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The invention of the light microscope during the XVIIth century allows the human eye, by means of a lens or combinations of lenses, to observe enlarged images of tiny objects. It made visible the fascinating details of a micro-world, which was until then unsuspected. From that time on, continuous technical headways have enabled the fabrication and study of various microsystems.

The evolution of microelectronics highlights perfectly the impact of the device miniaturization on modern technology. In particular, semiconductor industry has benefited from this evolution. Since 1960, the size of a transistor has decreased from 1 cm to the 28-22 nm range in 2011. Therefore, the advancements in the field of microelectronics have enabled the process of extremely small devices, for applications as diverse as micromechanics or biology. The advantages of device miniaturization are a reduced size, weight and cost, and a rise of the device's performance and of the calculation speed.

Microfluidic devices are a specific sort of microsystems used for transporting liquids or gases. At first, the main interest for downscaling flowchannels was to improve the device's performance in the field of analytical chemistry. In electrophoresis for example, when the size of a device is reduced by 10, the reaction time is divided by 100 [START_REF] Effenhauser | Glass chips for high-speed capillary electrophoresis separations with submicrometer plate heights[END_REF]. The reduction of chemical reagent, and the possibility of performing multiple parallel analyses on the same chip appeared to be a significant motive for reducing the size of fluidic devices. The original idea was that photolithography and associated clean room technologies that had been so successful in silicon microelectronics, would be directly applicable to microfluidics. As a matter of fact, the first modern microfluidic devices, developed by Manz et al. [START_REF] Manz | Miniaturized total chemical analysis systems: A novel concept for chemical sensing[END_REF], were fabricated in silicon and glass using conventional, planar fabrication techniques (photolithography and etching) adapted from the microelectronics industry. However, polydimethylsiloxane (PDMS), which is a silicon-based organic polymer, appears to be an appropriated material for the fabrication of microfluidic devices. PDMS is an inexpensive and flexible material, and is optically transparent down to 230 nm [START_REF] Duffy | Rapid prototyping of microfluidic systems in poly (dimethylsiloxane)[END_REF]. Therefore, it is compatible with many optical methods for detection. It is also compatible with biological studies because it is impermeable to water, non toxic to cells, and permeable to gases. Finally, a major advantage of PDMS over glass and silicon is the ease with which it can be fabricated and bonded to other surfaces. In addition, to cover a range of complex applications, new materials and microfabrication techniques were tested (microcontact printing [START_REF] Mrksich | Whitesides. Patterning self-assembled monolayers using microcontact printing: A new technology for biosensors[END_REF], microtransfer moulding [START_REF] Zhao | Fabrication of three-dimensional micro-structures: Microtransfer molding[END_REF], Polymer-based channels [START_REF] Jo | Threedimensional micro-channel fabrication in polydimethylsiloxane (pdms) elastomer[END_REF] ...). Consequently, the average dimension of microchannels has been reduced from 1 µm in 1998 [START_REF] Grzybowski | Generation of micrometer-sized patterns for microanalytical applications using a laser directwrite method and microcontact printing[END_REF] down to 30 nm in 2011 [START_REF] Fernandez-Cuesta | Fabrication of fluidic devices with 30 nm nanochannels by direct imprinting[END_REF].

Microfluidics deals with the behavior, the precise control and the manipulation of fluids. Some applications of microfluidics are introduced here, to give a general overview of this multidisciplinary field intersecting engineering, physics, chemistry, microtechnology and biotechnology. First, microfluidic devices are of great interest to miniaturize and parallelize classical immunologic and genomic detection assays [START_REF] Yi | Microfluidics technology for manipulation and analysis of biological cells[END_REF]. On-chip real time polymerase chain reaction (for DNA copy) [START_REF] Zhang | Pcr microfluidic devices for dna amplification[END_REF], immuno-sensors (to detect the presence of a substance in a liquid sample) [START_REF] Bange | Microfluidic immunosensor systems[END_REF], and microarrays [START_REF] Situma | Merging microfluidics with microarray-based bioassays[END_REF] belong to the most promising technologies for biological agents or markers detection. For example, a simple drop of blood can be divided into one thousand microdrops in order to perform parallel analysis at the same time. This method can easily replace standard methods, asking for a larger quantity of reagent and a longer reaction time. It is also possible to replicate DNA sequence from a tiny initial quantity to detect genetic disorders [START_REF] Fan | Microfluidic digital pcr enables rapid prenatal diagnosis of fetal aneuploidy[END_REF][START_REF] Chung | Recent advances in miniaturized microfluidic flow cytometry for clinical use[END_REF], avoiding invasive analysis. New "Labs-on-a-chip" can provide up to one million copy of a DNA sequence in 30 minutes. Micro Total Analyzing Systems (µTAS), which can be implanted directly in the human body, are another microfluidic application. µTAS can perform some in-vivo analysis to determine what drug amount the patient needs and adapt the delivered drug dose. The University of Minnesota developed a micropump for drug administration that manages pain and treats neurodegenerative disorders [START_REF] Cao | Implantable medical drug delivery systems using microelectromechanical systems technology[END_REF][START_REF] Polla | Microdevices in medicine 1[END_REF]. Multiphase flows generators are also of high interest in microfluidics as laminar flows facilitate the generation of monodisperse droplets [START_REF] Song | Reactions in droplets in microfluidic channels[END_REF][START_REF] Niu | Real-time detection, control, and sorting of microfluidic droplets[END_REF][START_REF] Zhan | Electroporation of cells in microfluidic droplets[END_REF]. Emulsions and double emulsions can be used for nanoparticle synthesis or drug microencapsulation [START_REF] Tan | Controlled microfluidic encapsulation of cells, proteins, and microbeads in lipid vesicles[END_REF]. Microdroplets can also be used as single microreactors in biodetection systems [START_REF] Washizu | Electrostatic actuation of liquid droplets for micro-reactor applications[END_REF]. Furthermore, new microfluidic technologies allow the manipulation of discrete, independently controllable droplets, using the modification of the wetting properties of a surface by applying an electric field (electro-wetting). Following the analogy of digital microelectronics, this approach is referred to as digital microfluidics [START_REF] Cheow | Digital microfluidics: Droplet based logic gates[END_REF]. In rheology, working with low Reynolds numbers, which is the case in small channels, enable to investigate viscous liquids and to study non-linear viscous properties [START_REF] Pipe | Microfluidic rheometry[END_REF]. A number of microfluidic rheometry systems have been investigated and provide an alternative to conventional characterization methods [START_REF] Wb Zimmerman | Rheometry of non-newtonian electrokinetic flow in a microchannel tjunction[END_REF][START_REF] Hc Hemaka Bandalusena | Microfluidic rheometry of a polymer solution by micron resolution particle image velocimetry: a model validation study[END_REF]. The study of fluids transport across micro-nanofluidic porous media is also of high interest for oil recovery applications in petrol extraction [START_REF] Berejnov | Lab-on-chip methodologies for the study of transport in porous media: energy applications[END_REF]. Moreover, a number of fundamental questions around the slip velocity at the solid-liquid interface can also be investigated using microfluidic devices together with flow visualization techniques [START_REF] Koo | Liquid flow in microchannels: experimental observations and computational analyses of microfluidics effects[END_REF][START_REF] Squires | Microfluidics: Fluid physics at the nanoliter scale[END_REF][START_REF] Lauga | Microfluidics: the no-slip boundary condition[END_REF]. Another microfluidics applications is the microchannel reactor, a device in which chemical reactions take place in a confinement with typical lateral dimensions below the millimeter range [START_REF] Mansur | A state-of-the-art review of mixing in microfluidic mixers[END_REF]. It offers many advantages over conventional scale reactors, including vast improvements in energy efficiency and reaction speed. This lead to better safety and reliability, and allows onsite/on-demand production as processes can be controlled at a much finer degree [START_REF] He | A picoliter-volume mixer for microfluidic analytical systems[END_REF][START_REF] Lin | Integrated microfluidic reactors[END_REF][START_REF] Haswell | Chemical and biochemical microreactors[END_REF]. More examples and detailed applications for integrated microfluidic devices can be found in the enhanced microfluidics review of Erikson [START_REF] Erickson | Integrated microfluidic devices[END_REF]. The nascent field of nanofluidics (the study of fluids in channels with nanometrescale dimensions) indicates that the research on always smaller microchannels is of great interest for future industrial applications [START_REF] Eijkel | Nanofluidics: what is it and what can we expect from it?[END_REF].

Blood capillaries and artificial microchannels are closely linked. First, small vessels which size varies between 50 µm (arterioles) and 10 µm (capillaries) can be considered as "natural" microfluidic systems [START_REF] Charm | Blood flow and microcirculation[END_REF]. In addition, biological phantoms are developed to mimic the optical and mechanical properties of biological tissues to facilitate sensor design while minimizing animal use, and use microfluidics manufacturing processes. Theoretically, monitoring fluid flow in microchannels and blood capillaries require the same technology. However, blood capillaries are surrounded by various tissues and other vessels, and their geometry and shape is not regular. A challenging application for flow measurement in biological tissues is the monitoring of blood microcirculation. For many tasks, like the diagnosis of burn depth or the inflammation of subcutaneous blood vessels, only the visualization of blood flow is necessary [START_REF] Park | Use of laser doppler flowmetry for estimation of the depth of burns[END_REF][START_REF] Mchedlishvili | Blood flow structure related to red cell flow: determinant of blood fluidity in narrow microvessels[END_REF]. Blood flow monitoring is usually more convenient than microfluidics complex devices, insofar as high spatial and temporal resolution is generally not needed. In most cases, the capillary blood flow is almost stationary, and the determination of the volume flow rate from the measurement of the mean velocity is possible under the assumption of a parabolic velocity profile in the channel [START_REF] Bishop | Effect of erythrocyte aggregation on velocity profiles in venules[END_REF]. Nevertheless, higher spatial resolution may be required for the evaluation of volume flow rates when the velocity profile is unknown (e.g. in bends, bifurcations, non-circular vessels, and near flow obstacles) [START_REF] Lipowsky | Microvascular rheology and hemodynamics[END_REF][START_REF] Ar Pries | Rheology of the microcirculation[END_REF]. Finally, measuring the blood flow flow is of great interest in the early detection of malignant melanoma. Nowadays, diagnosis of melanoma involves a magnification technique (dermoscopy) in which benign nevi and malignant melanoma can be discriminated by observing differences in form and colour (ABCD rule) [START_REF] Nachbar | The abcd rule of dermatoscopy: high prospective value in the diagnosis of doubtful melanocytic skin lesions[END_REF]. However, while malignant melanoma and benign nevi are similar in appearance, their origins are completely different. In a malignant melanoma, malignant transformation needs a rapid increase of nutrients and oxygen supply for the cancer cells, leading to the development of new blood vessels around the tumour. Consequently, a local rise of the blood flow velocity can indicate a melanoma, and monitoring blood perfusion in the area of suspected tumours can contribute to early cancer detection [START_REF] Stucker | High-resolution laser doppler perfusion imaging aids in differentiating between benign and malignant melanocytic skin tumours[END_REF][START_REF] Stücker | Increased laser doppler flow in skin tumors corresponds to elevated vessel density and reactive hyperemia[END_REF]. Thus, the detection of early melanomas that lack specific dermoscopic criteria can be meliorate by considering blood flow increase as an indicator of possible presence of melanoma.

The miniaturization of flowchannel leads to a need of non-invasive sensors with a very high resolution, to measure fluid flow rates and flow profiles. In particular, the emergence of bio and nano technologies gave a boost to the resolution of traditional optical sensors. Optics components became assembled into compact detectors to develop portable instrumentations based on microfluidics devices, generating a new field of research "Optofluidics". Thus, this thesis presents a compact, low-cost, high-resolution sensor based on optical feedback interferometry (OFI) that accurately measure the local velocity of a fluid for microfluidics applications. The present work describes the theoretical background, as well as the hardware and signal processing required to size and develop such a sensor. The thesis manuscript has been written with the following order:

The first chapter has been dedicated to a review of existing optical technologies for flow measurement in microchannels, highlighting how the submillimeter spatial resolution has been reached. Well-documented techniques of Laser Doppler Velocimetry (LDV), Particle Image velocimetry (PIV), Speckle related techniques and Dual-slit are described following a chronological order. A particular attention is paid to OFI, in order to lay the foundation of this thesis.

The second chapter is an introduction to the theory of OFI. In its first section, the equivalent cavity model, that describes the steady state behaviour of a laser diode suffering from optical feedback, is used to derive the expressions for the threshold gain and allowed emission frequencies, as well as the phase and the optical output power. In the second section, we propose an equivalent cavity model adapted to velocity measurement, when the distance to the target is constant. The modified expressions for the phase and the optical output power are presented and discussed.

The third chapter presents a major portion of the research work achieved during this thesis. It starts by identifying the differences between well-known rough targets and colloidal suspensions, and by presenting an adaptation for flow measurement of the model described in chapter II. Then, the experimental set-up used to measure fluid velocity is detailed. Typical experimental OFI signals for fluid flow measurement are presented, and their variations with flow rate are studied, leading to the development of relevant signal processing methods for flow rate calculations. In addition, the effects of set-up parameters on the signal's shape are investigated. Moreover, appropriated signal processing methods are proposed to calculate the flow rate of a liquid in critical configurations (i.e. when the signal deviates from the theoretical behaviour). Finally, a special attention is paid to multiple scattering effects, that occur when the density of seeding increases, and strongly affect the sensor performance.

The fourth and final chapter presents the reconstruction of velocity profiles inside channels of various dimensions (from 100 µm to 3 mm). The velocity profile of the liquid is directly measured, thus avoiding the need for model-based profile calculation and uncertainties inherent to this approach. The sensor presented in Chapter III, as well as the corresponding signal processing methods, are validated by successfully extracting the flow profiles in both Newtonian and Non-Newtonian liquids.

Finally, a general conclusion is proposed.

Chapter I

Optical sensors for flow measurement I.1 Introduction

The exponential growth of microfluidics in the last decade has been demanding accurate flow measurement. A variety of liquid flow sensors have been developed, based among others on thermal, electrical, mechanical and optical principles.

Ultrasonic Doppler velocimetry is one of the most conventional techniques in fluid characterization and blood circulation measurement, and an enhanced description of this technology can be found in the following books and articles [START_REF] Povey | Ultrasonic techniques for fluids characterization[END_REF][START_REF] Takeda | Velocity profile measurement by ultrasonic doppler method[END_REF][START_REF] Tabrizchi | Methods of blood flow measurement in the arterial circulatory system[END_REF].

Techniques for extracting flow velocity information from nuclear magnetic resonance imaging (MRI) are reviewed by Smith [START_REF] Smith | The measurement and visualisation of vessel blood flow by magnetic resonance imaging[END_REF] and Bradley [START_REF] Bradley | Blood flow: magnetic resonance imaging[END_REF].

Single photon emission computed tomography and positron emission tomography are reviewed by Lodge et al. [START_REF] Lodge | Developments in nuclear cardiology: transition from single photon emission computed tomography to positron emission tomography-computed tomography[END_REF], Cuocolo et al. [START_REF] Cuocolo | The many ways to myocardial perfusion imaging. The quarterly journal of nuclear medicine and molecular imaging: official publication of the Italian Association of Nuclear Medicine (AIMN)[and] the International Association of Radiopharmacology (IAR)[END_REF] and Zhao et al. [START_REF] Zhao | Review of noninvasive methods for skin blood flow imaging in microcirculation[END_REF]. Computational fluid dynamics techniques are exhaustively studied by Anderson [START_REF] Anderson | Computational fluid dynamics[END_REF] and Chung [START_REF] Tj | Computational fluid dynamics[END_REF].

A range of methods for injecting and tracking scalar markers including laser-induced fluorescence, flow-tagging velocimetry, molecular tagging velocimetry, laser-induced molecular tagging and Infra-Red thermal velocimetry have been described by Sinton [START_REF] Sinton | Microscale flow visualization[END_REF].

The review in this chapter is restricted to non-invasive optical methods that measure directly fluid flows and velocities in microchannels. Optical techniques for fluid flow measurement are non-invasive and provide a good compromise between spatial resolution, temporal resolution, and cost. As compared to optical methods, MRI exhibits a very high spatial resolution but a poor temporal resolution and an extremely high cost. On the other hand, Ultrasound sensors provide real time measurement for a satisfying compactness and price, but the spatial resolution is not high enough to investigate the velocity distribution in sub-millimeter channels. Computational fluids dynamics techniques and positron emission tomography are advanced techniques, which are more suitable for complex applications, but not appropriated for low-cost microfluidics devices.

In this chapter, the historical development of optical flowmeters is described, and the evolution of theses techniques to catch the microfluidic evolution is investigated. A special attention is paid to two standard and widely commercialized optical sensors, the Laser Doppler Velocimeter (LDV) and the Particle Image Velocimeter (PIV). In addition to theses well-known techniques, there is large amount of performing and inventive flow sensors, and technical advancements provide continuously new ones.

I.2 The Laser Doppler Velocimeter (LDV)

Laser Doppler Velocimetry (LDV), also known as Laser Doppler Anemometry (LDA) is an optical interferometric technique based on the Doppler effect to measure local fluid velocity. LDV was applied to flow rate measurement in the 60's, becoming historically the first mature technique to measure fluid velocity. From then on, LDV has shown a stable and steadily growing development, and is now a well-proven commercialized technique that measures fluid velocity accurately and non-invasively.

I.2.1 History : first LDV configuration

In the 60's, the only non-invasive technique to measure a flow pattern consisted in injecting dyes into the fluid stream [START_REF] B R Clayton | Flow visualization in water: a review of techniques[END_REF], and in observing the stream lines produced by the dyes as there are carried by the current. Beside the fact that this method was difficult to set-up, it provided only quantitative results and was inaccurate for low velocities, due to the dominance of diffusive effects. Therefore, in 1964, Yeh and Cumins proposed to utilize a laser spectrometer that they had previously developed for Rayleigh diffusion broadening measurements [START_REF] Cummins | Observation of diffusion broadening of rayleigh scattered light[END_REF] to measure locally the velocity of a fluid [START_REF] Yeh | Localized fluid flow measurements with an hene laser spectrometer[END_REF]. The basic principle of this first Laser Doppler Velocimeter (LDV) was to use the Doppler effect to measure the velocity of small scattering particles immersed into a fluid under test. The Doppler effect in light scattered by particles embedded in liquids is detailed in Appendix A. In Yeh and Cummins first experimental set-up, the laser beam of a He-Ne gas laser was divided by a beamsplitter; one beam acted as a local optical oscillator, while the other beam illuminated a volume of polystyrenes spheres in water. The two beams were recombined on a photomultiplier, and the beat signal was processed to recover the frequency shift induced by the motion of the scattering spheres. A simplified schematic of the first LDV experimental set-up is presented in Fig.

I.2.1.
They demonstrated a linear relationship between the flow rate and the beat frequency measured on the photomultiplier, and they reconstructed 11 % of the velocity profile in the middle of a circular 10 cm flow-channel. The solution had a laminar behaviour (See Fig. I.2.1), and the theoretical flow profile is known by the Poiseuille's law [START_REF] Washburn | The dynamics of capillary flow[END_REF]. The resolution of their system, limited by the beam diameter, has been estimated to be 0.16 cm. This first experiment opened the way to the study of many fluidic systems.

In 1966, Foreman et al. [START_REF] Foreman | 8c2-fluid flow measurements with a laser doppler velocimeter[END_REF] presented an improved version of Yeh and Cummins LDV to measure velocities in liquids and gases, when the particles' size and concentration is not consistent. They used tap water and the impurities it may contain instead of size-calibrated polyspheres, and they successfully reconstructed the entire velocity profile in a 1.2 cm diameter 

I.2.2 Sensing scheme

I.2.2.a Interferometric sensing scheme : single beam configuration

A basic implementation of LDV consists in illuminating a part of the flow field with a laser beam, in collecting some of the light reflected from it, in mixing it with the original light and in measuring the resulting beat frequency. A schematic plot of the LDV principle is presented on Fig.

I.2.
This technique provides a linear relationship between the measured Doppler frequency f D and the particles velocity in the detection volume:

f D = 2V n sin (θ) λ (I.1)
where V is the velocity of the particles embedded in the liquid, acting as seeding, n is the refractive index of the surrounding aqueous phase, θ is the angle between the laser beam and the fluid velocity direction, and λ is the wavelength of the laser.

I.2.2.b Interferometric sensing scheme : dual beam configuration

Another LDV configuration considers two beams obtained by splitting a single beam, in order to ensure the coherence between the two (Fig.

I.3).

A transmitting optic focuses the beams to intersect at their waist in the fluid, where they interfere and generate a set of fringes. As a particle passes through the fringes, light is reflected. It is then collected by a receiving optics, and focused on a photodetector.

Lets consider a particle moving along the flow direction at a velocity V. This particle travels through the detection volume, and is illuminated from two different directions. For the upper left beam in Fig. I.3, the particle is moving towards the laser at a velocity -V sin (θ). For the other beam, the particle is moving away from the laser, and the velocity component is V sin (θ). Therefore, the frequency shift of the reflected light is different for the two laser sources. The resulting beat frequency depends on the angle of the two laser beams θ and the tracer velocity magnitude V , and can be written:

f D = nV sin (θ) λ - (-nV sin (θ)) λ = 2nV sin(θ) λ (I.2)
where V is the particle velocity, 2θ the angle between the two incident beams, n the refractive index of the fluid aqueous phase, and λ the laser's wavelength.

I.2.2.c Fringe crossing detection scheme

In 1969, Rudd proposed an alternative model to explain the LDV mechanism [START_REF] Rudd | A new theoretical model for the laser dopplermeter[END_REF]. The Doppler effect is interpreted in term of scattering centres crossing a set of fringes, rather than actually causing a shift in the light When the two incident waves are in phase, constructive interferences appear, locally leading to a maximum of intensity (bright fringes), whereas when the two incident waves are in antiphase, destructive interferences occur, leading to a minimum of intensity. This pattern is fixed in space, and this is a direct consequence to the fact that the two incident beams have the same frequency. The dark and bright fringes are equally spaced, and parallel to the line bisecting the angle between the two beams. The spacing between dark and bright fringes s is defined as:

s = λ 2n sin (θ) (I.3)
Where θ the half-angle between the two incident beams.

When a tracer particle moves along axis y in Fig. I.4, and crosses a bright fringe, it will reflects light on the photodetector, whereas when it crosses a dark fringe it will not reflect any light. The intensity of the light received by the photodetector will fluctuate with a regular period. The photodetector records a signal burst, whose amplitude is modulated by the fringe pattern. The frequency of the modulation f D induced by the particle moving at a velocity V is described as:

f D = V s = 2nV sin (θ) λ (I.4)
The two approaches lead to the same result, and the shift of frequency can be detected in frequency domain as well as in time domain, opening the way for versatile sensors based on this technique. From there, research teams implemented the more appropriate LDV configuration, regarding to their experimental constraints.

I.2.3 LDV technical evolution

Basic LDV configurations suffered from severe technical limitations. During the next decades, various complicated and sophisticated LDV systems were built, improving drastically their performance. At the end of the 90's, LDV systems provided 3D flow profiles, could discriminate the flow stream direction, and had a better resolution by using semiconductor elements instead of traditional gas lasers.

Use of optical fibers

The ease of handling of LDV systems was a prime motivation for the development of fiber-optics probes, which can now be found in most of LDV applications. Fiber-optics probes provided a higher degree of spatial and temporal resolution [START_REF] Kyuma | Laser doppler velocimeter with a novel optical fiber probe[END_REF][START_REF] De Mul | Mini laserdoppler (blood) flow monitor with diode laser source and detection integrated in the probe[END_REF].

Semiconductor components

The LDV had to be simplified optically in order to become an operational instrument, compact, reliable, easy to align, and usable out of optical laboratories. Gas lasers were replaced by laser diode, and the use of pin or avalanche diodes as detectors became standard [START_REF] Dopheide | Laser and avalanche diodes for velocity measurement by laser doppler anemometry[END_REF].

Multi-velocity-components systems Measuring 2 or 3 components of the velocity in a channel has been recovered by several techniques: 2 or 3 stand-alone sensors arrangement [START_REF]A bipolar, two component laser-doppler velocimeter[END_REF], with polarization changes [START_REF] Blake | Simple two-dimensional laser velocimeter optics[END_REF], or colour coding [START_REF] Grant | Two-color dual-beam backscatter laser doppler velocimeter[END_REF]. Crosswy et al proposed a system using a dual orthogonal bragg cell that spilt a beam into 4 beams to measure with one system two velocity components [START_REF] Brayton | Two-component dual-scatter laser doppler velocimeter with frequency burst signal readout[END_REF].

Full-field approach To avoid scanning, Serov et al. [START_REF] Serov | Laser doppler perfusion imaging with a complimentary metal oxide semiconductor image sensor[END_REF] replaced the widely used avalanche photodetector by a complementary metal oxide semiconductor image sensor (CMOS), leading to high speed flow imaging of larger surface.

I.2.4 LDV applied to blood flow measurement

The principal goal of research groups working on LDV for biomedical applications was to build a practical instrument for clinical use. Flow measurement in human retinal vessels was the easiest way to demonstrate that in-vivo human blood flow measurement was possible [START_REF] Tanaka | Blood velocity measurements in human retinal vessels[END_REF]. The next step consisted in measuring the human skin blood flow [START_REF] Watkins | An instrument to measure cutaneous blood flow using the doppler shift of laser light[END_REF][START_REF] Stern | In vivo evaluation of microcirculation by coherent light scattering[END_REF]. A small and relatively inexpensive laser was used, in order to permit reasonable cost as well as portability. The laser was coupled with a fiber-optic probe that can be placed on any skin surface. As a matter of fact, for many applications such as the diagnosis of burn depth or the monitoring of healing, it is sufficient to visualize the change in blood perfusion [START_REF] Serov | Laser doppler perfusion imaging with a complimentary metal oxide semiconductor image sensor[END_REF][START_REF] Serov | Full-field laser doppler perfusion imaging and monitoring with an intelligent cmos camera[END_REF]. Nowadays, Moor instruments commercializes LDV for micro circulation visualization in clinical use (Post operative flap monitoring, prediction of amputation levels, burn depth investigation, cerebral perfusion following injury etc..) More details about LDV applied to blood flow measurement, including the effect of skin and surrounding tissues can be found in Appendix B.

I.2.5 LDV applied to microfluidics

A micro-scale volume is clearly desirable for microfluidics measurement. LDV sensing volume characteristic dimension is on the order of hundred of micrometers. Reducing the sensing volume introduce severe constraints on the system that can limit its performance. Despite of theses limitations, some sensing volumes of micrometer size have been achieved. Compton and Eaton used a short focal length to obtain a measurement volume of 35x66 µm [START_REF] Da Compton | A high-resolution laser doppler anemometer for three-dimensional turbulent boundary layers[END_REF], and with the same technique, Tieu et al. demonstrated the laminar profile reconstruction with a 10x5 µm detection volume [START_REF] Tieu | Measurements in microscopic flow with a solid-state lda[END_REF].

In 2010, Buttner et al. optimized the LDV profile sensor set-up using computed simulation and achieved a spatial resolution of 1.2 µm with a relative uncertainty on the velocity of 0.25 % [START_REF] Büttner | Optic simulation and optimization of a laser doppler velocity profile sensor for microfluidic applications[END_REF]. Lately, the same research team demonstrated a spatial resolution of 960 nm, which is to the author's knowledge, the highest ever achieved in LDV applied to microfluidics [START_REF] König | Precise micro flow rate measurements by a laser doppler velocity profile sensor with time division multiplexing[END_REF].

I.3 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) is the most advanced technique to measure accurately and instantaneously 2D velocity vectors in a fluid medium. Based on the acquisition of two high-defined images of a flow seeded with particles, the displacement of a particle during a known time is calculated and the corresponding velocity vector is extracted. PIV is the standard tool in microfluidics laboratories for flow study, and until now, provides the highest spatial resolution.

I.3.1 From Laser Doppler Velocimetry to Laser Speckle Photography

At the early stage of its development, LDV could measure the instantaneous velocity at a single point in a fluid. This particularity made this technique attractive for measuring the average flow at a local position in very small channels, due to this high spatial resolution. However, to obtain the entire flow pattern, the measurement has to be repeated at different locations in the liquid. Two solutions were proposed to overcome this limitation:

• To develop some efficient scanning systems

• To use a completely different approach, the Laser Speckle Photography (LSP) technique [START_REF] Grousson | Study of flow pattern in a fluid by scattered laser light[END_REF].

I.3.2 The Speckle effect

The notion of Speckle can be seen as follow: When a laser is focused on a rough surface, a high contrast granular pattern appears, on which it is difficult to focus [START_REF] Dainty | Statistical properties of laser speckle patterns[END_REF]. A distribution of moving particles in a fluid can be seen as a rough surface. When illuminated by a laser beam, it shows a speckle pattern of high contrast.

When a highly concentrated liquid is illuminated by a light wave, each point on the illuminated surface acts as a source of secondary spherical waves. The light in the scattered field is made up of the waves that have been scattered from each point on the illuminated surface. A path-length differences exceeding one wavelength is created, giving rise to phase changes greater than 2π. Thus, the amplitude and the intensity of the resultant light vary randomly. The resulting intensity at a given point on the image is determined by the algebraic addition of all the wave amplitudes arriving at the point. If the resultant amplitude is zero, a dark speckle is seen, while if all the waves arrive in phase, a maximum intensity is observed.

I.3.3 History : first LSP configuration

In the experimental set-up of Grousson [START_REF] Grousson | Study of flow pattern in a fluid by scattered laser light[END_REF], a plane of interest within the flow field was illuminated with a thin sheet of light from a double-pulsed laser. A double exposed photograph of the resulting scattered light speckle pattern was recorded. Then, the exposed film was developed and analyzed to construct the velocity field of the particles.

This technique is based on the fact that a photographic record of two identical and mutually displaced speckle structures gives rise to parallel straight fringes [START_REF] Burch | Production of multiple beam fringes from photographic scatterers[END_REF] (Fig. I.5). The spacing and orientation of these fringes are related to the velocity of the particles.

Barker et al. reconstructed a Poiseuille laminar velocity profile in a circular duct of 12.7 mm diameter [START_REF] Barker | Measuring fluid velocities with speckle patterns[END_REF], and Binnington et al. used LSP to measure turbulent flow in a circular pipe [START_REF] Binnington | A low cost laser-speckle photographic technique for velocity measure-ment in slow flows[END_REF].

I.3.4 PIV basics

In 1983, the idea of dividing the double exposure photograph into small interrogation spots and calculating their autocorrelation instead of measuring the spacing and the orientation of Young fringes was proposed for the first time [START_REF] Ma Sutton | Determination of displacements using an improved digital correlation method[END_REF]. The name Particle Image Velocimetry (PIV) was then introduced to distinguish it from the traditional LSP [START_REF] Pickering | Laser speckle photography and particle image velocimetry: photographic film noise[END_REF].

PIV technique in its final outcome can be described as follows:

1. The movement of tracing particles (introduced or inherent in the fluid) is recorded in two consecutive digital images.

2.

The digital images are divided into small interrogation sub-windows.

3.

Each sub-window of the second image is compared with different subwindows of the first image, using cross-correlation algorithms.

4.

The most likely displacement of the particle is found for the two subwindows exhibiting a maximum of correlation.

5.

The velocity of the fluid is calculated by dividing the displacement of the particle by the time delay between the two images.

A traditional set-up for PIV measurement is described in Fig.

I.6.
This technique was first applied by Barakat et al. to reconstruct the velocity profile in a 14 mm circular duct [START_REF] Barakat | Speckle velocimetry applied to pipe flow[END_REF].

As previously for LDV systems, various improvement of the initial sensor were proposed. Among others, the ambiguity about velocity direction has been overcome by Coupland et al. [START_REF] Coupland | Particle image velocimetry: theory of directional ambiguity removal using holographic image separation[END_REF], and the measurement of the particle displacement orthogonal to the illumination plane has been demonstrated by Cedenese and Paglialunga [START_REF] Cenedese | A new technique for the determination of the third velocity component with piv[END_REF]. PIV became a mature technique, allowing 3D reconstruction of velocity distribution in a liquid. An illustration of PIV applied to fluid flow distribution in a T-junction is described in In the 80's, the greatest challenge was the interrogation of the images, due to the fact that the computer were not powerful enough to complete two dimensional analysis. Therefore, there was considerable interest in less memory-demanding methods, such as tracking particle individually.

I.3.5 Low particle concentration : Particle Tracking Velocimetry (PTV)

Particle Tracking Velocimetry is also known as Low Image Density PIV. In this case, instead of averaging the displacements of many images inside a small interrogation spot, particles are tracked indivually [START_REF] Hg Maas | Particle tracking velocimetry in three-dimensional flows[END_REF][START_REF] Na Malik | Particle tracking velocimetry in three-dimensional flows[END_REF].

In practice, a light sheet illuminates the particles while several consecutive images are recorded. After locating the particles in the different recorded frames, their path is calculated and reconstructed. A pair of particles is matched by predicting their position on the next frame, using their momentary velocity. Differences in size, place and shape are taken into account. When the particle paths are known, the total velocity field can be calculated (Fig. A standard PIV analysis is first performed using the maximum resolution on interrogation sub-windows. This method provides an estimation of the mean velocity in this area. This mean velocity is then used as an a-priori data, insofar as the vectors from the standard analysis are used to enable reliable image pairing for PTV. An example of the increase of spatial resolution using super resolution PIV is shown in Fig. I.9. Many improvements to this method have been proposed, in order to extend the particle-tracking approach into higher density flow [START_REF] Takehara | A kalman tracker for super-resolution piv[END_REF][START_REF] Stitou | Extension of piv to super resolution using ptv[END_REF][START_REF] Keane | Prospects for super-resolution with particle image velocimetry[END_REF].

I.3.6.b Micro-scale Particle Image Velocimetry: µ-PIV

The adaptation of PIV to microscale flows was demonstrated by Santiago et al. [START_REF] Santiago | A particle image velocimetry system for microfluidics[END_REF]. For µ-PIV, the optical and mechanical configurations are different as volume illumination is used in µ-PIV in opposition to light sheet illumination common in PIV. Fluorescent imaging is typically used to improve the signal and overcome diffraction effects due to small particle size. µ-PIV applied to microfluidics has been investigated by Meinhart et al. [START_REF] Meinhart | Piv measurements of a microchannel flow[END_REF], who measured the velocity distribution within a microchannel with a spatial resolution better than 1 µm [START_REF] Olsen | Brownian motion and correlation in particle image velocimetry[END_REF][START_REF] Erkan | Three-component velocity measurement in microscale flows using time-resolved piv[END_REF].

However, µ-PIV for microfluidics suffers from two major limitations. First of all, it requires some tracer particles seeding the flow. Due to the small dimension of the microchannels, an appropriate particle size must be chosen such that it is small enough to avoid the channel clogging, and large Longitudinal view [START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannels[END_REF] enough to reflect sufficient light. Furthermore, the significant parameters for µ-PIV configuration are the numerical aperture and the magnification of the optical setup, which determine the resolution of the measurements, the field of view, as well as the distance between the microscope objective and the flow. To increase the spatial resolution, the working distance needs to decrease, leading to some mechanical limitations.

The highest resolution in micro-PIV has been achieved by Chuang [START_REF] Chuang | Nano-resolution flow measurement based on single pixel evaluation piv[END_REF] in 2012. They developed a new algorithm named single pixel evaluation (SPE) in order to enhance the resolution of micro-PIV to its physical limit, one pixel. Thus, they achieved an extremely high resolution of 64.5 nm.

Many techniques derived from µ-PIV have been proposed in the last decade, such as for example evanescent wave µ-PIV, confocal µ-PIV or holographic µ-PIV, and an enhanced description of these new concepts have been fully reviewed by Williams [START_REF] Williams | Advances and applications on microfluidic velocimetry techniques[END_REF].

Nowadays, µ-PIV systems are commercially available. TSI, Dantec Dynamics, and LaVision are the main commercial suppliers of PIV systems and related equipment.

I.3.7 Biomedical applications

Some studies were undertaken to demonstrate that PIV and PTW were suitable techniques for blood flow measurement. However they require a transparent working medium and optical access to the area of investigation. Thus, the resolution of the acquired frames is affected by the skin, leading to a very low signal-to-noise ratio. A way to overcome this limitation is to use an intravital microscope to reach the blood vessels [START_REF] Sugii | In vivo piv measurement of red blood cell velocity field in microvessels considering mesentery motion[END_REF], or to inject fluorescent particles inside the patient [START_REF] Vennemann | In vivo micro particle image velocimetry measurements of blood-plasma in the embryonic avian heart[END_REF]. In this configuration, these techniques cannot be considered as non-invasive any more.

I.4 Speckle techniques

In the previous section, we presented the Particle Image Velocimetry, that derived from Laser Speckle Photography technique. However, the research on Speckle effect (described in subsection I. 3.2) to measure fluid flow rate split into three directions. Dividing the Laser Speckle Photography in subwindows was the ground idea of PIV, but some other groups showed interest in exploiting the spatial and temporal properties of speckle patterns. Although these two last methods were not as successful as PIV, some interesting achievement were done, especially in the biomedical field.

I.4.1 Laser Speckle Contrast Analysis

In the standard LSP set-up, two thin slits of light are used for illumination. Fercher et al. proposed to use a single-exposure speckle photography, based on the fact that the contrast of a speckle pattern is reduced by speckle fluctuations [START_REF] Fercher | Flow visualization by means of single-exposure speckle photography[END_REF]. This gave rise to a new detection scheme : the Laser Speckle Contrast Analysis (LASCA), based on the study of the spatial statistic properties of Speckle.

The physical principle of LASCA is that in a finite-time laser photograph, the speckle pattern in an area where a liquid is flowing will be blurred to an amount that will depend on the velocity of flow and on the exposure time of the photograph. This blur can be quantified by measuring the contrast of the speckle image K, defined as the spatial standard deviation σ on the mean intensity ⟨I⟩ of the photography ratio.

K = σ ⟨I⟩ (I.5)
A single photography of the flow of interest is divided into square of pixels (5*5 or 7*7). Speckle contrast K is measured for each square and its value is assigned to the central pixel in the array. The spatial resolution cannot reach 1 pixel, providing lower accuracy than PIV. However, the strengths of this technique are its simplicity and cheapness.

As for LDV earlier, great interest was shown in applying LASCA to blood flow measurement. And here again, retinal blood flow was the first invivo experiment performed. Instead of processing the Young's fringes of the speckle photography, Briers and Goodman considered the statistic properties of the intensity distribution in the speckle pattern [START_REF] Goodman | Laser Speckle and Related Phenomena, chapter Statistical Properties of Laser Speckle Patterns[END_REF][START_REF] Briers | Retinal blood-flow visualization by means of laser speckle photography[END_REF]. LASCA is mostly used for skin blood microcirculation imaging (Fig. I.11) but it is not appropriated for very high resolution microfluidics analysis [START_REF] Briers | Laser speckle contrast imaging for measuring blood flow[END_REF][START_REF] Boas | Laser speckle contrast imaging in biomedical optics[END_REF][START_REF] Draijer | Review of laser speckle contrast techniques for visualizing tissue perfusion[END_REF].

I.4.2 Laser Speckle Velocimetry (LSV)

Botanical samples, illuminated by a laser, gave rise to a noisy optical phenomenon, attributed to the flow of a water inside a plant [START_REF] Briers | Wavelength dependence of intensity fluctuations in laser speckle patterns from biological specimens[END_REF]. It was reasonable to assume that the light fluctuation were dependent on the flow rate of this liquid, providing information about the motion of this particles by studying their temporal statistics. The first Laser Speckle velocimeter (LSV) was born. Time-varying speckle is based on the evaluation of temporal statistics of speckle fluctuations at a single point. On its basic configuration, a collimated laser beam illuminates a small area in the flow. Light from all points within this area interferes in the image plane and forms the speckle pattern. When the scatterers move, individual speckles at a fixed position fluctuate.

The frequency spectrum of these fluctuations can be related to velocity information.

Most of LSP applications belong to the biomedical field [START_REF] Fujii | Evaluation of blood flow by laser speckle image sensing. part 1[END_REF][START_REF] Fujii | Visualisation of retinal blood flow by laser speckle flowgraphy[END_REF][START_REF] Aizu | Measurements of flow velocity in a microscopic region using dynamic laser speckles based on the photon correlation[END_REF][START_REF] Aizu | Bio-speckle phenomena and their application to the evaluation of blood flow[END_REF][START_REF] Ruth | Superposition of two dynamic speckle patterns[END_REF][START_REF] Ruth | Non-contact blood flow determination using a laser speckle method[END_REF][START_REF] Ruth | Blood flow determination by the laser speckle method. International journal of microcirculation[END_REF][START_REF] Ruth | Measuring the steady-state value and the dynamics of the skin blood flow using the non-contact laser speckle method[END_REF]]. An example of in-vivo blood flow measurement using time varying speckle is presented in 

I.5 Dual-slit technique (DS)

The Dual-Slit technique was discovered at the same period than LDV and LSP, and demonstrated good results for flow measurement in microchannels smaller 80 µm. On-line determination of blood flow velocity by DS is based on a direct measurement of time delay between recognizable peaks, acquired by two photodetectors separated from a known distance.

I.5.1 History

The Dual-Slit (DS) technique, first refereed as "Photometric double-slit technique", [START_REF] Wayland | Erythrocyte velocity measurement in microvessels by a two-slit photometric method[END_REF], is based on the measurement of the travel time over a known distance of a group of particles. In its original version, the dual-slit technique was restricted to capillary vessels, where individual Red Blood Cells (RCBs) or trains of RBCs are circulating in single file, at the same velocity, which can be then straightforwardly measured by temporal correlation.

A standard set-up for DS technique is described in Fig. I. [START_REF] Watkins | An instrument to measure cutaneous blood flow using the doppler shift of laser light[END_REF]. The channel under study is trans-illuminated and two photo-sensors (slits) are positioned, separated by a known distance, L s , along the channel axis (Fig. I.13). The slits are regions of interest on images of particle flows recorded using a high speed video camera. The modulation of light, produced by the passage of the particles flowing through the channel, is deduced by performing the sum of grey levels in both slits at each time step. For various distances L s between the two slits, a cross-correlation velocity, V ds = L s /T d , is obtained, where T d is the time delay for which the cross-correlation between the two signals is maximum. For an optimal L s , the final velocity at a given point represents the maximal velocity in depth. Finally, the slits are successively moved across the channel to obtain a profile of particle maximal velocities [START_REF] Gaehtgens | Erythrocyte flow velocities in mesenteric microvessels of the cat[END_REF][START_REF] Wayland | Photosensor methods of flow measurement in the microcirculation[END_REF][START_REF] Intaglietta | Capillary flow velocity measurements in vivo and in situ by television methods[END_REF][START_REF] Sapuppo | An improved instrument for real-time measurement of blood flow velocity in microvessels. Instrumentation and Measurement[END_REF]. 

I.5.2 Recent advances

In case of steady-state flow, velocity profiles have been successfully reconstructed in a flow-channel of 10x10 µm, with a spatial resolution of 300 nm [START_REF] Roman | An optimized technique for red blood cells velocity measurement in microvessels[END_REF][START_REF] Roman | Velocimetry of red blood cells in microvessels by the dual-slit method: Effect of velocity gradients[END_REF]. However, this technique requires expensive equipment (high speed camera) and the related data-treatment is time consuming. Moreover, the duration of the acquisition is long (typically 2 to 40s). For these reasons, on-line measurements in cases of transient regimes are not possible.

I.6 Optical feedback Interferometry (OFI)

Optical feedback interferometry (OFI) or Self-mixing interferometry occurs when a laser is beaming onto a target (such as particles embedded in a liquid phase), and some light reflected by the target re-enters into the laser cavity. This additional light modulates the laser, and the modulation is a function of the velocity of the target. OFI principle is close to LDV, unlike the fact that the interferences occur in an active medium (the laser cavity) instead of freespace, leading to some non-linear effects. However, an OFI setup is much simpler as no double beams must be aligned and no extra detector is necessary. An enhanced description of this physical phenomenon is proposed in Chapter II. 

I.6.1 History : Blood flow measurement

Although self-mixing effect has been discovered in the 60's, its application to fluid flow measurement was first demonstrated by Koelink et al. in 1992, as they tried to measure the flow rate of rabbit's blood flowing in a circular duct [START_REF] Koelink | Laser doppler velocimeter based on the self-mixing effect in a fiber-coupled semiconductor laser: theory[END_REF]. OFI first experimental set-up for flow measurement was made of a single-mode laser diode coupled into a glass optical fiber using a microscope objective. The built-in photodiode was used to acquire the OFI signal. It was then amplified and converted in frequency domain through a FFT transform function. Nevertheless, the first OFI configuration for flow measurement suffered from several drawbacks. First, the measurement was invasive, insofar as an optical fiber containing the probe was inserted into the flowchannel. In addition, the probe disturbed the flow, leading to measurement errors [START_REF] Mh Koelink | Fiber-coupled self-mixing diode-laser doppler velocimeter: technical aspects and flow velocity profile disturbances in water and blood flows[END_REF]. Finally, OFI suffered from multiple scattering effect, as the sensor was calibrated on a channel filled with non-diluted blood, using red blood cells as tracking particles. As a matter of fact, for blood flow measurement, multiple scattering effect occurs, i.e. a photon is not reflected by a single particle in the flow, but suffers from multiple reflection before being re-injected into the laser cavity. In this case, the OFI spectrum did not show one Doppler peak as for a solid target, but a whole spectrum of frequencies (Fig. I.14). Because Koelink et al. had observed previously the same effect for in-vivo LDV measurement [START_REF] Shepherd | Laser-Doppler blood flowmetry[END_REF], they applied the same signal processing method to recover the blood flow rate. A linear relationship was demonstrated between the first moment spectrum and the liquid's flow rate. They also proposed another signal processing method, which consists in measuring the cut-off frequency (defined as the frequency where the signal spectrum reach the noise of the spectrum obtained with zero velocity) and in relating it with the theoretical Doppler frequency. In 1992, the same research team removed the fiber and used directly the laser diode as a probe. The experimental set-up is depicted in Fig. I.15. They measured the flow of polystyrenes beads embedded in water, retrieving a well-defined Doppler peak in the OFI signal that varies linearly with the flow rate. Finally, some measurements were obtained by focusing the laser diode directly on the fingertip, and the heart beat frequency was retrieved [START_REF] Mul | Self-mixing laserdoppler velocimetry of liquid flow and of blood perfusion in tissue[END_REF][START_REF] Ffm De Mul | A semiconductor laser used for direct measurement of the blood perfusion of tissue[END_REF].

I.6.2 OFI in LDV configuration

OFI sensor for fluid flow measurement was put aside until 2000, when Hast et al. exploited OFI for various applications in biomedical optics such as pulse wave velocity measurement, shape measurements and blood pressure regulation [START_REF] Hast | Self-mixing interferometry in noninvasive pulse wave velocity measurement[END_REF][START_REF] Hast | Baroreflex regulation measurement using a noninvasive laser doppler method[END_REF][START_REF] Hast | Arterial pulse shape measurement using self-mixing effect in a diode laser[END_REF][START_REF] Hast | Arterial pulse shape measurement using self-mixing inteferometry[END_REF][START_REF] Hast | Arterial compliance measurement using a noninvasive laser doppler measurement system[END_REF].

Zakian and Dickinson offered a great contribution to the development of 19 mm]); The flow rate was set at 50 mL/h and the laser diode operated at 785 nm [START_REF] Zakian | Laser doppler imaging through tissues phantoms by using self-mixing interferometry with a laser diode[END_REF] experimental understanding of OFI flowmetry. They studied the influence of the size of the particle used as trackers, and took an interest in measuring fluid flow in narrow channels [START_REF] Zakian | Particle sizing and flow measurement using self-mixing interferometry with a laser diode[END_REF][START_REF] Zakian | Dynamic light scattering by using selfmixing interferometry with a laser diode[END_REF]. Particle sizing experiment were performed by using polystyrenes spheres with diameter varying from 0.02 to 0.2 µm in a laminar flow. The size of the particles could be retrieved after calibration by quantifying the broadening of the OFI spectrum fitted with a Lorentzian function through the half-width at half-maximum (HWHM) parameter. The flow rate was also calculated by fitting the OFI spectrum with an exponential function, and by performing a calibration, leading to an analytical relationship between the flow rate and the fitting function parameter. This sensor, which paves the way for OFI in its modern form, is depicted in Fig.

I.6.2.
Zakian and Dickinson also investigated the effect of a thin layer of skin between the sensor and a blood vessel by constructing skin phantoms and measuring the blood flow. The results, plotted in Fig. I.6.2 demonstrated the ability to employ OFI sensor for in-vivo blood perfusion monitoring.

I.6.3 OFI technical evolution

In the past three years, an increase of the number of papers published about OFI sensor for blood flow measurement has been noticed, proving that this technology is perfectly suitable for precise flow rate measurement, and shows major advantages over conventional optical sensors:

• Some improvements were made to consolidate the signal processing in multiple scattering effect, and to built a low-cost embedded sensors [START_REF] Norgia | Optical flowmeter for blood extracorporeal circulators[END_REF][START_REF] Norgia | Low-cost optical flowmeter with analog front-end electronics for blood extracorporeal circulators. Instrumentation and Measurement[END_REF].

• The first reconstruction of a velocity distribution in a circular channel of a 12 mm diameter in multiple scattering regime was demonstrated in 2011 by Rovati et al. [START_REF] Rovati | Measurement of the fluid-velocity profile using a self-mixing superluminescent diode[END_REF], who built an OFI sensor based on a low-cost superluminescent diode.

• Wang et al. explained theoretically the shape of the OFI spectrum when the laser is beaming onto a flowing Brownian solution [START_REF] Wang | Laser diode feedback interferometry in flowing brownian motion system: a novel theory[END_REF][START_REF] Wang | Power spectral density of self-mixing signals from a flowing brownian motion system[END_REF] • Lim et al. proposed a full-field OFI sensor system with simultaneous read-out from an array of lasers for measuring fluid-flow velocities [START_REF] Lim | Selfmixing flow sensor using a monolithic vcsel array with parallel readout[END_REF].

• Kliese et al. measured the flow rate of a solution flowing in a square 100µmx100µm microchannel [START_REF] Kliese | Rapid scanning flow sensor based on the self-mixing effect in a vcsel[END_REF], and improved the accuracy of flow rate measurement in very slow flow using a blue laser [START_REF] Kliese | Gan laser self-mixing velocimeter for measuring slow flows[END_REF].

I.6.4 OFI in LSP configuration

During the last decade, Ozdemir et al. developed a flowmeter using the speckle effects in optical feedback for distance and velocity measurement. They recovered the velocity of a target either by counting the number of times the speckle signal intensity passes above a threshold value in a fixed time interval or by measuring the autocorrelation time of the speckle signal. They showed that the optical feedback speckle interferometer is suitable for non-invasive blood flow measurement over the skin, and compared the performance of their sensor over conventional LDV [START_REF] Ozdemir | Self-mixing laser speckle velocimeter for blood flow measurement. Instrumentation and Measurement[END_REF][152][START_REF] Ozdemir | Assessment on self-mixing laser interferometry for blood flow measurement over skin surface[END_REF][START_REF] Ozdemir | A comparative study for the assessment on blood flow measurement using selfmixing laser speckle interferometer. Instrumentation and Measurement[END_REF].

I.7 Comparison and conclusion I.7.1 Comparison

Table I.7.1 summarizes the methods presented in this chapter, in term of spatial and temporal resolution, cost and simplicity. Each of these three types of optical methods provides accurate flow rate measurement in submillimetre channels, but is designed for a specific application.

Optical sensor for velocity measurement in microchannel can be summarized in three main categories:

1. Techniques that employs changes in the light properties induced by diffraction on particles embedded in a flow (Laser Doppler Velocimetry (LDV), time-varying speckle method (LSV) and optical feedback interferometry (OFI)).

2.

Techniques based on statistical behaviour of a particular medium (Laser Speckle Contrast imaging (LASCA) and Laser Speckle Velocimetry (LSV)).

3.

Techniques using spatial or temporal algorithm to reconstruct particles displacement (Particle Image Velocimetry (PIV or µ-PIV), Particle Tracking Velocimetry (PTV) and Dual-slit method (DS)).

LDV provide high spatial resolution due to a sensing volume defined by the waist of a laser beam. However, as a point-wise technique, the temporal resolution is limited due to the need of mechanical scanning. Furthermore, the need of external optical elements to measure 3-components velocity can increase tragically its cost and simplicity.

On the contrary, LASCA temporal resolution is high, as it is a full-field technique. Some improvement in the spatial resolution can be a useful tool for microfluidics imaging, and blood flow monitoring.

PIV and related technique are extensively used in microfluidics. They allow the determination of vectorial velocities with a spatial resolution that is high enough for accurate wall-shear stress measurements. Video rate or high speed imaging enables a satisfying temporal resolution. However, the use of bulky and expensive cameras makes PIV sensors more appropriated for laboratory and research use rather than for industrial applications.

Throughout this thesis, OFI for flow measurement is studied, and will be compared with the existing technologies in the concluding section. Many applications requires the manipulation of fluid, tending towards always smaller volume handling with precise flow and concentration control.

Method

II.1 Introduction

When a laser beam illuminates an external target which surface is diffusive or reflective, a small portion of the incident light is reflected back into the laser cavity. This phenomenon, referred as "Optical feedback" or "Selfmixing effect", occurs in most laser-based systems. It was first seen as an inconvenience because it affects seriously the laser properties, leading to unwanted perturbations. Optical isolators are commonly used to prevent the laser diode from this parasitic light.

Nevertheless, it was promptly found that this backscattered light could be exploited for many sensing applications. The potential of optical feedback was first demonstrated in 1962 by Kleinman and Kisliuk [START_REF] Kleinman | Discrimination against unwanted orders in the fabry-perot resonator[END_REF]. As multimode devices, Masers (Microwave Amplification by Stimulated Emission of Radiation) suffered from the excitation of many modes at the same time, generating unwanted noise effects, affecting stability and modifying the device's performances. Kleinman and Kisliuk suggested adding another reflecting plate outside the Maser. They found out that the presence of an external reflector can affect the losses of the unwanted modes, and therefore allows an artificial selection of the lasing mode. The same effect was demonstrated later using a He-Ne laser [START_REF] Kogelnik | Mode suppression and single frequency operation in gaseous optical masers[END_REF], and a semiconductor laser diode [START_REF] Crowe | Gaas laser linewidth measurements by heterodyne detection[END_REF][START_REF] Bogdankevich | Spectral characteristics and directionality of a semiconductor laser with an external mirror[END_REF][START_REF] Pg Eliseev | Injection lasers for multichannel optical communication[END_REF]. It was also experimentally found that optical feedback affects various laser properties, such as the carrier density at the threshold [START_REF] Bachert | The influence of external optical coupling on the threshold current density of gaas injection lasers[END_REF] and the laser dynamical properties [START_REF] Broom | Self modulation at gigahertz frequencies of a diode laser coupled to an external cavity[END_REF]. Furthermore, theses changes were dependent among others on the distance between the laser cavity and the external reflector [START_REF] Morozov | Self-synchronization of modes in a gaas semiconductor injection laser[END_REF], and on the strength of the coupling between the reflected wave and the in-cavity wave [START_REF] Rf Broom | Microwave self-modulation of a diode laser coupled to an external cavity[END_REF]. Despite these experimental observations, there was no theoretical model that could accurately describe the origins of the dynamical operation of semiconductor lasers with optical feedback. In 1980, Lang and Kobayashi [START_REF] Lang | External optical feedback effects on semiconductor injection laser properties[END_REF] presented a work showing that the dynamical changes in the carrier density of the semiconductor laser due to optical feedback lead to a modification of the refractive index, which in turn alters the resonant frequency of the laser. They also demonstrated that this information could be used to describe the dynamical behaviour of the laser's output power with optical feedback. Most of the theoretical models presented in the literature are based on the Lang-Kobayashi equations [START_REF] Wang | Self-mixing interference in a diode laser: experimental observations and theoretical analysis[END_REF][START_REF] Plantier | Behavioral model of a self-mixing laser diode sensor[END_REF][START_REF] Giuliani | Laser diode self-mixing technique for sensing applications[END_REF]. 

II.2 Optical feedback interferometry: Theory

II.2.1 The laser diode in free space

The optical feedback effect can be explained by firstly considering the operation of a standalone laser. A schematic arrangement for a free running state laser diode can be represented by a two-facet Fabry-Perot cavity delimiting an active layer of length l c . These facets (I1 and I2) are defined by their reflection coefficients r 1 and r 2 with respect to the electric field amplitude. This schematic arrangement is shown on Fig

. II.1.
To describe the behavior of the laser cavity, an electromagnetic wave travelling in the z-direction along the longitudinal dimension of the cavity is considered. The electric field in the cavity can be written as:

E(z) = E 0 exp (-jk 0 z) exp (- 1 2 γ 0 z) (II.1)
Considering:

k 0 = 2πn 0 ν 0 c the wavenumber (II.2) γ 0 = α p -g the absorption gain coefficient of the medium (II.3)
Where n 0 represents the refractive index in the active medium, ν 0 the angular frequency of the wave and c the speed of light in vacuum. The material in the laser cavity has a power gain g and a power loss α p .

The lasing threshold is reached when the optical gain of the laser medium is exactly balanced by the sum of all the losses experienced by the light in one round trip in the laser's optical cavity. To determine this condition, an electromagnetic wave E(0) injected through the facet I 1 and a round trip travel inside the cavity is considered.

The propagation equation can be written:

E(0) = E(0) * r 1 e (-jk 0 lc) e (-1 2 γ 0 lc)) * r 2 e (jk 0 (-lc)) e ( 1 2 γ 0 (-lc))) (II.4) yielding, 1 = r 1 r 2 e (-2jk 0 lc) e (-γ 0 lc)) (II.5)
Solving equation Eq. (II.5) and differentiating modulus and phase leads to the laser allowed gain and emitting frequency(ies) equations.

ℜ(II.5) ⇒ r 1 r 2 e -γ 0 l = 1 ⇒ g th = α - 1 l c ln (|r 1 r 2 |) (II.6) ℑ(II.5) ⇒ 2k 0 l c = 0[2π] ⇒ ν 0 = k * c 2l c n 0 k ∈ N (II.7)
The lasing conditions of a laser emitting in free space are defined by:

g th = α -1 lc ln (|r 1 r 2 |) ν 0 = k * c 2lcn 0 k ∈ N (II.8)
These conditions are often referred to as the threshold conditions for lasing. The cavity of the laser can be designed so that only one wavelength can oscillate. Such a laser is known as a single mode laser, which is commonly used in many interferometric sensing systems. The theory developed in the rest of this chapter is considering this type of laser only.

II.2.2 The laser diode under optical feedback

An equivalent model of the laser diode subject to feedback due to the presence of an external target at a distance l ext smaller than the half-coherence length of the optical source is described on Fig. II.2. This three-mirror cavity can be modeled using a single equivalent cavity limited by I 1 and I eq , an equivalent mirror with a reflection coefficient r eq (Fig.

II.3).

As previously, an electromagnetic wave doing a round trip travel inside the three-mirror cavity is considered. The electromagnetic field can be split into two parts. A part of the electric field travels along the same path inside the laser cavity than the field without optical feedback, (blue term in Eq. (II.9)). The other part propagates outside the laser cavity, and gets reflected on the target I 3 (red term in Eq. (II.9)). The two paths are depicted in Fig. II.2. The wavenumber k in (k ext ) and the absorption coefficient γ in (γ ext ) refer to the wave travelling inside (respectively outside) the laser cavity.

The propagating equation becomes:

E(0) = E(0) * r 1 r 2 e (-2jk in lc) e (-γ in lc)) + E(0) * r 1 (1 -r 2
2 )r ext e (-2jkextlext) (II.9) where r ext = a•f •r 3 , with r 3 the reflection coefficient on the target, a the attenuation of the reflected electric field, and f the fraction of the reflected field that couples with the lasing mode [START_REF] Acket | The influence of feedback intensity on longitudinal mode properties and optical noise in index-guided semiconductor lasers[END_REF].

Yielding,

1 = r 1 r 2 e (-2jk in l) e (-γ in l)) [ 1 + r ext r 2 (1 -r 2 2 )e -2jkextlext
] (II.10)

It should be noted that Eq. II.10 only considers a single round-trip in the external cavity, which is valid for most applications.

Considering the following notation

: ζ = rext r 2 (1 -r 2 2 ). 1 = r 1 r 2 e (-2jk in l) e (-γ in l)) [ 1 + ζe -2jkextlext ] (II.11)

II.2.2.a Modulation of the laser optical frequency

Identifying the terms in (II.11) and (II.5) highlights the fact that the field reflected from I 2 and the field injected into the laser from the external cavity The equivalent interface has a reflection coefficient r eq defined by [START_REF] Petermann | Laser diode modulation and noise[END_REF]:

r eq = ||r eq ||e jΦeq = r 2 [ 1 + ζe -2jkextlext ] (II.12)
With

||r eq || = r 2 [1 + ζ cos(2k ext l ext )] (II.13) Φ eq ∼ -ζ sin(2k ext l ext ) (II.14)
For a laser in the presence of an external target, the lasing condition becomes:

r 1 r eq e -2jk F lc e γ F lc = 1 (II.15)
By rearranging equation (II.15) from the similar equation for the standalone laser (II.5):

(II.15) (II.5) ⇔ r eq r 2 e -(γ F -γ 0 )lc e -j(Φ F -Φ 0 ) = 1 (II.16) With Φ F = 2jk F l c (II.17) Φ 0 = 2jk 0 l c (II.18)
Yielding,

[ ∥ r eq r 2 ∥e -(γ F -γ 0 )lc ] e -j(Φ F -Φ 0 -Φeq) = 1 (II.19)
The threshold gain can be found by equalizing the real part of Eq. (II. [START_REF] Mrksich | Whitesides. Patterning self-assembled monolayers using microcontact printing: A new technology for biosensors[END_REF].

g thF -g th0 = -ζ lc cos (2k ext l ext ) (II.20)
Likewise, the change in the round-trip phase due to optical feedback ∆Φ is calculated:

∆Φ = 2l c (k F -k 0 ) + ζ sin (2k ext l ext ) = 4πl c c (n F ν F -n 0 ν 0 ) + ζ sin (2k ext l ext ) (II.21) By definition, n F ν F -n 0 ν 0 = ∆(nν) = ν 0 ∆n + n F ∆ν,
The change in the effective index n may be expressed as:

∆n = ∂n ∂g (g -g 0 ) + ∂n ∂ν (ν -ν 0 ) (II.22)
Considering the linewidth enhancement factor α = -4πν 0 c ∂n ∂g [START_REF] Henry | Theory of the linewidth of semiconductor lasers[END_REF], Eq. (II.22) can be rewritten using (II.20):

∆(n.ν) = ν 0 [ -αc 4πν 0 (g F -g 0 ) + ∂n ∂ν (ν F -ν 0 ) ] + n F (ν F -ν 0 ) = (ν F -ν 0 ) [ ν 0 ∂n ∂ν + n F ] - αc 4πν 0 (g F -g 0 ) = (ν F -ν 0 )n 0 + αc 4πl ζ cos (2k ext l ext ) (II.23)
The term n 0 = ν 0 ∂n ∂ν + n F stands for the effective group refractive index, which takes into account the dispersion of the refractive index and is used to evaluate the spacing between adjacent emission frequencies [START_REF] Petermann | External optical feedback phenomena in semiconductor lasers[END_REF].

These modifications affect (II.21), leading to:

∆Φ = ν F -ν 0 + ζ c 4πln 0 √ 1 + α 2 sin (2k ext l ext + arctan(α)) (II.24)
Let C be defined by:

C = ζ τ d τ l √ 1 + α 2 (II.25)
where

τ d = 2lext c
is the time of flight in the external cavity, τ l = 2ln 0 c the time of flight in the laser cavity.

C is the feedback parameter, which describes the strength of the changes due to optical feedback in changing the intrinsic behaviour of the laser [172]. Since the round-trip phase within the laser cavity must be equal to an integer multiple of 2π, the emission frequencies are obtained from Eq. (II.24) for ∆Φ = 0 (or multiples of 2π). The phase condition of a laser under feedback can be written:

ν F -ν 0 = C 2πτ d sin (2πν F τ d + arctan(α)) (II.26) Fig. II.4
shows the round-trip phase change ∆Φ as a function of ν Fν 0 . Possible emission frequencies, where the phase condition is satisfied, are characterized by ∆Φ = 0. Without feedback, as represented by the dashed curve, ∆Φ varies linearly with ν Fν 0 . As long as C is small, ∆Φ increases with frequency yielding to a single zero for ∆Φ, and therefore a single emission frequency. For larger C, several external cavity modes around the emission frequency ν 0 may satisfy the phase equation.

II.2.2.b Modulation of the laser output power

We now focus on semi-conductor laser diodes (LD). For a description of the optical feedback effect on the optical power, the rate equation of the LD should be considered. The Lang-Kobayashi equations describe the dynamics of a single mode LD under optical feedback [START_REF] Lang | External optical feedback effects on semiconductor injection laser properties[END_REF]:

dE(t) dt = 1 2 [ G n (N (t) -N 0 ) - 1 τ p ] E(t) + ζ τ l E(t -τ d ) cos [ω 0 τ d + Φ(t) -Φ(t -τ d )] (II.27) dΦ(t) dt = 1 2 αG n (N (t) -N th ) - ζ τ l E(t -τ d ) E(t) sin [ω 0 τ d + Φ(t) -Φ(t -τ d )] (II.28) dN (t) dt = G gen - N (t) τ e -G n [N (t) -N 0 ] E 2 (t) (II.29)
The parameters involved in theses equations are described in Table II 

dΦ(t) dt = 2π (ν F -ν 0 ) (II.31)
The field equation without feedback is:

dE(t) dt = 1 2 [ G n (N (t) -N 0 ) - 1 τ p ] E(t) (II.32)
From the stationary solution of this equation, it can be deduced that:

1 τ p = G n (N th -N 0 ) (II.33)
Furthermore, the electric field with delay E(tτ d ) can be seen as a small variation of the electric field without delay E(t), and therefore can be written:

E(t -τ d ) = E(t) -τ d dE(t) dt = E(t) (II.34)
Rewriting the first dynamical equation highlights the fact that optical feedback induces carrier density modulation inside the LD cavity, N F indicating the presence of optical feedback:

N F (τ ) = N th - 2ζ G n τ l cos(2πν F τ d ) (II.35)
Doing the same manipulation with the phase equation yields:

ν F -ν 0 = ζ 2πτ l [α cos(2πν F τ d ) + sin(2πν F τ d )] (II.36)
The zero round trip phase condition demonstrated previously is retrieved.

To determine the shape of the emitted optical feedback of a LD modulated by the optical feedback, Eq. (II. [START_REF] Tan | Controlled microfluidic encapsulation of cells, proteins, and microbeads in lipid vesicles[END_REF]) is substituted into the carrier density equation, obtaining:

P ∝ E 2 F (τ ) = G gen -N F (τ d )/τ e G n [N F (τ d ) -N 0 ] = ( τ p τ e ) G gen τ e -N th + 2ζ Gnτ l cos [2πν F τ d ] 1 - 2ζτp τ l cos [2πν F τ d ] (II.37)
where E F indicates that the solution is calculated in the presence of feedback. This expression can be linearized, as ζ ≪ τ l /2τ p for most of the sensing applications where OFI is employed, yielding: ) and C = 1 (dashed curve). The emitted optical power modulation is proportional to the coupling factor, i.e. to the fraction of back-reflected field that couples with the lasing mode As the power emitted in the absence of feedback is given by:

P ∝ E 2 F (τ ) ≈ ( τ p τ e ) ( G gen τ e -N th + 2ζ G n τ l cos [2πν F τ d ] ) ( 1 + 2ζτ p τ l cos [2πν F τ d ] ) ≈ ( τ p τ e ) (G gen τ e -N th ) ( 1 + 2ζτ p τ l cos [2πν F τ d ] ) (II.
P 0 ∝ E 2 0 = τ p (G gen τ e -N th /τ e ) (II.39)
We can write the expression of the optical emitted power of a LD under feedback as:

P F = P 0 [1 + m cos(2πν F τ d )] (II.40)
With m the modulation index defined by:

m = C 2τ p c L √ (1 + α 2 ) (II.41)
The OFI signal is plotted for three values of C on Fig. II.5. The emitted optical power modulation is proportional to m, so by definition is also proportional to C. An enhanced description of the influence of C on the shape of the output power is detailed in [START_REF] Kane | Unlocking Dynamical Diversity: Optical Feedback Effects on Semiconductor Lasers[END_REF].

II.2.2.c Effect on the laser diode voltage

In practice, the laser output power is measured using the internal monitor photodiode, but the laser junction voltage is affected by optical feedback.

The change in laser junction voltage ∆V can be related to the coupling coefficient of the external cavity and therefore to the level of feedback and the location of the target [START_REF] Lim | Displacement and distance measurement using the change in junction voltage across a laser diode due to the self-mixing effect[END_REF][START_REF] Kliese | Selfmixing displacement sensing using the junction voltage variation in a GaN laser[END_REF]:

∆V = -4kT N F ζ g F qN 0 τ l cos(2πν F τ d ) (II.42)
Where k is the Boltzmann constant, q the elementary charge and T the temperature.

According to Eq. II.40, output power varies proportionally with the change in target location while Eq. II.42 exhibits an inverse relationship. The two quantities are out of phase, and an increase in laser power coincides with a decrease in laser junction voltage. However, the performance of voltage sensing is lower in term of signal-to-noise ratio to that of conventional photocurrent sensing scheme [START_REF] Perchoux | Photodiode-free doppler velocimeter based on self-mixing effect in commercial vcsels[END_REF], but the the simplicity of the voltage-based sensor shows clear practical advantage.

II.3 Practical application of OFI: Velocimetry

In parallel to the first experimental observations, it appeared that the optical feedback effect could be used for sensing applications, such as displacement measurements [START_REF] Lim | Displacement and distance measurement using the change in junction voltage across a laser diode due to the self-mixing effect[END_REF][START_REF] Dandridge | Diode laser sensor[END_REF][START_REF] Shimizu | Directional discrimination in the self-mixing type laser doppler velocimeter[END_REF][START_REF] Bosch | Vibrations measurements with a self-mixing type laser displacement sensor for modal analysis[END_REF][START_REF] Bosch | Displacement sensor for spectrum analysis using the optical feedback in a single-mode laser diode[END_REF][START_REF] Bosch | The self-mixing interference inside a laser diode: application for displacement, velocity and distance measurement[END_REF][START_REF] Servagent | Laser displacement sensor using the self-mixing effect for modal analysis and defect detection[END_REF][START_REF] Servagent | Measurements of displacement using the self-mixing interference in a laser diode[END_REF][START_REF] Donati | Laser interferometry by induced modulation of cavity field[END_REF][START_REF] Donati | Laser diode feedback interferometer for measurement of displacements without ambiguity[END_REF][START_REF] Donati | Pc-interfaced, compact laserdiode feedback interferometer for displacement measurements[END_REF][START_REF] Wang | Selfmixing interference inside a single-mode diode laser for optical sensing applications[END_REF][START_REF] Wang | Fourier transform method for self-mixing interference signal analysis[END_REF][START_REF] Kato | Optical feedback displacement sensor using a laser diode and its performance improvement[END_REF][START_REF] Yoshino | Laser diode feedback interferometer for stabilization and displacement measurements[END_REF][START_REF] Toyoshima | New digital displacement measuring circuit for aperiodic vibration using self-mixing type ldv[END_REF][START_REF] Bes | Displacement measurements using a self-mixing laser diode under moderate feedback[END_REF][START_REF] Norgia | A displacement-measuring instrument utilizing self-mixing interferometry[END_REF][START_REF] Hast | Displacement sensor based on optical feedback interferometry in a gan laser diode[END_REF] and laser range finding [START_REF] Bosch | A low-cost, optical feedback laser range-finder with chirp-control[END_REF][196][START_REF] De Groot | Backscatter-modulation velocimetry with an external-cavity laser diode[END_REF][START_REF] Shinohara | High-resolution range finder with wide dynamic range of 0.2 m to 1 m using a frequency-modulated laser diode[END_REF][START_REF] Shinohara | Compact and high-precision range finder with wide dynamic range using one sensor head[END_REF][START_REF] Shinohara | High-precision range finder for slowly moving target with rough surface[END_REF][START_REF] Yoshida | Application of semiconductor laser range finder to position control of lens in auto-focus camera[END_REF][START_REF] Tsukuda | New rangefinding speedometer using a self-mixing laser diode modulated by triangular wave pulse current[END_REF][START_REF] Bosch | A scanning range finder using the self-mixing effect inside a laser diode for 3-d vision. In Quality Measurements: The Indispensable Bridge between Theory and Reality[END_REF][START_REF] Gouaux | Absolute distance measurement with an optical feedback interferometer[END_REF][START_REF] Servagent | Analysis of some intrinsic limitations of a laser range finder using self-mixing interference[END_REF][START_REF] Gagnon | Laser range imaging using the self-mixing effect in a laser diode[END_REF][START_REF] Tucker | Laser range finding using the self-mixing effect in a vertical-cavity surface emitting laser[END_REF][START_REF] Norgia | New absolute distance interferometric technique[END_REF][START_REF] Vogel | A lowcost medium-resolution rangefinder based on the self-mixing effect in a vcsel[END_REF][START_REF] Bertling | Optimum injection current waveform for a laser range finder based on the self-mixing effect[END_REF].

Optical feedback for measuring velocities has been first demonstrated by Rudd et al. with a He-Ne Laser [START_REF] Rudd | A laser doppler velocimeter employing the laser as a mixer-oxcillator[END_REF]. In 1986, Shinohara et al. [START_REF] Shinohara | Laser doppler velocimeter using the self-mixing effect of a semiconductor laser diode[END_REF] demonstrated the same principle on a semiconductor laser, proving that the traditional Doppler configuration can be reproduced using the optical feedback effect of the laser Diode. In their experiment, light scattered from a rotating target is shifted in frequency by the Doppler effect. The light reflected by the target mixes with the initial light, causing optical interferences inside the laser cavity. By analyzing in the frequency domain the signal from the control photodiode of the LD or directly from the laser junction voltage, the velocity of the target can be calculated. Similarly to the displacement measurement, the asymmetry of the photodetected current for moderate feedback allows recovery of the motion direction [START_REF] Shimizu | Directional discrimination in the self-mixing type laser doppler velocimeter[END_REF].

The physical interpretation of this velocity measurement was probably more straightforward compared to signal analysis for distance or displacement measurement, because the signal can be directly interpreted as being the result of interferences within the LD cavity. The experimental set-up is schematically described in Fig. II.6. For a target moving at constant velocity V T along the optical axis, the OFI signal can be written: 

P F = P 0 [ 1 + cos ( 2π 2(L + V T t) c )]
(II.43)

L being the distance between the target and the LD. A target moving toward or forward the LD can be interpreted as a change in the external cavity length.

In time domain, the fringe period corresponds to a target displacement of λ/2, and the number of fringes occurring during a known observation time is used to calculate the velocity value. The photodetected current can also be analyzed in the frequency domain and a well-defined peak appears. The peak frequency f D is related to the target velocity V T with the following relationship:

f D = 2V T λ (II.44)
Where λ is the LD wavelength.

Velocimeters using optical feedback on semiconductor laser diode has been also massively studied [START_REF] Bosch | The self-mixing interference inside a laser diode: application for displacement, velocity and distance measurement[END_REF]196,[START_REF] De Groot | Backscatter-modulation velocimetry with an external-cavity laser diode[END_REF][START_REF] De Groot | Compact imaging system with ranging and velocimetry[END_REF][START_REF] Shinohara | Compact and versatile self-mixing type semiconductor laser doppler velocimeters with directiondiscrimination circuit[END_REF][START_REF] Shinohara | Highperformance versatile semiconductor laser diode doppler velocimeter[END_REF][START_REF] Aoshima | Twodimensional vector ldv using laser diode frequency change and self-mixing effect[END_REF][START_REF] Callan | Measurements of velocities by backscatter modulation in semiconductor injection lasers[END_REF][START_REF] Koelink | Laser doppler velocimeter based on the self-mixing effect in a fiber-coupled semiconductor laser: theory[END_REF][START_REF] Plantier | Real-time tracking of time-varying velocity using a self-mixing laser diode[END_REF][START_REF] Plantier | Real-time parametric estimation of velocity using optical feedback interferometry[END_REF][START_REF] Plantier | A low-cost optical feedback interferometer for real-time velocity measurement[END_REF][START_REF] Raoul | A doublelaser diode onboard sensor for velocity measurements[END_REF][START_REF] Scalise | Self-mixing laser diode velocimetry: Application to vibration and velocity measurement[END_REF].

In interferometric systems, the illumination and collection beams spatially overlap. Assuming that the laser operates in the fundamental Gaussian mode, the measurement volume centred around the focal point, is defined as the volume within which the optical field has a magnitude higher than 1/e 2 of the field peak value [START_REF] Albrecht | Laser Doppler and Phase Doppler Measurement Techniques[END_REF]. Thus, when a laser beam is focused on a target moving monotically along the optical axis (towards or away from the laser), the sensing efficiency is limited as soon as the target position exits the sensing volume. In practical applications, as for example rotating or translating targets, the length of the external cavity (i.e. the distance between the target and laser) is fixed, and Eq. (II.43) does not describe accurately this configuration. 

II.4 Optical Feedback velocimetry: a modified compound cavity model

For most of the OFI sensing applications, the three-mirrors cavity (or "compound cavity") model is accurate enough, and describes well the output optical power of a LD suffering from optical feedback.

The expression of P F demonstrated in Eq. II.40 is:

P F = P 0 [1 + m cos(2πν F τ d )] (II.45)
According to Eq. II.40, the optical power is modulated when one of these two cases occurs:

• The length of the equivalent cavity is modified (displacement or velocity measurement) (τ d (t) ⇒ P F (t) )

• The optical frequency is modified (absolute distance measurement) (ν

F (t) ⇒ P F (t))
However, when a LD driven by a DC current is beaming on a translating target at a fixed distance of the laser, the OFI signal exhibits a well defined Doppler peak in the frequency domain f D , related to the target velocity component in the direction of the laser emission V A :

f D = 2 -→ k • -→ V T λ = 2V T cos(θ) λ = 2V A λ (II.46)
where -→ k represents the incident beam direction vector, and θ the angle between the axis of the incident beam and the velocity vector.

In this case, neither the distance to the target nor the laser frequency is modulated.

Therefore, to correctly model the case of rotating or translating targets, we proposed to consider the Doppler shifted light in the expression of the effective reflection coefficient of the equivalent Fabry-Perot cavity (Fig. II.3).

II.4.1 A new expression of the equivalent reflection coefficient

In the initial calculation of the effective reflection coefficient (subsection II.2.2), the exponential factors e jωt were not present because they are implicit and common to all terms. However, since the light scattered from the rotating target is shifted in frequency by the Doppler effect, these exponential factors play a major role to take into account the Doppler effect due to V A in the OFI equations.

By definition, r eq is the ratio of the reflected electric field E r to the incident electric field E i on the equivalent interface I eq (Eq. (II.12)).

Let consider:

E i = E 0 exp jωt, (II.47)
where E 0 is the incident wave amplitude, and ω the angular frequency of the laser emission.

The variations of ω is slow with respect to the time-of-flight in the external cavity, so ω is considered in a first approximation to be time-independent (i.e.

ω(t) = ω(t -τ d ) = ω ).
The reflected electric field E r can be described by the addition of the electric field reflected on the LD front facet E r1 and the electric field reflected on the target E r2 :

E r = E r1 + E r2
(II.48)

E r1 = r 2 E i (II.49) E r2 = (1 -r 2 2 )r 3 E 0 exp ( j c -V A c + V A ωt + jΦ r2
) .

(II.50)

The expression of the electric field reflected on the target E r2 is affected by the Doppler effect, insofar as the angular frequency of the laser emission is shifted by an amount of -2V A c+V A . Φ r2 represents the phase difference due to the travel of the wave through the external cavity:

Φ r2 = 2πν F ( 1 + c -V A c + V A ) τ d 2 (II.51)
where the first term represents the phase difference due to the forward propagating and the second due to the backward propagating wave.

Leading to the following expression:

r eq = E r1 + E r2 E i = r 2 [ 1 + (1 -r 2 2 ) r 3 r 2 exp j (ω D t + Φ D ) ] (II.52) With ω D = 2πν F -2V A c + V A = 2πf D (II.53) Φ D = 2πν F ( 1 + c -V A c + V A ) τ d 2 = Φ r2 (II.54)
From Eq. (II.19) and Eq. (III.4), we deduce the emission frequency of the LD under feedback ν F in function with the optical emission frequency in the free running state ν 0 , including the Doppler effect:

ν F = ν 0 -C 2πτ d sin (ω D t + Φ D + arctan α) (II.55)
Yielding to the following changes in the expression of the LD optical output power under feedback P F in function with the optical output power in free running state P 0 :

P F = P 0 [1 + m cos (ω D t + Φ D )] (II.56)
One can notice that when the target velocity V T approaches 0, the classical expression of the LD output power demonstrated in the standard model based on rate equations can be retrieved [START_REF] Lang | External optical feedback effects on semiconductor injection laser properties[END_REF]. Furthermore, when the angle θ equals 90 • , the target is moving away or towards the laser, and it corresponds to the travelling target configuration demonstrated in subsection II.3.

II.4.2 OFI applied to velocimetry: theoretical analysis

The model describing the output power for an ideal translating target has been simulated and the results are plotted in Fig. II.8. The target and LD simulation parameters are given in Table II.2. Here, the coupling parameter C is 0.3 (weak feedback regime). The OFI signal exhibits a Doppler peak at 17.1 kHz which correspond to the contribution of the target velocity component on the optical axis. Because the signal is not perfectly sinusoidal, some harmonics can be observed. The waveform shows asymmetric sawtooth-like fringes. The classical expression of the optical power of a LD under feedback is retrieved. The cause of the disturbance observed in the reflected electric field is usually described as a change in the external cavity length. However, it is in our opinion more consistent to describe it in term of Doppler effect undergone by the electric field when being reflected on a moving target. This interpretation is more convenient and straightforward to describe OFI when the LD is beaming on particles suspended in a liquid, which is the purpose of this thesis.

II.4.3 Model application: Doppler velocity distribution

In the modified compound cavity model for velocity, every photon scattered from the target was assumed to have the same Doppler shift. In practice, different photons may have a different Doppler shift, because of the finite Figure II.10: Output power waveform for C = 0.9, when the target is translating (a)"away" (V A > 0) and (b) "towards" (V A < 0) . spot size of the laser. It is the case when measuring the velocity of rotating targets. This leads to a distribution of Doppler frequencies in the FFT spectrum of the output power.

To take into account the physical dimension of the laser spot on the target, we also need to consider the power distribution of the laser over the spot area. In our model, we have considered only the simplest case of a single-mode laser emitting a synthetic Gaussian mode. As most of the laser diodes used in the various setup described in this thesis were vertical-cavity surface-emitting lasers (VCSEL) with single mode and circular Gaussian emission, this restricted model is sufficient.

To illustrate the effect of a distribution of Doppler shifts on the laser power, we performed a simulation of a discrete distribution of Doppler shifts for a rotating target (Fig. II.11). The sensing volume is illuminated with a Gaussian function and the velocity distribution follows v i = (R + r i )Ω. The signal in time domain exhibits an envelope shape, which is a result of the incoherent superposition of the different Doppler waveforms (Fig. 

II.5 Direction discrimination

OFI was used to measure velocities when the light is backscattered by a fixed object moving with a component "towards" or "away" from the direction of the laser beam. Thus, OFI signal exhibits a Doppler shift in frequency domain that can be measured by the FFT method to calculate the velocity of a target [START_REF] Shinohara | Laser doppler velocimeter using the self-mixing effect of a semiconductor laser diode[END_REF][START_REF] Scalise | Self-mixing laser diode velocimetry: Application to vibration and velocity measurement[END_REF]. However, the OFI spectrum do not provide information about the direction of displacement of the target, because the Doppler signal gives only the absolute value of the difference in frequency between the incident and scattered wave.

Let look in detail at the case of a translating target as shown in Fig. II.7. Depending on the sens of rotation, the projection of the velocity vector on the optical axis is either positive or negative.

The effect of the optical feedback on the LD emitted power is simulated using Eq. (II.56) with the parameters in Table II In time domain, the inclination of the sawtooth-like waveform reverses with the sense of rotation [START_REF] Shimizu | Directional discrimination in the self-mixing type laser doppler velocimeter[END_REF], and the translation direction can be recog-nized. In theory, this technique is reliable and simple to setup. In practice, observing the time-domain signal requires a very high sample rate, so that the waveform can be exploited. Moreover, some effects affect the signal, keeping the signal processing from being straightforward:

• The distribution of Doppler frequencies (finite spot size) modulates the signal envelop (section II.4.3).

• The roughness of most of the surfaces leads to Speckle effect [START_REF] Hage | Modeling and analysis of speckle effects for velocity measurements with self-mixing laser diode sensors[END_REF].

• For weak coupling factor, the waveform is almost symmetrical, keeping from waveform recognition (section II.4.2).

II.5.1 Model application: LD driving current modulation

The frequency modulation of a laser diode is particularly simple, since the diode frequency is dependent on the driving current. De Groot et al. [196] used this principle on a backscattered LD. The current modulation function was a triangular waveform, as in conventional range finder. However, instead of inspecting the time-domain signal, they demonstrated that in frequency domain, a frequency peak, which varies linearly with the distance to the target appears.

Later, Gui et al. modulated a single longitudinal-mode VCSEL by a dynamic triangular current, and demonstrated that the frequency of the OFI signal during the rising part of the triangular modulation differed from that during the falling part [START_REF] Hua-Qiao | New laser doppler velocimetry with wide dynamic range and clear directional discrimination[END_REF]. Furthermore, they pointed out that the two frequencies are reversed as the velocity direction is reversed because positive Doppler shift turns to negative, or vice versa.

To explain these experimental observations, we consider a LD, whose driving current is modulated by a sawtooth wave. The modulating function can be written: I mod = I 0 (1 + β I t) where β I denotes the current modulation coefficient in s -1 . It induces a modulation of the laser emission frequency, yielding ν Fmod = ν F (1 + β ν t) (Fig. II.14). Most of the laser diodes exhibit a linear relationship between bias current and optical frequency, thus β ν is linearly related to β I .

Like in section II.4.1, the incident electric field can be written:

E im = E 0 exp jω(t)t, (II.57)
However, in this case, the laser pulsation ω(t) = 2πν Fmod (t) is timedependent when the current is modulated.

I ΔI I(mA) 0 t (s) T I 0 + Figure II.14: Modulated driving current, I mod = I 0 (1 + β I t), t < T
The reflected field is shifted in time compared with the incident field, insofar as the wave is travelling during an external cavity round-trip (τ d ) before mixing within the laser cavity.

E r = E r1m + E r2m
(II.58)

E r1m = r 2 E im (II.59) E r2m = (1 -r 2 2 )r 3 E 0 exp ( j c -V A c + V A ω(t -τ d )t + jΦ r2m ) (II.60)
Not only the Doppler effect affects the expression of the electric field reflected on the target E r2m , but also the optical frequency modulation. Φ r2m represents the phase difference due to the travel of the wave through the external cavity:

Φ r2m = ∫ τ d 2 0 ω(t -τ d )dt + ∫ τ d τ d 2 c -V A c + V A ω(t -τ d )dt (II.61) = 2πν F τ d 2 [( 1 - 3β ν τ d 4 ) + c -V A c + V A ( 1 - β ν τ d 4 )] (II.62)
where the first term represents the phase difference due to the forward propagating and the second due to the backward propagating wave.

Leading to the following expression:

r eqm = r 2 [ 1 + (1 -r 2 2 ) r 3 r 2 exp j ( ω M t + Γ M t 2 + Φ r2m ) ]
(II.63)

With

ω M = 2πν F [ -2V A c + V A -β ν τ d c -V A c + V A ] = 2πf mod (II.64) Γ M = 2πν F -2V A c + V A β ν (II.65)
The emission frequency expression under modulation is introduced in Eq. II.56, leading to a new expression of the emitted optical power:

P F (t) = P 0 [ 1 + m cos ( 2πν F [( -2V A c + V A -β ν τ d c -V A c + V A ) t + Γ M t 2 + Φ M ])]
(II.66) The coefficient of t describes the angular frequency of the sensor, whereas the coefficient of t 2 add a time dependency to this frequency shift, leading to Doppler peak broadening. If the modulation function has a time-period short enough so that the broadening induced by Γ M does not affect the frequency peak resolution, the error induced by the term Γ M is neglectable. In this condition, the frequency peak induced by modulation f mod can be approximated by:

f mod = -2ν F V A c+V A -2ν F βν L c+V A = f D + f shift (II.67)
Where f D represents the Doppler frequency as described in Eq. III.5, and f shift represents the additional frequency shift induced by the driving current modulation. f shift is directly proportional to the distance to the target L, and to the modulation coefficient β ν .

The effect of optical feedback on a LD under current modulation is simulated with Matlab using the parameters in Table II By modulating the driving current of a laser diode suffering from optical feedback, it is possible to discriminate without ambiguity the translation direction of a moving target by analyzing the shift of the frequency peak in the FFT spectrum. These theoretical results show good agreement with Gui experimental observations. For a LD under current modulation, the frequency peak shifts also with distance (Eq. II.67). By calculating the difference between f D and f mod , the distance between the target and the laser can be estimated.

A simple illustration of this effect is presented in Fig. II. [START_REF] Effenhauser | Glass chips for high-speed capillary electrophoresis separations with submicrometer plate heights[END_REF], where the fundamental peak shifts towards higher frequencies when the distance between the laser and the target increases. This results have been obtained using the simulation parameters from table II.4.

Our theoretical model corroborates the experimental observations presented by De Groot et al., insofar as the shift of the frequency peak shows a linear relationship with the target distance.

II.5.2 Experimental set-up for velocity direction discrimination

To validate the simulation results, the following experimental setup has been designed (Fig. II.17). It was based on a commercial Lasermate VCSEL (VCT-F85A32-IS-V2) beaming onto a rotating disc. The VCSEL presents a single transverse mode emission at 850 nm. The bias current was 3 mA, leading to an available output power of 1 mW. The device included a monitor photodiode and the VCSEL in the same TO-CAN package.

The LD was driven by a sawtooth-wave signal, with a slope β I controlled by a function generator. The sensitivity of the lasing wavelength against driving current has been measured experimentally to be β ν = -kβ I , where k = 0.0014 (Fig. II.18).

The OFI signal was obtained through photodiode current variations and amplified using a 10 5 V/A transimpedance amplifier. The target was a 10 cm Using the experimental set-up described above, the velocity vector sign was changed by inverting the rotation of the target, while the driving current I mod was modulated by a periodic sawtooth-wave function (frequency 1 kHz, amplitude 93 µA, β ν = -0.043 s -1 ). The target was rotating at 65 rpm, and was at 35 cm from the laser.

The results, plotted in Fig. II. [START_REF] Mrksich | Whitesides. Patterning self-assembled monolayers using microcontact printing: A new technology for biosensors[END_REF], show clearly a shift of the Doppler frequency peak that depends on the velocity vector direction. To corroborate the theoretical model, simulated results are plotted on the same figure, using the same experimental parameters. For an expected Doppler frequency of 171 kHz without modulation (central peak), the frequency peak shifts by 43 kHz when the target turns clockwise and -41 kHz when anticlockwise. One can notice that the asymmetry in the shifts values can be explained as the factor 1 c+V T changes slightly with the sign of the target velocity V T .

Thus, in this configuration, the frequency peak is shifted towards lower frequency when the Doppler frequency without modulation is negative (V A > 0) or higher frequency when the Doppler frequency without modulation is positive (V A < 0).

II.5.2.b Distance estimation

In addition, target distances were experimentally measured from 0.15 m to 0.5 m and OFI spectra were acquired. The target rotated at 65 rpm, and The mean-square error on distance measurement, which is around 4.3 % is not surprising, considering that the parameters β ν and ν F have been determined experimentally, and are source of inaccuracies. Furthermore, additional errors can be attributed to the uncertainty in the evaluation of the distance between the laser and the target, and to the spectral resolution while calculating the frequency peak.

We have demonstrated that coherent ranging may be performed in a simple backscatter-modulated laser diode with a simple signal processing method.

II.5.2.c Influence of the modulation strength

To illustrate the impact of the modulation strength on OFI signal, β ν was set from 0.03 to 0.150 s -1 , the target rotating at constant velocity (65 rpm) Moreover, the LD current can be modulated by a sawtooth waveform with a positive or negative slope, leading to several possible configurations. Consequently, the modulation function slope and amplitude can theoretically be optimized regarding the sensors applications, and therefore provide a very high dynamic usable range.

For example, if the target is rotating slowly, the OFI spectrum exhibits a Doppler peak in low frequency domain. The noise induced by the LD is usually of 1/f α -type [START_REF] Petermann | Laser diode modulation and noise[END_REF], and can overlap between the signal. Consequently, it might be difficult to measure the exact position of the Doppler peak, affecting the sensor accuracy. To counter this problem, the modulation slope and sign can be chosen to shift artificially the Doppler peak towards the higher frequencies, in order to leave the frequency band affected by LD noise. In the opposite case where a target is moving very fast, the Doppler peak might be in the limit of bandwidth allowed by the sensor's surrounding electronics (amplifier, acquisition card). By modulating the current, the frequency peak can be shifted back towards the usable frequency range.

In theory, β ν can be adjusted regarding the experimental configuration, in order to maintain the Doppler peak in the usable frequency range. This technique could enable to measure extreme velocities, and provide reliable measurement when the angle between the laser diode and the target is close to 90 • due to restrictive environment. However, experimentally, a rise of β mod leads to a decrease of the signalto-noise ratio (SNR) as depicted in Fig. II.22. A loss in SNR can induce measurement errors, and in extreme cases, a total loss of the signal. It is required to find a compromise between modulation strength and sensors properties.

III.1 Introduction: Optical feedback interferometry for fluidics applications

Optical Feedback Velocimetry (OFI) have been widely explored for metrological applications on non-cooperative/diffusive (rough surface), retro-reflective (corner-reflector, reflective paper) or reflective (mirror) targets. It has been demonstrated that the strength and shape of the OFI signal is highly dependent on the surface reflectivity and roughness. Particles embedded in a liquid phase can be considered as another group of surface roughness, that differs from the conventional solid target in the following aspects (Fig. III.1):

• The refractive index and reflectivity is not constant in the sensing volume (liquid-solid colloidal suspension)

• The sensing volume is three-dimensional

• The liquid-solid colloid suspension can deposit, aggregate, and deform (i.e the velocity of a liquid can be different from the velocity of particles contained in the liquid)

• The incident beam may interact successively with several particles flowing at different velocities before re-entering the laser cavity

• Small particles can suffer from Brownian motion Therefore, the influence of the particle type, size, and concentration as well as the three-dimensional sensing volume on the OFI signal are studied, in order to develop a complete sensor for a whole range of fluidic applications.

In this chapter, the characteristic of the light reinjected into the laser cavity when beaming onto particles in aqueous phase is studied. Then, a simple model predicting the aspect of OFI signal using our modified compound cavity model developed for solid targets in Chapter II is proposed. An experimental flowmeter is designed, and the choice of each component is justified. Finally, some basic experimental work is performed (i) to verify the good agreement of the model with theory, (ii) to verify the relevance of our design choices and (iii) to characterize the performance of the sensor for various microfluidics applications.

III.2 Light interaction with a single particle

Individual particles have been measured with light for many years. The determination of the scattered light of the particle and the measurement of the amount of light extinction caused by the particle presence have been [START_REF] Hulst | Light scattering by small particles[END_REF] and Bohren [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF].

For fluidic applications, the OFI signal is a combination of the incident light and the collected light backscattered by a particle in the direction of the laser. Considering in a first approximation that particles are perfect spheres, the amount of backscattered light depends on the particle size, on the particle refractive index and on the laser wavelength.

Let consider an ideal spherical particle, illuminated by a laser beam. Its scattering behavior can be characterized by the ratio α p of its radius r p and the laser wavelength λ [START_REF] Bohren | Absorption and scattering of light by small particles[END_REF]:

α p = 2πr p λ (III.1)
Regarding the value of α p , the following scattering behavior may apply:

• α p < 0.3: Rayleigh scattering theory applies to small particles regarding the wavelength. For example, for an OFI set-up where the laser is a VCSEL emitting at 665 nm, the typical particle diameter for Rayleigh scattering is around 30 nm (ink particle: r p ∼ 50 nm, DNA molecule: r p ∼ 2.5 nm, proteins: r p ∼1-100 nm). The intensity of the scattered light increases with the particle size, and varies inversely with the laser's wavelength [START_REF] Hulst | Light scattering by small particles[END_REF] (Fig. III.2) .

• 0.3 < α p < 30: Mie scattering theory apply for particle sizes comparable to the wavelength of light. For example, for our OFI set-up, the typical particle diameter for Mie scattering is around 1 µm (milk particles: 0.1 µm < r p < 3µm, red blood cells: r p ∼ 10 µm, cells: 10 µm < r p < 100µm). The scattered intensity is proportional to the particle radius (Fig.

III.2).

• α p > 30: Geometrical optics → Case of the translating target Traditional Mie and Rayleigh scattering theories are restricted to spherical, homogeneous, isotropic and non-magnetic particles in a non absorbing medium. However, as most of the practical applications do not meet 71 these conditions, there is much interest in advanced scattering theories. Extensions of theses theory for non-spherical particles (ellipsoids, spheroids, cylinders) have been studied by Mishchenko [START_REF] Mishchenko | Light scattering by nonspherical particles: theory, measurements, and applications[END_REF][230][START_REF] Mishchenko | Scattering, absorption, and emission of light by small particles[END_REF]. Scattering by inhomogeneous particles may be computed by volume discrete methods. These theories are also restricted to plane waves, but extension to Gaussian beams have been proposed by Gouesbet [START_REF] Gouesbet | Light scattering from a sphere arbitrarily located in a gaussian beam, using a bromwich formulation[END_REF][START_REF] Gouesbet | Scattering of a gaussian beam by a mie scatter center using a bromwich formalism[END_REF][START_REF] Grehan | Scattering of laser beams by mie scatter centers: numerical results using a localized approximation[END_REF] and Taylor [START_REF] Taylor | Scattering theory. Optical Binding Phenomena: Observations and Mechanisms[END_REF].

III.3 Group of particles: Single scattering behavior III.3.1 Single scattering regime

In most fluidic applications, a single incident beam illuminates a group of particles travelling at different velocities. Single or independent scattering may occur, where the particles are sufficiently far from each other. Thus, the Doppler shift that affects each photon is due to the scattering of only one particle that can be considered as a localized scattering center. In this section, a theoretical model based on our compound cavity model developed for rough targets in Chapter II is applied to OFI flowmetry.

Some theoretical studies have been carried out to determine the maximum volume concentration for single scattering hypothesis validity [START_REF] Mishchenko | Single scattering by a small volume element[END_REF], i.e. that particle suspensions do not show the effects of near-particle interactions. Quirantes et al. demonstrated that single scattering is mostly dependent on the particle size and separation (i.e. concentration). Single scattering is achieved for an interparticle distance equal to four times the particles radii [START_REF] Quirantes | Multiple light scattering by spherical particle systems and its dependence on concentration: a t-matrix study[END_REF].

III.3.2 Single scattering model

To predict the shape of the OFI signal when flow rate is measured, a model of the OFI sensor operating in single scattering regime is presented in Fig. III.3. This model is based on a new expression of the equivalent reflection coefficient r eq , that take into account each particle contribution to OFI signal.

Let consider in a first approximation, a group of i independent particles, defined by their respective velocity V i and reflection coefficient r exti , as depicted in Fig. III.3. r 3i represents the amount of light that is reflected by the particle in the direction of the laser, and can be calculated using Rayleigh or Mie scattering theories. For standard particles embedded in a fluid, we suppose that r 3i ≪ 1, as each particle reflects a very small amount of the incident light, and only a part of it, noted r exti , couples with the incident light in the LD cavity. Thus, the OFI flowmeter operates in very By the same token as the establishment of the expression of r eq in chapter II, the ratio of the reflected electric field E r to the incident electric field E i on the equivalent interface I eq is calculated:

E i = E 0 exp jωt (III.2) E r = r 2 E i + (1 -r 2 2 ) ∑ i r exti E 0 exp ( j c -V i c + V i ωt + jΦ r2i ) (III.3) With Φ r2i = 2πν F ( 1 + c-V i c+V i ) τ d 2
Leading to the complex expression of r eq :

r eq = E r1 + (1 -r 2 2 ) ∑ i r exti E 0 exp ( j c-V i c+V i ωt + jΦ r2i ) E i = r 2 [ 1 + (1 -r 2 2 ) ∑ i r exti r 2 exp j (ω i t + Φ i ) ] (III.4) With ω i = 2πν F -2V i c + V i (III.5) Φ i = 2πν F ( 1 + c -V i c + V i ) τ d 2 (III.6)
The complex expression of (III.4) is developed to identify the modulus and argument of r eq , that will be reintroduced in the OFI compound cavity model. To simplify the mathematics development, let

(1-r 2 2 )
r 2 r exti be ζ i .

∥r eq ∥ = √ Re(eq) 2 + Im(eq) 2 = r 2 ( 1 + ∑ i ζ i cos(ω i t + Φ i ) ) 2 + ( ∑ i ζ i sin(ω i t + Φ i ) ) 2 = r 2 1 + 2 ∑ i ζ i cos(ω i t + Φ i ) + ( ∑ i ζ i cos(ω i t + Φ i ) ) 2 (III.7) + ( ∑ i ζ i sin(ω i t + Φ i ) ) 2 (III.8)
Knowing that (

∑ i x i ) 2 = ( ∑ i x i ) ( ∑ j x j ) = ∑ i x 2 i + 2
∑ i<j x i x j and using trigonometric formula, ∥r eq ∥ becomes:

∥r eq ∥ = r 2 √ 1 + 2 ∑ i ζ i cos(ω i t + Φ i ) + ∑ i ζ 2 i + 2 ∑ i<j ζ i ζ j cos((ω i -ω j )t + Φ i -Φ j ) (III.9)
Assuming that the sensing volume is small and the velocity of the different particles are close enough to write ω i ∼ ω j and Φ i ∼ Φ j , yieldings:

∥r eq ∥ ∼ r 2 √ 1 + 2 ∑ i ζ i cos(ω i t + Φ i ) + ∑ i ζ 2 i (III.10)

Knowing that ζ 2

i << 1, we can write:

∥r eq ∥ ∼ r 2 √ 1 + 2 ∑ i ζ i cos(ω i t + Φ i ) (III.11)
With the same development, the expression of Φ eq is established:

Φ eq = arctan ( Im(r eq ) Re(r eq ) ) ∼ ∑ i ζ i sin(ω i t + Φ i ) (III.12)
We deduce the emission frequency of the LD under feedback ν F in function with the optical emission frequency in the free running state ν 0 , including the Doppler effect induced by particles:

ν F = ν 0 - ∑ i C i 2πτ d sin (ω i t + Φ i + arctan α) (III.13)
Yielding to the following changes in the expression of the LD optical output power under feedback P F in function with the optical output power in free running state P 0 :

P F = P 0 [1 + ∑ i m i cos (ω i t + Φ i )] (III.14)
Where C i and m i are respectively the OFI coefficient and modulation index calculated from each contribution. In frequency domain, the OFI signal exhibits a range of Doppler frequencies F Di = ω i /2π, which magnitude is determined by m i . The single scattering model is succinctly described as follows:

(A) Optical system The laser wavelength, the incident Gaussian beam parameters and the magnification system are defined in this block.

The theoretical sensing volume is specified, and can be coupled with the flow parameters to specify the part of the flow that is illuminated.

(B) Flow parameters The geometry and size of the channel is described, so that the theoretical velocity distribution can be calculated.

(C) Particles Before being introduced in the OFI system, each particle is described by its reflection coefficient (R particles ), its velocity (V i ) and its illumination (i.e. if it is located in the center of the Gaussian beam, or near the edge). The size, concentration and position of the particles determine the number of contributions that will be summed to contribute to the OFI signal.

(D) OFI equations The solver calculates the change in frequency ν F and in optical power P F for a laser diode beaming onto a flowchannel, giving rise to the theoretical time-domain OFI signal.

(E) Signal processing A FFT is performed on the time-domain signal, providing a frequency distribution, that is fitted with a Gaussian function.

III.3.3 Model application: a Newtonian liquid flowing through a pipe in the laminar regime

As a model application, the simple case of a Newtonian liquid flowing through a circular flowchannel is considered. For a laminar flow, the velocity profile in a circular channel is parabolic, with the velocity increasing from zero at the wall (no slip boundary condition) to a maximum value at the center. The velocity distribution is plotted in Fig. III.5 and follows the Hagen-Poiseuille law [START_REF] Washburn | The dynamics of capillary flow[END_REF]:

V (r) = V max ( 1 - r 2 R 2 ) (III.15)
Where V max is the velocity in the center of the channel, R the radius of the flowchannel, and r is the radial position. In the center of the channel, r=0, whereas r=R at the channel's walls. The parameters described in Table III.1 have been used to calculate the theoretical OFI signal in frequency domain. The LD spot diameter has been set to 50 µm, and its intensity follows a Gaussian distribution centered on the center of the flowchannel. With this configuration, we simulate how the maximum velocity of the flow profile can be measured. The program has been run for several values of V max : [1, 3, 5, 7] mm/s. Thus, the corresponding theoretical Doppler frequencies values are respectively [1, 3.1, 5.2, 7.2] kHz, and can be calculated using:

f D = 2V max ncos(θ) λ (III.16)
Where n is the refractive index of the surrounded liquid, θ the angle between the laser and the flow direction and λ the laser wavelength.

The results are presented in Fig. III.6. It can be observed that the frequency spectrum exhibits a Gaussian peak, which center position f D is proportional to V max . In addition, the calculated frequencies match exactly the theoretical values.

III.3.4 Influence of the spot size on the OFI spectrum

A simulation was performed for several spot radii, based on the simulation parameters described in Table III.1. The spot radius varies between 50 µm and 500 µm. The particles are supposed to be identical, so that they have the same size and refractive index. The simulation principle is illustrated in The OFI signal in OFI flowmetry does not always exhibit a Gaussian shape. The OFI spectrum can be seen as a frequency distribution, which is directly related to the velocity distribution of the particles in the sensing volume, and to the illumination function of the incident beam. As long as the sensing volume is small compare to the flowchannel section, the signal shape is Gaussian, and the information is extracted by fitting the Doppler peak with a Gaussian function. When the sensing volume size becomes significant compare to the size of the flowchannel, a well-defined peak cannot be recognized in the spectrum, and the OFI signal exhibits a flat profile, as depicted in 

III.4 OFI experimental set-up

To investigate the effects which has been observed theoretically, we designed a complete OFI sensor dedicated to microfluidic applications. As a second step, we reproduce experimentally the experimental configuration simulated using the coumpound cavity model for OFI flowmetry.

III.4.1 Theoretical sensing volume in OFI flowmetry

The most important experimental parameter in OFI flowmetry is the sensing volume, that determine the properties of the measured signal, and consequently the precision of the sensor. Before choosing the set-up components, it is necessary to define the notion of sensing volume in OFI flowmetry, and to identify the parameter that have an influence on it. The output beam of a laser, when travelling in free space (or a homogeneous medium) is almost pure TEM (transverse electric and magnetic), and can be approximated as a Gaussian beam [START_REF] Verdeyen | Laser electronics[END_REF]. At all cross sections along the laser beam, the light intensity has a Gaussian distribution, and the width of the beam 2W (z) is usually defined by the edge-intensity being 1/e 2 = 13% of the center intensity.

We consider a Gaussian beam travelling along the z axis, that coincides with its axis of symmetry as depicted in Fig. III.8. Laser beam propagation can be described using:

W (z) = W 0 √ 1 + ( z -Z 0 Z R ) 2
(III.17)

with

Z R = πW 2 0 λ (III.18)
Where W (z) is the beam radius, that will be at a minimum value W 0 at one place along the beam axis, named the beam waist. Z 0 is the location of the beam waist, Z R the Rayleigh length, and λ the laser wavelength.

At a distance from the waist equal to the Rayleigh length Z R , the width W (z) of the beam is:

W (±Z R ) = W 0 √ 2 (III.19)
The distance b between these two points is called the depth of focus of the beam, and is equal to 2Z R .

The Gaussian beam can be fully characterized by measuring the waist or the divergence of the beam θ D that is given by: The geometry and behavior of the laser beam are governed by this set of simple of beam parameters, which are employed to make the boundaries of the theoretical OFI three-dimensional sensing volume.

III.4.2 Estimation of the OFI sensing volume

To estimate the theoretical position and size of the sensing volume, the whole optical sensor has been modelled using the ray transfer matrix analysis for Gaussian beam [START_REF] Verdeyen | Laser electronics[END_REF]. Each optical part is described by a transfer matrix, and tracing the propagation of the Gaussian beam through the optical system can be performed by multiplying this matrix with a vector representing the incident beam. The LD beam is assumed to be a perfect Gaussian beam, and the thin lens approximation to be valid. (See Appendix C).

In OFI systems the illumination and collection beams spatially overlap. Assuming that the laser operates in the fundamental Gaussian mode, the measurement volume centered around the beam focus, can be defined in the first approximation as the volume within which the optical intensity has a magnitude higher than 1/e 2 of the intensity peak value [START_REF] Albrecht | Laser Doppler and Phase Doppler Measurement Techniques[END_REF]. This theoretical sensing volume is depicted in Fig. IV.4.3, and is hourglass shaped. The radius varies from W 0 (thinnest section) to √ (2)W 0 (largest section).

In theory, only the particles travelling in this sensing volume should contribute to the OFI signal. However, in real experimental conditions, several parameters affect the definition of the measurement volume.

First, the propagation of the light beam through non-planar interfaces such as air/PDMS or PDMS/liquid interfaces leads to distortion and diffraction. Furthermore, the propagation through the liquid attenuates the light beam. Consequently, the particles situated before the beam waist are more detected than the one situated after it, deeper in the liquid. In summary, the previous definition of the measurement volume is valid if at any point of the defined volume, the quantity of backscattered light reinjected in the laser is sufficient enough to be detected. If this condition is not matched, the measurement volume is a volume included in the theoretical volume and centered at Z 0 .

To conclude, the measurement volume definition depends on the noise induced by the sensor, the optical link budget, and the density and reflectivity of the particles. Throughout this chapter it is understood that the calculated measurement volume is only an estimate of the effective detection volume.

III.4.3 Light source

III.4.3.a Choice of a LD: Vertical-cavity surface-emitting laser (VCSEL)

The LD employed for OFI flowmetry requires a good sensitivity, a small beam divergence, a high integration density and a low cost. Furthermore, for possible medical applications, low power and appropriated skin penetration depth are also important parameters. Wavelength between 600 nm and 900 nm can be employed for subcutaneous blood flow sensing [240].

The VCSEL, as per its structure, has a smaller cavity length which can support only longitudinal mode of operation. The small volume of the active region also leads to lower threshold current, which reduces the electrical requirements of the driving electronics. Another advantage of VCSELs is the ability to fabricate a circularly symmetric semiconductor structure. Edge-emitting lasers typically emit light through a non-symmetrical aperture which leads to an elliptical and strongly divergent laser beam. This is a major disadvantage when attempting to couple light into optical fibers or with free-space optics, since these components have round mode profiles and a large amount of power can be lost. The semiconductor structure of a VCSEL naturally lends itself to a circularly symmetric beam shape with very low astigmatism, and as the OFI signal is highly dependent on the sensing volume, circular and narrow laser beams are of great interest for microfluidics applications. Furthermore, light emission is perpendicular to the semi-conductor wafer surface, allowing the device to be directly tested on the wafer. This leads to a low-cost manufacturing method, unlike the edge emitting lasers that need to be extracted from the wafer and packaged before testing. Also, the direction of the light emission allows designing VCSEL arrays which are attractive solutions for low-cost OFI flowmeters that can be integrated into parallel arrays, to acquire a whole map of velocities in one measurement [START_REF] Lim | Selfmixing flow sensor using a monolithic vcsel array with parallel readout[END_REF]. The beam waist output has been measured to be 12.2 µm using a beamprofiler (Fig. III.4.3.b). This laser was found to have a single transverse mode emission for current below 2 mA, where its sensitivity to optical feedback is higher and where its spatial resolution is expected to be better. This laser has been chosen because it was found to exhibit good optical feedback sensitivity and stability with respect to other VCSEL tested. In all experiments the VCSEL was operated at a constant current of 1.8 mA to avoid multimode behaviour.

III.4.3.b Light source characterization

Although this particular VCSEL provided better results for our specific set-up, other VCSELs can be employed for OFI flowmetry, in order to investigate other wavelengths and beam waist sizes.

III.4.4 Laser junction voltage vs acquisition through monitoring photodiode

In OFI configuration, it is possible to acquire the signal in two different ways. Most of the OFI sensing systems employ a photodiode (PD) to monitor the self-mixing effect that occurs within the LD. This sensing technique is predominantly used due to its robustness and reliability in single channel sensing systems (Fig. III.12).

However, using directly the change in laser diode junction voltage provides some advantages including reduction in manufacturing and component cost due to absence of the PD in the laser package. On the other hand, the Table III.2: Lens characteristics supplied by Thorlabs SNR associated with the voltage detection scheme is smaller than that of the PD scheme. It implies that the maximum speed that can be measured with voltage detection will be less than the photodiode. However, the bandwidth of the photodiode is generally limited as it is generally used for average power monitoring, which suggests that the voltage detection system will be able to measure greater flow rates for a well designed optical system.

III.4.5 Set-up description

The proposed OFI flowmeter prototype is described in Fig. III.13 and can be succintely described as follow:

The light beam emitted by the LD is guided through an optical system in the flowchannel. The optical system can consist in zero, one or two lenses, depending on the applications (rapid scan of large areas, precise velocity profiles in microchannels...), and set the size and shape of the sensing volume. The lenses employed ifor our optical systems have been chosen among those presented in Table III.2. To monitor the position of the sensing volume in the channel, the sensor head (LD and optical system) is mounted on a goniometer, itself fixed on a 3-D motorized linear stage. Using Labview, the position of the sensor head, (i.e. the sensing volume) can be set in three dimensions, with a resolution of 0.4 µm. The light is then refracted by the seedings embedded in the liquid flowing in the flowchannel, and a small portion reenters the LD's cavity. The LD's junction voltage, which is disturbed by the parasitic light, is then acquired, amplified and fed into an analog-digital converter. This OFI signal is finally acquired in Labview, and can be analyzed using various signal processing methods by the user.

In this setup, some components are common to all experiments (circuitry, data acquisition cards etc...) whereas some elements depend on the experiments (flowchannel, liquid and seeding, flow control system, laser diode, optical system...). Table III.3 summarizes all the components constituting the OFI sensor. Throughout this thesis, it is understood that if an experimental parameter is not described at the beginning of an experiment, the generic component have been employed. The circuitry has been designed and built by YL Lim and R. Kliese from UQ, see [START_REF] Yah | Self-mixing sensors based on monolithic VCSEL arrays: A new approach to imaging[END_REF] for further details 

III.5 Macrochannel in single scattering regime

In OFI flowmetry, a flowchannel is considered as macro when it is large enough, so that the estimated sensing volume is at least 10 times smaller than the flowchannel typical size. For such channels, and for a liquid where the particle concentration is low enough that multiple scattering can be ignored, a peak appears in the frequency spectrum corresponding to the mean Doppler frequency of the moving particles within the sensing volume.

The position of this Doppler peak is linked to the velocity using:

f Doppler = 2nV flow cos(θ) λ (III.21)
where θ is the angle the target velocity vector makes with respect to the propagation axis of the laser beam, λ is the laser wavelength in free-space and n the refractive index of the surrounding medium.

III.5.1 Impact of flow rate

Velocity measurement were performed using a microfluidic channel with circular cross-section of inner diameter 320 µm, fabricated using Polydimethylsiloxane (PDMS) with the refractive index of 1.4 (Appendix D).

This circular flowchannel was filled with a liquid that guarantee single scattering regime (2 % of milk, 98 % of water). The flow rate Q was controlled using a syringe pump (HARVARD apparatus PHD 2000 Infusion). The laser was angled at 80 • with respect to the flow direction. The refractive index of the liquid under test is 1.33. The laser bias current was of 1.8 mA. A dual lens system was employed, (lens 1: C260 and lens 2: C240 see Table III.2), and the estimated sensing volume has been calculated to be 7.16•10 5 µm 3 (Table III.4)

The laser beam focus was moved to the middle of the channel and the position was then further adjusted to where the OFI signal exhibited the highest frequency (Fig. III.15), so that the measured velocity V flow is actually V max that is linked to the flow rate (controlled by the syinge pump) through Poiseuille's law (V max = 2Q S ). Doppler spectra were recorded at different fluid flow rates Q from 0 to 50 µL.min -1 . As shown in Fig. III.5.1, the Doppler spectrum shifts and widens with the flow rate. In addition, the peak exhibits a well defined Gaussian shape.

III.5.2 Signal processing

To calculate accurately the measured velocity V max , the average Doppler frequency within the sensing volume was extracted from the OFI signal spectrum using the following fitting function:

af -b + c + d exp -(f -f peak ) 2 h (III.22)
where a, b and c are the fitting parameters depending only on the experimental set-up. Thus, a and b in the first term are the parameters used for fitting the Flicker noise, and parameter c in the second term is used for fitting the broadband noise in the spectrum. In the last term of the fitting function, d corresponds to the strength of the Doppler peak. The parameter h is related to the FWHM of the peak, knowing that FWHM≈2.354h. The parameters d, h and f peak depend on the electro-optical system design, as well as on the reflectivity and the number density of particles, the fluid velocity, and the velocity distribution within the detection volume. The parameter f peak represents the fluid velocity at the measurement point.

The frequency of the Doppler peak as a function of V max is shown in The angle between the flow direction and the optical beam can be estimated from the slope of this curve using Eq III. [START_REF] Jo | Threedimensional micro-channel fabrication in polydimethylsiloxane (pdms) elastomer[END_REF], and has been calculated to be 80.25 • . The behavior of the sensor concords with the model described in Section III.3

III.5.2.a Error measurement and repeatability in single scattering regime

The purpose of the OFI sensor is to provide reliable measurements. Therefore, we investigated the performance of the sensor in the following configurations: • Accuracy: The theoretical and measured velocities are compared for several flow rates.

• Reliability: 8 consecutive OFI signals were acquired at a constant flow rate, and the calculated velocities are compared.

The OFI flowmeter operated under the same conditions as in Subsection III.5.1, described in Table III. [START_REF] Devasenathipathy | Particle imaging techniques for microfabricated fluidic systems[END_REF].

Accuracy:

The difference between the experimental and the theoretical velocities is plotted in Fig. III.17. The relative error for each measurement point was less than 2 %. The highest error is observed for high pumping rates (Q > 60 µL/min), and can be explained by difficulties in identifying the position of the Doppler peak's maximum. For theses pumping rate, the spectrum widens and its amplitude decreases, affecting the signal-to-noise ratio. Therefore, a small perturbation due to noise in the Gaussian's shape can lead to wrong fitting parameters.

Repeatability:

To estimate the repeatability of the measurement, the standard deviation over 8 consecutive scans was calculated for each measurement point. The results are displayed in Fig. III.18. In addition to the increase of the error observed in the previous paragraph, the sensor shows a compromised repeatability for high flow rates. The discrepancy observed at high particle velocities can be also explained by difficulties in extracting the Gaussian peak from the broadband noise. Notwithstanding the two last points (with a discrepancy of 3.1 % and 4.2%), the relative error for each measurement point was less than 2.5 %.

III.5.3 Limits

On its current implementation, the OFI sensor for fluidics applications is efficient in a certain range of velocities.

III.5.3.a Lower limit

The measurement of low velocities is mostly limited by the low-frequency noise induced by the laser diode. The lowest Doppler peak that could be extracted from the noise curve was located near 100 Hz. For a laser emitting at 667 nm, an aqueous liquid phase (n=1. [START_REF] Niu | Real-time detection, control, and sorting of microfluidic droplets[END_REF], and an angle between the laser and the flow direction θ of 70 • , the minimum measured velocity would be 70 µm/s, according to Eq. (III.21). Using a high θ will reduce this limit, but at the same time the SNR, as less light is reflected for large angles (Mie theory). Kliese et al. [START_REF] Kliese | Gan laser self-mixing velocimeter for measuring slow flows[END_REF] proposed to use a blue laser (λ = 405 nm) to measure velocities below 30 µm/s. The LD injection current can also be 

III.5.3.b Upper limit

The measurement of high velocities is limited by the amplifier bandwidth (600 kHz). For a laser emitting at 667 nm, an aqueous liquid phase (n=1. [START_REF] Niu | Real-time detection, control, and sorting of microfluidic droplets[END_REF], and an angle between the laser and the flow direction θ of 85 • , the maximum theoretical velocity would be 1.7 m/s. In experimental conditions, velocities up to 0.8 m/s can be accurately measured.

III.5.3.c Velocity resolution

The velocity resolution is limited by the width of the Doppler spectrum that should be narrow enough so that two Doppler peaks can be discriminated one from another. Consequently, the resolution strongly depends on the measured velocity, the size of the channel with respect to the measurement volume, and the efficiency of the optical set-up to provide a narrow and circular beam. In single scattering regime and under the experimental configuration described in Subsection III.5.1, we could differentiated two velocities with a precision of 0. 

III.6 Sensing volume effect III.6.1 Dual-lens optical set-up

For microfluidics applications, the sensing volume requires to be precisely controlled. It has been observed that a narrow Gaussian-shaped sensing volume provides good results for local velocity measurement.

The OFI flowmeter described in Fig. III.4.5 is built in such a way that the optical set-up is easily interchangeable. Changing the optical system leads to two effects:

• The sensing volume size changes. Consequently, the widening of the Doppler peak observed for some configuration can be due to the sampling of broader velocity distributions.

• Increasing the numerical aperture (NA) or decreasing the focal length (f c ) of the second length allows it to capture more light, affecting also the shape of the Doppler peak. The F-number concept puts these two together to allow a quick comparison of optics, and is defined by F = f c /NA for parallax approximation.

To decorrelate these two effects, we measured the velocity distribution in a large flowchannel (detailed in Section IV.2). Knowing that the three optical set-ups tested provide sensing volume on the order of tens of micrometer, and that the smallest dimension of the flowchannel is 3 cm, it can be assumed that the variation of velocity sampled by the sensing volume can be considered neglectable.

To investigate the influence of the numerical aperture and the focal length of the optical set-up on OFI signal, several lenses described in Table III.2 were mounted in dual-lens configuration. In this configuration, the first lens is close to the LD output facet, whereas the second lens is the one that focus the laser beam into the fluid. OFI signals were acquired for various second lenses (C240, f c =8 mm, C230, f c =4.51 mm and C260, f c =15.29 mm), the first lens was a C240. Theother experimental conditions are those described in section IV.2.

We acquired the OFI spectrum at a constant flow rate (Q=20 µL/min) for every optical configuration, and the results are presented in Fig. III.20. It can be observed that the magnitude of the Doppler peak, as well as the FWHM vary with the optical configuration. This can be explained by the fact that a small F-number collects more light than a large one. Assuming that the spectral width of the distribution about the Doppler peak is dependent on the range of angles that are coupled into the laser or the equivalent F-number of the optical set-up, it can be deduced that a lower F-number leads to a narrower Doppler frequency distribution and a higher SNR. However, this investigation requieres further study with dedicated experimental set-up.

Despite our efforts, this experimental protocol led to several difficulties. The laser beam had to be focused at the same location for every optical configuration, in order to sample the same velocity distributions, and the experimental conditions have to be consistent throughout the entire measurement session. To minimize the effect of a change in the velocity value on the OFI spectrum's shape, the sensing volume position was adjusted in the center of the flowchannel (highest velocity) by scanning the flowchannel two dimensions, until the Doppler peak was located at the highest frequency.

III.6.2 Single-lens optical set-up

In microfluidics applications, the flowchannel typical size can reach the micrometer range, leading to a sensing volume larger than the flowchannel itself. The same phenomenon can be observed when the optical system enlarges the sensing volume (single lens or lensless configuration). In such case, the whole range of velocities distributed in the channel is measured. The single-lens sensing scheme can be really interesting though, as it reduces drastically the cost and the complexity of the sensor.

For that purpose, smaller squared flowchannels 100 x100 µm have been manufactured in PDMS (See Appendix D), and have been filled with milk diluted in water (2 %). The other parameters are described in Table III 2 is a plot of Doppler spectra recorded for flow rates Q varying from 0 to 10 µL.min -1 . The Gaussian peak presented in the previous paragraph cannot be recognized any more, and the fitting function described in Eq. (III.22) cannot be implemented. The signal shape is crenel-like, because all velocities from 0 (wall velocity) to V max are represented in the frequency spectrum.

However, it can be observed that the maximum frequency of the spectrum is directly proportional to the flow rate of the liquid in the tube. Also, the signal level decreases when the flow rate of the liquid increases. This is due to the fact that the same amount of light is coupled into the laser for different flow rates, the OFI signal being distributed over a wide frequency range.

In such case, the Doppler frequency within the sensing volume is extracted from the OFI signal spectrum using the following fitting function (Fig. III.22):

af -b + c + d exp( f -e g + 1) (III.23)
where a, b and c are the fitting parameters depending only on the experimental set-up. Thus, a and b in the first term are the parameters used for fitting the Flicker noise, and parameter c in the second term is used for fitting the broadband noise in the spectrum. In the last term of the fitting function, d corresponds to the horizontal straight line magnitude, the decreasing slope of the OFI spectrum being represented by e/g. The cut-off frequency, which is the frequency associated with the magnitude 3 dB lower 100 To recover a linear relationship between the flow rate Q and the OFI signal, the average Doppler frequency within the sensing volume was extracted from the OFI signal spectrum using Eq. (III.23), and the 3 dB cut-off frequency was calculated (Fig. III.6.2). The standard deviation over 6 measurements has been calculated, and was found lower than 8 %. As a matter of fact, the measurement session was less repeatable than in dual-lens configuration, as the fitting function may not be appropriated enough to the signal shape. A small perturbation in the signal's shape can lead to wrong fitting. Nevertheless, performing a calibration of the sensor and averaging numerous measurements can reduces this error. Although this configuration is not optimum for microfluidics applications, it enables to evaluate quickly velocities changes.

III.7 Effect of particle density III.7.1 Lower particles density reached

A great advantage of OFI over other sensing techniques may lie in its extreme sensitivity, as a very small amount of particles travelling in the sensing volume generates a detectable signal. For the OFI configuration described in Table III.5.1, we could acquire a measurable signal for a milk particle concentration of 0.2 %. Knowing that milk contains approximately 130 g/L of fat particles, the minimum detected particle density for this size of particle, and for our specific set-up, is 26 g/L. The OFI spectrum for such a small quantity of particle is depicted in Fig. III.23. This limit depends on the particle refractive index and cross section, and on the noise induced by the circuitry and the LD. Although no further investigation has been performed, and that these results are applicable to a specific configuration, it paves the way for the design of dedicated sensor to detect very small amount of particles in aqueous phase. As a matter of fact, sensitive and rapid detection of small particles in a fluid flow is needed for many applications, such as the production of pharmaceuticals and semiconductor equipment, conservation of water quality, and marine science.

III.7.2 Effect of an increase of particles density

As demonstrated theoretically in section III.2, the density, the size and the particle refractive index contribute to the magnitude of the Doppler peak. We measured the OFI signal in single scattering regime for various concentration of milk particles diluted in water, flowing at a constant flow rate (Q=40 µL/min). The results are plotted in Fig. III.24. It can be observed that the signal increases with the particles concentration, as more light is backscattered, and therefore reinject in the LD cavity. Based on this result, one can think that fluids with a higher particle density will benefit of a much better accuracy and reliability due to the higher SNR. However, with particle concentration increase the OFI spectrum changes drastically because of the presence of isolated multiple scattering events, thus affecting the signal For microfluidics applications, we employed particle concentration between 1% and 10% to guarantee single scattering regime and sufficient OFI efficiency.

III.7.3 Extraction of the flow rate with high particle density fluids

When the density of scatterers is high, the probability that a photon will be scattered multiple times is high and the regime is called "multiple scattering". The signal in pure multiple scattering regime can be easily identified. The spectrum does not show a single frequency peak but a monotically decreasing frequency distribution because each photon interacts with several particles, thus undergoing several Doppler shift [START_REF] Zakian | Particle sizing and flow measurement using self-mixing interferometry with a laser diode[END_REF][START_REF] Norgia | Optical flowmeter for blood extracorporeal circulators[END_REF]. In addition, when the particle density is high, the light is quickly absorbed while travelling in the liquid. Consequently, as light penetrates more deeply into a liquid, the amount of scattered light returning to the laser will decrease, and the frequency contribution coming from deep areas will be attenuated. Despite the fact that Monte Carlo methods [START_REF] De Mul | ;tissue blood perfusion models;optical sample volume dimensions;heterodyne scattering;homodyne scattering;laser penetration angle[END_REF][START_REF] Graaff | Condensed monte carlo simulations for the description of light transport[END_REF][START_REF] Hw Jentink | Monte carlo simulations of laser doppler blood flow measurements in tissue[END_REF] or analytical models [START_REF] Twersky | Absorption and multiple scattering by biological suspensions[END_REF][START_REF] Twersky | Multiple scattering of waves and optical phenomena[END_REF][START_REF] Bonner | Principles of laser-doppler flowmetry[END_REF] have been developed to describe scattering by multiple particles for LDV, this phenomenon remains complex in OFI flowmetry.

Based on the analysis of Bonner and Nossal [START_REF] Bonner | Principles of laser-doppler flowmetry[END_REF] for the traditional LDV applied to multiple scattering in liquids, the following problems may be encountered in OFI applied to turbid liquids:

• The location and number of scattering events is unknown • Only a very small portion of the light incident will penetrate very deeply and return to the surface, the sensing information is mostly the surface velocity.

• The idea of Gaussian beam, laser spot and focus are not valid any more. Therefore, the spot size and position cannot be monitored as easily as for single scattering regime.

• The scattering angles and the average path length in the liquid are unknown.

• The OFI spectrum for multiple scattering represents a statistic distribution of what happen in the unknown sensing volume, thus there is no analytical formula that link one parameter of the spectrum to the average velocity in the spectrum. Table III.6: Parameters used for OFI measurement in multiple scattering regime Multiple scattering regime signal processing is not straightforward. For in-vitro microfluidics applications, single scattering regime can be guaranteed by controlling the seeding concentration. However, for most in vivo applications, the density of particles is high enough so that multiple scattering cannot be ignored any more. For further informations, signal processing in multiple scattering regime has been studied by several research groups [START_REF] Mh Koelink | Fiber-coupled self-mixing diode-laser doppler velocimeter: technical aspects and flow velocity profile disturbances in water and blood flows[END_REF][START_REF] Zakian | Particle sizing and flow measurement using self-mixing interferometry with a laser diode[END_REF][START_REF] Norgia | Optical flowmeter for blood extracorporeal circulators[END_REF][START_REF] De Mul | ;tissue blood perfusion models;optical sample volume dimensions;heterodyne scattering;homodyne scattering;laser penetration angle[END_REF].

III.7.3.a Experimental arrangement for multiple scattering regime

OFI signals in multiple scattering regime were acquired using the experimental set-up described in Section III.3, under the conditions described in Table III.6. To obtain multiple scattering behaviour, the flowchannel was filled with non-diluted milk (Regilait). As for single scattering regime, the signal was sampled at the center of the circular flowchannel, where the local velocity is supposed to be maximal. The position of the laser beam focus and angle θ were adjusted to maximize the SNR and minimize the specular reflection of the tube wall. Doppler spectra were recorded at different fluid flow rates Q from 0 to 90 µL.min -1 and are plotted in Fig III .26.

We proposed here three methods to extract a relationship between the OFI spectrum and the flow rate Q, imposed by the syringe pump.

III.7.3.b Method 1: Broadening of the OFI spectrum

The first signal processing method to be implemented is a numerical estimation of the half-width half-maximum (HWHM) of the semi-log OFI spectrum.

The power spectrum was fitted using the following function F 1 :

F 1 (f ) = af -b + c + d 1 + f 2 f 2 0 (III.24)
Where a,b and c are the parameters described in Eq. (III.22), and the frequency constant of the fitted curve, f 0 , is used to quantify the broadening of the spectra. An example of fitting using this method is presented in The distribution broadens as the flow increases and can be well described by F 1 with a semi-logarithmic scale. The parameter f 0 varies proportionately with the flow rate. The standard deviation over 6 consecutive measurements has been calculated to be 8.7%.

Nevertheless, this algorithm shows two major drawbacks: First, it requires a complex elaboration for the computation of the regression curve, which could be difficult to be implemented in a low-cost embedded system. Moreover, this method is too sensitive to small fluctuations and noise in the low-frequency range, where the signal amplitude is maximal; a signal fluctuation in this spectral region can induce a strong error in the automatic regression curve estimation. However, this method shows a very good linear relationship between the pumping rate and the parameter f 0 . 

III.7.3.c Method 2: Statistical moments

The measured Doppler spectrum can also be considered as a probability density function of the velocity distribution for the particles suspended in the fluid. Bonner and Nossal [START_REF] Bonner | Principles of laser-doppler flowmetry[END_REF] proved that the first weighted moment of the spectral power density S(f) is linearly proportional to the average velocity of all moving particles in the optical sample volume.

f = ∫ ∞ -∞ f S(f )df ∫ ∞ -∞ S(f )df (III.25)
The numerator which is the first unweighed moment of the spectral power density is assumed to be proportional to the flow in the optical sample volume. The denominator is proportional to the total amount of Dopplershifted light. This method has then been applied to the spectra from Fig. III.26, and the estimated parameter f is plotted as a function of Q in Fig. III.28. For low velocities, f varies linearly with the pumping rate, but the proportionality is lost for higher pumping rate. This can be due to the presence of electronic noise in higher frequency that may interfere with the OFI spectrum at high flow rate. Furthermore, over 6 consecutives measurement, the average standard deviation have be calculated to 11.2%, that is much higher than for single scattering regime. This algorithm is simpler and very rapid compared to the fitting method, because it requires only two sums on the previously calculated FFT spectrum. The power spectrum, however, does not represent exactly the veloc-ity distribution of the particles, because the contribution of each particle is weighted by the level of its back-injected optical power. Furthermore, the noise fluctuations induced by the electronics lead to wrong calculations. To get rid of this problem, a simple solution consists in proceed in two steps. First, the OFI spectrum is fitted using Eq. (III.24), then Eq. (III.25) is applied. Although this solution is time and memory consuming, proceeding in two steps minimize the inaccuracies due to noise fluctuations, and provides a better accuracy than the method 2 used on its own.

III.7.3.d Method 3

An alternative signal processing method is based on the hypothesis that frequency contributions can provide from two scattering processes: a pseudo first order backscattering process, where incident photons have been backscattered a single time from the focus point area, and a multiple scattering process, where photons have been scattered from multiple particles. To increase the channel size or the particle density will increase the influence of the second process. However, in microfluifidics, one can assume that the probability of the first process to occur is high enough, so that it possible to calculated a pseudo-single-scattering Doppler frequency that can be linked to the flow rate.

A noise spectrum is first acquired by focusing the sensor on the channel filled with static milk particles. Then, the liquid is pumped and OFI spectra are acquired under the conditions described in Table III.6. The noise power spectrum is subtracted to the OFI spectra, and the resulting curve is fitted using a log-normal distribution:

F 2 (f ) = 1 √ (2π)σf exp(-( log(f -µ) 2 2σ 2 )) (III.26)
Where µ and σ are respectively the mean and standard deviation of the signal.

In addition, the following fitting function can also be employed:

F 3 (f ) = a √ f -c exp(-b(f -c)) (III.27)
Where a, b and c are parameters adjusted to minimize the error between the OFI signal and the fitting function F 3 , using a least-mean square algorithm. An example of fit using this method is presented in Fig. III.7.3.d. The frequency of the signal's maximum is recorded, and used to describe the evolution of the OFI signal with the flow rate. This maximum position, noted f pseudo , represents the most represented frequency contribution, and depends on the focus point (i.e. the point where the laser intensity is maximum) coupled with the scattering event occurring the most often. In microfluidics, we shows an increasing trend with respect to Q. In addition, over 6 scans, the average standard deviation is 10.1%. The flow dependence of the parameter f pseudo seems to corroborate the idea that this parameter can be used to describe multiple scattering signals in microchannels. The advantages of the pseudo-single-scattering signal processing method is that there is no influence of the electronic and optic noise, as the noise spectrum is subtracted in a first step. The fitting is less time-consuming and relatively robust (i.e. less affected by intensity fluctuations) than the first method. However, this method may not be accurate for large channels, or in strongly scattering tissues.

III.7.3.e Signal processing comparison

Table III.7 compares in a glance the three signal processing methods for multiple scattering flows presented in this section. Obviously, the choice of a signal processing method is specific to the application of the sensor. For rapid tracking of flow changes, as for example blood flow rate monitoring, we may want to use the second method, based on changes in the first weighted moment of the spectral power density. This method provides almost real time quantitative measurement, and does not require any fitting algorithm. Therefore, it can be easily embedded in a small chip to be included in movable OFI sensor for in-vivo applications. However, for precise measurement of flow distribution in microchannel, this method lacks of precision, as any disturbance in the spectrum affects the calculated flow rate. This is especially true for noisy electronic sensors, where the presence of an electronic peak in frequency domain can drastically affect the flow rate measurement. In the worst cases, the magnitude of this parasitic signal can hide small OFI signal variations. The first and the third methods are based on the fit of the OFI spectrum and provide a linear relationship between the flow rate and a fitting parameter. These methods are more accurate, and show a better repeatability. Furthermore, the sensitivity of these methods that monitor changes in the OFI spectrum shape are higher than the moment method that measure a global variation. Consequently, they are suitable for the measurement of flow velocity distribution in microchannels. The third method is a improved version of the first one, as the noise is taken into account by being subtracted to the OFI signal. Therefore, the fitting algorithm is only applied to the useful signal, reinforcing the signal processing robustness. Moreover, it employs less fitting parameters, leading to a faster signal processing. To put it in a nutshell, the weighted moment method is more indicated for rapid flow rate changes monitoring, whereas for accurately velocity profile reconstruction, one may employ fitting methods with a preference for method 3.

Multiple scattering is still not well understood, and various signal processing methods have been presented in the previous section. An additional idea has been studied for LDV which also suffer from multiple scattering issues. It consists in suppressing the contributions of multiple scattered light. The principle is to acquire from the same focus point two signals from two sensors (or two wavelengths), and to plot the cross-correlation function. As multiple scattering contributions suffer from a random uncorrelated statistical process, only the single scattering contributions should be common to the two signals. This technique has been extensively studied by Schätzel's research group [248].

A compromise has to be found between accuracy and signal processing time. As our purpose is to build a low-cost embedded system, we will have a preference for the weighted moment method that is susceptible to provide almost real-time results. For biomedical applications, where multiple scattering cannot be avoided, a quantitative analysis of the blood flow is sufficient to understand most of the pathologies (burn assessment, blood rate increase etc..). For in-vivo or microfluidics applications, the particles concentration can be optimized to remains in single scattering regime.

III.8 conclusion

The need of accurately measure flow rate in flowchannels is well recognized, and OFI offers a rapid, direct, non-invasive and high-resolution alternative for determining flow rate within flowchannels. In this chapter, OFI threemirror cavity model have been applied to fluid flow rate measurement, allowing a good understanding of the observed signals. An experimental set-up, based on a commercial semiconductor VCSEL, has been designed to achieve micrometer range spatial resolution. The sensor performances have been studied and validated for single scattering and multiple scattering regime. Finally, the effects of experimental conditions on OFI signal have been in-

IV.1 Introduction

In the previous chapter, we demonstrated that OFI offers a simple, rapid and low-cost alternative to measure flow rates in sub-millimeter channels. However, one of the basic components in Hydraulics is the understanding of the velocity distribution in channel, which is of great interest to provide better understanding of fluidic transport, as well as mixing and fluid properties. As a matter of fact, the velocity distribution varies locally and spatially depending on the type of channel (straight, steep, bends, meandering, etc...) and the flow (uniform, non-uniform, laminar, turbulent). Currently, micro particle imaging velocimetry (µ-PIV) is the most advanced technique for obtaining accurate measurement of velocity distribution in sub-millimeter channels [START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannels[END_REF][START_REF] Meinhart | Piv measurements of a microchannel flow[END_REF][START_REF] Santiago | A particle image velocimetry system for microfluidics[END_REF]. However, this kind of sensing technology is quite complex, time-expensive and bulky. The aim of this chapter is to explore whether OFI can be an interesting alternative for flow profile measurement in microchannels.

IV.2 Flow profile measurement in macrochannels IV.2.1 Context

To validate the sensor develloped for flow rate measurement, we first measured the velocity distribution in a centimeter-range fowchannel. Under these conditions, the velocity variation over a micrometer area can be considered as negligible, thus minimizing experimental errors. Once the sensor perfomance are validated with this setup, we can try to measure velocity distribution in sub-millimeter channels, where the velocity variation over a micrometer area is large, and where a small misalignement in the sensing volume can lead to large measurement errors. It has been designed at the ITEE of the University of Queensland. The fluid flow distributions were simulated using fluid parameters of water at room temperature. The simulations were performed using the commercial computational fluid dynamics package, CFD-ACE+ from ESI-Group. The results provide 3-D distribution of the velocity vectors for points within the flow channel on a fine hexahedron structured grid containing 30, 292 and 31 points in the x, y and z directions respectively.

IV.2.2 Experimental set-up

The width of the custom channel changes so that the average velocity increases along the centerline profile, and shows a parabolic velocity distri- 

IV.2.3 Flow profile results

IV.2.3.a Centerline profile

First, the laser was aligned along the centerline of the flowchannel close to the entrance of the diverging section. Special attention was paid to the beam alignment, so that the flowchannel was exactly parallel to the translation stage. Then, the sensing volume position was adjusted in depth, by focusing the laser beam in the middle of the flowchannel, where the OFI spectrum exhibited the highest Doppler frequency. Finally, the laser beam was moved along the centerline of the channel, by 0.8 mm steps towards the channel exit. Ninety measurement points were acquired using a data acquisition card (National Instruments 16-bit data), and for each point, 36 successive spectra were averaged and processed in LabView. Once the FFT performed, the Doppler frequency was extracted from the OFI spectra using Eq. III.22.

The parameter f peak represents the fluid velocity V at the measurement point using Eq (III.21).

We first processed the data using the experimental parameters described in Table IV.1, and noticed that the measured velocities were smaller than the theoretical one. Although the angle θ has been adjusted to 80 • , the measured profile fitted perfectly to the theoretical one using θ = 81.9 • . There are several reasons that can induce this large error. First, the average flow rate was manually obtained by measuring the amount of liquid flowing through the channel during three minutes using a graduated beaker. The glassware graduation reading as well as the complicated tubing and flow transport apparatus can lead to inaccuracies. Furthermore, the laser can be tilted and misaligned in the center of the laser mount, causing the optical path to be deviated. In addition, the optical head is angled at θ with respect to the channel's top glass, but the difference of refractive index leads to a deviation of the optical beam in the liquid. Finally, some experimental parameters can fluctuate because of temperature changes (laser wavelength), leading to variations in the measured Doppler frequency. As the flow profile measurement was repeatable (Fig. To determine the sensor's accuracy, the measured velocity was compared to the actual velocity for each measurement point, and the error is plotted in Fig. IV.5. As expected, the error increases near the entrance and the exit. This can be explained by two effects. First, these areas are situated near the tubing connectors, and at these locations, the flow can show a turbulent behaviour. The flow profile is no longer laminar, and the measured velocity changes with time. This is corroborated by the fact that the sensor shows poor repeatability at theses points (Fig. IV.3). Moreover, the measured velocity is either very low (entrance), and therefore the Doppler peak coincides with noise, or very high (exit), and the flattening of the Doppler peak affects the fit algorithm.

IV.2.3.b Depth profile

To measure the flow velocity profile in depth, Doppler spectra were measured over a grid of values from -nD/2 to nD/2 where D = 3 mm corresponds to the channel depth and n = 1.33 to the refractive index of the liquid. For parallax approximation (θ < 10 

IV.2.4 Conclusion

We have demonstrated that OFI can be used to accurately measure flow profile, when the spot size is less than 10 times smaller than the flowchannel size. We have observed that experimental conditions can lead to strong inaccuracies. In order to counter uncertainties due to monitorable parameters for microfluidics applications, we decided to use:

• A syringe pump (PHD 22/2000 Harvard apparatus) instead of a peristaltic pump coupled with a tubing and reservoir system, to accurately control the flow rate. Previously, we were using a peristaltic pump and a system of valve control to set the flow rate, and we were measuring the amount of liquid flowing in a becher during a known amount of time. Using a dedicated pump will increase the precision on flow rate.

• A calibration process to measure to the actual value of λ, n and θ

Once freed from experimental parameters fluctuations, the impact of the sensing volume shape and size can be investigated by measuring flow profile in sub-millimeter channels.

IV.3 Flow profile measurement in microchannels

The sensor as well as the experimental protocol have been successfully validated in a macrochannel. Consequently, the aim of this section is to demonstrate the performance of OFI to measure local velocities in fluids with spatial resolution in the micrometer range and enables reconstruction of a velocity profile inside a microchannel.

IV.3.1 Laminar flow with Newtonian fluids

IV.3.1.a Experimental set-up

Flow profiles in microchannels have been measured under the experimental conditions described in Table IV The flowchannel used had a circular cross-section of inner diameter 320 µm. The liquid under test was composed of 98 % water and 2 % milk by mass, in order to guarantee the single scattering regime. By assuming that the particle concentration in our solution is low enough that the parameters of the fluid can be approximated to those for water (µ=0.001 Pa.s, ρ=997 kg/m 3 at 20 • C) and with respect to the flow rates imposed (from 5 to 50 µL/min), the Reynolds number varies from 0.33 to 33 (laminar regime). For a laminar flow, the velocity profile in a circular channel is parabolic, with the velocity increasing from zero at the wall (no slip boundary condition) to a maximum value at the centre equal twice the average velocity Q/S (Poiseuille's law). The assembled optical head (see Chapter III) was characterized with a beam profiler, and the spot diameter in focus was measured to be 32.26 µm. The magnification of the dual-lens optical system was 0.72, leading to a theoretical output beam diameter of 23.22 µm. This results in a sensing volume of 7.16x10 5 µm 3 , providing for a sufficient spatial resolution to scan the channel, which has a 320 µm internal diameter. Both lenses are mounted on XY translator for cage system, in order to control precisely the position of the lenses. The entire optical head was mounted on a goniometer, mounted itself on the computer controlled 3-axis motorized translation stage. The focus point was stepped through the channel by the translation stage to obtain the measurement points needed to reconstruct the flow profile.

All the reported Doppler spectra have been obtained as the mean of 64 successively acquired spectra. The acquisition time was lower than 10 ms. Therefore, the sensor response time can be considered as being close to realtime.

IV.3.1.b Calibration process

To minimize uncertainties while calculating the flow profile in microchannels, the value of θ has to be measured precisely. The optical head is mounted on a precise goniometer, and angled manually at 80 • with respect to the flow direction. However, a small misalignment in the optical system can lead to an effective angle θ different from the one read on the goniometer as observed in section IV.2.3. As the relationship between the measured Doppler frequency and the actual velocity in the sensing volume is a function of cos(θ), it affects greatly the OFI flowmeter precision. The calibration protocol was set to minimize the error due to experimental inaccuracies, in such way that all experimental parameters are known and kept constant during the experiment. First, the laser beam focus was moved to the middle of the channel 

IV.3.1.c Experimental results

To measure the velocity profile, the laser focus was first moved back to position A in 

IV.3.1.d Error measurement and repeatability

To investigate the performance of OFI flowmeter, the milk/water mixture was pumped at 20 µL.min -1 , and 8 consecutive spectra were acquired (Fig. IV.9).

The difference between the experimental and the theoretical velocities is plotted in Fig. IV.8. Notwithstanding the first point (with a discrepancy of 3 %), this measurement indicates good agreement with theory. Over the usable range, the relative error for each measurement point was less than 1.8 %. The error near the channel's walls can be attributed to the difficulty in fitting the Gaussian peak close to the low frequency noise induced by the system.

To estimate the repeatability of the measurement, the standard deviation over 8 consecutive scans was calculated for each measurement point (Fig. IV.9). In addition to the higher relative error observed in the previous paragraph, and due to the same causes, the sensor also shows a lower repeatability near the channel's wall. The minimum spatial resolution of the system depends on the fluid composition and velocity, and could not be accurately measured. The laser spot size has been estimated at 32 µm, but Fig. IV.9 shows that the effective spatial resolution of the sensor is better than 10 µm. These preliminary results demonstrate the feasibility of OFI measurement in microchannels of size well below 320 µm. To validate the sensor versatility, we investigate its performance while measuring the flow profile of various liquids in the circular flowchannel. The liquids pumped through the flowchannel consisted of various percentages of Glycerol and water. Table IV The experimental parameters are described in Table IV.4. Since Glycerol solutions did not backscatter enough light to provide a measurable OFI signal, artificial seeding were added to the solutions (2 % milk). The mix water/glycerol/milk was pumped at 50 µL/min, and the sensor was calibrated using the protocol described in Section IV.3.1.b. The angle θ was measured to be 75.8 • , and the refractive index n was extracted from theoretical tables [START_REF] Dorsey | Properties of ordinary water-substance, in all its phases: watervapor, water and all the ices[END_REF]. The points situated near the channel's walls show little fluctuation, but it is mostly due to the difficulties in fitting the Gaussian peak located near the low-frequency noise rather than uncertainty due to viscosity changes.

IV.3.2 Glycerol liquid phase: effect of the viscosity

IV.3.3 Laminar flow with non-Newtonian fluids

IV.3.3.a Experimental conditions

Adding a shear-thinning fluid to the initial milk-water mix leads to a different velocity distribution in microchannels. The aim of this experiment is to prove that different flow profiles can be measured and distinguished from each other using OFI flowmetry. Flow profile for non-Newtonian liquids have been obtained using the parameters described in Table IV.2, with the exception of the liquid pumped through the flowchannel. Indeed, xanthan gum powder was added in various concentrations to the 2 % milk solution used previously. Xanthan gum, whose viscosity decreases with shear rate, shows a shear-thinning behaviour. The Ostwald-de-Waele law is chosen to model the variation of viscosity µ with shear rate γ for the xanthan gum based liquid phase:

µ = K • γm-1 (IV.1)
where K is the consistency index and m the flow index. They are determined from experimental rheograms. The analytical solutions for the velocity profile when a purely shear-thinning fluid flows inside a circular channel is given by:

V (z) = Q S 3m + 1 m + 1 ( 1 + ( z R ) m+1 m ) (IV.2)
where Q is the pumping flow rate, S the area of the cross-section of the channel, z the distance from the center, and R the radius of the channel. Note that if m = 1, the Poiseuille's law is found again.

Within the laminar range, the velocity profile is expected to become flatter in the center as the solution becomes shear-thinning as described by Eq. IV.2. Four solutions with different xanthan gum concentrations (0, 0.25, 1, and 3 g/L) were pushed through the flow-channel at a pumping rate of 30 µL.min -1 . We measured the relationship between the shear rate and the viscosity for each solution, using a rheometer (TA instruments AR 2000) with a small-angle cone and plate device (Fig.IV.12). The temperature was controlled at 25 • C. The power law exponent m was then extracted from these experimental rheograms using Eq. (IV.1), and found to be 1, 0.73, 0.56, and 0.37 respectively. The theoretical velocity profiles obtained using Eq. (IV.2) with the calculated values of m are compared to the measurement results in Fig. IV.13. The results are comparable to the one obtained for Newtonian liquids. The same order of error is retrieved, such as the increase of error and decrease of repeatability near the channel's walls. It can also be observed that the velocity profile differ from each other when the amount of xanthan gum changes. Thus, the discrimination of different velocity profiles by OFI is demonstrated, and the technology's application to the measurement of some complex flow behaviour is verified.

IV.3.3.b Experimental results

IV.3.4 Conclusion

An OFI microfluidic flow sensor capable of accurately measuring flow rates and profiles in micrometer-scale channels has been presented. Flow profile reconstruction of a laminar flow in a channel with an internal diameter of 320 µm has been demonstrated. At its current stage, OFI could mea- Where W 0 is the theoretical beam waist and λ the laser wavelength.

Under the experimental conditions described in Table IV.5, the depth of focus is calculated to be 2.7 mm. This value is much larger than the flowchannel diameter. The OFI spectrum should always exhibits a flat profile, as all velocities from 0 to V max should be represented in the frequency domain. However, the signal acquired in the middle of the channel (Position B in Fig. IV.4.1 exhibited a Gaussian peak, i.e. no zero velocity is sampled. In Position A and C, the spectrum is flat, indicating that the particles close to the channel's walls are in the actual sensing volume, contributing to OFI signal.

Nevertheless, measuring flow profile in the laser direction led to the following complications:

• The spatial resolution is lower.

• The OFI spectrum does not have the same shape as it is sampled near the channel's walls (flat profile) or in the middle of the channel (Gaussian peak). The signal processing method has to be adapted for each measurement points (see Fig. IV.4.1).

• For high particle density, the measurement points located near position C suffer more from absorption than points located near position A, affecting the SNR.

• When focused in position C, particles situated higher in the optical path can also backscatter light whereas when the laser is focused in position A, only the contributions from the sensing area are observed.

• In turbid liquids, OFI signal can be measured when the laser beam is focused outside the flowchannel, because some particles located at the edge of the sensing volume backscatter enough light to be detected. While measuring flow profiles, on can think that the flowchannel is larger than it is in reality.

To measure the flow profile in depth, we choose a to use a solution with a very low particle concentration (0.5 % milk), so that the parasitic effects listed below were minimized.

IV.4.2 Mechanical distance versus actual distance

While measuring a flow profile at a constant depth, one can assume that the mechanical distance travelled by the laser head, controlled by computer, corresponds to the actual distance travelled in the flowchannel, neglecting the effect of the channel's curvature radius. However, this approximation is not valid for flow profile measurement when the depth is changing, on account of the channel's geometry and the refractive index of PDMS (1.47) and water (1.33). The beam is refracted at the two interfaces, and it is obvious that the actual distance (z liquid ) in the liquid differs from the mechanical distance read on the linear stage (z air ). To counter this problem, we simulated the optical path of the laser beam using the ray matrix approximation, as described in Appendix C. For an angle between the optical head and the flowchannel θ = 80 • , the relationship between z air and z liquid was found equal to:

z liquid ∼ n liquid 2 cos(n liquid θ) z air ∼ 0.67z air (IV.4)
Where n liquid is the liquid refractive index. In this configuration, moving from 20 µm in the air corresponds to a distance travelled of 13.4 µm in the flowchannel.

IV.4.3 Experimental Results

The experimental set-up described in Chapter III was used to measure the flow profile in the circular microchannel, and the experimental conditions are listed in Table IV (B→C). Furthermore, the difference between actual and measured velocity increases with depth. Finally, the sensor shows lower repeatability than for flow profile measurement across the channel's section, and repeatability strongly decreases with depth. These results are not surprising, considering the complications induced by a large sensing volume in microfluidics applications. We also believe that the error to the theoretical profile increases also with particle concentration, as more particles can be be found in the upper part of the beam, leading to an increase of OFI contributions coming from outside of the region of interest.

Finaly, the entire channel was scanned by performing 17 horizontal scans starting from the top of the channel, resulting in a total of 17x17 points. The measured data were then combined to form a two-dimensional map of the fluid flow distribution as depicted in 

IV.4.4 Conclusion

The system's ability to accurately measure a 3-D flow profile has not been demonstrated for microfluidics applications. An idea to counter this problem may consist in adding a spatial pinhole to eliminate out-of-focus light, drawing from confocal microscopy principle. In any cases, further studies need to be performed to fully understand the mechanism behind OFI for fluidic applications.

IV.5 Comparison with a well-established technique of flow measurement in microchannels: the dual slit technique (DS) IV.5.1 Context

The dynamics of blood flow in microvascular networks is of great importance in the exchange of nutrient and waste substances between blood and living tissues. In these vessels of diameter less than 100 µm, the development of quantitative methods for measuring the velocity of red blood cells (RBCs) is still challenging. In this context, the Dual-Slit (DS) technique, a temporal correlation technique first introduced by Wayland and Johnson [START_REF] Wayland | Erythrocyte velocity measurement in microvessels by a two-slit photometric method[END_REF] (See Chapter I), is commonly used. It has recently shown that, as long as several operational conditions are fulfilled, this technique can offer a precise measurement of the transverse velocity profile of RBCs, i.e along the x axis in Fig. IV.17. The measured velocities are maximal velocities in the depth of the channel, i.e. y direction [START_REF] Roman | An optimized technique for red blood cells velocity measurement in microvessels[END_REF]. However, this technique requires expensive equipment (high speed camera) and the related data-treatment is time consuming. Moreover, the duration of the acquisition is long (typically 20 to 40 s). For these reasons, on line measurements, especially in cases of transient regimes, are not possible. The aim of the present work is to determine whether OFI can be used to perform quantitative measurements of RBCs velocity in channels of size less than 100 µm, and it also enable a comparison of performance with an actual sensor dedicated to flow profile measurement in microchannel. For that purpose, the velocity profiles obtained by OFI and DS are compared, using PDMS microchannels and spherical monodisperse particle suspensions in set-up configurations where the DS has been previously validated.

IV.5.2 Experimental conditions

Particle suspensions (0.1%(v/v)) are prepared from a concentrated stock solution of 4 µm diameter latex microspheres (In Vitrogen). The index of refraction of these particles is given by the manufacturer (n = 1.6). The flow is controlled in rectangular PDMS micro-channels of size 20 µmx100 µm using a syringe pump (PHD 22/2000 Harvard Apparatus) and Hamilton Gastight glass syringes. First, the DS technique is applied. In this technique, the channel under study is transilluminated and two photo-sensors (slits) are positioned, separated by a known distance, L s , along the vessel ). In our case, the slits are regions of interest (1x3pixels) on images of particle flows recorded using a high speed video camera (PCO Dimax). The time modulation of light, produced by the passage of the particles flowing through the channel, is deduced by performing the sum of grey levels in both slits at each time step. For various distances L s between the two slits, a cross-correlation velocity, V ds = L s /T d , is obtained, where T d is the time delay for which the cross-correlation between the two signals is maximum. For an optimal L s [START_REF] Roman | An optimized technique for red blood cells velocity measurement in microvessels[END_REF], the final velocity at a given point on the x axis represents the maximal velocity in the y direction.

Finally, the slits are successively positioned in the x direction to obtain a profile of RBCs maximal velocities.

The OFI technique is then applied to the same microfluidic set-up. A special attention was paid to the choice of lenses. The optical head components, described in Table IV.6, provide an estimated sensing volume 1.5•10 5 µm 3 . It is indeed 7 times smaller than the one employed for measuring the flow profile in the 320 µm flowchannel.

Both experimental set-ups are represented on Fig. IV.17. As shown by Roman et al. [START_REF] Roman | Velocimetry of red blood cells in microvessels by the dual-slit method: Effect of velocity gradients[END_REF], in the conditions of this experiment for the DS technique, the measured velocity at each point in the x direction corresponds to the maximal velocity in the depth of the channel (z direction). 

IV.5.3 Results

In order to validate the OFI technique, the laser spot was first focused in the middle of the channel, and the pumping rate was set from 0.1 to 1 µL/min. 64 successive spectra were acquired and averaged at each pumping rate, and the corresponding Doppler frequency was calculated. The OFI spectra are depicted in Fig. IV.18. It can be observed that the OFI signal exhibits a Gaussian peak, although the estimated sensing volume is much larger than the flow channel smallest size (see Fig. IV.20). According to the experimental configuration, some frequency contributions should be found for low frequency, as the sensing volume is sampling the channel's walls. A crenellike shape should be observed. However, we used latex microspheres soaked with surfactant, so that the particles near the surface may bounce along the channel's walls, and do not meet the no-slip boundary conditions.

Furthermore, the Doppler frequency position varies linearly with the flow rate, in accordance with theory as depicted in Both reconstructed profiles, as well as the Newtonian theoretical profile [START_REF] Spiga | A symmetric solution for velocity profile in laminar flow through rectangular ducts[END_REF], normalized by the maximal measured velocity, are plotted on Fig. IV.21. The profile shapes are similar for the two techniques showing that OFI is suitable for measuring velocity distributions in such channels. The average error along the profile is lower than 5.2 %, which is the same order of magnitude as the error measured in the 320 µ channel, which is 40 times bigger in volume. These preliminary results demonstrate the feasibility of OFI measurement in microchannels of size below 100 µm.

IV.6 Conclusion

In this chapter, we demonstrated how OFI could be employed to measure velocity distributions in macro and micro channels. Nevertheless, we identified three necessary conditions so that OFI can provide accurate measurement of flow profile. First, the theoretical sensing volume should be at least 10 times smaller than the scanned dimension of the channel, so that the changes in velocity between two consecutives point can be detected. Then, the density of particles in the liquid should exhibit a single scattering behaviour, so that the Doppler peak can be recognized and linked analytically to the liquid's velocity. Finally, a preliminary calibration should be performed, in order to determine experimental parameters such as the angle between the laser and the flow, and the refractive index of the liquid phase. Under these conditions, the absolute value of the local velocity in a flow distribution can be calculated, and by scanning the area of interest, the entire velocity distribution can be reconstructed.

To confirm the suitability of OFI sensor, we measured the velocity distribution in a channel which dimensions are at the limit of OFI range, and compared the flow profile obtained with the one measured using a standard technique: Dual-Slit. OFI could measure the entire velocity profile within 2 minutes using approximately 20 Mo of data, whereas Dual-slit requires an acquisition time of 5 s but over 10 Gigas of data. As the temporal resolution of OFI is mainly limited by the mechanical scan, we believe that a flow profile acquisition time of approximately 10 ms can be reached by arranging the sensor into a matrix that map the whole channel.

This chapter confirms that OFI can be used to measure and monitor flow distribution in microchannel, and that it can be an alternative to traditional technique for a low cost, portable sensor for industrial and biomedical applications.

The purpose of this thesis is to determine whether there is an interest in a new non-invasive sensor based on Optical Feedback Interferometry to measure accurately flow rate and velocity distribution in microchannels.

In chapter I, we studied the existing optical sensors that measure flow rates and velocity distribution in sub-millimeter flowchannels. We noticed that the new developments of mature technologies (LDV, µ-PIV) are mostly focused on increasing their spatial resolution, as well as their temporal resolution. This results in the preponderance of complex, expensive and bulky systems. OFI appeared as an emerging technology appropriate to measure precise velocity of flowing liquids. Some experimental studies have been randomly conducted in the 90's to measure changes in blood flow rate in-vivo, and showed promising results. The applications to microfluidics had to wait 2005, but are increasing since 2010. This demonstrate a renewed interest in the low cost, compact technique of OFI flowmetry. Consequently, the aim of the OFI flowmeter developed in this thesis is to measure flow velocity with a precision and resolution comparable to the one obtained with LDV, µ-PIV and Dual-Slit. Its other features would be to be versatile (i.e. with the same hardware, velocity, particles concentration and size can be measured), disposable for in-situ measurement, easy to align, low-cost and robust.

We first studied the behaviour of an OFI sensor applied to velocity measurement. Although a large amount of models have already been developed to describe how the coupling of backscattered wave in the active cavity can disturbed the LD and can allow the measurement of the velocity of a moving solid state target, we needed an appropriated model to introduce a target made of several particles. Therefore, we started from the well-known quasistatic compound cavity model, and we modified it by introducing in the equations the frequency shift induced by the Doppler effect on the target's interface. We first validated our model on a rough target in translation in front of the laser, which absolute velocity has been retrieved. In addition, we demonstrated that modulating the LD frequency increases the dynamic range of this sensor, as the Doppler peak is shifted towards higher or lower frequency depending on the modulation type, allowing the measurement of very rapid or slow objects. This modified model has been applied to a single particle, before being extended to a group of particles. We restricted our study to single scattering behaviour (i.e. each particles can be considered as independent scattering centres). This model provided a good estimation of the shape and position of the signal in frequency domain while measuring the velocity of seeds in aqueous phase. Furthermore, the impact of the flow rate, concentration, particles diameters and refractive index on the OFI signal have been investigated, in order to understand how the signal in OFI flowmetry varies.

Based on these theoretical statements, an OFI sensor dedicated to microflow measurement has been designed. It is based on a low-cost commercial VCSEL, chosen for it small beam divergence and beam shape. The VCSEL as well as the optical set-up have been mounted on a precise 3D translation stage. The sensing volume size has been adjusted using two lenses chosen in function of the flowchannel, and the purpose of the experiment. The signal has been measured on the VCSEL's junction voltage, in order to avoid the need of any external photodetector. This configuration reduces the cost and complexity of the sensor. In addition, single VCSELs can be arranged into an array to acquire in one shot an entire map of flow rates.

The measurement of flow rates in microchannels was first performed to validate the sensor. In the first experimental setup, the sensing volume was 10 times smaller than the flowchannel diameter. The OFI signal exhibited a Gaussian shape, and the flow rate varying from 10 to 90 µL/min has been retrieved with less than 2% error. However, we observed that when the sensing volume is on the same order of magnitude than the channel's typical size, the signal becomes crenel-like. Consequently, another signal processing method has been developed, that consists in measuring the 3 dB cut-off frequency of the OFI signal in frequency domain. In such conditions, flow rates between 10 and 90 µL/min have been retrieved with an error less than 8%.

In turbid liquids, the scattering regime becomes multiple scattering, and the OFI spectrum exhibits an exponential decreasing behaviour. Nevertheless, it is possible to recover the flow rate between 10 and 90 µL/min with an average error of 10% using calibration methods. Three signal processing methods have been studied and compared, and it seems that the method specifically develloped for this thesis and that uses the noise power spectrum subtracted to the OFI signal (Method 3) showed the best compromise between accuracy, memory and time consumption.

Beside the flow rate, we demonstrated the measurement of the velocity distribution in microchannels, as it is of great interest to understand fluid transport and mixing, rheology and chemical reactions. Velocity distributions in flowchannels were first measured under low particles concentration, as in such configuration, flow rate measurement showed the best performance. In a 21x3mm flowchannel, the cross-section as well as the depth profile was reconstructed with a precision of 2 %, for velocities varying from 0.01mm/s to 1mm/s. In microchannels, the flow profile (cross section) was successfully reconstructed for various liquids (non Newtonian, various refractive index) at several flow rates (from 10 to 60 µL/min), with an average error lower than 3%. However, in depth, the sensing volume was not small enough because of its asymmetric shape, and leaded to large measurement errors.

Finally, a flow profile has been measured in a 100x20 µm microchannel, and the results obtained were compared with those obtained under the same conditions with the Dual-Slit technique, which has been already validated in this channel. The results concurred to the theoretical profile, with an average precision of 4.6 %. The OFI sensor reconstructed the entire profile within 2 min (40 s for DS). With the future removal of scanning, the time acquisition could easily drop down to 10 ms.

In conclusion, the OFI sensor dedicated to flow measurement in submillimeter channels has been validated under the identified conditions described above.

It is complicated to compare OFI with the technologies develloped in Chapter I, knowing that OFI for microfluidics applications is still in a research stage, and that a large amount of its features remains not well understood. However, after this thesis, the following observations can be highlighted: OFI, like LDV is based on the Doppler effect undergone by a laser beam when it is reflected by particles. However, where LDV requires several optical components to be precisely aligned, the OFI optical system is made of a laser diode and a (or two) simple lens. Without the need of a complex beam alignment, OFI is a low cost, transportable sensor that can be used on various flow systems. The simplicity of manufacturing, coupled with a spatial and temporal resolution similar to LDV makes OFI a good alternative for flow measurement when the flow system is hard to access for example. Although the spatial resolution of OFI is high enough to reconstruct flow distribution, full field techniques such as µ-PIV and dual slit remain more powerful tools to calculate flow distributions in channels smaller than 100 µm. For theoretical study such as rheology and turbulence in microfluidics, theses techniques are nowadays the most advanced in term of spatial resolution. However, techniques based on algorithms and particles tracking suffer from several drawbacks. First, the flow map reconstruction cannot be calculated in real time, and therefore rapid flow changes cannot be monitored. Then, theses techniques require optical access to the channel, so that the particles path can be reconstructed. This requirement is not suitable for in-vivo blood flow measurement. Finally, the use of bulky and expensive cameras makes theses sensor more appropriated for laboratory and research use rather than for industrial applications. In term of low cost and ease of transportation, LASCA can be compared to OFI, but the spatial resolution may not be sufficient to accurately measure flow distribution in microchannels. To put it in a nutshell, OFI could be an interesting technology for industrial and biomedical applications, offering a good compromise between simplicity, cost, spatial and temporal resolution.

The sensor presented here is a prototype that demonstrate the feasibility of OFI to measure accurately flow distribution in micro channels, and it gives an outline of OFI possibilities for fluidic applications.

First, OFI can be employed to study the fluid motion in microsystems, and provide a better understanding of fluid properties and behaviour in microchannels. OFI applied to microfluidics may be able to exploit certain fundamental properties of fluids moving in micrometre-scale channels. For example, surface effects that become increasingly dominant in microfluidics as the size is diminished are still nowadays not completely understood.

The monitoring of flow distribution during the manipulation of multiphase flows is an other strength of OFI. As a matter of fact, multiphase flows enable the generation and manipulation of monodisperse droplets of a dispersed gas or liquid phase in a continuous flow. These dispersions suggest new routes to the production of polymer particles, emulsions and foams. OFI can also being employed in micro mixing monitoring, where the flow velocity and distribution are key parameters to optimize the performance of mixing. The strong attractive feature of OFI for these applications consists in the fact that the sensor can be implemented directly in-situ for industrial applications. Consequently, there is no need of transporting the microsystem to a laboratory for analysis, leading to complexity and cost reduction.

OFI sensors can also be of great interest for various biomedical applications, and especially as a low-cost alternative of traditional flow sensors to monitor changes in skin blood flow. Theses changes can help to assess healing advancement in case of critical burn for example, or to detect Raynaud syndrome. Biomedical applications include also experimental investigations of skin blood flow in humans and animals, evaluation of the efficiency of vessels and of the circulatory restitution after reconstructive surgery. Furthermore, OFI could measure changes in skin blood flow perfusion due to delivery of vasoactive drugs. As mentioned in the introduction, a last biomedical application consists in meliorating the detection of some skin cancers by coupling visualisation methods (ABCD) with skin blood flow monitoring. Histologically, increasing malignancy is reflected by an increase of the vascularisation around the tumour. We believe that OFI blood flow rate measurement might allow differentiation between different types of skin tumours. A previous study has been performed using LDV, where the perfusion pattern of the entire tumour area has been visualized two-dimensionally [START_REF] Stucker | Blood flow compared in benign melanocytic naevi, malignant melanomas and basal cell carcinomas[END_REF] ; it was higher in the centre of the tumours than at the periphery for malignant melanomas and melanocytic naevi but was the same throughout for basal cell carcinomas. Assessment of tumour blood flow and its pattern may be significant for prognostic prediction, and early evaluation of treatment response. Coupled with some technical advances, OFI could also be manufactured in a disposable skin cancer detector that can be used in private dermatologist office for clinical use.

Moreover, the full integration of optics, circuitry and fluidics opens new opportunities for the creation of compact biomedical microsystems. The main advantage of OFI over traditional techniques is to be ultimately manufactured into a portable device that can be held in the hand by the user. To reach this challenge, several technical changes have to be implemented.

First, the scanning mechanism is bulky and time consuming. To map a large area, it could be advantaging to remove this system, and build a matrix of OFI sensors. The use of VCSEL, which emits light on the top, is of great advantage to build a sensor's matrix that can be manufactured and tested directly on the wafer. Organizing the sensor in array improves the temporal resolution, as an entire flow map can be acquired in approximately 10 ms (corresponding to the time for one acquisition). This allows the measurement and observation of transient regime as well as turbulent flows, and rapid changes in the flow regime. Then, the acquisition and signal processing has to be fully integrated into an autonomous chip, together with the circuitry. FPGA or DSP technologies are good candidates for the development of a fully integrated OFI sensor. Integration is crucial for miniaturized, low-cost optofluidic devices. A possible integration of lasers and microfluidics may be accomplished by soldering the laser chip to the lower surface of the microfluidic chip. The microfluidic chip usually consists of a PDMS chip covered by a thin glass slide protecting the channel. For full integration, photoresist microlenses can be directly etched on the glass slide. Then, the laser and the microfluidic chip can be merged using a removable adhesive. This provide a fully integrated sensor showing many advantages: in case of clogging of the microchannel, the electronics and optoelectronics part of the sensor car easily be removed and fixed on another chip, leading to cost reduction and simplicity of implementation.

In this thesis, only the use of OFI flowmeter as flow sensor has been demonstrated. However, OFI technology can be exploited to measure other parameters, due to the signal's high dependence on particle concentration and particle size. It may become an useful tool for characterizing and quantifying particle populations, and provide precise measurement to help improve product formulations in chemistry. For environmental purposes, OFI sensors could track particulate water pollution sources such as plastic particles coming from industrial waste flowing in the ocean. OFI could also being employed for cell counting purposes, which has many applications in medicine and biology. As a matter of fact, the concentration of various blood cells, such as red blood cells and white blood cells, can give crucial information regarding the health situation of a person. Similarly, the concentration of bacteria, viruses and other pathogens in the blood or in other fluids can reveal information about the progress of an infectious disease and the degree of success with which the immune system is dealing with the infection.

Finally, it has been demonstrated theoretically that the OFI spectrum is dependent on the refractive index of the liquid phase. One of its major applications consists in sensing the molecular interactions in biological samples, proteins charaterisation and virus detection. As a matter of fact, virus characterization is based on index of refraction changes that occur upon binding of virus particles to antibodies. The availability of this type of diagnosis test for on-site analysis could be helpful in the control of various epidemics.

To conclude, the development of OFI for microfluidics applications has just begun, and it can be a powerful tool for microfluidics studies where the standard techniques are not applicable. For the first time, the influence of the human skin on the LDV signal was observed. Indeed, the properties of the skin induce additional scattering effect, and the power spectrum of light does not exhibit a Doppler peak any more, but a statistical frequency repartition. Even though the spectrum varies with the average blood flow in the sensing volume, there is no longer an analytical relationship between the particle velocity and the Doppler beat frequency (Fig. V.4).

Glossary

Bonner and Nassal [START_REF] Bonner | Model for laser doppler measurements of blood flow in tissue[END_REF] observed that very little of the backscattered luminescence derives from photons scattered only by the flowing blood cells, because photons generally suffer from several collisions with somatic cells, connective tissue, blood vessel walls, etc. before interacting with a blood cell. The effect of such interactions is to randomize the direction of the light which is incident upon the moving erythrocytes. They developed a model to show that the backscattered autocorrelation function and power spectrum depend on several parameter such as the particle density, size and scattering cross section. They also introduced a new signal processing, by showing the linear relationship between blood flow and the spectrum first moment.

Bonner also demonstrated that the quantity measured in laser Doppler monitoring or imaging is not the true flow rate but the perfusion [START_REF] Bonner | Principles of laser-doppler flowmetry[END_REF]. The perfusion is the product of the local speed and concentration of blood cells [START_REF] Leahy | Principles and practice of the laser-doppler perfusion technique[END_REF], and the Laser Doppler sensors records the integrated perfusion within the sampling volume. This is one of the most sever limitation of LDV for in-vivo measurement, insofar as it is nowadays impossible to measure the shape of the velocity profile within a vessel surrounded by tissues [START_REF] Bonner | Principles of laser-doppler flowmetry[END_REF]. To avoid multiple scattering effect, and therefore improve LDV resolution for blood flow measurement, Chen et al. developed the Optical Doppler tomography (ODT) [START_REF] Chen | Noninvasive imaging of< i> in vivo</i> blood flow velocity using optical doppler tomography[END_REF][START_REF] Chen | Optical doppler tomographic imaging of fluid flow velocity in highly scattering media[END_REF][START_REF] Wang | Measurement of fluid-flow-velocity profile in turbid media by the use of optical doppler tomography[END_REF]. ODT combines LDV with optical coherence tomography (OCT) [START_REF] Schmitt | Optical coherence tomography (oct): a review. Selected Topics in Quantum Electronics[END_REF], by employing a low-coherence source (superluminescent diode) instead of a conventional laser diode. They successfully reconstructed the velocity profile of a 580 µm diameter channel imerged in a 1 mm thick scattering media that mimics skin [START_REF] Chen | Noninvasive imaging of< i> in vivo</i> blood flow velocity using optical doppler tomography[END_REF]. ] Table V.2: Ray transfer matrix for Gaussian beam PDMS), and the mix is poured into a mould made of using classic microelectronics fabrications techniques (photolithography on silicon master for example) Then, it is placed in a oven at low temperature (65 • ) until it is hardened.

• Once the PDMS is hardened, it can be taken out of the mould, and a replica of the microchannel in PDMS is obtain.

• To allow the injection of fluids for future experiments, the inputs and outputs of the microfluidic device are drilled with a needle or a punch of the size of future outer tubes.

• Finally, the face of the PDMS block with micro-channels is bonded to a glass slide using a plasma treatment to close the microfluidic chip.

To build microchannels with a circular cross-section, no silicon master were used. PDMS was simply poured into a mould, with a fiber embedded in it. Once the PDMS is hardened, the fiber is gently pulled out.

Le phénomène d'interférométrie par réinjection optique, ou effet « selfmixing » dans un laser permet de concevoir des capteurs non-invasifs, autoalignés et ne nécessitant que peu d'éléments optiques. Ce type de capteurs a été développé pour des mesures de déplacement, de vitesse ou de distance de cibles dite coopératives (cibles réfléchissantes ou fortement diffusantes). Dans cette étude, ce type de capteurs est appliqué à la mesure de débits et de profil d'écoulement de fluides dans des microcanaux. Le faible coût et la polyvalence probable des capteurs à réinjection optique sont d'un grand intérêt dans l'industrie biomédicale et chimique, ainsi que pour la recherche en mécanique des fluides. Dans un premier temps, et en se basant sur les études réalisées dans des macro-canaux, nous avons proposé un modèle d'interferométrie par réinjection optique dans une diode laser lorsque la cible est constitué de particules en mouvement, en suspension dans un liquide. A partir de ce modèle, nous avons étudié expérimentalement l'impact de la taille du faisceau ainsi que de la taille et concentration des particules sur la tension de jonction de la diode laser. Nous avons ensuite proposé des méthodes de traitement du signal permettant le calcul du débit du fluide, ainsi que sous certaines conditions, la mesure de vitesse locale en tout point d'un microcanal. Ces études préliminaires nous ont permis de reconstruire le profil d'écoulement de différents liquides dans des canaux de 320 µm de diamètre. Enfin, nous avons comparé les performances du capteur développé dans cette thèse avec un capteur basé sur la technique du Dual-slit en mesurant le profil d'écoulement dans des canaux de 100x20 µm.

The phenomenon of optical feedback interferometry or "self-mixing" effect in a laser is used to design non-invasive sensors, self-aligned and requiring only a few optical elements. This type of sensor was previously proposed to measure the displacement, velocity or distance from cooperative target (reflective targets or strongly scattering). In this study, this type of sensor is applied to the measurement of flow rate and fluid flow profile in microchannels. Possible low cost and versatility of optical feedback sensors would be of great interest in biomedical and chemical industry as well as for research in fluid mechanics. As a first step, and based on studies in macro-channels, we proposed a model of optical feedback interferometry in a laser diode when the target consists of moving particles suspended in a liquid. From this model, we studied experimentally the impact of the beam shape and the size and concentration of the particles on the junction voltage of the laser diode. We then proposed signal some processing methods for calculating the fluid flow, and under certain conditions, the local velocity at any point in a microchannel. These preliminary studies allowed us to reconstruct the flow profile of different liquids in a channel of 320 µm diameter. Finally, we compared the performance of the sensor developed in this thesis with a sensor based on the dual-slit technique by measuring the flow profile in a rectangular shaped channel (100x20 µm).
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 1 Figure I.1: First LDV for measuring fluid flow, proposed by Yeh and Culmmins in 1964 [1] (a) Experimental set-up : The light source was a He-Ne gas laser emitting at 632.8 nm, the FUD was a circular 10 cm diameter tube containing a solution of polystyrene spheres. (b) The flow was laminar, and the velocity profile following Poiseuille law has been reconstructed for several pumping rates.

Figure I. 2 :

 2 Figure I.2: Schematic plot of a LDV in single-beam configuration.

Figure I. 3 :

 3 Figure I.3: Schematic plot of a LDV in dual-beam configuration. The two incident beams are crossed at their waist, and the velocity of the particle is recovered from the detected signal fluctuations.
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 4 Figure I.4: Schematic illustration of two laser beams forming interference fringes
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 5 Figure I.5: Young's fringe pattern for various fluid velocities [2].
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 6 Figure I.6: PIV configuration: two pulses of light illuminate the flow, and the recorded images are compared to estimate the particle velocity (Source: Dante dynamics)
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 36 I.8). Recent advance in PIV and µ-PIV: microscale flow measurement I.3.6.a Super-resolution PIV To improve the spatial resolution of basic PIV interrogation windows, Keane et al. introduced the super-resolution PIV [102], inspired from PTV algorithm.
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 9 Figure I.9: (a) Flow distribution using standard PIV (b) Super resolution PIV using velocity vectors from (a) to apply PTV algorithm[START_REF] Takehara | A kalman tracker for super-resolution piv[END_REF] 
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 10 Figure I.10: µ-PIV measurement of the velocity distribution inside a moving droplet. (a)View of the section of the droplet at half its length (b)Longitudinal view[START_REF] Sarrazin | Experimental and numerical study of droplets hydrodynamics in microchannels[END_REF] 
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 11 Figure I.11: (a) Single exposure image of rat's cortex(b) Lasca measurement performed on the same image [7]
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 12 Figure I.12: (a) Optical arrangement for in-vivo microcirculation measurement using LSV (b) Increase of CCD-recorded signal on the scar area [8, 9].

  Fig. I.4.2 and I.4.2.
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 13 Figure I.13: Scheme of the dual-slit methodology implementation for in vitro experimentation
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 14 Figure I.14: Multiple scattering effect in OFI for blood flow measurement: the upper spectrum is the signal spectrum, the lower spectrum is the noise spectrum [10].

Figure I. 15 :

 15 Figure I.15: Scheme of an early optical feedback interferometry sensor for blood flow measurement[START_REF] Mito | Self-mixing effect of the semiconductor laser doppler method for blood flow measurement[END_REF] 
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  Figure I.16: (a) OFI experimental set-up for microfluidic flow imaging (b) Flow map for several width of skin-like layer ([0, 0.42 mm, 0.70 mm, 1.19 mm]); The flow rate was set at 50 mL/h and the laser diode operated at 785 nm[START_REF] Zakian | Laser doppler imaging through tissues phantoms by using self-mixing interferometry with a laser diode[END_REF] 
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 7217 Figure I.17: Number of articles dealing with optical flowmeter for microfluidics applications per year, until November 2012 (Source : Web of science c ⃝)
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 1 Figure II.1: Schematic arrangement of a laser diode without optical feedback.
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 2 Figure II.2: Schematic arrangement for a LD under optical feedback, known as the three-mirrors cavity configuration.

Figure II. 3 :

 3 Figure II.3: Equivalent cavity model.
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 4 Figure II.4: Solution of Eq. II.26 for C < 1 (solid line) and C > 1 (dotdashed line). The square marker represents the only solution for C < 1 and circles markers indicate that multiple solutions exist for C > 1

Figure

  Figure II.5: OFI signal for C = 0.1 (dotted-dashed curve), C = 0.5 (solid curve) and C = 1 (dashed curve). The emitted optical power modulation is proportional to the coupling factor, i.e. to the fraction of back-reflected field that couples with the lasing mode

Figure II. 6 :

 6 Figure II.6: Schematic arrangement for a OFI velocimeter. The LD is driven by a constant current, and the target is moving along the optical axis.

Figure II. 7 :

 7 Figure II.7: LD beaming onto a translating target, the distance to the target being fixed

FigureFigure II. 9 :

 9 Figure II.8: Simulation of the LD emitted power (Eq. (II.56)) using simulation parameters defined in Table II.2. Left: time domain, Right: frequency domain. The frequency peak corresponds to the theoretical Doppler frequency.

  .4.3). In the frequency domain, there is a distribution of peaks around the Doppler frequency expected for a punctual spot situated at the center of the actual spot. (Fig.II.4.3). Therefore, a velocity distribution leads to an enlargement of the full-width at half-maximum (FWHM) of the frequency peak and a decrease of its amplitude.
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 11112 Figure II.11: Illustration of the velocity and reflection coefficient distribution when the laser's spot size is taken into account.

Figure

  Figure II.13: Top: the OFI emitted power waveform is a function of the target's sense of rotation. Bottom: In frequency domain, both Doppler peaks are superimposed, keeping from direct direction discrimination

1 Table II. 4 :

 14 τ p = 10 -12 s LD cavity length l = 10 µm External cavity length L = 15 cm Velocity of the target V T = 0.15 m.s -1 Angle between optical axis and velocity direction θ = 80 • Coupling factor C = 0.8 Modulation coefficient β ν = -0.07 s -Simulation parameters: Direction discrimination Simulation results for the emitted power affected by the optical feedback when the injection current is modulated are presented in Fig. II.15. In Fig. II.5.1, the target velocity component in the direction of the laser is negative. The frequency peak when the LD current is not modulated is supposed to be at 63 kHz. When the current is modulated by a sawtooth-like waveform, (β ν = -0.07), the peak position is shifted to 88.5 kHz. Symmetrically, when the target velocity component in the direction of the laser is positive, the frequency peak shifts to 37.8 kHz (Fig. II.5.1).
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 15 Figure II.15: Output power waveform for a LD under modulation (β ν = -0.07 s -1 ) (a) V A < 0, the Doppler peak shift towards higher frequencies (b) V A > 0, the Doppler peak shift towards higher frequencies.
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 16 Figure II.16: Frequency peak induced by OFI when the LD current is modulated (β ν = -0.07 s -1 ) for various distances L = [0.15 0.25 0.30 0.45] m.
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 17 Figure II.17: Scheme of the laser Doppler velocimetry set-up on a rotating target
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Figure II. 18 :

 18 Figure II.18: Experimental characterization: shift in wavelength as a function of driving current

Figure II. 19 :

 19 Figure II.19: Experimental (solid curve) and simulated (dashed curve) emitted power in spectral domain without modulation (A), with current modulation and anticlockwise rotation (B), with current modulation and clockwise rotation (C).

Figure

  Figure II.20: (a) Normalized frequency peak for β ν = -0.037 s -1 and various distances L = [0.15 0.2 0.3 0.45] m. (b) Actual distance against measured distance (solid curve) and error bars on 120 measurements (marks).

Figure II. 21 :

 21 Figure II.21: (a) Doppler peak (lower frequency peak) and frequency modulated peaks for various β ν : [0.037 0.062 0.087 0.124] s -1 . (b) Linear relationship between the modulation coefficient and the frequency modulated peak.

Figure III. 1 :

 1 Figure III.1: Illustration of the difference between a conventional rough target and particles embedded in a fluid. Left: Rough stone. Right: Blood

Figure III. 2 :

 2 Figure III.2: (a) Rayleigh scattering: Scattered intensity for various particles radius (r p = [5, 10, 50] nm). (b) Mie scattering: Scattered intensity for various particles radius (r p =[0.1, 1, 10] µm). Both figures have been obtained using the software Mieplot c ⃝

Figure III. 3 :

 3 Figure III.3: Schematic arrangement of a laser diode beaming on a group of particles: extension of the compound cavity model.

Figure III. 4 :

 4 Figure III.4: Schematic arrangement of the OFI flowmeter operating in single scattering regime. The function of each block is detailed in the text

Figure III. 5 :

 5 Figure III.5: For a laminar flow, the velocity distribution in a circular channel is governed by Eq. III.15. The profile is parabolic; the velocity is maximal in the center and zero at the walls.

  Fig. III.3.4, and the results are plotted in Fig. III.3.4.

Figure III. 7 :

 7 Figure III.7: Theoretical OFI spectra for various spot sizes.

  Fig. III.3.4.

Figure III. 8 :

 8 Figure III.8: Schematic arrangement of a Gaussian beam

Figure III. 9 :

 9 Figure III.9: Schematic diagram of OFI applied to flow measurement. The laser beam is focused inside the flow channel, and is reflected by the particles travelling in the sensing volume. Some particles out-of-focus may also contribute to the OFI signal.

Figure III. 10 :

 10 Figure III.10: Emission spectrum of the Firecomms RV M66ST at an injection current of (a)1.8 mA and (b) 4 mA. The VCSEL was found to exhibits a multimode transverse behavior for an injection current higher than 2 mA, leading to a decrease of the OFI sensitivity and of the spatial resolution.

Figure

  Figure III.11: (a) Light-current characteristic at 25 • C and (b) beam waist measurement of the Firecomms RVM665T driven by a bias current of 1.8 mA using a beamprofiler

Figure III. 12 :

 12 Figure III.12: Cross section of a VCSEL with its monitoring photodiode. Notation focal length (mm) NA C220TME-B 11 0.25 C230TME-B 4.51 0.54 C240TME-B 8 0.5 C260TME-B 15.29 0.16

Figure 2 4 µm 3 :

 243 Figure III.13: (a) OFI flowmeter experimental set-up (b) OFI sensor head (here in two lenses configuration)

Figure III. 14 :

 14 Figure III.14: Block diagram of the OFI flowmeter

Figure III. 15 :Figure III. 16 :

 1516 Figure III.15: OFI signal in frequency domain measured at the middle of the channel and the corresponding fitting curve (Eq. (III.22)).

  Fig. IV.3.1.b. The flow rate Q is directly proportional to the Doppler peak.

Figure III. 17 :

 17 Figure III.17: Mean measurement errors to the theoretical values.

Figure III. 18 :

 18 Figure III.18: Theoretical and calculated pumping rate in single scattering regime, standard deviation for 8 consecutive scans.

Figure

  Figure III.19: OFI spectra for fluid velocity of 7.4 mm/s and 8.2 mm/s

Figure

  Figure III.20: OFI spectra for various optical set-ups (single lens scheme).

Fig. III. 6 .

 6 Fig. III.6.2 is a plot of Doppler spectra recorded for flow rates Q varying from 0 to 10 µL.min -1 . The Gaussian peak presented in the previous paragraph cannot be recognized any more, and the fitting function described in Eq. (III.22) cannot be implemented. The signal shape is crenel-like, because all velocities from 0 (wall velocity) to V max are represented in the frequency spectrum.

  Figure III.21: (a) OFI Doppler spectra for several flow rates ([0:1:9] µL.min -1 ) (b) Plot of the cut-off (-3 dB) frequency as a function of the maximum flow velocity calculated from the flow rate Q. The cut-off frequency shows a linear relationship with the pumping rate.

Figure III. 22 :

 22 Figure III.22: OFI signal in frequency domain measured in the entire channel and the corresponding fitting curve (Eq. (III.25)). The mean frequency in the sensing volume is calculated by extracting the cut-off frequency of the signal

Figure

  Figure III.23: OFI spectrum measured for a particle density of approx. 26 g/L. As a matter of comparison, undiluted milk leads to SNR higher than 30 dB.

  Figure III.24: OFI efficiency as a function of the particle concentration in single scattering regime.

Figure III. 25 :

 25 Figure III.25: OFI spectra for various milk to water ratio. The magnitude of the Doppler peak increases with particle concentration
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Figure

  Figure III.26: OFI spectra in multiple scattering regime for flow rates of [0, 10, 20, 30, 40, and 50] µL/min Parameter Numerical values Flowchannel circular cross-section (diameter = 320 µm) Liquid Milk Refractive index 1.45 Lens 1 C240 (f=8 mm) Lens 2 C240 (f =8 mm) θ 75 • LD driving current 1.8 mA LD wavelength 667 nm

  Fig. III.7.3.b. This method has then been applied to the spectra from Fig. III.26, and the parameter f 0 is plotted as a function of Q in Fig. III.7.3.b.

Figure III. 27 :

 27 Figure III.27: (a) OFI spectrum in multiple scattering and its corresponding fitting curve (b) Plot of the fitting parameter f 0 as a function of the pumping rate Q

Figure III. 29 : 7 :

 297 Figure III.29: (a) Noise curve subtracted to the OFI spectrum in multiple scattering and its corresponding fitting curve using log-normal distribution (b) Plot of the fitting parameter f pseudo as a function of the pumping rate Q

Fig

  Fig. IV.2.2 shows the dimensions of a custom made diverging-converging planar flow-channel, which is 3 mm deep and 21 cm long. A microscope cover slip of 160 µm thickness is employed as the top window sealing cover. It has been designed at the ITEE of the University of Queensland. The fluid flow distributions were simulated using fluid parameters of water at room temperature. The simulations were performed using the commercial computational fluid dynamics package, CFD-ACE+ from ESI-Group. The results provide 3-D distribution of the velocity vectors for points within the flow channel on a fine hexahedron structured grid containing 30, 292 and 31 points in the x, y and z directions respectively.The width of the custom channel changes so that the average velocity increases along the centerline profile, and shows a parabolic velocity distri-

Figure IV. 1 :Figure IV. 2 : 1 :

 121 Figure IV.1: Macrochannel manufactured at UQ (a) Drawing and theoretical velocity distribution (b) Photography of the custom macrochannel

Figure IV. 3 :

 3 Figure IV.3: Plot of 8 successive profiles and comparison with theory (red curve). The solid blue curve corresponds to the mean velocity at each measurement point, whereas the errorbars illustrate the standard deviation over 8 measurements.

Figure IV. 4 :Figure IV. 5 :

 45 Figure IV.4: A comparison between theoretical centreline (a) or depth (b) profile and measured profiles (blue markers). The flow rate was controlled at 15 mL/min -1 .

  • ), the mechanical distance travelled by the mechanical stage in the air corresponds to 1/n time the distance travelled by the beam in water. The results are plotted in Fig. IV.2.3.a and show very good agreement all over the displacement range.

. 2 ,

 2 using the setup in Fig. III.13.

Figure

  Figure IV.6: (a) Diagram showing the scan configuration with respect to the z-axis of the flow-channel. The angle calibration is calculated at position B, and the velocity profile is measured from A to C. (b) Plot of the Doppler frequency as a function of velocity in the center of the tube V max = 2Q/S. The angle between the flow direction and the optical beam can be estimated from the slope of this relationship, and is 80.25•

Figure

  Figure IV.7: A comparison between theoretical profile (solid red curve) and 8 consecutive measured profiles (blue markers) along the centre-line of the flow-channel with a flow rate of 20, 40 and 60 µL/min -1 .

Figure IV. 8 :Figure IV. 9 :

 89 Figure IV.8: The mean measurement error to the theoretical profile in relation to the scanned position within the tube

Figure IV. 10 :

 10 Figure IV.10: Viscosity of Glycerol depending on mass fraction for different temperatures.

Finally, the laser

  scanned across the flow-channel (x direction in Fig. IV.3.1.b) with 10 µm steps. The flow profiles for each solution are presented in Fig. IV.11. It can be observed that the change in refractive index and viscosity do not affect the flow profile, which follow Poiseuille's law, as expected.

Figure

  Figure IV.11: A comparison between theoretical profile and measured profiles (markers) for various concentration of Glycerol along the centre-line of the flowchannel with a flow rate of 50 µL/min -1 . Percentage of Glycerol (weight): [0,[START_REF] Mul | Self-mixing laserdoppler velocimetry of liquid flow and of blood perfusion in tissue[END_REF][START_REF] Zhao | Fabrication of three-dimensional micro-structures: Microtransfer molding[END_REF][START_REF] Cao | Implantable medical drug delivery systems using microelectromechanical systems technology[END_REF][START_REF] Povey | Ultrasonic techniques for fluids characterization[END_REF] 

Figure IV. 12 :

 12 Figure IV.12: Experimental rheograms for various concentrations of xanthan gum (0.25 (cross) 1 (circle) and 3 g/L (square)). The viscosity of each solution as a function of the shear rate applied are plotted in logarithm scale.

5 :Figure IV. 14 :IV. 4 . 1

 51441 Figure IV.13: Measured (markers) and theoretical (solid line) velocity profile in a 320 µm channel for various solutions of xanthan gum (0 (plus), 0.25 (cross), 1 (circle), and 3 g/L (square)).

. 5 .Figure IV. 15 :

 515 Figure IV.15: Comparison of theoretical (red curve) and measured velocity (blue curve and errorbars) flow profile in depth at a flow rate of Q=20 µL/min

  Fig. IV.4.3 and Fig. IV.4.3. A good agreement can be seen between the simulated and measured results in the top half of the channel, but large errors and fluctuations can be observed in deeper locations. The rate of error is very high near the bottom wall, as predicted by the depth flow profile measurement.

Figure IV. 16 :

 16 Figure IV.16: 2D flow profile in a circular flow channel (a) 3D view and (b) equivelocity area.

Figure IV. 17 : 6 :Figure IV. 18 :

 17618 Figure IV.17: (a) OFI (left) and DS (right) experimental configurations (b) Picture of the DS experimental set-up

Figure IV. 20 :Figure IV. 21 :

 2021 Figure IV.20: OFI sensing scheme in the 20 µmx100 µm flowchannel

  Fig. IV.19.

Figure V. 4 :

 4 Figure V.4: First observation of multiple scattering effect in blood flow [13].

Figure V. 5 :

 5 Figure V.5: LDV perfusion images of the finger obtained before, during, and after occlusion of the upper arm [14].

Figure V. 6 :n][ 1 L pdms 0 1 ]n

 611 Figure V.6: (a) Ray transfer matrix are used to model the Gaussian beam propagation through the optical set-up. (b) The experimental configuration can lead to severe beam waist position change that needs to be taken into account while measuring flow rate in a microchannel.

  

Table I .

 I 

		Drawbacks	Low temporal resolution for	large area	Low SNR nearwall	Low resolution in MS regime		Loss of resolution due to mul-	tiple scattering regime	Research stage		Time and memory consuming	Concentration control	Expensive and bulky elements	2-D velocity component	Research stage	Low spatial resolution	Heavy computation and need	of GPU
		Advantages	3-velocity components	Real-time visualization	Information on particles size	and concentration	Self-aligned and compact	Can be built in fully inte-	grated devices (array)	Real-time visualization	Information on particles size	and concentration	Extremely high resolution	Coupling with other tech-	nique to improve performance	Extremly high resolution	Suitable for high particle con-	centration	Single exposure technique	Sensitive to both lateral and	line-of-sight motion	High particle concentration
		In-vivo applications				Yes						Yes					Under conditions	Under conditions	Yes
	Cost	Simplicity		Expensive	Simple				Low-cost	Simple			Prohibitively	expensive	Complex	Expensive	Complex	Low-cost	Simple
	Spatial	resolution	(µm)			0.960						∼ 10					0.0645	0.05	50
							LDV						OFI				µ-PIV	PTV	Dual-slit	LASCA
				Pointwise technique								Full-field technique

1: Comparison of optical methods for flow rate and velocity measurement in microscale devices

  .1.

	E(t)	Envelop of the electric field, normalized so that E 2 corre-
		sponds to the photon density S (m -3 )
	Φ(t)	Electric field phase	
	ω 0	Angular frequency of the LD without feedback (ω 0 = 2πν 0 )
	G n	Modal gain coefficient	
	N (t)	Spatially averaged carrier density
	N 0	Carrier density at transparency
	N th	Carrier density at threshold
	τ p	Photon lifetime within the cavity
	τ e	Carrier lifetime		
	τ l	LD cavity round-trip time
	τ d	External cavity round-trip time
	G gen	Electric pumping coefficient, defined by G gen = Jη qd with J the
		injection current density, η the internal quantum efficiency,
		d the active layer thickness and q the elementary charge.
	α	Linewidth enhancement factor [170]
	ζ	Fraction of the back-reflected field that couple with the lasing
		mode (Eq. (II.25))		
		Table II.1: Description of parameter used in Eq. (II.27)
	Stationary solutions of the Lang-Kobayashi equations allow to write an
	approximated expression of the optical power of a LD under optical feedback.
	The left part of the set of equations (II.27) becomes:
		dE(t) dt	=	dN (t) dt	= 0	(II.30)

Table III

 III 

			1mm/s	3mm/s
			5mm/s
			7mm/s
		-65
	OFI signal (dB)	-75 -70
		-80
		0 0	2000 4000 6000 8000 10000 2 4 6 8 10
			Frequency (kHz)
	.1: Simulation parameters: influence of the spot size on the Doppler
	peak position	

Figure III.6: Simulated OFI spectrum for various measured velocities V max [1, 3, 5, 7] mm/s. The sensing volume is small compared to the flowchannel's radius. The Doppler peak is proportional to the velocity value

Table III .

 III .5.The assembled optical head was characterized with a beam profiler, and the spot 5: Parameters used for OFI measurement in single scattering regime, and single lens configuration diameter in focus was measured to be 32.26 µm. The total distance between the LD output facet and the flowchannel was set at 10 cm. The magnification of the lens (C240-TMEB, f c = 8 mm) was 10.5, leading to a theoretical output beam diameter of 339 µm, providing a poor spatial resolution.

	Parameter	Numerical values
	Flowchannel	square cross-section (100 µmx100 µm)
	Liquid	Milk-water (2%-98%)
	Refractive index	1.34
	Lens 1	C240 (f=8 mm)
	θ	75 •
	LD driving current 1.8 mA
	LD wavelength	667 nm

  TableIV.3: Viscosity µ, refractive index n and Reynolds number R e for various aqueous Glycerol solutions[START_REF] Dorsey | Properties of ordinary water-substance, in all its phases: watervapor, water and all the ices[END_REF] 

		• C (mPa/s)	n	R e @Q = 50 µL/min
	0	1.005	1.333	3.33
	10	1.31	1.344	2.54
	20	1.76	1.357	1.9
	30	2.50	1.37	1.33
	40	3.72	1.384	0.89
	50	6	1.398	0.55
	60	10.8	1.412	0.3

Table IV .

 IV .3 details for each aqueaous Glycerol solution, its viscosity, refractive index and Reynolds number[START_REF] Dorsey | Properties of ordinary water-substance, in all its phases: watervapor, water and all the ices[END_REF]. These solutions have been chosen because their refractive index can be easily adjusted by changing the Glycerol proportion. Indeed, Glycerol is a Newtonian liquid 4: Parameters used for flow profile measurement in single scattering regime: Glycerol liquid phase whose viscosity varies sharply with concentration and temperature as depicted in Fig. IV.10. The theoretical velocity profile in a circular duct should follow Poiseuille's law. The aim of this study is (i) to prove that changes in viscosity has no impact on flow profile measurement using OFI flowmetry, and (ii) to investigate the sensor performances for various refractive indices.

	Parameter	Numerical values
	Flowchannel	circular cross-section (diameter 2R = 320 µm)
	Lens 1	C220 (f=11 mm)
	Lens 2	C240 (f=8 mm)
	θ	75 •
	Q	50 µL/min
	LD driving current 1.8 mA
	LD wavelength	667 nm

  Additional frequency shift induced by the driving current modulation f mod Total frequency shift induced by the driving current modulation Φ 0 , Φ F Phase of the Electric field without (with) feedback G n Modal gain coefficient G gen Electric pumping coefficient g th Threshold gain of the LD active region g Power gain of the LD active region γ 0 Absorption coefficient of the LD active region γ in ,γ ext Absorption coefficient refering to the wave travelling inside (outside) the laser cavity

	α	Line-width enhancement factor or Henry factor
	α p	Coefficient representing the losses due to absorption by the semiconductor crystal
	β ν	Frequency modulation coefficient
	β I	Current modulation coefficient
	C	Coupling coefficient
	c	Speed of light
	E(t)	Envelop of the electric field, normalized so that E corresponds to the photon density
	E i	Incident electric field
	E 0	Incident wave amplitude
	E r	Reflected electric field
	f D	Doppler frequency
	f shift	
	I	LD driving current
	⟨I⟩	Mean intensity of the photography (LASCA)
	I eq	Equivalent interface
	K	Speckle contrast
	k	Boltzmann constant
	k 0	Wavenumber
	k in , k ext Incident (reflected) wavenumber
	L	Distance between the laser and the target
	L s	Distance between two slits in DS technique
	l c	Length of the LD cavity
	l ext	Length of the external cavity
	λ	Laser wavelength
	m	Modulation index
	n	Refractive index
	n 0	Effective group index
	n 0 , n F	Effective index in freespace (resp. under feedback)
	N (t)	Spatially averaged carrier density
	N 0	Carrier density at transparency
	N th	Carrier density at threshold
	ν 0 , ν F	LD frequency without (with) feedback

Table V .

 V 

	Parameter Description	Values
	f 1	Focal length (L1)	11 mm
	f 2	Focal length (L2)	8 mm
	L air1	Distance between the LD and L1	f 1
	L air2	Distance between L1 and L2	10 cm
	L air3	Distance between L2 and the FC	/
	L pdms	Distance FC first interface/ liquid	1.5 mm
	L liquid	Penetration depth in the liquid	/
	n air	Air refractive index	1
	n pdms	PDMS refractive index	1.41
	n liquid	Milk refractive index	1.35
	θ	Angle between the laser beam and the channel 25 •
	λ	LD wavelength	667 nm
	W in	Laser beam waist	12.2 µm
	r	Flowchannel radius	160 µm

1: Parameters used to describe the optical system

As of the end of 2012, 195 papers about flow sensors for microfluidics applications have been published according to the Web of Science c ⃝. The number of published papers shows an increasing trend since 1998, when Santiago et al. proposed for the first time the µ-PIV technique to measure fluid flow velocity in micro-channels. The repartition of the number of published papers per year is presented in Fig. I.17. Although this histogram do not provide an exhaustive representation of research dealing with flow control and measurement in microdevices, it gives a good indication about the growing interest for the need of precise flowmeters in the microfluidic field.
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Chapter IV

OFI flow profile measurement in microchannels ω

Laser angular frequency P 0 , P F Laser optical feedback without (with) feedback q the elementary charge r 1 , r [START_REF] Barker | Measuring fluid velocities with speckle patterns[END_REF] Reflection coefficients for the electric field amplitude at I 1 (I 2 ) r eq

Reflection coefficient for the electric field amplitude for equivalent cavity The Doppler effect has been discovered in 1842 by the Austrian physicist C. Doppler on sound waves, and the French scientist H. Fizeau discovered independently the same phenomenon on light waves in 1848. The Doppler effect is observed whenever the source of waves is moving with respect to an observer. Indeed, when a wave is incident on an observer (or object), the frequency of the wave perceived by the observer differs from the emitted frequency. If the object is moving towards the source, the perceived frequency is higher than the emitted frequency, and if it is moving away from the source, the perceived frequency is lower. The change in frequency or Doppler shift that is observed by the object is f D = F R -F S where F R is the received frequency and F S is the emitted frequency.

Let consider the case of moving particle embedded in a surrounding liquid phase with a refractive index n, flowing in a flow-channel. The source is a laser situated at a distance L to the flow-channel wall, as depicted in Fig. V.2. The particle motion V is considered in the source direction, where V is an algebric value. At t 0 = 0, a sinusoidal wave leaves the source S. The particle perceived the first maximum (noted A) after a time t 1 = L/c + nL 1 /c. The second maximum (noted B), that left the source after a time T s corresponding to the period of the wave, arrives on the particle at t 2 = L/c + nL 2 /c. The particle perceived points A and B separated with a time T r , which differs from T s , as the particle has moved during the propagation time. L 2 -L 1 is the distance travelled during T r , and can be expressed as

So, T r can be expressed as:

In frequency domain, the apparent frequency perceived by the particle is:

Leading to a frequency shift due to the Doppler effect f D :

Where λ = c Fs is the wavelength of the wave.

In LDV case, the frequency shift is combined with the incident beam, and the resulting beat frequency is proportional to the particle velocity.

Appendix B: LDV application: Invivo Blood flow measurement

LDV has been of great interest for various biomedical applications. However, the penetration depth of laser light in tissue varies approximately between 0. In 1972, Riva and co-workers first noticed the LDV potential for measuring in vivo blood velocities [START_REF] Riva | Laser doppler measurements of blood flow in capillary tubes and retinal arteries[END_REF]. The laser was projected through an optical system into the blood and the light was scattered by the red blood cells. They also simplified the experimental set-up by removing the beamsplitter and using directly the light scattered by the tube itself as a local oscillator. This new configuration provides a simpler and easy sensor alignment. They measured the flow rate of blood in a synthetic 200µm flow-channel, and in the retinal artery of an albino rabbit.

Nevertheless, the principal interest of research groups working on LDV for biomedical applications was to build a practical instrument in order to measure human blood flow clinically.

Flow measurement in human retinal vessels was the easiest way to demonstrate that in-vivo human blood flow measurement was possible [START_REF] Tanaka | Blood velocity measurements in human retinal vessels[END_REF], insofar as the laser beam can be directly focused on the arteriole. The next step was to measure the human skin blood flow [START_REF] Watkins | An instrument to measure cutaneous blood flow using the doppler shift of laser light[END_REF][START_REF] Stern | In vivo evaluation of microcirculation by coherent light scattering[END_REF]. A small and relatively inexpensive laser was used, in order to permit reasonable cost as well as portability, coupled with a fiber-optic probe that can be placed on any skin surface.

Appendix C: Sensing volume estimation

The ray-transfer theory has been used to estimate the shape, position and size of the OFI sensing volume in flowchannels. This example described the case of the VCSEL based sensor, in dual lens configuration, beaming onto the 320 µm circular flowchannel.

The complex Gaussian beam parameter q in is defined by:

Where R is the radius of curvature of the beam, W in represents the spot size at the laser output, and λ is the LD wavelength.

After travelling through an optical system, the complex Gaussian beam parameter becomes:

Where A, B, C and D are the components of M , the matrix that describes the optical system:

To calculate the equivalent ray matrix of the optical system, the notations have been used described in Table . V.1. For a better visualisation of the results, typical numerical values are proposed. The first lens (L1) and the second lens (L2) can be chosen to adjust the sensing volume. In this example, the flowchannel (FC) is made of PDMS and has a circular crosssection. The liquid pushed through is milk diluted in water.

To measure the flow velocity using OFI techniques, a non-zero angle between the laser beam and the flow direction is required. This leads to an experimental set-up where the laser head is tilted with respect to the flowchannel. This tilt has to be taken into account while writing the matrix describing the optical set-up. The angle between the flowchannel and the laser beam is noted θ, the angle after refraction at the air/PDMS interface is noted θ PDMS = n air θ/n PDMS , and the angle after refraction at the PDMS/liquid interface is noted θ liquid = n air θ/n liquid .

The optical path is divided in steps that are described with their respective ray matrix in Table . V.2.

To model the whole system, the ABCD matrix are multiplied, and the resulting matrix M From this simulation can be deduced that the sensing volume shape is ellipsoid, and this ellipsoid shape depends strongly on the angle between the laser beam and the flowchannel, the refractive index of the PDMS and the of the liquid, as well as on the radius of curvature of the flowchannel. Therefore, to minimize the spot size, and to achieve a high spatial resolution in microchannels, the lens L1 and L2 have to be chosen carefully, the incident angle θ has to be close to 90 • , and square flowchannels has to be preferred to microchannels. This model is not valid for multiple scattering regime (highly concentrated liquids) as the idea of focus, beam waist and Gaussian beam are not valid any more. Furthermore, this model is also not appropriated for biomedical applications, where the scattering due to skin has to be taken into account. However, it gives a good idea of what is happening in the flowchannel for in vitro measurement.

Appendix D: Microchannel fabrication

In microfluidics, a simple way to build microchannel is to use Polydimethylsiloxane (PDMS), which is an organic polymer of chemical formula: CH3[Si(CH3)2O]nSi(CH3)3. The state of the material varies with the parameter n, and PDMS without treatment can be liquid (low n) to quasi-solid (high n). Furthermore, PDMS is low-cost and hydrophobic, so that water or glycerol don't deform or leak into the flowchannels. Therefore, PDMS can be used without fearing from microchannel change and deformation. The properties of PDMS can be changed by oxidation, as a plasma treatment modifies its surface chemistry. The PDMS can be bounded to PDMS or glass slices in a quasi-permanent manner.

Finally, PDMS is optically clear at visible wavelength (240 nm to 1100 nm), and can be easily observed using microscope. Theses advantages make PDMS flowchannels suitable for OFI flowmetry experimentations.

The experimental protocol to build square or rectangular microchannel is described in Fig. V.7.

• Liquid PDMS is mixed with a cross-linking agent (to harden the