Compact assembly-free vector bend sensor based on
all-in-fiber-core Mach-Zehnder interferometer
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A novel low-cost, compact, assembly-free and sensitive
optical fiber curvature sensor is presented. This device
consists of an off-axis positive refractive index modified
zone (PRIMZ), induced by direct femtosecond laser,
written in single mode fiber (SMF) core. The PRIMZ
transforms the original SMF section into a few-mode
fiber (FMF). As a result, the whole fiber forms an
assembly-free “SMF-FMF-SMF” sandwich Mach-Zehnder
interferometer. When the device is bent, a direction-
dependent spectral shift of the interference pattern is
produced. The sensitivity of the sensor is up to 2.53 and
2.24nm/m for the 0° and 180° orientations in a wide
bend range (from 0-4m1). In addition, the device is
immune to surrounding refractive index and has low
temperature crosstalk, which make it very attractive for
practical structural monitoring applications. © 2017
Optical Society of America
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and sensors; (220.0220) Optical design and fabrication; (230.0230)
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The ability to make continuous vector bending measurements is
extremely important for numerous applications in mechanical
engineering, structural health monitoring and automotive
industries. Optical fiber sensors are very suited to these
applications due to their unique advantages of compactness,
lightweight, stability, fast response, and immunity to
electromagnetic interference. Various fiber-based schemes have
been proposed to realize direction-sensitive bending sensors. The
schemes can be divided into two main categories: grating-based
and interferometer-based. In general, grating-based sensors,
including fiber Bragg gratings (FBGs) and long period gratings
(LPGs) vector bending sensors, can only be achieved in specifically
designed fibers with axial asymmetrical structures such as D-
shaped fiber [1], eccentric core fiber[2, 3], multicore fiber[4, 5], and
photonic crystal fiber[6, 7], or by inscribing asymmetric refractive

index gratings[8-10]. FBG-based bend sensors usually exhibit low
bend sensitivity. LPGs have higher bend sensitive, but they suffer
from strong surrounding medium crosstalk since they are very
sensitive to surrounding refractive index and temperature. Fiber
interferometers based on modal interference are widely reported
to achieve a vector bend sensing with relatively high sensitivity
and have been demonstrated using multicore fibers[11-13],
photonic crystal fibers [14, 15] and directional lateral-offset
splicing[16-18]. Unfortunately, special fibers are high cost and
directional fiber lateral-offset splicing is fragile and complex. In
addition, it is usually difficult to splice special fibers with standard
single-mode fiber (SMF) and the fabrication of the bend sensors
[11-18] involves a multi-step manual process that usually leads to
low reproducibility.

In this Letter, we report a simple interferometric bend sensor
based on an off-axial positive refractive index modified zone
(PRIMZ) in SMF core, which in turn forms an all-in-fiber-core
Mach-Zehnder interferometer (MZI). The PRIMZ is induced in a
one-step direct femtosecond (fs) laser writing process. Compared
with previous structures, our structure has several distinct
advantages: simple fabrication; compact structure; assembly-free
and low cost (since only standard SMF is required). We believe
that the sensing configuration proposed here overcomes the main
limitations of the majority of previously proposed optical fiber
vector bend sensors.

The fabrication setup of the in-fiber-core MZI is shown in Fig.
1(a). An in-fiber core PRIMZ was induced in a section of coating
stripped SMF using a fs-laser. The fabrication of this device is very
straightforward and the specific fabrication equipment and
process has been discussed in our previous work [19]. Figure 1(b)
and (c) show a microscope image of the fabricated MZI viewed
from the laser direction, where the PRIMZ can be seen clearly.
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Fig. 1. (@) Schematic diagram of the proposed all-in-fiber-core MZIL
(b)(c) The microscope images of the fabricated MZI near two ends.
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Fig. 2. (a) Setup used to characterize the bending response of the MZI.
(b) Relationship between the defined orientation of 0° and the
fabricated PRIMZ.

The working mechanism of our interferometer has been discussed
in detail in [19]. Basically, the fundamental mode of the SMF
excites a new fundamental mode and a higher-order mode in the
PRIMZ fiber section, which gives rise to an interference effect.

The transmission of our device can be expressed as:

Lo =1,+1,+2I,-1, cos(2mn,, L/ 2) (1)

eff

In Eq. (1), /, and I, represent the intensities of the interfering
modes; Aneﬁ is the effective index difference between the

interfering modes; L is the PRIMZ length, and A is the
wavelength of the light in vacuum. Intensity dips appear

when 27AnL/A=(2m+1)wr , where m is an integer,
corresponding to wavelengths at:
2An,, L
= (2)
2m+1

When the interferometer is bent, the refractive index profile of the
modified fiber will change, which will result in the change of the
effective refractive indices of both the fundamental mode and high-
order modes. When the An,; is changed, the wavelength of the

interference dip will also shift.

The bending characteristics of the implemented MZI with
2000pum length have been evaluated using the experimental setup
illustrated in Fig. 2(a). The sensing section was mounted between
two high-precision full 360° bare fiber rotation stages; the rotation
stages were mounted on a pair of 1-dimension displacement stage
with a resolution of 10um. The curvature (C') of the sensor is
given by [18]

c sin(%) =§ 3)

Where L, is the initial length, L is the reduced length between the
two holders and C is the curvature. In our experiment, L is 20

cm and the final length L is 19.471cm (corresponding to 4m?
bending). Here, the fiber at the orientation of 0° is defined, as
shown in Fig. 2(b). The light from a super continuum broadband
source (BBS) was passed through the device and the transmission
spectra were recorded using an optical spectrum analyzer with a
resolution of 0.02 nm (0SA, AQ6370C).
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Fig. 3. Measured transmission spectra with varying curvature in the 0°
direction (red curve) and 180° direction (blue curve).

Figure 3 shows the spectral response of the device during
bending at the orientations of 0° and 180° (0-4m! bending range
with step of 0.2m™). It is clear that the bending response of the all-
in-fiber-core MZl is strongly dependent on the bending direction. A
shift to a longer wavelength (red shift) was observed when the
interferometer was bent in the 0° orientation and a shift to shorter
wavelengths (blue shift) was observed when the device was bent
in the 180°direction.



— /\-16 i
o1 o
I Z
S 15¢ §-17t
g
5 E .18}
c C
E AT o
@) 0"‘._1'"."".' 4.m'1 F o9t
1520 1525 1530 1535 1540 1515 1520 1525 1530
Wavelength(nm) Wavelength(nm)
-16.0 -
o )
=3 RS
5 5
‘% -16.5 5
8 2
£ £
[72] (2}
C C
©.17.0 o
= =
(©) . , , . f ,
1524 1528 1532 1524 1528 1532
Wavelength(nm) Wavelength(nm)

Fig. 4. Magnifying area of the transmission spectra central wavelength
~1527nm shift with varying curvature at the orientation of (a) 0°, (b)
180°, () 90° and (d) 270°.

To observe the wavelength shift more clearly, Figs. 4(a) and 4(b)
show the magnified area of the spectral response of the device
during bending at the orientations of 0° and 180°. Figures 4(c) and
4(d) show the spectral evolution of the MZI when bending at
orientations of 90° and 270°, in which there is little change in the
interference wavelengths.
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Fig. 5. Linear fits of the central wavelength~1527nm against for four
orientations.

Figure 5 shows the measured the interference wavelengths of the
dip at around 1527nm against the bending curvature for four
orientations. It is evident that the bending response exhibits good
linearity. The device shows the sensitivities of 2.53nm/m and
2.24 nm/m for the 0° and 180° orientations, respectively. The 90°
and 270° orientations have no obvious bending sensitivity (no

wavelength change), which indicates that the An,, approximately
keeps as a constant.
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Fig. 6. (a) and (c) Geometry and its corresponding refractive index
profile of bending MZI at 0° (b) and (d) Geometry and its
corresponding refractive index profile of bending MZI at 90°.

The modeling of the bending response can be determined through
the use of an equivalent straight waveguide (ESW) whose
refractive index profile is modified from the bent waveguide
through a conformal transformation [20]

n(r)y=n,(1+r-C) (4)

Here, n, is the index of the straight fiber, n(#) is the RI of the
bending fiber, and r is the displacement from the fiber core axis.
The geometry and RI profiles of the bending MZI along +Y (0°) and
+Z (90°) axis direction are shown in Fig. 6. So the refractive index
difference of our MZI could be approximately modified as

An(+y) = m (14 yC) = n,[1+(=y)C]

=(n —ny)+(n +n,)yC 0%) (5)

An(—y)=(n, —n,)+(n +n,)(-=y)C  (180°)
An(+z)=n(1+zC)—n,(1+zC)

= (nl - nz) + (n1 —-n, )zC (90 (6)
An(=z) =(n, —ny)+(n,—n,)(=z)C  (270")

Where 7, is the refractive index of PRIMZ; n, is the refractive
index of un-modified core. From Eq. (5) or Fig. 6(c), it is clear that
bending of the MZI in the +y direction (0° orientation) will result
in an increase of An(+y), and consequently, the effective
refractive index difference of the interfering modes,
hence, An,; (+y) will increase. Thus, according to Eq. (2), the
wavelength of the intensity dip A, (+y) will increase, which
means the interference pattern will shift to longer wavelengths i.e.
“red” shift with y > 0. When the bending is in the—y direction
(above mentioned 180° orientation), the opposite effect can be
expected. While in the *z directions (ie. 90° and 270°
orientation), from Eq. (6) or Fig. 6(d), An(tz) is changed very
little with curvature C . Hence why the 90° and 270° orientations
have almost no bend sensitivity.



Previous work has shown that the device is insensitive to the
surrounding refractive index [19]. In addition, the response of the
MZI to temperature and axial strain were also investigated.
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Fig. 7. Temperature response of the device.

To evaluate the temperature response, the device was placed on
a heater with the temperature changing from 10 to 70°C. The shift
of the resonance wavelengths versus temperature was tracked. A
red shift can be observed when temperature is increasing, as
shown in Fig. 7 with a sensitivity of 12.6pm/°C. This corresponds
to a crosstalk from temperature for the bend measurements of
4.98x10*m1/°C and 5.63x103 m1/°C at 0° and 180° bending
orientations, respectively. Therefore, the crosstalk of temperature
is so small that it can be neglected in room temperature
measurements.
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Fig. 8. Axial strain responses of the device.

The strain characteristics of the device were tested by
stretching the fiber with the two translation stages. A small red-
shift can be observed with the increase of strain, as shown in Fig. 8.
A linear fit to the experimental data gives a strain sensitivity of
0.5pm/pe. Such a low strain sensitivity means the proposed device
fairly insensitive to the axial strain.

In summary, a compact assembly-free vector bend fiber sensor
based on directing fs-laser writing has been demonstrated. The in-

fiber-core PRIMZ induced by the fs-laser changes the original SMF
to a few-mode fiber (FMF) along the length of the inscription. Thus,
the sensor can be regarded as an “SMF-FMF-SMF” sandwich
interference structure. Bending the sensor induces a wavelength
shift of the interference spectrum. The main features of the
proposed sensor include: (i) low cost and simple fabrication since
only SMF is needed and the production process takes only a few
minutes; (i) compactness, since the device is only a few
millimeters in length; (iii) robustness and assembly-free, there is
no need to remove fiber parts, nor the need to splice different
fibers together; (iv) high bend sensitivity in a wide curvature range,

the device exhibits high sensitivity of 2.53 and 2.24 nm/m"" for the

0° and 180° orientations in a wide bending range [0-4m™],
respectively; (v) immunity to SRI, and low temperature crosstalk.
These advantages mean that the device is well suited to practical
structural monitoring applications.
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