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Abstract: We report on the development of a novel hybrid glass-polymer multicore fiber
integrating three 80 um polyimide-coated silica fibers inside a 750 pm polycarbonate cladding.
By inscribing an array of distributed FBGs along each segment of silica fiber prior to the hybrid
fiber drawing, we demonstrate a curvature sensor with an unprecedented precision of 296 pm/m~!
around 1550 nm, about 7 times more sensitive than sensors based on standard 125 um multicore
fibers. As predicted by theory, we show experimentally that the measured curvature is insensitive
to temperature and strain. Also, a more precise equation to describe the curvature on a simple
bending setup is presented. This new hybrid multicore fiber technology has the potential to be
extended over several kilometers and can find high-end applications in 3D shape sensing and
structural health monitoring.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quasi-distributed sensors based on fiber Bragg grating (FBG) written in standard optical fibers
are gaining popularity for remote sensing of physical parameters, such as strain and temperature,
because of their small size, their immunity to electromagnetic interference, their resistance to
harsh environment, their high mechanical strength as well as their ease to be distributed over
long distance [1]. FBGs have been used in a variety of applications to measure temperature
from cryogenic temperature [2] up to 1000 °C [3] and in radioactive environment [4], strain with
extremely high resolution [5], pressure [6], refractive index [7] and chemical [8], to cite only a
few. Standard optical fibers have the drawback of being unable to measure bending, which is of
interest for numerous applications, such as 3D shape sensing [9] and structural health monitoring
[10]. To overcome this limitation, two options are generally used.

The first one is the inscription of FBGs in multicore fibers or eccentric core fibers, where the
cores that are not in the center will feel strain or compression depending on the amplitude of
the bending and its direction. Flockhart et al. were the first to show the possibility to measure
bending in both axis using UV-written FBGs in a 4-core optical fiber [11]. Even if their FBGs
didn’t have the same reflectivity and shape due to the UV inscription, their demonstration was
quite promising. Recently, Barrera et al. have shown similar results with the same type of fiber,
but with an array of 15 distributed FBGs written in all four cores of the fiber, for a total length
of 58 mm [12]. Butov et al. have shown a thirtyfold increase in sensitivity by using a 2.1 mm
silica rod with 4 cores located near the edge [13]. However, the writing of FBGs in multicore
fibers is always a challenge, since the individual writing in each core of the fiber is difficult, the
interrogation of multicore fiber requires a complex fanout photonic component, the fiber coating
needs to be remove for UV exposure, thus reducing the strength of the fibers, and none of these
demonstrations are distributed over more than 50 cm. So far, to our knowledge, only Bronnikov
et al. have demonstrated the direct writing of arrays of FBGs throught the polyimide coating of a
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multicore fiber in each of its cores using the fs plane-by-plane writing technique with satisfactory
results [14]. However, although the writing of robust FBGs was reported using the femtosecond
phase-mask writing technique [15], it is yet to be demonstrated with the plane-by-plane writing
technique. Other techniques, not based on FBGs, successfully demonstrated curvature sensing
in multicore fibers. For example, distributed curvature sensing has been demonstrated in a
multicore fiber based on Brillouin scattering [16]. Compared to FBGs, Brillouin-based sensors
have the advantages of being continuously distributed with the capacity of monitoring strain and
temperature over several kilometers. However, this comes with the drawback of a reduced spatial
resolution and less precise measurement of the physical parameters, compared to distributed
FBGs. Another demonstration shows that a Michelson interferometer can be made by combining
the output of a dual-core fiber, thus precisely measuring the relative phase between the two cores
[17]. However, given the nature of this technique, curvature sensing cannot be distributed over
long fiber lengths. Overall, the use of multicore fibers as distributed shape sensors is still very
limited.

The second option to measure bending is to fix a standard optical fiber on an assembly that
transfer the bending to the fiber as strain. It is generally done by fixing the FBG on a cantilever
beam. Lu et al. used this idea to measure water flow based on the bending of a cantilever beam
upon which a FBG was fixed [18]. However, theses demonstrations generally increase the size of
the sensors considerably, which are often comparable to their electrical counterparts. Other ways
of transfering the bending also exist. For example, Roesthuis et al. glued three fibers with 4 FBGs
in each of them inside three grooves made into a flexible nitinol needle, in order to precisely
reconstruct the shape of the needle inside soft tissue [19]. Moon et al. have made a hybrid
epoxy-silica multicore fiber by epoxy-molding three separated single-core fibers with FBGs
pre-written in them [20]. The sensor is less than 900 um in diameter and its length is 11.5 cm,
which is ultimately limited by the proposed assembly method. However, the use of a polymer as
a structural element instead of silica increases the sensor sensitivity to external perturbation, due
to of its lower rigidity and it overcomes the complications of writing FBGs in multicore fibers.

Based on this idea, we proposed a novel assembly method for a hybrid polymer-silica multicore
fiber in which three standard 80 um polyimide-coated with distributed arrays of FBGs pre-written
in them are assembled inside a microstructured polycarbonate preform, the latter being drawn on
a draw tower. Limited by the available fiber, the sensor is 55 m-long, has a diameter of 750 um
and, due to the spacing between each fiber, has a sensitivity of 296 pm/m~!, which is 7 times
higher than a standard multicore fiber. It is also shown that the measured curvature (and its
direction) is insensitive to strain and temperature, up to 0.35 % and 120 °C, respectively. Since
the proposed assembly method is based on the drawing of a preform, its size and geometry can
be easily changed and its length is ultimately limited by the size of the preform and the length of
the fibers available, thus having the potential to be drawn over several kilometers.

2. Principle of operations

A uniform FBG is a periodic modulation of the refractive index of the core of an optical fiber.
This periodic modulation creates constructive interference for a backward propagating mode at a
precise wavelength, named the Bragg wavelength. It is calculated as

A = 2negA (1

where A is the Bragg wavelength, n.g is the effective refractive index of the mode in the fiber and
A is the period of the grating. For most standard silica fibers, the value of n.g is about 1.448
at 1550 nm. When the grating is written with the phase-mask writing technique, A = A,,/2,
where A, is the period of the phase-mask. This means that the Bragg wavelength is fixed by the
period of the phase-mask. Once written, the Bragg wavelength is highly dependent on external
perturbations, such as strain, temperature and bending, since these perturbations change the
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period of the grating and its effective refractive index. The relative change in wavelength A2/
can be expressed as

1 dneﬁ‘
1-P —
( e)6+(a+neff T
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)AT+(1 —P,)rcos(6 + @)k 2)

where the first term is the effect of external strain (¢), the second term is the effect of a temperature
change (AT) and the third term is the effect of curvature («x = 1/R, where R is the radius of
curvature of the fiber at this location), which is non-zero only for cores that are off-center
(r # 0). In this equation, P, is the strain-optic coefficient, « is the effective coefficient of thermal
expansion, dneg/dT is the thermo-optics coefficient, r is the distance from the center of the fiber
(or more generally the distance from the neutral axis) to the center of the core, 8 is the angle
between the axis of bending and the axis made from the center of the fiber to the core 1 (chosen
for convenience) and ¢ is the angle between the core in consideration and the core 1. Fig. (1)
shows a sketch of a multicore fiber with a curvature « at an angle 6. Standard values for P,
(0.22) and dneg/dT (1.1x107 °C™1) in silica fibers are found in the literature [21]. The effective
coeflicient of thermal expansion, @, for an assembly of two materials, can be approximated with
[22] :
ApcEpc

a = asio + (1 = Pe) (apc — asi02) Asio2Esioz + ApcEpc ¥
i i

where asioz and apc are the coefficients of thermal expansion of silica and polycarbonate, and A
and E are the area and the Young modulus of both materials, respectively. This equation means
that a composite fiber made from silica and polycarbonate will expands proportionally to asjo2,
as usual, but it will also be pulled (thus the (1 — P,) term) by an amount of apc — asio2, weighted
by the relative stiffness of both materials.

R=1/k

Fig. 1. Definition of 6 and ¢ according to the direction of the curvature .

According to Eq. (2), the change in wavelength for two cores in a multicore fiber is the same in
strain and temperature, however they will be different in curvature since their sensitivities depend
on ¢. Itis convenient to define the differential mesure between two Bragg wavelengths, 64;;, to
get rid of the external strain/temperature [23]. It is defined as

Ad; A
S = T’ ~ Tj =(1-"P,) - (r;icos (6 + ¢;) — rjcos (0 + ¢,)) K )
i J

Assuming that 3 cores of a n-cores multicore fiber can respect the condition | = =r3 =r
and ¢; = 0°, ¢ = 120°, ¢3 = 240° (valid for most 3-cores and 7-cores fibers), two simple
equations can be obtained for both x and 6 :

1 2
= (ot ot + (Vo) ®

(6)

6 = arctan
((5/112 + 0413

V363 )
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Moreover, with the same conditions as above, it is easily shown that

Ay Ay Ads 1 dneg
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Therfore, the summation of the 3 relative changes in wavelength is equal to the external
perturbation on the fiber (strain/temperature) and doesn’t depend on the curvature of the fiber.
Only three cores are needed for a full description of the perturbation on the fiber, meaning
that a central core, insensitive to bending, is not needed. It is important to note that strain
and temperature, as is almost always the case for simple sensors made from FBGs, can’t be
discriminated from one another.

3. FBG writing setup

The arrays of FBGs, pre-written in the silica fibers before drawing the polycarbonate preform,
were fabricated in house at COPL using the femtosecond scanning phase mask writing technique,
on a setup similar to the one described in [24]. This technique has the advantage of not degrading
the mechanical strength of the fiber [15]. The 35 fs pulses, centered at 806 nm, are generated at
1 kHz by a regenerative amplifier (Astrella, Coherent). The gaussian pulses (11 mm at 1/e?) are
truncated into approximately rectangular pulses of 11mm X 500 um by a slit, then tightly focused
by an acylindrical lens (f = 8 mm) through an ebeam phase mask with 20 different 6 mm-long
uniform periods along its length (A; = 1045 nm, Ap = 1090 nm), to the core of the fiber through
its protective polyimide coating. The lens, mounted on piezoelectric actuators, allows the beam
to be scanned over the entire core’s cross section, increasing the overlap between the FBG and
the mode propagating in the fiber core, thus increasing the FBG’s reflectivity. This is required
given that the material’s interaction of femtosecond pulses with such a short focusing lens leads
to an inscription width of only about 0.8 micron [24], significantly smaller than the 4.2 um fiber
core diameter. The beam can also be translated along the length of the fiber (and the phase mask)
by a linear air bearing translation stage, which gives flexibility on the length of the grating. This
translation, in combination with the 20 periods ebeam phase mask, is also used to select the
period of the grating. To unroll the fiber and write FBGs at precise predetermined locations
along the fiber, a winder and an unwinder are installed on both side of the FBGs writing setup.

The fiber used in this experiment is a 80 um polyimide-coated fiber (SM1500(4.1/80)P,
Fibercore), due to its small size, its higher confinement (characterized by smaller bending losses),
and its polyimide coating, needed for the polycarbonate drawing at high temperature (180 °C).
To increase its photosensitivity, the fiber was deuterium-loaded at 2000 psi for 2 weeks at room
temperature prior to writing. This treatment is optional, but it reduces the risk of damaging
the coating of the 80 um fiber during trans-jacket inscription since it lowers the energy needed
for inscription, while making it much faster. Due to fiber availability (200 m), the FBGs were
written in three sections of 65 m. Using the winding setup, the first 25 m of each fiber was left
blank, since it was expected that the size of the hybrid multicore fiber during drawing would vary
at the beginning before reaching equilibrium and it would be discarded. A dense array of ten
4 mm-long FBGs were written at this position in each fiber. Each fiber was then moved by 5 m,
then FBGs were written at each meter for 10 m. The rest of the fibers afterward were left blank.
The three fibers containing the arrays of FBGs were then thermally annealed at 120 °C for 24 h to
stabilize them and to remove the residual deuterium. The reflectivity spectrum of an array of
FBGs written in one of the fiber, measured with a commercial FBGs interrogator (si155, Micron
Optics), is presented in Fig. 2(a), and the position of the FBGs along the length of the fiber is
presented in Fig. 2(b).
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Fig. 2. (a) Reflectivity spectrum of an array of FBGs in one of the 80 um polyimide-coated
fiber and (b) position of the FBGs along its length.

4. Results

4.1. Hybrid glass-polymer multicore fiber assembly and drawing

The hybrid glass-polymer multicore fiber was drawn from a polycarbonate preform made with
the stack and draw method. Polycarbonate was chosen as cladding material given its large Young
modulus (2.3 GPa) as well as its excellent chemical stability. Its design, shown in Fig. 3(a), starts
with a polycarbonate hollow-cylinder (OD : 25.4 mm, ID : 19.05 mm). Three polycarbonate
capillaries (OD : 8.8 mm, ID : 3mm) are inserted inside it, with their outer diameter chosen
such that they fit perflecty inside the polycarbonate hollow-cylinder (it can be shown, by simple
geometry, that d = (2\/§ — 3)D, where d and D are the diameters of the inner and outer circle,
respectively). This assures that they are at 120° from each other. Three other capillaries (OD :
3mm, ID : 0.6 mm) are inserted inside the others in order to reduce their inner diameter. The
remaining voids between the capillaries and the outer hollow-cylinder are partially filled with
polycarbonate rods of varying size. One end of the preform is heated until all the rods and
capillaries are combined together, assuring that all parts are fixed and that the three capillaries are
closed, making the initial positionning of the fibers much easier. The assembled polycarbonate
preform before drawing is shown in Fig. 3(b).

The polycarbonate preform was drawn in house on a custom made drawing tower, designed
for soft-glass and plastic fibers. The three 80 um polyimide-coated fibers with arrays of FBGs
pre-written in them are inserted inside each of the three capillaries of the preform through the
preform, until the closed end. The polycarbonate’s transparency and the orange tint of the
polyimide-coated silica fibers made it easy to see whether or not the fibers are at the same position
inside the preform. To feed the polyimide-coated fiber during drawing, a 3-arms spool holder was



Research Article Vol. 28, No. 26/21 December 2020/ Optics Express 39392

Optics EXPRESS SN N ‘\

R
(c) @

Fig. 3. (a) Initial design of the preform, (b) assembled polycarbonate preform prior to
drawing, (c) cross-section of the hybrid multicore fiber after drawing and (d) the three
polyimide-coated fibers coming out of the polycarbonate. For size comparaison, the cross-
section of an uncoated standard multicore fiber (SM-7C1500(6.1/125), Fibercore) is shown
in (c).

designed, 3D-printed, and fixed over the top of the preform to hold the three spools containing
the fibers. The preform is heated at 180 °C and drawn at a speed of 1 m/min. The speed and the
temperature were slightly corrected until a measured constant diameter of 750 um was obtained.
The first 10 m of the resulting hybrid multicore fiber were discarded since its size was varying in
this section.

Due to the limited availability of the polyimide-coated silica fiber, the result of the drawing is a
55 m-long hybrid polycarbonate-silica multicore fiber with ten dense sensing points at 15 m (since
the first 10 m were discarded), and then another ten sensing points at 1 m interval, starting at 20 m.
A cross-section of a polished end of the fiber was observed on a standard optical microscope
and is shown in Fig. 3(c). For size comparison, a cross-section of a 125 um uncoated standard
multicore fiber (SM-7C1500(6.1/125), Fibercore) is also shown in Fig. 3(c). With its coating, the
fiber is twice this size (245 um), meaning the hybrid multicore fiber is only three times bigger
than a standard 125 pm silica fiber. The diagonal lines in the polycarbonate are results from the
polishing, while the triangle in the center and the ones between each fiber are hollow. They were
present in the preform and did not collapsed on themselves. However, the voids in the preform
that were nearer to the outside did collapsed, and they are still slightly visible as black dots in the
polycarbonate, delimiting the different capillaries and rods. Since the voids in the center did not
collapsed on themselves while the voids near the outside did, it is safe to assume that this is due
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temperature gradient from the outside (hotter) to the inside (colder). It could be overcome by
increasing the temperature slightly and better filling the void in the preform. The outside of the
hybrid polycarbonate-silica multicore fiber is hexagonal instead of round, as it can sometimes be
seen on silica microstructured fibers. Again, this could have been overcome by filling the preform
better near the capillaries, since there are two voids on both side of each capillaries that have
collapsed and have brought the outside closer to the center, explaining the six flats. The cores,
claddings and coatings of the three 80 um fibers are seen at roughly 120° from each other (122.9°,
121.0° and 116.1°, starting from the top and going clockwise) and at a distance of approximately
180 um from the center (176 um, 188 um and 172 um, starting from the top and going clockwise).
The deviation can be explained by the initial diameters of the polycarbonate rods and capillaries,
which have variations that are bigger than what is generally observed with silica material. Also,
some errors of positioning can occur during the collapse of the preform during drawing. In
addition, the outline of the polyimide-coated fibers in the cross-section are not perfect circle
(especially the top one), meaning the polishing has probably moved the real position of the fiber
and distorted the polycarbonate near the fiber by forcing the fiber into it. It should be noted that
the cross-section of the hybrid fiber presented in Fig. 3(c) was measured near the beginning of
the drawn fiber, a few meters before the dense array of 10 FBGs. We didn’t cut the fiber along its
length to preserve its integrity for future experiments. The geometry uniformity along the fiber
length has therefore not been precisely characterized and will be the subject of further studies.
To connectorized the hybrid multicore fiber, patch cords need to be spliced to the three fibers
inside it. To do so, the hybrid multicore fiber is first cut at the desired position using standard
mechanical fiber stripper, then the end of the fiber is dipped in liquid dichloromethane for a few
minutes. The polycarbonate is easily wiped off from the three polyimide-coated fibers, insensitive
to dichloromethane [25]. A picture of the end of the fiber where the three polyimide-coated
fibers are seen coming out of the polycarbonate fiber is shown in Fig. 3(d). The tip of these fibers
are then uncoated, cleaved and spliced to standard fiber patch cords. This method is really robust
since the polyimide coating of the fibers remain unaffected from its contact with dichloromethane.

4.2. Curvature sensitivity

The setup used to characterize the sensitivity of multicore fibers is made of two fiber clamps,
initially at a distance L, one stationary and the other mounted on a micrometric screw, which can
be brought closer by an amount AL. The fiber, due to its small diameter compare to its length, will
buckle instead of compressing. The angle of the bending can also be forced, without changing
the bending amplitude nor the shape of the fiber, by a rotating mount, located at L/2, on which
a fork-like beam is attached. In order to compare the sensitivity of the hybrid multicore fiber
to a standard multicore fiber (SM-7C1500(6.1/125), Fibercore), dense arrays of ten 4 mm-long
FBGs, spaced 6 mm from each others (center to center), were written through its coating in 3
lateral cores of its 7 cores, using the same FBGs writing setup as described earlier. The Bragg
wavelength of each FBGs are monitored using a commercial FBGs interrogator (sil155, Micron
Optics), with a wavelength accuracy of 1 pm.

In the litterature, it is common to assume that the shape of the fiber in this setup will follow an
arc of a circle, giving a constant bending « along the fiber, obtained by resolving the following
transcendent equation [26] :

. (Lk (L - AL)x
sin ( 3 ) = 3 (8)

However, after measuring the change in wavelength of an array of FBGs in a multicore fiber
on this setup, it became clear that the assumptions made to derive Eq. (8), and Eq. (8) itself,
are not valid. To overcome this issue, using Euler-Bernoulli beam theory, a set of equations
was developed to described the deflection of the fiber more precisely than the arc of a circle
approximation. The details on the development of these equations are found in Supplement 1 of
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this article. The main result is that the bending « is not constant along the length of the fiber, and
even change sign, being negative for about the first and last quarter of the fiber. It is expressed as
2a(6x? — 6Dx + D?
k(x) = a(6x al ) 7 2a(6x* - 6Dx + D?) )
[1 + (2ax(x — D)(2x — D))Z]

where D = L— AL and the parameter a is obtained by calculating the curve length of the deflection
of the fiber, y = ax’*(x — D)?. However, the integral cannot be solve analytically. By solving it
numerically, the result can be fitted and a can be approximated with good agreement by

11.7 {AL\*
ax (—) (10)

" p3\D

To compare Eq. (8) and Eq. (9), the FBGs array on the standard multicore fiber was positionned
on the bending setup with an initial length of L = 99 mm, and one of the fiber clamp was moved
closer by AL = 2 mm. The calculated deflection of the fiber based on Eq. (8) (in black) and
Eq. (9) (in blue) are provided in Fig. 4(a). The main visible difference between the two curves is
near the edges, where the fibers are clamped. Since the fibers are clamped, they are forced to be
horizontal at x = 0 and x = D, which is not the case for the curve in black. Near the center of the
fiber (x ~ D/2), both equations seem to follow approximately the same trend in term of deflection
and change in deflection. This can lead to the erroneous conclusion that the shape of the fiber can
be approximated by an arc of a circle near the center. The curvature « calculated from Eq. (8)
(in black) and Eq. (9) (in blue), and the one calculated from Eq. (5) using the measured Bragg
wavelength of the 10 FBGs in the standard multicore fiber, using P, = 0.22 and r = 35um, are
shown in Fig. 4(b). It is important to stress that no fit was done in any of the equations to obtain
these curves, and the sensitivity of the standard multicore fiber (A1/Ak) is (1 — P,)rd = 42.3
pm/m~! near 1550 nm. The figure shows clearly that approximating the shape of the fiber by an
arc of a circle (black curve) leads to a constant curvature along the fiber, plus a underestimated
value of around 2.4 for the curvature at the center of the fiber (nearly independant of L and AL),
leading to a suposely 2.4 times more sensitive sensor. Meanwhile, Eq. (9) seems to be in good
agreement with the measured value, both in the center and closer to the edge, even accounting for
the change in the direction of x near D/4 and 3D/4.

With Eq. (9) in hand, the hybrid multicore fiber is characterized on the same setup. On the
green plane in Fig. 5(a) lies the relative wavelength changes of each core of the fiber for different
curvatures applied, at an arbitrary angle. The core 3 (black dots) is in extension (positive change
in wavelength), the core 2 (blue dots) is in contraction (negative change in wavelength), while the
core 1 (red dots) is almost constant and near zero, meaning it lies close to the neutral axis. This
allows for a rapid estimation that 6 = 90°. In fact, the signs and amplitudes of the wavelength
changes of each core can be used to assess rapidly the angle of curvature with a precision of
+15°. Equation (5) and Eq. (6) are used to fit the lines in the figure. To get good agreements,
the values used in the equations are r = 245um and 8 = 96°. This value for r is higher than
the one measured on the cross-section of Fig. 3(c) (r = 180um), but its important to note that
the cross-section of the hybrid multicore fiber was taken at one end of the 55 m-long fiber in
order to keep the entire fiber in one piece. The cross-section at the middle of the fiber, where the
measurement took place, is smaller. Noting that the curvature depends on r cos 8, another axis,
denoted A2/ A, can be added on the figure, such as

2 2
(ii) +(ii) = (1= Po)rx)’ (11)

which is used to draw a cone (shown in gray in the figure). This means that for each curvature «,
one can draw a circle of radius (1 — P,)r« on which the three points (A1/Acps, Ad/ Agin) must lied
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Fig. 4. Calculated (a) fiber deflection and (b) curvature from Eq. (8) and Eq. (9). The red
dots in (b) are calculated from the wavelength measurement using Eq. (5).

(shown with in solid square in the figure), at 6 = 120° from each other. The measured relative
changes in wavelength are a projection on the green plane of these three points. The effect of
curvature and rotation is a translation of the solid squares along the « axis onto the cone and a
rotation of the solid squares around the « axis (onto a constant radius circle), respectively, thus
changing the projection on the green plane. The characterization gives a sensitivity to curvature
of 296 pm/m~! near 1550 nm, which is 7 times greater than the standard silica multicore fiber
(42.3 pm/m~! shown previously). This is expected since the cores are about 7 times more
distant from the center. Figure 5(b) shows the relative change in Bragg wavelength for each
core according to the angle of the bending, normalized such that the cores have a maximum at
approximately 0°, 120° and 240°. Equation (2) is fitted on each data set using the same r as
above. The measurements follow roughly a cosine curve, with the deviations being attributed to
the bending setup. This conclusion is supported by the fact that the same deviations were present
during the standard multicore fiber characterization, which is known to be perfectly circular.
The sensitivity of the hybrid multicore fiber to strain and temperature was also compared to
the standard multicore fiber. They were both characterized on a standard FBG characterization
bench. For temperature characterization, the fibers were put individually inside a fiber oven and
the temperature was increased by steps of 10 °C from room temperature (20 °C) up to 70 °C.
Fig. 6(a) shows the result of this characterization. The sensitivity of the standard multicore fiber
is close to the expected value for a silica fiber. For the hybrid multicore fiber, this sensitivity
has been characterized to be 3.8 times larger than the standard fiber, which is due to the higher
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Fig. 5. Relative change in wavelength of the three cores of the hybrid multicore fiber for (a)
different curvatures (k) and (b) different angles. In (a), the measured relative wavelength
changes, shown as solid circles, are located on the green plane, while the solid squares lie on
a 3D cone of radius (1 — P,)rk and are at 120° from each other. The relative wavelength
changes, in solid circles, can be view as a projection of the solid squares onto the green
plane, and the effect of curvature and rotation is a translation of the solid squares along the
k axis onto the cone and a rotation of the solid squares around the « axis (onto a constant

radius circle), respectively.



Research Article Vol. 28, No. 26/21 December 2020/ Optics Express 39397 |

Optics EXPRESS : N

coefficient of thermal expansion of the polycarbonate serving as a cladding. Using Eq. (3) with
the values of apc and Epc given by the manufacturer, the main contribution of the temperature
sensitivity of this hybrid fiber is its thermal expansion, @ = 24.6 x 107%°C~!, Taking into account
the change in refractive index, this gives a theoretical sensitivity of AA1/A = 32.1 x 107°AT,
which is in pretty good agreement with the measured value (1/1 = 29.1 x 10"5AT). Fig. 6(b)
shows the result of the characterization of both fibers in strain. While they are both in the same
order of magnitude, the hybrid multicore fiber has a slightly larger sensitivity (+11%) than that
of the standard multicore fiber.

o— Hybrid o— SiO, —8— Hybrid —-0— SiO;

le-3 le—
3 -
Q)‘E/
©
T 21 o
=< AR
~ /Q,‘
P 1
O -
0.0 0.1 0.2 0.3 0.4
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(a) (b)

Fig. 6. Comparison of the sensitivity of both multicore fibers to (a) a change in temperature
and (b) strain.

Moreover, the validity of Eq. (4), which states that the differential measurement between the
relative wavelength change of two different cores of a multicore fiber is insensitive to temperature
and strain, was tested using the measured wavelength changes from the temperature and strain
characterizations presented in Fig. 6. Fig. 7(a) shows the differential measurement between two
cores of the standard multicore fiber, 64;;, versus the change in temperature. Similar results were
obtained for the hybrid multicore fiber. Comparing the magnitude of wavelength changes for
the relative change in wavelength and the differential measurement for the characterization in
temperature, it is seen that the differential measure is approximately zero (it is in average 400
to 800 times less than the relative changes in wavelength), meaning the effet of temperature
change is close to being totally suppressed. In Fig. 7(b), the same characterization was done, but
according to strain. This time, the differential measure between two cores is now, in average,
8000 times less than the relative changes in wavelength.

Finally, the maximum curvature that could be measured with the hybrid multicore fiber was
estimated by measuring the minimal radius of curvature before the polycarbonate suffers from
plastic deformation. This was done by applying a known radius of curvature of decreasing size
on the fiber for 10 s, then letting the fiber free. Below a radius of curvature of R = 1.25 cm
(k = 80 m™1), the fiber suffers from plastic deformation. This represents the maximum curvature
that could be sensed while keeping the physical integrity of the sensor. On the other hand,
given the limited spectral spacing of 3.4 nm between each FBG (determined by the distributed
phase-mask configuration used, see section 3) and the large curvature sensitivity of 2906 pm/m~",
a local curvature above 11.5 m~! (R below 8.7 cm) will result in a spectral overlap between
adjacent FBGs. Half of this value is expected for a curvature that locally changes in direction,
such as a S-shape curve. These values represent the maximum curvature that can be sens with
the actual sensor configuration. Given that the interrogator has a significantly larger spectral
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Fig. 7. Differential measure between the cores for (a) temperature change and (b) strain.

range compared to the FBG array (160 nm vs 35 nm for the dense distributed array), such limits
could be easily increased by using a distributed phase-mask with a larger pitch spacing.

5. Conclusion

A novel 55 m-long hybrid polycarbonate-silica multicore fiber drawn from a microstructured
polycarbonate preform has been presented. The assembly, with an outside diameter of 750 um,
integrates three standard 80 um polyimide-coated fiber in which arrays of FBGs were pre-written
prior to drawing. The sensitivity of this sensor, in good agreement with the theory, is of
296 pm/m~! around 1550 nm, 7 times higher than sensors based on FBGs written in standard
125 pum multicore fibers. The hybrid multicore fiber also has several advantages over traditionnal
multicore fiber, such as easier connectivity and easier writing of FBGs. This hybrid multicore
fiber technology has the potential to be extended over several kilometers, and can find applications
for distributed 3D shape sensing and structural health monitoring.
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