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Abstract A novel four-core fiber-based bending sensor

has been proposed. The four-core fiber is used as the sens-

ing element, the four cores of the fiber act as a four-beam

interferometer, and the far-field interferogram grids with

periodical distributions are formed on the fiber output

end. Since the phase difference is a function of the radius

of curvature, the change of the radius of curvature shifts

the far-field interferometric grid pattern. A low-coherence

laser diode with wavelength of 650 nm is adopted to illu-

minate the fiber, and the interferogram pattern in the far-

field is recorded by a CCD camera. The relationship

between the far-field grid pattern intensity distribution

and the radius of curvature is established theoretically

and confirmed experimentally.

Keywords fiber optics, four-core fiber, bending sensor,

far field, grid pattern

1 Introduction

Although many structures should ideally be rigid, perform-

ance is limited by deformation due to loading. Corrective

action can usually be taken if the deformation is known.

For example, ‘‘smart structures’’ have demonstrated the use

of actuators to compensate for unwanted shape changes [1].

In continuous structures, changes in length due to uniform

strain and thermal expansion can be significant. However,

most of the variations in the overall shape are due to bend-

ing, and torsion creates a need for sensors specially opti-

mized for the measurement of bending and twisting.

Bending a beam produces a linear gradient in strain

through the thickness of the beam. Local curvature can

then be derived from the difference in strain between two

strain gauges fixed to opposite sides of the beam; this is the

basic type of electrical goniometer [2–4]. Fiber optic strain

gauges are now well-established [5,6], and bending sensors

based on two-mode fiber [7], multi-core fiber photonic crys-

tal fiber [8,9] and multi-core Bragg gratings [10] are also

proposed. They can be made by adhering two fiber optic

strain sensors to either side of a flexible member [6], or

embedding them both in the member.

In this paper, a four-core fiber-based four-beam fiber

interferometer has been proposed and demonstrated. The

four-core interferometer can automatically compensate

the effect of temperature. The four-core fiber acts as a

four-beam interferometer in which phase differences are

a function of curvature. In the plane, containing the cores

results in the shift of the far-field interferometric grid pat-

tern.

2 Theory model of sensor

The proposed multi-parameter measurement approach is

based on a sensing element formed from a four-core fiber,

where the sensing element is manufactured by stacking

identical silica rods with refractive index n1 in a hexagonal

array around four silica rods. These rods are located in

every corner of a square, with higher refractive index n2,

then draws the bundle into a fiber. All of the silica rods

with index n1 fuse together to form an effective low-index

cladding with light propagation in the effective high-index

region associated with the four cores, as shown in Fig. 1.

The unusual structure of the single mode four-core fiber

leads to the novel waveguide properties. In particular, an

interferometric grid far-field pattern can be formed at the

output end of the four-core single mode fiber.

To analyze the phase differences resulting from the

bending of four-core fiber and determine the relationship

between every parameter, the coordinate diagram is estab-

lished as shown in Fig. 2.

In Fig. 2 the bending fiber is in the planeY-Z, and all of

the parameters are related with the optical phase differ-

ential of every core to the centre of the four-core fiber, i.e.,

dwm~k0nL
dnm
n

z
dLm

L

� �
m~1,2,3,4ð Þ, ð1Þ
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where k0 is the wave number and n is the refractive index

of the fiber core; L represents the length of the four-core

fiber; and dnm and dLm represent the index and core length

differences between core m and the fiber center, respec-

tively. In Eq. (1), the term dLm/L corresponding to the

main strain component is along Z and is given by

ez~
dLm

L
~

xm

R
m~1,2,3,4ð Þ, ð2Þ

where R is the curvature of the four-core fiber. The term

xm is the projection distance in X axis from the core m to

the center of the fiber, and is determined by

xm~

ffiffiffi
2

p
d

2
cos h0z(2m{1)

p

4
zh(z)

h i
m~1,2,3,4ð Þ, ð3Þ

where d is the distance of the neighbor cores, h0 is the initial

orientation angle of the four-core as shown in Fig. 2, and

h(z) is the twisting angle along the fiber axis Z. The varia-

tions of the index by bending can be expressed as [11]

dn(m)&dnx(m)&dny(m)&{c2
n3

2

xm

R
m~1,2,3,4ð Þ, ð4Þ

where c25 0.204 is a constant.

The changes of phase difference by bending are given

below

dwm~

ffiffiffi
2

p
k0nLd

2R
1{c2

n2

2

� �
cos h0z(2m{1)

p

4
zh(z)

h i
:ð5Þ

For the case of twisting a smaller angle, the linear

dependence of the twisting angle h(z) along the fiber can

be simply expressed as

h(z)~
H

L
z, ð6Þ

whereH is the net rotation angle as observed at the exit of

the fiber end. With the curvature radius R, the phase dif-

ference by bending and twisting can be expressed as

Dwm~

ffiffiffi
2

p
k0nLd

2R
1{c2

n2

2

� �
cos h0z(2m{1)

p

4
zH

h i

~j
L

R
cos h0z(2m{1)

p

4
zH

h i
, ð7Þ

where j is a constant, substitute k05 2p/l, l5 0.65mm,

n5 1.46, d5 18mmand c25 0.204 into Eq. (7), which gives

j~

ffiffiffi
2

p
k0nd

2
1{c2

n2

2

� �
~140:46: ð8Þ

The length of the four-core fiber L is known as the

azimuth angle of the fiber end, and the curvature radius

R is the function of phase difference.

The space between four cores of the four-core fiber is as

small as 18 mm. The optical power in every core is equal

with the same light source. Thus, the intensity distribution

in the observation plane can be written as [12,13]

I(u,v)~4I0 1z cos y1{y2ð Þ cos w1{w2ð Þ½
z cos y1{y3ð Þ cos w1{w3ð Þ
z cos y1{y4ð Þ cos w1{w4ð Þ
z cos y2{y3ð Þ cos w2{w3ð Þ
z cos y2{y4ð Þ cos w2{w4ð Þ
z cos y3{y4ð Þ cos w3{w4ð Þ�, ð9Þ

where ym is the angle between the polarized direction and

X axis, as shown in Fig. 3(c). (wk2 wm) is the total phase
difference between random two cores and is expressed as

wk{wm~k0 lk{lmð Þz dwk{dwmð Þ
(k,m~1,2,3,4), ð10Þ

where lm (m5 1,2,3,4) is the distance between fiber m and

observation plane as shown below:

Fig. 1 Four-core fiber acting as a bending sensor

Fig. 2 Coordinate diagram to calculate phase difference of
bended four-core fiber
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lm~ u{xmð Þ2z v{ymð Þ2zD2
h i1=2

: ð11Þ

For the condition of the far-field, (u, v)& (x, y)max, Eq.

(11) can be estimated as

lm&D 1{
uxmzvym

D

� �
: ð12Þ

Eq. (10) could be written more conveniently as

wk{wm~
k0

D
u xm{xkð Þzv ym{ykð Þ½ �

z dwk{dwmð Þ (k,m~1,2,3,4), ð13Þ

xm is given by Eq. (3). ym is the projection distance in Y

axis from the core m to the center of the fiber, and it is

given below:

ym~

ffiffiffi
2

p
d

2
sin h0z(2m{1)

p

4
zh(z)

h i

m~1,2,3,4ð Þ: ð14Þ
In the experiment, adjusting the polarization states and

twisting the output end can eliminate the interferometer

between core (1, 3) and core (2, 4), and the terms of core

(1, 2), (3, 4) and (1, 4), (2, 3) are combined. Thus, Eq. (9)

can be simplified as

I(u,v)~4I0 1z2f1 cos w1{w2ð Þz2f2 cos w1{w4ð Þ½ �, ð15Þ

where f15 cos(y12y2) and f25 cos(y12y4) are the con-

stants less than 1. Substituting Eqs. (3), (8), (13) and (14)

into Eq. (15), the relationship between the far-field interfero-

metric grid pattern and the fiber curvature R is given below:

I(u,v)~4I0 1z2f1 cos
k0d

D
u cos h0zHð Þ{v sin h0zHð Þ½ �

��

{
ffiffiffi
2

p
j
L

R
cos h0zHð Þ

�
z2f2 cos

k0d

D
u cos h0zHð Þ½

�

{v sin h0zHð Þ�{
ffiffiffi
2

p
j
L

R
sin h0zHð Þ

��
: ð16Þ

It can be seen from Eq. (16) that the fiber curvature R is

parallel with the space moving of light-field I(u,v). The

linearity relationship is shown below:

r~
k0d

jLD
u{v tan h0zHð Þ½ �zC: ð17Þ

Since every core of the four-core fiber is single mode,

the intensity distribution I0 can be approximately

expressed as an individual Gaussian distribution [14], i.e.,

I0~G0 exp {
u2zv2
� 	

v0
2 1zg D=v0ð Þ3=2
h i2

8><
>:

9>=
>;, ð18Þ

where G0 represents scale constant, g5 0.816 1027 is a

dimensionless parameter related to the fiber NA, and

v05 1.9 mm is the radius of the single mode for every

core of the four-core fiber. The distance between the out-

put fiber end and the CCD detection surface was meas-

ured as D5 3 mm, as shown in Fig. 4(a). Substituting

Eq. (18) into Eq. (16) and selecting h05H5 0, the output

far-field fringe patterns from experimental results are

shown in Fig. 4(b), similar with the result in Fig. 4(c) by

Eq. (16).

3 Relationship between experimental setup
and sensing characteristics

The four-core fiber with sensing length L5 15 cm was

embedded in the strain-free neutral axis between the two

elastic steel plates. A three-point beam bending experi-

ment was undertaken as shown in Fig. 5.

In the experiment, the span width of the specimen two

supporting points LAB5 12 cm, and express the midpoint

of the elastic steel plate with a screw micrometer by 2 mm

for one step, until LCD5 12 mm, in Fig. 5(b) it can be

seen that

R~
4 LCDð Þ2z122

8LCD
cmð Þ: ð19Þ

Fig. 3 Far-field coordinate system of output end of four-core fiber. (a) Core positions on the end of the fiber; (b) relationship
between output plane lie in the end of the fiber and the observation plane; (c) polarization states in the output end of the fiber
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The relationship between the deflection LCD and the

curvature (1/R) for the three point bending beam is shown

in Fig. 6. It can be seen that the relationship between r

and LCD is linear.

4 Experimental results and discussions

The far-field interferometric grid pattern is recorded by a

CCD camera, as shown in Fig. 7(a). It can be measured

Fig. 5 Three-point bending beam experimental set-up with four-core fiber embedded in neutrality layer. (a) Experimental set-up of
three-point bending beam; (b) schematic plan of geometrical sizes

Fig. 4 Four-core fiber output far-field fringe patterns. (a) Experimental set-up; (b) theoretical simulation result; (c) experimental
result
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that the twisting angle h0 +H5 71.5u, and the measure-

ment process is shown in Fig. 7(b). The measurements

of LCD and the moving curve by U, V axis are given in

Fig. 8(a).

Figure 8(b) shows the relationship between the deflec-

tion LCD and the curvature (1/R). It can be seen that the

experimental result is in agreement with the theoretical

prediction, and it also has some deviation.

In fact, the polarization states may take some effects to

the measuring process. With the curvature radius reduc-

ing, the double-efraction effect in every core is increasing.

Since this effect and the main change are independent, we

have

Ddn~dnx{dny~ c2{c1ð Þ n3

4R2
x2m{r2
� 	

, ð20Þ

where c15 0.075 and r is the fiber radius. Although the

difference is small, the effect of the output field is by the

change of polarization states ym (m5 1,2,3,4). With the

special four-core fiber, in which four cores centralize with

each other, this effect is small.

5 Conclusions

A four-core fiber has been designed and used as a four-

beam in-fiber integrated interferometer. The sensing char-

Fig. 6 Relationship between deflection LCD and curvature
(1/R) for three-point bending beam

Fig. 7 Far-field interferometric grid pattern and its measuring approach. (a) Far-field fringe pattern from CCD; (b) measuring
method of integral shift of grid pattern

Fig. 8 Experimental results and theoretical prediction. (a) Measuring results of LCD and the shift of grid pattern; (b) comparison
between experimental data and theoretical prediction
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acteristics of curvature have been investigated. The

experimental results show that the four-core fiber could

be used as multi-parameter sensors and has the potential

applications in smart structural condition monitoring.
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