Document downloaded from:

http://hdl.handle.net/10251/193168
This paper must be cited as:

Khan, F.; Denasi, A.; Barrera, D.; Madrigal-Madrigal, J.; Sales Maicas, S.; Misra, S. (2019).
Multi-Core Optical Fibers With Bragg Gratings as Shape Sensor for Flexible Medical
Instruments. IEEE Sensors Journal. 19(14):5878-5884.
https://doi.org/10.1109/JSEN.2019.2905010

The final publication is available at

https://doi.org/10.1109/JSEN.2019.2905010

Copyright |nstitute of Electrical and Electronics Engineers

Additional Information



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

http://dx.doi.org/10.1109/JSEN.2019.2905010

Multi-core Optical Fibers with Bragg Gratings as
Shape Sensor for Flexible Medical Instruments

Fouzia Khan, Alper Denasi, David Barrera, Javier Madrigal, Salvador Sales, and Sarthak Misra

Abstract—This article presents a technique to reconstruct the
shape of a flexible instrument in three dimensional Euclidean
space based on data from Fiber Bragg Gratings (FBG) that
are inscribed in multi-core fibers. Its main contributions are
the application of several multi-core fibers with FBGs as shape
sensor for medical instruments and a thorough presentation of
the reconstruction technique. The data from the FBG sensors
is first converted to strain measurements, which is then used to
calculate the curvature and torsion of the fibers. The shape of
the instrument is reconstructed using Frenet-Serret equations
in conjunction with the calculated curvature and torsion of
the instrument. The reconstruction technique is validated with
a catheter sensorized with 4 multi-core fibers that have FBG
sensors. The catheter is placed in 8 different configurations
and the reconstruction is compared to the ground truth. The
maximum reconstruction error among all the configurations is
found to be 1.05 mm. The results show that shape sensing for
flexible medical instruments is feasible with FBG sensors in multi-
core fibers.

Index Terms—Fiber Bragg grating, bio-medical, robotics,
shape sensing, medical instrument, 3D reconstruction, multi-core
optical fiber.

I. INTRODUCTION

The spatial information of a medical instrument inside
the patient during a procedure is crucial for the accurate
manipulation of the instrument. There exist a range of clinical
applications which can benefit from the instruments spatial
information, such as epidural administration, colonoscopy,
biopsies, and cardiac procedures [1], [2]. Among the afore-
mentioned applications, in the case of epidural administration
procedure, a catheter is inserted into the epidural space in
order to deliver drugs for pain relief. In practice, most doctors
identify the epidural space based on the resistance felt through
the catheter and in some cases ultrasound or fluoroscopy is
utilized. However, each method has their drawbacks, the tactile
feedback is very subjective, the catheter can be invisible in ul-
trasound images and the patient is exposed to harmful radiation
in fluoroscopy [3], [4]. An alternative to these methods is to
use optical sensors in the catheter for its spatial information.
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Fig. 1. Multi-core optical fibers can be placed in numerous flexible medical
instruments due to their small size, flexibility, light weight, immunity to elec-
tromagnetic interference and compatibility with medical imaging modalities.
Fibers with Bragg Gratings (FBG) are shown embedded in a) a catheter and
b) an endoscope.

Optical sensors can be used in numerous medical instru-
ments such as endoscopes and catheters as illustrated in Fig-
ure 1. They are well suited for the medical environment, since
they are small in size, flexible, lightweight, immune to elec-
tromagnetic interference and compatible with medical imaging
modalities [S5]. Thus, they have been utilized in numerous stud-
ies to provide feedback from medical instruments. They have
been used to monitor muscle fatigue, cardiac activities and
body temperature [6]-[8]. In addition, they have been applied
in cardiovascular diagnosis, artery pressure detection, artery
detection, intra-aortic balloon pumping, prostatic implants, and
urology [1], [9]. There are also many patents on medical
instruments that use these sensors [10]-[13]. Particularly, FBG
sensors are used as force sensors to recognize the interface
between different tissues in order to aid in accurately placing
a catheter in the epidural space [14]. They have also been used
to display the shape of a colonoscope and the shape of a needle
in real-time [2], [15]. Moreover, FBG sensors have been ap-
plied to many different shape sensing applications. They have
been used for 3D shape recognition of solid objects, shape
recognition of flexible morphine wing and curvature detection
of a continuum manipulator [16]-[18]. The studies presented
thus far use FBG sensors in single core fiber however FBG
sensors can also be present in multi-core fiber. FBGs in multi-
core fiber have been shown to work as curvature sensor and 3D
shape sensor [19]-[25]. Multi-core fibers are more expensive
than single core fibers, whereas the cross sectional area of
the shape sensor with multi-core fibers is smaller than the
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shape sensor with single core fibers. For certain instruments,
such as the one used in this study, multi-core fibers have to
be utilized due to the limited space. Moreover, in multi-core
fibers the cores are mechanically coupled, the relative distance
between the cores remain constant and the cores experience
identical temperature. These properties make multi-core fibers
more advantageous than single core fiber. Therefore, in this
study, Fiber Bragg Grating (FBG) sensors written on multi-
core optical fibers are used as shape sensors for flexible
instruments.

This study is unique for its application of several multi-
core fibers with FBGs as a shape sensor for a catheter.
More specifically, four multi-core fibers are used although a
single multi-core fiber with 3 or more cores that have FBG
sensors is sufficient for reconstructing the shape of a flexible
instrument. Redundant number of multi-core fibers increases
the reliability of the sensing system against individual FBG
sensor failure. A technique is presented in this article to
reconstruct the catheter’s center curve based on measurements
from the FBG sensors on the four multi-core fibers. The
technique is experimentally validated using Plexiglas plates
and 3D printed rig which serve as ground truth. The theoretical
framework utilized in the study is presented in Section II. This
is followed by the description of the experimental setup and
the corresponding shape reconstruction results in Section III.
Finally, the conclusion is provided in Section IV.

II. THEORETICAL FRAMEWORK

This section presents the theoretical framework utilized to
reconstruct the shape of a catheter sensorized by four fibers
inscribed with FBG sensors. The shape of the catheter is
characterized by its center curve that is described in Sec-
tion II-C. The proposed reconstruction technique consists of
the following four steps. First, the strain on each fiber is
calculated using the measurements obtained from the FBG
sensors, as presented in Section II-A. Next, the curvature and
the torsion of each fiber is calculated using those strains,
Section II-B. Then, the curvature and torsion of the catheters
center curve is determined based on the four fibers’ curvature
and torsion, Section II-C. Lastly, the catheters center curve
is determined using the calculated curvature and torsion in
conjunction with the Frenet-Serret equations in Section II-C.

A. Strain calculation based on FBG sensors

The strain on an individual fiber can be calculated at
discretized locations where the FBG sensors are present.
An FBG is a periodic or quasi-periodic modulation of the
refractive index of the fiber core. This perturbation causes light
to be coupled from the incident core mode to the core mode
propagated in the opposite direction [26]. Thus, part of the
light spectrum is reflected back and the wavelength at which
the reflection is the highest is called the Bragg wavelength,
Ap € Ry . Figure 2 illustrates an FBG sensor and its working
principle.

If the FBG sensor experiences strain or change in temper-
ature, then the Bragg wavelength, Ap, is shifted. The Bragg

http://dx.doi.org/10.1109/JSEN.2019.2905010

P
jjif: FBG sensor ]T Transmitted
A j,_l:\/—l_;
AB A
h  rp————
e

Input

e Core

Fig. 2. A Fiber Bragg Grating (FBG) sensor reflects back a certain range of
wavelength, A € R for a given input and transmits the rest. The Bragg
wavelength Ap € R is the wavelength at which the power P € R~ of
the reflected spectrum is the highest. B

wavelength is related to the applied strain and temperature as

follows [27]:
dAp

— = Sde + XdT, (1)
AB
where S € R is the gauge factor and 3 € R is the temperature
sensitivity. The differentials d), de and dT" are of the wave-
length, strain and temperature, respectively. Integrating (1)
results in:
AB
n22
ABo

where € € R is the strain, 7' € R is the temperature and Agg €
R+ is the reference Bragg wavelength at the reference strain
€0 € R and reference temperature 7y € R. The change in strain
and temperature are related to the FBG sensor measurements
by (2). This relation can be used to obtain the strain when the
temperature remains constant i.e. 7' = T and the reference
strain (e¢p) along with the reference Bragg wavelength (Apg)
are known.

1 = S(e—e) + 2(T — Tp), )

B. Shape reconstruction for a single multi-core fiber

The shape of a fiber is reconstructed using the curvature and
torsion parameters which can be calculated from the strains on
the fiber [28]. The fibers used in this study have four cores with
multiple sets of FBG sensors. A section of the fiber in pure
bending and a set of FBG sensors are shown in Figure 3. A
set consists for four FBG sensors that are co-located and have
the same reference wavelength. The sensor sets are distributed
along the length of the fiber, L € R+ . The location of the sets
on the fiber and other associated quantities such as strains are
parametrized using the arc length parameter, s € R defined in
the interval  C R with ©Q = (0, L). The arc length is defined
for the neutral axis of the fiber. The relation between the strain
¢; on an FBG sensor in core ¢ and the curvature x is based
on mechanics of a bending beam presented in Chapter 6.3 of
[28]. The relation is given as:

€:(s) = —k(s)yi(s) = —k(s)ricos(b;(s)), 3)

where ¢; : 2 — R is the strain, x : Q — R is the curvature
and ¢ € {a,b,c,d} is the index of the four cores. Further,
y;  © — R is the orthogonal distance between the neutral
surface and the FBG sensor on core i, r; € Ry is the radial
distance from the center of the fiber cross-section to the FBG
sensor on core ¢ and 6; : Q@ — (—x, 7] is the angle between
the curvature direction vector o : Q — R? and r; (see Figure

Copyright (c) 2019 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

g\ rd -
Ya Ta> /d,
“af Gad

/ N v
Oapa® \’f‘c Ye
;
2

OT‘b ac O‘
b @

surface / 4

"l FBG sensor ... Multic:ore Fiber

Fig. 3. Multi-core fiber with one set of Fiber Bragg Grating (FBG) sensors.
The arc length of the neutral axis is represented with the variable s € R
defined in the interval Q@ C R with Q@ = (0, L). The index 4 for the cores
are a, b, ¢ and d, respectively. At a given cross-section with FBG sensors,
the curvature direction vector cx(s) is orthogonal to the neutral surface. The
angle between a(s) and core a is 64, whereas the angles between core a
and the other cores are 6,4, 04c and 6,4, respectively. The radial distance
from the center of the fiber to the center of the cores are labeled as rq, 74,
rc and rg, respectively. The perpendicular distance from the neutral surface
to the cores a and c are y, and y., respectively.

3). The curvature direction «(s) in this study is a unit vector
that lies on the plane of a fiber cross section. Further, it is
orthogonal to the neutral surface and it points towards the
compressed region of the cross section.

The measurement ¢, : Q@ — R from the FBG sensor in
core 7 includes the effects of both the change in strain and
temperature experienced by the FBG sensor. According to (2)
the measurement ¢; _(s) is

€, () = Si(ei(s) —To(s)),

where the subscript m denotes a measurement. Substituting
(3) in (4) results in

€,,(s) = Si(—r(s)ricos(0;(s)) — €i0) + Li(T(s) —

— €0) + 3 (T(s) “4)

To(s)).

4)
In the following derivations, it is assumed that the term
i (T(s) —To(s)) in (5) is the same for all the four cores
due to the close proximity of the cores. For the ease of the
following derivations, the term X; (T'(s) — Tp(s)) is repre-
sented by a new variable ¢;(s). In addition, by selecting the
reference strain to be zero the following equations apply to
the measurements from the sensors in the four cores:

€a,, (8) = —Sak(s)racos(0a(s)) + €x(s), (6)
ev,, (8) = —Spk(8)rpcos(04(8) + Oap) + €:(s), @)
€c,, (8) = —Sck(8)recos(0,(8) + Ouc) + €(5), (8)
€d,, (8) = —Sak(s)rqcos(0,(s) + Oaaq) + €(s), 9

where 0, = Z, 0y = w and 0,4 = 37” for the multi-core
fiber used in this study. The relations given by (6)-(9) can be
represented in matrix form as follows:

[\v]

€am () ~SaTa 0 1 k(8) cos(84(s))
b, (5) | _ 0 Sy 1 k(s)sin(b,(s))
€, ()| | Sere 0 1 ( )a
edm (S) 0 —Sde 1 €8

€m (s) M v(s)

(10)
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Fig. 4. a) The center curve of the catheter with the Frenet-Serret frames b)
Catheter with four multi-core fibers where each fiber is represented with a
curve B : Q - R3, B, : Q- R3, B3 : Q — R and B, : Q — R3,
respectively. The distance from the center of the catheter to fiber 4 is d4 €
R~o. The angles from the reference x-axis to fiber 2, 3, and 4 are ¢z, ¢3
and ¢4, respectively. The center curve of the catheter is «y(s) where s is the
arc length parameter of the curve.

By solving (10) for v(s), a solution for the angle 6,(s) and
curvature x(s) can be found. The solution v(s) from (10) can
be computed as:

v(s) = M€ (s), (11)

where MT is the Moore-Penrose pseudo-inverse of M. Using
the relation (11), the curvature x(s), the torsion 7(s) with
7:Q — R and the angle 6,(s) can be obtained as follows:

K(s) = \/vi(s) +v3(s), (12)
0.(s) = atan2 (va(s), v1(s)), (13)
(s) = degis). (14)

In (12), the positive solution is selected for the curvature
because the Frenet-Serret formulation assumes x > 0. The
sign of the curvature determines the direction of bending in
a planar curve, however for 3D curves the torsion is used
for the bending direction. The derivative operator introduced
for the torsion parameter 7(s) in (14) can be numerically
approximated as follows:
—04(s — As)

7(s) As

where As is the difference in the arc length between the two
consecutive FBG sensor sets. Consequently, the curvature and
torsion for a single fiber can be found using (12) and (14) at
the locations where the FBG sensor sets are present.

Q

15)

C. Center curve reconstruction for a catheter

The curvature (12) and torsion (14) derived for an individual
fiber in the previous section are used to obtain the curvature
and torsion of the center curve of the catheter shown in Figure
4. In the following derivation, it is assumed that the center
curve is represented as a unit speed space curve that is smooth
and has a non-zero curvature along its arc length [29]. This
curve can be reconstructed with the knowledge of its own
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curvature % : 2 — R and torsion 7 : @ — R parameters using
the Frenet-Serret equations as follows:

T ), (16)
dﬁf) = R(s)N(s), (17)
%ﬁ“”) — _R(s)T(s) + 7(s)B(s), (18)
BE) 6N, (19)

where v : Q — R3 is the position vector, T : Q — R3,
N:Q — R3and B : Q — R3 are the tangent, the normal and
the bi-normal orthogonal vectors, respectively. The relations
(16)-(19) can be rewritten in matrix form as follows:

d
SX(5) = X(5)A(s),

where the pose X(s) : 2 — SE(3) and the twist A(s) : Q —
se(3) are given by:

(20)

_ [R(s) v(s)] _ [T(s) N(s) B(s) ~(s)
X(s)=or 71} {0 o o 1
(2D
_NO —k(s) ~O 1
A(s) = | ??s) el 9 22)
00 0 0

In 21), R(s) = [T(s) N(s) B(s)] with R:Q — SO(3)
describes the orthonormal frame in terms of the vectors T(s),
N(s), and B(s) [30]. Further, O3 is a three dimensional vector
of zeros. The aforementioned frame is illustrated at three
different locations on the center curve of the catheter in Figure
4a. In order to reconstruct the center curve described by the
position vector ~(s), the relation (20) should be solved. The
solution to (20) can be obtained assuming that A(s) is held
constant between two consecutive discretized locations on the
center curve. Thus, Equation 20 can be discretized as:

X(s+ As) = X(s)exp (A(s)As). (23)

Consequently, the position vector «y(s) can be extracted from
the last column of the solution given by (23). The center curve
of the catheter described by the vector «y(s) and the shape of
each individual fiber described by 3; : Q — R3 (see Figure
4b) are related as follows:

Bi(s) = v(s) + dj(—cos(¢;)N(s) +sin(¢;) B(s))  (24)

where j € {1,2,3,4} is the index of the fiber. Further, d; €
R is the distance from the center of the catheter to the 5"
fiber’s center and ¢; is the angle between the x axis and the
vector from the center of the catheter to the center of the
4™ fiber (see Figure 4b) [29]. For a given small d; in (24),
Bj(s) = ~(s) holds. Consequently, the curvature and torsion
calculated for the fibers can be used for the reconstruction of
the center curve of the catheter.

The theoretical framework described throughout the Section
Il can be implemented using the Algorithms 1, 2 and 3,

http://dx.doi.org/10.1109/JSEN.2019.2905010

respectively. The following algorithms are described for the
case of 6 FBG sensor sets and 118 interpolation points.
However, they can be generalized to arbitrary numbers of FBG
sensor sets and interpolation points.

Algorithm 1 Reconstruction of the center curve of the catheter.
Input A; is a 4 x 6 matrix; each column is the data from one
FBG set on the i fiber. Output 4 is a 3 x 118 matrix that holds
the 3D co-ordinates of the 118 points of the catheter’s center
curve. Variables K;, T;, Kegtn, and T.qin are 1 X 6 vectors.
Variables Kipterp, Tinterp and L are 1 x 118 vectors. X is a
4 x 4 matrix
Input: \; where ¢ = (1,2,3,4)
Output: ~
ReconstructCath:

1: for t =1to 4 do
2 [ki, T;] < getShape(\;)
3: end for
4: Kegrh < mean(ki, Ko, K3, Kg)
5. Teath < mean(Ty, T2, T3, T4)
6
7
8

. Kinterp < linear interpolation Kqqqp
: Tinterp < linear interpolation 7.4,
: 1 < points on catheter center curve at which the values
of Keqtn and T4 are interpolated
9: X ¢ initial condition
10: v <= reconstruct( Kinterp, Tinterp> L, X0 )
11: return -y

Algorithm 2 The getShape function in Algorithm 1. Input A
is 4 x 6 matrix, each column is the data from one FBG set on
the fiber. Output k£ and 7T are 1 X 6 vectors, the i™ element
is the curvature and torsion value at the i FBG set location
on the fiber. The value r, = r, = 7. = rq = 25.46 pm, this
is from the manufacture’s datasheet for the fiber. The strain
gauge factor S, = S = S, = Sg = 0.777 that is the default
value from the interrogator’s user manual [31].
Input: A
Output: k, T
getShape:
1: for ) =1 to 6 do
2. fori=1to4do

i i

v en(i) n20I)
Apol(i, J)

4:  end for

5. K(j) < solution to (12)

6:  7(j) < solution to (15)

7: end for
8: return [ k, 7]

III. EXPERIMENTS

The reconstruction technique presented in Section II is
validated with experimental setup that is described in Section
IIT-A and the results are given in Section III-B.

A. Experimental setup

The hardware used in the experiments is shown in Figure 5.
The catheter is 2.5 mm in diameter and has 4 segments that
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Algorithm 3 The reconstruct function in Algorithm 1. The
inputs K, T, 1 are 1 x 118 vectors. k and T contain the curvature
and torsion of the catheter’s center curve at the arclength given
in 1, respectively. Xg is a 4 x 4 matrix that holds the initial
value of the catheter’s center curve.
Input: «, 7, 1, X
Output: p
reconstruct:

1: X(l) +— Xp

2: p < the fourth column of X(1)

3: for i =1 to 118 do

0 —r(1) 0 1
. k(i) 0 —7(i) 0

4 A<+ 0 i) 0 0 from (22)
0 0 0 0

5. if 7 > 1 then

6: 0+ 1(¢) 11 —1)

7:  else

8: 1

9: end if

10 X(i+9) « X(i) exp(Ad) from (23)

11:  p(i+ 0) < the fourth column of X (i + J)
12: end for

13: return p

are interlocked and the segments can slide relative to each
other [32]. Every segment has a channel, thus four multi-core
fibers can be placed in the catheter. The fibers have four cores
that are straight and in a cross sectional view of the fiber the
cores fall on the corners of a 36 um wide square. There are
6 sets of 10 mm long FBG sensors that are equally spaced
over a distance of 118 mm on every fiber. A set consists of
4 FBG sensors, one on each core, with the same reference
Bragg wavelength. The sets are inscribed using continuous
wave frequency-doubled Argon-ion laser and a phase mask
technique. The FBG sensors are simultaneously inscribed in

Coupler

Catheter

Channel

Segment

Catheter

Multicore fiber

Fig. 5. a) The experimental setup consists of an interrogator, a coupler box,
a fan-out box, multi-core fibers and a multi-segment catheter. b) The catheter
consists of four segments and channels for multi-core fiber. c) Photograph of
the multi-core fiber’s cross sectional view under a microscope.
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TABLE I
DESCRIPTION OF THE GROUND TRUTH CONFIGURATIONS. C1 AND C2 ARE
PLANAR CURVES WITH CONSTANT CURVATURE. C3 - C5 ARE PLANAR
CURVES AND THE CURVATURE INCREASES LINEARLY ALONG THE ARC
LENGTH. C6 - C8 ARE THREE DIMENSIONAL CURVES WITH CONSTANT
CURVATURE AND CONSTANT TORSION.

Config | Curvature (mm—T) Torsion (mm 1)
Cl constant: 0.0057 constant: 0
C2 constant: 0.0020 constant: 0
C3 linearly varying: 4¢3 to 12.5¢~3 | constant: 0
C4 linearly varying: 4¢=3 to 10e—3 constant: 0
Cs linearly varying: 4e=3 to 8.3e 3 constant: 0

constant: 2.77e— 4%
constant: 6.11e=%
constant: 3.12e=%

Co6 constant: 16.7e =3
Cc7 constant: 14.3e~3
C8 constant: 12.5¢~3

Fig. 6. Representative images of the ground truth configurations. a) Computer
Aided Design (CAD) model of configuration C1, which is a planar curve with
a constant curvature of 0.0057 mm~!. Configurations C1 till C5 are created
by laser cutting Plexiglas plates. b) CAD model of configuration C7, which is
a curve with constant curvature of 14.3¢~3 and constant torsion of 6.11e™4.
Configurations C6 till C8 are 3D printed.

all the cores, as a result the FBG sensors in all cores are co-
located and have the same wavelength. The reference Bragg
wavelength of the FBG sensors is unique for every set. The
data from the FBG sensors of one set is required for the
curvature and torsion calculations. Thus, every fiber has 6
locations where the curvature and torsion can be calculated.
The fan-out box holds four fan-outs, each fan-out connects
the 4 cores of a multi-core fiber to four single core fibers.
The 16 outputs from the fan-out box are merged to 4 outputs
using four 1 x 4 optical couplers in order to measure them
using the channels of the interrogator. Lastly, the interrogator
is the device which provides the light source and measures the
reflected light from the FBGs in the fibers.

The catheter is designed by the Mechatronics In Medicine
Lab (London, United Kingdom) and produced by Xograph
(Stonehouse, United Kingdom). The FBG sensors are in-
scribed on the multi-core fiber in the iTeam lab (Valencia,
Spain). The multi-core fibers and the fan-outs are from Fiber-
core (Southampton Science Park, United Kingdom) and the
product number is FAN-4C and SM-4C1500, respectively. The
optical couplers are from Newport Corporation (California,
USA) with the product number F-CPL-B14350-FCAPC. The
model of the interrogator is FBG-scan 840D from FBGS
International NV (Geel, Belgium).

The catheter is sensorized by inserting four multi-core
fibers into the channels of the catheter’s segments and fixing
the fibers at the base of the catheter. The experiments to
validate the reconstruction procedure consists of placing the
sensorized catheter in known configurations and observing the
error between the known configuration and the reconstructed
catheter shape. The values of curvature and torsion in the
configurations were selected such that they are similar to
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the values expected in future in-vitro and ex-vivo studies.
Past experiments with similar catheters show that it can take
on curvatures in the range of 0.002 mm~' to 0.02 mm™!
thus, the curvature values within that range are selected for
the configurations. The catheter is expected to have min-
imal torsion as a result small torsion values are used in
this study [33]. Table I gives the description of the eight
configurations used for validating the reconstruction procedure

and the Computer Aided Design (CAD) of configurations C1
and C7 are illustrated in Figure 6.

B. Shape Reconstruction Results

http://dx.doi.org/10.1109/JSEN.2019.2905010
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20

—--C4 Catheter
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follows: ‘g% ||=-C3 error 7, / *"
& 6 H=-C4 error r, A
re(k) = |rge(k) —v(K)|, (25) 5 | #-C5 error r, BT Sl
re(k) g 4 P Py
Ten (k) = k ) (26) 0.2 /¢" '_’_'_’—-—--G)--,--L.‘
',E' _,:::O“'":;:\_ »x’
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where, £ € Z>o representing the 118 points along the arc
length at which the error calculation is conducted, ry; € R3

is the ground truth curve and -y is the reconstruction based on
proposed technique from Section II. The reconstruction and the
error 7. in reconstruction over the arc length for the catheter
is shown in Figure 7 and the maximum error measures 7. =

max(r.) and T, = max(r.,) in conjunction with the mean
error for catheter is given in Table II.

TABLE II
CATHETER RECONSTRUCTION ERRORS.

Te = MAX(Te) AND Tepp = MAX(T'en) WHERE T'e AND T'e, ARE FROM (25)

AND (26), RESPECTIVELY. Ty, IS FROM (27).

Config C1 C2 C3 C4 C5 C6 C7 C8
Te (mm) 096 | 0.19 | 0.54 | 0.82 | 1.05 | 049 | 0.84 | 0.41
Ten (%) 0.9 0.2 0.8 0.7 0.9 0.4 0.7 0.4

Tem (mm) | 044 | 0.12 | 0.35 | 0.13 | 0.21 | 0.13 | 0.23 | 0.12

The reconstruction error 7. as defined in (25) is shown in
Figure 7b and 7d. The error increases with the arc length be-

cause the reconstruction is conducted by numerical integration
thus the error accumulates. However, the maximum absolute
error and maximum mean error in the 8 configurations is
1.05 mm and 0.44 mm, respectively. This error can be due
to the difference between the catheter center curve and the
configuration curve caused by placement inaccuracies during
the experiments. It could also be due to misalignment in
the longitudinal axis of the FBGs in the four fibers due to
misplacement of the fibers in the catheter. Lastly, since the
fibers were not fixed along the length of the catheter the twist

experienced by the catheter may not be transferred completely
to the fibers.

C6 Ground Truth
é -6-C6 Catheter
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Ei C7 Catheter
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-100 -4-C8 Catheter
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Fig. 7. a) Reconstruction plots of the planar curves, configuration C1-C5. b)
The error re plot along the arc length of the catheter for the planar curves,
configuration C1-CS5. c) Reconstruction plots of the 3D curves, configuration

C6-C8. d) The error r. plot along the arc length of the catheter for the 3D
curves, configuration C6-C8.
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IV. CONCLUSIONS

A shape reconstruction technique which uses redundant
number of multi-core fibers with FBG sensors as shape
sensor for flexible medical instruments is proposed in this
work. The technique is validated on a multi-segment catheter
where each segment contains a multi-core fiber with FBG
sensors inscribed on it. The presence of several multi-core
fibers increases the reliability of the shape sensing system
against sensor failure. The proposed technique is experimen-
tally validated for 8 different configurations where a maximum
reconstruction error of 1.05 mm is observed. Further, it can
be deduced that shape sensing using several multi-core fibers
for flexible medical instruments is feasible.
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