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A bend loss based singlemode fiber
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Abstract: An all-fiber displacement sensor with a simple configuration is proposed and investigated
theoretically and experimentally. The proposed fiber displacement sensor consists of a half-loop
structure of high-bend loss singlemode fiber-1060XP. A ratiometric power measurement system for
interrogating the proposed sensor is also presented. By measuring the change in ratio of bend loss in
the ratiometric measurement system, a change in displacement can be measured assuming the
ratiometric system is calibrated. The proposed macrobending fiber based displacement sensor
achieves a competitive resolution of circa 0.33 um and also benefits from simplicity compared with
the conventional fiber Bragg grating based displacement sensor. The bend loss fiber based
displacement sensing system is sensitive to temperature, but the ratio response has a linear variation
with temperature, which can be corrected by a suitable displacement correction process.
Corresponding investigation on the temperature dependence of the macrobending fiber based
displacement sensing system is presented in this paper.

Keywords: Macrobending loss, singlemode fiber, displacement sensor, ratiometric measurement
1. Introduction

Optical fiber can be used as a sensing element in a number of ways. Fiber sensors offer
advantages such as immunity to electromagnetic interference and ease of fabrication. Recently,
several types of optical fiber micro-displacement sensors have been proposed for applications in
growth areas, for example, as an essential element in a Micro-Electro-Mechanical Systems (MEMS)
for precision measurement of micro-displacement at a micro-scale size. Micro-displacement sensors
could also be potentially useful for applications in bio-sensing and atomic force microscopy [1-4].

Existing fiber based displacement sensors have many advantages, but such advantages are often
offset by the complexity of the interrogation system. For example Fiber Bragg Grating (FBG)
sensors [4-8] are used frequently for displacement sensing but have the disadvantage that the need to
measure the small wavelength shifts involved requires a complex interrogation system for extracting
the displacement value.

Previous work has shown that fiber macrobending loss can be utilized as the basis of an edge
filter and a temperature sensor [9-11]. In particular, in [9, 12], both theoretical and experimental
results have shown that that there is a strong relationship between the fiber bend diameter and the



bend loss. It is this characteristic that offers the possibility to develop a novel displacement sensor
based on a macrobending structure. In this paper the utilization of macrobending loss in a
singlemode optical fiber loop to sense displacement is demonstrated. Since only optical fiber bend
loss needs to be measured, a simple interrogation system based on a ratiometric optical power
measurement technique and a fixed single wavelength source can be used.

An investigation of the macrobending fiber based displacement sensor is presented which
includes: 1) the displacement sensing principle and structure of the proposed sensor device; 2) the
fabrication method and performance analysis of the proposed displacement sensor. A ratiometric
interrogation system for the sensor is also presented and, given the known temperature dependence
of bend loss, the temperature dependence of the macrobending fiber based sensor is also investigated.
The proposed macrobending fiber based displacement sensor provides a competitive resolution of
0.33 um, but by comparison with existing FBG based sensors, it also offers the advantages of a much
simpler configuration and ease of fabrication.

2. Sensing principle and device structure

In our previous work [9], a bare 1060XP fiber coated with an absorbing layer has been
developed as an edge filter for the wavelength measurement application. Both theoretical and
experimental results have shown that the bend loss monotonically decreases as the fiber bend
diameter increases at a fixed wavelength. Such a characteristic offers the possibility to develop a
macrobending based displacement sensor. The operating principle of such a sensor is based on the
change in bending loss when the diameter of the bend of the fiber section is changed. By measuring
the changes in macrobending loss, the variation of bend diameter can be determined and with thus
the displacement can be found.

The displacement variation can be extracted from a measurement of the bend loss which in turn
can be found using a simple ratiometric power measurement system as is shown in Figure 1. A
ratiometric system is used as it provides independence from optical source power variations resulting
in a more stable and accurate system. The input signal from the source is split into two equal signals,
one passes through the fiber sensor and the other goes to the reference arm. Two photodiodes are
placed at the end of both arms to measure the output power. By measuring the ratio of the two output
signals which is a function of fiber bending diameter, displacement can be measured, assuming a
suitable calibration has taken place. The fiber used in the present experiment is Nufern 1060XP
5.3/125-pm step index singlemode fiber with a numerical aperture of 0.14. The polyacrylate coating
was striped and an absorbing layer based on India ink [10] was coated on the surface of cladding to
suppress the interference caused by the reflection from the cladding-air interface. To sense the
displacement between two points, the sensor head consists of a half-loop of fiber placed between two
points as shown in Figure 1. A half loop structure is employed for the following reasons: 1) the
geometric deformation of a half-loop under an external force is much simpler than that of a full loop;
2) the changes induced in the fiber bend as a result of displacement can be treated directly as a
variation of bend diameter for a half-loop structure. A full loop structure is not employed since a
theoretical investigation using a finite element analysis of the mechanical behavior of a full loop
showed that there is an approximate elliptical deformation of the bent fiber in a full-loop structure
when force is applied to two opposite points on the loop. This deformation has a significant



influence on the stress distribution over the bend section and the load transfer in the fiber materials,
decreasing the reliability of bend loss prediction and increasing the risk of fiber breakage.
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Figure 1. Experimental setup of ratiometric measurement system which involves the proposed displacement sensor.
3. Experimental results and discussion

We measured the change in the bend loss ratio as a function of bend diameter using a tunable
laser and an optical spectrum analyzer, for a bend diameter range of 18~19 mm at a wavelength of
1550 nm. This range is chosen since it is found that above a diameter of circa 20 mm the bend loss is
too low resulting in very low power ratio values and therefore in a very low sensitivity, while for
diameters below 18 mm, the risk of fiber breakage by excessive stress is too high. It should be noted
that the parameter “bend diameter” is utilized here instead of the more frequently used “bend radius”
since in this application the change in a bend diameter represents the actual displacement change.

In the experiments with the ratiometric measurement system, the ratio response was measured at
50 pum intervals for a bend diameter range from 18 to 19 mm. The measured bend loss ratio
responses and a polynomial fit are presented in Figure 2. It is clear from this Figure that the
measured ratio response decreases monotonically as the bend diameter increases. For a perfect
absorption layer the response in Figure 2 should be linear, However as shown in Figure 2, the
measured bend losses over the bend diameter range from 18 to 19 mm show a wave-like variation,
which is most likely caused by the limited absorption of the absorbing layer material and
imperfections in surface coverage of the material on the bare fiber cladding [10]. These
imperfections mean that the layer will not absorb all the radiation from the core at the bend and some
part of the radiation will be reflected from the fiber cladding surface and will re-couple with the
fundamental propagation mode. This results in a change in the state of the fundamental mode and
produces wave-like variations over the entire ratio-displacement response presented in Figure 2.
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Figure 2. Measured bend loss response as a function of displacement position with a polynomial fit.

A key specification of the proposed sensor is displacement resolution. From Figure 2 it can be
seen that the ratio over the bending diameter range from 18 to 18.4 mm is more sensitive to
displacement compared to bending diameters above 18.4 mm. For this reason, for the purpose of
experimental demonstration of the displacement resolution of the sensor and ratiometric
measurement system, a bend diameter range from 18 to 18.4 mm is used for displacement sensing
over a range from 0 to 400 um. Experimentally an incremental displacement step change of +50 um
is applied to the fiber sensor over a displacement range of 0~400 pum, in a time period of 80 seconds,
with changes in displacement occurring every ten seconds approximately. The corresponding
measured ratio variation is shown in Fig. 3, which proves that the system is very capable of
resolving small displacement changes. From the figure, one can see that the bend loss difference
from the position of 0 to +50 um is 1.5 dB. Given that the minimal value of the detectable ratio
variation is circa 0.01 dB, the estimated limit for the displacement measurement resolution of the
sensor is better than 0.33 pm, when using the ratiometric measurement system.
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Figure 3. Measured ratio for displacement intervals of 50 microns over a displacement range of 0~400 um.

4. Temperature induced variations in the sensing system

Frequently in real-world fiber optic sensing applications, a fiber sensor will be exposed to
environments where there are significant variations in temperature. Temperature effects are known
to have a significant influence on the properties of a fiber optic sensor, given the thermooptic and
thermal expansion effects of fiber materials. Therefore it is worthwhile and necessary to investigate
the temperature dependent behavior of the proposed displacement sensor.

Two experiments were carried out for 18 amd 19 mm bend diameters to investigate the
temperature dependence of the displacement sensor. In each of the two experiments, to avoid the
experimental variations induced by thermal expansion of the translation stages, the macrobending
fiber sensor head with a half-loop structure was fixed on a hollow plastic polyvinyl chloride tube
with precise diameter of 18 and 19 mm, and placed into a temperature controlled heating oven. A
reference ratio response of the system was obtained at 20 °C. The thermal expansion coefficient of
polyvinyl chloride plastic material is circa 7x10” pum/pum/°C and both the plastic tubes are 2 mm in
thickness, therefore the thermal expansion rate of the rods is about 14 nm/°C, and thus the influence
of the thermal expansion of the plastic rods can be neglected in this experiment. The variation in the
ratio from the reference response at 20 °C was measured for a temperature range from 20 °C to 70 °C
with an interval of 5 °C. The ratio responses with temperature for the two bend diameters of 18 mm
and 19 mm, are shown in Fig. 4(a). The measured average slopes are 0.0326 dB/°C and 0.0202
dB/°C respectively.

To better illustrate and evaluate the influence of temperature on a macrobending based 1060XP
fiber displacement sensor over the whole displacement range the experimental temperature induced



ratio differences between 20°C and 70°C over the bend diameter from 18 mm to 19 mm at a
wavelength of 1550 nm are presented in Fig. 4 (b). As shown in Fig. 4(b), one can see that the
temperature induced change in the ratio monotonically increases as the displacement increases from
0 to 1000 um. The temperature induced change in ratio is circa 1.53 dB at a bend diameter of 18 mm
and is circa 1.01 dB at a bend diameter of 19 mm.
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Figure 4. (a) Ratio variations at 1550 nm when temperature varies from 20°C to 70°C, the bend diameters are 18
mm (hollow circle points) and 19 mm (star points); (b) Temperature induced ratio difference over a bend diameter
range of 18~19mm between 20°C and 70°C.

This result shows that the sensor has a strong temperature dependence. This behavior of bend
loss ratio with the changes in temperature is expected and the physical insights into this phenomenon
have been discussed in our previous published work [10, 11]. However because the measured system
ratio monotonically decreases with an increase in temperature, it is feasible to apply a correction
factor to mitigate the temperature-induced errors. To verify this, the required temperature correction
for the ratio response, which is effectively a correction factor for displacement, is calculated using
the polynomial fit presented in Figure 2 and shown in Fig. 5 for different temperatures with an
interval of 5°C in the range from 20°C to 70°C at the displacement range of 0~250 pum.

From the monotonic characteristic of the temperature dependence presented in the figure 4 (a), it
is clear that the temperature-dependent ratio and resulting in displacement errors can be easily
mitigated by the use of a correction factor to account for temperature.



200

——at0um
1 ——at50 um
at 100 um
1509 at150 pm
at 200 um
——at 250 um /
100

501

Correction in displacement (um)

Temperature (°C)

Fig. 5. Required correction in displacement when temperature changes from 20°C to 70°C over a displacement
range of 0~250 um.

From overall results presented in both Fig. 4 and Fig. 5, the required correction factor for the
calibrated ratio response at different temperatures over the entire measurable displacement range can
be obtained. By monitoring the temperature of the displacement sensor itself and by applying an
appropriate correction to the calibration ratio response, precise displacement measurements can be
obtained with a sensing system based on 1060XP fiber sensor head, even with significant ambient
temperature changes.

5. Conclusion

In conclusion, an all-fiber displacement sensor with a simple configuration has been developed. The
presented fiber displacement sensor consists of a half-loop structure of coating stripped 1060XP
singlemode fiber, with an absorbing layer. A ratiometric system involving the sensor has been built,
corresponding results have been presented, which show a competitive resolution of 0.33 um for
displacement measurements, verified by experimental results. The temperature induced variations in
ratio and displacement have been investigated and presented in the paper. Compared with
conventional FBG displacement sensor, the proposed 1060XP fiber based displacement sensor does
not require complex fabrication and also benefits from a simple interrogation configuration.

6. Acknowledgement

The support of the Irish Research Council for Science, Engineering and Technology (IRCSET) is
gratefully acknowledged.

References

[1]. E. Higurashi, R. Sawada and T. Ito, “Monolithically integrated optical displacement sensor



[2].
[3].

[4].

[5].

[6].

[7].
[8].

[9].

based on triangulation and optical beam deflection,” Applied Optics, Vol. 38, No. 9, pp.
1746-1751, 1999.

C. M. Park, Y. Melikhov and S. J. Lee, “Remote angular displacement sensor based on Faraday
effect: Experiment and modeling,” Applied Physics Letters, Vol. 88, pp. 181116, 2006.

Alok Mehta, Waleed Mohammed and Eric G. Johnson, “Multimode Interference-Based
Fiber-Optic Displacement Sensor,” IEEE Photon. Technol. Lett., Vol. 15, No. 8, pp. 1129-1131,
2003.

Y. J. Rao, M. R. Cooper, D. A. Jackson, C. N. Pannell and L. Reekie, “Simultaneous
measurement of displacement and temperature using in-fibre-Bragg-grating-based extrinsic
Fizeau sensor,” Electronics Letters, Vol. 36 No. 79, pp. 1610-1612, 2000.

X. Dong, Y. Liu, Z. Liu and X. Dong, “Simultaneous displacement and temperature
measurement with cantilever-based fiber bragg grating sensor,” Optics Communications, Vol.
192, pp. 213-217, 2001.

X. Dong, X. Yang, C.-L. Zhao, L. Ding, P. Shum and N. Q. Ngo, “A novel
temperature-insensitive fiber Bragg grating sensor for displacement measurement,” Smart Mater.
Struct. Vol. 14, pp. N7-N10, 2005.

J. H. Ng., X. Zhou, X. Yang and J. Hao, “A simple temperature-insensitive fiber Bragg grating
displacement sensor,” Optics Communications, Vol. 273, pp. 398-401, 2007.

L. Ren, G. Song, M. Conditt, P. C. Noble and H. Li, “Fiber Bragg grating displacement sensor
for movement measurement of tendons and ligaments,” Applied Optics, Vol. 46, No. 28, pp.
6867-6771, 2007.

P. Wang, G. Farrell, Q. Wang and G. Rajan, "An optimized macrobending-fiber-based edge
filter," IEEE Photon. Technol. Lett., Vol. 19, No. 15, pp. 1136-1138, 2007.

[10]. G Rajan, Y. Semenova and G. Farrell, "An all-fiber temperature sensor based on a

macro-bend singlemode fiber loop," Electronics Letters, Vol. 44, No. 19, pp. 1123-1124, 2008

[11].  P. Wang, G. Rajan, G. Farrell, Y. Semenova, “Temperature dependence of a macrobending

edge filter based on a high-bend loss fiber,” Optics Letters, Vol. 33, No. 21, pp. 2470-2472,
2008.

[12]. P. Wang, G. Farrell, Y. Semenova, and G. Rajan, “Influence of fiber manufacturing

tolerances on the spectral response of a bend loss based all-fiber edge filter,” Applied Optics,
Vol. 47, No. 16, pp. 2921-2925, 2008.

[13]. D. Marcuse, “Curvature loss formula for optical fibers,” J. Opt. Soc. Am., Vol. 66, No. 3,

pp. 216-220, 1976.



	A Bend Loss Based Singlemode Fiber Micro-displacement Sensor
	Recommended Citation
	Authors

	Microsoft Word - macrobending fiber based displacement sensor_PW8.doc

