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Introduction



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, contin-
uous 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 tran-
sistor 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 trans-
porting liquids or gases. At first, the main interest for downscaling flowchan-
nels was to improve the device’s performance in the field of analytical chem-
istry. In electrophoresis for example, when the size of a device is reduced
by 10, the reaction time is divided by 100 [16]. 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. [17], were fabricated
in silicon and glass using conventional, planar fabrication techniques (pho-
tolithography 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 mi-
crofluidic devices. PDMS is an inexpensive and flexible material, and is
optically transparent down to 230 nm [18]. 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 perme-
able 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 micro-
fabrication techniques were tested (microcontact printing [19], microtransfer
moulding [20], Polymer-based channels [21] ...). Consequently, the average
dimension of microchannels has been reduced from 1 pm in 1998 [22] down
to 30 nm in 2011 [23].



Microfluidics deals with the behavior, the precise control and the manip-
ulation of fluids. Some applications of microfluidics are introduced here, to
give a general overview of this multidisciplinary field intersecting engineer-
ing, physics, chemistry, microtechnology and biotechnology.

First, microfluidic devices are of great interest to miniaturize and parallelize
classical immunologic and genomic detection assays [24]. On-chip real time
polymerase chain reaction (for DNA copy) [25], immuno-sensors (to detect
the presence of a substance in a liquid sample) [26], and microarrays [27]
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 quan-
tity of reagent and a longer reaction time. It is also possible to replicate
DNA sequence from a tiny initial quantity to detect genetic disorders [28,29],
avoiding invasive analysis. New “Labs-on-a-chip” can provide up to one mil-
lion copy of a DNA sequence in 30 minutes.

Micro Total Analyzing Systems (uWTAS), which can be implanted directly in
the human body, are another microfluidic application. wTAS 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 neurode-
generative disorders [30, 31].

Multiphase flows generators are also of high interest in microfluidics as lam-
inar flows facilitate the generation of monodisperse droplets [32-34]. Emul-
sions and double emulsions can be used for nanoparticle synthesis or drug
microencapsulation [35]. Microdroplets can also be used as single microre-
actors in biodetection systems [36].

Furthermore, new microfluidic technologies allow the manipulation of dis-
crete, independently controllable droplets, using the modification of the wet-
ting 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 [37].

In rheology, working with low Reynolds numbers, which is the case in small
channels, enable to investigate viscous liquids and to study non-linear vis-
cous properties [38]. A number of microfluidic rheometry systems have
been investigated and provide an alternative to conventional characteriza-
tion methods [39,40]. The study of fluids transport across micro-nanofluidic
porous media is also of high interest for oil recovery applications in petrol
extraction [41]. Moreover, a number of fundamental questions around the
slip velocity at the solid-liquid interface can also be investigated using mi-
crofluidic devices together with flow visualization techniques [42-44].
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 [45]. 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 on-
site/on-demand production as processes can be controlled at a much finer
degree [46-48].

More examples and detailed applications for integrated microfluidic devices
can be found in the enhanced microfluidics review of Erikson [49]. The
nascent field of nanofluidics (the study of fluids in channels with nanometre-
scale dimensions) indicates that the research on always smaller microchan-
nels is of great interest for future industrial applications [50].

Blood capillaries and artificial microchannels are closely linked. First,
small vessels which size varies between 50 pm (arterioles) and 10 um (cap-
illaries) can be considered as “natural” microfluidic systems [51]. In addi-
tion, 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 regu-
lar.

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 [52,53]. 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 vol-
ume flow rate from the measurement of the mean velocity is possible under
the assumption of a parabolic velocity profile in the channel [54]. Neverthe-
less, 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) [55,56].

Finally, measuring the blood flow flow is of great interest in the early detec-
tion 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) [57]. 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 ve-
locity can indicate a melanoma, and monitoring blood perfusion in the area
of suspected tumours can contribute to early cancer detection [58,59]. 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 sen-
sors 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 as-
sembled 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 de-
scribes the theoretical background, as well as the hardware and signal pro-
cessing 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 tech-
nologies for flow measurement in microchannels, highlighting how the sub-
millimeter 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 chrono-
logical 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 OFL. In its first
section, the equivalent cavity model, that describes the steady state be-
haviour 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 pro-
pose 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 experimen-
tal set-up used to measure fluid velocity is detailed. Typical experimental
OFT signals for fluid flow measurement are presented, and their variations
with flow rate are studied, leading to the development of relevant signal pro-
cessing 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 pro-
files inside channels of various dimensions (from 100 pm 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 I1I, as well as the corresponding signal pro-
cessing methods, are validated by successfully extracting the flow profiles in
both Newtonian and Non-Newtonian liquids.

Finally, a general conclusion is proposed.



Chapter 1

Optical sensors for flow
measurement



I.1 Introduction

The exponential growth of microfluidics in the last decade has been de-
manding 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 tech-
niques in fluid characterization and blood circulation measurement, and an
enhanced description of this technology can be found in the following books
and articles [60-62].

Techniques for extracting flow velocity information from nuclear mag-
netic resonance imaging (MRI) are reviewed by Smith [63] and Bradley [64].

Single photon emission computed tomography and positron emission to-
mography are reviewed by Lodge et al. [65], Cuocolo et al. [66] and Zhao et
al. [67]. Computational fluid dynamics techniques are exhaustively studied
by Anderson [68] and Chung [69].

A range of methods for injecting and tracking scalar markers including
laser-induced fluorescence, flow-tagging velocimetry, molecular tagging ve-
locimetry, laser-induced molecular tagging and Infra-Red thermal velocime-
try have been described by Sinton [70].

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. Compu-
tational 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 de-
scribed, 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 Anemome-
try (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 devel-
opment, and is now a well-proven commercialized technique that measures
fluid velocity accurately and non-invasively.

1.2.1 History : first LDV configuration

In the 60’s, the only non-invasive technique to measure a flow pattern con-
sisted in injecting dyes into the fluid stream [71], 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 quantita-
tive 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 [72] to measure locally the velocity of a fluid [1].
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 opti-
cal 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. 1.2.1.

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. 1.2.1), and the theoretical flow
profile is known by the Poiseuille’s law [73]. 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. [74] presented an improved version of Yeh and
Cummins LDV to measure velocities in liquids and gases, when the parti-
cles’ 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
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Figure I.1: First LDV for measuring fluid flow, proposed by Yeh and Cul-
mmins 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.
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Figure 1.2: Schematic plot of a LDV in single-beam configuration.

circular pipe.

1.2.2 Sensing scheme

1.2.2.a Interferometric sensing scheme : single beam configura-
tion

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 fre-
quency. A schematic plot of the LDV principle is presented on Fig. 1.2.

This technique provides a linear relationship between the measured Doppler
frequency fp and the particles velocity in the detection volume:

fp = 2Vn i\m (9) (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, 6 is

the angle between the laser beam and the fluid velocity direction, and A is
the wavelength of the laser.

1.2.2.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. 1.3).
A transmitting optic focuses the beams to intersect at their waist in the
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Figure 1.3: 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.

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. 1.3, the particle
is moving towards the laser at a velocity —V sin (f). For the other beam,
the particle is moving away from the laser, and the velocity component is
V'sin (0). 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 0 and the tracer velocity magnitude V', and can be
written:

nVsin(0) (—nVsin(0)) 2nVsin(0)

fp=—7—"- 3 = 3 (1.2)

where V is the particle velocity, 20 the angle between the two incident
beams, n the refractive index of the fluid aqueous phase, and A the laser’s
wavelength.

1.2.2.c Fringe crossing detection scheme

In 1969, Rudd proposed an alternative model to explain the LDV mecha-
nism [75]. The Doppler effect is interpreted in term of scattering centres
crossing a set of fringes, rather than actually causing a shift in the light
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frequency. He also demonstrated that the two approaches are entirely equiv-
alent.

When the two beams described on Fig. 1.3 intersect, a fringe pattern is cre-
ated. 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 oc-
cur, 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 A
~ 2nsin ()
Where 6 the half-angle between the two incident beams.

(1.3)

When a tracer particle moves along axis y in Fig. 1.4, 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 fp induced by the particle moving at a
velocity V is described as:

V. 2nVsin(0)
fp = .= 3 (1.4)

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.
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1.2.3 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 direc-
tion, 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 [76,77].

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 [78].

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 [79], with polarization changes [80], or
colour coding [81]. 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 [82].

Full-field approach To avoid scanning, Serov et al. [83] replaced the
widely used avalanche photodetector by a complementary metal oxide semi-
conductor image sensor (CMOS), leading to high speed flow imaging of
larger surface.

1.2.4 LDV applied to blood flow measurement

The principal goal of research groups working on LDV for biomedical ap-
plications was to build a practical instrument for clinical use. Flow mea-
surement in human retinal vessels was the easiest way to demonstrate that
in-vivo human blood flow measurement was possible [84]. The next step
consisted in measuring the human skin blood flow [13,85]. A small and rela-
tively 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
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to visualize the change in blood perfusion [83,86]. Nowadays, Moor instru-
ments 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.

1.2.5 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 pm [87], and with the same technique, Tieu et al. demonstrated the
laminar profile reconstruction with a 10x5 um detection volume [88].

In 2010, Buttner et al. optimized the LDV profile sensor set-up using
computed simulation and achieved a spatial resolution of 1.2 um with a
relative uncertainty on the velocity of 0.25 % [89]. 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 [90].

I.3 Particle Image Velocimetry (PIV)

Particle Image Velocimetry (PIV) is the most advanced technique to mea-
sure 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.

1.3.1 From Laser Doppler Velocimetry to Laser Speckle Pho-
tography

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:

e To develop some efficient scanning systems
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e To use a completely different approach, the Laser Speckle Photography
(LSP) technique [91].

1.3.2 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 dif-
ficult to focus [92]. 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 27w. 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.

1.3.3 History : first LSP configuration

In the experimental set-up of Grousson [91], 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 [93] (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 [2], and Binnington et al. used LSP to
measure turbulent flow in a circular pipe [94].

1.3.4 PIV basics

In 1983, the idea of dividing the double exposure photograph into small in-
terrogation spots and calculating their autocorrelation instead of measuring
the spacing and the orientation of Young fringes was proposed for the first
time [95]. The name Particle Image Velocimetry (PIV) was then introduced
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Figure 1.5: Young’s fringe pattern for various fluid velocities [2].

to distinguish it from the traditional LSP [96].

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 sub-
windows of the first image, using cross-correlation algorithms.

4. The most likely displacement of the particle is found for the two sub-
windows 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. 1.6.

This technique was first applied by Barakat et al. to reconstruct the
velocity profile in a 14 mm circular duct [97].

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. [98], and the measurement of the particle
displacement orthogonal to the illumination plane has been demonstrated
by Cedenese and Paglialunga [99]. PIV became a mature technique, allow-
ing 3D reconstruction of velocity distribution in a liquid. An illustration of
PIV applied to fluid flow distribution in a T-junction is described in Fig. 1.7.
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Figure 1.7: Two images acquired using PIV from a liquid flowing in a curved
T-joint microchannel and it corresponding velocity field. [3]
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Figure 1.8: Particle tracking velocimetry measurements for 500 nm diameter
particles in a pressure driven flow through a cross-channel interaction [4]

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.

1.3.5 Low particle concentration : Particle Tracking Velocime-
try (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 [100,101].

In practice, a light sheet illuminates the particles while several con-
secutive images are recorded. After locating the particles in the different
recorded frames, their path is calculated and reconstructed. A pair of par-
ticles is matched by predicting their position on the next frame, using their
momentary velocity. Differences in size, place and shape are taken into ac-
count. When the particle paths are known, the total velocity field can be
calculated (Fig. 1.8).

1.3.6 Recent advance in PIV and pu-PIV: microscale flow
measurement
1.3.6.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 algo-
rithm.
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Figure 1.9: (a) Flow distribution using standard PIV (b) Super resolution
PIV using velocity vectors from (a) to apply PTV algorithm [5]

A standard PIV analysis is first performed using the maximum resolu-
tion 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 reso-
lution using super resolution PIV is shown in Fig. 1.9. Many improvements
to this method have been proposed, in order to extend the particle-tracking
approach into higher density flow [5,103,104].

1.3.6.b Micro-scale Particle Image Velocimetry: u-PIV

The adaptation of PIV to microscale flows was demonstrated by Santiago et
al. [105]. For u-PIV, the optical and mechanical configurations are different
as volume illumination is used in pu-PIV in opposition to light sheet illumi-
nation common in PIV. Fluorescent imaging is typically used to improve the
signal and overcome diffraction effects due to small particle size.

u-PIV applied to microfluidics has been investigated by Meinhart et al. [106],
who measured the velocity distribution within a microchannel with a spatial
resolution better than 1 pm [107,108].

However, pu-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
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Figure 1.10: p-PIV measurement of the velocity distribution inside a mov-
ing droplet. (a)View of the section of the droplet at half its length (b)
Longitudinal view [6]

enough to reflect sufficient light. Furthermore, the significant parameters
for u-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 [109]
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 pu-PIV have been proposed in the last
decade, such as for example evanescent wave u-PIV, confocal u-PIV or holo-
graphic p-PIV, and an enhanced description of these new concepts have been
fully reviewed by Williams [110].

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

1.3.7 Biomedical applications

Some studies were undertaken to demonstrate that PIV and PTW were
suitable techniques for blood flow measurement. However they require a
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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 [111], or to inject
fluorescent particles inside the patient [112]. 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 1.3.2) 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 exploit-
ing the spatial and temporal properties of speckle patterns. Although these
two last methods were not as successful as PIV, some interesting achieve-
ment were done, especially in the biomedical field.

1.4.1 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 fluc-
tuations [113]. This gave rise to a new detection scheme : the Laser Speckle
Contrast Analysis (LASCA), based on the study of the spatial statistic prop-
erties 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 ¢ on the
mean intensity (I) of the photography ratio.

o

K ) (L.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 in-
vivo experiment performed. Instead of processing the Young’s fringes of the
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Figure I.11: (a) Single exposure image of rat’s cortex(b) Lasca measurement
performed on the same image [7]

speckle photography, Briers and Goodman considered the statistic properties
of the intensity distribution in the speckle pattern [114,115]. LASCA is
mostly used for skin blood microcirculation imaging (Fig. I.11) but it is not
appropriated for very high resolution microfluidics analysis [7,116,117].

I.4.2 Laser Speckle Velocimetry (LSV)

Botanical samples, illuminated by a laser, gave rise to a noisy optical phe-
nomenon, attributed to the flow of a water inside a plant [118]. 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.
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Figure 1.12: (a) Optical arrangement for in-vivo microcirculation measure-
ment using LSV (b) Increase of CCD-recorded signal on the scar area [8,9].

Time-varying speckle is based on the evaluation of temporal statistics
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of speckle fluctuations at a single point. On its basic configuration, a colli-
mated 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 in-
formation.

Most of LSP applications belong to the biomedical field [8,9,119-124].
An example of in-vivo blood flow measurement using time varying speckle
is presented in Fig. [.4.2 and 1.4.2.

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 um. 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.

1.5.1 History

The Dual-Slit (DS) technique, first refereed as “Photometric double-slit tech-
nique”, [125], 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 tech-
nique 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. 1.13. The channel
under study is trans-illuminated and two photo-sensors (slits) are positioned,
separated by a known distance, Ls, along the channel axis (Fig. 1.13). 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 Lg between
the two slits, a cross-correlation velocity, Vis = Ls /Ty, is obtained, where T,
is the time delay for which the cross-correlation between the two signals is
maximum. For an optimal L, 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 [126-129].
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Figure 1.13: Scheme of the dual-slit methodology implementation for in vitro
experimentation

1.5.2 Recent advances

In case of steady-state flow, velocity profiles have been successfully re-
constructed in a flow-channel of 10x10 pum, with a spatial resolution of
300 nm [130,131]. 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 (OFT)

Optical feedback interferometry (OFI) or Self-mizing 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 stmpler 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.
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Figure 1.14: Multiple scattering effect in OFI for blood flow measurement:
the upper spectrum is the signal spectrum, the lower spectrum is the noise
spectrum [10].
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Figure 1.15: Scheme of an early optical feedback interferometry sensor for
blood flow measurement [11]
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1.6.1 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 [132]. OFI first experimental set-up for flow measurement was made
of a single-mode laser diode coupled into a glass optical fiber using a mi-
croscope 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 mea-
surement errors [133]. Finally, OFI suffered from multiple scattering effect,
as the sensor was calibrated on a channel filled with non-diluted blood, us-
ing 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. 1.14). Because Koelink et al. had observed previously the
same effect for in-vivo LDV measurement [134], they applied the same sig-
nal 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, retriev-
ing a well-defined Doppler peak in the OFT 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 re-
trieved [10,135].

1.6.2 OFI in LDV configuration

OFT 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 [136-140].

Zakian and Dickinson offered a great contribution to the development of
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Figure 1.16: (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 [12]
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experimental understanding of OFI flowmetry. They studied the influence
of the size of the particle used as trackers, and took an interest in measur-
ing fluid flow in narrow channels [141,142]. Particle sizing experiment were
performed by using polystyrenes spheres with diameter varying from 0.02 to
0.2 um 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 pa-
rameter. This sensor, which paves the way for OFI in its modern form, is
depicted in Fig. 1.6.2.

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. 1.6.2 demonstrated
the ability to employ OFI sensor for in-vivo blood perfusion monitoring.

1.6.3 OFI technical evolution

In the past three years, an increase of the number of papers published about
OFT 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:

e Some improvements were made to consolidate the signal processing
in multiple scattering effect, and to built a low-cost embedded
sensors [143,144].

e 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. [145], who built an OFI sensor based on a
low-cost superluminescent diode.

e Wang et al. explained theoretically the shape of the OFI spectrum
when the laser is beaming onto a flowing Brownian solution [146,
147]

e Lim et al. proposed a full-field OFI sensor system with simultaneous
read-out from an array of lasers for measuring fluid-flow velocities
[148].

e Kliese et al. measured the flow rate of a solution flowing in a square
100pmx100pum microchannel [149], and improved the accuracy of
flow rate measurement in very slow flow using a blue laser [150].
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1.6.4 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 [151-154].

1.7 Comparison and conclusion

1.7.1 Comparison

Table 1.7.1 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 sub-
millimetre channels, but is designed for a specific application.

Optical sensor for velocity measurement in microchannel can be summa-
rized in three main categories:

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

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 p-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.
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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.
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1.7.2 Evolution of microfluidics flow sensors in the future
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Figure 1.17: Number of articles dealing with optical flowmeter for microflu-
idics applications per year, until November 2012 (Source : Web of science (©))

Many applications requires the manipulation of fluid, tending towards
always smaller volume handling with precise flow and concentration control.

As of the end of 2012, 195 papers about flow sensors for microfluidics
applications have been published according to the Web of Science (©). The
number of published papers shows an increasing trend since 1998, when
Santiago et al. proposed for the first time the u-PIV technique to measure
fluid flow velocity in micro-channels. The repartition of the number of pub-
lished papers per year is presented in Fig. 1.17. 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.

34



Chapter 11

Optical Feedback
Interferometry: theory and
model

35



II.1 Introduction

When a laser beam illuminates an external target which surface is diffu-
sive or reflective, a small portion of the incident light is reflected back into
the laser cavity. This phenomenon, referred as “Optical feedback” or “Self-
mixing effect”, occurs in most laser-based systems. It was first seen as an
inconvenience because it affects seriously the laser properties, leading to un-
wanted 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 [155]. As multi-
mode 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 de-
vice’s performances. Kleinman and Kisliuk suggested adding another reflect-
ing 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 [156], and a semiconductor laser diode [157-159].
It was also experimentally found that optical feedback affects various laser
properties, such as the carrier density at the threshold [160] and the laser
dynamical properties [161]. Furthermore, theses changes were dependent
among others on the distance between the laser cavity and the external re-
flector [162], and on the strength of the coupling between the reflected wave
and the in-cavity wave [163].

Despite these experimental observations, there was no theoretical model
that could accurately describe the origins of the dynamical operation of semi-
conductor lasers with optical feedback. In 1980, Lang and Kobayashi [164]
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 [165-167].
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Figure II.1: Schematic arrangement of a laser diode without optical feed-
back.

I1.2 Optical feedback interferometry: Theory

11.2.1 The laser diode in free space

The optical feedback effect can be explained by firstly considering the opera-
tion 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 [.. These facets (I1 and I2) are defined by their
reflection coefficients 1 and r9 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:

. 1
E(z) = Eyexp (—jkoz) exp (—5702) (I1.1)
Considering:
27TTL()V0
ko = the wavenumber (I1.2)
c
7 = op—g the absorption gain coefficient of the medium (IL.3)

Where ng represents the refractive index in the active medium, 1 the
angular frequency of the wave and ¢ the speed of light in vacuum. The
material in the laser cavity has a power gain g and a power loss a,.

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 F(0) injected through the facet I and a round trip
travel inside the cavity is considered.
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The propagation equation can be written:

E(0) = E(0) * rle(*jkolc)e(*%%lc)) % T2e(jko(*lc))e(%vo(*lc))) (I1.4)

yielding,

1 = rprge(~2ikole) (—70le)) (IL5)

Solving equation Eq. (II.5) and differentiating modulus and phase leads
to the laser allowed gain and emitting frequency(ies) equations.

RAL5) = rire 0l =1

1
= gipn=a— T In (|ryra|) (11.6)

C

SAL5) = 2kol, = 0[2n]

c
= yy==kx

keN 1I.
2l.ng < (IL7)

The lasing conditions of a laser emitting in free space are defined by:

gth = a*iln(|r1r2|) (IIS)
vo = kg keN '

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.

11.2.2 The laser diode under optical feedback

An equivalent model of the laser diode subject to feedback due to the pres-
ence of an external target at a distance lox¢ smaller than the half-coherence
length of the optical source is described on Fig. I1.2. This three-mirror cav-
ity can be modeled using a single equivalent cavity limited by I; and I.4, an
equivalent mirror with a reflection coefficient 7.4 (Fig. I1.3).

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 in-
side the laser cavity than the field without optical feedback, (blue term in
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Figure I1.2: Schematic arrangement for a LD under optical feedback, known
as the three-mirrors cavity configuration.

Eq. (I1.9)). The other part propagates outside the laser cavity, and gets
reflected on the target I3 (red term in Eq. (IL.9)). The two paths are de-
picted in Fig. I1.2. The wavenumber ki, (kext) and the absorption coefficient
Yin (Vext) refer to the wave travelling inside (respectively outside) the laser
cavity.

The propagating equation becomes:

E(0) = E(0)  ryrgel=2kinle) (=7nle)) 4 B(0) 5 1y (1 — 13)repel 2 Fextlext)
(I1.9)
where rext = a- f-r3, with r3 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 [168].

Yielding,

1= ryrael 2t [1 4 T8 (1 _ 22l (1L.10)
T2

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: ¢ = &t(1 — r3).

= r1r2€(_2jkinl)e(_'}’inl)) |:1 —+ Ce_zjkextlext:l (1111)

I1.2.2.a Modulation of the laser optical frequency

Identifying the terms in (II.11) and (IL.5) highlights the fact that the field
reflected from I5 and the field injected into the laser from the external cavity
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Figure I1.3: Equivalent cavity model.

can be combined into a single term. This allows the laser facet Iy and the
target I3 to be combined into a single equivalent mirror Ioq as shown in
Fig. I1.3. The equivalent interface has a reflection coefficient 7¢q defined
by [169]:

eq = |[reqlle?®s = rg [1 4 Gemhonten (112)

With
Ireqll = 72 [1 + ( cos(2kextlext)] (I1.13)
(I)eq ~ _CSin(zkextlext) (1114)

For a laser in the presence of an external target, the lasing condition
becomes:

Tlreqefzjkﬂcewlc =1 (I1.15)

By rearranging equation (II.15) from the similar equation for the stan-
dalone laser (II.5):

(1115) Teq —(fyF—’yo)l —j(ch_(I)O)
Teq c =1 II.1
5 ‘ o
With
Do — 2kl (11.18)
Yielding,
H’r'ﬂue_(,w_fm)lc e—j(@p—q)o—‘beq) =1 (11.19)
T2

The threshold gain can be found by equalizing the real part of Eq. (I1.19).
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gthF — gth0 = ZC Ccos (2kextlext) (1120)

c

Likewise, the change in the round-trip phase due to optical feedback A®
is calculated:

Ad = 2lc(l€F — k'()) + CSil’l (lextlext)

47,
= 7; (npvEp — novp) + € sin (2kextlext) (I1.21)

By definition, nprp — novyg = A(nv) = vyAn + npAv,
The change in the effective index n may be expressed as:
on on
An=—(g— —(v — 11.22
n= (g0 + G = w) (1122
Considering the linewidth enhancement factor o = @g—z [170], Eq. (I1.22)
can be rewritten using (I1.20):

—ac on
Alnv) = 1 [47TV0 (9F — g0) + %(VF — Vo)} +np(vr — 1)
= =) [t ] = (g - o)
- \WET )Mo ov nE 4y gF = 90
= (vp—1wy)o + f—CZC o8 (2kextlext) (11.23)
T

The term ng = Vo% +np 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 [171].

These modifications affect (I1.21), leading to:

AD =vp —1y+ C4F§%msin (2kextlext + arctan(a)) (11.24)

Let C be defined by:
C= c:—‘jm (I1.25)
where 75 = @c"“ is the time of flight in the external cavity, 7, = 217”70 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
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Figure 11.4: Solution of Eq. I1.26 for C' < 1 (solid line) and C' > 1 (dot-
dashed line). The square marker represents the only solution for C' < 1 and
circles markers indicate that multiple solutions exist for C' > 1

multiple of 27, the emission frequencies are obtained from Eq. (I1.24) for
A® = 0 (or multiples of 27r). The phase condition of a laser under feedback
can be written:

Vp — 1y = TCM sin (2rvpTy + arctan(a)) (1I1.26)

Fig. I1.4 shows the round-trip phase change A® as a function of vrp —
1y. Possible emission frequencies, where the phase condition is satisfied,
are characterized by A® = 0. Without feedback, as represented by the
dashed curve, A® varies linearly with vrp — 1. As long as C' is small, AP
increases with frequency yielding to a single zero for A®, and therefore
a single emission frequency. For larger C, several external cavity modes
around the emission frequency vy may satisfy the phase equation.

I1.2.2.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 [164]:
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C”zi’f) - % G (N(£) = No) — Tlp E(t)

+fl E(t — 74) cos [worg + B(t) — ®(t —7q)]  (11.27)
d‘fh@ _ %aGn (N(£) = Naw)

_EZW sin [worg + ®(t) — ®(t —74)]  (11.28)
T = Gou— 2 ) - Mol B (1129)

The parameters involved in theses equations are described in Table II.1.

E(t) Envelop of the electric field, normalized so that E? corre-
sponds to the photon density S (m~=3)

D(t) Electric field phase

wo Angular frequency of the LD without feedback (wp = 271yp)

Gn Modal gain coefficient

N(t) Spatially averaged carrier density

Ny Carrier density at transparency

Nin Carrier density at threshold

Tp Photon lifetime within the cavity

Te Carrier lifetime

T LD cavity round-trip time

Td External cavity round-trip time

Ggen Electric pumping coefficient, defined by Ggen = % with J the

injection current density, n the internal quantum efficiency,
d the active layer thickness and ¢ the elementary charge.
o' Linewidth enhancement factor [170]
Fraction of the back-reflected field that couple with the lasing
mode (Eq. (I1.25))

T

Table II.1: Description of parameter used in Eq. (I1.27)

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 (I1.27) becomes:
dE(t) dN(t)

L = A II.
at a (11.30)
)
ddf’) — 9 (vr — o) (IL.31)
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The field equation without feedback is:

d%w:;GﬂN@—%%niEM (I1.32)

From the stationary solution of this equation, it can be deduced that:

1
— =Gy (Ngy — No) (I1.33)

Tp
Furthermore, the electric field with delay E(t — 74) can be seen as a
small variation of the electric field without delay F(t), and therefore can be

written:

dE(t)
dt
Rewriting the first dynamical equation highlights the fact that optical
feedback induces carrier density modulation inside the LD cavity, Nr indi-
cating the presence of optical feedback:

E(t—74) = B(t) — 14 = E(t) (IL.34)

Np(T) = Ny —

20 cos(2mvpTy) (I1.35)
Gl

Doing the same manipulation with the phase equation yields:

vp — 1y = 27571 [acos(2mvpTy) + sin(2mvpTy)] (11.36)

The zero round trip phase condition demonstrated previously is retrieved.

To determine the shape of the emitted optical feedback of a LD mod-
ulated by the optical feedback, Eq. (I1.35) is substituted into the carrier
density equation, obtaining:

Ggen - NF(Td)/Te
G [NF(Td) — No]

P x Ei(1) =

_ (Tp> GgenTe — Nin + % cos [2mvpTy] (I137)

1— 2(Tp

Tl

Te

cos [2mvpTy]

where Er indicates that the solution is calculated in the presence of
feedback. This expression can be linearized, as ( < 7;/27, for most of the
sensing applications where OFT is employed, yielding:

2 2
P ox E4(1) =~ (?) (GgenTe — N + e CT[ cos [27rVFTd]> (1 + f_lTp cos [QWVFTd])
2
~ (:p) (GgenTe — Nin) <1 + % cos [QWVFTd]) (I1.38)
e l
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Figure I1.5: OFT 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

As the power emitted in the absence of feedback is given by:

Py x Eg =Tp (GgenTe - Nth/Te) (11.39)

We can write the expression of the optical emitted power of a LD under
feedback as:

Prp = Py[1 4+ mcos(2mvpTy)] (I1.40)

With m the modulation index defined by:

m=C—2T¢ (11.41)
Ly/(1+a?)

The OFIT signal is plotted for three values of C on Fig. I1.5. The emitted
optical power modulation is proportional to m, so by definition is also pro-
portional to C'. An enhanced description of the influence of C' on the shape
of the output power is detailed in [173].

I1.2.2.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.
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The change in laser junction voltage AV can be related to the coupling
coefficient of the external cavity and therefore to the level of feedback and
the location of the target [174,175]:

—4kTN
AV = WNOff cos(2mvpTy) (11.42)

Where k is the Boltzmann constant, g the elementary charge and T the
temperature.

According to Eq. I1.40, output power varies proportionally with the
change in target location while Eq. 11.42 exhibits an inverse relationship.
The two quantities are out of phase, and an increase in laser power coin-
cides 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 con-
ventional photocurrent sensing scheme [176], but the the simplicity of the
voltage-based sensor shows clear practical advantage.

I1.3 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 [174,177-194] and laser range finding [195-210].

Optical feedback for measuring velocities has been first demonstrated
by Rudd et al. with a He-Ne Laser [211]. In 1986, Shinohara et al. [212]
demonstrated the same principle on a semiconductor laser, proving that the
traditional Doppler configuration can be reproduced using the optical feed-
back 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 inter-
ferences inside the laser cavity. By analyzing in the frequency domain the
signal from the control photodiode of the LD or directly from the laser junc-
tion 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 [178].

The physical interpretation of this velocity measurement was probably
more straightforward compared to signal analysis for distance or displace-
ment 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. I1.6. For a target moving at constant velocity
Vr along the optical axis, the OFI signal can be written:
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Figure I1.6: Schematic arrangement for a OFI velocimeter. The LD is driven
by a constant current, and the target is moving along the optical axis.

oL + Vyt
Pr = P, {1 + cos (27r(+T)>

c

(11.43)

L being the distance between the target and the LD. A target moving to-
ward 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 A/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 fp is related to the target velocity Vr with the following
relationship:

fp= 2V (11.44)

A
Where ) is the LD wavelength.

Velocimeters using optical feedback on semiconductor laser diode has
been also massively studied [181,196,197,213-223].

In interferometric systems, the illumination and collection beams spa-
tially 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/€? of the field peak value [224]. 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.

47



lo

+— ------------ : BN

{v(t)

Figure I1.7: LD beaming onto a translating target, the distance to the target
being fixed

I1.4 Optical Feedback velocimetry: a modified com-
pound cavity model

For most of the OFT sensing applications, the three-mirrors cavity (or “com-
pound cavity”) model is accurate enough, and describes well the output
optical power of a LD suffering from optical feedback.

The expression of Pr demonstrated in Eq. I1.40 is:

Pr = Py [1 4+ mcos(2mvpTy)] (IL.45)

According to Eq. I1.40, the optical power is modulated when one of these
two cases occurs:

e The length of the equivalent cavity is modified (displacement or
velocity measurement) (74(t) = Pr(t) )

e The optical frequency is modified (absolute distance measurement)
(vr(t) = Pr(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 fp, related to the target velocity
component in the direction of the laser emission Vy:

; 9K Vi 2Vpcos(d) | 2Va (L4
PN T T '

%
where k represents the incident beam direction vector, and 6 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.
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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. I1.3).

I1.4.1 A new expression of the equivalent reflection coeffi-
cient

In the initial calculation of the effective reflection coefficient (subsection 11.2.2),
the exponential factors e/*! 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 V4 in the
OFI equations.

By definition, 7¢q is the ratio of the reflected electric field E, to the
incident electric field E; on the equivalent interface Ioq (Eq. (I11.12)).
Let consider:

E; = Eyexp juwt, (I1.47)

where FEj is the incident wave amplitude, and w the angular frequency of
the laser emission.

The variations of w is slow with respect to the time-of-flight in the exter-
nal cavity, so w is considered in a first approximation to be time-independent
(ie. w(t) =w(t —74) =w).

The reflected electric field F, can be described by the addition of the
electric field reflected on the LD front facet E,1 and the electric field reflected
on the target E,o:

E., = En+Ep (I1.48)

B = mk, (11.49)
c—V, ,

Eso = (1—73)r3Fyexp (] P ijt + j<I>T2>. (I1.50)

The expression of the electric field reflected on the target E,o is affected
by the Doppler effect, insofar as the angular frequency of the laser emission

is shifted by an amount of ;E“;ﬁ ®,.o represents the phase difference due to
the travel of the wave through the external cavity:
c—Va\ 14
Do =2 1 — I1.51
=z (14 ) 5 (1L.51)
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where the first term represents the phase difference due to the forward prop-
agating and the second due to the backward propagating wave.

Leading to the following expression:

E E
rg =t [1 +(1-13)2 exp j (wpt + @) (I1.52)
7 2

With o1

—<4VA
-9 -2 11.53
wp = 2MVp Vi Tfp ( )

c—Va\ 14

dp =2mvp |1+ Vi 5 =&, (1154)

From Eq. (II.19) and Eq. (II1.4), we deduce the emission frequency of
the LD under feedback vg in function with the optical emission frequency
in the free running state vg, including the Doppler effect:

VF = 1 — 3% sin (wpt + ®p + arctan «) (I1.55)

TTTd

Yielding to the following changes in the expression of the LD optical output
power under feedback Pr in function with the optical output power in free
running state Py:

Pr = Py[1 +mcos (wpt + $p)] (11.56)

One can notice that when the target velocity Vp approaches 0, the classi-
cal expression of the LD output power demonstrated in the standard model
based on rate equations can be retrieved [164]. Furthermore, when the an-
gle 6 equals 90°, the target is moving away or towards the laser, and it
corresponds to the travelling target configuration demonstrated in subsec-
tion II.3.

11.4.2 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. I1.8. The target and LD
simulation parameters are given in Table I1.2. 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 compo-
nent on the optical axis. Because the signal is not perfectly sinusoidal, some
harmonics can be observed. The waveform shows asymmetric sawtooth-like
fringes.
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Figure I1.8: Simulation of the LD emitted power (Eq. (I1.56)) using simula-
tion parameters defined in Table II.2. Left: time domain, Right: frequency
domain. The frequency peak corresponds to the theoretical Doppler fre-

quency.

Parameter name Value

LD wavelength A = 850 nm
Linewidth enhancement factor a=2>5

Photon lifetime Tp = 1072 s
LD cavity length { =10 pm
External cavity length L =10 cm
Velocity of the target Vr =4 cm.s™!
Angle between optical axis and velocity direction 6 = 80°

Table II.2: Simulation parameters
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Figure I1.9: Simulated emitted power variations for C' = [0.1, 0.8, 2, 3].

Moreover, the changes in the output power when the coupling factor C'
varies are described in Fig. I1.9. The output power shape is almost sinusoidal
for small C' values, and shows asymmetry and hysteresis behavior for C' > 1.

Finally, an example of waveforms representing velocities of opposite di-
rections is shown in Fig. I1.10. Figure I1.4.2 illustrates the beat signal wave-
form obtained for a target moving with a velocity component approaching
the laser, and Fig. I1.4.2 shows the opposite case. It can be clearly seen that
the inclination of the sawtooth-like waveform reverses as the target changes
its translation direction.

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.

11.4.3 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
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Figure I1.10: Output power waveform for C' = 0.9, when the target is trans-
lating (a)“away” (V4 > 0) and (b) “towards” (V4 < 0) .

spot size of the laser. It is the case when measuring the velocity of rotat-
ing 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; = (R+r;)Q2. The
signal in time domain exhibits an envelope shape, which is a result of the
incoherent superposition of the different Doppler waveforms (Fig. 11.4.3). 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. I11.4.3). 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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Figure I1.11: Ilustration of the velocity and reflection coefficient distribution
when the laser’s spot size is taken into account.

Parameter name Value

LD wavelength A = 850 nm
Linewidth enhancement factor a=>5

Photon lifetime Tp = 1072 5
LD cavity length I =10pm
External cavity length L =10 cm
Velocity of the target Vr =4 mm.s™!
Angle between optical axis and velocity direction 6 = 80°
Coupling factor C=02

spot size radius R = 500pum

Table I1.3: Simulation parameters: target in translation
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Figure I1.12: Output power waveform for a distribution of velocity. (a) Time
domain signal (b) Frequency domain
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I11.5 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 do-
main that can be measured by the FFT method to calculate the velocity of
a target [212,223]. However, the OFI spectrum do not provide information
about the direction of displacement of the target, because the Doppler sig-
nal 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. IL.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. (I1.56) with the parameters in Table I1.3.
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Figure 11.13: 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

The output optical power is plotted in time and frequency domain. In
the top of Fig. I1.13, the target velocity component is in the opposite direc-
tion than the optical axis, i.e. the Doppler shift is positive, whereas in the
left part of the figure, velocity component is in the same direction than the

optical axis, i.e. the Doppler shift is negative (fp = —%).

In time domain, the inclination of the sawtooth-like waveform reverses
with the sense of rotation [178], and the translation direction can be recog-
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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:

e The distribution of Doppler frequencies (finite spot size) modulates
the signal envelop (section I1.4.3).

e The roughness of most of the surfaces leads to Speckle effect [225].

e For weak coupling factor, the waveform is almost symmetrical, keeping
from waveform recognition (section 11.4.2).

11.5.1 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 func-
tion was a triangular waveform, as in conventional range finder. However,
instead of inspecting the time-domain signal, they demonstrated that in fre-
quency 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 dy-
namic 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 [226]. 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: Ii,oq = Io (1 + Srt) where 8; denotes the current modulation
coefficient in s~'. It induces a modulation of the laser emission frequency,
yielding vpmoa = vr (1 + Byt) (Fig. I1.14). Most of the laser diodes exhibit
a linear relationship between bias current and optical frequency, thus 8, is
linearly related to (.

Like in section I1.4.1, the incident electric field can be written:

Eiy, = Epexp jw(t)t, (I1.57)

However, in this case, the laser pulsation w(t) = 27Vpmed(t) is time-
dependent when the current is modulated.
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Figure I1.14: Modulated driving current, Inoq = Io (1 + Brt), 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 (74)
before mixing within the laser cavity.

E. = FEom+ Eon (1158)
Erm = 1oBin (1159)
2 c—Vy .
Erom = (1—r3)rsEpexp (7 w(t — 1g)t + jProm (11.60)
c+Vy

Not only the Doppler effect affects the expression of the electric field
reflected on the target E,o,,, but also the optical frequency modulation.

D,.9,, represents the phase difference due to the travel of the wave through
the external cavity:

Td T4 _V
C A

2
d = t— dt
r2m /0 w( Td) + %l c+Va

_ Td 3Buma\ , c—Va < Bzﬂ'd)]
= 2mvp 5 [(1 1 ) + P 1 1 (1I1.62)

w(t —7y)dt (I1.61)

where the first term represents the phase difference due to the forward prop-
agating and the second due to the backward propagating wave.

Leading to the following expression:

Teqm =12 |14+ (1 — r%):—z exp j (wMt + Tt? + @rgm)] (I1.63)
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With

—2Vy c—Va
wy = 2mUR o B,,Tdc L = 27 fimod (I1.64)
—2V4
Ty =2 I11.65
M 7TVFC+ Va By ( )

The emission frequency expression under modulation is introduced in
Eq. I1.56, leading to a new expression of the emitted optical power:

—2V4 c— VA> 9 })}
— Bytg———— |t + 'yt )
(C + Vy b Tdc + Va Mt 4 OM
(11.66)

The coefficient of ¢ describes the angular frequency of the sensor, whereas
the coefficient of ¢> 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 I'j; does not affect the
frequency peak resolution, the error induced by the term I'j; is neglectable.
In this condition, the frequency peak induced by modulation fi,,q4 can be
approximated by:

Prp(t) =Py [1 + m cos (27TVF

Jmod = —2vF CJ‘:{‘}A — 2vp (fr”‘g = fp + fsnift (I1.67)

Where fp represents the Doppler frequency as described in Eq. II1.5,
and fqnire represents the additional frequency shift induced by the driving
current modulation. fgnis is directly proportional to the distance to the
target L, and to the modulation coefficient j3,,.

The effect of optical feedback on a LD under current modulation is sim-
ulated with Matlab using the parameters in Table I1.4.

Parameter name Value

LD wavelength A = 850 nm
Linewidth enhancement factor a=25

Photon lifetime Tp = 1072 s
LD cavity length [ =10 pum
External cavity length L=15cm
Velocity of the target Vr =0.15 m.s~!
Angle between optical axis and velocity direction 6 = 80°
Coupling factor C =038
Modulation coefficient B, = —0.07 s7*

Table I1.4: Simulation parameters: Direction discrimination
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Simulation results for the emitted power affected by the optical feed-
back when the injection current is modulated are presented in Fig. II.15.
In Fig. I1.5.1, the target velocity component in the direction of the laser is
negative. The frequency peak when the LD current is not modulated is sup-
posed to be at 63 kHz. When the current is modulated by a sawtooth-like
waveform, (8, = —0.07), the peak position is shifted to 88.5 kHz. Symmet-
rically, when the target velocity component in the direction of the laser is
positive, the frequency peak shifts to 37.8 kHz (Fig. I11.5.1).

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. I1.67). By calculating the difference between fp and fi,q, the
distance between the target and the laser can be estimated.

A simple illustration of this effect is presented in Fig. I1.16, where the
fundamental peak shifts towards higher frequencies when the distance be-
tween the laser and the target increases. This results have been obtained
using the simulation parameters from table I1.4.

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

11.5.2 Experimental set-up for velocity direction discrimina-
tion

To validate the simulation results, the following experimental setup has been
designed (Fig. I1.17). 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 mon-
itor photodiode and the VCSEL in the same TO-CAN package.

The LD was driven by a sawtooth-wave signal, with a slope f; con-
trolled by a function generator. The sensitivity of the lasing wavelength
against driving current has been measured experimentally to be 8, = —kf;,
where k£ = 0.0014 (Fig. 11.18).

The OFI signal was obtained through photodiode current variations and
amplified using a 10° V/A transimpedance amplifier. The target was a 10 cm
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Figure I1.15: Output power waveform for a LD under modulation (8, =
—0.07 s71) (a) Va4 < 0, the Doppler peak shift towards higher frequencies
(b) V4 > 0, the Doppler peak shift towards higher frequencies.
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metallic disk covered by blank paper, rotating at a controlled velocity up to
150 rpm and tilted at an angle of 80° from the propagation axis.

63



3.552¢

3.55¢

w
ol
A
[e5)

3.546 |

3.544 ¢

Frequency(Hz)

3.542

3.54

Current (mA)
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I1.5.2.a Direction discrimination: Experimental results

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'110q4 was modulated by a periodic sawtooth-wave function (frequency 1 kHz,
amplitude 93 pA, 3, = —0.043 s~!). The target was rotating at 65 rpm,
and was at 35 cm from the laser.

The results, plotted in Fig. 11.19, show clearly a shift of the Doppler fre-
quency 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 ﬁ changes slightly with the sign of the target velocity Vr.

Thus, in this configuration, the frequency peak is shifted towards lower
frequency when the Doppler frequency without modulation is negative (V4 >
0) or higher frequency when the Doppler frequency without modulation is
positive (V4 < 0).

I1.5.2.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
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Figure I1.19: Experimental (solid curve) and simulated (dashed curve) emit-
ted power in spectral domain without modulation (A), with current modula-
tion and anticlockwise rotation (B), with current modulation and clockwise
rotation (C).

the sawtooth modulating current had an amplitude of 80 pA at a frequency
of 1 kHz (B, = —0.037 s~1). The experimental results (Fig. I1.5.2.b) showed
as expected a linear relationship between L and the frequency peak. From
Eq. I1.67, distances were recalculated based upon the experimental data and
Fig. I11.5.2.b compares the measured and calculated distance values.

The mean-square error on distance measurement, which is around 4.3 %
is not surprising, considering that the parameters 5, and vp 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.

I1.5.2.c Influence of the modulation strength

To illustrate the impact of the modulation strength on OFI signal, 8, was
set from 0.03 to 0.150 s~1, the target rotating at constant velocity (65 rpm)
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Figure I1.21: (a) Doppler peak (lower frequency peak) and frequency mod-
ulated peaks for various 3,: [0.037 0.062 0.087 0.124] s=1. (b) Linear re-
lationship between the modulation coefficient and the frequency modulated
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Figure 11.22: Signal-to-noise ratio against modulation factor (Smeq). Calcu-
lated SNR (marks), Polynomial function fit (straight line)

and being at a constant distance (15 cm). Fig. I1.5.2.c and Fig. I1.5.2.c show
the linear evolution of the frequency shift against j3,,.

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 theoreti-
cally 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 usu-
ally of 1/ f“-type [169], and can overlap between the signal. Consequently, it
might be difficult to measure the exact position of the Doppler peak, affect-
ing 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 electron-
ics (amplifier, acquisition card). By modulating the current, the frequency
peak can be shifted back towards the usable frequency range.

In theory, 5, 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 By,04 leads to a decrease of the signal-

to-noise ratio (SNR) as depicted in Fig. I1.22. A loss in SNR can induce
measurement errors, and in extreme cases, a total loss of the signal. It
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is required to find a compromise between modulation strength and sensors
properties.
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Chapter 111

Optical Feedback
Interferometry for fluid flow
measurement
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II1.1 Introduction: Optical feedback interferome-
try for fluidics applications

Optical Feedback Velocimetry (OFI) have been widely explored for metro-
logical 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 OFT signal is highly de-
pendent 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. ITII.1):

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

e The sensing volume is three-dimensional

e 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)

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

e 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 com-
pound 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
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Figure III.1: TIllustration of the difference between a conventional rough
target and particles embedded in a fluid. Left: Rough stone. Right: Blood

exhaustively studied by Hulst [227] and Bohren [228].

For fluidic applications, the OFT 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 a, of its radius 7, and
the laser wavelength \ [228]:

271y
oy = ———
P A
Regarding the value of ay, the following scattering behavior may apply:

(I11.1)

e a;, < 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, ~ 50 nm, DNA
molecule: 7, ~ 2.5 nm, proteins: r, ~1-100 nm). The intensity of
the scattered light increases with the particle size, and varies inversely
with the laser’s wavelength [227] (Fig. II1.2) .

e 0.3 < o < 30: Mie scattering theory apply for particle sizes com-
parable to the wavelength of light. For example, for our OFI set-up,
the typical particle diameter for Mie scattering is around 1 pum (milk
particles: 0.1 um < 7, < 3um, red blood cells: 7, ~ 10 pum, cells:
10 pm < 7, < 100pum). The scattered intensity is proportional to the
particle radius (Fig. I11.2).

e o, > 30: Geometrical optics — Case of the translating target

Traditional Mie and Rayleigh scattering theories are restricted to spher-
ical, homogeneous, isotropic and non-magnetic particles in a non absorb-
ing medium. However, as most of the practical applications do not meet

71



270

'IP‘D 300
" r,=50 nm
S _(/ N -
% l %
r,=10 nm
incident beam |
(=]
—_— O o
-~ r,=5nm
A= 665 nm : 8
2 l &
0@1 & 3 - 3 ®
06
(a)
270
'LD‘Q 000
q’,\Q - R rp=10pm "fPo
c‘\\‘ﬁw
incident beam AR fretime
— 8 3*;{ : {OR=100nm T
A= 665 nm % '
m't?:.f/ A v
L AN
% &
% ®
06
(b)

Figure II1.2: (a) Rayleigh scattering: Scattered intensity for various par-
ticles radius (rp,= [5, 10, 50] nm). (b) Mie scattering: Scattered intensity
for various particles radius (r,=[0.1, 1, 10] pum). Both figures have been
obtained using the software Mieplot (©
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these conditions, there is much interest in advanced scattering theories. Ex-
tensions of theses theory for non-spherical particles (ellipsoids, spheroids,
cylinders) have been studied by Mishchenko [229-231]. Scattering by inho-
mogeneous 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 [232-234] and Taylor [235].

II1.3 Group of particles: Single scattering behav-
ior

I11.3.1 Single scattering regime

In most fluidic applications, a single incident beam illuminates a group of
particles travelling at different velocities. Single or independent scatter-
ing 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 max-
imum volume concentration for single scattering hypothesis validity [236],
i.e. that particle suspensions do not show the effects of near-particle in-
teractions. 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 [237].

I11.3.2 Single scattering model

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

Let consider in a first approximation, a group of ¢ independent parti-
cles, defined by their respective velocity V; and reflection coefficient 7ext;,
as depicted in Fig. I11.3. rs3; 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 r3; < 1, as each particle reflects a very small amount
of the incident light, and only a part of it, noted 7ext;, couples with the
incident light in the LD cavity. Thus, the OFI flowmeter operates in very
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Figure I11.3: Schematic arrangement of a laser diode beaming on a group of
particles: extension of the compound cavity model.

weak regime (C' < 1).

By the same token as the establishment of the expression of 7¢q in chapter
II, the ratio of the reflected electric field E, to the incident electric field E;
on the equivalent interface I is calculated:

E; = Epexpjwt (I11.2)
c—V .
E, = mE+(1-13 Z Texti 20 €XP (] n ‘;wt + ]<I>r2i> (I11.3)

7 ¢ i

With @,5; = 27w (14 51) %

Leading to the complex expression of 7¢q:

B+ (1 - T%) > i Textillo exp (j ijr% wt + j(I)rzi)
E;

— |1+ -r)Y T‘;X“ exp j (wit + @;) (IIL.4)
~ 79
1
With o
wi = 2mup (11L.5)
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(I11.6)

v
®, = 2nvp <1—|—c Z>Td

c+V;) 2
The complex expression of (I1I11.4) is developed to identify the modulus
and argument of r¢q, that will be reintroduced in the OFI compound cavity

(1-13)
r22 Texti D€ Gi-

model. To simplify the mathematics development, let

Iregll = y/Re(eq)? + Im(eq)?

2
= 79 <1 + Z (i cos(w;t + <I>Z)> + (Z i sin(w;t + CI>,)>

)

2

2
= ro\|1+2 Z Gi cos(wit + D;) + (Z Gi cos(w;t + <I>1)> (IIL.7)

2

Knowing that (3, xi)Q = (i) (X z5) = Siw o+ 23 <jrir; and
using trigonometric formula, ||7¢,|| becomes:

I7eqll = 7“2\/1—1—22@0%(%15—1—@)4-2(3
i i

+ 2 Z C:lC] COS(((JJi — U.Jj)t + &, — (I)j) (1119)

1<j

Assuming that the sensing volume is small and the velocity of the dif-
ferent particles are close enough to write w; ~ w; and ®; ~ ®;, yieldings:

I7eqll ~ 7’2\/1 +2) Gcos(wit + ®;) + Y (2 (II1.10)

Knowing that (? << 1, we can write:

I7eql NT‘2\/1+QZQ cos(w;t + ;) (IIL.11)
7

With the same development, the expression of ®¢ is established:

Im(req)
B, = 1mTeq
eq arctan <Re (Fea) )
~ > Gisin(wit + @) (II1.12)
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We deduce the emission frequency of the LD under feedback vr in func-
tion with the optical emission frequency in the free running state vg, includ-
ing the Doppler effect induced by particles:

vp =1y — 3 58 sin (wit + ®; + arctan o) (I11.13)

1 27Ty

Yielding to the following changes in the expression of the LD optical
output power under feedback Pg in function with the optical output power
in free running state Pp:

Prp = Py[1+ >, m;cos (wit + ®;)] (IT1.14)

Where C; and m; are respectively the OFT coeflicient and modulation
index calculated from each contribution. In frequency domain, the OFI sig-
nal exhibits a range of Doppler frequencies Fp; = w;/2m, which magnitude
is determined by m;.
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This simplified model has been implemented using Matlab (Fig. 111.4),
and can be used to study the influence of the particles concentration, re-
flectivity and velocity distribution. Therefore, the OFI signal for fluidic
applications can be predicted.

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 coeflicient (Rparticles), its velocity (V5)
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 vp and
in optical power Pgr for a laser diode beaming onto a flowchannel,
giving rise to the theoretical time-domain OFT signal.

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

111.3.3 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 ve-
locity 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. I11.5 and follows the
Hagen-Poiseuille law [73]:

2

V(1) = Vinax (1 . ;2> (IIL.15)

Where Viax 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.
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Flow

Vmax

0

Velocity distribution

Figure IIL.5: For a laminar flow, the velocity distribution in a circular chan-
nel is governed by Eq. I11.15. The profile is parabolic; the velocity is maximal
in the center and zero at the walls.

Parameter name value

LD wavelength A = 665 nm
Linewidth enhancement factor a=>H

LD cavity length 1.=10 um
External cavity length L =10 cm
Maximum velocity Umax = 6 mm/s
Flowchannel radius R = 500 um
Angle between optical axis and flow direction 6 = 75°
Refractive index n=1.33

Table I1I.1: Simulation parameters: influence of the spot size on the Doppler
peak position
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Figure II1.6: Simulated OFI spectrum for various measured velocities Vinax

[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

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 wm, 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 Viax: [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:

 2Vinaxncos(0)

Ip= — (I11.16)

Where n is the refractive index of the surrounded liquid, 6 the angle
between the laser and the flow direction and A the laser wavelength.

The results are presented in Fig. II1.6. It can be observed that the
frequency spectrum exhibits a Gaussian peak, which center position fp is
proportional to Vi.x. In addition, the calculated frequencies match exactly
the theoretical values.

111.3.4 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 um
and 500 pm. The particles are supposed to be identical, so that they have
the same size and refractive index. The simulation principle is illustrated in
Fig. I11.3.4, and the results are plotted in Fig. I11.3.4.
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Figure II1.7: Theoretical OFI spectra for various spot sizes.

The OFT 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 sig-
nificant 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 Fig. I11.3.4.

I11.4 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.

111.4.1 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 conse-
quently 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.
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Figure II1.8: Schematic arrangement of a Gaussian beam

IT11.4.1.a Gaussian beam

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 [238]. At all cross sections along the
laser beam, the light intensity has a Gaussian distribution, and the width of
the beam 2 (z) is usually defined by the edge-intensity being 1/e? = 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. I11.8. Laser beam propagation
can be described using:

W(z) :Wo\/1+ (Z_ZO>2 (IIL.17)

ZR
with

_ TWg
DY

Where W(z) is the beam radius, that will be at a minimum value Wy at
one place along the beam axis, named the beam waist. Zj is the location of
the beam waist, Zr the Rayleigh length, and X the laser wavelength.

Zn (I11.18)

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

W(+Zg) = Wov2 (I11.19)

The distance b between these two points is called the depth of focus of
the beam, and is equal to 2Zp.

The Gaussian beam can be fully characterized by measuring the waist
or the divergence of the beam 6p that is given by:
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Figure II1.9: Schematic diagram of OFI applied to flow measurement. The
laser beam is focused inside the flow channel, and is reflected by the parti-
cles travelling in the sensing volume. Some particles out-of-focus may also
contribute to the OFI signal.
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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.

111.4.2 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 [239]. Each optical part is described by a transfer matrix,
and tracing the propagation of the Gaussian beam through the optical sys-
tem 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

83



magnitude higher than 1/e? of the intensity peak value [224]. This theoret-
ical sensing volume is depicted in Fig. IV.4.3, and is hourglass shaped. The
radius varies from W (thinnest section) to 1/(2)Wy (largest section).

In theory, only the particles travelling in this sensing volume should con-
tribute to the OFT 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 diffrac-
tion. 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 Zg.

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

I11.4.3 Light source

I11.4.3.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 penetra-
tion 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 electri-
cal 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 aper-
ture which leads to an elliptical and strongly divergent laser beam. This
is a major disadvantage when attempting to couple light into optical fibers

84



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 in-
tegrated into parallel arrays, to acquire a whole map of velocities in one
measurement [148].

I11.4.3.b Light source characterization
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Figure I11.10: Emission spectrum of the Firecomms RV M66ST at an injec-
tion 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.

The VCSEL employed throughout this experimental work was a com-
mercial VCSEL (Firecomms, model RVM665T) lasing at 667 nm with a
threshold current, Iiy,, of 0.8 mA. The emission spectra of this VCSEL for an
injection current of 1.8 mA and 4 mA have been characterized using a custom
experimental test-bench and are shown in Fig. I11.4.3.b and Fig. 111.4.3.b
respectively. The light-current characteristics are depicted in Fig. 111.4.3.b.
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Figure II1.11: (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

The beam waist output has been measured to be 12.2 um using a beampro-
filer (Fig. II1.4.3.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 exper-
iments the VCSEL was operated at a constant current of 1.8 mA to avoid
multimode behaviour.

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

111.4.4 Laser junction voltage vs acquisition through moni-
toring 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 moni-
tor 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. I11.12).

However, using directly the change in laser diode junction voltage pro-

vides some advantages including reduction in manufacturing and component
cost due to absence of the PD in the laser package. On the other hand, the
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Figure II1.12: 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

Table II1.2: 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.

111.4.5 Set-up description

The proposed OFI flowmeter prototype is described in Fig. I11.13 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 vol-
ume. The lenses employed ifor our optical systems have been chosen among
those presented in Table II1.2. To monitor the position of the sensing vol-
ume 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 Lab-
view, the position of the sensor head, (i.e. the sensing volume) can be set
in three dimensions, with a resolution of 0.4 um. 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
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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 exper-
iments (flowchannel, liquid and seeding, flow control system, laser diode,
optical system...). Table II1.3 summarizes all the components constituting
the OFT sensor. Throughout this thesis, it is understood that if an exper-
imental parameter is not described at the beginning of an experiment, the
generic component have been employed.
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Figure II1.13: (a) OFI flowmeter experimental set-up (b) OFI sensor head

(here in two lenses configuration)
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Figure II1.14: Block diagram of the OFI flowmeter

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 ig-
nored, 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:

2nViow cos(6
fDoppler = 7{10)\ ( ) (111.21)

where 6 is the angle the target velocity vector makes with respect to the
propagation axis of the laser beam, A is the laser wavelength in free-space
and n the refractive index of the surrounding medium.

I11.5.1 Impact of flow rate

Velocity measurement were performed using a microfluidic channel with cir-
cular cross-section of inner diameter 320 um, fabricated using Polydimethyl-
siloxane (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 con-
trolled using a syringe pump (HARVARD apparatus PHD 2000 Infusion).
The laser was angled at 80° with respect to the flow direction. The refrac-
tive 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: €240
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Figure III.15: OFTI signal in frequency domain measured at the middle of
the channel and the corresponding fitting curve (Eq. (111.22)).

Parameter Numerical values

Flowchannel circular cross-section (diameter = 320 pum)
Liquid Milk-water (2%-98%)

Refractive index 1.35

Lens 1 C260-TEMB (f=15.26 mm)

Lens 2 C240-TEMB (f = 8 mm)

0 75°

LD driving current 1.8 mA

LD wavelength 667 nm

Table II1.4: Parameters used for OFI measurement in single scattering
regime
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Figure II1.16: (a) OFI signal in the frequency domain for several flow rates
(0, 10, 20, 30, 40 and 50 puL.min"!) (b) Plot of the Doppler frequency as a
function of velocity in the center of the tube Vi,ax = 2Q/S.
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see Table I11.2), and the estimated sensing volume has been calculated to
be 7.16-10° um? (Table I11.4)

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. IT1.15), so that the measured velocity Vi is actually
Vinax that is linked to the flow rate (controlled by the syinge pump) through
Poiseuille’s law (Vipax = %)

Doppler spectra were recorded at different fluid flow rates Q) from 0 to
50 uL.min~!. As shown in Fig. IIL.5.1, the Doppler spectrum shifts and
widens with the flow rate. In addition, the peak exhibits a well defined
Gaussian shape.

I11.5.2 Signal processing

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

B (f - fpeak)2
h

where a, b and ¢ are the fitting parameters depending only on the ex-
perimental set-up. Thus, a and b in the first term are the parameters used
for fitting the Flicker noise, and parameter ¢ 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 parame-
ter h is related to the FWHM of the peak, knowing that FWHM=:2.354h.
The parameters d, h and fpeak 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 pa-
rameter fpeak represents the fluid velocity at the measurement point.

af P+ c+dexp (I11.22)

The frequency of the Doppler peak as a function of Vi.x is shown in
Fig. IV.3.1.b. The flow rate @) is directly proportional to the Doppler peak.
The angle between the flow direction and the optical beam can be estimated
from the slope of this curve using Eq II1.21, and has been calculated to be
80.25 °. The behavior of the sensor concords with the model described in
Section III.3

IT1.5.2.a Error measurement and repeatability in single scatter-
ing regime

The purpose of the OFI sensor is to provide reliable measurements. There-
fore, we investigated the performance of the sensor in the following config-
urations:
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Figure II1.17: Mean measurement errors to the theoretical values.
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Figure II1.18: Theoretical and calculated pumping rate in single scattering
regime, standard deviation for 8 consecutive scans.
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e Accuracy: The theoretical and measured velocities are compared for
several flow rates.

e 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 Subsec-
tion II1.5.1, described in Table III.4.

Accuracy: The difference between the experimental and the theoretical
velocities is plotted in Fig. I11.17. The relative error for each measurement
point was less than 2 %. The highest error is observed for high pumping
rates (@ > 60 pL/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 mea-
surement point. The results are displayed in Fig. II1.18. 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 %.

I11.5.3 Limits

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

I11.5.3.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=1.33), and an angle between the laser
and the flow direction 8 of 70 °, the minimum measured velocity would be
70 um/s, according to Eq. (II1.21). Using a high 6 will reduce this limit,
but at the same time the SNR, as less light is reflected for large angles (Mie
theory). Kliese et al. [150] proposed to use a blue laser (A = 405 nm) to
measure velocities below 30 pum/s. The LD injection current can also be
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Figure I11.19: OFI spectra for fluid velocity of 7.4 mm/s and 8.2 mm/s

modulated using a sawtooth-like function, as described in Section II.5, in
order to shift artificially the Doppler peak towards higher frequencies.

I11.5.3.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=1.33),
and an angle between the laser and the flow direction 8 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.

IT11.5.3.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 discrimi-
nated one from another. Consequently, the resolution strongly depends on
the measured velocity, the size of the channel with respect to the measure-
ment volume, and the efficiency of the optical set-up to provide a narrow
and circular beam. In single scattering regime and under the experimen-
tal configuration described in Subsection I11.5.1, we could differentiated two
velocities with a precision of 0.8 mm/s. Two spectra exhibiting a Doppler
peak located respectively at 5127 Hz and 5664 Hz are plotted in Fig. IT1.19.
The measured velocity are respectively 7.4 mm/s and 8.2 mm/s. OFI sensor
provides a good velocity precision, that can be meliorate by adjusting the
experimental set-up (optical system, LD model, LD wavelength) to decrease
the Doppler peak width.
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Figure I11.20: OFI spectra for various optical set-ups (single lens scheme).

II1.6 Sensing volume effect

111.6.1 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. I11.4.5 is built in such a way that
the optical set-up is easily interchangeable. Changing the optical system
leads to two effects:

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

e Increasing the numerical aperture (NA) or decreasing the focal length
(fc) 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./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 mi-
crometer, 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.
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To investigate the influence of the numerical aperture and the focal
length of the optical set-up on OFI signal, several lenses described in Ta-
ble II1.2 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.=8 mm, C230, f.=4.51 mm and C260,
fe=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 pL/min)
for every optical configuration, and the results are presented in Fig. I11.20.
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 depen-
dent 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. How-
ever, 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 mea-
surement 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.

I11.6.2 Single-lens optical set-up

In microfluidics applications, the flowchannel typical size can reach the mi-
crometer range, leading to a sensing volume larger than the flowchannel
itself. The same phenomenon can be observed when the optical system en-
larges 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 pm have been
manufactured in PDMS (See Appendix D), and have been filled with milk di-
luted in water (2 %). The other parameters are described in Table II1.5.The
assembled optical head was characterized with a beam profiler, and the spot
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Parameter Numerical values

Flowchannel square cross-section (100 pmx100 pm)
Liquid Milk-water (2%-98%)

Refractive index 1.34

Lens 1 C240 (f=8 mm)

0 75°

LD driving current 1.8 mA

LD wavelength 667 nm

Table III.5: Parameters used for OFI measurement in single scattering
regime, and single lens configuration

diameter in focus was measured to be 32.26 um. The total distance between
the LD output facet and the flowchannel was set at 10 cm. The magnifica-
tion of the lens (C240-TMEB, f. = 8 mm) was 10.5, leading to a theoretical

output beam diameter of 339 um, providing a poor spatial resolution.

Fig. I11.6.2 is a plot of Doppler spectra recorded for flow rates @) varying
from 0 to 10 pL.min~'. The Gaussian peak presented in the previous para-
graph cannot be recognized any more, and the fitting function described in
Eq. (IT1.22) cannot be implemented. The signal shape is crenel-like, because
all velocities from 0 (wall velocity) to Vinax are represented in the frequency
spectrum.

However, it can be observed that the maximum frequency of the spec-
trum 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 ex-
tracted from the OFT signal spectrum using the following fitting function
(Fig. 111.22):

af P +c+ (I11.23)

exp(% +1)

where a, b and ¢ are the fitting parameters depending only on the ex-
perimental set-up. Thus, a and b in the first term are the parameters used
for fitting the Flicker noise, and parameter ¢ 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 de-
creasing 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
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Figure III.21: (a) OFI Doppler spectra for several flow rates
([0:1:9] uL.min~1) (b) Plot of the cut-off (-3 dB) frequency as a function
of the maximum flow velocity calculated from the flow rate ). The cut-off
frequency shows a linear relationship with the pumping rate.
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Figure I11.22: OFT 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

than the plateau, is linked to the maximum velocity in the flowchannel using
Eq. (IT1.21).

To recover a linear relationship between the flow rate Q and the OFI
signal, the average Doppler frequency within the sensing volume was ex-
tracted from the OFI signal spectrum using Eq. (I11.23), and the 3 dB
cut-off frequency was calculated (Fig. I11.6.2). 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.

I11.7 Effect of particle density

I11.7.1 Lower particles density reached

A great advantage of OFI over other sensing techniques may lie in its ex-
treme sensitivity, as a very small amount of particles travelling in the sensing
volume generates a detectable signal. For the OFT configuration described
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Figure II1.23: OFI spectrum measured for a particle density of ap-

prox. 26 g/L. As a matter of comparison, undiluted milk leads to SNR
higher than 30 dB.

in Table I11.5.1, we could acquire a measurable signal for a milk particle con-
centration 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. II1.23. 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 parti-
cles 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.

111.7.2 Effect of an increase of particles density

As demonstrated theoretically in section III1.2, the density, the size and the
particle refractive index contribute to the magnitude of the Doppler peak.
We measured the OFT signal in single scattering regime for various concen-
tration of milk particles diluted in water, flowing at a constant flow rate
(Q=40 pL/min). The results are plotted in Fig. II1.24. 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 parti-
cle concentration increase the OFI spectrum changes drastically because of
the presence of isolated multiple scattering events, thus affecting the signal
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Figure I11.24: OFT efficiency as a function of the particle concentration in
single scattering regime.
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Figure II1.25: OFI spectra for various milk to water ratio. The magnitude
of the Doppler peak increases with particle concentration
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processing (Fig. I11.25).

For microfluidics applications, we employed particle concentration be-
tween 1% and 10% to guarantee single scattering regime and sufficient OFI
efficiency.

I111.7.3 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 scatter-
ing”. The signal in pure multiple scattering regime can be easily identified.
The spectrum does not show a single frequency peak but a monotically de-
creasing frequency distribution because each photon interacts with several
particles, thus undergoing several Doppler shift [141,143]. 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 fre-
quency contribution coming from deep areas will be attenuated. Despite
the fact that Monte Carlo methods [242-244] or analytical models [245-247]
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 [247] for the traditional
LDV applied to multiple scattering in liquids, the following problems may
be encountered in OFI applied to turbid liquids:

e The location and number of scattering events is unknown

e 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.

e 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.

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

e The OFI spectrum for multiple scattering represents a statistic distri-
bution 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.
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Figure I11.26: OFI spectra in multiple scattering regime for flow rates of [0,
10, 20, 30, 40, and 50] puL/min

Parameter Numerical values

Flowchannel circular cross-section (diameter = 320 um)
Liquid Milk

Refractive index 1.45

Lens 1 C240 (f=8 mm)

Lens 2 C240 (f =8 mm)

0 75°

LD driving current 1.8 mA

LD wavelength 667 nm

Table II1.6: 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 guaran-
teed by controlling the seeding concentration. However, for most in vivo
applications, the density of particles is high enough so that multiple scat-
tering cannot be ignored any more. For further informations, signal pro-
cessing in multiple scattering regime has been studied by several research
groups [133,141,143,242].

I11.7.3.a Experimental arrangement for multiple scattering regime

OFT signals in multiple scattering regime were acquired using the experi-
mental set-up described in Section III1.3, under the conditions described in
Table II1.6. To obtain multiple scattering behaviour, the flowchannel was

106



filled with non-diluted milk (Regilait). As for single scattering regime, the
signal was sampled at the center of the circular flowchannel, where the lo-
cal velocity is supposed to be maximal. The position of the laser beam
focus and angle 6 were adjusted to maximize the SNR and minimize the
specular reflection of the tube wall. Doppler spectra were recorded at dif-
ferent fluid flow rates @ from 0 to 90 uL.min~! and are plotted in Fig I11.26.

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

I11.7.3.b Method 1: Broadening of the OFI spectrum

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

The power spectrum was fitted using the following function Fi:

Fi(f)=af"+c+ (I11.24)

1+ 4
0

Where a,b and ¢ are the parameters described in Eq. (I11.22), and the
frequency constant of the fitted curve, fy, is used to quantify the broaden-

ing of the spectra. An example of fitting using this method is presented in
Fig. I11.7.3.b.

This method has then been applied to the spectra from Fig. I11.26, and
the parameter fy is plotted as a function of ) in Fig. II1.7.3.b. The distri-
bution broadens as the flow increases and can be well described by F} with
a semi-logarithmic scale. The parameter fy 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 re-
quires 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 fluc-
tuation 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 fy.
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Figure IT1.27: (a) OFI spectrum in multiple scattering and its corresponding
fitting curve (b) Plot of the fitting parameter fj as a function of the pumping

rate @)
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Figure II1.28: Plot of the first weighed moment as a function of the pumping
rate Q.

I11.7.3.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 [247] 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.

7 IS Fs(dr
J25 S(f)df

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 vol-

ume. The denominator is proportional to the total amount of Doppler-
shifted light.

(IT1.25)

This method has then been applied to the spectra from Fig. 111.26, and
the estimated parameter f is plotted as a function of @ in Fig. II1.28. For
low velocities, f varies linearly with the pumping rate, but the proportion-
ality 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 spec-
trum 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 spec-
trum. The power spectrum, however, does not represent exactly the veloc-
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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. (II1.24), then Eq. (II1.25) is ap-
plied. 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.

I111.7.3.d Method 3

An alternative signal processing method is based on the hypothesis that fre-
quency contributions can provide from two scattering processes: a pseudo
first order backscattering process, where incident photons have been backscat-
tered a single time from the focus point area, and a multiple scattering
process, where photons have been scattered from multiple particles. To in-
crease 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 II1.6. The noise power
spectrum is subtracted to the OFI spectra, and the resulting curve is fitted
using a log-normal distribution:

_ 1 log(f — p)°
= (- (EL
V(@m)o f 20
Where 1 and o are respectively the mean and standard deviation of the
signal.
In addition, the following fitting function can also be employed:

By (f) ) (I11.26)

Fy(f) = av/F = cexp(=b(f — ©)) (111.27)

Where a, b and c are parameters adjusted to minimize the error between the
OFI signal and the fitting function F3, using a least-mean square algorithm.

An example of fit using this method is presented in Fig. I11.7.3.d. The
frequency of the signal’s maximum is recorded, and used to describe the evo-
lution of the OFI signal with the flow rate. This maximum position, noted
Jfpseudo, represents the most represented frequency contribution, and depends
on the focus point (i.e. the point where the laser intensity is maximum) cou-
pled with the scattering event occurring the most often. In microfluidics, we
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Figure II1.29: (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 fpseudo as a function of the pumping rate
Q
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Method Accuracy Robustness Temporal resolution
Method 1 ++ - - -

Method 2 - + ++

Method 3 ++ + -

Table IT1.7: Comparison of signal processing methods for flow rate measure-
ment in turbid liquids

believe that the most represented scattering event is a single backscattering
event.

This method has then been applied to the spectra from Fig. 111.26, and
the parameter fpseudo is plotted as a function of @ in Fig. IIL.7.3.d. fpseudo
shows an increasing trend with respect to (). In addition, over 6 scans, the
average standard deviation is 10.1%. The flow dependence of the parame-
ter fpseudo 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 in-
fluence 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.

I11.7.3.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 mov-
able 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 espe-
cially 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
OFT signal variations. The first and the third methods are based on the
fit of the OFT 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
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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 algo-
rithm 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 accu-
rately velocity profile reconstruction, one may employ fitting methods with
a preference for method 3.

Multiple scattering is still not well understood, and various signal pro-
cessing methods have been presented in the previous section. An additional
idea has been studied for LDV which also suffer from multiple scattering is-
sues. 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 statis-
tical process, only the single scattering contributions should be common to
the two signals. This technique has been extensively studied by Schétzel’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 pro-
vide 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.

I11.8 conclusion

The need of accurately measure flow rate in flowchannels is well recognized,
and OFT offers a rapid, direct, non-invasive and high-resolution alternative
for determining flow rate within flowchannels. In this chapter, OFI three-
mirror cavity model have been applied to fluid flow rate measurement, allow-
ing 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 OFTI signal have been in-
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vestigated.
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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 proper-
ties. 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 (u-PIV) is the most advanced technique for
obtaining accurate measurement of velocity distribution in sub-millimeter
channels [6,106,249]. 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 mea-
sured the velocity distribution in a centimeter-range fowchannel. Under
these conditions, the velocity variation over a micrometer area can be con-
sidered 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.

IV.2.2 Experimental set-up

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 wm 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-
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Figure IV.1: Macrochannel manufactured at UQ (a) Drawing and theoretical
velocity distribution (b) Photography of the custom macrochannel
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Parameter Numerical values

Flowchannel custom (see Fig. IV.2.2)
Liquid Milk (2 %)- Water (98 %)
Refractive index 1.33

Lens 1 C240 (f=8 mm)

Lens 2 C240 (f=8 mm)

0 80°

Flow rate @=15mL/min

LD Gigalase 8185-1100

LD driving current 4 mA

LD wavelength 850 nm

Table IV.1: Parameters used for flow profile measurement in macrochannels

bution along the depth profile.

Diluted milk was pumped through this flowchannel using a Waston-
Marlow peristaltic pump. To keep the flow rate constant, a fluidic arrange-
ment made of two reservoirs have been designed and is drawn in Fig. IV.2.2).
The averaged flow rate (@ = 15 mL/min) was determined by measuring the
amount of liquid passing through the channel in a given time period.

A multimode VCSEL (EMCORE Corporation, Gigalase 8185-1100) emit-
ting at 850 nm was fixed to a goniometer, used to control the angle of the
laser beam with respect to the flow direction. The entire optical head was
mounted on a motorized optical rail (Zaber, T-LSR300A-KT03) controlled
by LabView. The optical system consists in two lenses, allowing a sharper fo-
cus into the flowchannel. The experimental set-up is depicted in Fig. IV.2.2,
and the experimental conditions are summed up in Table IV.1.

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 trans-
lation 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
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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 mea-

surement point, whereas the errorbars illustrate the standard deviation over
8 measurements.

successive spectra were averaged and processed in LabView. Once the FFT
performed, the Doppler frequency was extracted from the OFI spectra using
Eq. I11.22.

The parameter fpeak represents the fluid velocity V' at the measurement
point using Eq (I11.21).

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 6 has been adjusted to 80 °, the
measured profile fitted perfectly to the theoretical one using 6 = 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 6 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 pa-
rameters can fluctuate because of temperature changes (laser wavelength),
leading to variations in the measured Doppler frequency. As the flow profile
measurement was repeatable (Fig. IV.3), we decided to use 6 = 81.9° to
calculate the measured velocity. The results show good agreement with the
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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~!.
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Figure IV.5: The mean measurement error to the theoretical profile as a
function of the distance from narrowing

simulated flow profile, and are plotted in Fig. IV.2.3.a.

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 ve-
locity 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 (# < 10°), 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.
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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 in-
accuracies. In order to counter uncertainties due to monitorable parameters
for microfluidics applications, we decided to use:

e A syringe pump (PHD 22/2000 Harvard apparatus) instead of a peri-
staltic 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.

e A calibration process to measure to the actual value of A\, n and 6

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 vali-
dated in a macrochannel. Consequently, the aim of this section is to demon-
strate 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.2 using the setup in Fig. I11.13.

The flowchannel used had a circular cross-section of inner diameter 320 um.
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 par-
ticle concentration in our solution is low enough that the parameters of the
fluid can be approximated to those for water (u=0.001 Pa.s, p=997 kg/m3
at 20 °C) and with respect to the flow rates imposed (from 5 to 50 pL/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).
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Parameter Numerical values

Flowchannel circular cross-section (diameter 2R = 320 pm)
Liquid Milk (2 %)- Water (98 %)

Refractive index 1.34

Lens 1 C260 (f=15.26 mm)

Lens 2 C240 (f = 8 mm)

0 80°

LD driving current 1.8 mA

LD wavelength 667 nm

Table IV.2: Parameters used for flow profile measurement in single scattering
regime: Newtonian liquid

The assembled optical head (see Chapter I1I) was characterized with a
beam profiler, and the spot diameter in focus was measured to be 32.26 pm.
The magnification of the dual-lens optical system was 0.72, leading to a
theoretical output beam diameter of 23.22 pm. This results in a sensing
volume of 7.16x10° pum?, providing for a sufficient spatial resolution to scan
the channel, which has a 320 pm 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 real-
time.

IV.3.1.b Calibration process

To minimize uncertainties while calculating the flow profile in microchannels,
the value of 6 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 0 different from the one read on the goniometer as observed
in section 1V.2.3. As the relationship between the measured Doppler fre-
quency and the actual velocity in the sensing volume is a function of cos(6),
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 exper-
iment. First, the laser beam focus was moved to the middle of the channel
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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 Vi.x = 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 °

(position B in Fig. IV.3.1.b) and the position was then further adjusted to
where the OFTI signal exhibited the highest frequency. Then, the average
Doppler frequency within the sensing volume was extracted from the OFI
signal spectrum using the fitting function (I11.22).

Doppler spectra were recorded at different fluid flow rates @ from 0 to
50 uL.min~!. The frequency of the Doppler peak as a function of the maxi-
mum velocity Vijax = % measured at the center of the channel is shown in
Fig. IV.3.1.b.

The final step of the calibration procedure consists in calculating the in-
cident angle 6 from the slope of the fitting in Fig. IV.3.1.b. It was calculated
to be 80.25 °, close to the value given by the goniometer stage.

IV.3.1.c Experimental results

To measure the velocity profile, the laser focus was first moved back to po-
sition A in Fig. IV.3.1.b, and the laser scanned across the flow-channel (x
direction in Fig. IV.3.1.b) in 10 pum steps toward position C.

The liquid under test was milk diluted in distilled water (1:50), pumped

at different flow rates (20, 40 and 60 pL.min~'), which corresponds to a
maximum velocity of 8.28, 16.56 and 24.84 mm.s~! respectively. The exper-
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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 pL/min~".

imentally reconstructed flow profiles are plotted in Fig. IV.7. The solid curve
represents the theoretical parabolic velocity profile described by Poiseuille’s
law, whereas the blue markers represent the measured velocity at each radial
location.

IV.3.1.d Error measurement and repeatability

To investigate the performance of OFI flowmeter, the milk/water mixture
was pumped at 20 uL.min~', 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 devi-
ation over 8 consecutive scans was calculated for each measurement point
(Fig. IV.9). In addition to the higher relative error observed in the previ-
ous paragraph, and due to the same causes, the sensor also shows a lower
repeatability near the channel’s wall.
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Figure IV.9: 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 uL/min~!. The liquid is milk (2 %)
diluted in water
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Glycerol (%oweight) p @20 °C (mPa/s) n R, @@ = 50 pL/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.3: Viscosity u, refractive index n and Reynolds number R, for
various aqueous Glycerol solutions [15]

The minimum spatial resolution of the system depends on the fluid com-
position and velocity, and could not be accurately measured. The laser spot
size has been estimated at 32 pwm, but Fig. IV.9 shows that the effective
spatial resolution of the sensor is better than 10 pm. These preliminary
results demonstrate the feasibility of OFI measurement in microchannels of
size well below 320 pm.

IV.3.2 Glycerol liquid phase: effect of the viscosity
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