JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS

Vol. 16, No. 11-12, November - December 2014, p. 1247 - 1251

Highly sensitive curvature sensor based on
singlemode-multimode-singlemode fiber structures
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A kind of highly sensitive curvature sensor based on singlemode-multimode-singlemode (SMS) fiber structure is
demonstrated. The wavelength or intensity of the interference valley may vary with the curvature remarkably, which can be
utilized for curvature sensing. The wavelength shift of the SMS structure with 26 mm-long multimode fiber (MMF) is very
sensitive to the curvature. The measurement sensitivity of -13.17 nm/m™ is obtained in the curvature range of 0.60-1.55 m™.
While for the SMS structure with 48 mm-long MMF, the intensity rather than the wavelength shift of the interference valley is
very sensitive to the curvature. The measurement sensitivity of 24.64 dB/m™ in the curvature range of 0.22-0.89 m?is

achieved.
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1. Introduction

Fiber-optic sensors have already been widely utilized
in different areas for the measurement of many physical
parameters including temperature, refractive index,
magnetic field [1-3], chemical concentration and gas [4, 5]
and so on. These are assigned to their compact size, high
sensitivity, fast response, good stability and repeatability.
Special attention has been paid to the development of fiber
curvature sensors which have many applications in the
fields of composite material structure, robot arms and
artificial limbs and so on. A number of optic fiber
curvature sensors have been proposed based on different
optical fiber structures, such as photonic crystal fiber (PCF)
[6], PCF based Mach-Zehnder interferometers [7, 8],
polarization-maintaining PCF [9, 10], polarization
maintaining  fiber ~ (PMF) [11], long-period fiber
gratings (LPFGs) [12, 13], tilted-fiber Bragg gratings
(TFBGs) [14, 15] and two-dimensional waveguide array
fiber (WAF) [16]. Though many promising results have
been achieved with these structures, fabricating them
needs complicated techniques, such as microfabrication or
tapering. These will reduce the solidity of the whole
structures and increase the cost of the devices.
Simultaneously, these structures need special optical fibers,
so the cost of devices is relatively high, especially for the
PCF or WAF-based curvature sensors. In addition, the
FBG- or LPG-based structures are very sensitive to
temperature, which will lead to the cross sensitivity.

Recently, the singlemode-multimode-singlemode

(SMS) fiber structures have been investigated for various
applications. They have the advantages of low cost and
ease of fabrication. SMS fiber structures have been
successfully utilized to sense temperature [17], refractive
index (RI) [18], chemical concentration [19], strain [20],
magnetic field [21-23] and curvature [24-26]. The
fundamental principle of these applications is that the
modes excited in the multimode fiber (MMF) section will
interfere with each other and the effective Rls or energy of
these excited modes could be influenced by the external
environment/stimuli as well. When the SMS is bended, the
effective RIs or energy of the excited modes will change.
Hence, SMS fiber structures could also be used to sense
curvature. In this work, we propose a highly sensitive
optical fiber curvature sensor based on the cost-effective
SMS fiber structure. Moreover, the sensor is almost
temperature-independent.

2. Design and principle

The proposed SMS fiber structure and experimental
setup are shown in Fig. 1. Our experimental SMS fiber
structure consists of a piece of MMF whose two ends are
fusion spliced to the single mode fibers (SMFs). The core
and cladding diameters of the MMF are 105 um and 125
pm (see Fig. 1(a)), respectively. In our experiments, we
have fabricated two SMS structures with the MMF length
L of 26 mm and 48 mm, respectively. The two ends of the
sensing structures are fixed on two translation stages (see
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Fig. 1(b)). By moving one stage, the separation distance
between the two stages can be changed accurately and
then the SMS structure is forced to curve. In this way,
different curvatures could be applied on the fiber sensor.
The fiber curvature is given by [27]

— 1 — Z(ho -h) (1)
R (h-hY+a?’
where R is the curvature radius of the bending fiber, hyand
h are the heights of the unbent SMS structure and the
center of the bent MMF section (see Fig. 1(b)), a is the
half of the distance between the two clamps.
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Fig. 1. SMS fiber structure (a) and experimental setup for
studying the sensing properties of the system (b).

When the light from the wideband amplified
spontaneous emission (ASE) light source passes through
the lead-in SMF and enters into the MMF, the fundamental
core mode LP,; spreads out widely and the high-order
modes LPy; are excited within the MMF. These high-order
modes will interfere with each other and then be coupled
into the core of the lead-out SMF. The transmission
spectrum is monitored with the optical spectrum analyzer
(OSA) and can be expressed as [28]

1(2) = inf () + i 71, 15(2) -cos (2zAn, L | 2)
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)
where I, is the intensity of the fundamental mode LP; in
the lead-in SMF and N is the total number of excited
modes in the MMF. 77 and 7; are the coupling
coefficients of the LPy; and the LP;; mode, respectively.
Anij is the effective RI difference between the involved
interference modes. According to Eq. (2), the wavelength
corresponding to the interference valley can be expressed
by

Ay =240,L 1 (2m +1), (3)

where m is the interference order. When the curvature is
applied, the corresponding force is exerted on the MMF,
and the effective RIs of the modes will change. Besides,
different modes will experience different index change due
to their different mode field distribution. Therefore, Anij
will change with the curvature. This will result in the shift
of interference valley wavelength with the curvature in the
transmission spectrum, which can be employed for
curvature sensing.

According to Eq. (2), the intensity of the interference
valley is given by

N N
() = D11 Vo) = D 105 Vo) . )
i=1 i=j=1
The interference valley is more remarkable when the
energy of the involved interference modes is closer. When
the curvature of the SMS structure varies, the coupling
coefficient 77 will change as well. Meanwhile, bending
also alters the energy leakage of modes. Then, the energy
of every mode and the energy difference between them
will change due to the energy redistribution and leakage.
Therefore, the intensity of the interference valley will also
vary with the curvature, which can be employed for
curvature sensing, too.

3. Results and discussion

Fig. 2 shows the transmission spectra of the proposed
sensor with 26 mm-long MMF for the curvature ranging
from 0.60 to 1.55 m™. It is clear from Fig. 2 that the
interference valley shifts to short wavelength side with
curvature. The valley wavelength as a function of
curvature is plotted in Fig. 3. Figs. 2 and 3 indicate that the
total wavelength shift can reach up to 11.88 nm in the
experimental curvature range. The valley wavelength has a
good linear relationship with the curvature. The sensitivity
is around -13.17 nm/m™', which is about 3-4 times higher
than those of the PCF-based bending sensors (4.451
nm/m’, 3.046 nm/m"') [6, 8]. We call this kind of
curvature sensor wavelength-shift-type sensor. For the
0.02 nm wavelength resolution of our OSA, the resolution
of the curvature measurement is about 1.5X 107 m™. We
would like to point out that Silva et al. achieved 64.7 nm/
m™ sensitivity in the curvature range of 1.28-1.52 m
with a SMF-coreless MMF-SMF structure in 2012 [24].
The sensitivity is relatively high, but the linear response
range is relatively small. Moreover, the sensing properties
under small curvature (ie. <I1.28 m') were not
investigated in Ref. 24.
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Fig. 2. Transmission spectra of the proposed sensor with
26 mm-long MMF for the curvature ranging from 0.60 to

1.55 m™.
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Fig. 3. Valley wavelength as a function of curvature for the
structure with 26 mm-long MMF.

In addition to the wavelength shift with the curvature,
the intensity corresponding to the valley wavelength varies
with the curvature simultaneously (see Fig.2). Fig. 2
displays that the intensity of the interference valley
decreases initially and then increases with the curvature in
the range of 0.6-1.55 m™. The minimum valley intensity
happens for the structure with curvature of 0.95 m™. For
this structure, the shift of the valley wavelength is
monotonously and linearly with the curvature in a wider
curvature range, so the wavelength shift is more suitable
for curvature sensing than the valley intensity variation.

For other certain structures (for example, the length of
the MMF is appropriate), the applied microbend may have
equal influence on the effective RI variation of the
involved interference modes. So the effective RI
difference between the I nterference modes would not

change with the curvature, and then the shift of the valley
wavelength will be unobvious with curvature according to
Eq. (3). We have verified this case with another SMS
structure with 48 mm-long MMF section. Fig. 4 shows the
corresponding
ranging from 0 to 0.89 m”. Two interference valleys are
structure. The
interference valleys vary obviously with the curvature, but
the valley wavelengths are almost independent of the
curvature. The intensity of valley A decreases gradually

transmission spectra under curvature

observed for this intensities of the

with the curvature, while that of valley B increases
gradually  with  the explicit
curvature-dependent intensities of valley A and valley B
are depicted in Fig. 5. It is found that the intensity of
valley A follows an exponential law with the curvature in

curvature. The

the range of 0-0.89 m™', whereas the intensity of valley B
has a good linear relationship with the curvature in the
range of 0.22-0.89 m™. Therefore, the intensity variation
of valley B with curvature may be more suitable for
curvature sensing. The sensitivity of the intensity variation
of valley B with curvature is about 24.64 dB/m™, which is
~8.8 times higher than that of the sensor based on tapered
PCF-MZI structure (2.81 dB/m™) in the similar curvature
range [7]. We call this
intensity-variation-type sensor. It is worth noting that
Gong et al. have fabricated a curvature sensor with high
sensitivity (+130.37dB/ m™) in the range of 0.11-0.34 m™
[26]. However, the corresponding monotonously linear

kind of curvature sensor

response region is very small, which will limit its practical
applications. As such, the highest sensitivity of our
proposed structure is also larger than 100 dB/ m” in a
narrow curvature range (see the curve of valley A at high

curvature in Fig.5).
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Fig. 4. Transmission spectra of the proposed sensor with
48 mm-long MMF under curvature ranging from 0 to
0.89 m™.
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Fig. 5. Intensities of valley A and valley B as functions of
curvature for the structure with 48 mm-long MMF.

Furthermore, our preliminary experiments show that
the temperature sensitivities of the wavelength-shift-type
and intensity-variation-type sensors are less than 10 pm/C
and 0.003 dB/°C, respectively. These are negligible when
comparing with the curvature sensitivity, which may be
assigned to the low thermal expansion coefficient and low
thermo-optic coefficient of silica. Hence, the proposed
sensors are temperature-insensitive when used as curvature
Sensors.

4. Conclusions

In summary, a kind of curvature sensor based on SMS
fiber structure is proposed. It was found that the
interference valley wavelength of the SMS fiber structure
with 26 mm-long MMF is highly sensitive to the bending.
The shift of the valley wavelength has a good linear
relationship with the curvature in the range of 0.60-1.55
m™. For this wavelength-shift-type curvature sensor, the
obtained sensitivity is -13.17 nm/m”. The temperature
sensitivity is less than 10 pm/°C, which is negligible. For
the SMS fiber structure with 48 mm-long MMF, the valley
wavelength is not sensitive to the bending, but the
intensity of the interference valley varies with the
curvature linearly in the curvature range of 0.22-0.89 m.
For this intensity-variation-type curvature sensor, the
sensitivity is around 24.64 dB/m™. The temperature effect
is very low (less than 0.003 dB/°C). Considering the easy
fabrication and low cost of SMS fiber structures, the
proposed structures are good candidates for the curvature
sensing.
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