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26 We demonstrated a highly-efficient 2D bending sensor with great direction recognition
based on the integration of a titled fiber Bragg grating (TEFBG) and a specially-designed
29 orthogonal TFBG pair. The low-order cladding modes of’the sensor present significant
31 responses to fiber bending magnitude and direction, which is the key to bending direction
recognition. Meanwhile, the stable fundamental c¢ore mode can be used to monitor the

34 system power and eliminate the termperatureseffect.
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Fiber-optic bending (curvature) sensors have attracted considerable interests as their
applications in various fields, such as mechanical engineering systems and structural health
monitoring of buildings. Generally, the fiber Bragg grating (FBG)'? and long period grating
(LPG)3* based devices can only measure the bending amplitude but not the direction,
resulting in some limitations for applications. It has been reported that the fiber
interferometers assembled with asymmetric structures®” can realize simultaneous
measurements of both bending amplitude and direction, but they fhave hintrinsic
disadvantages such as complex fabrications, cross-sensitivity and instability. By comparison,
special FBG based devices present better performance in directional curvature measurement,
attributed to their unique geometric configuration and mode coupling.\For instance, the
eccentric inscription offers an appropriate mechanism . for improving the
direction-dependence of FBG®Y. The grating fabricated in multi-core fiber can also
introduce the direction responsivity of FBG devices'®*?, However the wavelength
interrogation of above sensors limits their applicability. Alternatively, the cladding modes
excited by the TFBG show high intensity-sensitivity to.bending and TFBGs have been
demonstrated for orientation-dependent bending measurements'**%. Combining the TFBGs
with designed coupling configuration cangffectively enhance the cladding mode resonance
and further improve sensing performance'®*®. Besides, the TFBGs inscribed in specialty
fibers also present some directionality'and.sensitivity improvements'.

For a TFBG, the propagation light infiber core can be transferred into the cladding via
titled grating structure, and then'multi cladding mode transmission resonances®® are excited.
Fiber bending can induce an intensity moedulation on low-order cladding modes, making the
TFBG ideal as a power-referencedevice. The inherent asymmetric configuration of TFBG is
in direct relation to its orientation-dependent characteristic, the tilted grating plane breaks
the cylindrical symmetry of the“fiber and excites polarization induced pairs of cladding
mode resonances which,can response differently to fiber bending direction. When a fiber is
bent, the core-to-cladding mode coupling efficiency of TFBG is subjected to the angle
difference between the bend direction and the grating azimuth plane. However, the
orientation-dependent property provided by TFBG cannot distinguish the direction of
bending applied.in real time. And it requires a dynamic measurement for direction-response
recovery®??, which greatly reduces the measurement efficiency and applicability.

We have proposed and experimentally demonstrated combinational TFBGs based 2D
directional bending (curvature) sensing method. Such a sensing configuration contains a
normal TFBG and a pair of orthogonal TFBGs (OTFBG pair), of which OTFBG pair is
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assembled by splicing two identical short TFBGs in orthogonal orientation. Due to the
bending-direction responses of two orthogonal TFBGs are mutually complementary, the
OTFBG pair eliminates the direction dependence, i.e., the OTFBG pair has constant
sensitivity for arbitrary bending direction, whereas the normal TFBG presents
direction-dependent response to the bending. Therefore, we utilize the OTFBG pair as
measuring component of bending magnitude and the normal TFBG as bending-direction
reference, and determine the bending direction via mapping in their intensity responses.

We used TFBGs with a tilt angle of 4° which were fabricated by the phase mask
scanning method using an argon ion frequency-doubled 244 nm (laser. The “inscribed
TFBGs were annealed in a hot oven at 80 °C for about 48 h«to staglize the grating
structure. The bending measurement system of combinational TFBGS is illustrated in Fig.
1. In the experiment, sensor 1 was placed close to sensor 2 innorder to eliminate the
difference of applied bending between them. The light from an amplified spontaneous
emission (ASE) source was launched in the sensors through @, 1x2 coupler, and then their
transmission spectral evolution was monitored by.an optical spectrum analyzer (OSA).
Both sides of these two sensors were fixed on the'rotators; the right-side rotator was
mounted on a horizontal translation stage. Thus,. the vertical bending (opposite to
y-direction) applied on the sensors was realized,via shifting the translation stage. The
bending magnitude is represented by the.curvature of bent fiber. The bent part is usually
approximated as an arc of circle, so the generated curvature C can be written as®

-
d? + 12

where L is the half length ofﬂber between the two mounted points, C is the applied

1)

curvature, and d is the central displacement of sensor.

The configurationiof sensor. 1«{(normal TFBG) is shown in Fig. 1(b), the grating plane
has a certain tilt angle relativesto the fiber center axis (z direction) in the y-z plane, and is
coincident with the y axis in the fiber cross section (x-y plane). The transmission spectra of
TFBG when<appliedawith several curvatures (0- 4 m™) are shown in Fig. 2(a). The
bending-induced strain response of core is negligible beacuse it is located on the neutral
axis of fiber and the core can confine the propagation light well, therefore, the
high-intensity resonant transmission dip of fundamental core mode remains stable while
the applied bending continuously changes, as clearly shown in Fig. 2(a). The core mode is
an ‘ideal<reference for monitoring system power and temperature fluctuation. The

comb-like resonances at further shorter-wavelength side correspond to individual cladding
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mode resonances, which are excited by the strong coupling from the forward-core mode to
the backward-cladding modes that is induced by the weakly tilted grating structure. Among
them, the lower-order cladding modes are easily recoupled to fiber core by fiber-bending
because their mode field powers are mainly distributed in the interface between core and
cladding. Thus these lower-order cladding modes are sensitive to fiber-bending. In
particular, a “ghost” mode is located on the short-wavelength side of core‘mode which.is.a
group of cladding modes. Its spectral responses to fiber bending are quite complex.and not
suitable for bending measurement. And the rest of lower-order cladding modes present the
clear measurable intensity variations that can be observed under increasing bending
magnitude, as shown in inset of Fig. 2(a). o

The dominate contribution to these spectral changes as shown indnsert of Fig. 2 is that
fiber bending causes non-uniform effective refractive-index variation‘on the cross-section
of fiber due to the photoelastic effect and the lateral shift of.cladding mode field toward
the external fiber portion®). Then this lateral shift can [decrease. the core-to-cladding mode
coupling, resulting in cladding mode resonances. intensity decrease in transmission
spectrum. As described in*>1®), the effective refractive-index*variation of a bent TFBG can
be defined as

An = _(n;J( P~V P, —VPs;, ) CP(cosdcos ¢ +sin Gsin ) (2)
where pj; is the component of elasto optical tensor with the typical value of p11=0.12,
p12=0.27 for silica, v is the Poisson, radio with the value of 0.16 for silica, r is the distance
from fiber center, 0 is the azimuth of fiber cross section, and ¢ is the bending direction.
According to eq.2, we can_ see that the effective refractive-index variation is dependent on
both fiber bending magnitude'C and direction ¢, and 4n is determined by the direction ¢ in
a certain position within fiber."Since modified effective refractive-index depends on the
mode order and polarization.components, the coupling coefficient and mode field shifting
change differently for each cladding mode. Thus asymmetrically core-to-cladding mode
coupling provides strong polarization (orientation) dependence for fiber bending. The
direction-dependent.bending measurement is then feasible.

We selected the cladding mode at the wavelength of 1548.28nm as the monitoring point.
With applying the same curvature measurement range from 0 to 4 m?, TFBG presents
various sensitivities versus different directions (see Fig. 2(b)). And for each direction, the
intensity change of the cladding mode demonstrates a good linearity. There are also small

resonance wavelength variation associated with bending (see insert of Fig. 2(a)), but
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intensity based measuring is easier and more efficient, thus such small wavelength shift
can be ignored within defined resolution range. The sensitivity distribution for a full range
of 0°- 360° bending measurement is shown in Fig. 3, where a strong angular (oriented)
dependence of the 2D bending response is obtained. It shows a variation trend like sine
wave. Based on its mechanism and experimental results of directional bending, the
intensity response change of TFBG is determined by both bending magnitude and direction
for each single 2D bending occurrence. Since the bending sensitivity changes periodically,
there is no one-to-one relationship between the bend amplitude and direction, i.e. one
bending sensitivity is related to multiple angles for arbitrary bending. «<So the 2D
information cannot be analyzed in single time but can be recovered through multi dynamic
measurements with pre calibration. This is fairly low-efficient<and not suitable for
applications that require real-time monitoring.

To improve the direction discriminating capability, the sensor 2 (OTFBG pair) was
introduced for extracting the bending direction information from the measured result of
TFBG based bending sensor, which will respond.only.to the bending magnitude. The
response of TFBG to bending involves two kinds of information (bending magnitude and
direction). The direction information can be extracted<on the basis of the relationship
between the intensity change and direction 1f.the magnitude is determined. So we propose
a direction-independent sensing component for measuring the bending magnitude and
further assisting to identify 2D bending (curvature) direction.

As the above description of direction-dependence of TFBG, the responsivity distribution
is in conformity with trigonometric function. In some case the sensitivity will be high and
in some cases it will be low;»which is dependent on the angular difference between the
bending direction and the azimuth of grating plane. Therefore, two sections of TFBG are
positioned perpendicularly toreach other; their angular difference between the bending
direction and the azimuth 15:480°. Based on the above analysis, as the schematic diagrams
of orthogonal pesitioned TFBG (OTFBG pair) shown in Fig. 1(c), the responsivity of
upstream section 1 and downstream section 2 are complementary. OTFBG pair can
predictably achieve a suitable superposition of direction responses and provide a constant
direction responsivity, which can effectively eliminate the bending-direction dependence.

The OTEBG pair was simply fabricated by the following method: selecting an identical
TEBG with titled angle of 4° and length of 10 mm, cutting down in the middle of grating
and then“spliced these two subsections orthogonally to each other as shown in Fig. 1(c).
The'transmission spectra of the original TFBG and OTFBG pair are shown in Fig. 4(a), the
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fringe visibility of the OTFBG pair is slightly degenerated due to that the
orthogonal-spliced process introduce some fusion loss effect on core-to-cladding mode
coupling. Adding the OTFBG device into the bending measuring system, the low-order
cladding modes also show distinct intensity responses and the core mode keeps unchanged
with increasing bending applied, see Fig. 4(b). Unlike the similarly response with TFBG,
the OTFBG pair is no longer direction-dependent due to the complementation of.dual
sensing sections of OTFBG pair. We measured the direction responsivity of OTEBG pair,
the sensitivities remain fairly consistent as we expected. From the experimental results
shown in Fig.5, we still selected cladding mode around the wavelength around,1548.28nm
as the monitoring point, the sensitivity differences were less than 0.01 dB/m™ at each
bending directions. The overall sensitivity distribution is pletted in Fig. 6, these
sensitivities are very close. And it should be noted that the distribution’shown in Fig. 6 is
still an inconspicuous sine trajectory. It can be caused by the.length discrepancy between
TFBG of sectionl and TFBG of section2, and the coupling efficiency variation induced by
imperfect cylindrically symmetrical heating along the splicing cross section. However, the
sensitivity fluctuation is acceptable and sufficient for most-applications.

We now perform the 2D directional bending (curvature) measurement. We plot a typical
set of results (bending direction range of 0-180°).for TFBG and OTFBG pair (for more
clearly description, the sensitivity/curves_are plotted as straight lines). Basing on the
proposed sensing system shown in Fig. 1(a), we applied a certain bending from unknown
direction, both of OTFBG pair-and TFBG provided corresponding intensity responses of
Al and AL. We directly measured the bending magnitude (curvature value) according to
the response of OTFBG pair(4f);as shown in Fig. 7(a). And then, we located the bending
direction via combining the measured magnitude and the response of TFBG in Fig. 7(b).

In conclusion, we proposed:a2D directional bending sensor based on combination of a
TFBG and an OTEBG pair. The sensing mechanism is based on the directional coupling of
low-order cladding mode. Taking advantage of the bending measurement results of the
TFBG and OTFBG pair simultaneously, the information of 2D bending magnitude and
direction can\be efficiently extracted. This device provides a novel solution to the 2D
bending direction recognition.
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Figure Captions

Fig. 1. Schematic diagrams of (a) experimental setup for bending measurement,
(b) TFBG and (c) orthogonal TFBG.

Fig. 2. (a) Transmission spectra of the TFBG versus various curvatures, (b) linear
responses of the selected cladding mode versus increasing curvature in different direction,
insets show the bending-induced spectral responses of the cladding,mode resonances
around 1548.28 nm. .

Fig. 3. Sensitivities of the selected cladding mode versussbending direction from 0° to
360°.

Fig. 4. (a) Transmission spectrum contrast of original TEBGand orthogonal-spliced TFBG,
(b) transmission spectra of the OTFBG versus various curvatures.

Fig. 5. Linear responses of the selected cladding mode versus increasing curvature in
different direction, insets show the bending-induced spectral responses of the cladding

mode resonances around 154828 nm.

Fig. 6. Sensitivities of the selected cladding mode versus bending direction from 0° to 360°,
. o . .
insert shows the superposition schematic of two sections of OTFBG.

Fig. 7. The linear response of (c) OTFBG and (d) TFBG.
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