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Abstract.  We propose a new type of a sensing element of a sensor 
for measuring the bending direction and magnitude, based on fibre 
Fabry – Perot interferometers embedded in the cores of multicore 
optical fibre. The measured sensitivity to the bend radius is 
81 pm/m–1. It is found that this sensitivity can be increased by vary-
ing the diameters of the optical fibres forming the sensing element.

Keywords: Fabry – Perot interferometer, bend sensor, multicore 
optical fibre.

Recently,  directional  bend  sensors  based  on  writing  fibre 
Bragg  gratings  in  the  cores  of multicore  optical  fibre  have 
been actively developed [1 – 4]. These sensors can be used to 
monitor the state of objects, in robotics, and in aircraft con-
struction [5]. Misalignment of some cores in multicore optical 
fibre  results  in  strains,  which,  due  to  the  bending  of  fibre, 
have different effect on fibre Bragg gratings written in differ-
ent cores. This, in turn, leads to different shifts in the reflec-
tion spectra of the gratings, which makes it possible to deter-
mine the direction and radius of the fibre bend.

In  some  cases,  Fabry – Perot  interferometers  formed 
directly  in optical  fibre  cores  can  serve  as  an  alternative  to 
fibre  Bragg  gratings  as  sensor  sensing  elements  [6 – 9].  To 
obtain  such elements, a  relatively  simple  technology can be 
employed [9], which does not require the use of such complex 
equipment and laser radiation sources that are necessary for 
the  formation  of  fibre  Bragg  gratings.  In  addition,  devices 
based on Fabry – Perot interferometers potentially have high 
temperature resistance [10], which is also of interest for their 
use at high temperatures, for example, for aircraft engines.

In this work, we describe for the first time a sensing ele-
ment of a directional bend sensor fabricated on the basis of 
Fabry – Perot interferometers embedded in each of the cores 
of multicore optical fibre. To develop the sensor, we used a 
technology based on etching the fibre end-face and then splic-
ing  it  in  an  electric  discharge with  the  end-face  of  another 
fibre. The difference in mechanical strains in the cores during 
bending  of multicore  fibre  causes  a  different  change  in  the 
length  of  the  Fabry – Perot  interferometers  in  side  cores, 

depending on the direction and radius of the fibre bend. The 
change in the reflection spectra of interferometers in different 
cores during the bending of multicore fibre makes it possible 
to determine the sensitivity to the bending radius.

Figure 1 shows a segment of a multicore fibre bent in the 
figure plane with a bending radius R. Each fibre core contains 
a Fabry – Perot interferometer; the initial length of each inter-
ferometer in an unbent fibre is L0. Core C1 is located at the 
centre of the fibre cross section, with its axis coinciding with 
the  fibre  axis. The  axes  passing  through  the  centres  of  two 
side cores C2 and C3 are located in the plane of Fig. 1. Since 
the axis of the central core coincides with the neutral line of 
the  fibre  that  is  not  subjected  to  stretching  or  compression 
during  bending,  the  length L1  of  interferometer FP1  in  the 
central core does not change as a result of the fibre bend and 
correspond to its value L0 in the unbent fibre. Core C2 is sub-
jected  to  stretching when  the  fibre  is bent, while  core C3  is 
compressed.  It  follows  from  Fig.  1  that  the  interferometer 
elongation in side core C2 relative to the central core is

L L L
R
d L2 1 0D = - = ,  (1)

where d is the distance between the centres of the cores in the 
fibre cross section; and L2 is the interferometer length in core 
C2.

Since the reflection coefficient at the glass – gas interface is 
small (about 4 %), the interferometers can be described using 
a two-beam model:

cosI I I I I21 2 1 2 j= + + ,
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Figure 1. Multicore fibre with Fabry – Perot interferometers.
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where I1 and I2 are the intensities of waves reflected from two 
mirrors of the Fabry – Perot interferometer; j = 4pnLint/l is 
the phase difference of these waves; n » 1  is  the refractive 
index  of  the  gas medium  inside  the  interferometer  cavity; 
and Lint is the interferometer length. From the condition of 
the  maximum  j  =  2pm  in  the  reflection  spectrum  of  the 
Fabry – Perot  interferometer, where m  is  an  integer,  it  fol-
lows that

L
L

int

int

l
lD D

= ,  (2)

where DLint is an increase in the interferometer length, and D l 
is a shift in the wavelength corresponding to one of the max-
ima in the reflection spectrum due to an increase in the inter-
ferometer length. From relations (1) and (2) we obtain D l = 
(d/R)l.

Thus,  the  Fabry – Perot  interferometer  sensitivity  to 
bending in side core C2 is D l/(1/R) = d l. In core C3, which 
is subjected to compression due to bending, this value is also 
equal  to d l;  in all other  cores  it  takes  intermediate values 
depending on the orientation angle of the fibre cross section 
relative to the bending direction. Consequently, the bending 
direction of fibre can be determined by the D l value in dif-
ferent cores.

For  the  development  of  the  sensor’s  sensing  element,  a 
seven-core fibre was selected, fabricated by a drilling method 
described,  for  example,  in  work  [11].  A  photograph  of  the 
end-face of a seven-core (A, B, C, D, E, F, G cores) fibre is 
shown in Fig. 2. Fibre cores have the same parameters and are 
arranged  hexagonally.  The  distance  between  the  centres  of 
neighbouring  cores  is  40.5  mm,  the  core  diameter  is  about 
5.3 mm, and  the difference between  the  refractive  indices of 
the core and cladding is 0.015. The cutoff wavelength of the 
first  higher  mode  of  each  of  the  cores  lies  in  the  range  of 
1.45 – 1.47 mm, the distribution diameter of the mode field of 
each of the cores at a wavelength of 1550 nm is 5.7 mm, and 
the diameter of the silica glass cladding is 125 mm.

For the input/output of radiation from each core of a mul-
ticore  optical  fibre  into/from  single-core  fibres,  a  small-size 
input/output device was manufactured [12, 11], allowing for 
sufficient mechanical  robustness  and  low  optical  loss.  This 
device  provided  a  back  reflection  coefficient  of  less  than 
– 40  dB  and  optical  insertion  loss  of  less  than  2  dB.  The 

achieved values of optical loss and reflection coefficient were 
sufficient  to  conduct  experiments  on  the  development  of  a 
sensing element of the bend sensor.

Fibre embedded Fabry – Perot interferometers were fabri-
cated  using  a  method  known  for  single-core  fibres  and 
described, for example, in work [9]. This method is based on 
the fact that the etching rate of doped silica glass exceeds the 
etching  rate  of  undoped  one.  Therefore,  when  etching  the 
fibre end-face, depressions are formed at the place where the 
cores of doped silica glass are located. During fusion splicing 
of the end-face of an etched multicore fibre with the end-face 
of an unetched fibre, depressions or voids on the end-face of 
the multicore  fibre  are  converted  into microcavities,  which 
are Fabry Perot interferometers.

The  external  view  of  Fabry – Perot  interferometers 
obtained in this way in a seven-core fibre is shown in Fig. 3. 
Figure 3a demonstrates Fabry – Perot interferometers formed 
by etching multicore fibre in hydrofluoric acid for 8 min. As a 
result of etching, the multicore fibre diameter decreased from 
125 to 109 mm. A single-core fibre with an initial diameter of 
125 mm was also etched to match the diameter of the multi-
core fibre. Figure 3b shows interferometers obtained by etch-
ing only multicore fibre for 5 min. It can be seen that the outer 
diameters of the optical fibres are different. The initial diam-
eter of the multicore fibre was 125 mm; as a result of etching in 
hydrofluoric acid it decreased to 113 mm. The multi-core fibre 
was  fusion  spliced  to  single-core  fibre  with  a  diameter  of 
125 mm. A Fujikura  FCM  80  S  fusion  splicer  was  used  to 
form Fabry – Perot interferometers.

The  reflection  spectrum  of  microcavities  (Fabry – Perot 
interferometers) was studied  in the scheme shown in Fig. 4. 
The radiation source was a Superlum SLD-76-MP semicon-
ductor superluminescent diode (SLD) with a spectrum width 
of 50 nm (at a 3 dB level), centred in the vicinity of a wave-
length of 1550 nm; the reflected signal was recorded using an 
ANDO AQ6317B optical spectrum analyser (OSA). The sig-
nal from the source was fed to the fibre-optic circulator input 
and alternately directed to each individual core of a multicore 
fibre ( 2 ) using the input/output device ( 1 ). Switching between 
the cores was performed using a fibre-optic connector ( 6 ). 

To determine the sensitivity of the developed interferom-
eters to the bending radius value, we measured the  interfer-
ometer’s  reflection  spectra  in  each  core  at  various  bending 
diameters of the fibre. To this end, a fibre segment with inter-
ferometers was placed on the cylindrical surface of a specially 
made support ( 4 ) in a groove. The groove depth was about 
500 mm. To ensure a complete fit to the cylindrical surface, the 
fibre segments in the grooves were fixed with clips ( 5 ) in front 
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Figure 2. (Colour online) Photograph of a multicore fibre’s end-face.
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Figure 3. (Colour online) External view of Fabry – Perot  interferome-
ters in an element with (a) the same and (b) various fibre diameters.
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and behind the interferometers, as shown in Fig. 4. To change 
the cross-section orientation relative to the bending direction, 
the fibre was rotated using a rotary movable block ( 3 ). In this 
case, the fibre could rotate freely in the grooves. In each posi-
tion  of  the  movable  block,  the  reflection  spectra  of  the 
Fabry – Perot  interferometers  in  each  of  the  cores  were 
recorded with a resolution of 0.5 nm.

In the measurements, the shift of one of the maxima of the 
reflection spectrum of each interferometer was determined at 
various fibre bending radii and various cross-section orienta-
tions relative to the bending direction. Figure 5a shows on a 
linear scale the reflection spectrum of an interferometer in one 
of  the  cores  of  the  multicore  fibre.  When  determining  the 
reflection  spectrum maximum,  the  superluminescent  source 
spectrum was taken into account in accordance with the for-
mula

I I
I

ImaxFP
SLD

LD

i
i

S

= i ,

where Ii is the intensity at the wavelength li; Ii
FP is the inten-

sity at the wavelength li in the measured reflection spectrum 
of the interferometer; and  Imax

SLD  and  I SLDi  are the maximum 
intensity and intensity at the wavelength li in the superlumi-
nescent diode spectrum. The reflection spectrum of the inter-
ferometer is shown in Fig. 5b with allowance for the superlu-
minescent  source  spectrum.  The  position  of  the  spectrum 
maximum was determined using the centre of gravity (COG) 
algorithm [13, 14]: the wavelength lm corresponding to one of 
the  reflection  spectrum maxima  was  calculated  by  the  for-
mula

I Im i i

k

i

k

1 1

l l=/ / ,

where k is the number of points into which the spectrum inter-
val is divided. The initial and final wavelengths l1 and lk cor-
respond to an intensity close to the minimum (Fig. 5b).

First, the reflection spectra of interferometers were mea-
sured in an unbent fibre. The lengths L of the Fabry – Perot 
interferometers in various cores were determined by the dif-
ference in the wavelengths l1 and l2 of adjacent maxima in the 
obtained  reflection  spectra:  L  =  l1  l2/[2n(l1  –  l2)] ,  where 
n » 1. The interferometer lengths in various cores, calculated 
in accordance with the period of the reflected signal spectrum, 
ranged from 38 to 40.5 mm in an element with the same fibre 
diameters (Fig. 3a) and from 29 to 32.5 mm in an element with 
various fibre diameters (Fig. 3b).

Figure  6  shows  the  measured  values  of  the  wavelength 
shift of one of  the maxima  in  the  reflection spectra of each 
interferometer relative to the wavelength value in the unbent 
fibre for various bending directions. The angle between some 
initial and current orientation of the fibre cross section rela-
tive to the bending direction is plotted along the abscissa axis. 
Measurements were performed for an element with the same 
fibre diameters at bending radii of 20 and 6 cm. The position 
of  the  interferometer  reflection  spectrum  maximum  in  the 
central  core A  does  not  change,  while  the  positions  of  the 
reflection  spectra maxima of  the  interferometers  in  the  side 
cores B – G exhibit a sinusoidal dependence on the angle.

Figure 7a shows the dependence of the wavelength shift of 
one of the maxima in the reflection spectrum of interferome-
ters in various cores on the fibre bending curvature 1/R at a 
fixed  cross-section orientation angle  relative  to  the bending 
direction  for  an  element  with  the  same  fibre  diameters. 
Measurements were performed for curvatures ranging from 0 
to 20 m–1. The largest shift  in the reflection spectrum maxi-
mum is observed for the side cores E and B. The slope of the 
linear  approximation  of  the  dependence  for  core  B  is 
– 82  pm/m–1  (R2  =  0.995),  while  for  core  E  it  amounts  to 
81 pm/m–1 (R2 = 0.996). Figure 7b shows similar dependences 
for an element with various fibre diameters. The largest wave-
length  shift  in  the  reflection  spectrum  maximum  is  also 
observed for the side cores B and E. The linear approximation 
slope in the dependence for the core B is – 97 pm/m–1 (R2 = 
0.992), while for the core E it is 100 pm/m–1 (R2 = 0.993).

Thus, a decrease in the diameter of multicore fibre com-
pared to single-core fibre leads to an increase in the sensitivity 
to the bending radius of  the fibre. This can be explained as 
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Figure 4. (Colour online) Schematic of the setup.
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of the SLD source.
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follows. Let us draw two normal sections ab and a1b1 near the 
place where the fibre diameters change so that the cutout ele-
ment has a small length (Fig. 8). The moment of elastic forces 
acting on one of the end-faces of the cutout element from the 
side of the fibre located to the left of the section ab must be 
balanced by the moment of elastic forces acting on the oppo-
site end-face of the element from the side of the fibre located 
to the right of the section a1b1. The moment of elastic forces 
M can be calculated by the formula [15]

dM
R
E S

S

2x= y ,  (3)

where E is Young’s modulus; x is the coordinate of a point 
in  the  fibre  cross  section; and S  is  its  cross-sectional area. 
The integral in (3) is determined by the shape and size of the 
fibre cross section (for a circular cross section it is equal to it 
1/(4pr4), where r  is  the  fibre cross-section  radius). Since  the 
fibre radius in section ab (Fig. 8) is larger than the radius in 
section a1b1, to compensate for the moment of elastic forces, 
it  is necessary  that near  the point of diameter change,  fibre 
with a smaller diameter bends with a smaller bending radius 
R1 than fibre with a larger diameter. In this case, the bending 
radius  of  a  larger-diameter  optical  fibre  near  the  splicing 
point of the fibres can increase compared to the radius R0 of 

the cylindrical surface on which optical fibre is located. The 
described phenomenon leads to an increase in sensitivity due 
to the fact that the bending radius of smaller-diameter fibre in 
which  the  Fabry – Perot  interferometers  are  located  is  less 
than the measured bending radius near the point of change in 
fibre diameters.

The  presence  of  Fabry – Perot  interferometers  also 
changes the cross-section shape of smaller-diameter fibre near 
the splicing point of the fibres. As a result, the integral in for-
mula (3) decreases, which corresponds to a local increase in 
the bending radius of multicore fibre near the splicing point. 
This explains the difference between the measured sensitivity 
in the case of fibres of the same cross section from the calcu-
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Figure 6. Wavelength shift in one of the maxima in the reflection spectra of each interferometer in an element with the same fibre diameters (Fig. 3a) 
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Figure 7. Wavelength shift in one of the maxima in the reflection spectrum of interferometers as a function of the bending curvature 1/R in the case 
of a fixed orientation angle of the fibre cross section relative to the bending direction at (a) the same (Fig. 3a) and (b) various (Fig. 3b) fibre diam-
eters for ( ) A, ( ) B, ( ) C, ( ) D, ( ) E, ( ) F, and ( ) G cores. 
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Figure 8. Bending of the splicing point of two optical fibres of various 
diameters.
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lated one, which at a distance of 40.5 mm between the centres 
of neighbouring cores is about 63 pm/m–1 at a wavelength of 
1550 nm.

Since the reflection spectrum of the Fabry – Perot interfer-
ometer has rather wide maxima, the measurement error of the 
wavelength shift is greater than that in the case of fibre Bragg 
gratings, which  leads to an unacceptably high measurement 
error  for  large  bending  radii.  To  improve  the  accuracy  of 
measurements with a Fabry – Perot interferometer, it is neces-
sary  to  use  other  signal  processing  algorithms  based,  for 
example,  on  the Fourier  transform  [16]. As  shown  in work 
[17], the minimum calculated error of measuring the interfer-
ometer length in this case can be 0.065 nm, while the experi-
mentally obtained one is 0.18 nm. The bending radius corre-
sponding to a change in the interferometer length by 0.18 nm 
is about 9 m at a distance of 40 mm between the centres of the 
cores  and  an  interferometer  length  of  40  mm.  To  improve 
accuracy, the interferometer length and the distance between 
the cores can be increased: at a distance of 100 mm between 
the  centres  of  the  cores  and  an  interferometer  length  of 
100  mm,  the  bending  radius  corresponding  to  a  0.18  nm 
change in the interferometer baseline is approximately 55 m.

Limitations on the minimum allowable bending radius of 
the sensor may arise due to possible mechanical destruction 
of the fibre at the splicing point. During fusion splicing, cer-
tain rules must be observed, namely: removing the protective 
coating without damaging the fibre’s glass surface (chemical 
dissolution of the polymer), fixing the fibre’s end-faces in the 
fusion splicer in places with a protective coating, and avoid-
ing mechanical contacts with the fibre section where the coat-
ing has been removed. In this case, the splicing joint strength 
lies in the range 2.1 – 2.8 GPa [18], which corresponds to the 
elongation of the fibre by 3% – 4 %. Such bending stretching in 
certain areas of the fibre surface may occur at the same ratio 
of the fibre radius to its bending radius. With a fibre diameter 
of 100 mm, the permissible radius of short-term (~1 s) bend-
ing of  fibre  at  the  splicing point  is  1.25 – 1.7 mm.  If  a  long 
bending is expected,  it  is desirable to reduce the permissible 
load by 3 times [19] and, accordingly, increase by 3 times the 
permissible minimum bending radius, i.e. up to 3.75 – 5 mm. 
Even in this case, the limitations on splicing strength are not 
critical for most applications. 

Thus, a sensing element of a directional sensor based on 
Fabry – Perot interferometers embedded in multicore optical 
fibre  has  been  proposed  and  experimentally  implemented. 
The difference  in  the change  in  the  lengths of Fabry – Perot 
interferometers when  fibre  is bent, which occurs due  to  the 
difference in mechanical strains in the cores of multicore opti-
cal  fibres, makes  it  possible  to  determine  the  direction  and 
radius of bending. Fibre embedded interferometers have been 
developed by fusion splicing the end-face of multicore optical 
fibre  pre-etched  in  hydrofluoric  acid  with  the  end-face  of 
another  fibre.  In  this  case,  cavities  in  the  core  region  are 
formed due to the difference in the etching rates of the doped 
core glass and the undoped glass of the optical fibre cladding. 
The measured sensitivity of the sensor to the bending radius 
value was 81 pm/m–1. We have also found that if the diameter 
of the optical fibre spliced to the multicore fibre exceeds the 
multicore  fibre  diameter,  an  increase  in  the  sensitivity  is 
observed as a result of a local increase in the bending radius of 
the multicore fibre near the splicing point.
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