
Supplemental document accompanying submission to Optics Express

 
Title: Curvature Sensing Using a Novel Hybrid Polycarbonate-Silica Multicore Fiber
 
Authors: Tommy Boilard, Guillaume Bilodeau, Steeve Morency, Younes Messaddeq, Richard
Fortier, Francois Trepanier, Martin Bernier
 
Submitted: 02/10/2020 22:14:56



Development of Eq. (9) and Eq. (10)

The characterisation of a multicore fiber to curvature is often done on a simple setup made from
two fiber clamps, one that is fixed while the other is mounted on a micrometric screw. The
induced curvature is usually determined by approximating the shape of the fiber as an arc of a
circle. In this supplementary document, we present a new set of equations (namely Eq. (9) and
Eq. (10) from the main article) that are in better agreement with the measured curvature observed
on this bending setup. In fact, it is shown that the standard equation used for this setup leads to a
2.4 times underestimation of the real curvature (which in turn leads to 2.4 times supposedly more
sensitive sensors). The full development of this new set of equations will be available in [1] upon
publication.

1. MOTIVATION

To characterize the sensitivity of the hybrid multicore fiber, a simple setup made from two fiber
clamps, one that is fixed while the other is mounted on a micrometric screw, was set up in the
lab. To verify the proper functionning of the characterization bench, a standard 125 µm multicore
fiber, with ten 4 mm-long FBGs, spaced 6 mm from each other (center to center), written in 3
of its cores through its coating, was tested on this setup. The initial length between the two
clamps was L = 99 mm and one clamp was moved closer by ∆L = 2 mm. The expected curvature,
obtained by assuming the shape of the fiber follows an arc of a circle, is calculated from following
transcendent equation [2] :
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The calculated curvature is 7.03 m−1. Meanwhile, the measured Bragg wavelength changes
of each core of the multicore fiber are used with Eq. (5) of the main article to calculate precisely
the curvature at each location of the FBGs. In Eq. (5), Pe = 0.22 and r = 35 µm, as measured on
a standard optical microscope. The result is shown Fig. S1, where the black line represents the
(constant) curvature calculated from Eq. (S1) and measured curvature are shown in solid red dots.
It is apparent from this figure that this equation does not described the curvature applied to the
fiber accurately. In fact, since the clamps hold the fiber horizontaly, it is normal to see a change
in the sign of the curvature near L/4 and 3L/4, plus a maximum at L/2. Plus, since Eq. (5) of
the main article doesn’t have any unknown, and the equations were shown to be independant
to external strain or temperature, the conclusion is that Eq. (S1) is not valid and a more precise
equation must be developed.
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Fig. S1. Measured curvature (solid red dots) and calculated curvature from Eq. (S1) (black
line).



2. EQUATION DEVELOPMENT

Since the fiber is clamped on both side, the deflection at these positions must be zero. Also, the
shape of the fiber must be continuous, meaning that the fiber will come out horizontally of the
clamps. Mathematically, it means the derivative of the deflection is zero at these positions. This
second assumption is what made the following development different from the arc of a circle
approximation. Finally, even if the fiber is deflected, its total length must be the same. This gives
a total of 5 conditions to respect. Based on Euler-Bernoulli beam theory, we assumed that the
deflection of the fiber can be approximated by a fourth degree polynomial :

δ(x) = ax4 + bx3 + cx2 + dx + e (S2)

This equation should describe the shape of the fiber from x = 0 to x = L− ∆L = D. The first
and second conditions lead to e = 0 and d = 0, respectively. Then the two next conditions lead to
c = aD2 and b = −2aD. This leads to

δ(x) = ax2(x− D)2 (S3)

where a must be determined from the last condition, namely that the length of δ(x) from 0 to D
must equal L :

L =
∫ D

0

√
1 + [δ′(x)]2dx (S4)

where δ′(x) denotes the derivative of δ(x) with respect to x. This simple looking integral,
however, has no analytical solution and must be solved numerically. The way this was done is by
expanding the square root inside the integral as a Taylor series, and then evaluating the integral
for each term of the resulting infinite series. This led to
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where x!! is the double factorial of x. This infinite series could then be solved numerically for
various values of aD3 (up to aD3 = 3

√
3, above which the series does not converge anymore).

The result of this calculation is shown in solid red dots in Fig. S2. Multiple functions were tried to
fit the results (linear, second order polynomial, power, rational, etc). Overall, the power function
gives the simplest formula for a with one of the best agreement, so it is the only one kept in the
figure. It gives

a ≈ 11.7
D3

(
∆L
D

)0.541
(S6)

1 2 3 4 5
aD3 (-)

0.00

0.05

0.10

0.15

0.20

L/
D
 (-
)

Fitted power function
Numerically solved

Fig. S2. Solving Eq. (S5) numerically by changing the value of aD3. The black line is a fitted
power function.
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Finally, the curvature of the fiber is obtained from

κ =
δ′′(x)(

1 + [δ′(x)]2
)3/2 ≈ δ′′(x) (S7)

where the approximation is valid for small deflection. Using δ(x) from Eq. (S3), it gives

κ(x) =
2a(6x2 − 6Dx + D2)

[1 + (2ax(x− D)(2x− D))2]
3/2 ≈ 2a(6x2 − 6Dx + D2) (S8)

which is present in Fig. S1 and gives good agreement with the measured κ. The maximum
value of κ, at D/2, is aD2. Assuming a small deflection (D ≈ L) and changing the power in the
equation for a from 0.541 to 0.5, it can be approximated by

κmax,new =
11.7

L

√
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L

(S9)

Meanwhile, the sine term in Eq. (S1) can be approximated, for small deflection, as Lκ/2−
L3κ3/48, reducing to
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(S10)

The only difference between the two equations is the constant, which is 2.4 times higher for the
newly developed equation, and gives convincing results, both in term of κ(x) and δ(x).
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