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Introduction

The great rise of wearable technologies (computers, phones ...) have opened the doors to research and innovation on the miniaturization of electronic components to be made more portable. Connected objects are getting closer and closer to the body and are more and more part of people's lives. This technological development has affected many industrial sectors, in fact, these technologies allow to follow and acquire in real time data in order to increase for example the productivity. The sector that interests us is the textile industry [1].

Indeed, this sector has also been a source of innovation and development by integrating sensors in textiles [START_REF] Koncar | Smart Textiles and Their Applications[END_REF]. It has allowed the development in a first time of heating textiles in order to heat certain parts of the body of the person by the integration of metallic wires for example. There were also luminous textiles for medical [3] like photodynamic therapy [START_REF] Mordon | Light emitting fabric technologies for photodynamic therapy[END_REF]5], individual protection (high visibility)

or decoration. There are also textiles used as sensors using different technologies such as piezoelectric sensors [6], capacitive sensors [START_REF] Sergio | A textile based capacitive pressure sensor[END_REF], optical fibres [START_REF] Krehel | Development of a luminous textile for reflective pulse oximetry measurements[END_REF]... These technologies offer a more or less advanced integration, ranging from the simple rigid electronic circuit sewn on the surface of the textile [START_REF] Buechley | Fabric PCBs, electronic sequins, and socket buttons: techniques for e-textile craft[END_REF],

through the embroidery of conductive wire. It's also possible to use screen printing by printing with conductive ink an electronic circuit directly on the surface of a textile [START_REF] Arruda | Development of Piezoresistive Sensors Based on Graphene Nanoplatelets Screen-Printed on Woven and Knitted Fabrics: Optimisation of Active Layer Formulation and Transversal/Longitudinal Textile Direction[END_REF]. Finally, the sensor can be integrated during the manufacture of textile for a full integration [START_REF] Tao | Handbook of Smart Textiles[END_REF].

The main difficulty in integrating sensors into textiles is that textiles are by nature flexible, deformable and compressible. The integration of a sensor must not be done at the expense of these three parameters. Moreover, the textile plays a role of protection of the body against the external aggressions and resists against these aggressions. The aggressions can be water, dust ... It is thus necessary to be vigilant not to lose these qualities.

The solutions most used in smart textiles use electricity which makes it very difficult to wash clothes [START_REF] Rotzler | Washability of E-Textiles: Failure Modes and Influences on Washing Reliability[END_REF]. The advantage of using optical fibres is that they are not sensitive to water and humidity [START_REF] Webb | Fibre Bragg grating sensors in polymer optical fibres[END_REF]. We can therefore easily disconnect the electrical part (laser diode and photodiode) to wash the garment.

For several years, Empa has been developing polymeric optical fibres (POFs) of different diameters, materials, and mechanical and optical properties to design their own sensors using these POFs. Two PhD theses on the integration of these POFs into textiles have been completed, one in 2014 by Marek Krehel on "Polymerical Optical Fibres for Biomedical Sensing" [START_REF] Krehel | Polymeric Optical Fibres for Biomedical Sensing[END_REF] and the other thesis in 2016 by Maike Quandt on "Optical Fibre Textiles in Non-Invasive Medical Applications" [START_REF] Quandt | Optical Fibre Textiles in Non-Invasive Medical Applications[END_REF].

The sensors based on optical fibres are composed of a light source, a transducer and a detector [START_REF] Fidanboylu | Fibre Optic Sensors and Their Applications[END_REF].

When the transducer/sensor (optical fibre) detects a disturbance, it converts this disturbance into a loss of light (extrinsic or intrinsic) [START_REF] Joindot | Propagation guidée de la lumière, Ref : TIP520WEB -"Optique Photonique[END_REF]. This loss, which is detected by a receiver (photodiode), is correlated to the disturbance. The advantages of these sensors are easy integration into a wide variety of structures (composite, concrete ...).

The aim of this thesis is to measure deformations and friction as close as possible to the skin by using POFs to fight against bedsores, venous ulcers or to reduce the appearance of phlyctenes. By using such fibres, it is possible to measure deformations precisely on areas of very variable size. These measurements can be very far from the optical measurement devices. They are not disturbed by electromagnetic interferences and by the environment around the fibre (outside the measurement area). These sensors are modular, easy to handle, flexible and it is possible to insert them in all types of structures (textile, concrete, composite...). The integration of sensors in textiles is often based on weaving or embroidery, with the disadvantage of having strong variations in tension. Knitting avoids these strong variations of tension and allows to have naturally a garment close to the body thanks to the elasticity of its structure. Moreover, during the manufacturing process it is possible to insert a sensor based on an optical fibre, to control its trajectory and to control the inserted length.

The thesis is composed of five sections; the first section is a state of art of the light guiding principles in optical fibre, the optical fibres sensors and the insertion of optical fibres inside textiles. The second section is a presentation of the sensor design and its fabrication with different polymeric optical fibres and different connectors. The third section is the sensor mechanical characterization section. Each mechanical test is described and the results are presented. The section four is a presentation of the smart textile design and its characterization. So the technology used for insertion of the polymeric optical fibre inside a textile and the mechanical characterization of this instrumented textile. The section five presents the textile-sensor design optimisation regarding tribology behaviour. Finally, the section six presents the design and manufacting of a textile-sensor prototype, and its characterization.

State of art

1.1. Refraction and light guiding principles

Light propagation in vacuum

In the middle of the 19 th century, James Clark Maxwell developed the physical fundament of the propagation of electromagnetic waves based on the wave description of light by Huygens.

Electromagnetic (EM) waves are defined as a propagating couple of an electric and magnetic field components. These electric and magnetic field vectors have an angle of 90 degrees in medium. The frequency determines the physical properties of EM waves. In a period of T = f -1 , the light travels a certain distance and it is this distance that is defined as the wavelength λ (Equation 1) [START_REF] Joindot | Propagation guidée de la lumière, Ref : TIP520WEB -"Optique Photonique[END_REF]. The light is determined generally for wavelengths between 300 nm (ultraviolet) and 2000 nm (infrared) but only a small fraction of all EM waves is visible for human eye and located between 450 nm (violet) and 700 nm (red) [START_REF] Beckers | 2 -Basics of light guidance[END_REF]. The light is termed polychromatic when it is constituted of several wavelengths, monochromatic for a single wavelength.

𝜆 = 𝜐 𝑓

(Equation 1)

Where:

λ: wavelength of a sinusoidal waveform [m],

𝜐: phase speed of the wave [m/s],

𝑓: wave's frequency [Hz].

Although Maxwell's equations describe a large part of the physics of electromagnetic waves, several experiments have shown that this classical understanding of electromagnetic waves lacks a global description. Around 1900, a theory was established by Max Planck that electromagnetic waves are not only classical waves but can be considered as massless particles. It was only in 1904 that Albert Einstein confirmed this theory by discovering the photoelectric effect. It is the emission of electrons when an electromagnetic wave hits a material. Moreover, this effect cannot be explained by a classical approach using Maxwell's equations. This particle of light called a photon has an energy that is directly correlated to its frequency (Equation 2) [START_REF] Beckers | 2 -Basics of light guidance[END_REF].

𝐸 = ℎ × 𝑓 (Equation 2)

Where h is the Planck quantum and defined with ℎ (Equation 3). ℎ = 6.62607 • 10 -34 Js = 4.13567 • 10 15 eVs (Equation 3)

The characteristics of the propagation of light in an optical fibre can be obtained only by the solutions of Maxwell's equations. These solutions lead to the fact that only certain modes can be transmitted in a waveguide. If this guide can transmit a large number of modes, this theory becomes very complex to solve so approximations have to be made [START_REF] Beckers | 2 -Basics of light guidance[END_REF][START_REF] Ghatak | An Introduction to Fibre Optics[END_REF].

Light propagation in an optical environment

In 1850, Léon Foucault published his work and showed that light propagates less quickly in transparent material media, such as water [START_REF] Joindot | Propagation guidée de la lumière, Ref : TIP520WEB -"Optique Photonique[END_REF]. In a transparent, homogeneous and isotropic medium 𝑛, light propagates in a straight line at a speed of 𝑣 (Equation 4).

𝑣 = 𝑐 𝑛 < 𝑐

(Equation 4)

The refractive index n characterizes an optical medium by a dimensionless value. It represents the ratio of the speed of light in vacuum on the speed of light propagating in the medium. By passing through a medium, light interacts with it by changing its properties. In a homogeneous, transparent and isotropic medium, the speed of light is always lower than in a vacuum, so n is always greater than 1. The optical path of a ray to go from a point A to a point B in a straight line also depends on the medium to be passed through. The higher the refractive index is and the longer the optical path of the ray is and the slower the speed is.

In theory, the light propagates in the optical environment according to three principles: reflection, refraction and diffusion. By moving from one medium to another, the light is divided into rays that can be incident, reflected or transmitted. To understand the path of light when it transmits through a certain medium and hits a material or another medium, the principles of geometrical optics are applied. These principles are Snell's laws, the total internal reflection of light, and Fresnel's equations resulting from Maxell's equations. When an incident ray travelling in a medium (of index n1) with a specific angle meets another medium (of index n2) with 𝑛 1 > 𝑛 2 , it is deflected at the point of incidence. Depending on the angle of incidence of the ray, it is either refracted, or diffused in the surface, or reflected according to Snell's law (Figure 1). If the ray is reflected, it is transmitted in the plane of incidence containing the incident ray and the normal to the interface. The reflected ray is the symmetrical of the incident ray to the normal (𝜃 1 = 𝜃 2 ) . If the ray is refracted, it is deflected in the plane of incidence by an angle of refraction 𝜃 2 (Equation 5).

𝑛 1 • sin 𝜃 1 = 𝑛 2 • sin 𝜃 2 (Equation 5) The largest possible angle of incidence which still results in a refracted ray is called the critical angle 𝜃 𝐶 . This critical angle is in function of the index of both medium (Equation 6).

𝜃 𝐶 = arcsin ( 𝑛 1 𝑛 2 )

(Equation 6)

If the angle of incidence is below the critical angle (𝜃 1 < 𝜃 𝐶 ), the ray is refracted, above the critical angle (𝜃 1 > 𝜃 𝐶 ), it is totally reflected with an angle identical to the angle of incidence (𝜃 1 = 𝜃 2 ).

Dispersion

The decomposition of light, by Newton in the 1660s, can highlight the phenomenon of the spectral component in light. Indeed, when a beam of white light is sent through a prism, the light is deflected and decomposes into several colours forming a rainbow. The beam of light undergoes the scattering effect. The dispersion of spectral components appears because the refractive index depends on the wavelength of light, so the material's refractive index is different for each wavelength. The red light has a wavelength lower than a blue wavelength. This red light is less refracted than blue light. The refractive index 𝑛 is a function of the wavelength of light 𝜆.

This phenomenon of dispersion is important to define because when a ray of light passes through a medium that is not homogeneous, the light scatters on the particles making up the medium and therefore part of the ray is lost.

Optical fibres

This subpart explains the particularity of optical fibres as a light guide and the materials used to manufacture them. Then, a part is dedicated to the light losses appearing along the fibre and the coupling of these optical fibres between them.

Description of optical fibres

Optical fibres are light guides with a circular section, composed of a core with a high refractive index in which the light propagates, and an optical cladding with a lower refractive index, which achieves the optical confinement. External cladding can isolate it from external aggressions. In theory, optical cladding is not essential because the index of the core is higher than the index of the air. In addition, depending on the application of the optical fibre, there is the presence or not of the external cladding.

The optical fibre exploits the refrangibility properties of light [START_REF] Beckers | 2 -Basics of light guidance[END_REF][START_REF] Ghatak | An Introduction to Fibre Optics[END_REF][START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Schwarz-Pfeiffer | Optical Fibres[END_REF].

In most of the optical fibre types, the light is guided by total internal reflection. An inner region with a higher refractive index is surrounded by another region with a lower refractive-index. The light is confined into an inner core region and cannot escape to the outer cladding. It is reflected once rays enter an interface of two regions with different refractive indices [START_REF] Beckers | 2 -Basics of light guidance[END_REF][START_REF] Ghatak | An Introduction to Fibre Optics[END_REF][START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Schwarz-Pfeiffer | Optical Fibres[END_REF].

The parameters that have to be taken into account when characterizing an optical fibre are:

 The refractive index of the core and cladding,  The diameter of the core and the thickness of the cladding,  The optical fibre is monomode or multimode.

Wave-guiding properties are determined by the difference in the refractive index between the core and the cladding. By controlling this difference, it is possible to control the maximum acceptance angle of the fibre. This difference in index is used also to characterize the mono or multimode fibre. To differentiate between single mode and multimode fibres, the numerical aperture of an optical fibre must be defined. The numerical aperture NA is the index difference between the core and the cladding.

It represents the sinus of the angle of the ray at the entrance of the optical fibre (Equation 7). Above this radius, light does not penetrate the optical fibre.

NA = sin(α) = √n core 2 -n cladding 2 (Equation 7)

Where:

NA: Numerical aperture, α: Angle between the optical axis and a light ray (rad), ncore: Index of refraction of the core, ncladding: Index of refraction of the cladding.

Light guides

Optical fibres can have different profile indexes (Figure 2):


Step-index profile (SI), the core and the cladding region are composed of homogeneous materials with one constant refractive index for each region;

 Multiple step-index profile, the core and the cladding region are composed of homogeneous materials with multiple different refractive indexes for the core and on for the cladding;

 Graded-index profile (GI), the refractive index profile decreases continuously from its maximum at the centre towards the cladding. Each profile index has advantages and disadvantages. The step-index profile is easier to produce than the other. The multiple step-index features a larger bandwidth length and is composed of many very small cores that are bending tolerant. The graded-index profile can decrease the mode-delay differences that occur in multimode fibres [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Olshansky | Propagation in glass optical waveguides[END_REF][START_REF] Gloge | Multimode theory of graded-core fibres[END_REF].

Light propagation can be described in terms of electromagnetic (EM) waves (Figure 3). These waves are synchronized oscillations of electric and magnetic fields. In homogeneous, isotropic media, the oscillations of the two fields are perpendicular to each other and perpendicular to the direction of energy and wave propagation. These waves are presented in a three dimensional space. Light can also be described as rays. This model presents the propagation of light as a cylindrical ray regularly in a 2dimensional space. These rays have the same diameter and propagate in a straight line in a homogeneous isotropic medium. The ray description is more intuitive than the wave model but represents a simplification. Moreover, this model is restricted to cases when the geometrical sizes are large compared to the wavelength. Most POFs have a large diameter and carry many modes, which makes it possible to apply the ray model to them. Moreover, this model is particularly well suited for large-core SI fibres [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Schwarz-Pfeiffer | Optical Fibres[END_REF][START_REF] Gedeon | Comparison between rigorous theory and WKB-analysis of modes in graded-index waveguides[END_REF][START_REF] Marcuse | Light Transmission Optics[END_REF]. Two types of rays exist in step index (SI) profile; meridional rays and skew rays. Skew rays are light rays that propagate in the core of an optical fibre in a spiral direction along the optical axis. Unlike meridional rays that propagate in the plane along the optical axis, these rays propagate in all directions within the fibre without passing through the optical axis. In both cases, the rays follow the laws of geometric optics (Figure 4). For meridional rays, they are totally internally reflected at the core/cladding interface. Therefore, the path length and the transit time are a function of the ray angle θ. This differential delay between the modes reduces the information capacity of the waveguide. For skew rays, there are two conditions: the coplanarity of the incident and reflected ray, and the equal angles of incidence and reflection. The path of light rays for skew rays is reflected on the core/cladding interface but always remains outside a circle while the centre is the optical axis. This circle is called the "inner caustic" [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Gedeon | Comparison between rigorous theory and WKB-analysis of modes in graded-index waveguides[END_REF][START_REF] Marcuse | Light Transmission Optics[END_REF][START_REF] Chen | Force Sensors Using the Skew-Ray-Probed Plastic Optical Fibres[END_REF].

Figure 4: Illustration of the difference between a meridional ray and a skew ray in step index fibre.

With rint the inner caustic of the fibre. [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF] In Figure 5, there are three types of modes, which enter inside the optical fibre: the radiation mode, the cladding mode and the guided rays. First, the guided rays can be separated into two categories: the higher-order modes and the lower-order modes. These modes represent a high and low limit of the incident rays guided in the optical fibre. Lower-order modes show a small propagation angle, so they are the fastest modes in the SI fibre. The path of the higher-order modes is longer which leads to longer propagation delays so higher losses. Then, the cladding modes happen in bends, where the propagation directions change due to geometry variation. These modes are reflected at the interface between the cladding and the surrounding medium. If there is no cladding, these modes are lost.

Finally, the refracted rays (or radiation modes) are rays with an angle of incidence above the critical angle. These rays leave the core and the cladding so the modes are lost. Refracted rays are lost within a few centimetres of the optical fibre [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Saleh | Fibre Optics[END_REF][START_REF] Zubia | Geometric Optics Analysis of Multi-Step Index Optical Fibres[END_REF].

Figure 5: Different types of mode propagation within the fibre: guided rays, cladding modes and radiation modes (refracted rays). [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF] The modes running through a fibre are related to solutions of Maxwell's equations and the corresponding propagation constant (related to the angle of incidence). The larger the diameter of a fibre, the higher its numerical aperture NA, the more valid solutions it have and the more modes it is able to carry. The number of modes V can be estimated in relative to the wavelength of the ray, the radius of curvature of the fibre and the numerical aperture (Equation 8). In the case of a single-mode fibre, the parameter V is lower than 2.405 [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Dunham | The Wentzel-Brillouin-Kramers Method of Solving the Wave Equation[END_REF][START_REF] Katsuyama | New method for measuring V-value of a single-mode optical fibre[END_REF].

𝑉 = 2𝜋 𝜆 • 𝑎 • 𝑁𝐴 = 𝜋 • 𝐷 𝜆 • 𝑁𝐴
(Equation 8)

Where:

NA: Numerical aperture, D: Optic fibre diameter, a: Radius of the optic fibre, λ: Wavelength of the ray, V: Number of mode.

Losses in optical fibres

Losses in polymeric optical fibres, in contrast with the glass optical fibres, are considerably higher.

These losses are originated from various effects. The two main causes for losses are intrinsic as absorption and Rayleigh scattering, and extrinsic effects like diameter variations, roughness, inhomogeneities introduced during the fabrication, bending, applied pressure, strain and ageing (Figure 6) [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

Figure 6: Overview of intrinsic and extrinsic loss effects [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

Intrinsic losses are due in part of the absorption of the light. This light is transformed into a different energy state like heat so there are power losses during the propagation of the light. This transformation is due to molecular vibration. When a photon hits specific bonds like C-H, N-H, C=O, O-H, it enters in resonance, loses energy and this energy is transformed into molecular vibrations. This is why extreme care is taken during the manufacture of optical fibres to avoid any molecules that may interfere with the transmission of light. Moreover, the choice of the wavelength of the light source is important to limit the use of strongly absorbed wavelengths [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Emslie | Polymer optical fibres[END_REF][START_REF] Hornak | Polymers for lightwave and integrated optics : technology and applications[END_REF][START_REF] Yasuhiro | Fundamentals of Plastic Optical Fibres[END_REF][START_REF] Schultz | Optical Absorption of the Transition Elements in Vitreous Silica[END_REF].

The other part of intrinsic losses is from scattering losses. Scattering is another distinct phenomenon as the absorption, reflection and transmission in optical fibres; this is the interaction between the EM waves with the surrounding matter. In contrast to absorption, where the light is transformed into vibration, scattering changes the light propagation direction. The light is deflected and radiates into different directions. However, most of the light scattered is no more guided because these rays leave the cone of transmission of the light inside the core of the fibre. Scattering is caused by local changes in refractive index of the core fibre. The local change in refractive index of the core of the optical fibre is due to the variations of density of the material, which is not completely homogeneous. There is thus a more or less high concentration of molecules in the core. If the scattering centres are smaller than the wavelength of the light source, it can be described by Rayleigh scattering and for large scattering centres by Mie scattering [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Emslie | Polymer optical fibres[END_REF][START_REF] Hulst | Light Scattering by Small Particles[END_REF][START_REF] Bunge | Rayleigh and Mie scattering in polymer optical fibres[END_REF][START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF][START_REF] Christ | Light Scattering And Absorption By Glassy Poly (Methyl Methacrylate) (PMMA) And Polystyrene (PS)[END_REF][START_REF] Carter | Extrinsic Scatter Losses In ZrF4-Based Infrared Fibres[END_REF].

The most important scattering mechanisms are Mie scattering, Rayleigh scattering, intrinsic scattering and extrinsic scattering. Intrinsic scattering is the name for scattering effects, which occur due to material effects. The materials used for POFs are non-perfect light guides, thus scattering effects occur.

Especially in the infrared area, intrinsic scattering effects are observed due to molecular scattering of the hydroxyl groups (-OH). Extrinsic scattering effects occur due to defects of the used materials. For example, impurities, in-homogeneities or gas bubbles lead to extrinsic scattering effects [START_REF] Beckers | 2 -Basics of light guidance[END_REF][START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Emslie | Polymer optical fibres[END_REF][START_REF] Hulst | Light Scattering by Small Particles[END_REF][START_REF] Bunge | Rayleigh and Mie scattering in polymer optical fibres[END_REF][START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF][START_REF] Christ | Light Scattering And Absorption By Glassy Poly (Methyl Methacrylate) (PMMA) And Polystyrene (PS)[END_REF][START_REF] Carter | Extrinsic Scatter Losses In ZrF4-Based Infrared Fibres[END_REF].

 Mie scattering describes elastic scattering of EM radiation on objects whose diameter is larger or in the same order. The main causes of Mie scattering in a light guide are often due to extrinsic effects like gas bubbles introduced during the manufacturing process, cracks and surface defects. Mie scattering can also be due to defects in the core/cladding interface in the case of a bi-component fibre. These defects often come from a difference between the thermal expansion coefficients of the materials in both layers and deposits of foreign particles between the two layers [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

 Rayleigh scattering is an approximation of the Mie theory for small objects compared to the incident light's wavelength. Rayleigh scattering attenuation is inversely proportional to the fourth power of the wavelength (𝜆 -4 ) so the attenuation is much stronger for shorter wavelengths. The local index changes are large compared to the wavelength, which means that the size of the molecules constituting the core has an important impact on the scattering.

For POFs, there are long polymer chains that can cause strong diffusion so it is better to use a light source of high wavelength to avoid a strong diffusion. For example, PMMA fibre attenuation is 13 dB/km for red light at 633 nm but 40 dB/km for blue light at 480 nm [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

Finally, ageing of the polymer materials is a cause of losses. Indeed, the polymer become yellow and opaque due to ultra-violet light, humidity (PMMA) or high temperatures [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

In addition to the intrinsic losses, there are extrinsic losses (Figure 6). Extrinsic losses are due to absorption of light by impurities (transition metals, organic contaminants), scattering of light by impurities (dust and micro voids), scattering on the fibre interface (core-cladding boundary imperfections) and light leakage in the case of a variation of the fibre parameters in its length (fluctuation in core diameter, compression, macro-bending) (Figure 7). Extrinsic losses are losses caused by the environment outside the fibre (not due to the material). For bending losses, losses come from the difference of speed propagation of modes in the inner and outer circle. Indeed, in a bend the phase front at the inner region propagate slower (shorter path in the inner circle) than the light at the neutral axis in order to keep a straight wave front. Whereas, the phase front propagate faster at the outer region (longer path in the outer circle). Therefore, there is a specific radius of curvature where the velocity of the outer wavefront should exceed the speed of light. Therefore, above that speed, the outer wavefront energy is radiated of the fibre. The velocity of the light increases linearly with the radius of the fibre relative to the bending radius, so smaller the bending radius is and larger are the losses. Bending also has a mechanical effect; the upper part of the fibre is stretched while the lower part is compressed. In both cases, there is a local change in the refractive index, a decrease of the refractive index for the upper part and an increase for the lower part. This change in index increases the scattering of light. A too important curvature can also cause micro-cracks until a break of the optical fibre [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Emslie | Polymer optical fibres[END_REF][START_REF] Hulst | Light Scattering by Small Particles[END_REF][START_REF] Bunge | Rayleigh and Mie scattering in polymer optical fibres[END_REF][START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF][START_REF] Christ | Light Scattering And Absorption By Glassy Poly (Methyl Methacrylate) (PMMA) And Polystyrene (PS)[END_REF][START_REF] Carter | Extrinsic Scatter Losses In ZrF4-Based Infrared Fibres[END_REF][START_REF] Taylor | Bending effects in optical fibres[END_REF][START_REF] Azwa | A review on the degradability of polymeric composites based on natural fibres[END_REF][START_REF] Eldada | Advances in polymer integrated optics[END_REF][START_REF] Islam | Ageing and Degradation in Microstructured Polymer Optical Fibre[END_REF].

Figure 7 : Bent fibre with schematic ray paths.

Material used for optical fibres

There are three main families of optical fibres:

 Glass optical fibres (GOF) which have a very low attenuation of light (between 3 and 20 dB/km) but support deformations with difficulty, are rigid and brittle;

 Polymeric optical fibres (POF) which transmit light over a couple of meters maximum because of high light attenuation (approximately 0.042 dB/cm for PMMA and 0.2 dB/cm for PDMS).

However, POFs are flexible and deformable [START_REF] Schrank | 10 -Polymer-optical fibre (POF) integration into textile fabric structures[END_REF];

 Hydrogel optical fibres (HOF) for biomedical applications which have very low rigidity but very high light attenuation [START_REF] Elsherif | Hydrogel optical fibres for continuous glucose monitoring[END_REF][START_REF] Guo | Highly Stretchable, Strain Sensing Hydrogel Optical Fibres[END_REF].

The main difference between GOF and POF is firstly the propagation distance of light in the polymer that is extremely lower (a few tens of centimetres) than for glass (a few kilometres) [START_REF] Schwarz-Pfeiffer | Optical Fibres[END_REF][START_REF] Bunge | Polymer Optical Fibres[END_REF]. Secondly, GOF and POF have very different mechanical properties: glass is rigid, brittle and allows a low elongation, while polymers are flexible, compressible and allow a high elongation. The disadvantage of the polymer is that it ages quickly, especially in the presence of UV, its properties vary according to temperature and it can absorb moisture. POF are intermediate between GOF and HOF in mechanical and optical properties.

Cutting and coupling of optical fibres

The coupling of optical fibres is an important step in the realisation of optical fibre-based sensors.

Depending on the quality of the connection between two optical fibres, the losses are more or less important. A misalignment of the optical axes of the two fibres, in the transverse or axial direction, implies significant light scattering during the connection. Also, the surface of the cut fibres must be smooth, straight and at an angle perpendicular to the optical axis.

The technique for cutting optical fibres differs according to the material. For hard materials such as glass, circular diamond blades are used as a first step and then the surface of the fibre ends is polished with very fine sandpaper.

The most commonly used cutting technique is the hot blade. This technique allows of cutting a fibre perpendicular to the optical axis and the user can modify some parameters to optimize the quality of the cut. The parameters are the temperature of the blade, the temperature of the fibre and the velocity of movement of the blade. PMMA, for example, is ductile and does not provide a good surface finish when cut with a razor blade at room temperature. The hot blade technique allows a good cleave. The PMMA fibre is heated to 30-40°C and a knife heated to 80°C cuts the fibre [START_REF] Abdi | Cleaving of solid single mode polymer optical fibre for strain sensor applications[END_REF][START_REF] Stefani | Cleaving of TOPAS and PMMA microstructured polymer optical fibres: Core-shift and statistical quality optimization[END_REF].

The coupling of optical fibres can be done directly by splicing or using connectors, microlenses, soldering, etc. Yet, in indirect coupling by putting in proximity the core of two fibres so, the light of a fibre is transmitted to the other.

Polymeric optical fibres (POFs)

Description of polymeric optical fibres

Polymeric optical fibres (POFs) are optical fibres with a polymer core. These fibres have been designed

to be used in a wide range of applications. The use of different polymers makes it possible to distinguish between fibres in terms of their optical and mechanical behaviour. This allows differentiating their advantages and disadvantages to target specific applications. Polymeric optical fibres were made at the beginning from poly-methyl-methacrylate (PMMA -DuPont 1968), from polycarbonate (PC -Fujitsu 1986) and polystyrene (PS -Toray 1972). The most important difference between most POFs and ordinary GOFs are the large-core diameter and NA, which leads to a larger number of guided modes [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

POFs can be categorised in terms of materials and optical properties. The maximum operating temperatures, robustness, and flexibility define the material properties of a POF. Optical properties are defined by the refractive index, attenuation coefficient. However, the parameter that mainly differentiates the POFs is the price. Indeed, the price can be variable according to the desired optical and mechanical characteristics. Nevertheless, POFs are still cheaper than glass optical fibres (≈1 €/m for a single-mode PMMA polymeric fibre and ≈5 €/m for a single-mode glass fibre). Another important parameter is the refractive index. Depending on the application of the POF, different refractive index profiles can be used. The different profiles are the same as for glass fibres: step-index profile, multistep index profile, graded-index profile [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF].

POFs with a step-index are composed of a homogeneous core with a constant refractive index higher than the index of the cladding. This is the easiest index profile to achieve, especially if the fibre has no cladding and uses air as a second medium. In most commercial cases, the core is made of pure material and the cladding of a low optical index fluoroplastic (polymer containing fluorine). DuPont created the first step-index POFs in 1968 with an attenuation of 1000 dB/km. It took until 1977 to obtain POFs with an attenuation of 150 dB/km [START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF].

A variety of optical polymers are used in the fabrication of POFs for example the polymethylmethacrylate (PMMA), amorphous fluorinated polymer (CYTOP), polystyrene (PS), polycarbonate (PC), and polydimethylsiloxane (PDMS) a special silicone [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Bai | Chapter 7 -Fibre Optic Monitoring System[END_REF][START_REF] Shimada | 10 -Spinning of optical fibres[END_REF]. These materials have all different optical and mechanical properties such as attenuation, operating temperature, and flexibility. PDMS fibres are large diameter fibres (~1 mm) very flexible and accept very small bending radii without breaking but the attenuation is high compared to the most used POFs PMMA (also called Plexiglas). PMMA fibres have a thinner diameter and lower attenuation than PDMS but do not support small bending radii.

PMMA have also high mechanical rigidity, high transparency and low material cost. PC is a plastic with excellent clarity and impact strength with a highly flexible behaviour in bending and one of the highest glass transition temperature transparent plastics (resulting in a larger available temperature range).

Generally, and can transport light until a couple of meters (approximately 0.042 dB/cm for PMMA and 0.2 dB/cm for PDMS) [START_REF] Krehel | Characterization of Flexible Copolymer Optical Fibres for Force Sensing Applications[END_REF]. Polycarbonate is an engineering plastic that exhibits excellent clarity and impact strength [START_REF] Zubia | Geometric Optics Analysis of Multi-Step Index Optical Fibres[END_REF]. The main advantage of using this material for optical fibre fabrication indeed lies in the well-balanced combination of its optical and mechanical properties. Firstly, it is transparent to visible light [START_REF] Dunham | The Wentzel-Brillouin-Kramers Method of Solving the Wave Equation[END_REF] and for this reason, can be considered as a natural alternative to PMMA. Secondly, PC usually yields and breaks at elevated values of strain [START_REF] Dunham | The Wentzel-Brillouin-Kramers Method of Solving the Wave Equation[END_REF] and is highly flexible in bending. In addition, its glass transition temperature (Tg) is one of the highest among transparent plastics, thereby resulting in a larger available temperature range. These properties make PC fibres particularly attractive for those applications requiring high-temperature-resistant polymer sensors, as long as the specific application does not involve long-term exposure to a high-humidity environment at high temperatures [START_REF] Fasano | Fabrication and characterization of polycarbonate microstructured polymer optical fibres for high-temperature-resistant fibre Bragg grating strain sensors[END_REF]. Therefore, for their use as physical sensors in large deformation conditions, i.e. garments for body monitoring [3,[START_REF] Kazanskiy | Recent Advances in Wearable Optical Sensor Automation Powered by Battery versus Skin-like Battery-Free Devices for Personal Healthcare-A Review[END_REF][START_REF] Gong | Wearable Fibre Optic Technology Based on Smart Textile: A Review[END_REF], POFs are good candidates.

Fabrication techniques of POFs

The manufacturing processes of polymeric optical fibres are very varied. These processes depend on the manufacturing volume, the manufacturing costs, the low attenuation linked to the process and the optical profile of the fibre (step-index, graded-index). These manufacturing processes are also related to the continuity of the production, if the production is continuous or discontinuous [START_REF] Beckers | 2 -Basics of light guidance[END_REF][START_REF] Bunge | 3 -Basic principles of optical fibres[END_REF][START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF].

A discontinuous production of optical fibres does not allow to have an unlimited length. Indeed, the manufacturing steps are one after the other; the process does not allow to have long lengths of fibre.

The common manufacturing technique is perform with heat drawing. The preform process is an intermediate fabrication product and has the same optical properties as the finished POF except for the diameter. Indeed, the diameter of the preform is much larger than the finished POF. This preform is drawn and heated between several rolls to make it thinner and longer. The main parameters having an impact on the optical and mechanical properties of the fibre are: the purity of the preform [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF], the molecular weight distribution of the polymer [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF], the geometry and temperature of the oven [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF] and the drawing speed [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF]. For the manufacturing processes of the cladding, it depends on the optical profile. For a fibre with a step-index, there are two processes to apply optical cladding on the fibre core. The manufacturing process of the core and the cladding being separate, the connection of the two must be done in an environment free of any particles that could be placed between the two layers. Without this precaution, the light passing through the fibre would diffuse on these defectss.

The two processes to apply an optical cladding on a fibre are the wet and dry process [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF][START_REF] Harmon | Polymers for Optical Fibres and Waveguides: An Overview[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF]. For graded-index fibres, there are five methods: interfacial-gel polymerization [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Ishigure | High-bandwidth, high-numerical aperture graded-index polymer optical fibre[END_REF][START_REF] Ishigure | Graded-index polymer optical fibre for high-speed data communication[END_REF], chemical vapour deposition, centrifugation [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Kim | High-bandwidth graded-index plastic optical fibre fabricated by centrifugal deposition method[END_REF], diffusion [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF] and photochemical polymerization [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Ohtsuka | Studies on the light-focusing plastic rod. 18: Control of refractive-index distribution of plastic radial gradient-index rod by photocopolymerization[END_REF]. The batch extrusion is another way of producing step-index POF in a discontinuous production. The process consists of two sequential process steps: the polymerization and the extrusion of the polymer. After these processes, the finished fibre at the end of the first spinning nozzle is guided into a second spinning nozzle where the cladding is applied. This method is mainly used in laboratory or small scale because of its low productivity but it allows lower technical effort on the POF during the process than a continuous extrusion process [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF].

For continuous manufacturing processes, the length of optical fibre produced is theoretically infinite.

These processes are mainly based on spinning and vary according to the desired optical profile (stepindex (SI) or graded-index (GI)) such as continuous extrusion, photochemical polymerization, coextrusion, dry-spinning or melt-spinning. The continuous extrusion is similar to the batch extrusion technique; the materials are continuously injected into a heated reaction chamber, where the polymerization reaction is running. The first spinning nozzle extrudes the polymer and the second deposits the optical cladding. After the core-cladding structure is formed, the fibre is cooled down, stretched and wound up. The productivity is about 10 m/min to 70 m/min withproductivity 10 times higher than for the heat-drawing process. This production method allows to produce of high purity SI-POF but the high investment cost and the complex process are the main disadvantages [START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF][START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF][START_REF] Harmon | Polymers for Optical Fibres and Waveguides: An Overview[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Marcou | Plastic optical fibres: practical applications[END_REF]. Photochemical polymerization is the second continuous manufacturing technique for SI-POF.

The polymer is extruded through a spinning nozzle and irradiated with UV light. With this process, the material is not heated [START_REF] Zubia | Plastic Optical Fibres: An Introduction to Their Technological Processes and Applications[END_REF][START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Kuzyk | Polymer Fibre Optics: Materials, Physics, and Applications[END_REF][START_REF] Nalwa | Polymer Optical Fibres[END_REF][START_REF] Harmon | Polymers for Optical Fibres and Waveguides: An Overview[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Marcou | Plastic optical fibres: practical applications[END_REF]. Co-extrusion and dry-spinning are continuous manufacturing processes used for graded-index profiles POFs. [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF] Finally, melt-spinning technology can be used to make step-index and graded-index profile POFs. The molten or dissolved polymer is first pushed through a plate with up to a hundred holes of close to a millimetre in diameter. The cladding material can be applied at the same time or later. After extrusion, these filaments are strongly drawn in air and cooled by a blower below the glass-transition temperature of the material. The high production speed and the great economic efficiency are the main advantages of melt-spinning technology but there is a high attenuation of light inside the fibre. This high attenuation is caused by the limited purity of the raw polymer material [START_REF] Beckers | 6 -Fabrication techniques for polymer optical fibres[END_REF][START_REF] Ziemann | POF Handbook -Optical Short Range Transmission Systems[END_REF][START_REF] Quandt | Optimization of novel melt-extruded polymer optical fibres designed for pressure sensor applications[END_REF].

Empa produces different types of polymeric optical fibres using different methods. The technique they use the most is polymer melt spinning. Another technique they use is moulding. A mould is fillied with polymer, and then the mould is closed and heated so that the polymer solidifies. The polymer is then totally amorphous because it is not stretched. The shape can be a very thin hollow cylinder to make an optical fibre for example. The disadvantages of this technique are that, in this case, it is a manual discontinuous process and the fibres manufactured measure a maximum of one meter. Moreover, the production is very slow and depends on the person making [START_REF] Krehel | Characterization of Flexible Copolymer Optical Fibres for Force Sensing Applications[END_REF][START_REF] Quandt | Body-Monitoring and Health Supervision by Means of Optical Fibre-Based Sensing Systems in Medical Textiles[END_REF]. However, it is an interesting method for making prototypes of POF for research.

Optical fibre sensors

The applications for optical fibres are varied, these fibres can be used for data transmission, lighting or as a sensor. In each case, an optical fibre with specific mechanical and optical characteristics is required. For example, for data transmission, the optical fibre must be very long, have the lowest possible linear attenuation and have a high bandwidth-length. These characteristics correspond to glass optical fibres. For a sensor, the linear attenuation is not the most interesting parameter because few sensors require long fibre lengths. The interesting parameters are the ability of the fibre to deform elastically, the change of the optical index during deformation and the diameter of the fibre. These sensors based on optical fibres have the advantage of not being sensitive to electromagnetic fields.

They are also flexible compared for example with piezo-electric sensors (for compression measurements) and can be used in wet areas and liquids. These sensors are based on two principles, intrinsic and extrinsic sensors. Intrinsic sensors are based on the interference created by the core when the light crosses the fibre, for example on Bragg gratings fibres. Extrinsic sensors are based on the modification of the refractive index of the core of the fibre, which creates light losses. In both cases, despite the wide variety of existing sensors, the sensors based on optical fibres have a similar architecture. They consist of three parts: a light source, an optical sensing element (fibre) and a photodetector [START_REF] Tao | Handbook of Smart Textiles[END_REF][START_REF] Fidanboylu | Fibre Optic Sensors and Their Applications[END_REF][START_REF] Plümpe | 9 -Applications of polymeroptical fibres in sensor technology, lighting and further applications[END_REF][START_REF] Castrellon-Uribe | Optical Fibre Sensors: An Overview[END_REF][START_REF] Toprakci | Textile Sensors[END_REF].

The optical element can be based on Bragg gratings as it is the most used technology to make sensors integrated into textiles. Bragg gratings are printed by exposing localized UV light through a phase mask to modulate the fibre core periodically. Thus, when light is sent into the fibre core, these gratings reflect light rays at a specific wavelength. When the geometry of the fibre changes (compression, elongation, etc.), the networks are modified which changes the wavelength of the reflected signal (Equation 9). Another advantage of Bragg fibres is the ability to use only one end of the optical fibre.

As the receiver analyses the change in wavelength of the Bragg gratings by the reflection of light from them, the light source and receiver can be on the same side [START_REF] Plümpe | 9 -Applications of polymeroptical fibres in sensor technology, lighting and further applications[END_REF][START_REF] Li | Wearable sensors in intelligent clothing for measuring human body temperature based on optical fibre Bragg grating[END_REF][START_REF] Khan | Sensing Principle Analysis of FBG Based Sensors[END_REF][START_REF] Lee | Characteristics of a Fibre Bragg Grating Temperature Sensor Using the Thermal Strain of an External Tube[END_REF][START_REF] Zhang | Fibre-Optic Pressure Sensor Based on π-Phase-Shifted Fibre Bragg Grating on Side-Hole Fibre[END_REF][START_REF] Sakai | Validation and determination of the sensing area of the KINOTEX sensor as part of development of a new mattress with an interface pressure-sensing system[END_REF][START_REF] Mishra | Fibre grating sensors in medicine: Current and emerging applications[END_REF][START_REF] Krebber | Smart Technical Textiles Based on Fibre Optic Sensors[END_REF].

𝜆 𝐵 = 𝑛 𝑒𝑓𝑓 • 2Λ

(Equation 9)

Where:

λB: Bragg-wavelength, neff: effective refractive index, Λ: grating period (increases or decreases by temperature or deformation).

Bragg's grating fibres (FBG) can also be used for three main applications: sensors measuring physical disturbances (deformation, pressure, temperature ...), those measuring chemical disturbances (pH, presence of a gas ...) and those measuring biochemical elements (DNA, viruses, bacteria ...). A coating can be added on the fibre to sense temperature or humidity. This coating can for example expand or shrink depending on the temperature and thus change the wavelength of the Bragg gratings.

Temperature and humidity measurements with FBGs are very interesting in smart textiles because of the high reliability of the measurements despite external factors (light source fluctuations, deformations ...). For strain and pressure measurements, the possibilities are very large. Indeed, the integration of FBG in textiles allows to measure and evaluate deformations for various applications (motion capture, structural health monitoring, pressure mapping …) [START_REF] Plümpe | 9 -Applications of polymeroptical fibres in sensor technology, lighting and further applications[END_REF][START_REF] Zhang | A fibre Bragg grating based sensing platform fabricated by fused deposition modeling process for plantar pressure measurement[END_REF][START_REF] Hong | A FBG Tilt Sensor Fabricated Using 3D Printing Technique for Monitoring Ground Movement[END_REF][START_REF] Gu | A Practical FBG Sensor Based on a Thin-Walled Cylinder for Hydraulic Pressure Measurement[END_REF][START_REF] Koulaxouzidis | A shear and vertical stress sensor for physiological measurements using fibre Bragg gratings[END_REF][START_REF] Lakho | A smart insole for monitoring plantar pressure based on the fibre Bragg grating sensing technique[END_REF][START_REF] Cheng-Yu | An FBG-based smart wearable ring fabricated using FDM for monitoring body joint motion[END_REF][START_REF] Fang | Application of Embedded Fibre Bragg Grating (FBG) Sensors in Monitoring Health to 3D Printing Structures[END_REF][START_REF] Starodubov | Efficient Bragg grating fabrication in a fibre through its polymer jacket using near-UV light[END_REF][START_REF] Othonos | Fibre Bragg Gratings: Fundamentals and Applications in Telecommunications and Sensing[END_REF][START_REF] Chen | Highly Sensitive Bend Sensor Based on Bragg Grating in Eccentric Core Polymer Fibre[END_REF].

Swiss laboratory Empa presented pressure sensor maps by using flexible silicone fibres. These fibres can be integrated into weaving structures with a different pattern to vary the mapping of pressure influence. This technology is based on extrinsic sensors (Figure 8). The sensors are based on the intensity of the light at the output of the fibre, which varies according to the deformation. Indeed, it works thanks to the use of POFs, which have under deformations their optical index locally be modified. When the transducer (optical fibre) undergoes a disturbance, it converts this disturbance into an extrinsic loss of light, in the case of a light intensity sensor based. These losses are detected by a receiver (photodiode ...), which converts this loss of light into computer data [START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF][START_REF] Peyre | Tactile perception of textile surfaces from an artificial finger instrumented by a polymeric optical fibre[END_REF][START_REF] Leal-Junior | Sensitive zone parameters and curvature radius evaluation for polymer optical fibre curvature sensors[END_REF][START_REF] Di | Sensing principle of fibre-optic curvature sensor[END_REF][START_REF] Fu | Light intensity modulation fibre-optic sensor for curvature measurement[END_REF][START_REF] Remouche | Intrinsic integrated optical temperature sensor based on waveguide bend loss[END_REF][START_REF] Kuang | Assessment of an extrinsic polymer-based optical fibre sensor for structural health monitoring[END_REF][START_REF] Vijayan | An optical fibre weighing sensor based on bending[END_REF]. The advantages of these sensors are easy integration into a wide variety of structures (composite, concrete, ...) with low interference due to their small size and cylindrical geometry, non-conductive electricity, immunity to electromagnetic waves and radio frequency interference, lightweight, robust, multiplexing capability to form a sensor network, ability to measure disturbances of any type (pressure, temperature, ...) [START_REF] Fidanboylu | Fibre Optic Sensors and Their Applications[END_REF][START_REF] Plümpe | 9 -Applications of polymeroptical fibres in sensor technology, lighting and further applications[END_REF][START_REF] Rothmaier | Textile Pressure Sensor Made of Flexible Plastic Optical Fibres[END_REF][START_REF] Pandey | Fibre optic pressure sensor and monitoring of structural defects[END_REF][START_REF] Zou | Rapid miniature fibre optic pressure sensors for blast wave measurements[END_REF][START_REF] Wang | Temperature self-compensation fibre-optic pressure sensor based on fibre Bragg grating and Fabry-Perot interference multiplexing[END_REF][START_REF] Bremer | Fabrication of a miniature allglass fibre optic pressure and temperature sensor[END_REF].

Other extrinsic sensor technologies exist such as those based on phase modulation or polarization. The technology based on phase modulation uses two optical fibres, one fibre as a reference and another exposed to the disturbance. The disturbance influences the phase of the light, which is detected by observing the interference of one fibre to the other (Fabry-Perot sensor) [START_REF] Kersey | Applications of fibre-optic sensors[END_REF]. The technology based on the polarization of light compares the direction of the electric field of the light field at the input and output of the optical fibre. This phenomenon is due to the change in the refractive index of the fibre when a charge is applied to it, producing a phase difference between the polarization directions [START_REF] Tao | Handbook of Smart Textiles[END_REF][START_REF] Fidanboylu | Fibre Optic Sensors and Their Applications[END_REF][START_REF] Krebber | Smart Technical Textiles Based on Fibre Optic Sensors[END_REF].

Sensors based on polymeric optical fibres (POFs) have the same characteristics as sensors based on glass fibres but POFs are more flexible and compressible while having a higher attenuation. These sensors are used in specific applications (structural health monitoring of concrete or composite structures [START_REF] Koncar | Smart Textiles and Their Applications[END_REF][START_REF] Kuang | Crack detection and vertical deflection monitoring in concrete beams using plastic optical fibre sensors[END_REF], mobile health monitoring [START_REF] Plümpe | 9 -Applications of polymeroptical fibres in sensor technology, lighting and further applications[END_REF][START_REF] Krebber | Smart Technical Textiles Based on Fibre Optic Sensors[END_REF], etc.). The price of these sensors can be more interesting financially than other sensors. POFs can then be used as sensors for pressure measurement [START_REF] Quandt | Optimization of novel melt-extruded polymer optical fibres designed for pressure sensor applications[END_REF][START_REF] Zhang | Fibre-Optic Pressure Sensor Based on π-Phase-Shifted Fibre Bragg Grating on Side-Hole Fibre[END_REF][START_REF] Rothmaier | Textile Pressure Sensor Made of Flexible Plastic Optical Fibres[END_REF][START_REF] Atalay | Textile-Based Weft Knitted Strain Sensors: Effect of Fabric Parameters on Sensor Properties[END_REF][START_REF] Nie | Textile-Based Wireless Pressure Sensor Array for Human-Interactive Sensing[END_REF][START_REF] Francés | Design and Development of a Low-Cost Wearable Glove to Track Forces Exerted by Workers in Car Assembly Lines[END_REF]. The measurement of deformation is most often used in socks, soles, shoes to have a map of the pressure areas of the foot. [START_REF] Zhang | A fibre Bragg grating based sensing platform fabricated by fused deposition modeling process for plantar pressure measurement[END_REF][START_REF] Lakho | A smart insole for monitoring plantar pressure based on the fibre Bragg grating sensing technique[END_REF][START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF][START_REF] Wang | A shear and plantar pressure sensor based on fibre-optic bend loss[END_REF][START_REF] Suresh | Development of a high resolution plantar pressure monitoring pad based on fibre Bragg grating (FBG) sensors[END_REF][START_REF] Suresh | Combined application of FBG and PZT sensors for plantar pressure monitoring at low and high speed walking[END_REF][START_REF] Yan | Analysis of pressure distribution during movement for the top part of female socks[END_REF]. It is also used for elbow, knee and finger flexion measurements [START_REF] Cheng-Yu | An FBG-based smart wearable ring fabricated using FDM for monitoring body joint motion[END_REF][START_REF] Abro | A novel flex sensorbased flexible smart garment for monitoring body postures[END_REF][START_REF] Lim | A low cost wearable optical-based goniometer for human joint monitoring[END_REF][START_REF] Bobin | DNN based Approach for the Assessment of Elbow Flexion with Smart Textile Sensor[END_REF] and breathing rate monitoring [START_REF] Issatayeva | Fibre-Optic Based Smart Textiles for Real-Time Monitoring of Breathing Rate[END_REF][START_REF] Wang | A knitted wearable flexible sensor for monitoring breathing condition[END_REF][START_REF] Yang | Textile Fibre Optic Micro Bend Sensor Used for Heartbeat and Respiration Monitoring[END_REF].

Figure 8: POF sensor based [START_REF] Fidanboylu | Fibre Optic Sensors and Their Applications[END_REF].

Application of optical fibres

Telecommunications is the main application of glass optical fibres (GOFs). These fibres allow information to be sent over long distances thanks to their very low attenuation. Compared to copper wires, they are much lighter and less bulky. For short distances, copper wires or polymeric optical fibres can be used if the installation is difficult.

Optical fibres are also used in the medical field and medicine. For example, they can be used as endoscopes, for light therapy, head trauma patients, fibre optic sensors can be used to measure the intracranial pressure with Fabry-Perot sensor [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF]. Fibre-optic thermometers are used when electrical insulation and EMI immunity are necessary [START_REF] Christensen | Fibreoptic Temperature Sensing For Biomedical Applications[END_REF]. The optical fibre sensors can also be used as blood flow sensors by using He-Ne laser and the phenomenon of flow-dependent Doppler-shifted frequency [START_REF] Gong | Wearable Fibre Optic Technology Based on Smart Textile: A Review[END_REF][START_REF] Mignani | Biomedical sensors using optical fibres[END_REF] (Figure 9). Continuous monitoring of breathing conditions and humidity sensor are a major requirement of intensive care. This type of sensors works with an optical fibre with moisture-sensitive cladding. During expiration, a water film deposits on the fibre and the back-reflected light is reduced by about 50%, so that the respiration rate can be monitored [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF].

Figure 9: Varying depths of light penetration on tissue [START_REF] Gong | Wearable Fibre Optic Technology Based on Smart Textile: A Review[END_REF].

It is also possible to use optical fibre sensors for chemical detection and chemical parameter measurement. These sensors can be used for the detection of enterogastric and non-acid gastroesophageal refluxes, which are considered the source of gastric ulcers for example by bile measurement [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF][START_REF] Falciai | Bile enterogastric reflux sensor using plastic optical fibres[END_REF]. The real-time monitoring of pH in the blood can be done by the measurement of the oxygen O2 and carbon dioxide CO2 [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF][START_REF] Nocke | Miniaturized textile-based multi-layer ph-sensor for wound monitoring applications[END_REF][START_REF] Wong | Miniature pH optical fibre sensor based on waist-enlarged bitaper and mode excitation[END_REF][START_REF] Sharp | Integrated urate sensors for detecting wound infection[END_REF][START_REF] Guinovart | Bandage-Based Wearable Potentiometric Sensor for Monitoring Wound pH[END_REF]. Oxygen is one of the most investigated chemical parameters for in vivo applications. Spectrophotometric analysis is used to measure oxygen saturation by measuring the different absorption spectra of the haemoglobin and the oxyhaemoglobin in the visible/near infrared region. These measurements are performed directly on the skin tissue and the organ surface and provide essential information on the microcirculation of oxygen in that area [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF]. Respiratory oxygen and also carbon dioxide measurements are also possible [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF].

More simply, optical fibres can be used as sensors for a position or translation measurement. They are also used as lighting to conduct light from one place of illumination to another place [START_REF] Mignani | Biomedical sensors using optical fibres[END_REF]. In addition to architectural and decorative applications, they can be used in advertising, fashion, security and transportation. Some processes allow forcing the light losses by the sides of the fibre for decorative applications, for example sandblasting.

Solution for POFs insertion

The investigated POFs are designed to be inserted into textiles thanks to their elastic and flexible properties [START_REF] Schrank | 10 -Polymer-optical fibre (POF) integration into textile fabric structures[END_REF][START_REF] Rothmaier | Textile Pressure Sensor Made of Flexible Plastic Optical Fibres[END_REF][START_REF] Chen | The design and development of an illuminated polymeric optical fibre (POF) knitted garment[END_REF]. Textiles are multi-scale structures composed of fibres, yarns and yarn arrangements, i.e. fabrics. The yarns can be arranged according to several processes to obtain a textile surface; each process has a different fibre arrangement, yarn arrangement, kind of knit or weaving pattern. Firstly, a textile can be either made up of an assembly of yarns (architectured) or only made up of entangled fibres. A textile composed only of entangled fibres is a nonwoven fabric. This structure is formed by a random interlacing of fibres and bound by a mechanical, thermal or chemical process.

Secondly, for structures composed of an assembly of yarns, the yarn can either be straight or form undulations or loops. A structure composed of straight yarns uses the multi non-crimp process as the basis for composite manufacturing. A structure made of wavy yarns uses either the weaving or the braiding process. The weaving process allows the interweaving of yarns in two directions through the passage of a shuttle (or other processes of insertion) in a straight movement. Braiding allows the threads to be interwoven in a circular motion to make ropes for example.

Finally, these five textile processes (weaving, weft knitting, warp knitting, braiding, nonwoven) allow manufacturing relatively flexible, deformable and light fibrous structures. Except for nonwovens, they also give the possibility to insert wefts that are maintained in the textile structure such as POFs. In this case, the fibre is not used to make the structure of the knitted fabric but is added to the structure during manufacture to give the textile specific properties. These properties can be mechanical such as the insertion of Kevlar yarns in the weft to increase the strength of the knitted fabric in one direction or to conduct electricity by inserting a conductive wire. Here, the optical fibre is inserted as a weft in the structure to be used as a sensor [START_REF] Schrank | 10 -Polymer-optical fibre (POF) integration into textile fabric structures[END_REF][START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF].

During weaving

Weaving is a textile process used to make fabrics using a weaving machine. The principle of weaving is the interweaving of a layer of parallel yarns (warp) with yarns perpendicular to this layer (weft) and passing above or below the warp yarns according to a predefined pattern (weave). The weft yarns can be inserted with the help of different weft insertion mechanisms like shuttle, projectile, rapier, air and water jet. The successive addition of weft yarns creates a surface. The warp yarns are controlled in position, they can go up or down. The gap between the raised and lowered yarns is called the shed and it is through this shed that the weft yarn is inserted. This weft thread is then hit by a reed to press it against the fabric and the shed closes. Rollers are used to roll up the fabric and regulate the tension of the warp. The weaving allows inserting an optical fibre in warp as well as in weft (Figure 10). It is necessary to pay attention to the tensions applied to the fibres during the operation, which can cause breakage. In addition, too much tension could cause the POFs to go out of the elastic domain and thus change the refractive index locally. This would cause additional light loss and influenced the result of the measurement.

The main advantage of weaving is the possibility to form a textile with threads of different types, diameters, materials, shapes. Other advantages are that there is a wide range of weaving machines; the process is simple and known. It is possible to easily modify the weft insertion speed, the tension and the pattern (if it is a Jacquard machine). The density of optical fibres can be varied easily in weft but not in warp. Once in the fabric, the optical fibre undergoes undulations that increases the loss of light [5,[START_REF] Rothmaier | Textile Pressure Sensor Made of Flexible Plastic Optical Fibres[END_REF][START_REF] Niu | A highly durable textile-based sensor as a human-worn material interface for long-term multiple mechanical deformation sensing[END_REF]. Moreover, weaving is relatively expensive in comparison to weft knitting for small samples so it is difficult to use weaving for rapid prototyping of smart clothing and wearable textiles [START_REF] Tseghai | Integration of Conductive Materials with Textile Structures, an Overview[END_REF].

Other processes

These POFs can also be inserted after the manufacturing of the textile and maintained on the textile by embroidery [START_REF] Quandt | Body-monitoring with photonic textiles: a reflective heartbeat sensor based on polymer optical fibres[END_REF][START_REF] Alwis | Textile carbon reinforcement structures with integrated optical fibre sensors designed for SHM applications[END_REF][START_REF] Mecnika | Technical Embroidery for Smart Textiles: Review[END_REF][START_REF] Oguz | Conception et réalisation de structures textiles lumineuses pour le traitement et le monitoring de la thérapie Photo Dynamique (PDT)[END_REF]. Indeed, embroidery is traditionally known for the decorative treatment of textiles but this process can be also found in functional applications and is widely used in manufacturing of technical textiles (Figure 10). A method based on embroidery is Tailored Fibre Placement (TFP), which ensures the positioning and fixing of a fibre on the base material in all directions (Figure 11). The fibres used can be used for example as decoration, as reinforcement for the composite, to fix a conductive wire or to fix an optical fibre directly on a textile base [START_REF] Selm | 12 -Embroidery and smart textiles[END_REF]. It is a very versatile and reproducible process allowing a correct dimensional stability as well as an easy design of the fibre placement thanks to specific computer prototyping software [START_REF] Mecnika | Technical Embroidery for Smart Textiles: Review[END_REF]. Compared to other textile manufacturing processes such as weaving or knitting, embroidery allows complex shapes to be produced without stressing the material deposited by TFP [START_REF] Tseghai | Integration of Conductive Materials with Textile Structures, an Overview[END_REF]. Several applications have already been explored such as antennas [START_REF] Liu | Electromagnetic properties of electro-textiles for wearable antennas applications[END_REF][START_REF] Linz | Embroidered Interconnections and Encapsulation for Electronics in Textiles for Wearable Electronics Applications[END_REF][START_REF] Sankaralingam | Performance of Electro-Textile Wearable Circular Patch Antennas in the Vicinity of Human Body at 2.45 GHz[END_REF], luminous textiles, physical sensors [START_REF] Mokhlespour | Design and prototyping of wearable measuring system for trunk movement using textile sensors[END_REF] like strain sensors [START_REF] Vena | An Embroidered Two-Dimensional Chipless Strain Sensor for Wireless Structural Deformation Monitoring[END_REF][START_REF] Lee-Chiong | Monitoring respiration during sleep[END_REF][START_REF] Giorgino | Sensor Evaluation for Wearable Strain Gauges in Neurological Rehabilitation[END_REF], pressure sensors, temperature sensors [START_REF] Kinkeldei | Feasibility of Printing Woven Humidity and Temperature Sensors for the Integration into Electronic Textiles[END_REF], humidity sensors, using conductive threads [START_REF] Linz | Embroidered Interconnections and Encapsulation for Electronics in Textiles for Wearable Electronics Applications[END_REF].

Figure 11: The principle of the Tailored Fibre Placement (TFP) by embroidery [START_REF] Mecnika | Technical Embroidery for Smart Textiles: Review[END_REF].

Another textile manufacturing process is braiding. Braiding is a process of interlacing three or more threads diagonally to the product axis to obtain a thicker, wider or stronger product (ropes, bicycle frame, wheels, copper wires) or in order to cover some profile (coaxial cables, optic fibres, electrical cables) [START_REF] Kyosev | Braiding Technology for Textiles: Principles, Design and Processes[END_REF][START_REF] Tseghai | Integration of Conductive Materials with Textile Structures, an Overview[END_REF][START_REF] Pragya | Designing and investigation of braided-cumwoven structure for wearable heating textile[END_REF]. Therefore, it is possible to use a POF sensor as a core inside a braided yarn to protect it and reduce a light loss (Figure 12). The maypole braiding machines are the mainly used machines and these machines produce braids with interlacing yarn angles of about 40°-60° to the main product axis. It is also possible to make flat braids, tubular braids or biaxial and triaxial braids with inlay yarns. Knitting is a process used to make knits using a knitting machine. The principle of knitting is to form a succession of loops in two directions: course direction and wale direction (Figure 13). The base yarn is guided by the yarn guide, which places the yarn next to the needles of the knitting machine. These needles are placed on two rows (needle beds) and can move up or down to catch the yarn. The devices that allow the needles to move up are the cams. The cams and the thread guide are placed on the carriage and the carriage moves on a rail along the needle beds. For a back and forth movement of the carriage, two rows are formed, the number of wales is related to the number of needles that knit. A puller system pulls the old rows of knitting in the production direction to allow the addition of new rows. To obtain different aesthetic results or different mechanical behaviour, it is possible to modify the pattern, which corresponds controlling the height of the needles. The needles, at the same time, release, the old loops so that they hang suspended by their heads from the feet of the new loops whose heads are still held in the hooks of the needles [START_REF] Spencer | 3 -General terms and principles of knitting technology[END_REF].

A course is a row of needle loops produced by adjacent needles during the same knitting cycle. The length of the course depends on the machine gauge and of the desired width. The gauge represents the distance from the centre of one needle to the next, in needles per inch. A wale is a column of needle loops generally produced by the same needle knitting at successive knitting cycles. Therefore, the stitch density is the total number of loops in a measured area of fabric.

In Figure 14, a diagram showing a knitting machine can be seen. The yarn from the spool passes through a guide and tensioning system and is then fed into the needles by the yarn guide. The needles slide vertically on the two needle beds and are controlled by cams on the carriage. The yarn guide is attached to the carriage, which allows the yarn to be moved along the needle bed to feed the yarn to the selected needles. A comb connected to weights is used as an attracting system for the knitting process.

Figure 14: Diagram of a knitting machine -Passage of yarn from bobbin to yarn carrier [START_REF] Spencer | 18 -Flat knitting, basic principles and structures[END_REF].

In Figure 15, the different stages in the stitch formation are presented, including a zoom of a needle.

In the first stage the needle rises. The old stitch opens the hook and falls on the body of the needle. At the same time, the hook catches the thread and the needle descends. The old stitch closes the hook.

A new stitch is formed when the needle moves down through the old stitch. Then the needle moves up again for a new cycle. The attracting system keeps these stitches under tension. The up and down movement of the needles is controlled by cams.

The cams can be controlled so that the needles move up completely, move up to an intermediate position or not move up at all. By changing the needle position, it is possible to change the knitting pattern and thus the mechanical characteristics of the knitted fabric. For example, some knitting patterns are very stretchable, such as 1x1 rib, others are less deformable, such as half Milano rib. In clothing, these different knitting patterns are very important; a polo shirt does not have the same knitting pattern as a t-shirt nor the same knitting pattern as a sweatshirt. The kind of knit also depends on the place on a sweater for example with a 1x1 rib at the ends of the sleeves and at the bottom to tighten the knitting at this area.

Another parameter to note on the operation sheet is the length of yarn used in a single stitch, called stitch length (in cm or mm per stitch). The greater the stitch length, the larger the stitch. For the needle to absorb more yarn, it must move lower, so the cam must move lower. a) b)

Figure 15: a) Latch needle [START_REF] Spencer | 3 -General terms and principles of knitting technology[END_REF], b) Knitting action of the latch needle [START_REF] Spencer | 3 -General terms and principles of knitting technology[END_REF].

Insertion of the optical fibre

In knitting, there are two manufacturing processes according to the formation of the loop: the weft stitch and the warp stitch. Moreover, in the weft stitch, there are two manufacturing processes: circular fabric knitting and flat knitting. In our case, we are going to focus on the weft knitting and more precisely on the flat knitting. The machine used for flat knitting is based on V-bed machines [START_REF] Spencer | 18 -Flat knitting, basic principles and structures[END_REF].

knitting, in our case, is done on a manual flat weft knitting machine with two needle beds (Dubied with an English gauge of 7). a) B)

Figure 16: Different ways of the insertion of a POF (yellow line) inside a knita) in the course direction, b) in the wale direction [START_REF] Spencer | 7 -The four primary base weft knitted structures[END_REF].

The optical fibres have a lower elongation than the knitted yarns so it is necessary to be careful with the placement and the length of the inserted optical fibres. It is possible to knit an optical fibre (Figure 16) but the light flow would decrease drastically from the fibre at the first loop. The angle of curvature, being too important, does not allow the transmission of light. Indeed, by bending the fibre, the light acceptance cone formed by the critical angle in the core decreases. When a ray comes into contact with the interface between the core and the cladding, it has a greater chance of not being transmitted and therefore refracted out of the core. The smaller the radius of curvature is, the more important this effect is. In the worst case the fibre breaks. We can also insert POFs in Spacer-Fabrics by taking advantage of the gap between the two faces [START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF][START_REF] Atalay | Textile-Based Weft Knitted Strain Sensors: Effect of Fabric Parameters on Sensor Properties[END_REF][START_REF] Martens | Knitting with optical fibres[END_REF][START_REF] Oscarsson | [END_REF][START_REF] Seyedin | Knitted Strain Sensor Textiles of Highly Conductive All-Polymeric Fibres[END_REF][START_REF] Atalay | Knitted Strain Sensors: Impact of Design Parameters on Sensing Properties[END_REF].

Sensor design 2.1. POF sensor design

A sensor based on optical fibre consists of three main optical elements: an optical fibre sensor, a light source and a photodetector [START_REF] Krehel | Characterization of Flexible Copolymer Optical Fibres for Force Sensing Applications[END_REF]. The light must be transmitted from the light source to the sensor and from the sensor fibre to the photodetector. This transmission has to ensure that the least light as possible is lost.

The first tests performed are optical tests with the final goal to be able to connect the optical fibre easily, with the least light loss and permanently (to the light source at the input and to the photodiode at the output). In the present study, the goal is for easy and reproducible laboratory tests, however in an industrial way the optical fibre must be easily connectable for several reasons. Firstly, when manufacturing a textile with an integrated optical fibre, it must be possible to easily connect the diode and photodiode to increase productivity and simplify the task of the operators (from a product industrialization point of view). Secondly, to simplify the maintenance and washing tasks of the textile it must be by easily remove the electrical components. Then the connector must also allow optimizing of the path of the light i.e. by aligning perfectly the two optical fibres (knowing that there always are losses due to the reflection of the light on the end of the fibre and refraction in the air) and by approaching them as much as possible. Finally, the connector must be durable and economical. Its lifetime must be long and the manufacturing of the connector must not be a source of excessive expenses.

The section presents the different optical fibres used for the design of optical sensors based on POFs integrated inside textiles. These optical fibres are connected with Thorlabs BFT1 clamps (optical fibre connectors) to two rigid optical elements (light source and receptor) for sensor applications. However, adding rigid elements close the measurement area would be uncomfortable area for the patient or the test volunteer. Moreover, the presence of these elements could disturb the measurement because the textile would not be flexible anymore at these points.

However, if the distance between these two optical elements increases to move them away from the measurement area, the length of the optical fibre increases. In this case, three problems appear:

 The length of the fibre is too long and the intrinsic linear attenuation of the fibre does not allow the light to be transmitted from one end to the other;

 Thorlabs BFT1 clamps were developed for non-compressible optical fibres. However, the sensor fibre is deformed under compression. Therefore, the light losses when these clamps are used as connectors are important despite the very good connection with the optical elements;

 The length of the fibre is important so the measurement area is large. The disturbance being measured on the length of the fibre, the information of the contact point of the disturbance on the fibre is not known anymore.

The chosen solution to solve these problems is to use a second optical fibre that is not sensitive to disturbances. This fibre would serve as a vector of light between the light source and the sensor fibre, then from the sensor fibre to the receptor. This fibre is flexible so it does not reduce the elasticity nor the flexibility of the knitted fabric. It should be in a material with little intrinsic losses to have the least amount of light loss as possible. Its diameter should be equivalent to that of the sensor fibre in order to optimise the light energy coming into the POF.

Light source and photodiode

The photometric quantities are the basis of all measurements in lighting and there are four fundamental ones:

 Luminous intensity (candela): quantifies the amount of light provided by a directional source.

It does not depend on the distance of observation.

 The luminous flux (lumen) is used to express the total flux emitted by a uniform punctual light source with a luminous intensity of one candela in a solid angle of one steradian. This unit is used to quantify the amount of light provided by a light source globally.

 Illuminance (lux): one lux is the illuminance of a surface that receives, in a uniformly distributed way, a luminous flux of one lumen per square meter. This unit is used to characterize a quantity of light in a location or surface.

 Luminance (candela/m 2 ): the amount of light that arrives in the direction of the observer is divided by the apparent surface of the source in the given direction. It does not depend on the

distance of observation [149].
The Watt is a unit of measurement of power consumption for light bulbs but this unit is not used to characterize a light intensity except in one particular case. This unit can be used as a unit for measuring the light power received by a photodiode from a monochromatic light source. For example, if we consider the following monochromatic radiation: at 555 nm 1 watt is 673 lumen but at 600 nm 1 watt is 430 lumen [149].

Photodiode theory

The working principle of a photodiode was historically discovered by Planck, and is the basis for optical sensors. A photodiode is a semiconductor that increases the current in an electrical circuit when it is exposed to light. This phenomenon is explained by the photoelectric effect [150]. At the LPMT from the PhD thesis of Kevin Peyre [START_REF] Peyre | Conception et validation d'un doigt artificiel instrumenté par fibre optique polymérique pour application du toucher de surfaces textiles[END_REF] and the post-doc of Claire Guignier [START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF], a white light source from Avantes (Avalight-HAL-S-Mini Compact halogen light source -Figure 17) and a photodiode from Newport (Newport 918D-SL-OD3R). Two glass optical fibres are connected, one to the output of the light source and the other to the input of the photodiode using SMA905 connectors (specific connectors for optical fibres and sold by ThorLabs). The two free ends of these glass optical fibres are used to place the polymeric optical fibres for the tests to be performed. The light source illuminates from 360 nm to 2500 nm with an optical power for a 1 mm optical fibre of 10 mW (from 350 nm to 1100 nm). There is no possibility to adjust the brightness; it is just a lamp with an on/off switch. This lamp has a warm-up time of 30 minutes to stabilise.

The photodiode measures a light power from 400 nm to 1100 nm. This photodiode is connected to a data acquisition system (LAN-XI -Brüel&Kjaer [152]) and the data acquisition software (PULSE LabShop -Brüel&Kjaer) using a cable terminated by a D-Sub 15-pin connector connected to a D-Sub 15-pin to BNC adapter. It delivers a current, which is acquired. The measurement is possible because the acquisition system has a self-impedance of 1 MΩ allowing Ohm's law to measure a voltage in mV. This photodiode has a heating time of 30 minutes to stabilise. It is supplied with electricity by the acquisition system; it does not have a power connection.

To connect the polymeric optical fibres to the glass optical fibres linking the light source and the lamp, SMA905 type connectors are required. The same connectors are used at Empa, as well as the BFT1 clamp (ThorLabs) to hold the fibres.

Problems with the initial experiment

The current set-up presents some defects because the light intensity of the source is not powerful enough to have a sufficient measurement range because of the strong attenuation of the polymeric optical fibres used in this study. Moreover, the measured quantity is a voltage in mV, which is not a value of luminous intensity; it is only an intrinsic value to the photodiode by its principle of operation.

Indeed, the direct light source of the photodiode indicates 280 mV whereas with a 10 cm PDMS fibre the photodiode indicates 4 mV. The measurement range is then very small and the signals during measurements on the optical fibres are very noisy.

It would therefore be useful to increase the measurement range by reducing the light loss of the fibre and the connectors, and/or to change the equipment.

Improvements

In order to improve the problems seen in the previous section, a new light source and a conditioner for the photodiode were acquired. The new light source is a Panasonic LCNQ289S01WW red monochromatic laser diode with a power of 10 mW and powered by a voltage generator at a voltage of 9 V and 0.11 A. This diode has the advantage of being powerful, monochromatic with a wavelength of 661 nm and having a small emission cone to transmit a maximum of light into the core of the optical fibre. The peak wavelength emitted is unique, it is a monochromatic source unlike the old light source, and is 665 nm. Its diameter is 6.5 mm and its length is 3.95 mm. This diode has the advantage of being small and lightweight, which makes it easy to integrate into a textile. It can be powered by a portable battery when integrated. Finally, its wavelength of 665 nm allows a good transmission of light through the PDMS fibre because, according to the data provided, the absorption of this wavelength by this fibre is low. The disadvantages of this diode are, firstly, that it does not have a connector to the optical fibres. A connector must therefore be created to align the diode with the output optical fibre. Secondly, this diode heats up to 85°C during operation, which can potentially melt some polymer fibres and therefore damage the textile.

The conditioner is a device used to process the signals measured by the photodiode and to display a measurement of the light power in Watt. Such a device has been used for this study (Newport 1936).

This conditioner is used to measure the intensity of the photodiode at a given wavelength with a given power rating and a given sampling frequency. The wavelength, power rating and sampling rate can be changed directly on the device. The advantage of this model is that it has a BNC analogue output. This analogue output is used for the connection with the acquisition device (Brüel&Kjaer). The voltage of this analogue output can be adjusted according to the setting on the PULSE; here it is 0-10V. In conclusion, this conditioner allows bridging the gap between the photodiode and the PULSE unit to measure a light power in Watt.

These changes have significantly improved the measurement of the light intensity at the output of the sensor fibre and also the quality of the measured signals.

Unit of measurement

The optical characterisation equipment used is composed of a Panasonic laser diode of power 100 mW at a wavelength of 661 nm and an optical power detector for low light with a silicon (Si) sensor (Newport 918D-SL-OD3R photodiode). The sensor is calibrated with an optical measurement range of 400 nm to 1100 nm. The Newport 1936 conditioner is connected to the Newport photodiode and gives The considered optical criterion is the normalized irradiance (Equation 10).

𝐼𝑟𝑟𝑎𝑑 𝑛𝑜𝑟𝑚 (%) = 100 • 𝐼𝑟𝑟𝑎𝑑 𝐼𝑟𝑟𝑎𝑑 0 (Equation 10)

Where:

Irrad: measured irradiance (W),
Irrad0: Irradiance without any stress, i.e. initial irradiance (W).

The irradiance measured without deformation is equal to the maximum irradiance measured at the fibre output during a characterization test. This maximum irradiance appears at the beginning or at the end of the test when the fibre is straight and not under stress.

Polymeric optical fibres (POFs)

Two types of POFs have been investigated, one as a sensor and the other for light transmission to and from the sensor. The POF for sensory application was based on polydimethylsiloxane (PDMS). The coreonly POFs were developed from a customizable moulding technique. For light transmission, POF in polymethylmethacrylate (PMMA) has been chosen (Tab. 1) as it has been previously used for its low linear attenuation for a POF. This POF was made by melt spinning.

The bending rigidity B of a circular fibre can be expressed by (Equation 11).

𝐵 = 𝐸 • 𝐼 = 𝐸 • 𝜋 • 𝐷 4 64

(Equation 11)

Where:

E: Young's modulus (N/m²);

I: Quadratic moment of the cross-section (m 4 ), D: fibre diameter (m).

Therefore, the higher Young's modulus, the more difficult it is to bend the fibre. The diameter of the sensor POF is due to the moulding process and cannot be changed. The light transmission POF has to be at least as flexible as the sensor POF for implementation in a textile fabric. Young's modulus of the PMMA POF is approximately 2000 times higher than for the PDMS POF. Therefore, from (Equation 11)

the diameter of the PMMA POF must be lower than √2000 4 times the PDMS POF diameter. The used PMMA POF respected this condition with a diameter of 0.16 mm, which is widely lower than 0.6 mm.

However, the PMMA is used to transport light to the PDMS fibre so it is necessary to have an equivalent diameter to minimize the light losses. The solution is to combine several small diameter PMMA filaments to form a flexible multifilament with a total diameter as large as the diameter of the PDMS fibre.

PDMS fibre

A study of the regularity of the diameter of PDMS fibres was carried out. The aim is to know this fibre to be able to completely characterise it. This study focused on four PDMS fibres from different batches.

As a reminder, these fibres are moulded in a cylindrical cavity similar to a straw, so the material takes the shape of a cylinder. There is therefore no stretching and the problems associated with this molding manufacturing technique.

The diameter of the fibres is measured with a microscope with a measuring screen of the brand Projectina (Figure 18); the magnification ratio is 1 centimetre displayed is equivalent to 32 µm.

To measure the regularity (Table 2), the diameter of the fibre is measured at regular intervals along its length. In our case, a measurement is taken every 1.5cm. Three of the PDMS fibres are about 80 cm long and one is about 160 cm long. 

PMMA multifilament yarn

To address the problem of having a flexible connection between the PDMS fibre and the optical elements, the multifilament acts as a bridge between these two rigid elements and the sensor fibre.

To make a sensor using optical fibres, two types of optical fibres are needed:

 A fibre to transport light and which is not sensitive to external disturbances that could influence the signal,  A sensor fibre that is sensitive to deformation.

Here the sensor fibre is the PDMS fibre and the fibre that transmits the light is the PMMA multifilament yarn. This polymer is melt-spun into a filament and has a fluoroplastic optical coating. The filaments measure 160 microns in diameter. For the length, the multifilament has to be long enough to have the sensor fibre as far away from the rigid elements as possible and it has to be integrable into a textile structure by a textile machine. This requires a length that we have estimated at 30 centimetres, based on the needs we had to perform the mechanical characterization tests. Later, due to the low light attenuation of PMMA (compared to other polymeric fibres), longer lengths, of the order of a metre, can be made as required. The multifilament transmits light from one end to the other by applying an intrinsic linear attenuation but there is no extrinsic loss of light due to deformation and bending.

The coupling of these two fibres is challenging because, on the one hand, it depends on the direction of progression of the light. Indeed, if the light has to pass from the multifilament to the PDMS fibre, and the diameter of the multifilament is greater than the diameter of the fibre, not all the light contained in the multifilament is transmitted. Therefore, in this direction, a multifilament with a diameter less than or equal to that of the fibre is required to ensure a maximum transmission into the fibre. In the same way, as in the sense that the light goes from the fibre to the multifilament, the multifilament must have a diameter equal to the largest diameter to include the light coming out from the fibre. To find the number of filaments needed to obtain a diameter equivalent to the diameter of the PDMS fibre, the circle-in-a-circle technique [START_REF]The best known packings of equal circles in a circle[END_REF][START_REF] Graham | Dense packings of congruent circles in a circle[END_REF] was used (Figure 19). The diameter of a PMMA filament is known, as well as the diameter of the PDMS fibre. It was just necessary to find the theoretical value, which is the closest to our case (Table 3). Knowing the diameter of the initial circle (PDMS fibre with a diameter of 1000 microns) and knowing the diameter of the small circle (PMMA filament with a diameter of 160 microns), and assuming that the filaments are non-compressible, it can be found in tables that N=30 is required. Using 30 filaments gives a ratio of the area filled by the circles to the total area of 78% (or 22% voids between the filaments). However, the value of 31 shows a high distribution of circles in the centre of the bundle and a higher ratio of the occupied area. In contrast, 30 has a high proximity of circles on the periphery. As the light is more concentrated in the centre of the fibre than at the edges, a higher density of filaments in the centre than at the edge should theoretically give a better transmission of the light.

In the figure, there are several colours of circles:

 A red circle corresponds to a circle that is not blocked by its neighbours and can move freely;

 A yellow circle corresponds to a circle that has some mobility and space about its neighbours but cannot move freely;

 An orange circle corresponds to a circle that has no degree of freedom and is very close to its neighbours.

The value that corresponds the most is for an N of 30. However, in theory, for an N of 30, the central zone of the main circle is yellow so there is a lot of space between the circles. However, it is in this area that there is the most concentration of light, with the LED forming a cone of light. An N of 31 circles allows in theory, a greater density of circle on the central area. To connect the 1 mm diameter PDMS fibre and form a PMMA multifilament of about 1 mm in diameter and equivalent surface area, 31 filaments of 0.16 mm are used. In practice, the arrangement of the filaments is random but the shape is often close to the N=30 and N=31 configuration (Figure 20). With this multifilament system, we aimed a flexible light vector with good light transmission and a transmitted light not sensitive to disturbances. Once the bundle of filaments has been formed, the ends are held in place by a heat-shrinkable sleeve, which is then heated to shrink the filaments.

Assembly and cutting of the POFs

To ensure good light transmission, the fixation and cutting of the PMMA multifilament ends and the PDMS fibres must be optimized.

Assembly of the PMMA filaments

To assemble and fix the fibre strand, a heat-shrinkable sleeve is used. Heat shrinkable sheaths are polymer sheaths (Polyolefin) whose diameter decreases when in contact with heat (minimum 100°C).

There is an initial diameter and a minimum diameter after reduction. The coefficient between these two diameters gives the range of use of the tubing and is called shrinkage. This shrinkage is for example 2:1 if the initial diameter is twice the minimum diameter. The third important characteristic is the shrinkage temperature, which indicates the minimum temperature at which the material shrinks to its minimum diameter. They are used in electrical insulation, connections ... The advantages of this tubing are its price, ease of use and flexibility. The sheath then clamps the filaments together until the assembly is completely fixed.

Several sheath diameters were tried, for example, 1.8 mm sheaths (shrinkage 1:2). With the 1.6 mm sheath, for example, it was observed that the sheath did not grip the filaments well and some of the sheaths even came off the strand. With 1.5 mm sleeves (1:3 shrinkage), the force of the shrinkage is greater and clamps the filaments together. The sheath then deforms around the filaments, resulting in a large contact area and better grip. This compression during shrinkage may involve the deformation of the filaments.

To shrink the sheaths, a heating plate used in chemistry is use. The sheath is placed on the plate and the sheath retracts. The advantage is that you have both hands free to handle the sheath and the fibre.

However, the heat transfer is by conduction and not by convection as with hot air, so the filaments are more affected by the heat. This heat can theoretically damage the filaments because PMMA and fluoropolymer have glass transition temperatures (PMMA has a Tg of 107°C) and melting temperatures (THVP has a Tf of 140°C) close to the shrinking temperature of the sheaths (125°C). In practice, the sheath shrinks quickly and does not degrade the PMMA. It is this last solution that we use because it is practical and available in the laboratory.

When using multifilaments, we notice that the output irradiance is different between each multifilament. The differences are quite important in some of them, so the question is to know the origin of these differences. Several hypotheses have been put forward:

 They can be due to the cut of the extremities, i.e. the cut is not clean or straight which decreases the quality of the light transmission.

 The filaments are damaged because of the heat of the hot plate during the shrinking of the sheath (120°C), given that PMMA has a glass transition temperature of 102°.

 The sheath, while retracting, compresses the filaments and blocks the light.

To verify the hypotheses, the multifilaments are observed closely. A binocular magnifier and a microscope are used to see the surface of the filaments.

The binocular magnifier allows us to have a view 10 times larger to see in its entirety the extremity of the multifilament. At first sight, for multifilaments with the extremities cut by the microtome, the filaments are maintained together by the optical sheath (cladding). The cladding is made of fluoropolymer, its melting temperature is 140°C and it may start to melt by mixing with the other filaments. We can also see that the surface of the multifilament is irregular; the surfaces of the filaments are not at the same level. There may also be filaments with cracks. These cracks can be created during the cutting process but also by a too strong contraction of the filaments against each other. Finally, some filaments have bad surface conditions, there are cut marks, and some filaments can be compressed until they break under the effect of the shrinkage of the thermoplastic sheath (Figure 21).

The verification of the surface condition of the cut was carried out using a microscope. This allows having a global view of all the filaments and then zooming in on each filament independently.

By lighting the multifilament, we can see that some filaments are black through the objective of the binocular magnifier. A study was performed to observe if a correlation exists between the number of filaments that appear black and the output irradiance. First, a comparison was made between the output irradiance of one end of a filament and then the other, then comparing the number of black fibres with the output irradiance.

When assembling a multifilament with a POF fibre, the fibre must be aligned and in contact with the cladding but also their surfaces must be in contact. The multifilament has many surfaces (being made of 31 filaments) so it must be cut cleanly and precisely. The filaments must be the same length so that they are against the PDMS fibre. In addition, their surfaces must be smooth and free of grooves, particles that can stop the light. The cut must be precise (cut perpendicular to the axis of the fibre) so that the two surfaces are in contact so that air does not diffract the light passing from the fibre to the multifilament and vice versa. The action of cutting the optical fibres flatly, perpendicular to the axis to avoid the loss of light due to surface asperities is called "cleaving ".

Figure 21: Cross-section of a multifilament -zoom on cracks and irregular surfaces.

Cutting of POFs

We have seen in the state of the art that the most used technique to cut optical fibres was the hot blade. Unfortunately, the laboratory does not have such a device, so we had to find other solutions to cut the optical fibres.

The equipment available allows to have precise and clean cuts or not. Table 4 gives an overview of the cutting systems with a grade from + to +++ by visual observation.

To compare the different cutting techniques, several criteria are put forward such as:

 Surface quality of the filament: The surface quality of PMMA filaments indicates the number of defects on the surface. Since the multifilament is composed of several filaments, the surface of each filament must be free of defects. For PMMA, which is rigid, defects can be of the type of local breakage, cracks, and irregularities (Figure 21). The cut surface is very degraded and causes more than 50% of light loss compared to a precise cut (+). The surface has asperities and defects on a part or its totality causing between 50% and 80% of light loss (++). The surface has no asperities and defects allowing more than 80% of the light to pass through (+++);

 Surface quality of the fibre: The surface quality of the PDMS fibres indicates the number of defects that there are on the surface. Since the multifilament is composed of several filaments, the surface of each filament must be free of defects. For PDMS, which is flexible, defects can be crushes, non-planarity and surface irregularities (Figure 22). The same notation as the filament is used;

 Precise cut: The accuracy of the cut depends on the error between the cutting angle and the optical axis. The cutting surface is irregular and not perpendicular to the optical axis (+). The cutting surface is plane but not perpendicular to the optical axis (++). The cutting surface is plane and perpendicular to the optical axis (+++);

 Ease of handling: Easy to handle the cutting device, quickly and without injury. The cutting device is dangerous to handle, the cut requires a long time to make and special equipment is needed to handle it (gloves, glasses) (+). The cutting device is dangerous to handle, the cut is quick to implement and no equipment is needed to handle it (++). The cutting device is not dangerous to use, the cut is quick to implement and no equipment is needed to handle it (+++). The + means that the cut is possible but that it is far from the expected quality results. The ++ means that the cut is good but some defects appear like grooves or flakes of material coming off the surface.

The +++ means that sufficient quality has been reached to greatly reduce the light losses.

The solution that is validated is the one with the razor blade. A guide of the blade allows having better results at the level of the precision of the cut. The multifilament is then blocked in a clamp. This allows alignment the multifilament perpendicularly to the cutting axis. Then the razor blade is pressed against the bench clamp surface. Finally, the multifilament is cut slowly, without forcing, in a single stroke. This technique is also used to cut the PDMS fibre (Figure 23). 

Connection between multifilaments and fibre sensor

To keep the light loss as low as possible, the connection between the PMMA multifilaments and the PDMS fibre must be optimized. Indeed, the two PMMA multifilaments are the link between the optical devices (diode and photodiode) and the sensor fibre (PDMS fibre). They must therefore conduct the light signal with a minimum of losses. The connector is one of the key points limiting these losses.

Several connectors have been tested to compare them and select the most relevant.

On our measurement bench, glass optical fibres are at the input of the photodiode and output of the light source. These glass fibres have at their ends a connector specific to optical fibres. When we talk about connecting the photodiode and the light source to the fibre, unless specified, we are in fact talking about connecting the fibre to the connector of the glass fibres. These fibres allow to move of the light source and the photodiode away from the test table to save space for manipulation. The optical losses of glass fibres are minimal and negligible compared to the losses of polymeric optical fibres.

Insertion of the light inside the fibre by the side

To connect the optical fibre to the light source and the photodiode, the first approach was to inject the light and collect it from the side of the optical fibre. The advantage of this solution is that there is no need for a connector and there are no alignment problems. It is possible to have long sensor fibres and to use only a part of the fibre as an area sensitive to deformations. The major disadvantage is the very small light energy that can be transmitted through the fibre using this technique.

As Figure 24 shows, the more pressure is applied to the fibre, the more light penetrates the fibre, up to a limit. It is possible that this limit is reached at the transition between elastic and plastic deformation. To verify this, we should find the elastic limit of our material and compare it to our measurements.

The closer the light is injected into the photodiode, the higher the irradiance. These irradiance values in these tests are very low, with relatively high pressures and close to the noise of the photodiode, which makes this method difficult to implement. 

Connection by a medical silicone

Several trials were conducted to connect two fibres with a soft silicone. This is a silicone for making dental impressions. It is a silicone Président L'Original Xtra light body from the brand ColteneIt. This silicone is composed of two solutions which, when mixed, produce a chemical reaction. The product of this reaction is initially liquid and then solidifies. The product thus created is a flexible silicone.

The initial hypotheses are that this silicone allows better adhesion to the PDMS fibre because the material is chemically close. Moreover, it would allow great flexibility. However, questions about the implementation quickly emerged. Indeed, it is difficult to align the fibres and dip them into the silicone.

Instead, a 2.4 mm sheath is used, shrunk and containing the fibres aligned and in contact with the silicone. In this way, the silicone encapsulates the whole and fixes the fibres and the sheath within it.

To shape the silicone, a straw is used. The assembly is placed in the silicone and then the straw is wrapped around the assembly until it solidifies. In this way, a cylindrical, flexible and strong connector is obtained.

In tests with this process, the power measured before and after the silicone was applied was much lower. The light loss can be explained by two phenomena:

 During the coating in silicone, the fibres move away from each other;

 As the silicone is chemically close to the PDMS fibres, the light is absorbed by the silicone because the refractive index no longer depends on the index of the air but on the index of the silicone.

This solution is therefore not acceptable.

Connection by optic fibre connectors

ThorLabs offers various connectors for industrial applications but also smaller scale applications such as laboratories. These connectors are of different sizes, between 128 µm and 1050 µm in diameter, and are used with a specific clamp that serves as a temporary termination for an optical fibre. for some of our tests on PDMS polymeric optical fibres. These clamps facilitate the handling, connection and reproducibility of measurements. They allow optimal alignment of the PDMS fibre to the light source and photodiode so there is very little light loss due to the connection. One end of the clamp holds the fibre in place and the other end of the clamp holds the SMA905 connector, which screws onto the glass fibre. These two glass fibres transmit light from the source to the fibre and from the fibre to the photodiode.

The main drawback of this BFT1 clamp is its rigidity and size. Indeed, this solution is viable for testing the sensor fibre but cannot be integrated into a textile. Another disadvantage is that this clamp exerts pressure on the fibre to hold it, which increases the attenuation of the fibre. Two pieces of rubber installed on the clamp grip the fibre over a specific length and compress it (the return spring is integrated into the clamp). On some flexible fibres, such as PDMS fibre, this pressure on the fibre can significantly reduce the light passing through the fibre. This method also depends on the length of the fibre; the minimum length using two clamps is 9 centimetres. The minimum length using two clamps is 9 centimetres, and within these 9 centimetres, the fibre is not visible, so a longer fibre length is needed to have a sensor area. Knowing that the longer the fibre, the more light is absorbed and the lower the output irradiance, the lower the sensitivity of the measurement.

Connection by glue

The use of glue is a technique used by Empa to gather the filaments. They glue the filaments together and insert them into a SMD905 connector. The advantage is the ease of handling; it has a specific connector to be connected to the glass optical fibres and the optimal alignment of the multifilament with the fibre. However, the disadvantage is that this connector is a metal connector so it is very difficult to integrate it into a textile without disturbing the wearer.

It is also possible to glue the PDMS fibre to the multifilament POF yarn. This allows doing without a connector. The problem is that the strand of filaments is stressed by a heat shrink tube, which is stiffer than the PDMS fibre so there would be a concentration of stress at the intersection. In addition, the glue acts as a third optical medium, so the light is refracted at this point, which can lead to strong attenuation if the junction is poorly made (misalignment ...).

Connection by thermo-shrinking sheath

The connections between the fibre and the two multifilament yarns, i.e. one on each end, are made with heat shrink sheaths. Once the fibre and the multifilaments are cleaved, their ends can be placed in contact, aligned and constrained with heat shrink sheaths. The optical fibre sensor is illustrated in Figure 26.

In our case, we use this type of cladding to align, gather and hold the optical fibres. First, the alignment of the fibres is used to match the axes of the fibre and the multifilament to be aligned. This means that the two are placed face to face in the cladding to have a minimum of optical loss. For this purpose, heat shrinkable sheaths with different diameters are used to find a sheath that can keep the multifilament in a position aligned with the sensor fibre. Then, the sheath is heated to fix the fibre and the multifilament in the same position.

The difficulty in using these sheaths is to align the two optical fibres, i.e. to have their surfaces in contact and to align their axes of symmetry. Indeed, the fibres can overlap in the sheath or even move apart, so there would be a strong attenuation of the light. For this reason, it is necessary to check the assembly before fixing the final position by measuring the irradiance at the output of the assembly.

Connection between the multifilament yarn, the fibre, the light source and the photodiode

To connect the fibre to the optical devices, two solutions can be put forward. The first is to use ThorLabs' BFT1 clamps to connect the PDMS fibre to the two glass fibres (one from the light source and one to the photodiode). This works in the case where the Avalight light source is used and no multifilament is used. However, we have seen previously that the BFT1 clamps crush the PDMS fibre, which attenuates the light signal. As a reminder, the light source was no longer the white source but a monochromatic laser diode.

The second solution is to use the laser diode as well as the multifilaments. The laser diode does not have a connector designed to be connected to an optical fibre. It was necessary to manufacture a connector between the laser diode and the multifilament. This connector was designed and manufactured using 3D printing to the dimensions of the diode and the multifilament. The diode is glued and the multifilament is frictionally held in the connector for easy removal between tests (Figure 26).

On the photodiode side, the photodiode is connected to a glass optical fibre. The multifilament thus has to fit with the connection of the glass fibre optic. This has a connector that is the same size as the multifilament. The end of the multifilament is simply inserted and held in place by friction so that it can be easily removed between each test. 

Influence of the connection on irradiance

To see the influence of the multifilament connection to the PDMS fibre on the irradiance, connection/disconnection tests were performed. To do this, we used a 7cm PDMS fibre equipped with a connector, and a 7cm PDMS fibre equipped with a connector inserted in a knitted fabric. We then fixed the connectors by shrinking the sheath to avoid bias in the measurement. Only one end of the PDMS fibre is attached with tape to the multifilament. Thus, only one connection is tested (Figure 27). From the results (Figure 28), we can see a difference in irradiance between the fibre alone and the fibre inserted in a knit. This effect is due to the pre-stressing (undulations) of the fibre inside the knitted fabric, which presses on the fibre and creates light losses.

We can also see the important dispersion of the irradiance at the fibre exit. It is necessary to take care to control this connection in order not to bias the measurements during the next tests. Similarly, if one end has a strong dispersion, the other has the same behaviour. It is therefore very important to fix the connectors to the multifilaments.

Figure 28: Influence of the connection on irradiance.

Technology used for insertion of the POF inside a textile

The target application is body monitoring; therefore, the garment has to be close to the body and adopts the body shape and movements with low compression. For that purpose, knitting technology is the best due to the high elasticity and deformability of the fabrics.

Different ways of insertion of a weft yarn inside a knitting fabric

The insertion of the optical fibre has been chosen from the possibilities illustrated in Figure 16: the POF can be knitted, i.e. forming stitches, or can be inserted as an inlay yarn, i.e. approximately straight inside the structure. For each stitch, the optical fibre is bent, which causes important light losses. The advantage is that it is easy and quick to insert, but all the light in the fibre comes out after a few stitches. In addition, the traction exerted by the needles on the fibre can damage it. Therefore the chosen solution is to insert the POF as inlay yarn as previously done [START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF].

In a practical way, the chosen technology used for weft insertion is to insert the yarn in the wale direction on a weft-knitting machine with a dedicated yarn carrier, more precisely on a V flat knitting machine. It is possible to use several yarn carriers to insert different yarns, different materials, different colours ... In our case, it is possible to use one or two yarn carriers for the ground of the knitted fabric and another one for the optical fibre. This yarn carrier for the optical fibre allows the insertion of the optical fibre into the knitted fabric in two directions, either in the course direction or in the wale direction (Figure 16). In the course direction, the optical fibre is deposited between the two needle beds so that it is not knitted. In the wale direction, the thread guide is kept at the same position and guides the optical fibre between the needles so that it is not knitted.

It has been chosen to use yarn carrier to guide the optical fibre between two needles. These needles are on the same needle bed or opposite needle beds. In that case, the insertion is in the wale direction.

By shifting the yarn carrier, the optical fibre can be moved across the width of the knitted fabric, and therefore the insertion is in the course direction.

An insertion in pure course direction can be done. The advantages of this technique are that it is easy to use, there is little waviness of the optical fibre, only one bottom thread guide is needed and the optical fibre is well maintained in the structure. The disadvantage is that the inlay yarn goes from one to the other side of the fabric.

For insertion in the wale direction, to maintain POF inside the structure, the chosen strategy consists in knitting the ground with two different yarns. The front and back yarn carriers knit alternately in front of and behind the yarn carrier of the optical fibre. The advantages of this technique are that the optical fibre is held securely in the structure by the kind of knit used. The POF goes from one face to the other of the fabric. Moreover, it is possible to control the path of the optical fibre across the width of the knit with a control length. The main drawback is the difficulty to insert the optical fibre without it being caught by the needles. Indeed, depending on the machine gauge used, there is more or less space between the needles. This results in the difficulty of moving the optical fibre wire guide without it being caught by the needles. Therefore, the production of the fabric is very delicate.

Fibre optic integration into knitting fabric in the wale direction

The difficulty of inserting the sensor fibre in the wale direction is to find a kind of knit that holds the fibre in position. This problem does not exist in the case of insertion in the course direction because it is sufficient to knit on two needle beds and place the fibre between the loops. There are other difficulties, which can occur. Firstly, the fibre must not be caught by a needle to form a stitch, otherwise it breaks or the light is stopped. Secondly, the fibre must be guided so that its position in the knitted fabric can be controlled and thirdly the kind of knit must be easy to knit so that production times are not increased drastically.

The procedure developed was to use three yarn carriers, two for the ground yarn and one for the sensor fibre. For the ground of the knitted fabric, one yarn carrier is positioned in front of the sensor fibre; the other yarn carrier is behind the sensor fibre. The yarn carrier for the sensor fibre is between the two other yarn carriers. In this way, when the carriage moves the front yarn carrier, the fibre goes behind it so it is the back side of the knit. Moreover, when the carriage moves the back yarn carrier, the sensor fibre goes in front of it and therefore is on the face side of the knitted fabric. The yarn carrier for the sensor fibre is in a fixed position during knitting. To fix the fibre in the knitted, a 1x1 rib kind of knit has to be used. However, 1x1 rib is very extensible in course direction. Therefore, to lock the structure a plain jersey structure is used. To have a balanced structure a course of face jersey is knitted alternatively with a course of the reverse single jersey (Figure 29). Therefore, a complete knitting protocol can be proposed. It is also possible to deactivate a needle to leave more space for the sensor and avoid the sensor being caught by a needle. Firstly, the insertion of the sensor fibre is done on a manual knitting machine to see the feasibility of our reflection, to analyse the position of the fibre in the knitted fabric and to prepare the adaptation of this method on an industrial knitting machine.

Feasibility of the kind of knit on the manual knitting machine

To insert the sensor we used a hand-knitting machine with a gauge E7, i.e. with 7 needles per inch per needle bed, and three yarn carriers. Two bobbins (of cotton) feed two of the three yarn guides, the third being the sensor. The ground yarn used is a two-ply combed cotton yarn 70 tex and two yarns are knitted together. The sensor is attached to a strong yarn at each end. The strong yarn is absorbed by the knitted fabric and pulls the sensor yarn until it is inserted. This solution allows for different lengths of fibre instead of a bobbin, as the PDMS fibre is produced discontinuously in pieces of about 20 centimetres. A 25 centimetres comb and a constant stitch length adjustment of 12 (0.8 cm/stitch for 1x1 rib) is used, with 39 needles in action on the front needle bed and the same number on the rear needle bed, giving a knitted width of 13.8 centimetres.

The main difficulty during the insertion of the sensor is controlling the position of the sensor. If the needles catch the multifilament or the sensor fibre, the needle makes a stitch and breaks the sensor.

For this reason, a needle was removed at the beginning of the tests to leave space for insertion on the front needle bed (Figure 30). Afterwards, all the needles were knitted during the insertion to have a smooth integration of the knitting. Several tests were carried out and this knitting protocol has been considered convenient. In the first method, we tried to insert the whole sensor into the knitted fabric so the assembly of the first multifilament, the PDMS fibre and the second multifilament. This simplified the manufacturing process but we had many problems making a clean sample. Indeed, the filaments were regularly caught by the needles and then breaking them. Moreover, the friction combined with the curved trajectories that the PDMS fibre underwent on the machine, disconnected it from the heat-shrinkable sheaths. In a second method, we only inserted the sensor fibre into the knitted fabric and then once the knitted fabric was finished, connected the sensor fibre to the multifilaments. This way of doing things is easier because the sensor fibre is not caught by the needles once well guided, which allows the knitting to be done quickly. The connection takes as much time as before to make but it is more durable and the connection can be easily repaired compared to the first method. The problem is that the multifilaments are not inserted into the knitted fabric but they can easily be embroidered on the outside of the knitted fabric, the important element is that the fibre is inserted into the knitted fabric.

Analysis of the sensor fibre position inside the knit

The result is a thick knitted fabric (four yarns for the bottom, two per yarn guide) with a nice integration of the sensor. The sensor is not felt when the finger is passed over the knitted fabric. The textile keeps its flexibility and extensibility when handled with the hands (only haptics point of view). The PDMS fibres (shak006) were inserted with variable lengths. Three knitted fabrics were made for each fibre length (5 cm, 7 cm, and 10 cm).

The sensor fibre, once inserted into the knitted fabric, passes from one side of the fabric to the other.

By doing this, the weft yarn undergoes undulations. The undulations, as we have seen in the state of the art, are detrimental to the light circulating in the core of the sensor fibre. Indeed, each undulation is a localised deformation (bending) which creates locally important light losses if the critical angle is reached. These light losses are undesirable because they reduce the sensitivity of the fibre, but with good light transmission from the start and a low undulation height in the width, the fibre always remains sensitive in compression with a specific sensitivity range.

Choice of the inserted fibre length

The 18 knitted fabrics obtained are adapted so that they can be used with the LED. The ends of the PDMS optical fibres must be cut cleanly and connectors added to them so that they can be linked to the PMMA multifilaments. Once this is done, we have to test the different knitted fabrics to find out which length of fibre is inserted to give us the largest sensor area with good sensitivity.

For this purpose, we connected the knitted fabrics in a flat position to the light source and the photodiode. In this way, the irradiance at the output of the fibre corresponds to the maximum irradiance that can be obtained for this knitted fabric. This maximum irradiance gives a quantification of the sensitivity of the fibre because the higher the irradiance, the more light variation there is at the output of the fibre when it undergoes deformation. Following these tests, the 7-centimetres fibres have the best compromise between sensitivity and fibre length.

Sensor mechanical characterization

To optimize its integration into textiles in terms of pattern, the POF sensor mechanical behaviour has been investigated. In fact, it is important to study the sensitivity of the sensor under distinct stresses: uniaxial tension, twist, transverse compression and pure bending. This allows targeting the stresses that have an impact on the irradiance.

These tests were performed on different fibres, the length used and the test parameters are specified.

The repeatability and reproducibility of the tests were measured to determine the accuracy of our sensor.

Tensile behaviour

Description

Characterizing the sensor fibre under uniaxial tension is very important because the fibre, once in a textile, undergoes multiple elongations. Indeed, the fibre during its handling and insertion into a knitted fabric is subjected to traction. Previously we mentioned the control of the tension applied to the optical fibre by the cymbal tension (Figure 14). During its use phase, the fibre undergoes also elongation. These elongations can be a source of error when measuring friction and compression. In addition to potentially influencing the irradiance at the fibre output, it is important to quantify the elastic limit of the fibre in order not to exceed this threshold and deform the optical fibre plastically.

From previous tensile tests made at Empa, an elongation at break of 150% at an applied tension of 7 N was obtained. Moreover, the elastic range of the fibre was between 0% and 40%, which corresponds to a maximum load of 0.5 N. For the present study, the POF must be in its elastic domain so that it won't deform irreversibly, therefore the chosen maximal load is 0.3 N.

The tensile device used is based on the principle of the inclined plane (Figure 31). A carriage on an inclined rail is subjected to the action of gravity. The POF is fixed at one end on the rail upstream of the carriage and the other end to the carriage, and thus tension is applied to the fibre. This tension T can be determined if the mass of the carriage and the angle of inclination of the rail are known (the friction of the wheels on the rail is neglected): 12)

T = m • g • sin α (Equation
Where:

m: carriage mass (kg), in the present case 0.161 kg,

Results

The experiment reveals (Figure 32) that the POF behaviour is very different for the first loading compared to the unloading and the other tension cycles. The behaviour during the first loading sequence can be due to a positioning of the fibre in the connector. In another way it can be observed, the optical system impacts the beginning of the signal during the tensile stress, then the tension between 0 and 0.05 N should not be taken into consideration. Indeed, the carriage of the tensile device undergoes static friction, which does not allow it to move for tension smaller than 0.05 N. Therefore, a signal calibration before using the sensor has to be done but it is not a problem for normalized measures.

After the first loading sequence, it can be observed that the POF is not sensitive to uniaxial tension.

The observed decrease in irradiance, simulating a linear regression on charge and discharge, is in the range of -0.3 % to -0.9 % (coefficient of variation of 7% on average on the loads). Therefore, the variation of irradiance between a fibre without load and with a load of 0.3 N can be considered negligible. 

Twist behaviour 3.2.1. Description

The twist is an important stress as during the insertion in a textile by an industrial machine (knitting, weaving, and braiding); the angle imposed on the fibre is not controlled and can occur in particular during unwinding.

The fibre can roll and twist, so it is crucial to quantify the losses induced by the twist on the light transmitted in the core of the fibre [START_REF] Zendehnam | Investigation of bending loss in a single-mode optical fibre[END_REF].

Figure 33 : Twist test device.

On the twist test, each fibre tested has a length of 5 cm. A pre-tension of approximately 0.05 N is applied to the fibre and the twist was applied as long as the fibre did not spin.

The main difficulty was the placement of the multifilament at the entrance of the fibre, the one that brings the light into the core. Because the multifilament was also twisted, and after a specific number of turns, it was disconnected from the laser diode. It was therefore necessary to remove the twist on the multifilament (without touching the twist on the fibre) and then put it back in the connector in front of the laser diode. However, it is difficult to place the multifilament exactly as before, which means that the amount of light entering the multifilament is never the same (section 2.6).

To perform this test, a twist test device has been built on the same principle as the tensile test device (Figure 33). The PDMS fibre is fixed at one end on the rail upstream of the carriage and the other end to the carriage, therefore the rail can be tilted to apply a defined tension to the fibre. The twist angle applied to the fibre is controlled by a micrometre plate that can be rotated endlessly. The irradiance is measured relative to the twist angle applied to the fibre.

The first test was used to evaluate the influence of the twist direction at the start with a straight fibre (clockwise or counter clockwise). To do this, two turns were applied to the fibre in one direction, then back to the initial position, then in the other direction and finally back to the initial position. To compare different sensor fibres, the test was performed on two turns on a 5 cm fibre, which corresponds to 16 turns/m. Once in a textile, the sensor fibre does not undergo more than two turns (16 turns/m) so it is enough to compare the different fibres (and there is no need to move the multifilament at the input).

A second test was performed to test the reproducibility of the twist tests by performing tests on two other POFs under the same conditions.

Results

The test is used to determine the effect of the direction of rotation of the fibre on the irradiance. It also verifies that the twisting system does not bias the measurement according to the direction of a start-up. The fibre under test is five centimetres long and the irradiance values are measured every ten degrees. Figure 34 shows the direction of rotation has a minor impact on the irradiance in the fibre.

If we calculate the average of these curves, we obtain 96% ± 1% of which 95% ± 3% for the positive part and 97% ± 2% for the negative part. The difference between the two directions is not significant (coefficient of variation of 3.7% for positive rotation angle and 1.8% for the negative rotation angle), so the tests can be carried out in one direction only to compare the different fibres.

Figure 34: Twist applied to one sensor fibre in one direction and then in the other.

The second twist test was performed with 2.5 turns per meter for five different PDMS fibres. Once in a textile, the sensor fibre does not undergo more than three turns per meter so it is sufficient to compare the different fibres. As can be seen in Figure 35, when the fibre is twisted, the irradiance variation is very low. The variations of light that we can see are cyclic and are due to the position of the multifilament, which varies slightly at the entrance. The variations for the five different fibres do not exceed 10% light loss; the average is 94% with a standard deviation of 3%. In conclusion, the twist influence can be neglected. 

Compression behaviour

Description

The transverse compression test is used to characterize the optical behaviour of the fibre when it is compressed. The user can press or rub the fibre to trigger an action, so it is important to know the sensitivity of the sensor fibre under compression.

The device used for compression measurement for both a single PDMS fibre sensor and smart textile has been developed at LPMT for forced wetting measurement and has been previously described [START_REF] Girault | Fibrous biomaterials: Effect of textile topography on foreign body reaction[END_REF][START_REF] Leal-Junior | Polymer Optical Fibre for Angle and Torque Measurements of a Series Elastic Actuator's Spring[END_REF]. The compression device is composed of a plate as sample holder, and a moving circular plunger of 2 cm² (0.8 cm radius) to compress the sample (Figure 36). The plunger is placed on a force sensor, which measures the normal force applied to the fibre. The maximal load of this sensor is 5 N.

Moreover, this plunger translates thanks to a translation plate (screw system). The position of the piston is measured with a laser sensor placed on the plunger and the other placed on the support (the side is aligned with the support). The height of the support can be adjusted and a camera records the compression in profile. In this compression example, it can be seen that the fibre is sensitive to bending and compression.

Indeed, the fibre is the first bent, so the normal force does not vary, but the irradiance decreases strongly. Then, the fibre comes into contact with the support and is compressed. The irradiance decreases a second time. It can also be seen that the fibre attenuates the light so much that a value of zero is reached.

This preliminary test has shown the importance of the attenuation of the irradiance when bending followed by compression. It is therefore necessary to isolate these two stresses to measure only the compression with no space between the fibre and the support.

Setting up of the compression device

The device used for compression measurement is a machine manufactured by the laboratory LPMT [START_REF] Girault | Fibrous biomaterials: Effect of textile topography on foreign body reaction[END_REF]. It runs under a particular software RTMaps. It is an environment made up of components such as sensors, actuators, motors. Each component has its properties and commands. These components are programmed through the software to perform actions as well as record and display data sent by the components. The software environment is not in the form of a line of code but in the form of a graphical interface with blocks having specific properties and performing specific actions. Each block has one or more inputs and none or more outputs. These blocks are linked together by connection lines. This program controls here other software like the camera and the translation board. It also receives information from the laser position sensor and the force sensor. When the piston moves down, there are two safeties, one is the maximum position limit and the other is the maximum force.

The user sets these safety parameters before starting the tests.

The compression machine measures the normal force applied by the plunger to the fibre, the displacement of the plunger and the duration of the test. One of the problems we had with this machine was the recording of the irradiance. Indeed, we wanted to record the irradiance measurement with the Pulse signal processing system and BK Connect software to do all the mechanical tests perfectly synchronised. The problem was to synchronise the measurements between the RTMaps and the BK Connect software. A link had to be designed between the Pulse acquisition system and the compression machine.

To synchronise the measurements, the start and end triggers of the measurement had to be synchronised. The RTMaps measurement is triggered on the position sensor, so the irradiance measurement must also be triggered on the position given by the laser sensor. The laser sensor sends digital signals to the BKConnect software, but the Pulse acquisition system accepts analogue data only because it is also a signal processing system. The digital information is read by an electronic board and transformed into an analogue signal before being sent to the Pulse acquisition system. This analogue signal is in the form of a voltage difference. When the piston is out of the measurement area, the voltage is 0 Volt and when the piston enters the measurement area, the voltage is 5 Volt. The rising edge allows the measurement to be triggered.

Once the signals are synchronised between the two programs, the sampling rates must be checked. Unfilled cells are filled in with the value of the previous cell. This merging of tables should be repeated for all tests.

First measurements of compression

Once the software issues are solved, it is possible to carry out the first compression tests. The set-up of the tests is based on the preliminary tests, for example, the multifilaments are used to send light from the light source to the PDMS fibre and from the PDMS fibre to the photodiode. Another example was that the fibre was bent before being compressed, which interfered with the measurement. In these tests, this problem was eliminated by placing the fibre on a support of the same thickness as the connectors, allowing the fibre to be fully aligned and placed on the surface (Figure 39). The compression tests on the compression machine were carried out with a plunger speed of 0.2 mm/s, a compression time of 2 seconds and a normal force of 2 N. Seven different PDMS fibres have been investigated. To evaluate the repeatability, each fibre was compressed six consecutive times under the same conditions (Figure 39). To evaluate the reproducibility of the method, the 7 PDMS fibres were compressed under the same experimental conditions (Figure 42). On the curves in Figure 41, the charge and discharge curves can be seen. The discharge curve is quite irregular due to the different sampling frequencies between irradiance and the force. In addition, it can be seen that there is an overshoot of the normal force of 2 N due to the PID (proportional-integralderivative controller) of the sensor. The repeatability of the tests is very good, on the maximum load for 2 N, there is an average irradiance of 54.4% ± 0.5%. This shows excellent repeatability of the compression tests. The other fibres also have very good repeatability (The coefficient of variation for fibres #1 to #6 are respectively 0.9%, 1.4%, 7.4%, 1.7%, 1.2%, 3%).

In Figure 42, the reproducibility of the tests was tested to see if there was a difference in attenuation during compression between two PDMS fibres. For this purpose, six different PDMS fibres were compressed (6 compressions per fibre) under the same experimental conditions. At the maximum load for 2N, there is an average irradiance of 61% ± 3%. The compression tests are therefore well reproducible.

The compression curves show a hysteresis between the load and the unload on the fibre and then an elastic return as soon as the plunger leaves the fibre. This phenomenon can be assumed to be due to by the viscoelasticity of the polymer. To verify this assumption, the compression velocity has been modified. 

Influence of the compression plunger velocity

The compression tests show a hysteresis between the loading and unloading of the fibre. One hypothesis is that this PDMS fibre has a viscoelastic behaviour. In other words, the fibre, after being stressed, returns elastically to its original state but this return is time dependent. To verify this hypothesis, the compression rate has been varied from 0.1 mm/s to 1 mm/s (Figure 43). The conclusion of these tests is that the behaviour of the fibre depends on the compression speed.

The fibre thus has a viscoelastic behaviour. All these results show the viscoelasticity of the POF does not influence its optical behaviour. In addition, the compression machine does not allow the use of speeds greater than 0.5 mm / s because the overshoot of the set point is very important. Coupled with the fact that this poses problems at the level of the sampling frequency so the measurements cannot be compared.

For the velocity of the tests, a speed of 0.2 mm/s was chosen because this speed allows results close to lower velocities while having a specific rapidity of execution, which allows several measurements to be made.

Relaxation test

To investigate the influence of compression duration on irradiance, compression tests were carried out with a fixed plunger velocity and a variable duration. The compression landing varied from 0 to 10 seconds with a compression velocity of 0.2 mm/s. What we are looking for is a change in hysteresis with longer compression, i.e. to observe the relaxation. The results (Figure 46) indicate a deviation in the force signal that is noticeable for the first moments when the plunger stops (4% loss in the first two seconds and 8% loss after ten seconds).

We have seen previously that the fibre has a visco-elastic behaviour. We can see this behaviour in Figure 47 by observing a hysteresis between the forward and return of the plunger. In addition, the curves are well superimposed so the landing duration has a minimal effect on the behaviour of the fibre compared to the velocity.

If we now look at the effect of the landing duration on the irradiance at the fibre exit, it is possible to see on Figure 48 that the viscoelastic behaviour of the fibre does not influence its optical behaviour.

Indeed, the forward and backward movement of the plunger are superposed. 

Determination of the POF transverse Young's modulus

Hertz's law has been used for the interpretation of the compression results. It is assumed that during cylinder-plane compression, the geometry of the cylinder does not change significantly and it is in the elastic domain; thus, the area of interaction is frictionless and only repulsive. There is a uniform repartition of the linear force. When the cylinder is in contact with the plane, the contact area initially forms a line and then as the compression proceeds this line widens to become a rectangle [START_REF] Ghaednia | Contact Mechanics[END_REF]. The rectangle formed by the line is 2.b in with by L in length. The Poisson's ratio of the PDMS fibre is taken to 0.5, as an incompressible material [START_REF] Müller | A quick and accurate method to determine the Poisson's ratio and the coefficient of thermal expansion of PDMS[END_REF].

By assuming the POF as isotropic and elastic, Young's modulus of the POF (Equation 13) in compression has been calculated using Hertz's theory in the case of a cylinder between two planes [START_REF] Ghaednia | Contact Mechanics[END_REF][START_REF] Johnson | Contact Mechanics[END_REF]. (Equation 13)

With: 14) 15)

𝑏 = √ 4 • 𝑅 𝑓𝑖𝑏𝑟𝑒 • 𝐹 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐿 • 𝜋 • 𝐸 * (Equation
1 𝐸 * = 1 -𝜐 𝑓𝑖𝑏𝑟𝑒 2 𝐸 𝑓𝑖𝑏𝑟𝑒 + 1 -𝜐 𝑝𝑙𝑎𝑛𝑒 2 𝐸 𝑝𝑙𝑎𝑛𝑒 (Equation
Where:

hHertz_fibre: theoretical Hertz penetration depth (mm), b: half contact width of the fibre (mm) (Equation 14) (Figure 50).

 The goal is to obtain Efibre, the method used is to consider the experimental load curve:

Fmesured = f(hmesured)
 To fit this curve with Hertz's curve: Fmesured = f(hHertz fibre) by adjusting Efibre. With the half-width of contact b and the length of contact of the fibre, it is possible to calculate the real contact area Ar of the fibre between the plunger and the holder (Equation 16).

𝐴 𝑟 = 4 • 𝑏 • 𝐿

(Equation 16)

Five POF sensors have been tested. Each curve is the average of six tests. Therefore following this method the transverse Young's modulus obtained is 0.64 ±0.04 MPa.

Relationship between irradiance and real contact area

An interesting optical behaviour of the PDMS fibre has been observed. The relative irradiance of the PDMS fibre presents a linear evolution versus the real contact area obtained from (Equation 16. The irradiance relative to the real contact area is illustrated during the loading part in Figure 51. The regression line has a coefficient of determination R 2 = 0.996. 

Bending behaviour

The bending behaviour of the fibre is very important to characterise as we have seen from the preliminary compression tests in section 3.3.2 that the fibre is very sensitive to bending. To accurately characterise the PDMS fibre bending behaviour, we first use a fibre bending machine developed by Kawabata in the complete KES-F and then an identical bending machine developed for fabric bending.

We bend the fibre using guides to vary the bending radii and finally carry out a study of the path of the light rays in a bent optical fibre.

KES fibre bending tester

Firstly, we characterised the PDMS fibre with a KES-FB2 bending machine. This is a bending machine developed by S. Kawabata. In the 1970s, researchers were looking to objectively measure textile feel characteristics. The Kawabata suite made it possible to dissociate textiles by the sensation they feel when touched by measuring the mechanical properties of textiles and characterising their surface.

Terms such as smoothness, firmness, fullness, crispness and hardness can be used to subjectively describe a textile. Moreover, the suite allows the measurement of low mechanical stresses by tensile, shear, bending, compression and surface friction using five different machines: tensile, bending, shearing, compression and friction machines. The software linked to the software suite then collects all the data from the different tests performed on the five different machines. The software then gives a score for the terms given above and an indication of the use of the fabric in clothing [START_REF] Kawabata | The standardization and analysis of hand evaluation[END_REF].

In the laboratory, we have two Kawabata bending machines, one for fibre bending and one for fabric bending. In the first step, we use the fibre-bending machine. This machine has the advantage of being more accurate in measuring torque than the fabric-bending machine. Apart from this point, both machines work in the same way. They measure the torque required to bend a fibre to a given curvature. A fixed clamping jaw holds the fibre at one end and the other end is held on the moving jaw (Figure 53). When the moving jaw moves, the fibre is bent. The fixed jaw, which also measures the resistance of the fibre to bending, is used as a torque sensor. The length of the fibre bent is 10 mm.

The amplitude of the bending is given in curvature or bending radius. The machine bends the fibre to a maximum of about 2.5 cm -1 of curvature or 5 mm of bending radius. The bending velocity is varied to see its influence. The torque relative to curvature is acquired. The signal acquisition of the torque, the curvature and the irradiance, is done by the same PULSE analyser (Brüel & Kjaer) as for the other measurements.

The fixed and mobile jaws hold the fibre in place. The fibre is easily installed. The difficulty is connecting the PDMS optical fibre to the different optical devices. On the mobile jaw side, we use a PMMA multifilament between the PDMS fibre and the fixed light source, which does not attenuate the light despite the curvature due to jaw movement. On the sensor jaw side, as there is no space behind the jaw for a multifilament, we use a BFT1 clamp between the PDMS fibre and the photodiode. The PDMS fibre exits by making a bend to be connected to the BFT1 clamp. As this bend is static, it is not taken into account in the bending measurements as we normalise the irradiance to the start of the test and not straight fibre. 

Preliminary tests

Preliminary tests were carried out on a single fibre, testing repeatability. Ten bending cycles were performed under the same experimental conditions, consecutively and without moving the fibre.

Firstly, it can be seen in Figure 54 that the first test, test #0, is very different from the following tests.

It can be assumed that this first test allows the fibre to be set up. For this reason, this first test is not taken into account. Secondly, we also notice that there is no hysteresis between the bending and the return to the straight position. Thirdly, we also notice in this figure that the order of the tests has an impact on the irradiance. There is a 12% difference in irradiance between the first measurement #1 and the last measurement #9 for the smallest radius of curvature, which is very important. On average, we obtain a minimum irradiance for the first half of 23% ± 11% (coefficient of variation of 48%). Despite an identical trend, the curves are offset. Therefore, the tests are not repeatable. On the trend of the curve (Figure 55), several different inclinations of irradiance can be noticed in the first half (first back and forth). There is the first inclination up to about 17 mm radius of curvature, then a second inclination with a higher attenuation up to 10 mm radius of curvature, then a zero inclination with an attenuation that does not vary and finally the last inclination after 8 mm radius of curvature with a very high attenuation of the light. 

Study of the rheological behaviour of the POF

Influence of bending velocity

To verify the influence of velocity on the attenuation of the bending of the fibre, three different bending velocities were used. The bending machine allows the speed to be adjusted by a potentiometer. Unfortunately, there is no precise adjustment of the velocity, so it is not possible to select the velocity other than by measuring the duration of the back-and-forth movement of the mobile jaw. Therefore, there is the maximum velocity of the machine, i.e. the round trip in 17.6 s, the minimum velocity of the machine, i.e. the round trip in 38.7 s, and finally an intermediate velocity, i.e. the round trip in 22.6 s. The tests are carried out on a single fibre, under the same experimental conditions and without moving it.

In the figure, we can see the torque applied to the fibre as a function of the bending radius for the two forward and backward bends. It can be seen that the velocity does not influence the torque applied to the fibre and that the torque applied to the fibre is the same at load as at unload. The small fluctuations that can be seen on the torque curve come from the high sensitivity of the sensor to the environment around the measurement bench.

Comparing the minimum irradiance for the three velocities and taking the average, we obtain 52.1% ± 0.8%. There is therefore no effect of the velocity of the clamp on the attenuation. 

Relaxation test

To check the influence of stopping the bending at a maximum bending radius on the attenuation, two durations were used. It is possible to easily stop at a desired position by stopping the mobile jaw, but it is more difficult to stop the machine for the same duration for all tests. There are seven tests on the same fibre, under the same experimental conditions and without moving the fibre. The two durations are zero seconds and ten seconds.

If we look at Figure 58, we can see that the two curves are offset. If we compare the minimum irradiance for the two durations, we obtain 56% ± 3% for a duration of ten seconds and 55% ± 4% for a duration of zero seconds.

The differences are therefore small and make it possible to approve that there is no influence of the relaxation time on the attenuation. 

KES fabric bending tester

To understand why the irradiance no longer decreases from a minimum radius of curvature, we have put forward the first hypothesis. The first hypothesis concerns the equipment used and the second concerns the geometry of the fibre during the test (section $3.4.5).

The first hypothesis concerns the equipment used, as this may influence the bending. This result can be due to the fact that the PDMS POF is quite rigid in comparison to a commonly used fibre in textile applications, because of its coarse diameter. The device has been dimensioned for hair therefore for polymeric fibre with approximately several tens or one hundred microns in diameter; the tested POF is 1 mm in diameter. Therefore, this can influence the movement of the mobile clamp and, during the test, for curvatures of 10 mm down to 6 mm; the fibre does not continuously bend and keeps the same curvature. This explains why the irradiance does not decrease in this region. If the sensor clamp is indeed driven by the fibre on the first machine, this second machine should show different results.

The fabric-bending machine developed by Kawabata has the same operating principle as the fibrebending machine. Here the PDMS fibre is inserted between the two jaws and connected at each end by a multifilament (Figure 59). One goes to the light source and the other to the photodiode. The mobile jaw rotates around the fixed sensor jaw. During the test, the acquisition system records the bending and the irradiance at the fibre exit. The tests are carried out on a single fibre, as the fibre placement is very difficult, as the machine is not designed for this purpose. Three tests are performed under the same experimental conditions without moving the fibre.

In Figure 60, the three different tests can be seen. Here the results are plotted as a scatter plot for better visibility. The measurement noise comes from the measurement of the curvature and the torque by the bending machine. It can be seen that the curves show the same phenomenon observed with the other bending machine. The irradiance decreases up to a 10 mm radius of curvature then the attenuation of the fibre stabilises and drops after a 6 mm radius of curvature. We can then refute the first hypothesis, which said that the fibre drives the jaw sensor from a certain radius of curvature. 

Fibre bending with guides

The second hypothesis to explain this result is the geometry of the fibre changes when the curvature radius is lower than 10 mm and the fibre is no longer a circular arc. The fibre doesn't remain with a circular arc shape when the curvature radius is lower than 6 mm and the changes in the geometry of the fibre causes this non linearity during bending deformation. To verify this second hypothesis, specific 3D printed templates with several radii of curvature in the same range of the same curvatures as the KES bending tester (25mm, 23mm, 21mm, 19mm, 17mm, 15mm, 13mm, 11mm, 9mm, 7mm, 5mm, 3mm) have been manufactured. The shape of the fibre bent with this different curvature radius is illustrated in Figure 61. The two sets of guiding plates are designed and dimensioned for a 30 mm POF sensor, as used on the KES-F: i) For the first set, the rails guide the whole length of the POF sensor with a fixed curvature radius in the 10 mm middle section, corresponding to the length by between the two clamps on the KES-F (Figure 61a).

ii) For the second set, a part of the rail guide is removed and the POF is partly free in shape as it is the case on the KES-F bending tester (Figure 61b). The shape of the POF for the most pertinent curvature radii and for the two sets of plates is illustrated in Figure 61. It can be seen by comparing the shape of the POF partially or completely guided present a lower real curvature radius for the partial guiding. However, the most interesting result is the strong difference when curvature radius is lower of 7 mm the POF is not tangent to the clampings. In fact, the POF shows an inflexion after clampings, indicating a change of behaviour. Figure 61 shows from a curvature radius of 7 mm the shape is not circular anymore. It is really visible with a radius of 3 mm. It can be observed that the range of curvature radii where the normalized irradiance stabilises is higher than with the KES bending testers. This might be explained by the fact that the bending length is not the same for the two kinds of measurement, with 1 cm for KES bending testers and 5 cm for the 3D printing plates.

From these results, it can be concluded that the bending behaviour of the POF used in this study is difficult to control for curvature radii lower than 10 mm, respectively 15 mm depending on the method used. This corresponds to a large-deformation bending condition, which means this domain starts when the curvature radius R applied to the fibre is less than ten times the fibre radius r: 𝑅 < 10 • 𝑟. In the present case, the diameter of the PDMS fibre is 1.0 mm so the domain change occurs for a radius of curvature of 10 mm and this is exactly the point where the irradiance no longer varies as the curvature increases. This change of domain could have an impact on the light transmitted in the core of the fibre, which would explain the constancy of the irradiance. This particular case is not related in the literature [START_REF] Remouche | Flexible Optical Waveguide Bent Loss Attenuation Effects Analysis and Modeling Application to an Intrinsic Optical Fibre Temperature Sensor[END_REF][START_REF] Snyder | Optical Waveguide Theory[END_REF], in the publications the authors did not bend their optical fibre below the critical value [START_REF] Remouche | Intrinsic integrated optical temperature sensor based on waveguide bend loss[END_REF][START_REF] Snyder | Optical Waveguide Theory[END_REF].

Determination of the theoretical light losses inside the fibre

To understand why there is a domain change below a 10 mm bending radius, we performed a numerical simulation of the light path in a bent fibre. The numerical simulation was carried out with Matlab to compare the irradiance at the exit of the fibre as a function of the radius of curvature of the fibre.

It is assumed to be in the case of:

- By considering these hypotheses, we can determine parameters based on Figure 63.

The input angle of the ray in the fibre 𝜃 (Equation 17):

-𝜃 𝑐 ≤ 𝜃 ≤ 𝜃 𝑐 with 𝜃 𝑐 = cos -1 ( 𝑛 2 𝑛 1 ) (Equation 17)

Reflection angle of the beam at the core/cladding interface outside the curvature (Equation 18): 18)

∝ +𝜃 𝑜 = 𝜋 2  𝜃 𝑜 = cos -1 ( 𝑅+𝑥 𝑅+𝜌 × cos 𝜃) (Equation
Reflection angle of the beam at the core/cladding interface inside the bend (Equation 19): 19)

𝛽 + 𝜃 𝑖 = 𝜋 2  𝜃 𝑖 = cos -1 ( 𝑅+𝑥 𝑅-𝜌 × cos 𝜃) (Equation
If we consider that the curvature applied to the fibre is constant, the angles θo and θi of the rays do not change during their propagations in the core. In other words, the values of these angles are the same for all reflections along the curvature.

The rays of the incident light can follow different paths depending on the incident angle, the numerical aperture and the curvature of the fibre. These rays can be described as: [START_REF] Remouche | Intrinsic integrated optical temperature sensor based on waveguide bend loss[END_REF][START_REF] Remouche | Flexible Optical Waveguide Bent Loss Attenuation Effects Analysis and Modeling Application to an Intrinsic Optical Fibre Temperature Sensor[END_REF][START_REF] Snyder | Optical Waveguide Theory[END_REF][START_REF] Lustermann | Experimental determination and ray-tracing simulation of bending losses in melt-spun polymer optical fibres[END_REF]  Tunneling rays: These transmitted rays are reflected in the core of the fibre according to Descartes' law and the laws of geometric optics (reflexion on the internal and external curvature of the bent fibre).

 Whispering gallery rays: These transmitted rays are very specific to bend fibres. The angle they form with the neutral axis of the fibre is close to the critical angle. They are only reflected on the external curvature of the bent fibre. The optical path is then shorter than the tunneling rays.

 Refracted rays: These rays leave the cone of the numerical aperture. The angle they form with the neutral axis of the fibre is greater than the critical angle, and so the ray is no longer transmitted and leaves the fibre core.

The rays undergo different attenuations depending on the path they travel in the fibre. We have seen that the three types of paths exist, and according to these paths, there are three different attenuations.

The tunneling rays and the whispering gallery rays are attenuated by the linear attenuation of the fibre depending the length of their paths. For the refracted rays with an angle above the critical angle 𝜃 𝑜 > 𝜃 𝑐 , the attenuation can be considered as total because the rays are no longer guided and leave the fibre.

These attenuations allow us to calculate an overall theoretical light loss at the fibre output based on the scientific article [START_REF] Remouche | Intrinsic integrated optical temperature sensor based on waveguide bend loss[END_REF]. To calculate this light loss 𝑃 𝑜𝑢𝑡 , we need to integrate the light loss of each light ray according to its input angle θ in the bend and its input position r in the bend. These values are then plotted for each bend radius. 20)

𝑃 𝑜𝑢𝑡 (𝜉) = 𝑃 0 • ∫ ∫ 𝑒 -𝛾•𝜉 𝜃 𝑐 -𝜃 𝑐 𝑅+𝜌 𝑅-𝜌 • 𝑑𝜃 • 𝑑𝑟 (Equation
With 𝑃 0 the input irradiance of the fibre, γ is the overall attenuation coefficient of the rays in the fibre given by 𝛾 =

∑ 𝑇 𝑁 𝑖=1 ∑ ∆𝜉 𝑁 𝑖=1
where N is the total number of reflections and ξ the angle difference between two reflections.

The program was created on Matlab based on the input parameters presented in Table 5. First, we calculated 𝜃 𝑜 and 𝜃 𝑖 for each θ, r and R using three "for" loops and then stored the values in a three column list. We also calculated the angle difference between two reflections 𝜉 = 𝐿 𝑅 for each value of R and then stored this in a list. The next step is to calculate the attenuation coefficient of each ray according to the three parameters.

First, the software compares the reflection angle at the interface outside the curvature 𝜃 𝑜 with the critical angle for a given θ, r and R. It tests all θ for a fixed r and R, then increments r and does the same calculation again. In the end, there are three interlocking loops to calculate the attenuation that each ray undergoes in the fibre. The values are summed and stored in different lists depending on the path the ray takes.

Once the coefficients have been found for each type of attenuation, the overall attenuation coefficient γ is calculated, followed by the theoretical irradiance at the exit of the bend.

All these reflections were made with the help of two publications. These publications present the same topic as what we have seen on bending induced light losses at a POF. However, there are discrepancies or errors between the two publications on some formulas. In addition, they cite a publication by Snyder [START_REF] Snyder | Optical Waveguide Theory[END_REF] where there are no basic formulas to correct potential errors. Therefore, different formulas were tried to find the ones that matched the expected results.

The results we obtained coincided with our expectations (Figure 64). On the first results of comparison between the different types of attenuation, we can see that the refracted rays are those that cause the most losses. This effect is logical since a refracted ray leaves the fibre and is therefore lost and not transmitted to the output. It is difficult to explain the change in behavior with these curves. Below a radius of curvature/radius of the fibre of 20, the simulation is not supposed to be defined anymore and this is where the most losses occur. In addition, the irradiance differences between the simulation and the real tests are significant.

These differences can be explained by other phenomena such as the intrinsic characteristics of the fibre (linear attenuation of the fibre, surface defects that can change during bending, local change in numerical aperture due to stress, etc.), which are not taken into account in the model.

A third article [START_REF] Endruweit | Textile composites with integrated optical fibres: quantification of the influence of single and multiple fibre bends on the light transmission using a Monte Carlo ray-tracing method[END_REF] highlights the fact that light rays leave the fibre at three points of localization. It is therefore possible to imagine that at specific radii of curvature, a greater number of rays remain in the fibre. This would explain in our case a constant attenuation at approximately a radius of curvature of 15mm. 

Conclusion

Bending is a mechanical stress consisting of tension on the outer curvature and compression on the inner part. These deformations locally modify the refractive index of the fibre, which increases the attenuation of the light circulating in the fibre core. To characterise this attenuation, several procedures were used. In the preliminary compression tests, the strong impact of bending on attenuation was already noticed. Firstly, the Kawabata fibre machine was used to perform a simple bend on the PDMS fibre while measuring the irradiance during the test. We noticed that the repeatability of the measurements was not excellent as we measured a standard deviation of 11% on the first tests performed. In addition, the trend of the curve suggests that the attenuation does not vary on a specific range of radius of curvature (between 6.5 mm and 10 mm) (Figure 55). However, this phenomenon also appears when using another bending machine. We therefore assumed that this phenomenon must come from the geometry and rigidity of the fibre when it is bent. By using guides to fix the fibre in a bent position at a fixed radius of curvature, the attenuation over a specific range of radius of curvature also remained constant. The geometry of the fibre therefore does affect the attenuation up to about 10 mm radius of curvature before changing the domain. This attenuation of light can be explained by simulating bending. The more the fibre is bent, the more the angle of the light transmission cone decreases, which increases the number of refracted rays and therefore the light loss. This phenomenon is added to the fact that the fibre locally changes its refractive index.

Basic textile design and characterization

In this chapter, we present the basics of the fabrication of our smart textile and characterise it mechanically and optically. First, we detail the design and the problems encountered during the manufacturing process. Then we detail the different mechanical tests carried out on the smart textile. This textile is a knitted fabric as knitting allows having a textile very close to the body. The target application is body monitoring; therefore, the garment has to be close to the body, and adopts the body shape and movements with low compression. For that purpose, knitting technology is the best due to the high elasticity and deformability of the fabrics (Chapter 2.7).

Mechanical behaviour of a POF inside a textile fabric

Introduction

The mechanical characterisation tests on a single fibre allowed the determination of the optical sensitivity of the sensor fibre for each stress. It was found that the fibre is very sensitive to transverse compression and bending but has little sensitivity to uniaxial tension and twist in the investigated range of stress. For transverse compression, the relative irradiance presents a linear relationship with the real contact area. For bending, the relationship is less obvious, especially for low radii, which are difficult to control due to geometrical effects. Therefore, the strategy chosen for implementing the PDMS fibre as a mechanical sensor is to use bending and compression sensitivities. In order to control the geometry of the fibre inside the structure. A solution to control initial fibre bending deformation is to control the initial undulation of the POF inside the fabric, i.e. a pre-stress.

The fabric is made with ground yarn, commonly used in textile for garments and the PDMS fibre replaces a yarn or has a specific path inside the fabric. The undulation inside the fabric can be obtained in both machine or cross directions, i.e. parallel to the production direction or perpendicular. It consists to go from one side to the other of the fabric in the thickness direction. It can be easily obtained by weaving technology in that case a warp or better a weft yarn is replaced by the sensor yarn. However, because the target application is body monitoring, as previously mentioned, knitting technology is better than weaving because of its deformability and its ability to shape the body.

In knitting, yarn undulation is easy to obtain in course direction by tuck technique but it can induce damage on the PDMS fibre surface because of friction between the PDMS fibre and the needles and the groove of the needle bed during the process (Figure 15). In this study, it has been decided to make undulation in a non-common way, i.e. in the wale direction. The PDMS fibre goes from one side to the other side with a controlled trajectory and very low stress, therefore without PDMS fibre damage.

Design of the smart textile

The idea was to use three yarn carriers, two for the ground yarn and one for the sensor fibre. For the ground of the fabric, there is a yarn carrier that moves in front of the sensor fibre the other yarn carrier passes behind the sensor fibre. The sensor fibre yarn carrier is then between the two other yarn carriers. In this way, when the carriage carries the front yarn carrier, the fibre goes behind it so the POF is on the back side of the knit. On the other way, when the carriage carries the back yarn guide, the sensor fibre is in front of the back yarn carrier and therefore on the front side of the knitted fabric.

The yarn carrier for the sensor fibre is fixed during knitting. To push the fibre to one side or the other you need to have a knitting pattern using the two needles beds (for example 1x1 rib).

Several knitting patterns have been used (Figure 66): based on 1x1 rib (Figure 67), full cardigan rib.

Because these two basic structures give very deformable fabrics in course direction. However, to increase the rigidity of the fabrics in course direction a course of single jersey could be added on each needle bed (called tubular jersey). In Figure 68, it is possible to identify the fibres inserted by this technique. In the picture on the left, we can see a knitted fabric containing a red cotton yarn. This yarn undulates the width and thickness of the knitted fabric. In the right picture, a PDMS fibre is inserted in the same way. It can be seen that this one undulates much less, because it is stiffer than the cotton yarn. The kind of knit as explained above is done with two yarn carriers. The fibre is therefore in the thickness of the knitted fabric. In this case, there is no need to desactivate a needle as in the previous case because only the PDMS fibre is inserted and not the fibre plus the two multifilaments. To insert the optical fibre continuously, the optical fibre is connected at each end with a cotton thread and this is held in place by the yellow shrink sheath. The cotton thread and the sheath can then be removed to connect the optical fibre to the multifilaments. Figure 69 illustrates the PDMS fibre path inside the fabric. The PDMS fibre is maintained by the ground yarn forming stitches. The PDMS fibre is in light grey and the wale direction and the ground yarn is in dark grey. This microtomography shows that the undulation of the fibre in the knitted fabric is small and regular along its length. The obtained smart knitted textiles have been studied in terms of transverse compression and pure bending behaviours, which correspond to the common stresses for a garment.

Mechanical characterization tests were performed only on locked 1x1 rib knits (Figure 67). 

Compression behaviour

Three POF instrumented knitted fabrics were characterized in compression (Figure 70). As for the tests on fibre alone (section 3.3), the compression measurements are done with the same compression device to compare the results. The parameters of the tests are identical to the tests on fibre only; the speed is 0.2 mm/s with a compression time of two seconds. Three knitted fabrics are characterized.

These knitted fabrics incorporate a 7 cm PDMS fibre. These knitted fabrics were made under the same conditions, with the same kind of knit and the same length of integrated fibre. 

Repeatability and reproducibility

The three knits were compressed six times in a row to measure repeatability. The curves are superimposed therefore it can be concluded the compression test is repeatable. The different compressions were compared with the relative irradiance at the exit of the fibres when the compression was maintained. In this way, we can compare an average point on the load curve. We obtained a coefficient of variation between the minimal normalized irradiance of the different compressions on knitwear number #1 of 1% (Figure 71). The reproducibility was measured for the first knit, with six measurements per day over three days (Figure 72). We obtain measurements with good reproducibility. A coefficient of variation of 4% and 1% is respectively obtained for knits #2 and #3.

It can be concluded that knitted fabrics allow for good repeatability of tests. This means that the knitted fabric can be compressed once to obtain a reliable value. Similarly, reproducibility means that the knitted fabric can be compressed several times in one day while measuring the same irradiance value. It would then be sufficient to calibrate the knitted fabric once to obtain reliable values. It is now possible to compare the three knitted fabrics to study if the manufacturing process, despite identical parameters, influences the mechanical and optical behaviour of the fabric. To do this, the knitted fabrics are compared in the same way as before. For these three knitted fabrics, we obtained an average of 58% ± 2%, i.e. a coefficient of variation of 4% (Figure 73).

The three knitted fabrics have very similar mechanical and optical characteristics, which indicates a good reproducibility of the knitted fabric process.

Results

The compression behaviour of the knitted fabric is compared to the single POF (Figure 73), it can be concluded that the mechanical behaviour of the single POF and the knitted fabric are quite similar with a relative irradiance of 61% ± 3% for the single POFs and 58% ± 3% for the knitted fabrics at 2N. Moreover, the sensitivity of the single fibre is similar to the sensitivity in the instrumented knitted fabric (Figure 74). The difference is on the compression part when the plunger compresses the fibre.

If we compare the average of the tests on the three knitted fabrics (average of 54 measurements) with the average of the tests on five fibres (30 measurements), we notice that the relative irradiances are very close. The coefficient of variation between the minimum normalised irradiance is 4%. It can also be seen that the hysteresis of the curves is different. Indeed, the hysteresis is 1.5 times more important than on a single fibre because of the difference in hardness between the knit and the fibre in the thickness direction (Figure 75). The fabric decreases the hardness of the sensor. It can also be noted that there is no overshoot during the compression of the knitted fabric because the knitted fabric is soft and allows the piston to slow down more gradually.

This result proves the method of insertion into a knitted fabric does not affect the sensitivity of the fibre in compression. 

. Repeatability and reproducibility

The bending tests on knitted fabric with inserted POF were performed on the KES bending tester for fabrics. Three different fabric samples are tested. The purpose of the bending tests on knitted fabric is to study the influence of the undulations of the sensor fibre in the knitted fabric on the irradiance. To know the influence of bending on an optical fibre inserted in a knitted fabric, several tests were carried out under the same conditions as on a single fibre (Chapter 3.4.3.). On a single fibre, the optical behaviour of the fibre changed from a specific bending radius. The insertion of the fibre into the knitted fabric allows the fibre to be stressed and confined between the stitches and it forms microundulations. By pre-stressed the POF in a bent position, it can be assumed that its optical behaviour is modified and is less sensitive during a bending test. We also tested the repeatability and reproducibility to study if, as with single fibre, the irradiance measurements have a high coefficient of variation.

Indeed, we observed that from a specific radius of curvature, the irradiance at the output of the fibre did not change. We formulated two assumptions and we deduced that this phenomenon is due to a change in the bending domain. The bending domain was changed to a large deformation a radius of curvature lower than 10 mm, which modified the mechanical behaviour of the fibre. Inserted in the knitted fabric, the POF is stressed in the shape of undulations while passing from one side to the other of the faces of the knitted fabric. These stresses give microbending to the fibre, modifying its behaviour. The hypothesis that we can put forward is that these stresses allow the fibre to be controlled in deformation and light to continue to decrease for a radius of curvature of 10 mm (Figure 77). This curve is different from the bending curves obtained on a single fibre because the irradiance is decreasing over the measurement range.

For repeatability tests, by using the KES-S fabric-bending device, successive tests can be performed without removing the knitted fabric. The knits were bent for three and five consecutive cycles under the same conditions. For example, in Figure 77, a) and b), two repeatability tests can be observed on knitted fabric #1. Comparing the irradiance for the smallest radius of curvature (4mm), we obtain a coefficient of variation of 3% between the five cycles for the test n°1 and 15% for the test n°2.

Compared to the bending measurement on the single fibre, the coefficient of variation is much lower and therefore the repeatability is better. Furthermore, it can be seen that there is no longer a constant attenuation phenomenon from a specific radius of curvature. The attenuation is more important on the second test than on the first. Indeed, if we compare the averages of the tests for the smallest radius of curvature we obtain 50.7% ± 1.7% for the first test and 31.1% ± 4.6% for the second test. This gives a difference of irradiance of 19.6% between these two tests (Figure 78). Therefore, the reproducibility between these two tests is bad. This difference is due to the initial irradiance, before being normalised, which is two times higher for the first test than for the second test. The signal of the second test is lower and therefore less accurate, which causes this difference. The set up of knitting and the connections are difficult to set up because this machine is not designed for fibre optic connections and therefore does not allow easy adjustment of the connection to amplify the light signal.

This difference can be explained by the position of the fibre between the clamps between the first and second test. It is possible that the clamps are tighter and therefore compress the fibre more than before. The torsion and tension applied to the fibre may also change the shape of the fibre when it is flexed

Results

For the other two knits, five consecutive bendings were performed for each knit under the same experimental conditions. The goal is to see the repeatability of the integration process and the connection of the POFs. We could see that on the bending tests, the knitted fabrics were very repeatable but not reproducible. In Figure 79, the normalised irradiance of the three knitted fabrics is plotted in function of the radius of curvature. Only the first bend is shown and not the part on the right-hand dial to improve visibility. Only the first trial on knit #1 is taken into account. If we compare the irradiance for the smallest radius of curvature of the three knits, the average is 52% ± 5%, i.e. a coefficient of variation of 10.0%. As a reminder, in bending on knitted fabric, there was a coefficient of variation of 4% and on fibre alone 48%. It can be concluded that the undulation of the POF to control its bending behaviour is proved to be efficient. The chosen insertion process of the POF into a knitted fabric does not affect the sensitivity of the POF in bending but increases its accuracy and the robustness of its behaviour.

Tribology

Materials and methods

The tribometer used has been developed at the LPMT and is described elsewhere [START_REF] Guignier | E-Knitted Textile with Polymer Optical Fibres for Friction and Pressure Monitoring in Socks[END_REF]. It is composed of a translation table (model M-ILS100CC, Newport Corporate, Irvine, CA, USA) in which a triaxial load cell (model 3A60-20N, Interface Inc., Scottsdale, Arizona, USA) is integrated. Both normal and tangential forces can be recorded during the test. The normal load is applied with dead weight. The slider has a rectangular sole with an area of 1.5 cm 2 (1.5 cm length and 1.0 cm width) and is covered with a material named Lorica®, this textured fabric has been manufactured to have a similar coefficient of friction as the skin against textiles (Lorica® only simulates dry skin) [START_REF] Derler | Tribology of human skin and mechanical skin equivalents in contact with textiles[END_REF][START_REF] Fagiani | Contact of a Finger on Rigid Surfaces and Textiles: Friction Coefficient and Induced Vibrations[END_REF]. The knitted fabric is placed on the load cell. The sensor fibre is compressed between the load cell and the slider.

The friction tests are carried out on a sensor fibre inserted in a knitted fabric. The fibre is inserted into the knitted fabric in the wale direction during manufacture. During insertion, the tension and twist applied are not controlled. Furthermore, once inserted into the knitted fabric, the fibre undergoes undulation across the width and thickness of the knitted fabric. These undulations can be described as micro-bending. During the friction test, a slider is applied to the fabric (Figure 80). The sliding distance and the velocity of this plate can be varied. The friction tests are a combination of the different tests we have seen. Indeed, these tests combine compression as the slider crushes the optical fibre and in a small way bending as the slider moves over the knitted fabric and deforms it. The recording is done directly Pulse acquisition system (Brüel & Kjaer) and several signals are recorded relative to time: the irradiance at the fibre output, the force in the direction of displacement, the normal force, and the displacement of the plate. From these data, the coefficient of friction can be calculated.

Two directions of sliding were investigated: the direction perpendicular (Figure 81) and parallel (Figure 82) to the sensor fibre. The friction device does not directly rub the fibre but the knitted fabric. It is interesting to compare these two sliding directions because we should obtain different signals between the two directions. Indeed, we should see a difference because in the perpendicular direction, the slider passes from the knit to the fibre and then to the knit. So we should see the coefficient of friction of the knitted fabric and then a peak when the friction is above the fibre and a return to normal. If the slider passes over the fibre, it is compressed so the irradiance decreases. While in the other direction, the slider rubs in the direction of the fibre so it should have a constant friction coefficient. The irradiance should be constant too. This difference would make it possible for example to recognize later how the user explores the knitted fabric with his finger.

The major used friction pad that is covered with Lorica®.

These friction tests were only be done on locked 1x1 rib knits (cf. annex A.1). 

Effect of the direction of sliding on irradiance

During these tests, the slider explores the knitted fabric in the course direction. With the POF inserted in the wale direction, the slider passes over the POF twice on a back and forth movement. The friction of the knitted fabric is then measured. Ten cycles are performed for each test and the three knitted fabrics are characterized with the same locked 1x1 rib kind of knit. The normal load is 1 N given by a dead weight in the slider. The fabric moves at 10 mm/s and the slider is 10 mm long. Each knitted fabric was rubbed six times in ten cycles to calculate an average. The length of the optical fibre in PDMS is seven centimetres.

Perpendicular sliding direction

Friction tests in the direction perpendicular to the POF are characterized by the fact that the slider passes over the POF twice on each back-and-forth movement on the knitted fabric. The optical fibre is centred on the support. Each end of the PDMS optical fibre is connected to a multifilament that brings and transmits light from the source to the POF or from the POF to the photodiode. It can be seen in Figure 83 that the irradiance drops as the slider passes over the POF because it is compressed (Figure 84). A clear distinction can be made between areas where the POF is compressed and areas where the slider leaves the POF. If we calculate the duration of the slider's passage over the POF, it is 1 s (10 mm long at 10 mm/s), which is in accordance with the signal in Figure 83 (coloured zone). Moreover, when the slider leaves the POF, the signal is still low and needs a certain time to recover. This is due to the stress relaxation of the polymer, which depends on the time (viscoelasticity).

We can also see that there is a difference in the irradiance between the forward and return of the slider (Figure 83). During the test, the COF decreases from 0.4 to 0.2, which may be due to a slight deformation of the knit. The cycles superimpose well, for knit #1 the coefficient of variation for the lower irradiance point is 0.9% at 62.6% ± 0.6%, so the test is repeatable. The other two knitted fabrics were characterized under the same experimental conditions. If we look at the repeatability of the tests, we obtain for the second knitted fabric an average minimum irradiance over the cycles of 59.0% ± over these stitches, there is more pressure locally on the POF, so this can explain the effect on the irradiance curve as a function of time. The irradiance measurements superimpose for the nine cycles (Figure 86). If we compare the three knits (Figure 86), we can see three different irradiance curves. This is because the position of the three knitted fabrics on the table is different in each test. There is a difference between the forward and return directions of the slider on the knitted fabric. This difference is due to the fact that the stitches are deformed during the passage of the slider. The slider deforms the stitches on the forward movement. On the return movement, the stitches return to their original position, so the slider is subject to less resistance.

On the other hand, as far as the COF is concerned, the curves are superimposed. There is negligible variation in COF when the POF is rubbed because the knitted fabric structures are identical and the POF is inserted in the same way. When plotting the variation of COF and irradiance relative to displacement (Figure 87), it can be seen that the COFs are the same for the three knits but the irradiance amplitudes are different. The COF value is 0.276 ± 0.002 for the forth and 0.307 ± 0.003 for the back for all three knits.

The surface irregularities of the knitted fabric can also be seen on the coefficient of friction, causing variations. These variations have a similar pattern, which can be seen on the friction pad of knitted fabric #3 in Figure 87. There are seven variations and on the relaxed knit, there are ten patterns per four centimetres (four courses). This gives 15 patterns per three centimetres (distance travelled by the friction pad in one direction). This corresponds to the number of variations on the graph. There is a variation of COF when the friction pad arrives on a pattern of the knitted fabric. By doing an FFT on the COF, we observe a peak at 5Hz (for a slider speed of 10 mm/s).

Intermediate conclusion

The direction of the friction movement affects the friction and irradiance in a very different way. For friction in the direction perpendicular to the PDMS fibre, the slider first explores the knitted fabric, then passes over the PDMS fibre, then returns to the knitted fabric. These three steps can be seen in the irradiance graph in Figure 84. As the slider passes over the PDMS fibre, the irradiance drops as the PDMS fibre is compressed and then rises again as the friction pad leaves the PDMS fibre. The same behaviour is observed for friction measurement: the slider is hindered which creates a positive peak of COF and a negative peak is observed when it leaves. These peaks do not occur at the same position in the two directions which proves a slight displacement of the PDMS fibre and therefore a bending of the POF during the test. For friction movement parallel to the direction of the PDMS fibre, the irradiance and the coefficient of friction are less variable. The light is therefore already attenuated by the compression of the slider on the PDMS fibre and only the surface of the knitted fabric is observed.

In addition, by analysing the signals obtained from the surface of the knitted fabric, the structure of the fabric can be found.

Effect of the normal force on irradiance

In the previous measurements, the normal force applied on the knitted fabric was fixed at 1 N. To study the effect of the normal force on the friction, measurements are carried out with a. normal force of 0.33, 0.50, 0.75, 1, 1.5, and 3 N and with the same constant sliding velocity of 10mm/s. To evaluate the reproducibility of the tests, three tests of nine cycles were performed. On the graphs, only the average of the tests are shown. The two directions of exploration of knitting are presented in the light of previous tests. It can be seen in Figure 88 the irradiance decreases significantly as the slider passes over the POF and when the normal force increases the irradiance decreases. This follows the trend observed for the compression measurement. If the minimum irradiance for a given normal force is plotted, we notice that it varies linearly (Figure 89). However, contrary to irradiance, friction force increases with the normal load (Figure 90). In fact, for a normal force of 3N, 60% of the light is lost.

Perpendicular sliding direction

There are differences between the forward and return of the slider on the knitted fabric. This difference is due to the fact that the stitches are deformed during the passage of the slider. The slider deforms the stitches on the forward movement. On the return movement, the stitches return to their original position, so the slider is subject to less resistance.

Parallel sliding direction

In Figure 91, it is possible to observe the influence of the normal force on the irradiance and the coefficient of friction. In the irradiance graph, it can be seen that the higher the normal force, the greater the variation in light. The tests indicate a sensitivity of the irradiance during the exploration of the slider on the POF. The irradiance variations are due to the stitches, which locally compress the POF during the slider movement (Figure 91) as explained in the section 5.2.2.

The results show that the irradiance variations increase with normal load. However, as the POF is already compressed at the beginning of the test, the variations are smaller than for a perpendicular direction of friction. The variations in the coefficient of friction are not influenced by the normal load, except that the higher the normal force, the less noisy the signal. The system being in dead mass, the slider tends to vibrate. When the normal force is increased, the slider vibrates less because it is pressed harder against the textile. By averaging the friction coefficients of the six normal forces, we obtain a friction coefficient of 0.27 ± 0.01, i.e. a coefficient of variation of 5%. 

Intermediate conclusion

The normal force has a low influence on the coefficient of friction. However, the irradiance is impacted because the increase in normal force increases the compression of the POF, which impacts the attenuation. The effect is stronger when the movement is perpendicular to the POF than for a parallel movement.

Effect of the velocity of sliding on irradiance

In the previous tests, the sliding velocity was fixed at 10 mm/s. The goal of the following tests is to study the influence of the sliding velocity on the coefficient of friction. The chosen sliding velocities are 2, 5, 10, 15 and 20 mm/s. The tests are carried out in succession without moving the knitted fabric.

The knitted fabric is rubbed 10 times per test and there are 6 tests for each speed. These tests were carried out only in the direction parallel to the POF. Indeed, in the perpendicular direction, the behavior would have been the same as for the compression tests. The speed of the slider increases so the compression speed increases so the slider is compressed less time the fibre. We would have obtained drops in irradiance of a duration depending on the speed.

It can be observed in Figure 92 that the structure of the knitted fabric is easily visible on the coefficient of friction evolution. We also notice that the irradiance for a speed of 2 mm/s is slightly different compared to the other superimposed speeds. This difference could be due to the viscous behaviour of the POF observed in section 3.3.4; however, the effect was visible on the mechanical but not on the optical response of the POF. The average normalized irradiance for the different speeds is 95% ± 2%, i.e. a coefficient of variation of 2%. There is therefore no effect of the sliding velocity on the irradiance.

Similarly, the coefficient of friction is 0.25 ± 0.01 on the forward path and 0.26 ± 0.01 on the return path. Therefore, we obtain an average friction coefficient of 0.26 ± 0.01, i.e. a variation coefficient of 4%. The coefficient of friction is therefore not sensitive to velocity variations.

Effect of the slider on irradiance

To change the coefficient of friction of the slider against the knitted fabric, three different sliders were used (Figure 93). In the previous tests, the slider used was covered by Lorica® (see section 5.1). Two other sliders have been used with the same shape as the previous one: one in aluminium and a silicone slider.

Figure 93: Pictures of the different friction pads.

The tests were carried out with a normal force applied to the knitted fabric of 1 N and a friction pad speed of 10 mm/s. Nine cycles were performed per test and there are six tests per slider. These tests were carried out on the same knitted fabric without moving it.

Perpendicular sliding direction

Firstly, the tests were carried out in the direction perpendicular to the optical fibre. We can see (as previous perpendicular tests) the different peaks of COF on the friction pad (Figure 94), which indicate when the slider moves over the POF. The intensity of these peaks depends on the material. The peaks created by silicone and aluminium sliders are higher than the Lorica® one. The aluminium slider has a hard surface and the silicone has a strong adhesion with textiles as it was observed in another study [START_REF] Camillieri | faible atténuation et la possibilité d'envoyer des informations sur de longues distances. Les fibres optiques peuvent être utilisées dans la médecine comme endoscopes, thermomètres, capteurs de flux sanguin, etc. Les paramètres pour caractériser une fibre optique sont :  L'indice de réfraction du coeur et de la gaine optique,  Le diamètre du coeur et l'épaisseur de la gaine optique[END_REF]. Lorica® slider is softer than an aluminium slider and less adhesive than silicone, therefore the peaks are smoother. As regards the coefficient of friction, it can be seen that that of silicone is higher than the other two sliders, which are very close to each other. For silicone, we obtain an average coefficient of friction of 0.8 ± 0.1, for Lorica® 0.21 ± 0.02 and aluminium 0.23 ± 0.06. The coefficient of friction of Lorica® and aluminum are very similar on that knitting fabric. 

Parallel sliding direction

In the second step, the tests were carried out in the direction parallel to the optical fibre. It can be seen in Figure 95 that the same behaviour is found for the three different friction pads. There is little variation in irradiance. Indeed, we obtain an average irradiance for silicone of 97 % ± 2%, for Lorica® 96% ± 2% and for aluminium 96% ± 1%. The coefficient of variation of the three friction pads is 2%. For the coefficient of friction, the structure of the knitted fabric can be seen in relation to the variations measured. These variations are very visible for the aluminium slider because it is very rigid and does not absorb the roughness of the knitted fabric, unlike the Lorica®. We obtain a coefficient of friction of 0.85 ± 0.02 for silicone, 0.19 ± 0.01 for Lorica® and 0.20 ± 0.01 for aluminium.

Figure 95: COF and normalized irradiance relative to displacement for different sliders in the case of a parallel sliding direction on knit #1. The top curves correspond to irradiance and the bottom curves to the COF.

Irradiance hysteresis area measurement

It can be seen in Figure 94 and Figure 95, there is no obvious relationship between the coefficient of friction and the measured irradiance. For the two directions of friction, the irradiance between the three sliders is very close and does not allow to differentiate them. However, if we look at the area of the irradiance hysteresis between the back and forth of the different tests (Figure 96), we can see a difference in both directions. It is therefore interesting to measure this area to confirm our observation. To do this, we use Matlab software to calculate the area of the different trials. The tests are averages of the three tests with nine cycles per test.

Figure 96: Irradiance hysteresis area underlined on the parallel and perpendicular direction.

Figure 97 shows the areas of the curves for the different sliders in perpendicular and parallel directions of sliding movement. Firstly, it can be seen in the perpendicular direction that that there a clear discrimination between the silicone and the Lorica® sliders. The area is 4.8 times larger for the silicone than for the Lorica®, while the coefficient of friction has a ratio of 4.5 times between these two pads (Figure 97). Aluminium is in an intermediate position whereas the coefficient of friction is close to that of Lorica®. It can be seen in the parallel direction that there is clear discrimination between the silicone and the Lorica® slider, but this difference is much smaller than in the perpendicular direction. This difference is due to the lower variation of the irradiance in the parallel direction and it is about two to three times lower than in the perpendicular direction. The area of the silicone friction pad is 3.6 times larger than that of the Lorica® and 1.6 times larger than that of the aluminium. To pre-stress the PDMS fibre so that it is not sensitive to bending, the idea is to give it a macrocurvature parallel to the surface of the fabrics, i.e. in the width of the knitted fabric. Previously, we have seen that our manufacturing process allowed us to have micro-undulations in the thickness of the knitted fabric due to the change of face of the fibre. These micro-undulations allow the fibre to be fixed in the knitted fabric but not to be pre-stressed in a direction parallel (plane) to the surface. This raises the question of what effect the surface-parallel (across the width of the knit) macro-bendings have on the attenuation in a friction test.

To make a knitted fabric with an optical fibre macro-undulated in the knitted fabric, the strategy chosen is to knit in the same way as to make a knitted fabric with a straight fibre (for example with locked 1x1 rib (Figure 67) and locked full cardigan rib (Figure 98)), but with the addition of racks (Figure 99). Racking is a technique available on knitting machines that allows one needle bed to be translated relative to the other when the needles are in a low position. This technique makes it possible to create special kinds of knits with inclined stitches, such as the racked full cardigan rib (Figure 100) or to create cable effects. The advantage of the racked full cardigan rib is that it keeps the stitches very inclined. By using a racked full cardigan rib, the optical fibre follows the inclination of the stitches, making it undulate across the width of the knit (Figure 98). To increase the undulation, the number of racks must be increased. It is possible to rack twice on this type of knitted fabric, in one or two steps. To test different cases, we made different knitted fabrics with and without a rack. Six knitted fabrics were produced. The inserted optical fibres are seven centimetres long. The length of the pattern is therefore different depending the kind of knitting used.

In Figure 101, the different knitted fabrics can be seen. In these pictures, it is possible to see the macroundulations of the optical fibre as well as the inclination of the stitches according to the racks. In these pictures, the racks have been represented by a dotted line. These knitted fabrics were characterized in terms of friction to compare them with a straight fibre (knitted fabric #5 in the figure).

Figure 101: Labelling of knitted fabrics -T0 is made with locked 1x1 rib (Figure 67) and T1-T6 with locked full cardigan rib (Figure 98) (See annexe).

Perpendicular sliding direction

In Figure 102, we can see the different tests performed on the knitted fabrics in the direction perpendicular to the fibre. These tests were carried out under the same experimental conditions with three tests per knitted fabric with nine cycles per test. The curves represent the average of the three tests. There were two runs, removing and replacing the knitted fabric, to test the reproducibility of the trials. The speed of the slider is 10 mm/s and the friction device applies a normal force on the knitted fabric of 1 N. Two sliders have been used the Lorica® and the silicone.

Figure 102: Friction test with perpendicular sliding direction on the six different knits with the influence of the slider material. T and the number represent the name of the knit. The next two letters are for the type of slider ("Si" for Silicone or "Lo" for Lorica®). The number in brackets is the number of the test.

We notice that the curves (Figure 102) have very different shapes and attenuations depending on the position of the PDMS fibre in the knit. We can suppose that these differences come from the undulation because, during the friction, the PDMS fibre is more stressed in bending. As observed in section 3 the reproducibility of the PDMS fibre behaviour in bending is very low. This can explain the difference between the first test and the second test on the same knit.

To analyse and compare these different knits, it is necessary to calculate by the same method as determined in section 5.5 the irradiance areas under the forward and return of the slider on the knit.

Measure of the hysteresis during the friction test

To compare the different knitted fabrics between them and to define the kind of knit that allows the best differentiation of friction coefficient, it is necessary to compare the irradiance measured during the friction tests. For this, the calculation and the difference of the areas under the curve between the forward and backward are performed for each knitted fabric. The knits are tested four times by removing the knit between each test. For each test, there are three consecutive runs without removing the knitting. For each run, the knitted fabric is rubbed nine times.

We obtain the measurements presented in the diagram Figure 103. Large error bars can be observed which indicate a strong dispersion of the measured values. We can see that the reproducibility of knit #5 is very good compared to the others. Moreover, it can be considered, the higher the ratio of the results obtained between Silicone and Lorica® sliders is, the more the sensor can dissociate the two rubbers. The higher the hysteresis area, the more accurate is the sensor. We must therefore evaluate the sensor regarding these two characteristics.

Figure 103 shows that knit #5 (straight fibre) is the most reproducible (coefficient of variation of 17%) while having a good sensitivity (x2.2). This means that the area between the forward and return is important and that the same behaviour is found between each test. Knit #2 (W fibre) shows the strongest discrimination between Lorica® and Silicone (x3.9) but its reproducibility is low (coefficient of variation of 79%). The goal is to find the kind of knit that can be used as a basis for the friction sensor.

In Figure 105, we can see the particular case where the knitting in full cardigan rib is not blocked. This kind of knit is often used in clothing to make knitted cardigans. It is a very wide and loose structure.

When the knitted fabric is rubbed, it becomes very deformed, so much so that the slider does not go over the POF.

There are also two knits #5 (T5 and T5bis). They are identical, the same kind of knit, same length of inserted POF. This allows knowing the reproducibility of the manufacturing (Figure 105). The different knitted fabrics are compared by using the area of the hysteresis of the irradiance between the forward and return (Figure 108). We observe a close behaviour between the two knits n°5 (Figure 110). The knit #0 is less reproducible but allows to differentiate between the two types of sliders. On the other hand, the unlocked knit is really sensitive as we could expect because of its strong deformation. Because the T5NB is purely full cardigan rib and because of the great deformation of the knit during the sliding cycle, the slider does not go over the POF (Figure 109). The fabric is deformed in front of the slider. Therefore, due to this very low control, we decided that we did not use it. The T5 knits allow a good differentiation between the Lorica® slider and the silicone slider.

Nevertheless, if we compare these two knits, which are made in the same way, we can see quite variable results (Figure 110).

In the case of parallel friction

In the case of rubbing parallel to the fibre for these four knits, we should observe the same trends except for the unlocked knit, which should behave like knit #5. Indeed, the knitted fabric deforms less in the direction perpendicular to the fibre because the slider passes over the fibre.

It is possible to see the lower overall sensitivity of the knitwear to friction. Nevertheless, the difference between the two sliders is still present (Figure 111 and Figure 112). 

Intermediate conclusion

In conclusion, we have made several knitted fabrics with the basic kind of knit of the locked full cardigan rib. This special kind of knit allows fixing the racking effects and thus gives macro-undulations to the POF. These macro-undulations allow stressing the fibre in plane. The hypothesis was that with these macro-undulations, the POF sensor would be more sensitive to friction because it would be more deformed during the passage of the slider. However, the results indicate that optical fibre inserted without macro-undulations in a knitted fabric allows for better discrimination two sliders with different friction coefficients. This effect was also demonstrated on other knitted fabrics with different kinds of knits and a straight-inserted fibre. We are therefore base our prototype of a friction sensor on the knitted fabric T5.

In fact, the different results obtained show the most important thing is to control the pre-stress of the PDMS fibre. If the fabric is too loose, the results have a bad reproducibility and sensitivity.

6. Measurement with the POF inside a backpack 6.1. Choice of the device and the sensor

As a practical application for our textile sensor, we integrated the sensor into a backpack as it undergoes compression and friction at the level of the straps when walking or running. In addition, it is easy for a first prototype to sew knitwear on the straps. For the choice of knitwear, the results obtained in the previous study were used (Chapter 5). Two kinds of textile sensors were implemented, a first knitted fabric allows the measurement of compression and the second knitted fabric for the measurement of friction.

Design of the knitting fabrics and implementation on the backpack

The design of the knitting fabrics was based on previous studies. Adaptations with previous knits were made so that the new sensors would fit more easily on the strap. The knit is knitted with less needles to reduce its width. To facilitate the reading of this chapter, a compression sensor is a sensor sensitive to compression but with low sensitivity to friction; and a friction sensor is a sensor sensitive to friction.

The knit for the compression was based on a T0 knit i.e. on a locked 1x1 rib kind of knit (cf. annex A.1).

PDMS fibres measure 7 cm. The PDMS fibre is inserted with 10 locked 1x1 rib kind of knit patterns.

The knit for the friction was based on a T5 knit i.e. on a locked full cardigan rib kind of knit (cf. annex A.6). PDMS fibres measure 7 cm. The PDMS fibre is inserted with 10 locked full cardigan rib kind of knit patterns.

To ensure the knit is well maintained on the shoulder strap, 40 courses of 1x1 rib were knitted before and after the sensor area. This also allows protecting the connection between the multifilaments and the PDMS fibre, which is a delicate zone. The connectors have been sewn on the knit fabric to prevent them from moving during solicitations. The machine settings are identical to the previous knits. For the knit to have the same width as the shoulder strap, the knits are made with 16 needles. To connect the PDMS fibre to the light source and the photodiode, multifilaments are used. These are 50 cm long to have a large freedom of movement (Figure 113). For the assembly on the backpack, the knits were sewn directly onto the shoulder straps of the bag (Figure 114):

 The compression knitted sensor was sewn along the length of the shoulder strap and on the inside so that the knit would be in contact with the user.

 The knitted sensor for friction measurement was sewn perpendicular to the shoulder strap and on the inside so that the knit would be in contact with the user (Figure 115).

The PMMA multifilaments used for connection are free to move during the experiment.

An instrumented strap is illustrated in Figure 115. 

Measuring bench

To measure the efficiency of the sensors to compression and friction, we set up a measurement protocol to be able to walk and run next to the measurement instruments. These instruments are fixed, they cannot be carried by the runner. For example, the photodiode is connected to the computer so it is not possible to make a test outside on a track for example. A treadmill was used in order to be able to run inside and next to the measuring devices. This treadmill allows to control the running speed and has a fixed relative movement compared to the measuring devices. The irradiance is measured in real time during the run using the photodiode connected to the Newport controller. The PULSE acquisition system records the data from the photodiode and the time for 64 s at a sampling rate of 256 Hz.

The walk and run speed was changed thanks to the treadmill. Different weights were placed in the backpack to simulate a variation in load, therefore two different loading values in the backpack were used 3.75 kg and 5 kg load. A pedometer indicated the step rate. The running speed was selected on the treadmill with a choice of four speeds: walking (4 miles/h ≈ 6 km/h), jogging (6 miles/h ≈ 10 km/h), endurance (8 miles/h ≈ 13 km/h) and fast running (10 miles/h ≈ 16 km/h). The experiment was carried out with a single volunteer (male, 26 years old, body mass index 23 kg.m -2 ). The volunteer had to run while wearing the backpack with a constant step rate to have running cycles as repeatable as possible. The signal acquisition was triggered when the steady state in terms of velocity and rhythms was obtained, i.e. with a constant running speed and cadence.

The setup for the measurements can be seen in Figure 116. Clamps are used to hold the laser diode and the glass optical fibre connected to the photodiode in place. 

Results

The effect of velocity and loading of the backpack have been studied. The results presented in this section are preliminary and need to be consolidated from a statistical point of view; therefore, no uncertainty on the data is reported.

6.4.1. Results of the compression sensor 6.4.1.1. Effect of the velocity and the load on irradiance level.

The compression sensor is fixed in the direction of the shoulder strap with the expected goal to measure weight variations on the backpack. The four running speeds are tested and the two loads of the backpack.

Before the analysis of the different signals (Figure 117), it can be noticed the signals have a sinusoidal shape, which indicates that the sensor measures a variation of pressure according to the pace of the runner. We also notice that this effect depends on the speed with a more or less important amplitude.

The curves are centered on zero relative to the average irradiance value.

Matlab software was used to find the top of each peak to dissociate the different cycles and thus visualize the signals (Figure 118). It can be seen that the race was regular and that the sensor is repeatable. If we look at the effect of the load of the backpack (Figure 119), it can be observed the mean level of irradiance decreases when the load increases. Moreover, this decrease is more important when the speed increases. When the speed increases the length of the steps increases so the shock at each step is more important which explains this effect. Figure 120 shows the autospectra of the irradiance signal for the 4 velocities. For each velocity, the highest peak of frequency corresponds to the frequency of each step. Some other lower peaks of frequency are also visible (Table 6):

Fourier analysis of the irradiance signal

 the peak obtained for a frequency two times lower corresponds to the cycle of walking or run,  the other peaks are the harmonics of the step peak or cycle peak.

Table 6: Measures of the FFT for the different velocities. In Figure 121, the maximum of the step peak is plotted as a function of the velocity. It can be observed the magnitude of the step peak increases quite linearly with the velocity. The mean deviation increases also globally with the speed (Figure 122).

However, whatever the maximum amplitude of the peak or the mean deviation they are not influenced by the load of the bag. 123), it can be noticed the signals have a sinusoidal shape as from the compression sensor. We also notice that this effect depends on the speed with a more or less important amplitude.

Matlab software was used to find the peak of each peak to dissociate the different cycles and thus visualize the signals (Figure 124). As for the compression sensor, it can be seen the race was regular and that the sensor is repeatable. If we look at the effect of the load in the backpack (Figure 125), it can be observed the mean level of irradiance does not vary either with the load or with the velocity. Because of the small number of tests done, at this point it is difficult to conclude if the results indicate the friction sensor is not sensitive to these parameters or if its position in the strap is not efficient. Indeed, it is positioned at the level of the chest and in the direction perpendicular to the shoulder strap. It is placed in this position to rub on the chest and is not subject to the variations of mass in the backpack. As for the compression sensor, Figure 126 shows the autospectra of the irradiance signal for the 4 velocities. For each velocity, the highest peak of frequency corresponds to the frequency of each step.

Fourier analysis of the irradiance signal

Some other lower peaks of frequency are also visible:

 The peak obtained for a frequency two times lower corresponds to the cycle of walking or running.

 The other peaks are the harmonics of the step peak or cycle peak. As for the maximum amplitude of the step peak, the irradiance mean deviation globally increases with the speed but is not influenced by the mass of the bag.

Lastly, the height of the frequency peak corresponding to each step and the mean deviation are not influenced by the arm movement (Figure 129).

Conclusion and perspectives

A prototype integrating different sensors has been designed. This one is based on a backpack on which are sewn knitted fabrics integrating a POF. Two types of kind of knits were used, one to be preferably sensitive to compression and less to friction and the other to be sensitive to friction. These two sensors are positioned in different places depending on what they are supposed to measure. The compression sensor is placed parallel to the shoulder strap at the top of the shoulder. The friction sensor is placed perpendicular to the shoulder strap at the chest level.

To test this prototype, walking and running tests were performed on a treadmill with a volunteer.

During the test, the irradiance is measured continuously. In total, one walking speed and three running speeds were tested. In addition, the mass in the backpack was changed to see the influence of this.

Finally, the movement of the arm was also modified to see the influence on friction.

For the compression sensor, the signals obtained have a sinusoidal shape. Each period is equivalent to a step so two periods corresponding to a cycle of two steps. We find the rate of steps on the FFT of the irradiance signals. The height of the peaks corresponding to each step increases linearly with the speed. Similarly, the average irradiance level decreases when the backpack load increases which is coherent with the compression behaviour of our sensor (see section 3).

For the friction sensor, the height of the peak corresponding to each step increases with the speed and with the backpack loading. No influence of the arm movement has been observed in the irradiance signal; however, the number of measurements done is low.

The effect of friction on irradiance for the friction sensor should be investigated in future tests. A study will also be carried out with an acquisition device that can measure several sensors simultaneously (for example the Empa's Optobox), in order to measure the signals of the compression sensor and the friction sensor at the same time.

Conclusions and Outlook

During the first part of this study, a mechanical sensor using an optical fibre has been designed from two different POFs: a deformable POF in PDMS, as a sensor, and another one more rigid in PMMA, as a light transmitter. The two different POFs are connected and aligned by shrinkable sheaths. The second part of the study was to characterize the PDMS polymeric optical fibre through four mechanical stresses -transverse compression, pure bending, torsion and tension. These tests allowed the analysis of the optical response of the sensor fibre regarding the mechanical stress. Then, the POF sensor is revealed to have low sensitivity to torsion and tension and a very high sensitivity to bending and compression. For transverse compression, it is easy to perform a simple stress and the results are reproducible. The normalized irradiance presents a linear relationship with the real contact area. While for bending, because of its high sensitivity the POF behaviour is difficult to control due to geometrical effects, especially for low radii. Therefore, the strategy chosen for using the POF as mechanical sensor is to use the bending and compression sensitivities but with initial control of the fibre bending deformation by giving to the fibre an initial undulation fixed by the textile structure.

A specific strategy of fibre insertion to a knitted structure with a defined undulation has been designed and developed. The behaviour of the instrumented knitted fabric has been studied regarding mechanical deformation in compression and bending. The results show that the optical sensitivity in compression is as good as with a single fibre and the strategy of insertion of the POF in the structure is efficient for the control of the bending sensitivity.

Then the friction behaviour of knitted fabrics integrating an optical fibre was characterized. Two directions of friction were explored, the direction perpendicular to the optical fibre and the direction parallel to the optical fibre (on the optical fibre). In the first case, the slider passes from the knitted fabric to the fibre so the optical fibre is progressively compressed and the latter is relatively bent. In the second case, the slider passes over the optical fibre continuously so the optical fibre is compressed during the whole test. Several parameters that can influence the behaviour of the smart knitted fabric were varied such as the normal force of the slider applied on the knitted fabric, the speed of friction or the material of the slider. Indeed, three friction pads of the same shape and different materials (Lorica®, silicone and aluminium) were used for the characterization; these friction pads do not have the same friction coefficient. At first sight, there is no relationship between the coefficient of friction and the measured irradiance. For the two directions of friction, the irradiance between the three friction pads is very close and does not allow to differentiate them. However, if we look at the area of the irradiance hysteresis between the back and forth of the different tests, we can see a significant difference in both directions. First, it can be seen in the perpendicular direction that there is clear discrimination between the silicone friction pad and the Lorica® friction pad. Then, it can be seen in the parallel direction that there is a clear discrimination between the silicone friction pad and the Lorica® friction pad, but this difference is much smaller than in the perpendicular direction.

To increase the sensitivity of smart knits to variations in the coefficient of friction, knits with different insertion paths for the optical fibre have been manufactured. The fibre is inserted to be pre-stressed in the structure of the knitted fabric, by macro-undulations in its width. This is made possible by a specific kind of knit using racking effects. These different knits allow us to highlight the effect of the macro-undulations added to the friction on the irradiance. By comparing the hysteresis areas of the different irradiance curves during friction tests in the perpendicular direction, it appears that the friction is more sensitive on three knitted fabrics in particular. These knitted fabrics have the particularity to have a strong attenuation of the light during the passage of slider. By carrying out a second measurement campaign on these knitted fabrics, some knitted fabrics show very low reproducibility. In the end, two knitted fabrics in particular have the advantages of good reproducibility and good sensitivity.

The perspectives of this project are multiple, starting with the manufacturing of the first clothing prototypes to be able to carry out in vivo tests. It would also be necessary to repeat a third measurement campaign on knitted fabrics containing a macro-undulated fibre to confirm the good reproducibility of the tests on specific knitted fabrics. Empa is currently developing new PDMS optical fibres with cladding to minimize the linear attenuation of the fibre. This will allow a better sensitivity of the smart knits to deformations. It would then be interesting to integrate these new fibres into knitted fabrics to be able to compare the measurements obtained with a PDMS fibre without cladding. Ces faisceaux sont constitués de fibres optiques polymériques en PMMA avec un nombre précis de filaments pour proposer une aire de section droite analogue à celle de la fibre capteur. Ces faisceaux reliés à la fibre capteur en PDMS permettent d'avoir un système souple. Contrairement à des fibres optiques en verre, plus rigides et fragiles, ce système a pour but de ne pas nuire au confort au porter du textile instrumenté. Les deux fibres ayant un diamètre différent, l'idée et de réaliser un multifilament de PMMA ayant un diamètre proche de la fibre en PDMS. Pour cela la technique des cercles dans un cercle a été utilisée.

Résumé en français du manuscrit

Source lumineuse et photodiode

Pour un tel diamètre, il faut en théorie 30 filaments, cependant 31 filaments permettent en théorie une meilleure disposition des cercles pour notre problématique car ils sont concentrés au centre et permettent donc une meilleure transmission de la lumière car il moins de zones vides entre les filaments).

Assemblage des filaments

Pour assembler les filaments entre eux, des gaines thermorétractables sont utilisées. Sous l'effet de la chaleur leur diamètre diminue ce qui permet dans notre cas de fixer les filaments. La coupe des extrémités des multifilaments afin d'avoir une surface plane et perpendiculaire à l'axe optique est réalisée avec soin avec une lame de rasoir et un dispositif développé à cet effet.

Problèmes de transmission des filaments de PMMA

En analysant la surface de l'extrémité des multifilaments, on s'aperçoit que certains ne laissent pas passer la lumière. Après observation, plusieurs hypothèses sont avancées. Premièrement, la coupe peut être mise en cause. En effet, les filaments étant fragiles certaines fractures peuvent apparaître lors du cisaillement de la lame de rasoir. Deuxièmement, la chaleur peut endommager les filaments lors du rétreint de la gaine thermorétractable. En effet, les filaments ont une température de transition vitreuse de 102°C et il a été validé expérimentalement que la platine chauffante utilisée pour rétracter les gaines doit être réglée à 100°C. Il faut alors éviter de placer les filaments sur la platine trop longtemps. Troisièmement, la gaine comprime les filaments avec une certaine force de rétreint, des fractures peuvent alors se produire si une force trop élevée s'applique sur les filaments.

Connexion entre les multifilaments et la fibre en PDMS

Pour connecter les multifilaments avec la fibre en PDMS, plusieurs possibilités ont été explorées.

Premièrement, des essais pour envoyer ou récupérer la lumière par le côté de la fibre ont été effectués. Smart textiles are increasingly present in the garment and connected wearable market. However, the integration of sensors into garments still requires removing technological but also scientific challenges, in particular when these sensors are optical fibres. Sensors based on polymeric optical fibres make it possible to measure disturbances by measuring the variation in irradiance at the fibre output. Empa is developing such fibres, one of which has the particularity of having a very low Young's modulus (a few MPa), so it is an excellent candidate for measuring deformations. The first part of this work was to optically and mechanically characterize this polymeric optical fibre. The results obtained showed that this fibre is little or not sensitive to traction and torsion, that it is sensitive to compression and bending.

Réponse du capteur aux sollicitations mécaniques

Its complex bending behaviour implied a particular strategy for integrating this optical fibre into the textile structure. The integration of this fibre in a structure using a knitting machine was carried out.

The influence of the trajectory of the fibre in the knit and its structure has been studied in terms of sensitivity to friction and compression. Finally, a prototype including polymer optical fiber sensors was produced. It is an instrumented backpack for measuring parameters related to the runner¬backpack interaction.
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 1 Figure 1 : Geometric optics: a) Refraction ray, b) Critical ray, c) Total internal reflected ray.
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 2 Figure 2: Light path inside a step-index and a graded-index optical fibre.
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 3 Figure 3: Electromagnetic waves representation.

Figure 10 :

 10 Figure 10: Optical fibres in woven structures: (a) basic woven structure, (b) optical fibres in plain, twill, and sateen structures, (c) optical fibres in woven structure with embroidering techniques (optical fibres marked yellow and embroidery thread in blue) (from [56]).

Figure 12 :

 12 Figure 12: Illustration and picture of a maypole braider used for the production of braided conductive yarns with copper core [141].

Figure 13 :

 13 Figure 13 : Example of a knitting fabric. Knitted structures are progressively built-up from a course after course of intermeshed loops. The newly fed yarn is converted into a new loop in each needle hook. The needle then draws the new loop head first through the old (fabric) loop, which it has retained from the previous knitting cycle. The

Figure 17 :

 17 Figure 17: Avalight spectroscope.

  the light power (in Watt) measured for a given wavelength. The sampling frequency of up to 400 kHz and has an analogue output to send the signal to an external PULSE recorder (Brüel & Kjaer type 3053-B-120). The different signals are then acquired simultaneously.
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 19 Figure19: The circle-in-a-circle technique.[START_REF]The best known packings of equal circles in a circle[END_REF] 
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 20 Figure 20: Cross-section of a multifilament with 31 filaments.
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 22 Figure 22: Cross-section of a PDMS fibre -irregular surface.

Figure 23 :

 23 Figure 23: Razor blade cutting the PMMA multifilament held in a clamp.

Figure 24 :

 24 Figure 24: Test of the insertion of the light inside the fibre by the side as a function of the normal force for different distances (centimetres) from the photodiode.

Figure 25 :

 25 Figure 25: Picture of the BFT1 claws BFT1 clamps are special clamps for holding optical fibres. The company ThorLabs sells them. These clamps are paired with the SMA905 connectors, which act as a connector and aligners. These connectors can be detached from the clamp but the fibres are no longer held. These clamps are used

Figure 26 :

 26 Figure 26: Picture of the optical sensor: two PMMA multifilaments linked to the PDMS sensor fibre by thermo-shrinking sheaths. #1 the PMMA multifilaments, #2 is the PDMS fibre and #3 is the light source.

Figure 27 :

 27 Figure 27: Influence of the connection on irradiance.

Figure 29 :

 29 Figure 29: Example of the kind of knitting used to manufacture the smart knit -Locked 1x1 rib.

Figure 30 :

 30 Figure 30: Picture of a knitting fabric with one needle off.

Figure 32 :

 32 Figure 32: Relative irradiance relative to tensile force for 3 uniaxial tensile cycles (example of a representative result on a single PDMS fibre). It can be noticed, by using the same protocol developed during this work, other optical fibres developed by Empa have been tested by another researcher. She tested three fibres in tension with two tests including three tensile test per test. She obtained similar results with a first load different from the following ones. The other loads indicate that the optical fibre is not sensitive to tension with a coefficient of variation of 7% on average on the load, which is obtained in our tests.
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 35 Figure 35: Relative irradiance versus rotation angle: a) example of a representative result on 3 different PDMS fibres, b) average and error for the 3 different PDMS fibres.

Figure 37 :

 37 Figure 37: Preliminary compression measurement.

Figure 38 :

 38 Figure 38: Preliminary compression test (example of a representative result obtained from a single POF).

Finally, a picture

  of the device is available in Figure40. The light source sends light into the PMMA multifilament. The light is guided to the PDMS fibre, which is attenuated by the pressure exerted by the plunger, thus reducing the light leaving the fibre. This light leaves the fibre and is guided into a second PMMA multifilament. This PMMA multifilament guides the light signal modified by the sensor fibre to the photodiode. The photodiode converts the light signal into a voltage that is guided to the Newport conditioner. The Newport conditioner converts this current into a light power in watt. The conditioner has an analoge output that transfers the information to the Pulse acquisition system. The acquisition system receives the trigger from the position sensor to have the same acquisition start as the RTMaps software.
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 39 Figure 39: Picture of the compression area.

Figure 40 :

 40 Figure 40: Picture of the whole compression device.

Figure 41 :

 41 Figure 41: Relative irradiance versus the compression during a loading-unloading cycle (example of a representative result obtained from a single PDMS POF).

Figure 42 :

 42 Figure 42: Compression test on six different POFs.

Figure 43 :

 43 Figure 43: Compression relative to time for different velocities of the plunger.The tests were carried out under the same conditions on a PDMS fibre with six compressions per velocity. The landing part at the maximum loading force is constant for all the tests with 2 seconds. It can be seen in Figure44that the velocity influences the hysteresis of the curves. So the PDMS fibre is visco-elastic and confirms our hypothesis. On the other hand, speed influences the overshoot of the maximum normal force. In fact, Figure43and Figure44clearly show that the set point of 2 N is exceeded by speeds above 0.2mm/s. The hysteresis of the force versus position curves is also dependent on the plunger velocity. The lower the velocity, the lower the hysteresis.These curves show a lot of irregularity due to the sampling frequency of the RTMaps software.
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 44 Figure 44: Loading and unloading compression curve for different plunger velocities.

Figure 45 :

 45 Figure 45: Normalized irradiance relative to displacement for different plunger velocities.
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 46 Figure 46: Compression time parameters.
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 47 Figure 47: Influence of the compression time on the force.

Figure 48 :

 48 Figure 48: Influence of the compression time on the irradiance.

Figure 49 :

 49 Figure 49: Hertz's theory in the case of a cylinder between two planes.

Fmeasured:

  measured force (N), E*: reduced or effective elastic modulus (Pa) from (Equation 15), Efibre: elastic modulus of the fibre (Pa), Eplane: elastic modulus of the two planes made in stainless steel (Pa), νfibre: Poisson's ratio of the fibre, νplane: Poisson's ratio of the plane, L: contact length of the fibre (mm) which is the plunger diameter, Rfibre: radius of the fibre (mm),

Figure 50 :

 50 Figure 50: Compression cycle with load relative to penetration depth. The red curve corresponds to the fitting curve obtained by Hertz's theory.

Figure 51 :

 51 Figure 51: Relative irradiance relative to the real contact area during the compression for five different POFs.
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 52 Figure 52: Top view of the KES-F bending device and principle.

Figure 53 :

 53 Figure 53: KES bending tester for fibre.
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 54 Figure 54: Bending preliminary tests -Repeatability tests.
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 55 Figure 55: Bending preliminary tests average.

Figure 56 :

 56 Figure 56: Bending tests -Influence of the velocity on the torque applied to the fibre.
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 57 Figure 57: Bending tests -Influence of the velocity of the moving jaw.
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 58 Figure 58: Bending tests -Influence of a stop.

Figure 59 :

 59 Figure 59: Kawabata bending machine for fabrics.

Figure 60 :

 60 Figure 60: Results of the bending machine for fabrics.

Figure 61 :

 61 Figure 61: POF shape for different curvature radii with value indicated in mm: a) with the all along guide set, b) with the partial guide set.

Figure 62 illustrated

 62 Figure 62 illustrated the irradiance relative to the curvature radius obtained from this second method for partially guided POF. The very high error bars reveal the low reproducibility, i.e. the difficulty to reproduce exactly the same bending deformation.

Figure 62 :

 62 Figure 62: Relative irradiance relative to curvature radius obtained from the 3D printing plates. The curve is the average of six different POFs (three tests per fibre).

  Multimode index hopping optical fibre, -Lambertian light source (orthotropic, angularly uniform), -The trajectory of a light ray is in a straight line, -The angles of incidence at the core/cladding interface are determined by the laws of geometrical optics, -The straight part of the fibre of length L must be large enough so that the light rays reaching the bend are rays of guided modes, -The angle of reflection is the same at the outer and inner interface of the bend, -The light propagating in the core of the fibre is uniformly distributed.

Figure 63 :

 63 Figure 63: Example of optical ray propagation in a curved integrated optics [94].

Figure 64 :

 64 Figure 64: Results of the numerical simulation

Figure 65 :

 65 Figure 65: Transmission as a function of the bending angle γ, bending radius Rb = 4 mm, Rf = 0.5 mm, ψc = 70° and σ = 8°. Image of a bent fibre at γ = 180°; cylinders indicate locations of first-order light emission at equivalent angles along the bend [167].
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 66 Figure 66: Three basic kinds of knit used for the smart knit manufacture

Figure 68 :

 68 Figure 68: Pictures of the insertion of fibre inside a textile: a) Yarn inserted in the same was of a sensor fibre to prove the feasibility and to see the undulations inside the knit, b) POF sensor inserted inside the knit with a locked 1x1 rib.

Figure 69 :

 69 Figure 69: POF inside the knitted fabric obtained from microtomography.

Figure 70 :

 70 Figure 70: Picture of the compression test on a smart knit

Figure 71 :

 71 Figure 71: Compression test on the knit n°1 with a sensor fibre integrated -repeatability.

Figure 72 :

 72 Figure 72: Compression test on the knit n°1 with a sensor fibre integrated -reproducibility.

Figure 73 :

 73 Figure 73: Relative irradiance relative to time for three different POF instrumented knitted fabrics.Each curve is the average of 18 compression cycles.

Figure 74 :

 74 Figure 74: Relative irradiance comparison between a knit and a single fibre.

Figure 75 :

 75 Figure 75: Comparison of the force/displacement curves

Figure 76 :

 76 Figure 76: Smart knit bend by the Kawabata KES.

Figure 77 :

 77 Figure 77: Bending test repeatability and reproducibility: a) First test with five different cycles on knit #1, b) Second test with five different cycles on knit #1. Knit #1 was then removed from the machine and placed between the jaws a second time to test the reproducibility of the tests. Figure 77 b) is represented the second bending test of the knitted fabric on the bending machine.

Figure 78 :

 78 Figure 78: Bending test comparison for the load section between two tests on the same knitted fabric, i.e. knit #1 (average of the measures presented in Figure 77). This second test also does not show the phenomenon of constant attenuation below 10 mm radius of curvature. The reproducibility of the tests is therefore poor below 10 mm, and it is difficult to reproduce two tests, even if they are carried out consecutively, as is the case for repeatability tests.

Figure 79 :

 79 Figure 79: Bending test comparison between three different knits.

Figure 80 :

 80 Figure 80: Picture of the macro-tribometer -Perpendicular sliding direction.

Figure 81 :

 81 Figure 81: Diagram of a friction test with the movement perpendicular to the POF.

Figure 82 :

 82 Figure 82: Diagram of a friction test with the movement parallel to the POF.

Figure 83 :

 83 Figure 83: Friction tests perpendicular to the POF: a) coefficient of friction, and b) normalized irradiance relative to time. The coloured zone corresponds to the slider moving on the POF.

Figure 86 :

 86 Figure 86: Example of measurement data treatment (three runs in a row with nine cycles per test).

Figure 87 :

 87 Figure 87: Friction tests on three different knits with parallel sliding direction, with COF and normalized relative to displacement. The top curves correspond to irradiance and the bottom curves to the COF.

Figure 88 :

 88 Figure 88: Friction test with perpendicular sliding direction on knit #1 for different normal loads: a) normalized irradiance and b) coefficient of friction relative to time.

Figure 89 :

 89 Figure 89: Relation between normal load and irradiance for a perpendicular direction friction.

Figure 90 :

 90 Figure 90: Friction force relative to displacement for different normal loads in the case perpendicular sliding direction on knit #1.

Figure 91 :

 91 Figure 91: Influence of normal load during friction test with parallel sliding direction on knit #1: a) normalized irradiance and b) coefficient of friction relative to time.

Figure 92 :

 92 Figure 92: Influence of sliding velocity during friction test with parallel sliding direction on knit #1: a) normalized irradiance, b) coefficient of friction relative to time.

Figure 94

 94 Figure 94 also shows that the compression of the fibre attenuates the light as expected. The minimum irradiance obtained for the silicone and the aluminium sliders is very close. The relative irradiance during the sliding over the POF is 81.6% ± 0.1% for silicone 85.9% ± 0.2%, for Lorica® and 82% ± 2% for aluminium sliders.

Figure 94 :

 94 Figure 94: COF and normalized irradiance relative to displacement for different sliders in the case of a perpendicular sliding direction on knit #1. Top curves correspond to irradiance and the bottom curves to the COF.

Figure 97 :

 97 Figure 97: Irradiance hysteresis area for perpendicular sliding direction.

Figure 98 :

 98 Figure 98: Example of kind of knitting used to manufacture the smart knit (Locked full cardigan rib -cf. annex A.6).

Figure 99 :

 99 Figure 99: Example of kind of knitting used to manufacture the smart knit (racking effect on 1x1 rib -cf. annex A.3, A.4 and A.5).

Figure 100 :

 100 Figure 100: Diagram of the face and reverse stitch for a racked full cardigan rib (cf. annex A.2).

Figure 103 :

 103 Figure 103: Irradiance hysteresis area for the six knits. If we compile all the measurements of the hysteresis areas of the irradiance in box plots, we obtain the diagram Figure 104. In this diagram, we can see very clearly the distinction between the knitted

Figure 104 :

 104 Figure 104: Box-plot of the different hysteresis areas of the knitting fabrics.

5. 6 . 4 .

 64 Influence of the knitted pattern on the sensibilityThe previous section shows that the undulations are not necessary to have a good distinction between Lorica® and silicone sliders. To go to the end of the analysis, we compared four knitted fabrics with an optical fibre inserted without macro-undulation. Three different knitting patterns have been investigated (Figure66):  T0: 1x1 blocked rib (Figure 67 -cf. annex A.1)  T5 and T5bis: locked full cardigan rib (Figure 98 -cf. annex A.6)  T5NB: unlocked full cardigan rib (Figure 106 -cf. annex A.2)

Figure 105 :

 105 Figure 105: The 3 different knitting fabrics with the 3 different kinds of knit.

Figure 106 :Figure 107 :

 106107 Figure 106: Example of kind of knitting used to manufacture the smart knit (Full cardigan rib).The acquisitions (pictures) of T0 and T5 from microtomography (Figure107) reveal the microundulations due to the stitches being almost identical so we can suppose that the optical behaviour is close.

Figure 108 :Figure 109 :

 108109 Figure 108: Irradiance hysteresis area

Figure 110 :

 110 Figure 110: Box plot of the different hysteresis areas for the 3 knitted fabrics made from 3 different knitting patterns.

Figure 111 :

 111 Figure 111: Irradiance hysteresis area in the parallel direction of friction.

Figure 112 :

 112 Figure 112: Box-plot of the hysteresis area of the knit T0.

Figure 113 :

 113 Figure 113: Picture of the compression sensor after the connection process.

Figure 114 :

 114 Figure 114: Pictures of the sensors inserted on the backpack strap: compression sensor is on the left and the friction sensor on the right.

Figure 115 :

 115 Figure 115: Picture of the sensors on the backpack.

Figure 116 :

 116 Figure 116: Pictures of the set-up for the smart backpack test.

Figure 117 :

 117 Figure 117: Example of signals obtained for different velocities (Cycle highlighted).

Figure 118 :

 118 Figure 118: Example of the irradiance signal cycles obtained for the 10 km/h running speed.

Figure 119 :

 119 Figure 119: Effect of the load on the irradiance relative to the velocity.

Figure 120 :

 120 Figure 120: FFT on the irradiance for different velocities and a load of 3.75 kg.

Figure 121 :

 121 Figure 121: Maximum amplitude of the step peak in the function of the velocity for different loads.

Figure 122 :

 122 Figure 122: Irradiance mean deviation in function of the velocity for different loads.

Figure 123 :

 123 Figure 123: Example of signals obtained for different velocities (Cycle highlighted).

Figure 124 :

 124 Figure 124: Example of the irradiance signal cycles obtained for 10 km/h running speed with 5 kg.

Figure 125 :

 125 Figure 125: Effect of the load on the irradiance relative to the velocity for different loads and arm positions.

Figure 126 :

 126 Figure 126: FFT on the irradiance for different velocities for a load of 3.75 kg.

Figure 127 illustrates

 127 Figure 127 illustrates the maximum of the step peak is plotted as a function of the velocity. It can be observed the magnitude of the step peak increases almost linearly with the velocity. The mass of the backpack has also an influence on this criterion because it increases with the load (Figure128).

Figure 127 :

 127 Figure 127: Max height step peak relative to the velocity for the different backpack loads and arm positions.

Figure 128 :

 128 Figure 128: Influence of the load inside the backpack on the maximum height of the step peak.

Figure 129 :

 129 Figure 129: Irradiance mean deviation relative to the velocity for the different backpack loads and arm positions.

2 .

 2 Capteur à fibre optique polymérique (POF) 2.1. Conception du capteur à fibre optique Le principe de base de l'utilisation d'une fibre optique comme capteur est d'étudier sa capacité à transmettre la lumière. Cette transmission lumineuse est directement influencée par les déformations occasionnées par les sollicitations auxquelles la POF est soumise, les pertes ainsi induites (pertes optiques extrinsèques) s'additionnant à l'atténuation linéaire intrinsèque à la fibre. Dans cette étude, la fibre optique polymérique capteur utilisée est en PDMS. Cette fibre présente une atténuation qui ne permet pas de l'utiliser sur une grande longueur (maximum 1 m). Le capteur doit donc intégrer une zone sensible (portion de fibre en PDMS) courte et il a été nécessaire de développer une connectique adaptée en entrée et en sortie pour l'alimenter et récupérer la lumière transmise. La zone sensible est couplée à la source lumineuse monochromatique (ici une diode laser à 665 nm) par un faisceau de fibres optiques polymériques présentant une atténuation intrinsèque beaucoup plus faible (et des tests préliminaires ont montré que les pertes extrinsèques étaient très faibles). Un second faisceau de fibres optiques, analogue au premier est placé à la sortie de la zone sensible pour amener le signal lumineux au récepteur, c'est-à-dire à la photodiode. Les deux fibres optiques sont connectées par des gaines thermorétractables.

3 .

 3 photodiode et d'afficher une mesure de la puissance lumineuse en Watt. Le dispositif qui a été utilisé pour cette étude est le Newport Optical Power Meter 1936-R.

2. 4 .

 4 Techniques utilisées pour insérer la POF dans un textileL'application ciblée de ce capteur est le suivi en temps réel de certaines constantes vitales du corps humain. Le capteur doit alors être au plus proche du corps humain. Il doit aussi ne pas gêner l'utilisateur et suivre la forme et les mouvements du corps. Le tricot permet de pallier ces contraintes grâce à sa grande élasticité et sa déformabilité.Pour insérer une trame (fil non tricoté ayant un but esthétique ou technique) dans le tricot (cf. $1.5 du présent résumé), il est possible d'insérer celle-ci dans le sens rangée ou colonne. Les trames ne sont pas tricotées, elles sont simplement maintenues dans la structure entre les mailles.2.4.1. Insertion dans le sens colonneLa direction d'insertion privilégiée est dans le sens colonne car cela permet d'insérer une longueur infinie de trame sans discontinuité. Il est possible aussi de contrôler le trajet de la trame en décalant le guide fil ou en chevalant une fonture par rapport à l'autre. Dans cette direction, la trame est insérée entre deux aiguilles. Il est nécessaire de vérifier que la trame ne soit pas saisie par une aiguille lors de la montée des aiguilles. Dans le cas d'une fibre optique, si une aiguille saisie la fibre, celle-ci peut se rompre.Pour pouvoir maintenir la fibre dans le sens colonne, la solution choisie a consisté à utiliser deux fils de fond donc deux guide-fils. Les guide-fils avant et arrière tricoteront en alternance et le guide fil de la fibre optique sera fixe au milieu des deux autres. Ainsi la fibre optique sera poussée vers l'avant par le guide-fil arrière et vers l'arrière par le guide-fil avant. Cette alternance donne une ondulation dans l'épaisseur du tricot et la fibre est maintenue dans la structure.2.4.2. Faisabilité sur le métier à tricoter manuelLe métier à tricoter utilisé pour fabriquer le capteur est un métier manuel de jauge E7 (7 aiguilles par pouce par fonture) possédant trois guides fils. Les deux guide-fils de fond sont alimentés par quatre bobines de coton de 70 tex (2 par guide-fil). Pour insérer la fibre optique, celle-ci est attachée à un fil de coton car le procédé de fabrication actuel de la fibre en PDMS ne permet pas d'obtenir des longueurs de plus de 20 cm. Lorsque vient le moment d'insérer la fibre, le fil de coton est tiré à une extrémité pour que la fibre en PDMS entre dans le tricot. L'autre extrémité (côté bobine) permet la bonne tension de la fibre lors de l'insertion et cela facilite aussi le passage entre les deux aiguilles.Plusieurs tests d'insertion de fibre avec des longueurs différentes ont été effectués afin de mesurer la différence d'irradiance entre chaque tricot. En effet, une fois la fibre insérée dans le tricot, celle-ci forme des ondulations dans l'épaisseur du tricot et les mailles compriment la fibre donc l'atténuation est plus importante que pour une fibre seule. Dans notre cas, une fibre de 7 cm permet d'obtenir un capteur avec une bonne luminosité en sortie de fibre et permet d'avoir une zone capteur suffisamment grande pour réaliser des tests de caractérisation.

Suite à la conception

  et la fabrication de ce capteur, composé du système optique, de la source lumineuse et de la photodiode, son comportement sous sollicitations simples est étudié : tension, torsion, flexion et compression. Ces sollicitations simples correspondent à celles que peut subir une fibre intégrée dans une surface textile. Afin d'optimiser son intégration dans le textile en termes de liage, le comportement mécanique du capteur POF a été étudié. En effet, il est important d'étudier la sensibilité optique du capteur sous différentes contraintes : tension uniaxiale, torsion, compression transversale et flexion pure. Cela permet de cibler les contraintes qui ont un impact sur l'irradiance. portion de fibre située entre les deux pinces. Le système mesure le couple induit en fonction de la courbure donnée à la fibre par la pince mobile. La zone sollicitée a une longueur de 10 mm. L'évolution du rayon de courbure et du couple sont enregistrés conjointement à l'irradiance en sortie du capteur optique.Dans un premier temps, le module de flexion de fil a permis de mettre en évidence un comportement monotone lorsque le rayon de courbure décroît jusqu'à 10 mm puis un comportement non monotone pour un plus petit rayon de courbure. Cette tendance est confirmée par les mesures réalisées au moyen du module de flexion de tissu dont la gamme de couples est plus grande. En effet, la fibre en PDMS ayant un diamètre élevé pour un filament, sa rigidité est plus élevée qu'un simple fil de coton et il était à craindre que le module fil ne soit pas adapté à la fibre capteur.Dans la littérature, ce comportement n'a pas, à notre connaissance, était raporté. Cependant, la courbure appliquée aux matériaux étudiés est souvent beaucoup plus faible. La fibre en PDMS étant très flexible, des faibles rayons de courbure peuvent être atteints comparé au diamètre de la fibre ellemême. Néanmoins, il est relaté que, pour un rayon de courbure en dessous de dix fois le diamètre de la fibre, le domaine de flexion concerné est celui des grandes déformations. Pour visualiser cet effet, des gabarits ont été mis en place pour fléchir la fibre selon différents rayons de courbure en maîtrisant la longueur fléchie. Dans un cas, la partie fléchie est guidée avec une courbure adaptée et constante et dans un second cas, la partie fléchie reste libre. La forme est analogue pour les grands rayons de courbures mais en dessous d'un rayon de courbure de 10 mm, les formes forcées (fibres guidées) et les formes libres (fibres non guidées) diffèrent. On retrouve donc le changement de comportement observé sur les tests de flexion réalisés. L'atténuation de la lumière en sortie de fibre est amplifiée en augmentant la courbure, jusqu'à ce que le domaine change et que la géométrie ne varie plus, ce qui a pour effet que l'atténuation reste constante.
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 4 Intégration de la fibre capteur dans un tricot et caractérisation Les analyses du comportement du capteur sous sollicitations simples ont montré la non ou faible sensibilité à la traction et à la torsion. Étant donné que ces deux paramètres ne sont pas contrôlés lors de l'insertion de la fibre, cela permet d'avoir plus de liberté. Le capteur est très sensible à la compression et à la flexion mais son comportement non linéaire rend difficile l'utilisation directe de cette dernière caractéristique comme sollicitation d'utilisation du capteur. Pour ces raisons, la stratégie choisie consiste à précontraindre en flexion la partie sensible du capteur au sein de la structure textile dans laquelle elle est intégrée en lui imposant une ondulation dans la longueur et ainsi la guider. Il y a deux possibilités pour répondre à cette problématique, soit le tissage, soit le tricotage. cet effet n'est pas visible sur les capteurs de frottement. Ces résultats permettent de valider ce premier prototype. Conclusion Cette étude a permis l'instrumentation d'un tricot par le développement et l'intégration d'un capteur basé sur les propriétés de transmission lumineuse d'une fibre optique polymérique en PDMS. Celui-ci, en dehors de la structure tricotée, a tout d'abord été caractérisé selon les sollicitations mécaniques simples qu'il peut être amené à subir. Cette première étude a permis de mettre en évidence sa sensibilité à la compression et à la flexion, avec cependant un comportement complexe à cette dernière. Aussi, dans l'intégration au tricot, une ondulation a été imposée au capteur. Les essais de caractérisation de ce tricot instrumenté ont montré sa robustesse pour mesurer des sollicitations simples en flexion ou en compression. D'un point de vue frottement, l'intégration de la fibre ne modifie pas le coefficient de frottement frotteur -tricot. Un travail d'optimisation de la trajectoire de la fibre optique dans une structure tricotée a été réalisé afin d'améliorer la mesure du frottement et la distinction entre deux matériaux ayant des coefficients de frottement différents. Ce travail a permis de proposer un tricot intégrant la fibre ayant un liage en côte anglaise bloquée qui présente une sensibilité intéressante aux frottrements. Pour compléter l'étude, un prototype a été développé. Un sac à dos a été instrumenté avec deux capteurs, un pour le frottement et l'autre pour la compression. Les perspectives à ce travail sont de différentes natures :  Optimisation des capteurs : il convient d'étudier plus largement l'influence du liage sur la sensibilité au frottement et à la compression et ainsi de définir un textile instrumenté comme capteur de frottement et capteur de compression ; Fabrication industrielle des capteurs : des recherches sur la fibre en PDMS sont en cours à l'Empa afin : i) d'améliorer sa transmission lumineuse en ajoutant un cladding ce qui réduira également sa sensiblité à l'usure et ii) d'augmenter sa longueur de fabrication. Cette augmentation de la longueur permettra de fabriquer les capteurs à partir d'une machine à tricoter industrielle et d'envisager une industrialisation de ces capteurs. Essais sur prototypes en conditions réelles : des essais seront effectués avec un boitier développé par l'Empa et constitué de plusieurs sources lumineuses et photo-détecteurs, ainsi qu'un système d'acquisitions adapté. Celui-ci permet d'afficher en temps réel et d'enregistrer jusqu'à 6 signaux. Ainsi il sera possible d'étudier les signaux obtenus au niveau des troisRésumé court français/anglaisLes textiles intelligents sont de plus en plus présents sur le marché de l'habillement et des objets connectés. Cependant, l'intégration des capteurs dans les vêtements ou objets nécessite encore de lever des verrous technologiques mais également scientifiques, en particulier lorsque ces capteurs sont des fibres optiques. Les capteurs basés sur les fibres optiques polymériques permettent de mesurer des perturbations en mesurant la variation l'irradiance en sortie de fibre. L'Empa développe de telles fibres dont une a la particularité de présenter un module de Young très faible (quelques MPa), aussi elle est une excellente candidate pour mesurer des déformations. La première partie des présents travaux a consisté à caractériser optiquement et mécaniquement cette fibre optique polymérique. Les résultats obtenus ont montré que cette fibre est peu ou pas sensible à la traction et à la torsion, qu'elle est sensible à la compression et à la flexion. Son comportement complexe à la flexion a imposé une stratégie particulière d'intégration de cette fibre optique dans la structure textile. L'intégration de cette fibre dans une structure à l'aide d'une machine à tricoter a été réalisée. L'influence de la trajectoire de la fibre dans le tricot et la structure de celui-ci a été étudiée en termes de sensibilité au frottement et à la compression. Enfin, un prototype incluant des capteurs à fibre optique a été réalisé. Il s'agit d'un sac à dos instrumenté dont les mesures ont permis de suivre des paramètres relatifs à l'interaction entre le sac et le coureur en temps réel.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table of content

 of 6.4.2. Results of the friction tests .......................................................................................... 6.5. Conclusion and perspectives ............................................................................................... Conclusions and Outlook ..................................................................................................................... Bibliography ......................................................................................................................................... Annex: Kind of knits for the different fabrics ...................................................................................... A.1 Locked 1x1 rib ........................................................................................................................... A.2 Full cardigan rib ......................................................................................................................... A.3 Full cardigan rib with racking effect .......................................................................................... A.4 Full cardigan rib with 2 racking effects #1 ................................................................................

A.5 Full cardigan rib with 2 racking effects #2 ................................................................................ A.6 Locked full cardigan rib .............................................................................................................

Table 1 :

 1 Table 1 depicts the specifications of POFs investigated in our work. Specifications of POFs investigated for the textile integration process

	N°	Core material	Young modulus (MPa)	Cladding material	Fibre diameter (mm)	Attenuation (dB/cm)	Type of production
	1	PMMA	4000 [127]	THVP (fluoroplastic)	0.16	0.042	Melt-spinning
	2	PDMS	2 ± 0.17	No cladding	1.0	0.14	Moulding

Table 2 :

 2 Measure of the regularity of the PDMS fibre.Figure

		Average diametre [µm] Standard deviation [µm] CV%
	Fibre 1	1074.0	11.9	1.1
	Fibre 2	1074.3	7.4	0.7
	Fibre 3	1076.3	8.6	0.8
	Fibre 4	1073.5	10.8	1.0
	Total	1074.5	10.3	1.0

18: Measure of the diameter of the PDMS fibre on Projectina microscope (1mm on the screen = 32 µm).

Table 3 :

 3 The circle-in-a-circle technique

	Number of	Fibre diameter	Ratio of the surface covered by fibres to	Fibre with one degree of
	fibres	(DPDMS=1µm)	the total surface	freedom
	N	D	R	L
	29	0.163u	0.77	4
	30	0.161u	0.78	0
	31	0.160u	0.78	0
	32	0.156u	0.77	1
	33	0.154u	0.78	0

Table 4 :

 4 Tools and cutting techniques

	Tools/technique	Surface quality of the PMMA filament	Surface quality of the PDMS fibre	Precise cut	Ease of handling

  The sampling rate of BKConnect is 1024 Hz, whereas the RTMaps software is 1000 Hz. As these two software have different sampling frequencies, it is not possible to simply merge the tables of values obtained by the different sensors. It is necessary to resample to merge the two data tables. Indeed, BKConnect contains the columns of time, irradiance and RTMaps contains the columns of time, position and force. Therefore, we have to create a third table with Matlab where the different values are pasted. This third table contain the columns of time, irradiance, position and force. The software classifies the measurements of the other two tables according to the time of the measurement.

Table 5 :

 5 Parameters of the bending study

			Constant values			
	Fibre length		L	10		mm
	Fibre radius		𝜌	0.537		mm
	Core index		𝑛 1	1.41		
	Cladding index		𝑛 2 (= 𝑛 𝑎𝑖𝑟 )	1		
	Laser diode wavelength		𝜆	661 × 10 -6		mm
	Critical angle		𝜃 𝑐	0.782		° (degrees)
	Variable values		Min. value	Max. value	Step	Unit
	Curvature radius	R	1	30	0.5	mm
	Position of the input radius in the curvature	r	-𝜌	𝜌	𝜌 250	mm
	Input angle of the beam into the curvature	𝜃	-𝜃 𝑐	𝜃 𝑐	𝜃 𝑐 250	° (degrees)

Introduction

  Le comportement au frottement des surfaces textiles intègre de nombreux phénomènes dus à la fois à leurs caractéristiques multi-échelles mais également à la faible rigidité en flexion du matériau fibreux.Cette fois-ci, l'objectif est d'étudier les phénomènes se produisant au sein même de la structure en intégrant la fibre dans la surface textile. La fibre polymérique utilisée est une fibre de PDMS développée à l'Empa. Elle présente l'intérêt d'être particulièrement souple. Lorsqu'elle se déforme, sous sollicitations mécaniques, le chemin optique change et des pertes lumineuses se produisent.Il est bien connu que la lumière se propage en ligne droite à une vitesse finie dans un environnement optique sous forme de rayons. La vitesse de propagation dépend de l'indice de réfraction du milieu traversé. Selon l'angle incident de la lumière lorsque celle-ci entre en contact avec un nouveau milieu, le trajet de la lumière va être modifié. Trois principes s'appliquent : la réflexion, la réfraction et la diffusion.transmettent la lumière que sur quelques mètres au grand maximum. L'avantage des POFs par rapport aux fibres en verre est leur faible module de Young, donc leur faible rigidité à la flexion, à la compression et leur élasticité.Ces capteurs sont constitués d'une fibre optique, d'une source lumineuse et d'un photo-récepteur (souvent une photodiode). La lumière est transmise de la source lumineuse à la fibre optique jusqu'à la photodiode. La transmission et la connexion doivent être conçues pour limiter les pertes de lumière.La fibre optique utilisée comme capteur est conçue pour mesurer un phénomène physique en augmentant les pertes lumineuses dans le cas d'un capteur basé sur l'intensité lumineuse. Ces pertes lumineuses sont des pertes extrinsèques venant d'une modification de la géométrie de la fibre ou d'une absorption de la lumière par un matériau que la fibre optique traverse.Le tricotage est un procédé utilisé pour fabriquer des tricots en utilisant un métier à tricoter. Le principe est de former une succession de mailles dans les directions rangée et colonne. Dans le procédé de tricotage dit trame, ou tricotag à mailles cueillies, le fil de fond est guidé par le guide fil en plaçant celui-ci devant les aiguilles disposées sur deux fontures. Ces aiguilles montent et descendent pour attraper le fil par l'action de cames placées dans le chariot. Le guide fil est transporté par le chariot ou suit le mouvement de celui-ci le long des fontures. Un système de traction du tricot permet de mettre une tension sur le tricot pour maintenir les mailles déjà existantes et laisser la place à de nouvelles rangées de mailles.Les paramètres du procédé qu'il est possible de modifier sont tout d'abord les fils. Les fils utilisés en tricotage sont souvent plus gros et moins tordus que pour le tissage par exemple. Il est également possible de modifier le liage afin d'obtenir des aspects différents ou des propriétés mécanique différentes en contrôlant la hauteur des aiguilles. Enfin il est possible de modifier la longueur de fil absorbée (LFA). La LFA donne une idée sur la taille d'une maille ; plus celle-ci est grande, plus la maille sera grande et plus le tricot sera lâche. En revanche, il n'est pas possible de modifier la jauge du métier à tricoter. La jauge correspond au nombre d'aiguilles par unité de longueur, souvent le pouce, disposées sur les fontures.Pour insérer une fibre optique dans un tricot, trois solutions sont possibles. Soit la fibre est tricotée comme un fil de fond. Celle-ci va former des mailles donc subir de fortes courbures et ne laissera pas passer la lumière sur plus de quelques mailles. Soit la fibre est insérée sans faire de maille dans le sens rangée ; elle est donc droite ou quasiment droite et est appelée « trame ». Il faut alors placer la fibre entre les deux fontures d'aiguilles. Soit la fibre est également tramée, c'est-à-dire insérée sans faire de maille mais dans le sens colonne. Il faut placer la fibre entre deux aiguilles. L'avantage de cette dernière solution est qu'il est possible de contrôler la trajectoire de la fibre, de contrôler la tension de la fibre et de ne pas stopper le métier pour insérer la fibre, de plus elle subit moins de courbure entre la bobine et son insertion dans le tricot. Cependant, des défauts sont possibles si la fibre est prise par une aiguille pendant la fabrication du tricot ; elle peut alors casser ou ne plus transmettre la lumière.

	La coupe des fibres optiques est une étape importante dans la fabrication de capteur basé sur les fibres
	optiques. Pour permettre une excellente transmission de la lumière, les fibres optiques doivent être
	Des études sont menées depuis plusieurs années au sein du LPMT afin de mieux appréhender ces coupées perpendiculairement à l'axe optique. La coupe doit être idéalement nette, plane et sans
	phénomènes au moyen de tribomètres spécifiquement développés au de laboratoire. Un capteur basé défauts de surface.
	sur l'utilisation d'une fibre optique polymérique (POF) a montré l'intérêt d'une telle fibre comme
	élément sensible [90,151]. 1.3. Capteurs basés sur les fibres optiques
	1. État de l'art
	1.1. Réfraction et principe des guides de lumière

Après une première étape de conception du capteur et de la chaîne optique de mesure, la fibre de PDMS, seule, a tout d'abord fait l'objet d'une caractérisation. Les sollicitations subies lors d'un essai de frottement sont la combinaison de plusieurs sollicitations simples : traction, torsion, flexion et compression. Pour ces différentes sollicitations appliquées individuellement, la réponse mécanique et optique de la fibre est donc étudiée. Le capteur optique est ensuite intégré dans un tricot. La caractérisation de la fibre dans la structure mise en place est alors réalisée : flexion, compression puis frottement. Outre des paramètres tribologiques classiques, l'effet de la structure tricotée sur le comportement au frottement du capteur est étudié. Enfin un prototype a été développé et caractérisé. 1.4. Solution pour intégrer des POFs à une surface textile Les POFs peuvent être insérées dans des structures textiles grâce à leurs propriétés flexibles et élastiques. Il est possible d'utiliser aussi la broderie en maintenant la fibre optique sur la surface textile support. Il est possible d'utiliser un métier à tisser pour insérer la fibre optique dans le sens chaine ou dans le sens trame. Cela permet de fabriquer un tissu avec une excellente intégration car la fibre optique fait partie de la structure. Il est également possible d'utiliser le tricotage et d'intégrer la fibre optique entre les mailles dans le sens rangée ou colonne. 1.5. Solution pour insérer des POFs pendant le tricotage

  Trop peu de lumière était transmise donc cette solution n'a pas été gardée. Deuxièmement, une connexion utilisant du silicone dentaire a été testée. Le problème est la difficulté à effectuer l'alignement de la fibre et du multifilament. De plus la fibre en PDMS a une composition chimique proche du silicone et la lumière était transmise dans le silicone et non dans le multifilament.Troisièmement, des connecteurs utilisés pour les fibres optiques en verre ont été utilisés. Ceux-ci permettent un excellent alignement entre la fibre et les éléments optiques. Les inconvénients sont leur encombrement, leur masse et le fait que la POF est pincée ce qui diminue la lumière traversant la fibre. Quatrièmement, des essais ont été réalisés avec de la colle spécifique. Cette colle transparente est vendue pour les fibres optique et il est possible de coller les extrémités de la fibre avec le multifilament. Le problème est la difficulté à effectuer l'alignement de la fibre et du multifilament et la faible résistance mécanique de la colle en traction. La dernière solution était d'utiliser de nouveau les gaines thermorétractables. L'alignement n'est pas optimal mais permet quand même un bon passage de la lumière. La résistance mécanique de la connexion est suffisante. Si une forte tension est appliquée à la connection, la fibre sort des gaines sans être âbimée et la connection peut être rapidement réparée. Cette solution permet aussi d'avoir une connexion compacte, peu rigide et satisfaisante pour la présente étude.2.3.4. Connexion avec les éléments optiquesCes multifilaments sont en contact avec les éléments optiques (source lumineuse et photodiode). Côté source lumineuse, un connecteur imprimé en 3D a été conçu pour maintenir et aligner le multifilament avec la diode laser. Côté photodiode, le multifilament vient se connecter directement dans la fibre optique en verre reliée à la photodiode.2.3.5. Influence de la connexionL'influence de la connexion sur l'irradiance a été analysée en branchant et débranchant plusieurs fois un connecteur à une extrémité de la fibre en PDMS. Un côté est fixé en resserrant la gaine, l'autre est libre. Le multifilament est enlevé et replacé dans le connecteur libre. Ces essais ont été réalisés sur fibre seule et sur fibre insérée dans un tricot. Les résultats indiquent une dispersion élevée ce qui souligne la nécessité d'optimiser la connexion dans le cas d'une application industrielle.
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Ondulation of the sensitive fibre in the width of the knit

The position of the fibre in the knitted fabric can be changed if the yarn guide of the sensor fibre moves. This technique theoretically allows the sensor fibre to be moved across the width of the knitted fabric.

To verify this, we tried to move the yarn guide. By only moving the yarn guide on the hand knitting machine, the optical fibre is surely caught, but this movement is only possible with the industrial knitting machine. Tests have been carried out on such a machine, it works with cotton yarn but for the moment, we have difficulties giving a different trajectory to the sensor fibre because of its high bending rigidity compared to a staple fibre yarn. For the tests, we applied tension to the fibre lower than 0.3 N, which corresponds to a maximal angle of 10° or 0.17 rad (Equation 12). The device is based on a device commonly used in textiles for yarn length measurement under tension, i.e. the friction of the carriage on the guide rails can be neglected.

The new configuration is identical to the original configuration (previous one) but the clamps have been modified.

During this test, PDMS optical fibre is lightened via the PMMA multifilaments. In this way, it is possible to move the rail upwards without disturbing the measurement, as the multifilament does not change the irradiance. A pointer indicates the carriage position on the graduated steel (rule). The angle of the rail is measured accurately by a mobile phone using a gyroscope application and is accurate to 0.1 degree. At the output of the PDMS fibre, a second PMMA multifilament guides the light to the photodiode.

The measurements are performed on three different PDMS fibres of five centimetres to be able to compare the results between them.

According to the literature, when sensing a surface, the human finger presses at a force of from 1 to 2 N [START_REF] Hu | A Finger-Shaped Tactile Sensor for Fabric Surfaces Evaluation by 2-Dimensional Active Sliding Touch[END_REF][START_REF] Smith | Roughness of simulated surfaces examined with a haptic tool: effects of spatial period, friction, and resistance amplitude[END_REF]. Therefore, a force of 2 N has been used for both POF and smart textile compression tests. This maximum load and the plunger velocity is varied to see the effect of the time pressure and the velocity on the irradiance. 

Compression preliminary tests

Preliminary compression tests were carried out before using the compression device. These tests were carried out on a tribometer to control the compression parameters using a fixed arm friction pad (the arm does not oscillate), the three-axis sensor (only one axis measures the normal force applied to the fibre) and the adjustment plate to adjust the height of the friction pad (and thus compress the fibre).

The fibre is placed on the three-axis sensor, the friction pad compresses the fibre and the normal force is adjusted with the adjusting plate. The fibre was held on the three-axis sensor and was connected on each side by a multifilament to send and receive the light signal. The fibre was not in contact with the support but slightly elevated due to the thickness of the sheaths. (Figure 37) 0.3%, i.e. a variation coefficient of 0.5%. For the third knitted fabric, we obtain an average minimum irradiance over the cycles of 60.4% ± 0.3%, i.e. a coefficient of variation of 0.5%.

Figure 84: Friction tests on three different knits with perpendicular sliding direction with COF and normalized relative to displacement. The top curves correspond to irradiance and the bottom curves to the COF.

By comparing the three knitted fabrics (Figure 84), we obtain the same trend but the position of the knitted fabrics is not always identical on the plate, so there is a difference. Figure 84 shows the averages of the 10 friction cycles. The difference between the forth and back is present for all three knits. The irradiance amplitudes are equivalent. Similarly, the COF average values are 0.26 ± 0.01 for the forth and 0.32 ± 0.01 for the back for the three knits. The COF of the knitted fabric is the same because the manufacture and the parameters are the same for the three knitted fabrics. The coefficient of variation on the normalized irradiance between the three knits is 3% (average of the minimum normalized irradiance of the three knits: 61% ± 2%). This small coefficient of variation is in accordance with the POF characteristics because the POF has a good repeatability of its optical properties under compression.

Parallel sliding direction

During this test, the slider explores the knitted fabric in the direction of the wales, so it moves over the sensor POF during the whole friction cycle. Nine cycles are performed for each test and the three knitted fabrics are characterized.