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Abstract: We propose and experimentally demonstrate a compact bending 
sensor. The head of the sensor is only 0.8 mm in length, and consists of an 
abrupt biconical fiber taper formed using a conventional fusion splicer, in 
which a fiber Bragg grating (FBG) is inscribed using a femtosecond laser. 
The biconical taper incorporating the FBG can couple light from the 
cladding to the backward-propagating core mode, which realizes an 
interferometer in reflection-mode. Bending of the structure can be detected 
from the contrast change of interference fringes. A configuration to measure 
curvature is investigated to demonstrate the sensing characteristics. The 
temperature cross-sensitivity of the sensor is studied, and the results 
demonstrate that it is insensitive to temperature. 
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1. Introduction 

Over the past decade, optical fibers have seen significant development, and have been 
employed in numerous and varied applications [1,2]. Fiber sensors are high-precision, low-
cost, and are not affected by electromagnetic noise, making them strong competitors to 
conventional electronic sensors in many applications. Fiber bending sensors have attracted 
much attention, because of their applications in structural monitoring, accelerometers and 
displacement measurement [3,4]. To date, fiber bending sensors have been developed using a 
variety of structures, including asymmetric FBGs, long period gratings (LPGs), tilted fiber 
Bragg gratings (TFBGs), and Mach-Zehnder interferometers [5–8]. TFBG are advantageous 
because of the high sensitivity and low cross-sensitivity to other parameters. Baek et al. 
proposed a bending sensor based on a single TFBG, which utilizes change in the transmission 
loss of the cladding modes [7]. 

Reflection-mode fiber sensors are preferred in practical applications, because they require 
only one port, which provides greater flexibility and is less invasive in terms of installation 
[9].To make use of the cladding modes in reflection-mode with single-end access, some 
hybrid sensors combine a TFBG with a section of multimode fiber, or use an abrupt biconical 
taper or LPG in series [4,10,11]. Additional structures re-couple the cladding modes into the 
guided backward core mode to realize measurement in reflection-mode. The LPG and TFBG 
that have been employed in the sensors are relatively long (typically >10 mm). When in 
series, the total length of the sensor head will exceed 20 mm. If the bending area is shorter 
than this, the demodulation results may become inaccurate, and the sensitivity will be 
reduced. Such hybrid sensors are not suitable for measuring curvature of small structures, nor 
extended applications in compact sensing systems. 

In this paper, we demonstrate a compact hybrid fiber sensor. The sensor head consists of 
an abrupt biconical taper formed using a conventional fusion splicer. The Bragg grating is 
inscribed into the biconical taper using an infrared femtosecond laser with phase mask. The 
length of the sensor is less than 0.8 mm. The FBG interacts with the abrupt biconical taper to 
couple the radiation from the cladding to the backward-propagating core mode, which 
realizes an interferometer in reflection-mode. Bending of the sensor head would reduce the 
coupling efficiency, which results in a change in the contrast of the interference fringes. 
Compared with a hybrid sensor utilizing a TFBG or LPG, our system is easier to fabricate, 
and is a simpler structure that is more compact; this makes it suitable for applications such as 
a compact fiber accelerometer or compact displacement sensor. A configuration to measure 
curvature utilizing bending sensors with different diameters is used to demonstrate the 
sensing characteristics. The temperature cross-sensitivity is studied, and we show that our 
system is insensitive to temperature. 

2. Sensor fabrication and operating principle 

The abrupt biconical taper was fabricated using a Furukawa S178 fusion splicer. The fusion 
splicer does not provide a taper function; however, biconical tapers with waist diameters in 
the range 50–125 μm can be formed from standard telecom single-mode fibers by modifying 
the arc time duration and increasing the fiber pulling distance. The mechanical strength of the 
fabricated taper will be weaker if the waist diameter is further decreased. The fabricated taper 
was less than 1-mm-long. Figure 1 shows an optical microscope image of a fabricated taper, 
which had a waist diameter of 57 μm. The length of the taper was 0.8 mm. We measured the 
reflection and transmission spectrum of the fabricated taper, and no interference fringes were 
observed. An FBG was inscribed in the taper using an amplified Ti:sapphire femtosecond 
laser with a center wavelength of 800 nm and a phase mask with a period of 2.14 μm. The 
length of the fabricated FBG was 4 mm. A femtosecond laser is a powerful and flexible tool 
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for microfabrication [12,13], and can be used to achieve a large refractive index modulation 
in various materials without required special photosensitization techniques, due to the large 
peak intensities and the strong nonlinear interaction between light and the materials [14,15]. 
The pulse duration of the laser was 150 fs, and the repetition rate was 1 kHz. The laser was 
focused using a 25-mm focal length cylindrical lens. A translation stage was used to scan the 
focused beam across the fiber with a scanning range of ± 10 μm. Gratings with a period of 
1.07 μm were induced in the core and extended to the cladding of the tapered region, as 
shown in Fig. 1. The reflection spectrum was monitored during the write process. 

 

Fig. 1. Microscope image of the abrupt taper with a waist diameter of 57 µm over a length of 
0.8 mm. The inset shows the grating fringes in the taper. The plane of the image is normal to 
the axis of the femtosecond laser beam. 

 

Fig. 2. Schematic diagram of the sensor. The FBG incorporating the abrupt biconical taper 
couples light from the cladding to the backward-propagating core mode in the taper. 

Figure 2 shows a schematic diagram of the optical fiber sensor. The operating principle is 
as follows. For an abrupt (non-adiabatic) taper with a large taper angle, the core mode will be 
partially coupled into the cladding [16,17]. The mechanism of optical coupling in fiber tapers 
has been extensively studied by J. D. Love et al [18,19]. The FBG in the abrupt biconical 
taper couples light from the cladding to the backward-propagating core mode in the upstream 
and downstream taper, forming an interferometric cavity, which results in interference 
fringes. The light will also be coupled into the backward-propagating cladding mode from the 
core by the FBG at the downstream taper and re-coupled into the core at the upstream taper. 
The black curve in Fig. 3(a) shows a reflection spectrum of the fabricated sensor with a taper 
waist diameter of 57 μm. The reflection peak on the long-wavelength side results from the 
Bragg resonance, where the central wavelength was 1550 nm. On the short-wavelength side 
of the Bragg resonance, we can see interference fringes with a maximum contrast of 
approximately 12.5 dB and a wavelength range from 1525 nm to 1548 nm. The period of 
these interference fringes is Δλ = λ2/2neffLeff where λ is the wavelength, neff is the effective 
refractive index of the fiber and Leff is the effective length of the interferometric cavity. For 
the optical fiber, we have neff = 1.465. For the sensor shown in Fig. 3(a), the period of the 
interference fringes at 1535.6 nm was approximately 1.3 nm, corresponding to Leff = 619.1 
μm, which is similar to the length of the biconical taper (0.8 mm). This result is in good 
agreement with our inferred operating principle. An FBG inscribed in non-tapered fiber was 
also fabricated and the transmission spectrum was measured, in which no transmission dips 
were observed at the spectral range where interference fringes present. The result suggests 
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that the FBG expanding to the outside of the tapered region do not play a part in the 
interference. 

 

Fig. 3. Reflection spectra for straight and curved fibers. (a) The sensor with a 4-mm-long FBG 
and (b) the sensor with a short FBG inscribed only in the tapered region. 

Bending deformation of the biconical taper will lead to changes in the coupling efficiency 
and transmission loss, and the amount of energy that is coupled back into the backward-
propagating core mode; this will result in a decrease in the contrast of the interference fringes. 
The red curve in Fig. 3(a) shows how the spectrum changes when the sensor head is 
deformed. The contrast of the interference fringes decreased, and there were no significant 
changes in the Bragg resonance. The transmission spectrum of the sensor was also measured. 
However, the transmission dips related to the interference have a depth of only 0.3 dB, which 
are not as usable as the fringes in reflection-mode. 

Using the default settings, the fabricated FBG will be approximately 4-mm-long. The 
taper is in the center of the FBG. By reducing the length of the exposed area, we also 
fabricated a sensor head with a very short FBG inscribed only in the tapered region. The 
length of the FBG is about 1 mm. The black curve in Fig. 3(b) shows the reflection spectrum 
of the sensor, which had a waist diameter of 65 μm. There is no Bragg resonance as seen in 
Fig. 3(a), which indicates that there are no gratings outside the tapered region. The red curve 
shows the contrast of the interference fringes decrease when the sensor is deformed, which is 
consistent with the data shown in Fig. 3(a). These results suggest that the functional area 
related to the interference fringes is in the tapered region, and the FBG extending to the 
outside of the tapered region does not influence the interference fringes. 

3. Experiment and discussion 

To investigate the orientation dependence, a sensor head was deformed with a curvature of 
about 80 m−1. The bending direction was rotated relative to the incidence direction of the 
fabrication laser beam. The changes in the contrast of the fringes at the leftmost peak of 
spectrum envelope were measured, which is shown in Fig. 4. The maximum and minimum 
contrast change of −8.31 dB and −4.12 dB was achieved at 180° and 0°, respectively. There 
are two factors leading to the orientation dependence. One is that the distribution of the index 
modulation of the FBG inscribed in the taper is asymmetry and the other is the angular 
dependence of the coupling efficiency at the tapered region. As a consequence, the bending 
sensor shows orientation sensitivity. 

To demonstrate the sensing characteristics of the FBG bending sensor, we used a 
curvature measurement configuration, as shown in Fig. 5(a). Three fabricated sensors were 
used, which had waist diameters of 57 μm, 65 μm, and 78 μm. The sensor with a waist 
diameter of 65 µm was fabricated with the FBG inscribed only in the tapered region. The 
sensor was fixed on a thin plastic beam, which was fixed on a block at one end, and the other 
end was displaced using a translation stage. To avoid strain along the fiber, only one end of 
the sensor was fixed. The contact point was 5 mm from the fixed point, and the sensor head 
was located midway between these two end-points. The plastic cantilever beam was displaced 
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in steps of 0.2 mm, up to a maximum of 1.4 mm. The bending direction was set to 180°, 
where the sensor would show the highest sensitivity. The reflection spectra were recorded, 
and the decrease in the contrast of the fringes at the leftmost peak of spectrum envelope was 
measured as an indicator of the curvature. The curvature at the center of the cantilever is 1/R 
≈ 3d/2l2, where d is the displacement and l is the length of the cantilever beam. 

 

Fig. 4. Orientation dependence of the sensor head. 

 

Fig. 5. (a) Configuration used for the curvature measurements. (b) Changes in the contrast of 
the interference fringes as a function of the curvature. 

The changes in the contrast of the interference fringes as a function of the curvature are 
shown in Fig. 5(b) for the three sensors with different waist diameters. The measured 
sensitivity was 0.1196 dB/m−1, 0.1004 dB/m−1, and 0.0946 dB/m−1, for the 57 µm, 65 µm, and 
78 µm diameter sensors, respectively. The sensitivity is not as high as the sensors combing 
TFBGs with other structures. However the sensors based on TFBGs or LPGs with a high 
sensitivity are usually achieved in a device length of over 20 mm. The sensitivity increased as 
the waist diameter decreased. Because the mechanical strength of cantilever is much higher 
than the fiber, the curvature is mainly related to the cantilever. The increase of the sensitivity 
mainly results from that the coupling efficiency and transmission loss of the hybrid structure 
with the thinner waist will change more when the fiber is deformed. The spectral response of 
the sensor with a short FBG inscribed only in the tapered region was in good agreement with 
the other two. This result is consistent with the operating principle of the sensor being 
independent of the grating away from the tapered region. 

To investigate the temperature response, we fabricated a sensor with a waist diameter of 
55 μm, and fixed it in a breaker filled with water. A thermocouple was placed near the sensor 
head in the water, and the temperature was varied in the range 20–70°C. The changes in the 
contrast of the interference fringes were minimal, as shown in Fig. 6(a). The wavelength shift 
was linear with a temperature sensitivity of approximately 0.01 nm/°C. The change in 
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contrast as a function of temperature was calculated using the fringe at the leftmost peak of 
spectrum envelope, which was the same as in the curvature measurement. The results are 
shown in Fig. 6(b). The fluctuation in contrast was less than 0.06 dB. Because of this small 
temperature cross-sensitivity, these structures have potential applications as compact 
curvature and temperature dual-parameter sensors. The interference fringes and the Bragg 
peak shift by about the same amount with temperature increased, which is a normal 
phenomenon. The temperature sensitivity of the interference fringes is κf = αλf/neff, where α is 
the thermo-optic coefficient and λf is the wavelength of the interference fringe. The 
temperature sensitivity of the Bragg resonance is κBragg = 2αΛG/m, where ΛG is the grating 
period and m is the order of the FBG. Then we can get κf: κBragg = λf/λBragg. The second order 
Bragg wavelength λBragg is 1550nm. For λf of 1535 nm, then κf: κBragg = 0.99. So when the 
temperature is increased, the interference fringes and the Bragg peak shift at about the same 
rate. By monitoring the contrast and the wavelength shift of the interference fringes, the 
curvature and temperature can be measured simultaneously. 

 

Fig. 6. (a) Reflection spectra of the sensor at temperatures of 20°C and 70°C. (b) Change in the 
contrast of the interference fringes as a function of temperature. 

4. Conclusion 

We have demonstrated a compact bending sensor based on an optical fiber with an FBG and 
an abrupt biconical taper. The sensor head consisted of a biconical fiber taper formed using a 
conventional fusion splicer, in which an FBG is inscribed using a femtosecond laser. This 
optical fiber sensor is advantageous compared to the conventional hybrid fiber bending 
sensors because of the facile fabrication, simple structure, and compact size, which make it 
suitable for the measurements of the curvature and displacement of small structures and 
extended applications of compact sensing systems. We have demonstrated a configuration to 
measure curvature using this optical fiber sensor. Furthermore, we have shown that the sensor 
has low temperature cross-sensitivity, which makes it suitable for applications as a compact 
curvature and temperature dual-parameter sensor. 
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