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Abstract: A fiber-optic shape sensing based on 7-core fiber Bragg gratings (FBGs) is proposed and 
experimentally demonstrated. The investigations are presented for two-dimensional (2D) and 
three-dimensional (3D) shape reconstruction by distinguishing bending and twisting of 7-core optical 
fiber with FBGs. The curvature and bending orientation can be calculated by acquiring FBG 
wavelengths from any two side cores among the six outer cores. And the shape sensing in 3D space 
is computed by analytic geometry theory. The experiments corresponding of 2D and 3D shape 
sensing are demonstrated and conducted to verify the theoretical principles. The resolution of 
curvature is about 0.1 m–1 for 2D measuring. The error of angle in shape reconstruction is about 1.89° 
for 3D measuring. The proposed sensing technique based on 7-core FBGs is promising of high 
feasibility, stability, and repeatability, especially for the distinguishing ability on the bending 
orientation due to the six symmetrical cores on the cross-section. 
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1. Introduction 

Shape sensing is of great practical significance 

in the safety monitoring of buildings and aircrafts, 

human motion monitoring, intelligent robot posture 

monitoring, intelligent material deformation 

monitoring, and other fields [1–3].  

Shape sensing technology consists of two main 

categories, electrics and optics, both of which are 

realized by indirect or direct sensing via stress and 

strain measuring [4]. The fiber optic shape sensors 

(FOSSs), including fiber Bragg grating (FBG) on 

the multicore optical fiber (MCF) and optical 

frequency domain reflectometry (OFDR), attract 

more interest due to their inherent ability for 

distributed sensing [5–8]. The FOSSs based on the 

OFDR technique on normal fibers and fibers with 

continuous grating have been proposed [9–11]. The 

curvature sensitivity and spatial resolution for 

distributed shape sensing have been investigated 

[12]. In order to overcome the limitation of 

curvature measurement of single-core grating, in 

recent years, multi-core fiber has been used to 

measure shape, and the research of curvature 

sensing has attracted more and more attention 

[13–18]. In 2000, Gander et al. [19] used multi-core 
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gratings to measure bending deformation, and the 

curvature error was 0.14 m–1. In 2003, the curvature 

error measured by the similar method reached 0.047 

m–1 [20]. In 2016, a twisted multi-core fiber grating 

with a length of more than 1 meter was used, and the 

OFDR technique was used to analyze the time 

difference and optical path difference of backward 

scattered light by 20 nm scanning near 1550 nm, and 

the spatial resolution of about 40 microns was 

achieved [21]. Recently, the 7-core multicore fiber, 

as well as the manufactural progress of the 

fan-in/fan-out, has been developed and fabricated 

widely. Compared with the other MCF, the 7-core 

MCF would be promising in shape sensing field due 

to the highly distinguishing ability on the bending 

orientation for the six symmetrical cores on the 

cross-section. Zhang et al. [22] has presented FBG 

inscribed in a trench-assisted heterogeneous 7-core 

fiber for bending sensing. 

In this paper, we investigate the two-dimensional 

(2D) and three-dimensional (3D) shape sensing of 

7-core FBGs. The theoretical calculation and 

simulation of bending and twisting are built in 2D 

space and 3D space. The experiments are then 

implemented to verify the shape sensing of 7-core 

fiber gratings. The shape in 3D space is finally 

reconstructed quantitatively. 

2. Sensing mechanism analysis 

The sensing mechanism of 7-core fiber gratings 

shape sensor of this investigation can be divided into 

two parts as described below. 

2.1 2D Bending and twisting mechanism 

The fiber grating bending sensing technology is 

based on its axial strain sensing characteristics. 

According to the coupled mode theory [23], the 

central wavelength of the fiber grating is determined 

by two parameters: the effective refractive index and 

the period of fiber grating. According to the 

mathematical model of FBG, the relative wavelength 

shift by strain of fiber gratings can be expressed as 

   ( )= 1 Pε
λ ε

λ
Δ − ⋅              (1) 

where λ  is the central wavelength of FBG, λΔ  is 

the wavelength shift, ε  is the axial strain applied 

on the grating, and Pε  is the photo-elastic 

coefficient related to the material.  

Curvature of a substrate normally leads to a 

strain, which is one of the main parameters for FBG 

sensing. The bending sensing based on multicore 

fiber gratings is realized by measuring the curvature 

induced strain on FBG writing on different cores at 

the same position. 
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Fig. 1 Schematic diagram of 7-core optical fiber. 

As shown in Fig. 1, the distance between the 

central core and the side core, normally denoted by 

pitch size, is d. After a bending of the fiber, 

assuming that the curvature radius of the core 

bending is R and the bending direction at the 

cross-section is equal to the forward direction of 

y-axis, the axial strain of any side core can be 

expressed as 

= cos
d

R
ε θ± ⋅               (2) 

where θ  is the angle between the side core and 

y-axis at the cross-section. The positive and negative 

signs here are used for indicating the bending 

direction. The stretching of a fiber core is 

represented by a positive sign, while the 

compressing by a negative sign. The central core 

will not be affected by the bending of fiber. 

Significantly, the wavelength shift error caused by 

temperature can also be compensated because the 

central core and the side core are in the same 

environment with a same fiber cladding [24]. The 

linear relationship between the bending curvature 
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and wavelength shift of the optical fiber can be 

expressed as 
1 cos ,  2,  3,  ,  7n n nkd nλ λ ρλ θΔ − Δ = =    (3)  

where nλΔ  is the wavelength shift of side core and 
1λΔ  is the wavelength shift of central core; 
1/ Rρ =  is the curvature of bending; (1 )k Pε= −  

is the longitudinal strain sensitivity coefficient 
which is 0.784 for standard silica fibers; nλ  is the 
wavelength of the FBGs in the MCF at a free state. 
For the sake of convenient calculation, the positive 
and negative signs have been removed, and the nθ  
ranges from –180° to 180°. 

When the wavelength shift has been detected, by 
using the data of central core (denoted by 1) and any 
two side cores (denoted by m and n), the angle 
between each core and bending direction, and the 
curvature of the fiber can be deduced as 

( )
( )

( ) ( )( )
1

1

 

1
1 arctan

tan / 3

        , 
sin / 3

         ,  2,  , 7                                       (4)
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 Δ
= − + −  Δ −  

Δ − Δ
Δ − Δ − 
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1 1

cos

n n

n nkd K

λ λ λ λρ
λ θ

Δ − Δ Δ − Δ= =         (5) 

where m and n represent different side cores. Here, 

K is introduced as the hybrid coefficient of the 

curvature measuring. 

The two equations above can reconstruct the 

bending and torsion of optical fiber quantitatively by 

analyzing the wavelength shift of 7-core FBGs. It 

can be easily derived that the 7-core FBGs can 

exhibit a good distinguishing ability on the bending 

orientation owing to the six symmetrical cores on 

the cross-section. 

2.2 3D shape sensing mechanism 

In order to achieve shape sensing in 3D space, it 
is necessary to initialize the core distribution of the 
optical fiber. FBGs with different central 
wavelengths need to be inscribed evenly on the 
optical fiber. Figure 2 shows the theoretical model of 
shape sensing. As shown in Fig. 2, assume that the 

optical fiber is initially located along z-axis, and the 
fiber starts at the coordinate origin, i.e., the 
curvature of the first segment, arc ab, defines the 
local coordinate for the following calculation. FBGs 
are inscribed at the midpoint of each segment of 
fiber, such as 1st segment, arc ab and 2nd segment, 
arc bc, with a fixed length of Ln. It is assumed that 
the length is short enough where only one 
homogeneous bending occurs. 1ϕ  is the intersection 
angle of y-axis and the projection of fiber on the x-y 
surface during the first bending. 1γ  and 2γ  are 
the central angle of arc ab and arc bc. Then 
multistage curvature in 3D space can be 
theoretically modeled. 
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Fig. 2 Shape sensing theoretical model. 

Under the defined coordinates, arc ab is tangent 
with z-axis and o1 is the center of arc ab. Segment 
ao1 is on the x-y surface and indicates the bending 
direction. According to (4), the intersection angle 
between the bending direction and each side core 
can be calculated. We choose side core 2 as the 
direction of y-axis, then 1ϕ  is equal to 2θ . 
According to (5), the curvature can be calculated, so 

1γ  is equal to ρ  multiplied by L1. 
Based on the coordinates of a, b, and o1 built 

from the first segment, the curvature of the second 
segment can be sequentially computed by solving 
the equation of tangent of arc ab at point b. 
Assuming b* is a point on the tangent, according to 
the space tangent equation formula, the equation of 
line bb* can be described as 
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where (A1, B1, C1) is the normal vector of plane abo1. 
bx, by, and bz are the coordinates of x, y, and z axes at 

point b, and o1x, o1y, and o1z are the coordinates of x, 
y, and z axes at point o1. For the convenience of 
calculation, the precise position of b* is defined as 
long as (6) is solved.  

As for arc bc, the trace of the 2nd segment, bb* 
is also regarded as its tangent component. The angle 
between bo1 and bo2 is ( )2 1θ ϕ− . Then the 

coordinate of o2 can be described by (7)–(9): 

2
2

1
bo

ρ
= .                (7) 

2* 0⋅ =bb bo .               (8) 

1 2
2 1

1 2
arccos

bo bo
θ ϕ

 ⋅− =   
 

bo bo
          (9) 

and the coordinate of c can also be described by 
(10)–(12): 

2
2

1
co

ρ
=               (10) 

2 2

2

2
sin

2

L
bc

ρ
ρ

 = ⋅  
 

         (11)  

( )2 2 2( ) ( ) 0x x y y z zA c b B c b C c b− + − + − =  (12)  

where (A2, B2, C2) is the normal vector of plane 
bb*o2. Point c is also on the plane bb*o2. L2 is the 
length of arc bc.  

In this case, all the information in the curvature 
of second segment bc has been obtained. For the 
coming curvature of cd, de, and so on, we can use 
this recurrence relation to obtain the information of 
all the points. In this way, the shape of optical fiber 
is reconstructed. 

3. Device fabrication and experiments 

3.1 Shape sensor optical assembly 

7-core optical fiber with a hexagonal distribution 

is used in this paper. The cross-section of the MCF 

is shown in Fig. 3, with a cladding diameter of   
150 μm, a mode field diameter (MFD) of 9.5 μm, 
and a pitch size of 41.5 μm. The inter-core crosstalk 
is suppressed to be less than –45 dB, which 

coincides with the requirements of spatial division 
multiplexing communication and shape sensing. The 
FBGs are inscribed in 7-core MCF on a FBG writing 

system with 248 nm excimer laser. The FBG spectra 
of different cores are shown in Fig. 4. The difference 
of the central wavelength among the cores is caused 

by the nonhomogeneous distribution of laser energy 
in different cores while FBG is being written to the 
fiber, which has been shown as a trivial effect on the 

wavelength interrogation and readout. In the 
following analysis and discussion, all the central 
wavelengths of side cores are normalized in 

accordance with the value of the central core.  
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Fig. 3 Refractive index profile of 7-core optical fiber. 
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Fig. 4 Spectrum of 7-core FBGs. 

3.2 2D curvature measuring system 

The experimental setup for 2D curvature 

measurements is shown in Fig. 5. The components 
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include 7-core FBGs, a fan-in-fan-out device, 

deformation device, a multi-channel FBG 

interrogator system with a resolution of 1 pm, and a 

processing computer. The interrogator provides the 

recording of multiple channels simultaneously with 

a frequency of 100 Hz and resolution of 1 pm. One 

end of the MCF fiber is coupled with the 

fan-in-fan-out device, and the other end is inserted 

into alcohol solution to suppress the back reflection 

from the end-face. The seven fiber jumpers of the 

fan-in-fan-out device are connected to the seven 

channels of the interrogator. Then the wavelength 

data obtained by the interrogator are collected in the 

computer and the bending curve is reconstructed by 

a processing program based on the theoretical 

principles presented in the previous section. 

Rotation 
mount 

Weight 
z 

x 
y 

Fixed 
pulley 

Fan-out

Fan-in

Multi-channel 
FBG 

interrogator 

Curvature sheets 

FBGs 
PTFE hoses and 

copper tubes 

 

Fig. 5 Experimental setup for 2D curvature measurement. 

As shown in Fig. 5, a series of components is 

assembled to fix the MCF. Experiments are 

implemented to build the relationship between the 

2D curvature and the FBG wavelength shift by 

varying the curvature producer, an arc-like curvature 

sheet shown in the middle of Fig. 5. A series of 

curvature sheets (with curvature ranging from     

0 m–1 to 20 m–1) is used to produce precise curvatures 

in the (yz)-plane and the curvatures are applied on a 

FBG in the MCF. The Poly tetra fluoroethylene 

(PTFE) hoses and copper tubes on both sides of the 

FBG are used to ensure that the FBG position 

locates exactly on the curvature sheet without any 

displacement. Two weights are hung between the 

pulley and the rotation mount to assist the FBG 

immobilization. During the 2D bending experiment, 

it is important to constraint the torsion when the 

curvature sheet is changed, with the purpose to 

verify the theory of 2D curvature. Two weights 

ensure the tightness of fiber without torsion. 

3.3 3D shape measuring system 

A top-view diagram of the experimental setup 

for 3D shape measurements is shown in Fig. 6. The 

3D experimental system is different from the 2D 

system by the introduction of the torsion joint, 

which locates between two 2D setups. In this case, 

the bending in three directions in 3D space can be 

produced respectively. The whole setup can be 

divided into three parts, two 2D setups (denoted by 

Part 1 and Part 3) with vertical but oppositely 

orientation of bending, and separated by a 

cylindrical holder (denoted by Part 2) to produce 

horizontal bending. It is noted that the pushing 

directions of these three parts are orthogonal to each 

other. The bending of the two 2D setups is 

accomplished by the arc-like curvature sheet, as 

same as that shown in Fig. 5. For Part 3, the bending 

is conducted by the pulley fixed on the joint 

cylindrical holder, varying from 5 m–1 to 8 m–1. Three 

FBGs inscribed in the MCF, as marked in Fig. 6, are 

employed to build the relationships between the 

wavelength responses and the bending along three 

orthogonal directions. The central wavelengths of 

three FBGs are 1542 nm, 1546 nm, and 1550 nm, 

respectively. The spacing of FBGs is 0.1 m. 
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Fig. 6 Experimental setup for 3D curvature measurement. 
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4. Results and discussion 

4.1 Results of 2D curvature measurement 

The wavelength of the FBG in the MCF was 

monitored by using the multi-channel interrogator 

on the 2D curvature measuring setup shown in Fig. 5. 

By varying the curvature of sheets from 0 m–1 to  

20 m–1, the spectrum of three side cores was 

observed as moving toward longer wavelength, i.e., 

red shift. Meanwhile, the spectrum of the other three 

side cores was observed as moving toward shorter 

wavelengths, i.e., blue shifts. And the spectrum of 

central core has remained unchanged. The 

wavelength shifts of FBGs in the seven cores at 

different curvature are shown in Fig. 7. All of the 

wavelength shifts of side cores had already been 

compensated by central core to eliminate the 

influence of extra strain caused by the weights and 

other factors.  
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Fig. 7 Central wavelength shift of seven cores during the 

curvature sensing experiment. 

From Fig. 7, it can be found that the side core 3 

and side core 6 have the biggest curvature sensitivity. 

The side cores 2, 3, and 4 have shown red shift of 

wavelength while the side cores 5, 6, and 7 have 

shown blue shift, which infers the stretch of cores 2, 

3, and 4 and the compress of cores 5, 6, and 7.  

According to (4) and (5), as long as the data of 

Bragg wavelength shift have been obtained, the 

position of each core corresponding to the bending 

direction and the curvature of the fiber can be 

deduced. To illustrate the orientation of the 

cross-section of the MCF more precisely, the 

wavelength shifts of each cores are analyzed. 

Table 1 shows the average curvature sensitivity 

of each core, which was obtained by linear fitting. 

According to (5), the slope of the wavelength shift 

can be interpreted as the hybrid coefficient (K) of 

the curvature measuring. It is obvious that the 

absolute values of the slopes of side core 2 and side 

core 5 are close, which implies the opposite states of 

the two cores, stretching (denoted by positive sign) 

and compressing (denoted by negative sign) states. 

The same cases can be found for side cores 3 and 6, 

side cores 4 and 7.  

Table 1 Linear fitting statistics. 

Core Value of slope (nm/m–1) 

Central core 1 

Side core 2 

Side core 3 

Side core 4 

Side core 5 

Side core 6 

Side core 7 

 0.00217 

 0.04131 

 0.05873 

 0.01258 

–0.04362 

–0.05564 

–0.00971 

We substituted slope to (5). n took a value of 2 

while m took values of 3, 4, 6, and 7. Then we could 

get four values of 2θ : –46.78°, –42.89°, –44.35°, 

and –40.32°. The average value of 2θ  is –43.585°. 

Figure 8 demonstrates the estimated position of each 

core during the bending process. According to the 

resolution of multi-channel interrogator, the 

theoretical minimum curvature can reach 0.2 m–1. 

From the experiment, we considered the resolution 

of curvature was about 1 m–1 due to the external 

interference at interrogator. The orientation error 

was about 1.98°. 
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Fig. 8 Cross-section of optical fiber.  
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By adjusting two rotation mounts simultaneously 

on both sides of the FBG and curvature sheets, the 

bending orientation of optical fiber can be altered 

from 0° to 360°. The wavelength shifts of seven 

cores versus the altered angle are plotted in Fig. 9. 

The trend of wavelength shift is an obvious 

sinusoidal curve, which is consistent with (5). 
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Fig. 9 Bragg wavelength shifts at different bending 

orientations. 

In the next experiment, the curvature sheets are 

pushed toward the MCF to produce the bending on 

the FBG. The pushing is conducted by a motorized 

linear stage assembled with the curvature sheets. We 

have investigated the influence of the change of 

pushing height of the curvature sheet on the 

wavelength shift of FBG. Figure 10 demonstrates the 

wavelength shift of six-side cores after 

compensation of the central core. As a result, the 

error of pushing height by using the mechanical 

device can be almost ignored.  
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Fig. 10 Wavelength shift of six side cores versus the pushing 

height after compensation of central core. 

4.2 Results of 3D curvature measurement 

The wavelength shift of the three FBGs 
corresponding to three orientations versus different 
curvatures are shown in Fig. 11. Similar to the 
results shown in Fig. 7, the wavelength shifts for all 
of the three orientations are linearly related to the 
curvature. For the first and the third part of the 
deformation device, the curvature of the sheets 
varies from 2.5 m–1 to 20 m–1, and for the curvature 
of fixed pulley of the second part, it varies from    
5 m–1 to 8 m–1. 

For the first part, the wavelengths of side cores 2, 
3, and 7 have presented red shift, and cores 4, 5, and 
6 blue shift, whereas opposite case occurs for the 
third part, as shown in Figs. 11(a) and 11(c). This 
can be explained by the opposite moving direction 
of linear traveling stages in the two parts during the 
experiments. For both cases, the wavelength of 
central core remains unchanged. According to (4) 
and (5), the orientation of the seven cores can be 
mapped, as shown in the insets of Figs. 11(a) and 
11(c). 

Figure 11(b) shows the wavelength shift for the 
second part of the deformation device. By varying 
the curvature of fixed pulley from 5 m–1 to 8 m–1, the 
spectra of side cores 3, 4, and 5 were observed as 
moving toward longer wavelengths, i.e., red shifts. 
The inset of Fig. 11(b) presents the orientation 
accordingly. 

Linear fitting was employed to get the average 
curvature sensitivity of each core, i.e., the slope of 
the plot. According to (4), the value for each case 
can be calculated. Three average values of 2θ  at 
three parts of the deformation device are –22.45°, 
–110.56°, and 160.73°. The difference between two 
orientations is 88.11 and 271.29, which is consistent 
well with the orthogonal moving direction applied 
on the three FBGs. It can be concluded that the 
orientation errors of the estimation are 1.89° and 
1.29°. 

To verify the effectiveness of the 3D shape 
sensing arithmetic, we used a program to solve 
coordinates of different segments of the fiber 
according to (7)−(12). The coordinate of a is (0, 0, 0) 



Tianting LAI et al.: 2D and 3D Shape Sensing Based on 7-Core Fiber Bragg Gratings 

 

313

 
Curvature (m–1) 

W
av

el
en

gt
h 

sh
if

t (
nm

) 

−1.0 

2

3

4

5

6

7

0 5 10 15 20 25

1

−0.5 

1.0 

0.5 

0.0 

⑦ 

⑥ 
⑤ 

④ 

③ ② 

YB 

θ2 

① 

 
(a) 

 
Curvature (m–1) 

W
av

el
en

gt
h 

sh
if

t (
nm

) 

−0.2 

2

3

4

5

6

7

5 6 7 8 9

1

−0.1 

0.2 

0.1 

0.0 

⑦ 

⑥ 
⑤ 

④ 

③ ② 
YB θ2 

① 

 
(b) 

 
Curvature (m–1) 

W
av

el
en

gt
h 

sh
if

t (
nm

) 

−1.0 

2
3
4
5
6
7

5 10 15 20 25

1

−0.5 

1.0 

0.5 

0.0 

⑦ 

⑥ ⑤ 
④ 

③ ② 

θ2 
① 

0 

YB 

 
(c) 

Fig. 11 Central wavelength shift of seven cores during the 
curvature sensing of (a) Part 1, (b) Part 2, and (c) Part 3 of the 
deformation device. 

and the coordinates of b, c, and d solved by the 

program are (–0.009, 0.023, 0.096), (0.009, 0.106, 

0.211), and (0.052, 0.175, 0.268). The bending 

condition of the fiber is shown in Fig. 12(a). The 

calculation of mathematical relationship between 

plane abo1, bco2, and cdo3 shows that they are 

orthogonal with each other. As shown in Fig. 12(b), 

the simulation of shape sensing in the 3D space is 

almost in accordance with the space design of 

deformation device. And the curvature is the same in 

simulation and experiment. However, there are still 

some errors in the reconstruction because the length 

of each segment of fiber used is not short enough to 

ensure the smoothness at the junction. 
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Fig. 12 Comparison of 3D position between the simulation 
and experiment: (a) the simulation of shape sensing in 3D space 
observed from different perspectives and (b) the experimental 
position of shape sensing in 3D space.  

5. Conclusions 
In conclusion, we propose and experimentally 

demonstrate a shape sensor based on 7-core fiber 

gratings. The mechanism and the theoretical 
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principles of the bending and twisting in 2D space 

and 3D space are discussed. Accordingly, the 

experimental setups for 2D and 3D are demonstrated. 

The effect of ambient temperature changes in the 

real applications of those systems can be 

compensated because the central core and the side 

core are in the same environment with the same 

fiber cladding. During the 2D experiment, the 

wavelength responses of the seven cores are studied 

by varying curvature without torsion and by rotating 

the holder under fixed curvature. The slope of the 

wavelength shift provides the hybrid coefficient of 

the curvature measuring. In the 3D experiment, three 

orthogonal stresses are applied on three FBGs in the 

setup to produce three of the bending directions. By 

acquiring the slopes of the three wavelength 

responses, the orientation angles are estimated to be 

–22.45°, –110.56°, and 160.73° for the three FBGs, 

with a maximum error of 1.89°. Owing to six 

symmetrical cores on the cross-section, the proposed 

fiber-optic shape sensing system has the advantages 

of high feasibility, stability, and repeatability, 

especially for the distinguishing ability on the 

bending orientation. 
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