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In this work, we present a Fabry-Perot interferometer (FPI) based on a polymer microtip for water content determination in both gas and liquid phase. The polymer tip of pentaerythritol triacrylate (PETA) is fabricated at the end of an optical fiber by self-guiding photo-polymerization, forming at the same time a low fineness Fabry-Perot interferometer and a sensing layer for water thanks to hydroxyl groups present in PETA. The PETA tip shows a clear interferometric signal which is highly sensitive to the change of water content in the environment. The FPI signal shifts with a constant relative sensitivity of 104 ppm/% RH in the range of relative humidity from 30 to 80 %. In liquid, the FPI sensor shows a non-linear sensitivity, up to 158 pm/wt% as water content is below 40 wt% in water/glycerol mixtures. The cross effect of the temperature on the PETA tip is demonstrated to be negligible as the FPI signal is insensitive to temperature changes from 23 to 70 o C. More importantly, the interaction between the tip and the environment affecting the FPI signal is demonstrated experimentally. The proposed FPI sensor is therefore promising for the direct, sensitive and reliable determination of water content of products.

 INTRODUCTION

Fabry-Perot interferometers (FPI) have been studied intensively for sensor applications [1][2][3][4] . The main component of a FPI sensor is an optical cavity with two separate parallel reflecting surfaces. These parallel surfaces reflect incident light and result in an optical interferometric signal with periodic peak and dip positions. The interferometric signal of the FPI is sensitive to the distance between the reflecting surfaces as well as the refractive index of the cavity medium. These parameters can be changed by variation of external environment parameters such as humidity, temperature, pressure, and material. Therefore, one can use FPI as a sensor for various parameters. FPI can be attached with optical fibers to form compact sensor devices in which the optical fiber works as waveguide for incident and reflected signal.

One established sensing application of FPI is to monitor relative humidity in air [START_REF] Santos | Characterisation of a Nafion Film by Optical Fibre Fabry-Perot Interferometry for Humidity Sensing[END_REF][START_REF] Chen | Chitosan Based Fiber-Optic Fabry-Perot Humidity Sensor[END_REF][START_REF] Zhao | Relative Humidity Sensor Based on Hollow Core Fiber Filled with GQDs-PVA[END_REF][START_REF] Zhao | Optical Fiber Fabry-Perot Humidity Sensor Based on Polyimide Membrane: Sensitivity and Adsorption Kinetics[END_REF][START_REF] Wu | An Open-Cavity Fabry-Perot Interferometer with PVA Coating for Simultaneous Measurement of Relative Humidity and Temperature[END_REF] , which is important not only for human comfort but also for technical areas such as chemical processing, food storage, agriculture. In these sensors, the FPI cavity requires to be functionalized by a hygroscopic material to achieve a high humidity sensitivity. Indeed, the main principle of these FPI sensors is that the material of the cavity can absorb water molecules from a humid ambience, resulting in a swelling effect. Hence, the size of the cavity, i.e. the distance between the two reflecting surfaces increases, resulting in a shift of the fringes along the wavelength position of the interferometric signal. Generally, a relatively complex architecture is required to fabricate FPI humidity sensors, combining material deposition and potential subsequent patterning. For example, Santos et al. [START_REF] Santos | Characterisation of a Nafion Film by Optical Fibre Fabry-Perot Interferometry for Humidity Sensing[END_REF] showed FPI humidity sensors made of a Nafion film deposited on an optical fiber facet. More recently, Lang et al. [START_REF] Lang | Ultra-Compact, Fast-Responsive and Highly-Sensitive Humidity Sensor Based on a Polymer Micro-Rod on the End-Face of Fiber Core[END_REF] presented a PMMA micro rod grown at the facet of an optical fiber. Chen et al. [START_REF] Chen | Chitosan Based Fiber-Optic Fabry-Perot Humidity Sensor[END_REF] also reported a FPI humidity sensor, fabricated by splicing a hollow-core fiber (HCF) with a single mode fiber and then coating at the end of the HCF a chitosan film. These examples show that beyond high sensitivities achieved, these sensors suffer from a lack of reproducibility, due to microfabrication challenges at the facet of optical fibers.

In contrast to the popularity of FPI for humidity sensors, the application of FPI for the direct sensing water content in liquid environments remains challenging and has not received much attention. Water content is an important process variable to be measured in industrial applications, such as hydrocarbon processing [START_REF] Margolis | Effect of Hydrocarbon Composition on the Measurement of Water in Oils by Coulometric and Volumetric Karl Fischer Methods[END_REF][START_REF] Frink | Determination of Trace Water Content in Petroleum and Petroleum Products[END_REF][START_REF] Xiong | Determination of Low-Level Water Content in Ethanol by Fiber-Optic Evanescent Absorption Sensor[END_REF][START_REF] Srivastava | Surface Plasmon Resonance Based Fiber Optic Sensor for the Detection of Low Water Content in Ethanol[END_REF] , pharmaceuticals [START_REF] Khankari | Determination of Water Content in Pharmaceutical Hydrates by Differential Scanning Calorimetry[END_REF][START_REF] Frink | Water Determination in Solid Pharmaceutical Products Utilizing Ionic Liquids and Headspace Gas Chromatography[END_REF] or food [START_REF] Isengard | Water Content, One of the Most Important Properties of Food[END_REF][START_REF] Mathlouthi | Water Content, Water Activity, Water Structure and the Stability of Foodstuffs[END_REF] , and it can influence the quality, shelf life and stability of the products. Conventionally, water content determination is based on the Karl Fischer method [START_REF] Scholz | Determination of Water[END_REF] , which is sensitive but time-consuming, uses toxic chemicals and remains an indirect method. An alternative method, for example, based on FPI is thus of great interest. To monitor the water contents in liquids, the swelling effect of the FPI cavity could be used by a similar way as in the application of sensing humidity. However, potential interaction of the sensor with the environment can affect the sensing operation due to low optical contrast or uncontrolled degradation such as dissolution. Material choice as well as FPI sensor configuration are thus crucial for this application.

Therefore, in this study, we present a simple FPI sensor to directly determine water content in both gas and liquid phase. The FPI is formed by a micro-length polymer tip attached to the end of an optical fiber by self-guiding photo-polymerization process. This process is simpler and cost effective than other common methods for FPI fabrication such as fiber splicing [START_REF] Chen | Chitosan Based Fiber-Optic Fabry-Perot Humidity Sensor[END_REF][START_REF] Zhao | Relative Humidity Sensor Based on Hollow Core Fiber Filled with GQDs-PVA[END_REF][START_REF] Rao | In-Line Fiber Fabry-Perot Refractive-Index Tip Sensor Based on Endlessly Photonic Crystal Fiber[END_REF][START_REF] Cibula | In-Line Fabry-Pérot Refractive Index Sensor[END_REF] and laser direct writing [START_REF] Zhang | Highly Sensitive Magnetic Field Microsensor Based on Direct Laser Writing of Fiber-Tip Optofluidic Fabry-Pérot Cavity[END_REF][START_REF] Chen | 3D Printed Castle Style Fabry-Perot Microcavity on Optical Fiber Tip as a Highly Sensitive Humidity Sensor[END_REF] . The polymer selected in this work is pentaerythritol triacrylate (PETA) which is curable under UV irradiation, allowing a quick formation of the well-defined polymerized tip at the end of the optical fiber. Also, thanks to three functional groups, PETA can form a highly crosslinked polymer network, thus providing a good mechanical stiffness for the tips. Moreover, PETA consists of hydroxyl groups (OH-) that absorb water molecules, resulting in a significant swelling effect in a water containing environment. The polymer thus plays a role as a FPI cavity as well as a sensing layer for direct water content determination. It also simplifies the fabrication process and prevents potential undesired degradation of the sensing layer, due to high cross-linking of the triacrylate polymer. The humidity sensing performance of the PETA tip sensor is characterized using the wavelength range of 800 -890 nm, showing a temperature independent relative sensitivity of 104 ppm/%RH in the relative humidity range from 30 to 80 %. For the measurement of water content in liquid, glycerol solution is selected as a model system. Indeed, the presence of water in glycerol solution is a crucial factor in various research and industrial fields such as food storage [START_REF] Cazón | Cellulose-Glycerol-Polyvinyl Alcohol Composite Films for Food Packaging: Evaluation of Water Adsorption, Mechanical Properties, Light-Barrier Properties and Transparency[END_REF][START_REF] Galus | Optical, Mechanical, and Moisture Sorption Properties of Whey Protein Edible Films[END_REF] , pharmaceutical [START_REF] Da Silva | Glycerol: A Promising and Abundant Carbon Source for Industrial Microbiology[END_REF] , diffusion studies [START_REF] Ruvalcaba-Cardenas | Droplet on Soft Shuttle: Electrowetting-on-Dielectric Actuation of Small Droplets[END_REF] and biofuel [START_REF] Monteiro | Glycerol from Biodiesel Production: Technological Paths for Sustainability[END_REF][START_REF] González | Biofuel Quality Analysis of Fallen Leaf Pellets: Effect of Moisture and Glycerol Contents as Binders[END_REF] . In water-glycerol mixtures, our polymer tip shows a non-linear sensitivity up to 158 pm/wt% as water content is below 40 wt%. Beyond the high sensitivity achieved, in particular for water content determination in liquid, we showed the optomechanical interaction between the tip and the environment explaining the sensing operation of these FPI sensors.

 FABRY-PEROT INTERFERENCE PRINCIPLE OF THE POLYMER TIP

The FPI working principle of a polymer tip attached at the end of an optical fiber is schematically shown in Figure 1. When light is injected through the fiber, one part is reflected at the first interface between the fiber core and the polymer tip, while the other part is reflected at the second interface between the polymer tip and the surrounding environment. The Fresnel reflection coefficients at these two interfaces are defined as R 1 and R 2 , determined by the following equations:

(1)

(2) where , and are the refractive indices of the core fiber, the PETA tip and the surrounding environment, respectively. In this study, we have , and

These refractive indices are close to each other, resulting in small values of R 1 and R 2 . We therefore ignore the multiple reflections within the polymer tip and only consider a model for two-beam interference. The resulting interference signal is determined as following:

(3) where is the input electric field, is the transmission loss factor at the reflection interface 1, β is the propagation constant within the polymer tip, and α is the loss factor of the tip. The expression has sign (+) if n f > n p and sign (-) if n f < n p . The normalized intensity of the interferometric pattern is then determined as following:

(4) It is seen that the interferometric signal depends on the phase difference ( ) of the two reflected beams which is determined by the refractive index and length of the tip. When the phase difference satisfies the condition (where is an integer), the corresponding dip wavelength can be achieved with:

(

As mentioned, the presence of water molecules in the environment affects both the refractive index of the medium n e as well as the length L of the polymer tip due to adsorption of water molecules and resulting swelling. of the polymer tip. However, it also can be used to identify the FPI behavior of the polymer tip for a given length under ambient condition, particularly the free spectral range (FSR), matching well with experiments, as shown in Supporting information (Figure S3).

In a nutshell, the interference pattern of a polymer tip is dependent on its characteristics (length, refractive index) and the surrounding environment. The variation of environment in temperature, humidity, concentration, etc., will result in the variation of the external refractive index as well as the refractive index and the length of the polymer tip, consequently affecting the interference pattern of the tip. By measuring the interference pattern of the polymer tip, one can monitor the changes of environment parameters, in particular water content, as shown experimentally in the next sections. 

 MATERIALS AND METHODS

Fabrication of polymer tips. The polymer microtip is fabricated at the facet of an optical fiber by self-guiding photopolymerization, as schematically shown in Figure 3. First, a single-mode optical fiber (Thorlabs 780HP with a core and cladding diameter of 5 and 125 μm, respectively) is carefully cleaned, cleaved and vertically mounted into a fiber holder. One end of the fiber is connected to a laser source (OXXIUS, wavelength of 375 nm) via an optical shutter and a focus lens. The other end of the fiber is gradually inserted into a droplet of trifunctional monomer pentaerythritol triacrylate (PETA) mixed with photo-initiator 2,2-Dimethoxyl-2-phenylacetophenon (DMPAP) on a horizontal flat substrate. The molecular ratio of DMPAP is equal to 1% of PETA polymerizable groups. When the power source is turned on, the laser goes through the optical fiber and exposes the photopolymer droplet, activating a photopolymerization within the droplet. After a given exposure, the fiber end is carefully lifted up out of the photopolymer droplet and gently dipped into ethanol for about 10 s. The unpolymerized polymer is rinsed out by ethanol, resulting in a well-defined polymer tip at the end of the optical fiber. To ensure a complete polymerization, the tip is subsequently exposed to UV irradiation (wavelength of 365 nm) for at least 3 hours. The geometrical shape of the polymer tip is controlled by the exposure dose (laser power × exposure time) and the length of the tip (L) is controlled by the distance between the fiber facet and substrate. dose (Figure 5a) exhibits higher intensity and better contrast compared to that of the tip fabricated under overdose (Figure 5b). Thus, to obtain a clear, high contrast FPI signal, it is necessary to control the shape of the polymer tip by controlling the exposure dose. This method is much straightforward and cheaper than depositing a thin layer of Au, Ag [START_REF] Zhang | Highly Sensitive Magnetic Field Microsensor Based on Direct Laser Writing of Fiber-Tip Optofluidic Fabry-Pérot Cavity[END_REF][START_REF] Liu | Highly Versatile Fiber-Based Optical Fabry-Pérot Gas Sensor[END_REF][START_REF] Llera | Liquid-Air Based Fabry-Pérot Cavity on Fiber Tip Sensor[END_REF] at the end of the fiber to obtain high reflectiveness or fabricating a hybrid model consisting of an UV cured polymer tip and a polymer tip on the end facet of a fiber to enhance the signal contrast [START_REF] Hu | A Hybrid Self-Growing Polymer Microtip for Ultracompact and Fast Fiber Humidity Sensing[END_REF] . sensing is practically independent of the tip length, allowing to produce reproducible and reliable sensors. Our sensor shows a relative sensitivity of 104 ppm/%RH, which is comparable with FPIbased sensors reported in previous studies, see Table S1 in the Supporting Information. The shift of the FPI signal with variation of the environment humidity can be understood by considering the water absorption capability of PETA polymer. The available hydroxyl functional groups (OH-) of PETA can form hydrogen bonds with surrounding water molecules, resulting in a swelling of the polymer and thus a change of the tip length. In addition, the refractive index of the polymer tip can be also affected due to the presence of water molecules inside the polymer.

Therefore, the shift of the FPI spectrum with relative humidity is concurrently attributed to the change of the length and the refractive index of the tip. From the expression (5), the shift of the FPI fringe induced by the change of environment humidity can be deduced as following:

The first term shows the effect of the change of the length while the second shows the effect of change of the refractive index of the tip. When the relative humidity increases, due to the swelling effect, the length of the tip increases, then one has . This means the tip shows a red shift in its FPI signal with increasing humidity. However, the absorption of water reduces the effective refractive index of the polymer because the refractive index of water (1.339) is lower than the one of PETA (1.483). This means with increasing relative humidity and subsequently a blue shift should be observed in the FPI spectrum. The red shift caused by the increase of the tip length and the blue shift caused by the decrease of the tip refractive index compete to each other, results in a final effective shift of the FPI pattern. Based on the experimental results where the effective shift is towards the longer wavelength as observed in Figure 6, we can conclude that the effect caused by change of the tip length is much more predominant than the effect caused by the change of the tip refractive index. Thus, the polymer tip-based FPI sensor proposed here is mechanically sensitive to the water content of the environment.

To evaluate the repeatability of the FPI signal of the tip, we studied the evolution of its FPI signal in two increase-decrease cycles of the relative humidity, see Figure 7. It is seen that the FPI spectrum of the tip shows a red shift of 3.93 nm as the relative humidity increases from 30 to 80%.

Then, as the relative humidity decreases from 80 to 30%, the tip shows a reversible blue shift of exactly 3.93 nm. Moreover, the dip-wavelength position of the interference spectra at a certain humidity value is reproducible regardless the evolution trend of the relative humidity, see Figure 7c.

These data indicate the excellent sensing repeatability of PETA tip. In practical sensor applications, the variation of relative humidity is often accompanied by a change of temperature [START_REF] Mathew | Fiber Optic Hybrid Device for Simultaneous Measurement of Humidity and Temperature[END_REF][START_REF] Lee | Hygroscopic Polymer Microcavity Fiber Fizeau Interferometer Incorporating a Fiber Bragg Grating for Simultaneously Sensing Humidity and Temperature[END_REF] . The change of temperature might affect the FPI signal of the sensor and consequently may lead an inaccuracy in the sensing results. Here, we studied the effect of temperature variations on the FPI signal of the PETA tip. The PETA tip is placed in a working chamber where the temperature can be varied. To maintain the air inside the chamber at a low relative humidity, we introduced a slow flow of dry N 2 gas. The FPI signal of the tip is then recorded at various temperatures. It is seen that the interference spectra of the tips have remained unchanged as the temperature increases from 23 to 70 o C, see Figure 9. The shift of the FPI spectra induced by the temperature variation is attributed to the change of the length and refractive index of the tip, following the equation:

With and are the thermal expansion and thermo-optical coefficient of PETA material. When the temperature increases, the length of the tip increases because of a positive thermal expansion coefficient, resulting in a red shift of the interference spectrum. Meanwhile, the refractive index of material reduces with increasing temperature, leading to a blue shift. In the case of PETA tip, the red shift due to the length change and the blue shift due to the refractive index change are of equivalent magnitude, the signal thus is almost unchanged with the change in temperature.

Therefore, these sensors are insensitive to temperature, a great benefit in real sensing applications. Water content sensing. The PETA tip is then studied for sensing water content in glycerol solutions. All the experiments were conducted at room temperature. The tip was immersed in glycerol solutions with different water contents and the corresponding interference spectra of the tip in each solution were recorded. Before immersing in each glycerol solution, the tip was immersed in pure water for 15 minutes to ensure that the residual liquid attached on the tip surface was cleaned and the PETA chains within the tip are saturated by water. Figure 10a shows that FPI signal of the 40.5 μm long PETA tip shifts of 8.34 nm towards longer wavelength with increasing water content from 0 to 100 wt%. The dependence of wavelength on water content shows a nonlinear response, as shown in Figure 10b (see Supporting material for more details (Figure S5)). The wavelength shifts dramatically in the low range of water content and more slightly in the higher range of water content. In particularly, when the water content is below 40 wt%, the FPI signal shifts with an average sensitivity of 158 pm/wt%. However, when the water content is above 40 wt%, the shift of the FPI signal is significantly lower, with an average sensitivity of 30 pm/wt% (see Supporting Information (Figure S5)). The high sensitivity of the sensor in the water content region below 40 wt% matches the need for the determination of relatively low water content of liquid products. Moreover, the response of the tip to water content in glycerol solution is independent of the tip length, showing a good reproducibility of our sensors. leads to a shift of the FPI signal [START_REF] Zhang | Highly Sensitive Magnetic Field Microsensor Based on Direct Laser Writing of Fiber-Tip Optofluidic Fabry-Pérot Cavity[END_REF][START_REF] Frazão | Fabry-Perot Refractometer Based on an End-of-Fiber Polymer Tip[END_REF] . However, the contribution of the evanescent field is only significant as the waveguide diameter is in the nanometer range [START_REF] Zhang | Highly Sensitive Magnetic Field Microsensor Based on Direct Laser Writing of Fiber-Tip Optofluidic Fabry-Pérot Cavity[END_REF] . In our case, the diameter of the PETA tip is about 5.0 μm, so the change of the effective refractive index of the guiding mode due to the evanescent field is insignificant. We propose that the strong water-absorption capacity of glycerol is the main reason behind the shift of the FPI signal [START_REF] Chen | Moisture Retention of Glycerin Solutions with Various Concentrations: A Comparative Study[END_REF] . The tip is always immersed in pure water before immersing in aqueous glycerol solutions, so that the PETA hydroxyl groups are initially saturated by water molecules. When the tip is then immersed in an aqueous glycerol solution, the glycerol absorbs water molecules from the PETA due to its highly hydrophilic characteristic, leading to a shrinking of the PETA tip. The more glycerol in the solution, the more water from the PETA is absorbed, resulting in larger shrinkage. In contrast, the less glycerol in the solution, the less water from the PETA is absorbed, resulting in smaller shrinkage. The increase of the length of the tip leads to a shift of the FPI signal towards a longer wavelength, as observed experimentally.

Aside from the wavelength shift, the intensity of the FPI signal increases with increasing water content in the glycerol medium. The intensity (I max -I min ) of the FPI signal is found to be linearly dependent with the water content of the solution, as shown in Figure 11a. The sensitivity is estimated to be 78 counts/wt%. This can be explained by considering the change of the refractive index of the surrounding medium on the FPI signal of the tip. When the amount of water in aqueous glycerol solution increases from 0 (pure glycerol) to 100 wt% (pure water), the refractive index of the solution decreases from 1.471 to 1.339 as being calibrated by an Abbe refractometer, see Figure 11b. According to the Eq. (2), as the refractive index of the surrounding environment decreases, the

Fresnel reflection coefficients at the tip/environment interface (R 2 ) increases. As a result, the FPI signal of the tip increases in intensity. We also studied the sensing stability of the tips by examining their FPI signal at a given water content over time. The interference spectra of a 44.0-μm-long tip at the water content of 0, 50 and 100 wt% are shown in Figure 13 (see Supporting material for more details, Figure S6). In the case of pure water, during the first two minutes, the signal evolves slightly before becoming stable for 2 hours as shown in Figure 13a. Meanwhile, it takes about 10 minutes for the tip in the water-glycerol solution to obtain a stable signal. This is due to the interaction between glycerol and water contained in the PETA tip. determination is based on the Karl Fischer coulometry method [START_REF] Scholz | Determination of Water[END_REF] . It is a sensitive method, but indirect due to the voltammetry strategy applied. One can thus consider this FPI sensor as a promising candidate for the direct determination of water content in liquid phase, simplifying testing procedures and thus, reduced costs of analysis.

 CONCLUSION

In conclusion, we have presented a FPI sensor in the form of a micro polymer tip attached at the end of an optical fiber, applied for water content determination in both gas and liquid phase. The micro tip is formed by self-guiding photopolymerization of PETA polymer, a simple and costeffective method. The interferometric signal of the polymer tip in the wavelength from 800 to 890 nm is sensitive to the variation of the relative humidity and water content of glycerol mixtures. A constant relative sensitivity is found to be 104 ppm/%RH in the humidity range from 30 to 80%.

For water content sensing in glycerol solution, the sensitivity is 158 pm/wt% in the range from 0 to 40 wt%. The cross effect of temperature in the measurements is negligible as the interferometric signal is insensitive to the temperature from 23 to 70 o C. Compared to other FPI sensors, the proposed approach goes towards a direct determination of water content in both gas and liquid phase, with potential applications for quality control. Future work will involve different liquid products, with determination of water content at low levels, between 0 and 10 wt%. S1) (PDF).
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