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Shape Sensing Using Two Outer Cores of Multicore
Fiber and Optical Frequency Domain Reflectometer
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Abstract—A method, i.e., vector projections, using two outer
cores of multicore fiber without calibration and OFDR was pro-
posed to realize three-dimensional (3D) shape sensing. A comple-
ment for apparent curvature vector method using three outer cores
of multicore fiber was also proposed to determine the viable fiber
cores arrangement for shape sensing. Compared with apparent
curvature vector method, the vector projections method based on
two outer cores of multicore fiber decreased the number of fiber
cores, which eliminating the requirement for fiber cores arrange-
ment. Based on these methods, a reconstructed shape with a higher
accuracy was obtained based on integrating all fiber shape from
all cores combinations. The maximum root-mean-square errors
(RMSEs) of end position for the vector projections and apparent
curvature vector method were 13.1 and 12.4 mm, while a higher
accuracy, i.e., maximum RMSEs of 11.9 and 12.1 mm, was obtained
based on the integrated fiber shapes.

Index Terms—Bend sensing, multicore fiber, optical frequency
domain reflectometer, shape sensing.

I. INTRODUCTION

HAPE sensing plays an important role in many fields,
S such as catheter tracking in medical care [1], soft robotics
dynamically controlling [2], and proprioception of soft wearable
devices in human-machine interfaces [3]. Existing methods to
realize the shape sensing are usually based on optical camera
imaging [4], ultrasound [5] and magnetic resonance image
[11,[6], electromagnetic sensors [4] and optical waveguides [3],
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[7], [8]. Researchers have recently demonstrated various shape
sensors using fiber Bragg grating (FBG) [9], Brillouin optical
time domain analyzer [10], and phase-sensitive optical time
domain reflectometry [11], optical frequency domain reflectom-
etry (OFDR) [12] based on multicore fiber [13], fiber cluster
[12], [14], [15], and substrate-attaching fibers [16] by analyzing
differential strain distributions of the cross sections along the
optical fiber. Shape sensing using OFDR [12] could achieve a
higher spatial resolution, i.e., millimeter and even micrometer,
to obtain an accurate strain distribution along the fiber. To
reconstruct the fiber shape, two vital parameters, i.e., bending
orientation and curvature recovered from the measured strain
distribution using OFDR, should be substituted into Frenet-
Serret Frame [13]. Recently, various methods and different core
combinations have been demonstrated to recover the bending
orientation and curvature. For example, Jason P. Moore ef al.
calculated the bending orientation and curvature based on three
symmetrically arranged fiber cores using apparent curvature
vector method [13]. Unfortunately, this method could not obtain
accurate bending orientation in the case of non-symmetric cores
arrangement [17]. Besides, by establishing an equation set about
Bragg wavelength shift, temperature, axial strain, curvature and
bending orientation of a four-core fiber, a least-square solu-
tion of reconstructed shape was obtained using Moore-Penrose
pseudo-inverse matrix, which was a time-consuming calculation
method [18], [19]. Moreover, Hou et al. obtained the curvature
and bending orientation by using two off-diagonal outer-core
FBGs and calibrated bending sensitivities [20]. However, the
calibration process to determine bending sensitivities inevitably
introduced systematic errors into reconstructed curvature vector,
which would further impair the shape sensing accuracy.

In this paper, amethod, i.e., vector projections, using two outer
cores of multicore fiber without calibration and OFDR was pro-
posed to realize 3D shape sensing. The response of shape sensing
with the bending orientation from 0° to 360° was experimentally
investigated. Meanwhile, a method using apparent curvature
vector to determine what kind of arrangement of fiber cores
could accurately calculate the bending orientation and curvature
was also proposed. Moreover, the shape sensing accuracy of
the two methods, i.e., vector projections and apparent curvature
vector, was experimentally compared. Furthermore, a method
based on integrating the obtained fiber shapes from all core
combinations was also developed to improve the accuracy of
the reconstructed fiber shape.
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Fig. 1.  Experimental setup based on OFDR for shape sensing using multicore
fiber, i.e., seven-core fiber. Inset: scanning electron micrograph of the cross
section of the employed multicore fiber and the defined local Cartesian coordi-
nate system. TLS: tunable laser source; FRM: Faraday rotating mirror; BPD:
balanced photo-detector; PC: polarization controller; PBS: polarization beam
splitter; DAQ: data acquisition card.

II. EXPERIMENTAL SETUP AND SHAPE SENSING PRINCIPLE
A. Experimental Setup

An experimental setup based on OFDR was built for shape
sensing by measuring the distributed strain of each core along
a multicore fiber, i.e., seven-core fiber (YOFC), as shown in
Fig. 1. Light from a tunable laser source (TLS) was split into
two paths, i.e., the auxiliary interferometer (Al) and main in-
terferometer (MI), by a 10:90 coupler. The Al was comprised
of two faraday rotating mirrors (FRMs) and a 100 m-long delay
fiber, and the signal collected by a balanced photodetector (BPD)
was used to trigger the data acquisition card (DAQ) with a
sampling rate of 10 MS/s. In the MI, the beat signal generated
by the sensing fiber, i.e., multicore fiber, was launched into
two polarization beam splitters (PBSs) through a 50:50 coupler.
The employed multicore fiber was spliced with a fan in/out
spatial Mux/De-Mux coupler (YOFC), and a 1 x 8 mechanical
optical switch was used to switch the light to each core with
a time duration of 8 ms to finish the transition between two
adjacent channels. Moreover, the multicore fiber was fixed by
a pair of rotary fiber holders, i.e., rotator 1 and rotator 2, and
embedded into a semicircular groove with a width and height of
1 and 2 mm, respectively, inducing a constant bending radius of
75 mm. To avoid the external force induced by the fiber holders,
a 17.2 mm-long multicore fiber far from the fiber rotator was
selected as the sensing section. The wavelength of the TLS was
swept from 1530.00 to 1571.73 nm with a sweep rate of 10 nm/s,
corresponding to a two-point spatial resolution of 19.8 ym. As
shown in the inset of Fig. 1, the employed multicore fiber, i.e.,
seven-core fiber, has a central core, i.e., C, and six outer cores,
ie., C,, (m =1, 2...6), arranged in a regular hexagon. The
distance between two adjacent cores is 42 pym. In addition, the
Cartesian coordinate system was established by setting the origin
on the central core, i.e., C7, of multicore fiber and referring to the
line directing from the origin to an arbitrary point as the y-axis,
and the z-axis is orthogonal to y-axis.

In the experiment, the reference signal was recorded when
the multicore fiber was kept straight, while the measurement
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signal was acquired after putting the multicore fiber into the
semicircular groove. The bending orientation was changed by
rotating two holders simultaneously. The detailed process to
calculate the distributed strain for shape sensing was as follows.
The reference and measurement signal in the distance domain
were acquired, then the inverse FFT was applied to obtain the
spectrum of every sensing gauge with a length of 10.1 mm along
the multicore fiber. And then the strain distribution could be
obtained by multiplying the wavelength shift calculated from
the cross-correlation between the reference and measurement
spectrum by the calibrated strain coefficient, i.e., 6.67 e/GHz
[21]. A computer with Intel Core(TM) i5-2520M @ 2.50 GHz
and RAM of 4.0 GB was used to process data. Therefore, the
overall strain distribution of the cross section along the multicore
fiber could be obtained by repeating the process for each core.

B. Shape Sensing Principle Based on Two Outer Cores With
Vector Projections Method

The Frenet-Serret Frame is defined by three mutually orthog-
onal space vectors, i.e., tangent vector T, normal vector N and
binormal vector B, which are used to reconstruct the shape of
the fiber [13]. The relationship between them can be expressed
as

d T 0k O T
s N|=|-x071| -|N (D
S| B 0—70 B

where « is the curvature, and 7 is the torsion. The torsion is equal
to the differential of bending orientation, i.e., 6, with respect to
arc length, i.e., s, which is a measure of the rate of change of the
osculating plane. It can be given by

- d9b (S)
T = Is 2)

The (1) was discretized and accurately solved by the below
matrix exponential,

0k O

-k 0 7T [*As
[T NB|,=[TNB],_, et V770 3)
where [T'N B]¢ and [T N B]¢ _ ; are Ferret frame vectors of two
consecutive points, i.e., £ and &-1, respectively, and As is the
distance between them, as illustrated in the inset of Fig. 2(d).
Each point, i.e., r(s), in the curve can be determined using
tangent vector, i.e., T, by

r(s)=Y T As +1g (4)
£=0

where rg is the initial position at s = 0, and the initial value of
ro is set as (0, 0, 0). Thus, the fiber shape can be reconstructed
by (3)—(4).

As we know, curvature vector, i.€., K, can be used to character-
ize the bending state of three-dimensional (3D) curve, which is
comprised of curvature, i.e., x, and bending orientation, i.e.,
0p. And the curvature vector can be obtained by analyzing
differential strain distributions of the cross section along the
multicore fiber. Assuming that the fiber is a linearly elastic
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Fig. 2. (a) Schematic diagram of curvature vector reconstruction, including
reconstruction of bending orientation and curvature, via vector projections
method; Calculated (b) bending orientation, (c¢) curvature, and (d) reconstructed
shape of the fiber embedded into a semicircular groove using different two cores
combinations, i.e., C12, C13 ..., and Csg, of the multicore fiber.

body [21] and cross sections remain plane and perpendicular to
the neutral axis during deformation, the Euler-Bernoulli beam
theory can be used to model the optical fiber bending [12]. The
neutral axis, i.e., the center of the multicore fiber in Fig. 2(a),
is passed through the geometrical centroid of the cross-section
due to the homogeneity and symmetry of the multicore optical
fiber. In this case, the strain of the central core is equal to zero,
and then the strain of the outer core, i.e., £;, can be given by

gi=— = K-1icos (0 —0;), ®)

R

where d; is the distance between C; and neutral axis, R is bending
radius, i.e., reciprocal of curvature , r; is the distance between
C; and origin, and 6, is the angle offset of C; from x-axis. Note
that the temperature and axial force would induce the same wave-
length shift for all fiber cores, which makes the calculated strain
of the center core is inequivalent to zero, resulting in the accuracy
error for the reconstructed shape. The errors can be eliminated

by subtracting the wavelength shift of the center core [18].
According to (5), the projection of curvature vector into the
base vector pointing from the origin to outer C;, can be given by

&
ki = k- cos (0, —0;) =—. 6)
T

This indicated that the curvature vector could be reconstructed
by two linearly independent projection vectors, which means
that the selected two outer cores are not collinear with the central
core. Thus, the available combination of two outer cores, i.e.,
Ci2, Ci3, Cy5, Cyg, Caz, Cay, Cas, Ca4, C35, Cy5, Cy6, and
Csg, can be used to reconstruct the curvature vector by vector
projections method, where C;5 is the combination of C; and Cs.
As shown in Fig. 2(a), two outer cores, i.e., C; and C;, are
arbitrarily selected, and the curvature vector i.e., k, can be

calculated by
K= \/K2 + K2, @)
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Fig.3. Calculated (a) bending orientation, (b) curvature, and (c¢) reconstructed
shape of the seven-core fiber embedded into a semicircular groove using com-
bination of C12 via vector projections method when the fiber was rotated from
0° to 360° with a step of 30°, i.e., R-0°, R-30° ..., and R-360°.

g, = arctan <';y> +0;, (8)
where 0; is the angle offset of C; from x-axis, and
ko =rj= 2, ©)
rj
Rj Rj

g = K — hin = (10)

sin (91 — 9]) tan (91 — 93) '
where ¢, is the strain of Cj, and r; is the distance between the
C; and origin.

Substituting the strain of two outer cores, i.e., €; and &,
into (6)—(10), the bending orientation and curvature of every
sensing gauge along the fiber can be recovered, as illustrated
in Figs. 2(b) and 2(c), respectively. Finally, the multicore fiber
shape is reconstructed by (2)—(4). The reconstructed multicore
fiber shapes are illustrated in Fig. 2(d) by using different two
cores combinations, i.e., C12, Cy3 ..., and Csg, via the proposed
vector projections method.

To investigate the response of the shape sensing by the pro-
posed vector projections method, two ends of the multicore
fiber was simultaneously rotated from 0° to 360° with a step
of 30°, i.e., R-0°, R-30°..., and R-360°. As shown in Fig. 3(a),
bending orientations have a good agreement with experimental
parameters by using the combination of C;5. Note that the profile
of R-360° is almost coincided with R-0°. The maximum standard
deviation (SD) is 3.91°, occurring in R-270° while the mean
SD, i.e., SDyean, 1S 2.84°. As shown in Fig. 3(b), the bending
radius, i.e., curvature, is fluctuated between 70 and 80 mm with
a mean SD of 1.70 mm. Based on the local coordinate system
shown in the inset of Fig. 1, the reconstructed fiber shapes under
all rotation angles are illustrated in Fig. 3(c), indicating that
the proposed vector projections method is feasible for shape
sensing based on any combination of two outer cores which are
not collinear with the central core.
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Fig. 4. (a) Base vector diagram of six outer cores for multicore fiber; Calcu-

lated (b) bending orientation, (c) curvature, and (d) reconstructed shape of fiber
embedded into a semicircular groove using different three cores combinations,
i.e,, C123, Ci135...Cg12 and Cj23456, of the multicore fiber via apparent
curvature vector method.

C. Complement for Apparent Curvature Vector Method

According to Ref. [13], apparent curvature vector method can
reduce the error of reconstruction curvature vector induced by
inaccurate measured strain distributions of fiber cross-section.
The apparent curvature vector, i.e., Kqpp, is defined by

N N

€q i .
Kapp = —E —cosb;, —g —sinb; |,
T T

i=1 i=1

(1)

where N is the number of cores used for shape sensing. When
the cores are arranged symmetrically or asymmetrically, the
curvature, i.e., Kk, can be given by [10], [17]

R =

\/(Zf\il cos(&bfei) cosb;)?+ (Zf\il cos (6,—0;) sm@i) ’
(12)

2 2
\/(Zf\il i—:cosﬂi) + (Zfil %szn&l)

When the cores are arranged symmetrically, the bending
orientation can be calculated by

N e .
Dimy rsinb

N

0, = arctan =
=1 T—zcosﬂi

(13)

Even though the fiber cores are symmetric, like an arrange-
ment of rectangle, we found that (12)—(13) are not applicable
to curvature vector reconstruction. Thus, what kind of core
combination can be used to reconstruct the curvature vector by
apparent curvature vector method is discussed.

The multicore fiber, i.e., seven-core fiber, in Fig. 1 is also
employed as an example, where the angle offset is 60 °. As
shown in Fig. 4(a), the base vector for each outer cores, i.e., Cy,
Cs ... and Cg, can be expressed as a unit vector. For an arbitrary
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Fig.5. Calculated (a) bending orientation, (b) curvature, and (c) reconstructed
shape of fiber embedded into a semicircular groove using combination of corel,
core2 and core3, i.e., C123, via apparent curvature vector method when the fiber
was rotated from 0° to 360° with a step of 30°, i.e., R-0°, R-30° ..., and R-360°.

curvature vector Kqrp = (Kn, K¢) , its projection into a base
vector e; is expressed as:

Karp * €
Rarb,i = - - *€4. (14)
el
The sum of projections for the selected M cores is
M
Ksum = Zﬁ'arb,i . (15)
i=1

If Ksum 1S equal to K41, the curvature vector can be calculated
correctly. If not, it is necessary to re-select the core or adopt a new
algorithm. This indicates that the available cores combinations,
i.e.,Ci23, Ci35, Ca34, Cas6, C345, Cus6, Cs61, Co12, and Ci23456,
can be used to reconstruct the curvature vector by using (12)—
(13), where Cy23 is the combination of Cy, C,, and Cs.

As shown in Figs. 4(b) and 4(c), the bending orientation and
curvature along the multicore fiber are recovered, respectively.
As shown in Fig. 4(d), the multicore fiber shape is also recon-
structed by using afore-mentioned combinations via the apparent
curvature vector method. Note that a combination of four or five
cores is failed to calculate curvature vector using this method. As
shown in Fig. 5, the fiber shape under different rotation angles
from 0° to 360° with a step of 30° using cores combination
Cj23 are reconstructed. The mean SD of bending orientation is
2.77°, while the mean SD of bending radius is 1.26 mm. The
complement for apparent curvature vector method is not only
used to the seven-core fiber, but also to other types of multicore
fiber with various core arrangements.

III. COMPARISON OF VECTOR PROJECTIONS AND APPARENT
CURVATURE VECTOR METHOD

It is well known that error of the curvature vector deteriorate
the reconstructed shape and make position errors accumulate
gradually [18]. Therefore, the error of the end position can be
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Fig. 6. Reconstructed shape using (a) vector projections, (b) apparent curva-
ture vector method when six 3D shapes of the fiber were applied, where the end
position was Py, P2 ..., and Pg; (c) The measured value of the end position using
coordinate paper and ruler.

TABLE I
END POSITION ERROR (MM) FOR VECTOR PROJECTIONS METHODS

Cores P] Pz P3 P4 P5 P6
Ci 8.0 9.5 10.0 10.5 13.4 13.6
Cis 8.3 10.2 9.6 10.7 13.8 11.7
Cis 9.6 10.4 8.7 11.3 14.4 13.0
Cis 8.7 9.1 11.8 5.1 16.4 11.4
Cas 13.1 9.8 14.4 8.7 10.0 12.0
Cos 9.6 10.0 15.3 9.4 10.4 14.9
Ca 9.5 9.4 11.1 9.2 15.7 11.8
Cyy 9.0 9.0 9.1 7.2 8.9 12.1
Css 9.6 9.8 15.5 8.8 7.8 12.8
Cys 10.2 9.7 12.7 10.2 11.1 13.5
Cie 9.9 9.0 7.1 1.6 16.7 12.5
Csg 9.0 9.2 13.5 9.3 14.8 11.3

RMSE 9.6 9.6 11.9 8.9 13.1 12.6

Integration 9.1 8.8 10.9 8.4 10.4 11.9

used to evaluate the performance of afore-mentioned methods,
i.e., vector projections and apparent curvature vector method. To
compare these two methods, the multicore fiber was shaped into
six different 3D states, which were achieved by fixing the start
point and then moving the end point to six different positions,
ie., P1, Py, P3, Py, P5 and Pg, as illustrated in Fig. 6(c). The
length of the employed multicore fiber is 200 mm. The actual end
position, i.e, r 4, of the sensing multicore fiber can be accurately
measured using a coordinate paper and ruler. Thus, the error of
the end position of the six selected positions, i.e., P;, for core
combination, i.e., Comp 5, is calculated by

COWL .J
67“T'OT'Pi "= Hrend - Tgt” ) (16)
where r.,q 1s the value of the reconstructed end position by
calculation. The reconstructed fiber shapes and errors of the end
position for six different states, i.e., P1, P2, P3, P4, P5 and Pg,

using the afore-mentioned cores combinations in Figs. 2 and

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 39, NO. 20, OCTOBER 15, 2021

TABLE II
END POSITION ERROR (MM) FOR APPARENT CURVATURE VECTOR METHOD

Cores P1 Pz P3 P4 P5 P(,
Cixs 8.5 9.8 10.5 9.8 11.2 12.0
Ciss 8.5 9.3 10.9 8.2 15.0 13.2
Coag 9.5 8.9 9.6 10.1 11.8 11.7
Cass 9.5 9.0 9.8 8.6 16.5 11.3
Ciss 9.2 9.6 14.0 8.3 9.5 12.3
Case 9.4 8.8 10.9 6.7 12.5 134
Cse 9.6 9.2 14.9 8.6 8.7 11.8
Co 10.0 9.0 9.3 7.1 12.2 11.4

RMSE 9.3 9.2 114 8.5 124 12.2

Integration 9.3 8.8 10.9 8.4 10.9 12.1

4 are illustrated in Figs. 6(a) and 6(b), and Tables I and II,
respectively.

To comprehensively evaluate the performance of these two
methods, the root mean square error (RMSE) for each end
position can be calculated by

m Comb. 2
> iey (errorp™?)
RMSEpes.i = ) (17)
m
where m is the number of cores combinations, i.e., m = 12 and

8 for vector projections and apparent curvature vector method,
respectively. The maximum RMSEs are 13.1 and 12.4 mm for
vector projections and apparent curvature vector, corresponding
to the relative error of 6.55% and 6.20%, respectively, indicating
that two methods have almost equal accuracy.

As shown in the inset of Fig. 6(a), there are slight differ-
ences between the fiber shapes reconstructed by different cores
combinations due to measurement uncertainties [22], which
also existed for the apparent curvature vector. To improve the
accuracy of the reconstructed 3D fiber shape, a method based on
integrating the obtained fiber shapes from all core combinations
is proposed. As shown in the inset of Fig. 6(a), for the point
&, different 3D positions rfc are reconstructed by different
cores combinations, and then the average of these positions, i.e.,
r?nte , 18 defined as the starting point to reckon the position

£+1
T Comps of next point £+41. The integrated position for point

13 +] is calculated as:

Y

+1
)

¢
(rlnteg + rComb_j

m

E+1
rInteg

(18)

The integrated fiber shapes for the six states with improved
accuracy were illustrated by the yellow dot line in Figs. 6(a) and
6(b) using the vector projections and apparent curvature vector
method by repeating the afore-mentioned calculation process
along the multicore fiber. As shown in Tables I and II, the
maximum RMSEs of the two methods are reduced to 11.9 and
12.1 mm, respectively, indicating that the proposed method can
improve the accuracy of the shape sensor.

IV. CONCLUSION

In conclusion, the 3D shape was experimentally reconstructed
by using vector projections method based on two outer cores
of multicore fiber and OFDR. Moreover, a complement for

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on July 19,2022 at 10:34:11 UTC from IEEE Xplore. Restrictions apply.



MENG et al.: SHAPE SENSING USING TWO OUTER CORES OF MULTICORE FIBER AND OPTICAL FREQUENCY DOMAIN REFLECTOMETER

apparent curvature vector method using three cores combination
of multicore fiber was proposed to determine the viable fiber
cores arrangement for shape sensing. Almost equal accuracy,
i.e., maximum RMSEs of 13.1 and 12.4 mm, were obtained
for two methods, i.e., vector projections and apparent curvature
vector, while the mean SDs of the bending orientation and radius
were 2.84°, 1.70 mm and 2.77°, 1.26 mm, respectively. By aver-
aging the calculated local positions of all cores combinations and
then redefining the starting point, 3D fiber shapes with a higher
accuracy, i.e., maximum RMSEs of 11.9 and 12.1 mm, were
obtained. Compared with apparent curvature vector method, the
vector projections method based on two outer cores of multicore
fiber decreased the number of fiber cores for shape sensing,
which is important for dynamic shape sensors.
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