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Abstract

:

Optical fiber sensors that have a compact size and the capability for multi-parameter sensing are desired in various applications. This article reports a miniaturized optical fiber Fabry-Perot interferometric sensor with a length of hundreds of µm that is able to simultaneously measure variations of curvature, temperature, and strain. The sensor is easy to fabricate, requiring only the fusion splicing of a short section of the silica capillary tube between two single-mode fibers (SMFs). The combined mechanism of the Fabry-Perot interference occurred in the two interfaces between the capillary and the SMFs, and the antiresonant guidance induced by the capillary tube makes the device capable of realizing multi-parameter sensing. A simplified coefficient matrix approach is developed to decouple the contributions from different parameters. In addition, the capability of the device for multiplexing is investigated, where four such prototypes with different air cavity lengths are multiplexed in a system in parallel. The spectral behavior of an individual device for measuring curvature and strain is reconstructed and investigated, showing reliable responses and little crosstalk between different devices. The proposed device is easy to fabricate, cost-effective, robust, and could find potential applications in the field of structural health monitoring and medical and human–machine interactive sensing.
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1. Introduction


The measurements of bending/curvature play a significant role in a diverse array of fields, ranging from mechanical engineering and structural health monitoring to medical and human–machine interface applications [1,2,3,4,5]. The tremendous growth and advancement of optical fiber sensing technologies was witnessed in recent decades due to their distinctive advantages over conventional mechanical and electrical sensors, including being lightweight, diminutive in size, immune to electromagnetic interference, resistant to corrosion, and having multiplexing and remote operation capabilities [6,7]. Optical fiber sensors devoted to measuring bending/curvature have also attracted extensive research attention in recent years.



Among various types of optical fiber curvature sensors, the modal interferometer-based sensor is one of the most widely explored configurations. The construction of an optical fiber modal interferometer is quite simple, involving the fusion splicing of mode exciters between two single-mode fibers (SMFs, one lead-in fiber, and one lead-out fiber). When the interferometer is bent, the effective distribution of the refractive index in the fiber section varies, leading to a spectral shift in the transmission characteristic of the device. By tracking bending-induced changes in the transmission spectrum, a modal interferometer can be used as a curvature sensor after proper calibration. Different types of optical fibers, typically with a different mode field diameter compared to an SMF, have been employed as mode exciters, including multimode fibers [8,9,10,11], multi-core fibers [8,9,10,12,13,14,15,16], thin-core fibers [17,18], photonic crystal fibers [19,20], and hollow-core fibers [21,22,23,24]. In addition, specially designed fusion-splicing processes, such as lateral-offset splicing and tapering, were also used to fabricate mode exciters [1,25]. It is worth mentioning that the SMS device (the single mode-multimode-single mode fiber structure), arguably one of the simplest optical fiber interferometers, was also investigated for high-performance curvature sensing. By carefully tailoring the length of the sandwiched multimode fiber, an ultra-high measurement sensitivity was achieved [26]. Meanwhile, due to the multiple fringe dips in the transmission spectrum of the device, the simultaneous measurement of curvature and temperature was realized based on a coefficient matrix calibration method [27]. On the other hand, the hollow-core fiber (HCF)-assisted curvature sensor with a single mode–hollow core–single mode (SHS) fiber configuration represents a relatively new sensing modality based on the antiresonant guidance mechanism. The intensity of the antiresonant guidance signal in the HCF section was highly sensitive to bending, making the SHS structure a great candidate for temperature-insensitive curvature sensing [21,24,28]. Moreover, the multi-physics coexisting SHS structure has also made multi-parameter sensing possible based on separately analyzing trivial changes in the superimposed spectrum of the device [29,30]. However, the majority of the previously mentioned modal interferometer-based optical fiber curvature sensors are relatively large in size (e.g., at least a few mm in length), and operate in a transmission mode, making it difficult for deployment in real-world scenarios. Meanwhile, the capability of these modal interferometer-based sensors for multiplexing has yet to be demonstrated.



The Fabry–Perot interferometer (FPI) is one of the most widely used devices in various photonic applications, such as sensing [31], lasering [32,33], optical filtering [34], etc. With the implementation of the FPI using optical fibers, a unique family of optical sensors, i.e., the optical fiber FPI sensors, has emerged [31,35,36,37]. In comparison with the aforementioned modal interferometers, the fiber in-line FPI device is featured in its high sensitivity, small size (typically, a few hundred µm or less in length), reflection-working fashion, and importantly, its capability to multiplex. The potential of the FPI device for curvature sensing has been previously explored. Ouyang et al. reported a dual air-cavity FPI to realize the simultaneous measurement of curvature and strain [38]. The device fabrication is relatively complicated, requiring the integration of multiple segments of different optical fibers (e.g., a multimode fiber, a seven-core fiber, and a dual side-hole fiber). Leal-Junior et al. demonstrated a complete study of ultraviolet-curable resins-based FPI devices for curvature measurements [39]. The sensor structure is simple; the FPI was generated by filling an air gap between two SMFs with the resin, but the mechanical robustness and repeatability of the device are concerned. Xu et al. investigated an approach to increase the sensitivity of a simple silica tube-based FPI device for bending sensing [40]. By incorporating a Fabry–Perot cavity during the fusion splicing process of connecting two multimode fibers, a high-sensitivity curvature sensor in a medical needle was demonstrated [41]. However, the ability of the FPI device to multiplex for multi-point curvature sensing has not been considered yet.



In this article, we propose and experimentally demonstrate a sensor system for multi-point curvature measurements based on multiplexed optical fiber FPI sensors. The proposed FPI sensor is easy to fabricate, only involving the fusion splicing of a section of a capillary tube between a lead-in SMF and a lead-out SMF. Bending the FPI device results in trackable changes in its reflection spectrum (mostly variations in intensity). The capability of the FPI sensor to discriminate strain and curvature is investigated. The temperature crosstalk of the sensor is also discussed. By integrating a few such FPI devices with different cavity lengths, multi-point curvature sensing can thus be achieved.



The paper is organized as follows. In Section 2, the working principle of the FPI sensor is discussed. The experimental apparatus used to apply variations of curvature, strain, and temperature in the proof-of-concept demonstration is given. In Section 3, the responses of a prototype FPI device to variations of curvature are first demonstrated. The responses of the device to changes in strain and temperature are also investigated. Next, four such FPI devices with different cavity lengths are multiplexed in a system, and the curvature responses of an individual FPI are tested. All the experimental results are given in detail. Section 4 concludes this paper.




2. Materials and Methods


2.1. Sensing Structure and Principle


The silica capillary tube-assisted FPI is a well-known device that has been used for sensing many physical quantities. Figure 1a gives a schematic diagram of the proposed FPI curvature sensor. Figure 1b shows a microscope image of the cross-sectional view of the capillary tube, where the hollow air core is easy to observe. The construction of the FPI sensor is accomplished by fusion splicing a short section of the capillary tube between two SMFs, where one of the SMFs serves as the lead-in fiber and the other acts as the lead-out fiber. The two interfaces between the SMFs and the capillary form an FPI along the axial direction with the air as the cavity medium. From the perspective of two-beam interference, the reflected signal from the FPI device can be simply expressed as [31]


  I =  I 1  +  I 2   + 2     I 1   I 2    cos     4 π  n  e f f    L  e f f    λ  + π   ,  



(1)




where I1 and I2 denote the reflected light intensity at the first and second reflector, respectively; λ is the wavelength of the probing light; neff and Leff represent the effective refractive index and length of the Fabry-Perot cavity. On the other hand, when the probing light is launched into the hollow air core of the capillary via the lead-in fiber, a portion of the light will radiate into the silica cladding of the capillary because the total internal reflection condition does not hold. Thus, the ring-cladding of the capillary tube can be considered a Fabry-Perot device along the radial direction. Light wavelengths that satisfy the resonant condition of the radial Fabry-Perot etalon will go through the silica cavity and leak out, whereas light wavelengths that do not satisfy the resonant condition will be reflected back into the hollow core and finally reach the lead-out fiber via the so-called AR guidance. Two mechanisms co-exist in such an FPI device, i.e., the Fabry-Perot interference and the antiresonant guidance. The emergence of the co-existence relies on the length of the capillary tube, where a critical value is defined as [42]


   L c  =    n 0    2  +  n 2    2  −  n 1    2       r     n 1    2  −  n 2    2      +   2 d      n 1    2  −  n 0    2        ,  



(2)




where 2r and d represent the diameter of the hollow core and the thickness of the capillary tube, and are 50 µm and 37.5 µm, respectively, for the capillary used in this work; n0, n1, and n2 are the refractive index of the air, optical fiber core, and silica cladding, respectively. The critical length is then estimated to be 259 µm. In other words, the reflection spectrum of the FPI device shown in Figure 1a is rather involved and is the superposition of two signals, as the length of the capillary tube is larger than 259 µm. A comprehensive study of this combined effect can be found in [42,43]. The relatively complex spectrum also gives us the opportunity to use it for multi-parameter sensing, i.e., simultaneous measurements of curvature, temperature, and strain.



Let us first consider the effects of curvature on the reflection spectrum of the FPI device. As the FPI is bent, a portion of the probing light will leak out due to the variation of the boundary condition, leading to a decreased amplitude of the light reflected at the second reflector. Therefore, the fringe visibility/the intensity at the destructive interference of the FPI signal will decrease/increase as the curvature exerted on the sensor increases. Meanwhile, it is expected that the fringe visibility of the antiresonant guidance signal will also decrease with the increasing curvature due to the fact that more light is leaked out. As for temperature sensing, the air-cavity-based FPI device is known for its temperature insensitivity due to the small thermo-optic coefficient of air (the cavity medium) and a low thermal expansion coefficient of silica. On the other hand, the antiresonant guidance signal is expected to be sensitive to temperature variations because changes in temperature directly affect the optical length of the ring-cladding Fabry-Perot etalon based on a dominant thermo-optic effect. In the case of strain, the elongation of the FPI cavity (along the axial direction) directly changes the FPI signal, where the antiresonant guidance signal is also expected to change with strains to some extent. As a result, the coefficient matrix calibration approach can be employed for the proposed FPI device to realize the simultaneous measurement of curvature, temperature, and strain. The relationship between the changes in the reflection spectrum and changes in curvature, temperature, and strain can be expressed as


      Δ  λ  F P I       Δ  I  F P I       Δ  λ  A R       Δ  I  A R       =      S  F P I − λ − C      S  F P I − λ − T      S  F P I − λ − S        S  F P I − I − C      S  F P I − I − T      S  F P I − I − S        S  A R − λ − C      S  A R − λ − T      S  A R − λ − S        S  A R − I − C      S  A R − I − T      S  A R − I − S           Δ C     Δ T     Δ S     ,  



(3)




where ΔλFPI and ΔIFPI represent the changes in the dip wavelength and dip intensity of the FPI signal induced by changes in curvature (ΔC), temperature (ΔT), and strain (ΔS), respectively; ΔλAR and ΔIAR are the corresponding changes in the dip wavelength and dip intensity of the antiresonant guidance signal. The term S denotes the corresponding sensitivity coefficient; for example, SFPI−λ−C is the sensitivity coefficient of the FPI signal to curvature in terms of changes in dip wavelength. Thus, by reconstructing the individual signals of the FPI and the antiresonant guidance mechanism using appropriate signal processing techniques (i.e., Fourier transform) and tracking the changes accordingly, the proposed FPI device can simultaneously measure curvature, temperature, and strain after proper sensor calibration.



However, due to the short cavity length of the ring-cladding Fabry-Perot etalon, an ultra-broadband light source (e.g., a C + L band source or a supercontinuum source) is required to unambiguously reconstruct the signals induced by the FPI and the antiresonant guidance effect, which could increase the system cost. To avoid this side effect, we have further optimized the calibration process, where no complicated signal processing (i.e., Fourier transform) is needed. Specifically, the change in the intensity at the destructive interference point (ΔI) and the spectral shift (Δλ) of the raw signal measured from the device are directly considered two variables in response to external perturbations. Additionally, the fringe contrast (ΔF) of the raw signal near a resonance dip is deemed to be another variable. Thus, Equation (3) can be simplified as


      Δ I     Δ λ     Δ F     =      S  I − C      S  I − T      S  I − S        S  λ − C      S  λ − T      S  λ − S        S  F − C      S  F − T      S  F − S           Δ C     Δ T     Δ S     .  



(4)







Figure 2 conceptually illustrates the proposed sensor system for multi-parameter sensing based on the simplified coefficient matrix-based data processing technique.




2.2. Experimental Setup


The fabrication of the proposed silica capillary-assisted FPI device involves non-standard fusion splicing and high-precision cleaving. The details of these two processes are given in this subsection.



The construction of the FPI device requires the integration of a short section of the capillary tube with standard SMFs. The splicing between the capillary and the SMF was accomplished using a commercial fusion splicer (Fujikura-88s, Shanghai, China) based on a special program developed in-house. The key parameters include arc power of 80 bits, arc time of 500 ms, and an initial distance between the two end facets of 15 µm. The SMF and the capillary were aligned manually. The program ensured a strong connection between the SMF and the capillary, and meanwhile, avoided the collapse of the hollow air core of the capillary, as shown in Figure 3a. Then, the free end of the spliced capillary was carefully cut off with a desired length remaining to the SMF, using an optical fiber cleaver. A photograph of the platform developed to achieve high-precision cleaving is shown in Figure 3b. The platform includes an imaging system, an optical fiber cleaver, a translation stage, and several fixtures. A desired cavity length can be achieved with an accuracy of 10 µm based on the platform. After cleaving, the cleaved end facet was then connected to another piece of SMF to form the Fabry–Perot cavity. The pigtail of the SMF was then terminated to avoid additional reflection, completing the fabrication of the proposed FPI device.



The FPI device is characterized using a broadband light source (BBS, 1528~1563 nm) and an optical spectrum analyzer (OSA, Yokogawa AQ6370D, Yokogawa, Tokyo, Japan). For the curvature test, the FPI device is secured on two translation stages (OMTOOLS, HFA-XYZ, Zeewolde, The Netherlands, affording a lateral resolution of 10 µm) mounted to an optical table, similar to the setup in [10]. The initial distance between the two stages is 50 mm, and the FPI device is placed in the center part. Curvature is then applied to the device by moving one of the stages inwards to bend the FPI device with a step size of 50 µm. Note that a similar setup is used for the strain test. As for the temperature test, the FPI device is placed in a temperature-controlled box. Figure 4a gives an overview of the experimental setup for characterizing the responses of the FPI device to curvature, strain, and temperature variations. In the case of multi-point sensing, four such FPI devices were multiplexed in a single system in parallel, as shown in Figure 4b. A 1 × 4 planar waveguide circuit (PLC)-based optical splitter was used to assist the parallel multiplexing of the four devices. Note that the length differences between the delay fibers for the four devices should be significantly larger than the coherence length of the BBS and OSA system to eliminate interference between the devices. The responses of each device can be quantified using the apparatus given in Figure 4a.





3. Results and Discussion


3.1. Single FPI Device for Curvature Sensing


The spectral responses of a single FPI device to variations of curvature, temperature, and strain were quantified using the experimental setup shown in Figure 4a. The results and corresponding discussion are given in detail as follows. Figure 5a presents the measured spectral behavior of the proposed FPI device with a cavity length of approximately 420 µm (measured under a microscope). A quasi-sinusoidal signal is obtained, as expected, due to the Fabry-Perot interference that occurred at the two interfaces between the SMFs and the capillary. The optical length is calculated to be 426.26 µm based on a home-developed algorithm [44], which matches the designed value well, considering reasonable errors during the fabrication and measurement. Amplitude modulation is also sustained in the measured raw reflection spectrum from the device, which is caused by the antiresonant guidance effect, as can be expected from the analysis in Section 2. However, due to the relatively small wavelength observation bandwidth limited by the low-cost light source used in the experiment, a complete cycle of the antiresonant guidance envelope is not observed. Figure 5b gives the spatial domain signal of the measured spectrum shown in Figure 5a based on Fourier transform. No distinctive peaks can be observed in the spatial domain signal except for the dominant one corresponding to the Fabry-Perot interference. Therefore, it would be rather challenging to reconstruct the FPI and AR signals unambiguously to solve Equation (3) for multi-parameter sensing. Instead, the simplified approach depicted in Equation (4) is employed in the following calibration experiment.



The curvature study was then carried out using the setup shown in Figure 4a. The measured spectral responses of the FPI device during the curvature test within a single fringe period near 1537 nm for clarity are given in Figure 6a. As can be seen, the reflected light intensity of the resonance dip at ~1537.5 nm increased as the applied curvature increased. Figure 6b shows the change in the dip intensity as a function of the applied curvature. A second-order polynomial curve fit was applied to the measured data points, revealing a monotonic, trackable, and predictable relationship between the change in the dip intensity and the applied curvature. The inset gives an enlarged view of the intensity response within the curvature range 7~12.2 m−1. Linear curve fitting was employed to demonstrate the linear response of the device, and the fitting results are indicated in the inset figure. What is also observed in the spectral responses shown in Figure 6a is the slight dip wavelength shift with increasing curvature. Figure 6c quantifies the relationship between the change in the dip wavelength at ~1537.5 nm and the applied curvature. The dip wavelength changed only by approximately 0.03 nm as the applied curvature increased to 12.2 m−1, indicating that the dip wavelength is insensitive to curvature. The slight changes in the dip wavelength could be attributed to strains induced by bending during the test. Additionally, another reference that can be tracked in the spectral responses presented in Figure 6a, i.e., the fringe contrast, shows direct dependence on the applied curvature; the fringe contrast decreased with increasing curvature. The specific relationship between the fringe contrast and the applied curvature is obtained by means of a second-order polynomial curve fit, as shown in Figure 6d. Again, the change in the fringe contrast shows a linear dependence on the applied curvature within the range 7~12.2 m−1, as revealed in the inset. Note that the linear response range is related to the dimensional size of the capillary tube used to construct the FPI. Thus, the proposed FPI device can be used for wide-range curvature sensing (0~12.2 m−1) based on tracking either the change in the dip intensity or the change in the fringe contrast. The dip wavelength shows little dependence on the applied curvature.




3.2. Single FPI Device for Temperature Sensing


Then, the spectral responses of the FPI device to temperature variations were investigated by securing the device inside a temperature-controlled box. The measured reflection spectra of the device within a single fringe period at different settings of temperature are given in Figure 7a. The dip intensity shows observable increases with increasing temperature. The relationship between the change in the dip intensity at ~1537.5 nm and the temperature is shown in Figure 7b, where a linear curve fit was applied to determine the measurement sensitivity, as indicated in the figure. As mentioned in Section 2, the air-cavity FPI is expected to be insensitive to temperature variations. Thus, the changes in the reflection spectra are mainly attributed to the changes in the antiresonant guidance signal induced by temperature variations. Figure 7c shows the determined dip wavelength as a function of temperature, where little changes in the dip wavelength are obtained within a temperature variation of 20 °C. Additionally, the change in the fringe contrast as a function of temperature is plotted in Figure 7d. A linear curve fit was applied, and the slope (i.e., the measurement sensitivity) is determined. Based on the calibration results, the FPI device can be used for temperature sensing by tracking changes in the dip intensity, as well as the changes in the fringe contrast. On the contrary, the dip wavelength is relatively stable. The changes in the antiresonant guidance signal dominate the changes in the reflection spectrum of the FPI device in response to temperature variations.




3.3. Single FPI Device for Strain Sensing


Next, a strain test was performed based on the two-stage setup shown in Figure 4a. The FPI-section fiber was elongated by moving one of the translation stages outwards. The measured reflection spectra of the device are plotted in Figure 8a for different settings of tensile strains. The spectrum shifted to the longer wavelength region, as expected, due to the elongation of the FPI air cavity. The intensity at the dip slightly increased as the applied tensile strain increased, as revealed in Figure 8b. Figure 8c,d presents the change in the dip wavelength and the change in the fringe contrast as a function of the applied strain, respectively. Linear curve fits were applied to the measured data points in the three cases, and the fitting results are indicated in the figure accordingly. According to the calibration results, one can conclude that the dominant mechanism that makes the FPI device a strain sensor is the FPI effect. Tensile strains applied to the device can be quantified by tracking the dip wavelength shift. Both the dip intensity and the fringe contrast show no significant dependence on the tensile strain.



Based on the calibration results shown above, the coefficient matrix shown in Equation (4) can be solved. By tracking the change in the dip intensity (ΔI), spectral shift (Δλ), and the change in the fringe contrast (ΔF), simultaneous measurements of curvature (ΔC), temperature (ΔT), and strain (ΔS) can be realized based on


        Δ C     Δ T     Δ S       =       S  I − C      S  I − T      S  I − S        S  λ − C      S  λ − T      S  λ − S        S  F − C      S  F − T      S  F − S        − 1       Δ I     Δ λ     Δ F           =       0.1966     0.02978     0.0001115       - 0.002746     0     0.001308       - 0.3076     - 0.04393     - 0.00008791       − 1       Δ I     Δ λ     Δ F     .    



(5)







Note that the curvature sensitivity shown in the inset in Figure 6b is employed in Equation (5). Therefore, the curvature measurement range is limited to 7~12.2 m−1 when Equation (5) is used to de-couple curvature, temperature, and strain variations.



Indeed, considering the FPI device as a curvature sensor with the change in the dip intensity as the reference variable, the temperature–curvature cross-sensitivity and strain–curvature cross-sensitivity can be determined to be 0.1515 m−1/°C and 0.0005671 m−1/ɛ, respectively. Thus, temperature variations could cause more confusion in the curvature measurement than strain variations. On the other hand, the FPI device can be used for temperature-insensitive strain sensing with a curvature–strain crosstalk coefficient of approximately 2 ɛ/m−1. Thus, the proposed FPI device is an ideal candidate for simultaneously measuring curvature and tensile strain by tracking the change in the dip intensity and the shift of the dip wavelength with negligible cross-talk. More importantly, the FPI is multiplexable, as shown in the next subsection.




3.4. Multiplexed FPI Sensors for Curvature and Strain Sensing


The capability of the proposed FPI device for multiplexing was then investigated based on the experimental setup shown in Figure 4b. Four FPI devices with different cavity lengths were multiplexed in parallel, and the measured superimposed reflection spectrum is given in Figure 9a. A relatively complex signal is obtained due to the superposition of the interference fringes from the four FPI devices. A fast Fourier transform was applied to the spectrum, and the calculated spatial domain signal is plotted in Figure 9b. Four distinct peaks can be observed, which correspond to the four different devices, as indicated in the figure, i.e., S1, S2, S3, and S4. The cavity lengths of the four devices were approximately 193 µm, 426 µm, 635 µm, and 772 µm. By applying a proper passband filter to the spatial domain signal, followed by a Fourier transform, the interference fringe of each device can be unambiguously reconstructed. Figure 9c presents the reconstructed individual interference spectrum of each of the devices. By tracking the changes in each spectrum, multi-point sensing can then be realized.



Curvature was applied to S2 in the multiplexed system, and the spectral responses of the system were recorded. The abovementioned signal processing was then employed for the demodulation of responses of each of the four devices. Figure 10a shows the measured spectral behavior of the system in a wavelength span of 15 nm (for clarity) when different settings of curvature were exerted on S2. Changes can be observed in the superimposed signal, but it would be challenging to identify the contribution of each device’s response. The reconstructed reflection spectra within a single fringe period of S2 at different settings of curvature are plotted in Figure 10b. Increases at the resonance dip can be seen, matching the results shown in Figure 6a well. A slight spectral shift can be noticed as well. The change in the dip amplitude and the dip wavelength as a function of curvature are plotted in Figure 10c,d, respectively. The responses obtained from the reconstructed spectra of S1, S3, and S4 are also shown for comparison. It is noted that S2 responded well to variations of curvature with changes in the dip amplitude; as expected, S1, S3, and S4 did not show significant responses due to the fact that curvature was only applied to S2. The dip wavelengths of all devices did not show significant shifts in the curvature test. The experiment results demonstrate that the four-device-multiplexed system can be used for multi-point curvature sensing with little crosstalk between sensors by tracking the changes in the dip amplitude of the reconstructed interference spectrum of each sensor.



A strain test was also performed, where tensile strains were applied to S2 only by elongating the device S2 using the two-stage-stretching-based approach shown in Figure 4a. Figure 11a presents the recorded spectra from the four-device-multiplexed system for different settings of tensile strains. More involved changes could be observed, compared to the spectra shown in Figure 10a. The same procedure was employed to acquire the individual responses from the four FPI devices. Figure 11b gives the reconstructed interference spectra of S2 at different settings of tensile strains. The spectrum shifted to the longer wavelength region as the tensile strain increased, which agrees with the results shown in Figure 8a, demonstrating reasonable responses of S2. Figure 11c,d shows the change in the dip amplitude and the change in the dip wavelength of S2 as a function of the applied tensile strain. The responses obtained from S1, S3, and S4 are plotted for comparison as well. The dip amplitudes of the four devices showed little dependence on the applied tensile strains. The dip wavelength of S2 increased linearly with increasing strains, whereas the dip wavelength of S1, S3, and S4 did not change significantly in the strain test. Thus, the results indicate that the four-device-multiplexed system can be used for multi-point strain sensing by tracking the spectral shift of the individual device.



According to the calibration results shown in Figure 10 and Figure 11, the four-device-multiplexed system can be potentially employed for multi-point simultaneous measurements of curvature and strain by tracking both the changes in the dip amplitude and the changes in the dip wavelength of the reconstructed interference spectra of the devices. The crosstalk between the curvature and strain measurements can be significantly eliminated based on the coefficient matrix approach discussed in Section 2.





4. Conclusions


In summary, we have proposed and experimentally demonstrated a miniature optical fiber FPI device with a cavity length of a few hundred µm for multi-parameter sensing. The construction of such an FPI device is quite simple, involving only fusion splicing a short length of capillary between two SMFs. The fabrication apparatus and details are given. The responses of a prototype device with a cavity length of ~426 µm to variations of curvature, strain, and temperature are discussed and experimentally quantified. By employing a simplified coefficient matrix calibration method, the proposed FPI device could be employed for simultaneously measuring curvature, strain, and temperature. Additionally, the capability of the FPI device for multiplexing is investigated, where four such prototypes with different air-cavity lengths, ~193 µm, 426 µm, 635 µm, and 772 µm, are multiplexed in a system in parallel based on the frequency-domain multiplexing technique. The interference spectrum of each of the devices can be unambiguously reconstructed, and can thus be used for multi-parameter sensing, i.e., measurements of curvature and strain. The proposed air-cavity FPI device is easy to fabricate, robust, and cost-effective, and is expected to find applications in medical engineering, human–machine interactive sensing, and structural health monitoring.
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Figure 1. The FPI sensor. (a) Schematic diagram of the FPI sensor constructed by splicing a section of a capillary tube between two SMFs. The free end of the lead-out fiber is terminated to avoid additional reflection. (b) Microscope image of the cross-sectional view of the capillary tube used in this work to show the hollow air core. 
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Figure 2. Conceptual illustration of the proposed FPI device for multi-parameter sensing. 
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Figure 3. Sensor fabrication. (a) Microscope image of the interface between the SMF and the capillary. (b) Photograph of the high-precision cleaving platform developed to precisely control the air-cavity length of the FPI device, affording an approximate accuracy of 10 µm. (c) Microscope image of a prototype device with a cavity length of ~520 µm. 
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Figure 4. Schematic illustration of the experimental setup. (a) Schematic diagrams of the system and the apparatus employed to characterize the FPI device’s responses to different quantities, i.e., curvature, strain, and temperature. (b) Schematic diagram of the system used for multi-point sensing. 
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Figure 5. Characterization of the reflection signal measured using the FPI device without curvature applied. (a) Reflection spectrum. (b) Spatial domain signal obtained by performing Fourier transform to the reflection spectrum. 
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Figure 6. Responses of the FPI device to variations of the applied curvature. (a) Measured spectral responses within a single fringe period from the device. (b) The change in intensity at the destructive interference point (i.e., ΔI) as a function of the applied curvature. A second-order polynomial curve fit was applied to the discrete data points, and the fitting results are indicated in the figure. The inset gives an enlarged view of the device’s response in the curvature range of 7~12.2 m−1, where a linear response is demonstrated by means of a linear curve fit. (c) The change in the dip wavelength (i.e., Δλ) as a function of the applied curvature. A linear curve fit was applied, and the fitting results are indicated in the figure. (d) The change in the fringe contrast (i.e., ΔF) as a function of the applied curvature. A second-order polynomial curve fit was first applied to the discrete data points, showing predictable responses. An enlarged view of the device’s response in the curvature range of 7~12.2 m−1 is given in the inset, where a linear response is shown and a linear curve fit model was applied. 
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Figure 7. Responses of the FPI device to variations in temperature. (a) Measured spectral responses within a single fringe period from the device at different settings of temperature. (b) The change in the dip intensity (i.e., ΔI) as a function of temperature, showing a linear relationship, as revealed by the curve fit model. (c) The change in the dip wavelength (i.e., Δλ) as a function of the temperature. The dip wavelength shows little changes (±0.002 nm) during the temperature test. (d) The change in the fringe contrast (i.e., ΔF) as a function of the temperature. A linear curve fit was applied to quantify the sensitivity, and the results are indicated in the figure. 
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Figure 8. Responses of the FPI device to variations in the tensile strains. (a) An enlarged view of the measured spectral responses in the wavelength range 1535~1540 nm. (b) The change in the dip intensity (i.e., ΔI) as a function of strain. (c) The change in the dip wavelength (i.e., Δλ) as a function of strain. (d) The change in the fringe contrast (i.e., ΔF) as a function of strain. Linear curve fits were applied in the three measurements to quantify the corresponding sensitivities (i.e., the slopes of the fitted curve), and the fitting results are indicated in the figures. 
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Figure 9. Characterization of the reflection signal measured from the four-device-multiplexed system without curvature applied to the devices. (a) Reflection spectrum in a log scale. (b) Spatial domain signal obtained by performing a Fourier transform to the reflection spectrum. Four peaks revealed in the spatial domain signal correspond to the four devices with different cavity lengths. (c) Reconstructed interference spectra in a linear scale of the four devices. 
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Figure 10. Responses of the four-device-multiplexed system to variations of the applied curvature exerted on S2. (a) Measured spectral responses within a wavelength span of 15 nm. (b) Reconstructed interference spectra within a single fringe period of S2 for different settings of curvature. (c) The change in intensity at the destructive interference point of S2 as a function of the applied curvature. A second-order polynomial curve fit was applied to the measurement points, and the fitting results are shown in the figure. An enlarged view of the device’s response in the curvature range of 7~12.2 m−1 is given in the inset, showing a linear response, as revealed by the linear curve fit. The responses of S1, S3, and S4 are also plotted for comparison. (d) The change in the dip wavelength of S2 as a function of the applied curvature. A linear curve was applied. The responses of S1, S3, and S4 are also plotted for comparison. Note that the responses of S1, S3, and S4 are obtained from the corresponding reconstructed interference spectra, and the fringe dips at ~1540 nm were used as the reference. 






Figure 10. Responses of the four-device-multiplexed system to variations of the applied curvature exerted on S2. (a) Measured spectral responses within a wavelength span of 15 nm. (b) Reconstructed interference spectra within a single fringe period of S2 for different settings of curvature. (c) The change in intensity at the destructive interference point of S2 as a function of the applied curvature. A second-order polynomial curve fit was applied to the measurement points, and the fitting results are shown in the figure. An enlarged view of the device’s response in the curvature range of 7~12.2 m−1 is given in the inset, showing a linear response, as revealed by the linear curve fit. The responses of S1, S3, and S4 are also plotted for comparison. (d) The change in the dip wavelength of S2 as a function of the applied curvature. A linear curve was applied. The responses of S1, S3, and S4 are also plotted for comparison. Note that the responses of S1, S3, and S4 are obtained from the corresponding reconstructed interference spectra, and the fringe dips at ~1540 nm were used as the reference.



[image: Photonics 10 00580 g010]







[image: Photonics 10 00580 g011 550] 





Figure 11. Responses of the four-device-multiplexed system to variations of the tensile strains exerted on S2. (a) Measured spectral responses within a wavelength span of 15 nm. The spectrum mostly shifted to the longer wavelength region with increasing tensile strains. (b) Reconstructed interference spectra within a single fringe period of S2 for different settings of tensile strains. (c) The change in the dip amplitude of S2 as a function of the applied strain. The responses of S1, S3, and S4 are also shown. (d) The change in the dip wavelength of S2 as a function of the applied strain. A linear response was revealed by applying a linear curve fit, as indicated in the figure. The responses of S1, S3, and S4 are also plotted for comparison. Note that the responses of S1, S3, and S4 are obtained from the corresponding reconstructed interference spectra, and the fringe dips at ~1540 nm were used as reference. 
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