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I. INTRODUCTION

Although often underestimated, pressure ulcers are a real public health issue. In France, the average prevalence of pressure ulcers among hospitalized patients is about 8.1% in 2014 [START_REF] Barrois | Épidémiologie des escarres en France[END_REF], which further complicates the situation of the already vulnerable people. Besides, pressure ulcers seriously affect the quality of life of patients, causing both physical and mental suffering. Their treatment is painful and long but also expensive. There are currently very few effective ways to prevent pressure ulcers. In practice in hospitals, healthcare professionals try to prevent them by moving patients every two hours to alternate areas of prolonged support.

The use of a multi-sensor device could prevent the appearance of pressure ulcers. These sensors should therefore measure pressure, shear, temperature and humidity in the patient's risk areas. Indeed, pressure ulcers are wounds that form during prolonged immobilization, in a lying or sitting position, because of pressure that can be associated with shear. The originality of this project is to propose a bedsore prevention device based on optical fibers adapted to the patient's context, and therefore integrable and embeddable in an everyday object, such as a cushion for patients in wheelchairs or in a mattress topper for bedridden patients. But, before incorporating optical fibers in adapted materials, the first objective is of this project is to study the feasibility of the use of a sensor based on Fiber Bragg Gratings (FBG) to prevent pressure ulcer occurrence. FBG generate interest in sensor technology, since they can measure physical values such as temperature or pressure. A first step consists in developing a FBG-based prototype able to measure vertical and horizontal deformations, corresponding respectively to pressure and shear. Once the feasibility is proven, we will have our calibrations and control measurements and then we will focus on the embedding of these FBG in a material and the impact of this integration in the measurements.

II. TECHNOLOGY BACKGROUND

A. Use of Fiber Bragg Gratings 1) Principle of the FBG

The principle of a Fiber Bragg Grating is based on the modulation of the refractive index of the optical fiber core over a defined length [START_REF] Her | Simultaneous Measurement of Temperature and Mechanical Strain Using a Fiber Bragg Grating Sensor[END_REF]. When the spectrum of a broadband source passes through the core of the optical fiber, only a narrow part of the incident spectrum is reflected at a resonant wavelength: the Bragg wavelength, noted as λ B (Fig. 1).
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The Bragg wavelength is defined by:

λB = 2ne Λ (1)
with n e the effective core index of the optical fiber, and Λ the pitch of the grating. The operating principle of FBG sensors is based on the variation of the Bragg wavelength when the optical fiber is subjected to strain or temperature changes. This variation is noted Δλ B .

Figure 1. Operating principle of a FBG optical fiber [START_REF] Demirel | Contribution à l'optimisation des mesures de température et de déformations par capteur à fibre optique à réseau de Bragg : application au procédé de fabrication des composites par infusion de résine[END_REF].

2) Use of FBG as a temperature sensor

It can be shown that the shift of the Bragg wavelength Δλ B due to a change in temperature can be written as follows [START_REF] Demirel | Contribution à l'optimisation des mesures de température et de déformations par capteur à fibre optique à réseau de Bragg : application au procédé de fabrication des composites par infusion de résine[END_REF]:

(

with the thermo-optical coefficient due to a variation in the refractive index. It is equal to 7.3.10 -6 /°C at the temperature T = 20°C for an optical fiber of pure silica [START_REF] Vacher | Capteurs à fibres optiques pour le contrôle de l'élaboration et la caractérisation mécanique des matériaux composites[END_REF]. The coefficient α corresponds to the relative elongation of the Bragg grating pitch with respect to a temperature variation [START_REF] Demirel | Contribution à l'optimisation des mesures de température et de déformations par capteur à fibre optique à réseau de Bragg : application au procédé de fabrication des composites par infusion de résine[END_REF]. α is therefore the coefficient of thermal expansion and is equal to 0.55.10 -6 /°C [START_REF] Demirel | Contribution à l'optimisation des mesures de température et de déformations par capteur à fibre optique à réseau de Bragg : application au procédé de fabrication des composites par infusion de résine[END_REF]. Besides, the thermal sensitivity of a FBG can be obtained by:

(

Typical values of the FBG temperature response are 6.8, 10 and 13 pm/°C for Bragg wavelengths of 830, 1300 and 1550 nm respectively [START_REF] Vacher | Capteurs à fibres optiques pour le contrôle de l'élaboration et la caractérisation mécanique des matériaux composites[END_REF], [START_REF] Rao | In-fibre Bragg grating sensors[END_REF].

3) Use of FBG as a pressure sensor

Pressure measurement is not obtained directly. It is first necessary to calculate the strain undergone by the optical fiber that we note ε, which corresponds to a deformation. In our study, we consider that the FBG is isotropic and homogeneous. By applying a uniaxial force (for example a vertical force), the fiber is subjected to a strain and is deformed along its axis. The cross section of the fiber is also reduced by the Poisson effect. The Poisson's coefficients are noted ν. It can also be shown that the variation of the refractive index as a function of deformation can be expressed by the Pockels coefficients p ij [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF]- [START_REF] Narasimhamurty | Photoelastic and Electro-Optic Properties of Crystals[END_REF].

Finally, the Bragg wavelength shift due to uniaxial deformation can be written as follows [START_REF] Demirel | Contribution à l'optimisation des mesures de température et de déformations par capteur à fibre optique à réseau de Bragg : application au procédé de fabrication des composites par infusion de résine[END_REF]:

(4)
Sensitivity to deformation can be written as follows:

(5)

with:

(6)
Typical values for a germanium-doped optical fiber are [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF], [START_REF] Othonos | Fiber Bragg gratings[END_REF]:

 p 11 = 0.113  p 12 = 0.252  ν = 0.16  n e = 0.148
Knowing the deformation ε of the fiber, the corresponding elongation can be calculated. Indeed, the relationship between deformation and the length of the fiber is:

(7)
For a Bragg wavelength of 1550 nm, the sensitivity to distortion is of the order of 1.3 pm/µε [START_REF] Hill | Fiber Bragg grating technology fundamentals and overview[END_REF], [START_REF] Othonos | Fiber Bragg gratings[END_REF]. The total force applied to the fiber is therefore:

(8)
The coefficient k is the stiffness constant of the springs used and m*g is the weight applied to the optical fiber. The pressure P is easily determined, as it is the ratio of the force F applied to the bearing surface S of the system:

B. FBG-based prototype

For our experiment, a prototype able to measure vertical strain and horizontal shear forces was designed and engineered at the ICube Laboratory. The FBG used have a length L of 5 cm. A tunable laser is used with a sweeping range between 1545 and 1560 nm and a center wavelength λ B0 of 1554.22 nm (cf. Table 1).

The wavelengths sent by the laser pass through a circulator that transmits the light to the optical fiber (1 to 2: blue arrow). The Bragg wavelength is reflected by the grating and passes back p. 3
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First, a rigorous approach consists in sending a light source in the optical fiber with a tunable laser to measure the Bragg wavelength associated with a known strain by putting known weights on the prototype for example. The IL Client software is used to acquire the Bragg wavelength. Two optical fibers are attached, each of them between two rigid attachment points. The bash-plate that applies pressure on one of the optical fibers is set on a rectangular support. This support is in contact with four springs, which allow the system to return to its initial state when no more force is applied. The complete system is shown in the figures 3 and 4. FBG1 and FBG2 are the optical fibers used to measure vertical and horizontal strains, respectively. Horizontal strains are considered as shears. The bash-plate presses on the FGB1 when a vertical force is exerted (cf. Fig. 5). The two rods deform the FBG2 when there are horizontal movements that corresponds to shears (cf. Fig. 6). First, a measurement of the Bragg wavelength λ B0 is performed without any applied force. Then, different weights are put on the measuring system to determine the corresponding Bragg wavelength offset Δλ B0 .

III. RESULTS

The measurements results of the Bragg wavelengths without any applied force are given in Table 2.
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Table 3 gives the measured center wavelengths (λB0) for different weights put on the bearing surface according to the temperature room (cf. Fig. 7). In order to study the response of the FBG to strain, we measured the wavelength shifts when weights are exerted and then removed on the fiber. This experiment allows us to check if the fiber returns to its initial position after being deformed. This allows us therefore to validate the setup of the prototype.

Figure 8 shows the variation of the wavelength as a function of the weights applied to FBG1. In red, the measurements were obtained by adding weights and in blue, by removing weights from the prototype. It can be noticed that both curves are almost superimposed, which can be assumed that the measurements are repeatable. In the same way, figure 9 shows the variation of the wavelength according to millimeter horizontal shift applied to the FBG2 with different weights put on the prototype. The study of horizontal shifts allows us to analyze the response of the fiber to shear. The different curves show a linear response of the system to shear despite the different weights applied as illustrated in figure 7. However, it can be noticed a deviation of the measurements after shifting the prototype of 1.5 mm (cf. red circle). Those errors in the measurements have been obtained certainly because of the mechanical stop in the system.
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The sensitivity of the fiber to deformation is 1.3 pm/µε at 1550 nm. ε can then be obtained with the equation ( 5). The stiffness constant of the springs used is 11 960 N/m. The bearing surface on which the weights are applied is 0.015 m².

With these data, it is therefore easy to calculate, from the wavelength shift measurements, the deformation exerted on the FBG, and then the strain and the shear applied to the fiber.

IV. DISCUSSIONS

The results obtained are in agreement with the theory. Indeed, the linear dependence of the Bragg wavelength defined by equation ( 5) is verified. However, a slight drift of the Bragg wavelength from its original value (1554.22 nm) is observed. The FBG is fixed and tightened at two attachment points. Finally, Bragg wavelength measurements show good repeatability and reproducibility.

In the same way as we have shown in this article, the temperature can be calculated by measuring the wavelength shift after calibration of the FBG and then the deformation of the fiber (cf. equation ( 2)). However, the simultaneous measurements of strain and temperature will be more complicated. Indeed, the theory shows that a change in temperature or deformation has the same effect on the Bragg wavelength shift Δλ. Several methods have been proposed in the literature to discriminate between temperature and strain [9]- [START_REF] Du | Fiber Bragg grating cavity sensor for simultaneous measurement of strain and temperature[END_REF]. Experimental systems are more complex and would not necessarily be suitable for the project. Contrary to the strain and shear measurements which have to be performed in a finer way, the temperature measurement can be performed in a more coarse way. For this reason, a solution is to set up thermistors to measure temperature on different areas of the prototype to reduce the number and therefore the cost of FBG that are dedicated to the measurements of strain and shear.

V. CONCLUSIONS AND PERSPECTIVES

The use of FBG for pressure ulcer prevention is one possible solution. These optical fibers are very sensitive to deformations and can therefore be used for strain and shear measurements applications.

An important next step in this project will be to incorporate the FBG-based prototype in a material suitable for patients such as gel, foam or fabric. This will be a complicated process since it is necessary to ensure that the optical fiber does not break and that it does not damage the material (crack, breakage, etc...).
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 3 Figure 3. Support system (front view).
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 4 Figure 4. Support system (top view).
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 56 Figure 5. Scheme of the FBG1 deformation with a vertical force (front view).
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 8 Figure 8. Wavelengths as a function of the weights applied to the FBG1.
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 9 Figure 9. Wavelengths as a function of horizontal shift applied to the FBG2 with different weights.

TABLE I

 I 

		.	SPECIFICATIONS OF THE FBG USED
	Serial number	λB0 [nm]	Sensibility (deformation) [m/ε]	Maximal deformation [ε]
	6920170551	1554.220	1.30E-06	5.10 -3

Figure 2. Operating principle of the circulator.

TABLE II

 II 

	.	BRAGG WAVELENGTH MEASUREMENTS
			λ B0 [nm]
			1556.6916
		Weight: 0 g (without any applied force)	1556.6620 1556.6315
			1556.7785
		Mean	1556.6909
		Standard variation	0.0633
	TABLE III.		
			0	1556,7085
		23,7	2329 4658	1557,2309 1557,8358
			6987	1558,6462
			0	1556,7088
		24,3	2329 4658	1557,2484 1557,8538
			6987	1558,6387
			0	1556,6705
		24.6	2329 4658	1557,1929 1557,7628
			6987	1558,5835

MEASUREMENTS OF BRAGG WAVELENGTH FOR DIFFERENT WEIGHTS APPLIED ON THE SUPPORTING SUPPORT DEPENDING ON ROOM TEMPERATURE

Room temperature [°C] Weight (g) ΔλB0 [nm]

Figure

7

. Photo of weights applied to the prototype.
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