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Abstract:



In this paper, a new type of optical fiber tilt sensor based on fiber Bragg grating (FBG) is presented for 2D dual-axis tilt angle sensing. The tilt sensor is composed of two cylindrical floats suspended in water, connected with FBG. When the external environment causes the tilting of the sensor, the surface of the liquid within the container will form a new balanced liquid surface plane due to the gravity and change the height of the liquid at different locations in the container. So the buoyancy force of the cylindrical floats of the sensor will vary with the depth of liquid, thus the changed FBG strain will cause the FBG reflection central wavelength shift. According to the measured central wavelength shift by the optical spectral analyzer (OSA), we can obtain the two-axis tilt angle of the sensor. The proposed sensor can detect a tilt angle range of −5 degrees to +5 degrees and achieve a sensitivity of 0.1° with optical spectrum analyzer resolution of 0.01 nm. Due to its good sensing linearity, the proposed sensor can be applied in building tilt measurement.
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1. Introduction


In recent years, optical fiber sensors made of silicon-based optical fibers or polymer optical fibers have been commonly utilized for numerous types of physical detection [1,2,3,4,5,6,7,8,9,10,11,12] because a fiber sensor has many features that are better than conventional electronic sensors. Fiber optic sensors can be used for large-scale distributed monitoring, and also have anti-electromagnetic interference, high sensitivity, light weight, good adaptability in shape, and electrical isolation. Fiber-optic sensors can increase or decrease the number of sensors according to system requirements. They are easy to install and can be static or dynamic.



With the development of fiber Bragg grating (FBG), the applications of fiber grating sensors have gradually increased. Not only silica optical fiber sensors but also polymer optical fibers (POF) sensors are widely used in different sensing applications. Several fiber sensor designs based on FBG have been reported for various applications, such as liquid level monitoring [13], transverse force sensing [14], concentration measurement [15], biomedical measurement [16,17], pressure [18,19,20], displacement [21,22], temperature [23,24], and ground vibration [25]. An FBG is a type of distributed Bragg reflector constructed in a short segment of optical fiber that reflects particular wavelengths of light and transmits all others. The center wavelength λB of the reflected spectral band is defined by the Bragg condition [26]:
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(1)




where [image: ] is the Bragg wavelength of FBG, neff is the effective refraction index of the fiber core, and Λ is the period of the index modulation. Both neff and Λ depend on temperature and strain, and consequently the Bragg wavelength is sensitive to both strain and temperature. By measuring the wavelength change accurately, the physical properties can be measured. The shift of a Bragg wavelength due to the change in temperature ([image: ]) and the change in applied strain ([image: ]) can be expressed as [27]:
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(2)




where [image: ] is the thermal expansion coefficient, [image: ] is the thermo-optic coefficient, and [image: ] is the strain-optic coefficient of the optical fiber. In general, when the temperature of FBG is increased or decreased by 1 °C, it will cause the FBG reflection central wavelength to shift about by 0.0115–0.012 nm. In this study, the effect of stress on the wavelength shift of FBG is much greater than that of temperature, so the effect of temperature is neglected.



Recently, several FBG-based tilt sensors with different configurations for one- or two-dimensional (1D or 2D) measurements have been reported [28,29,30,31]. Tilt angle measurement is very important for many applications, such as the fields of aviation and civil engineering. In this paper, we develop a novel fiber tilt sensor for public construction monitoring. It has the advantages of simple structure and low cost. Furthermore, the FBG tilt sensor can embed a fiber optic communication module to achieve real-time sensing and monitoring.




2. The Configuration of the Proposed Tilt Sensor


Figure 1 shows the simple architecture of the optical path of the design of the sensing system, in which the proposed fiber tilt sensor observes the two FBGs reflecting the center wavelength shift amount to determine the tilt of the azimuth and angle. We use the C + L band broadband light source (BBS) and a three-port optical circulator as the input, sense, and output ports. The first port of the circulator was connected to the broadband source; the second port was connected to the coupler and FBGs. When the sensing signals are reflected by the FBGs into the third port of the optical circulator, they will be displayed on the optical spectrum analyzer (OSA).


Figure 1. The optical path diagram of the proposed tilt sensor.
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The proposed tilt sensor is composed of two cylindrical floats suspended in water, connected with FBG fiber gratings. Because the cylindrical float is attracted by gravity, it is always facing the center of the earth. When the sensor is tilted, it will drive the cylindrical float to move, causing the buoyancy force to change. That will cause the FBG to be stretched or contracted to change the center wavelength of the reflection light. Figure 2 shows the configuration of the proposed FBG tilt sensor. In this configuration, the size of the container and cylindrical float will affect the sensitivity. As the container and cylindrical float become larger, the sensitivity of the sensing will also rise. In this study, we used a rectangular container that has a length and width of 34 cm, a height of 14 cm, and two cylindrical floats with a radius of 4.3 cm and a height of 6 cm. In order to sink the cylindrical float to the liquid level 3.5 cm, we put some sand in the cylindrical float to increase the weight. Then, two aluminum bars were fixed and orthogonal above the container containing the liquid, and the FBG and the cylindrical float were connected to the north and west positions of the container, respectively (see Figure 2). The FBGs are made of photosensitive boron and germanium co-doped optical fiber (Fibercore PS1250/1500), with numerical aperture of 0.14 and cut-off at 1159 nm. At room temperature without external force, the reflection center wavelengths of FBG1 and FBG2 are 1548.877 nm and 1551.84 nm, respectively.


Figure 2. Schematic diagram of the proposed FBG tilt sensor.
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When the fiber grating is connected with the cylindrical float, the sustained weight is 0 g of FBG, as shown in Figure 3a. In order to produce a pre-stretched effect of the fiber grating, we reduced the height of the liquid in the container by 0.9 cm, to reduce the buoyancy of the liquid on cylindrical float 52 grams, in order to increase the tension on the FBG fiber grating, as shown in Figure 3b. The advantage of this pre-stretched operation is that only one fiber grating can be used to do one-dimensional tilt sensing. Therefore, the cost can be reduced, and the production is simple. Compared with the tilt detectors described in the literature previously, we only need two fiber gratings to do 2D tilt sensing, not four. The proposed tilt sensor can also maintain better sensitivity.


Figure 3. The pre-tension schematic of FBG: (a) the sustained weight was 0 g; (b) the sustained weight was 52 g.
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3. Experimental Results and Discussion


Because the tilt sensor is composed of two suspended cylindrical floats, each connected with FBG, we can do two-dimensional tilt sensing (see Figure 2). We have verified this proposed sensor’s performance in four tilt directions: east–west, south–north, northeast–southwest, and northwest–southeast. In the sensing process, when the FBG is stretched or contracted, the reflection center wavelength of the FBG will change. In this research, we assume that the FBG’s tension becomes larger and the tilt angle is positive. On the other hand, the tension of FBG becomes smaller and the tilt angle is negative. Figure 4 shows that the cylindrical float is immersed in a different height of liquid, and the buoyancy of the cylindrical float is also different, causing the pitch of the fiber grating to change. From the reflection center wavelength shift, we can calculate the inclination of the azimuth and the inclination angle of the test object.


Figure 4. The schematic of the tilt sensor: (a) was tilted toward a negative angle, (b) not tilted; and (c) tilted toward a positive angle.
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Figure 5 shows the measurement of the wavelength shift of the FBGs when the sensor was tilted in the east–west direction. The angle of inclination of the sensor to the east is positive, and the angle to the west is set to be negative. As the buoyancy of the cylindrical float changes to make the FBG bear the weight change, the FBG located in the west can cause expansion or contraction. When the sensor is tilted to the east, the buoyancy of the cylindrical float decreases as the water level decreases. Therefore, FBG1 is stretched and the center wavelength of FBG1 is shifted to the long wavelength band. At the same time, the center wavelength of FBG2 does not change because it is not subject to the impact of the tensile. When the sensor is tilted towards a negative angle (west), FBG1 gradually shrinks as the angle increases, and the center wavelength of FBG1 begins to move toward the short wavelength band. The center wavelength of FBG2 does not change because it is nt subject to the impact of the tensile. From the experimental results, the sensitivity of FBG1 is 0.132 nm/°. In Figure 5, the coefficient of determination of FBG1, R2, is 0.998.


Figure 5. Measured wavelength shift of FBG1 and FBG2 in the east–west direction when the tilt angle is increased from −5° to 5°.
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When the sensor was tilted in the south–north direction, the principle was the same as for east–west. While the tilt angle was gradually tilted from 0 degree to a positive angle (south), the FBG2 was gradually stretched as the tilt angle increased, and the reflection center wavelength of the FBG2 began to shift to a long wavelength band. The measurement results are shown in Figure 6. Since the FBG1 is located in the center of the south–north direction, the center wavelength did not change because it was not affected by stretching. Similarly, if the sensor was gradually tilted from 0 degrees to a negative angle (north), FBG2 gradually shrank as the tilt angle increased, and the reflection center wavelength of FBG2 began to shift to a short wavelength band. The center wavelength of FBG1 also did not change because it was not subject to the impact of the tensile. From the experimental results, the sensitivity of FBG2 is 0.128 nm/° and the coefficient of determination of FBG2, R2, is also 0.998.


Figure 6. Measured wavelength shift of FBG1 and FBG2 in the south–north direction when the tilt angle is increased from −5° to 5°.
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Figure 7 shows the tilt measurement results of the center wavelength shift of FBG1 and FBG2 in the southeast–northwest direction when the tilt angle was increased from −5° to 5°. The angle of inclination to the southeast is set to positive, and it will reduce the buoyancy of the cylindrical float on the two FBGs, so the FBG’s reflection center wavelength drifts to the long wavelength. The tilt angle to the northwest is set to negative; because the water level increases, it will make the buoyancy of the cylindrical float on the two FBGs increase so the FBG reflection center wavelength will shift to a short wavelength band. That is, the sensor was tilted to the southeast or northwest direction; the buoyancy changes are the same for the two cylindrical floats. As a result, the fiber grating is simultaneously stretched or contracted. From the experimental results, in this azimuth angle, the sensitivities of FBG1 and FBG2 are 0.1 nm/°and 0.095 nm/°, respectively.


Figure 7. Measured wavelength shift of FBG1 and FBG2 in the southeast–northwest direction when the tilt angle is increased from −5° to 5°.
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When the sensor is tilted toward the northeast or southwest, the measurement results of the center wavelength shift of two FBGs are shown in Figure 8. The tilt angle of the sensor towards the northeast is negative and the tilt angle towards the southwest is positive. Because the sensor is tilted toward the northeast or southwest, the water level of one of the floats will increase and the water level of the other float will drop. That is, the two fiber gratings in the container will change. One is stretched and the other shrinks. As a result, the reflected center wavelength of the contracted FBG will be shifted to shorter wavelength, whereas the reflected center wavelength of the stretched FBG will be shifted to longer wavelength. In this azimuth, the sensitivities of FBG1 and FBG2 are 0.093 nm/° and 0.088 nm/°, respectively.


Figure 8. Measured wavelength shift of FBG1 and FBG2 in the northeast–southwest direction when the tilt angle is increased from −5° to 5°.
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4. Conclusions


In this paper, we have experimentally investigated a 2D tilt sensor based on two FBGs with orthogonal setup onto cylindrical floats for 2D tilt measurement. When the sensor is tilted, the buoyancy acting on the cylindrical floats will change due to the flow of the liquid. The greater the buoyancy of the float, the smaller the pulling force acting on the FBG. Accordingly, the center wavelength of the reflection will shift to a short wavelength. On the contrary, the smaller the buoyancy, the more FBG is stretched, causing the center wavelength of the reflection to shift to a long wavelength. From the change of reflection center wavelength of FBG, we can find the tilt angle and tilt direction. In building regulations, the definition of building tilt ratio is the ratio of building offset and height. For example, the building is 100 m high, and when the building is tilted 1 m, the building tilt ratio is 1%. If the inclination of the building exceeds 1/40, that is, the inclination reaches 1.43 degrees, the reconstruction standard will be reached. The experimental results show that the design of the sensor was feasible for a tilt angle range of −5° to +5°. Therefore, the tilt sensor of this study is sufficient for tilt detection application in buildings. The sensitivity of FBG1 and FBG2 are 0.132 nm/° and 0.128 nm/°, respectively. The proposed tilt sensor structure is simple in addition to the advantages of low cost and high sensing stability. It can be used to monitor the tilt angle of buildings to protect human life and property.
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