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ABSTRACT

In this work a strain sensor based on a suspended core fiber is proposed. The sensor comprises a suspended core PCF
between SMFs and is based on the multimode interference generated in these transitions. A strain sensitivity study for
different sensing heads and stage separation lengths was carried out showing a sensitivity of -2.42 pm/pe for the best
case. Also the sensing head was tested for curvature and temperature, showing in the first case that it is insensitive to
curvature effects, and secondly, that for small sensor lengths it was insensitive to temperature variations.
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1. INTRODUCTION

Fiber optic sensors have attracted much interest because of their competitive application in the monitoring and control of
some physical parameters. In particular, strain sensors has grown significantly in importance for heath monitoring of
aerospace, marine or civil structures, and in fabrication processes, among others.[1,2]. A fiber optic sensor presents
advantages such as their immunity to electromagnetic interferences, small size, reliability, remote sensing ability, and
multiplexing capability. Some fiber-optic sensors use Photonic crystal fibers (PCFs), that consist of a regular array of air-
holes along the entire length of a thread of pure silica glass. These optical fibers present diverse improved features
compared with common single-mode fibers (SMFs) [3], one of the most important for strain sensors is the low sensitivity
with temperature due that it is made of pure silica.

There are different ways to achieved strain sensors based on PCFs. There are strain sensors based on multimode
interference by tapering a section of PCF to causes coupling between the multiple modes [4]. In [5] a study of the
sensitivity variations with the taper waist diameter was presented (up to -3.12pm/pe). Also a strain sensor was reported
based on collapsing a short region between the SMF-PCF splice to allows the coupling of only two modes in the PCF (-
2.8pm/pe) [6].

Other authors reported strain sensors based on birefringent PCFs by detecting wavelength changes in a Hi-Bi PCF
Sagnac interferometer configuration (1.21pm/pe) [7] or by detecting amplitude variations in an in-reflection Hi-Bi PCF
polarimetric interferometer sensor [8] and also using a 3 holes suspended core PCF in Sagnac configuration [9]. A strain
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sensor was also reported by using a twin core PCF as Mach Zhender interferometer (0.31pm/ue) [10]. A strain sensor
was also accomplished in time domain through the cavity ring down technique [11].

In this work a strain sensor based on a suspended core fiber is proposed and studied. The sensor comprises a suspended
core PCF between SMF’s and is based on the multimode interference generated in these transitions [12]. Different
lengths of the sensing head were characterized in strain, temperature and curvature.

2. EXPERIMENTAL SET UP AND RESULTS

The sensor is based on the multimode interference created by introducing a section of a suspended core PCF between
two SMFs, Fig 1. This PCF presents a 3um core enclosed by four large holes and a multimode behavior. The SMF-PCF

splices were done using a splice machine (Fitel S182PM) in manual mode, with an arc-power of 110 (splicer parameter)
and an arc-duration of 750ms.
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Figure 1. a) Schematic of the strain sensor system. b) Microscopy photograph of the Suspended Core PCF cross-section.

The characterization of the PCF sensing head response to strain variations was measured through the experimental setup
presented in Figure 1a. The experimental configuration consisted of an erbium-doped fiber amplifier (EDFA, Fiberamp-
BT 1400) as broadband source, the sensing head and an optical spectrum analyzer (OSA, Advantest Q8384) with a
maximum resolution of 10 pm. The fiber was fixed by two translation stages in order to apply strain by moving one of
the stages while the other remains fixed. For this characterization, a series of measurements for three different stages
separations, d=0.125, d= 0.25 and d=0.50m, and for different sensor lengths (L) was carried out.

Figure 2 shows the variations of the optical spectrum of the sensing head for two cases, a) L=5Smm with d=0.5m and b)
L=20mm with d=0.5m, for three different strain values. This figure also shows a linear behavior of both sensors with
strain, however their sensitivities were different.

(a) (b) (c)
12 T T T T sf e O‘ : 1 o ; T T n
g g | 20w U OOK
- =, ™~ : i g Sensor £=20mm -
o - 7] 5 -
g % ) =5 2.14.pmms
a 2 & 2k e / B
= = — -
8 8 E .
B - a E 3l L) i
2 a = o
ks 2. = Sensor L=5mm W
N N -14 4 2 42pm/ [ ]
T T -4 -2.42pm/ue - R
g g pPMiu )
=] =} T
z 2 5l _
L 1 ! -16 L L 1 L 1 L 1 L
1530 1540 1550 1560 1570 1540 1550 1560 0 500 1000 1500 2000
Wavelength (nm) Wavelength (nm) Strain (ps)

Figure 2. Variations of the optical output spectrum at different strain values for sensor L=5mm (a) and L=20mm (b) with a d=0.5m,
and its wavelength dependence with strain (c).

Figure 3 shows the sensitivity of the sensing head depending on the sensor length (L) and the stage lengths (d). From
these results there are two conclusions to be drawn. Firstly the sensitivity was increased with the stage lengths (d), this
effect is because the Young module of the PCF is less than the SMF’s one [13]. Taking in this to account, for a constant
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L sensor length, when the stages length is increased, is necessary a major displacement to obtain the same strain, this
way the PCF, with a lower Joule module than SMF, experiments a major displacement that constitute a major sensitivity.

Secondly the sensitivity varies with the sensor length. These variations are due to the combination of the different modes
of the PCF. When the light is coupled from the SMF to the PCF, few modes are excited, each one with a different
propagation constant f3, that produce a phase delay among modes. In the transition from the PCF to the SMF the different
modes are combined with its respective phase differences, generating the interference pattern that can be expressed by:

. ; . 2
PPCF—SMF — a% + a%el(ﬁl_ﬁz)(l‘) + -+ a],zel(ﬂl_ﬁ])(l‘)

Where a; and B; are, respectively, the amplitude and the propagation constant of each mode, and L is the PCF sensor

length. When a strain is applied to the sensor an increment of the length AL is produced and the interference equation is
expressed now by:

, . : 2
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This way each mode experiments a different change in its phase. This effect that depends on the sensor lengths, in
combination with the different amplitude of the modes, provokes the changes of the sensing head sensitivity shown in
figure 3. The best values of strain sensitivity, -2.42pm/pe and 2.40pm/pe, were achieved for L=0.5 and L=7.5cm sensor
lengths, respectively, with a 50cm stages separation.
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Figure 3. Sensor’s sensitivity characterization in function of the sensor length (L) and the stage lengths (d).

Taking into account this strain characterization, a temperature study for the 5Smm and 75mm sensor lengths was carried
out. Figure 4 shows that for the 75mm sensor a sensitivity of 5.93pm/°C was achieved. However, for the Smm sensor the
temperature effect is negligible due to its short length.
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Figure 4. Characterization of the wavelength shift with temperature for the Smm (red) and 75mm (black) sensor length.
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Also, a curvature study effect was carried out showing that the behaviour of the sensor remains constant for bending
radios higher than 0.25 m. This is due to the sensor is based on a multimode interference that depends of its total length
and the propagation constants’difference and modes field amplitudes are not significantly altered when curvature is
applied.

3. CONCLUSIONS

To summarize, a strain fiber optic sensor based on multimode interference was presented and demonstrated. The sensing
head was accomplished by using a suspended core PCF in transmission. A characterization study of the influence of the
length of the sensor and the applied strain in the sensitivity of the system was carried out. This study shows that the
sensitivity was increased with the separation of the stages separation and also shows an optimal sensor length of Smm
and 75mm with the higher sensitivities, for a 0.5m stage separation, of -2.42pm/pe and 2.40pm/pe respectively. For this
sensor length values a temperature characterization was also carried out, showing that the best length sensor option is the
Smm, that is practically insensitive to temperature variations, whereas the 75mm sensor has a sensitivity of 5.93pm/°C.
Also the insensitivity of system to the curvature effect was demonstrated.
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