotating all the cubes in the
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Fig. 11. Measured circle shape (a) in xyz space, (b) projected on

xy plane, and (c) xz plane. The xyz coordinate is set just for viewability.

same direction at the same time, the surface of the MCFBG
along the cylinder was rotated and the bending direction was
changed. The bending directions were measured from the
average value of five times measurements. Fig.10 shows that
the measured direction agrees well with the set direction. The
standard deviation is less than 2.02 °, which confirms the
measurement accuracy.

C. Pilot Demonstration of Shape Measurement

We can measure the shape of the sensing fiber under the
condition that there are not large changes of curvature along
the sensing fiber. In this case, the bending shape of the
entire fiber can be estimated from the measured curvature
and bending direction of the MCFBG sections [22], [23].
We derived the bending shape on the assumption that the
bending shape of the entire optical fiber was composed of
multiple arcs. The radius of the arc was determined from the
curvature of the MCFBG, and the central angle of the arc
is determined by considering the distance between adjacent
MCFBGs as the length of the arc. In our experiment, the arc
length for one MCFBG was 0.15 m. We performed calculation
so that the tangents of the neighboring two arcs coincide at
the connecting part. Suppose that the effect of twisting is
compensated, the direction of the two arcs is given by the
bending direction of the MCFBGs.

As a proof-of-concept experiment, we wrapped the sensing
fiber around a disk with a radius of 8.0 cm. The effect of twist-
ing between the MCFBG parts was compensated by the data
acquired in advance when the bending direction was constant.
Fig.11 shows the experimental results (blue solid line) and the

actual shape (dashed line). It can be confirmed that the overall
bending shape derived from the bending shape of MCFBG
(solid red line) is close to the actual bending shape. The root-
mean-square error between the experimentally obtained shape
and the actual one is 0.49 cm.

V. CONCLUSION

In this study, we have proposed and evaluated a multipoint
bending sensing method for MCFBG using a simple system
of intensity correlation measurement using TPA process in
Si-APD. We have successfully discriminated the reflection
spectra of 21 Bragg gratins even if they are overlapped in
the wavelength region. The evaluation of proposed method
has been performed by three-point measurement of curvature
radius and direction, where the maximum error of wave-
length shift was 0.0473 nm and that of direction was 2.02°.
Furthermore, we have demonstrated the shape measurement
of the sensing fiber with smoothly changing curvature. The
proposed system does not require multiple detectors nor opti-
cal switching devices. Although our shape measurement was
performed under the condition that the effect of fiber twisting
was compensated beforehand, the use of a twisted multicore
fiber would provide the information of twist and bending at
the same time [24]. Our next plan is to apply our system to
shape measurement of things such as medical catheters, robot
arms, parts of buildings, and human body especially around
chest area to measure the volume change due to breathing.
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