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Abstract 

This thesis aims to better understand the physical mechanism controlling the trajectories of 

particles in confined flows in order to improve predictive models. In the first step we have 

developed experimental tools based on microscopy and image analysis in order to identify the 

particles positions in confined flows in square section microchannels. These tools have then 

permitted to obtain original results on the lateral migration of spherical particles in flows at low 

inertia. In particular, we have shown that neutrally buoyant particles in square channels are 

focused at channel center at low Reynolds number and at four channel faces at high Reynolds, 

and that there is a co-existence of the two regimes for intermediate Reynolds. In addition to 

their lateral migration, under certain conditions, particles can also align in the flow direction to 

form trains of evenly spaced particles. This work has thus been devoted to the statistical study 

on the quantification and localization of the train formation and configuration. It has been 

shown that the formation of trains is controlled by the flow configuration in the wake of the 

particles, and that the train characteristics, i.e., the fraction of particles in trains and the 

interparticle distance, are functions of the particle Reynolds number. Finally, preliminary results 

on flows of bidisperse suspensions have been obtained. To conclude, the perspectives and future 

developments of this work are presented. 

Keywords: 

inertial focusing; microfluidics; hydrodynamic interaction; suspensions; microscopy 
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French Summary 

Migration Inertielle de Particules en Écoulement dans des Microcanaux 

Introduction 

Dans de nombreux domaines tels le diagnostic clinique, la recherche biologique, le traitement 

de l’eau, de l’air, l’industrie pharmaceutique ou encore l’analyse chimique, il est très important 

de détecter, compter, concentrer ou séparer les particules d’un mélange. Les systèmes micro-

fluidiques permettant de manipuler des particules dans un micro-écoulement peuvent répondre 

à ce besoin. De nombreux dispositifs de micro-séparation ont été développés, certains basés sur 

la présence d’un ou deux écoulements secondaires (méthode dite « par flux pincé »), d’autres 

sur l’utilisation de champs externes. Récemment, une méthode passive sans flux pincé appelée 

méthode de focalisation inertielle a attiré beaucoup d'attention car elle ne repose que sur l’action 

de forces hydrodynamiques sans utiliser ni écoulements supplémentaires ni champ externe. 

La focalisation inertielle s’appuie sur les mécanismes naturels de migration inertielle des 

particules au sein d’un fluide. En effet, des forces de portance inertielles apparaissent au sein 

d’un micro-canal dans certaines conditions d’écoulement ; ces forces poussent les particules à 

la fois à se déplacer latéralement vers des positions d'équilibre spécifiques et à s’organiser 

longitudinalement pour former des trains. Les caractéristiques de ces deux phénomènes 

(positions d'équilibre, longueur de focalisation, distance inter-particule…) dépendent des 

conditions d'écoulement, de la géométrie du canal et des propriétés des particules. L’existence 

conjointe de ces deux manifestations (déplacement latéral et organisation longitudinale) est très 

porteuse car elle laisse envisager la possibilité de développer des dispositifs où la position des 

particules est contrôlée dans les trois dimensions de l’écoulement. 

Cette thèse présente une étude expérimentale de la migration inertielle de particules sphériques 

dans des canaux droits de section carrée principalement. Les résultats obtenus permettent d’une 

part d’accroître la compréhension des mécanismes de migration et d’autre part d’avancer sur le 

développement de nouveaux dispositifs de séparation. 
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Etude bibliographique 

Le phénomène de migration inertiel a été mis en évidence en premier par Poiseuille (1836) ; il 

a observé des distributions non homogènes des cellules dans des vaisseaux capillaires. En 1961 

Segré et Silberberg ont expérimentalement analysé ce phénomène et trouvé que des sphères en 

écoulement dans un canal de section circulaire s’accumulaient à une distance du centre du tube 

proche de 0,6 fois le rayon du canal. Ce phénomène de migration appelé « Tubular pinch 

effect » est dépendant de la géométrie du canal. Dans un canal de section carrée, il est 

maintenant connu que les particules se concentrent sur quatre positions d'équilibre localisées à 

proximité du centre des parois du canal et dans un canal de section rectangulaire sur deux 

positions d'équilibre proches du centre des grandes parois. 

D’après l’analyse des travaux de la littérature, de nombreuses forces peuvent agir sur des 

particules en écoulement. Nous nous sommes intéressés dans cette thèse à l’étude de particules 

sphériques rigides iso-denses en écoulement dans des canaux carrés droits. Les particules 

subissent dans ce cas à la fois une force de traînée parallèle à l’écoulement qui ne participe pas 

à la migration latérale, et des forces de portance perpendiculaires à l’écoulement : la force de 

répulsion des parois qui pousse les particules vers le centre du canal, la force due au gradient 

de cisaillement qui les dirige vers les parois du canal et la force de Magnus due à la rotation des 

particules qui les mène vers la zone où le cisaillement est faible. L’équilibre entre ces 3 forces 

conduit les particules à se concentrer sur des positions d’équilibre spécifiques. Dans des 

configurations plus complexes, d’autres forces peuvent intervenir : une force de Saffman 

apparait par exemple lorsque la particule n’a pas la même vitesse que le fluide ; des forces liées 

aux propriétés rhéologiques du fluide ou encore à la présence d’écoulements secondaires induits 

par la courbure du canal peuvent aussi s’ajouter. La migration inertielle est aussi influencée par 

de nombreux paramètres liés aux propriétés des particules, comme leur taille, leur concentration, 

leur déformabilité, leur forme ou leur densité. 
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Méthodologie et dispositif expérimental 

Deux méthodes ont été choisies et développées pour étudier la migration de particules dans nos 

conditions d'écoulement : la méthode de visualisation in situ et la méthode de projection axiale. 

Le premier dispositif et le plus utilisé est basé sur la visualisation in situ. L’écoulement est 

généré au sein de microcanaux en borosilicate carrés de 80 µm de côté et de longueur allant de 

10 à 60 cm par un pousse-seringue et est observé à l’aide d’un microscope optique traditionnel. 

Une camera CCD permet la capture des images. La suspension de particules de polystyrène est 

rendue isodense par un mélange de glycérol et d’eau ultrapure. A chaque position, 2000 images 

sont prises pour permettre une analyse statistique satisfaisante. 

Dans ces conditions expérimentales, la profondeur de mesure est estimée à 10 µm. Nous avons 

donc partitionné le canal en 8 couches de mesure. L’observation des distributions des particules 

dans les différentes couches d’une même configuration permet de déduire la distribution 

probable des particules dans la section transversale. 

Pour déterminer les distributions de particules à partir des images capturées, un programme de 

post-traitement sur Matlab a été développé. En premier lieu, les parois du canal sont identifiées 

sur l’image initiale, afin de réaliser la rotation et le recadrage sur l’intérieur du canal. Puis nous 

procédons à la soustraction du bruit de fond. L’image en niveaux de gris est ensuite convertie 

en image binaire par seuillage. Enfin, les particules sont filtrées selon leur forme et la présence 

d’un point brillant. Le résultat final, correspondant à l’accumulation des particules identifiées 

sur les 2000 images est présenté sur une même figure pour visualiser la distribution spatiale 

statistique. 

La deuxième méthode optique est basée sur la projection axiale. Dans ce dispositif, le micro-

écoulement est projeté sur une membrane placée perpendiculairement au canal. Les particules 

fluorescentes sont capturées sur la membrane et observées sous microscope à fluorescence. 

L’image obtenue permet de déterminer la distribution des particules en sortie du canal. Cette 

méthode sert dans cette thèse de méthode complémentaire permettant de visualiser la 
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distribution des particules dans la section transversale. 

Migration latérale dans des suspensions mono-disperses 

Nous avons distingué dans notre étude le cas des écoulements à Reynolds modérés (compris 

entre 10 et 200 pour les configurations étudiées), celui des écoulements faiblement inertiels (Re 

<1), ainsi qu’une zone intermédiaire (1 < Re < 10) dite « de transition ». 

Dans le cas des écoulements à Reynolds modérés, plusieurs résultats intéressants ont été mis en 

évidence. 

o A un Reynolds donné, au fur et à mesure de l’éloignement de l’entrée du canal, la 

distribution en particules varie d’un anneau carré lâche à un anneau carré plus étroit puis 

à 4 tâches situées à proximité du centre de chaque face. Ces distributions montrent que 

la focalisation se développe le long du canal en deux étapes : dans un premier temps, 

les particules migrent latéralement, c’est-à-dire perpendiculairement aux iso-vitesse, 

pour former un anneau. Dans un deuxième temps, elles migrent cross-latéralement, 

c’est-à-dire parrallèlement aux parois, au sein de l’anneau vers les 4 positions 

d’équilibre. Ce phénomène de migration en deux étapes a été confirmé numériquement 

par Micheline Abbas. Les trajectoires simulées des particules ont de plus mis en 

évidence que la première étape où les particules traversent les contours d'iso-vitesse et 

atteignent un anneau d'équilibre est rapide alors que la deuxième étape où elles se 

déplacent le long de l'anneau d'équilibre vers les centres des faces nécessite une 

importante longueur de canal. 

o A distance fixée de l’entrée du canal, plus le nombre de Reynolds est élevé plus la 

focalisation est développée. Nous pouvons donc conclure que le Re favorise la 

focalisation dans la gamme de Reynolds modérés considérée. 

o A distance de l’entrée du canal et Reynolds fixés, la migration cross-latérale est plus 

avancée pour les grosses particules que pour les petites. Nous pouvons alors conclure 

que l’augmentation de la taille des particules favorise la focalisation. 
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o La localisation exacte de la position d’équilibre est un élément clé pour la conception 

de micro-dispositifs de concentration et de séparation. Nous avons mis en évidence 

qu’elle se rapproche des parois lorsque Re augmente et qu’elle est plus proche des parois 

pour les petites particules que pour les plus grosses. 

o Pour tenter de quantifier le niveau de développement de la focalisation, nous avons 

introduit un paramètre adimensionnel appelé degré de focalisation, défini comme le 

rapport entre le nombre de particules présentes dans quatre zones déterminées centrées 

sur les positions d’équilibre sur le nombre total de particules. A Reynolds donné, le 

degré de focalisation augmente au fur et à mesure de l’avancée dans le canal. A distance 

de l’entrée fixée, le degré de focalisation augmente avec le Reynolds, atteint un 

maximum aux environs de Re = 150 puis diminue. De fait, l’observation fine des 

distributions à Re = 280, semble montrer une plus grande dispersion, les particules 

formant à nouveau un anneau proche du périmètre du canal. Ce phénomène est cohérent 

avec le dernier article de Nakagawa datant de 2015 qui montre numériquement que des 

positions d’équilibre supplémentaires apparaissent au-delà d’un Re critique proche de 

260. 

Dans le cas des écoulements faiblement inertiels (Re < 1), un nouveau régime de migration a 

été observé où les particules migrent vers le centre du canal. La migration vers le centre est un 

phénomène lent et des canaux de grande longueur sont nécessaires pour amener la focalisation 

à son terme. 

Pour les Reynolds intermédiaires (1 < Re < 10 dans notre configuration expérimentale), les 

deux régimes de migration cohabitent ; nous retrouvons donc simultanément des particules 

focalisées au centre du canal et d’autres proches des parois. Une augmentation de la 

concentration en particules décale la zone de transition vers des Reynolds plus élevés et favorise 

la migration vers le centre. Une augmentation de la taille des particules quant à elle, favorise la 

focalisation quel que soit le régime de migration : vers le centre ou vers les parois. 
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Formation des trains 

La migration inertielle des particules engendre simultanément le déplacement des particules 

vers des positions d’équilibre spécifiques et leur organisation longitudinale pour former des 

trains. Matas en 2004 suggère que la formation des trains est liée à la présence de lignes de 

courant inversées autour des particules. Lee en 2010 propose un mécanisme de formation des 

paires de particules. Il suggère que forces de traînées liées aux lignes de courant inversées et 

forces inertielles contribuent à générer des interactions hydrodynamiques entre particule 

suiveuse et particule de tête aboutissant à la formation d’une paire. 

Notre dispositif expérimental, en combinaison avec le programme de post-traitement Matlab 

élargi, a permis de localiser les trains et d’évaluer statistiquement deux paramètres 

fondamentaux : la fraction de particules en trains et la distance entre particules d’un même train. 

La localisation des trains a permis de montrer que la formation des trains se mettait en place 

uniquement une fois les particules sur leurs positions d’équilibre et uniquement sur les positions 

d’équilibre proches des parois. La migration faiblement inertielle observée à faible nombre de 

Reynolds (Re < 1) vers le centre du canal, ne semble pas être accompagnée par l’organisation 

longitudinale des particules. La fraction de particules en trains augmente en fonction du 

Reynolds dans la gamme de Reynolds modérés étudiée, passe par un maximum pouvant 

atteindre 80 % puis diminue. Nous avons montré que ce pourcentage était directement corrélé 

à la fraction de particules ayant déjà atteint leurs positions d’équilibre autrement dit au degré 

de focalisation. La distance entre particules d’un même train quant à elle, diminue avec le 

nombre de Reynolds indépendamment de la concentration, sauf lorsque la limite 

d'encombrement est atteinte. Dans ce dernier cas (i.e., lorsque le nombre de particules présentes 

dans la suspension dépasse le nombre maximum de particules alignables sur les lignes 

d’équilibre), la distance inter-particulaire diminue pour que toutes les particules puissent 

prendre place sur les positions d'équilibre. 
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Migration dans des suspensions bidisperses 

Nous avons commencé de manière exploratoire à étudier la migration latérale (à la fois le 

déplacement latéral et l’organisation longitudinale) d’un mélange de particules sphériques de 

deux tailles différentes déjà étudiées en suspensions mono-disperses. Les distributions de 

particules obtenues en suspension mono- et bidisperse pour chacune des tailles de particules 

sont similaires, tendant à prouver que, la bidispersité ne modifie pas la migration latérale dans 

nos conditions expérimentales. Elle semble par contre influencer la formation des trains. Nous 

avons observé à la fois des trains mixtes et des trains monodisperses, 80 % d’entre eux 

commençant par une grosse particule et 60 % se terminant par une petite. La fraction de 

particules en trains augmente, passe par un maximum puis diminue de manière similaire pour 

les deux tailles de particules mélangées mais les maximums atteints sont supérieurs en 

suspension bidisperse à ceux atteints en suspension monodisperse. Il semblerait donc que la 

bidispersité favorise la formation de trains. 

Conclusion et perspectives 

Ce travail de thèse apporte une avancée significative sur la compréhension du phénomène de 

migration inertielle. Il permet ainsi à la communauté scientifique de mieux appréhender et 

prédire le transport de particules en micro-écoulement liquide. Il ouvre aussi de très nombreuses 

perspectives. A court terme, il s’agirait d’approfondir la modification du phénomène de 

migration latérale à Re > 200, d’étudier la robustesse des trains formés et de creuser l’influence 

de la bidispersité sur la migration inertielle. A plus long terme, les connaissances acquises 

devrait permettre le développement de nouveaux dispositifs de détection, concentration ou 

séparation de particules à micro-échelle et donc intégrables sur un laboratoire sur puce. 
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Introduction 

Particle detection, identification and separation in fluids are essential for society. For example, 

the search for contaminants in food fluids, the detection of pathogens in bodily fluids and the 

water filtration are some major environment and public health issues. The need of particle 

manipulation on the micro-scale is rapidly expanding due to the more stringent industrial 

standards and the more heightened public health awareness. Particularly, many specific fields 

like pharmaceutics, clinical diagnostics, chemical analysis, medical diagnostics, and tissue 

engineering require high-purity processing since even slight traces of contaminants may cause 

a dramatic adverse impact. 

To satisfy these demands, a variety of particle separation technologies have been developed in 

the last decades. The commonly used conventional methods (centrifugation and mechanical 

filtration) often requiring large volumes are less than optimal and are expensive for separating 

a wide range of particle sizes (Bhagat et al. 2008c). Various miniaturized techniques have thus 

been proposed based on microfluidics. Sheath flows or external force fields such as magnetic, 

acoustic, electrical and optical forces are applied to drive the particle migration and separation. 

However, the requirement of sheath flows or external forces complicates the device fabrication, 

increases the cost and makes the miniaturization difficult. 

More recently, inertial focusing techniques have gained significant attention since they only 

rely on the hydrodynamic forces and do not require any sheath flows, outer forces or complex 

channel geometries. These techniques are thus very appealing as they could allow continuous 

high-throughput and low-cost processing, non-invasive and label-free manipulation, and simple 

operation (Xiang et al. 2013), and thus could be suitable for a broad range of applications from 

filtration & enrichment to cytometry of cells (Lim et al. 2012; Zhou et al. 2013a). These 

techniques also permit the automatization, parallelization and miniaturization in the field of 

particle manipulation (Lee et al. 2010; Kim and Yoo 2008). 

The inertial focusing techniques are indeed based on the inertial migration of the particles in 



Introduction 

2 

 

the fluid. It has been reported that flowing particles can naturally move and focus on some 

distinct equilibrium positions in the channel cross section, depending on the flow conditions 

and the channel geometry (Di Carlo 2009). Aside from the lateral focusing, particles are found 

to order longitudinally along the main flow direction (Lee et al. 2010; Edd et al. 2008). This 

self-ordering phenomenon suggests the possibility of manipulating particle positions not only 

in the transverse but also in the flow direction. Understanding the inertial lateral migration and 

the longitudinal ordering phenomena is actually essential to predict the trajectories of particles 

flowing in microchannels. 

The present thesis aims at experimentally investigating the inertial focusing of spherical 

particles flowing in square straight microchannels. Straight channels and spherical particles are 

chosen because of their high simplicity allowing the study of the basic mechanisms. Square 

channels are used due to their easy manufacturing process and the sharp location of the particle 

equilibrium positions at moderate Reynolds numbers. This dissertation consists of the following 

five chapters: 

Chapter 1 Firstly, we introduce the different existing focusing techniques. Then we focus on 

the inertial migration phenomenon, by reviewing the main works published on the subject, 

involving its fundamental mechanisms, the essential parameters that influence the inertial 

migration and the applications. 

Chapter 2 We firstly reviewed the current experimental techniques to study the particle 

positions in two-phase flows. Then the in situ visualization method developed in this work is 

described, along with the experimental setup design, the implementation, and the post-

processing algorithms to estimate the three dimensional particle distributions. The particle 

projection method is also presented, for direct visualization of particle distribution in the 

channel cross section, to give a complementarity to the in situ visualization method results. 

Chapter 3 This chapter is devoted to the investigation of the lateral migration phenomenon of 

monodisperse particles in square channels. The migration process and the final equilibrium 

positions are studied through the observation of the particle distribution at different distances 
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from the channel inlet for various Reynolds numbers, particle volume fractions and particle to 

channel size ratios. 

Chapter 4 We delve into the particle longitudinal ordering phenomenon. The fraction of 

particles in trains and the interparticle spacing are evaluated for various Reynolds numbers, 

particle volume fractions, particle to channel size ratios and distances from channel inlet. A 

discussion on the possible mechanism for this longitudinal ordering is also proposed. 

Chapter 5 We present a preliminary study on the migration of particles of two different sizes 

mixed into a suspension. Both lateral focusing behaviors and longitudinal ordering are studied 

and compared with the results obtained for monodisperse suspensions of the same particles, in 

order to show the effect of bidispersity. 

Finally, conclusions on the thesis work and perspectives for future work are proposed. 
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Chapter 1. Bibliographic Study 

Recent advances in microfluidic technology have led to the emergence of micro total analysis 

systems (μ-TAS) or lab-on-a-chip (LOC) devices. Such devices have shown a considerable 

potential for a wide variety of applications in biochemistry, biophysics and medical fields, 

including biological and chemical assays, drug delivery, drug screening and so on (Lee et al. 

2006). The ability to precisely focus particles on specific positions is essential in some of these 

devices, particularly when the objective is to separate cells, functionalized beads, or other 

particles from a solution which may contain other undesirable elements (Loutherback et al. 

2010). 

In this chapter, we first thoroughly describe the existent methods for particle focusing, including 

sheath flow focusing and sheathless flow focusing among which we highlight the inertial 

focusing as the most potential solution. Secondly we present the current state of the art in the 

understanding of the fundamental mechanisms controlling the phenomenon of inertial focusing, 

including the wall-induced lift force, the shear-induced lift force, the rotation-induced lift force 

and the secondary-flow drag force. Then the important parameters, involving the channel 

properties, particle properties and fluid properties, that influence the inertial migration are 

discussed. Finally, different applications of inertial focusing are presented. 

1.1 Focusing techniques 

The particle focusing methods can be divided into two types: sheath flow and sheathless flow 

techniques. Sheath flow focusers use one or more particle-free fluids to pinch the particle-rich 

fluid in order to focus particles. Sheathless flow focusers use inertial fluid dynamics or 

externally applied fields (electrical, magnetic or acoustic). 

1.1.1 Sheath flow focusing techniques 

Sheath flow focusing is probably the most commonly used approach in microfluidic devices 

(Zhao et al. 2007) and has been demonstrated in a wide variety of applications, including flow 
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cytometers for cell counting and sorting, cell patterning, diffusion-based mixers, microfluidic 

injection systems and micro flow switches (Yang et al. 2005). 

Two types of sheath flows are usually used: hydrodynamically driven (Lee et al. 2006) sheath 

flows delivered by external pumps (e.g., syringe pumps) and electrokinetically driven (Yang et 

al. 2005) sheath flows generated by electrokinetic forces. An example to illustrate the principle 

of a common hydrodynamic sheath flow focusing device is given in Fig. 1-1. One or more 

sheath flows are fed via the side channels into a main channel to direct the main sample flow 

into a specific position within the channel as shown in Fig. 1-1. By adjusting the density, 

viscosity, and flow rate of the sheath flows with respect to the sample flow, this one can be 

focalized into the desired region with a controlled width (Lee et al. 2006). Here the width of the 

focused stream is in the same order of magnitude as the suspended cells or particles. Hence, the 

cells or particles are ordered and pass through the detection region one by one, which is suitable 

for cells/particles counting and sorting. Various designs of sheath flow focusing microsystem 

have been reported and recently reviewed (Huh et al. 2007; Xuan and Li 2005; Howell et al. 

2008). 

 

Fig. 1-1 Schematic drawing of symmetric sheath flow focusing (top view of microchannel): the 

sample flow supplied from the inlet channel at left is constrained laterally within the center of the 

microchannel by two neighboring sheath flows from the top and down side channels. (Reprinted from 

Lee et al. (2006).) 

Sheath flow focusers show numerous advantages. The focused stream can be easily tuned with 
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different widths and in various positions (Scott et al. 2008). Moreover, the focusing result is 

independent of the particles size, thus a same device can be used for a wide range of particles. 

Until now, this method is commonly used in most of the commercial flow cytometers where 

the width of the focused stream is of the same order of magnitude as the cell size. 

However, some disadvantages can be emphasized. The need of accurately maintained sheath 

flows complicates the device fabrication, increases the cost and makes the miniaturization 

difficult. Furthermore, the addition of sheath flow leads to the dilution of the sample flow and 

sometimes to a modification of its properties. Finally, the high flow rates needed to pinch the 

particles could damage them in case of living bio-cells. 

1.1.2 Sheathless flow focusing techniques 

The sheathless flow focusing techniques manipulate the sample flow only relying on external 

or internal forces, without introduction of accompanying sheath flows in the channel. Thus the 

major advantage of sheathless flow focusing is avoiding the dilution of sample flow and the 

change of solution properties. The sheathless flow focusing can be classified into two types 

according to the nature of the force involved: active when the force is externally applied and 

passive when the force is internally induced. 

1.1.2.1 Active sheathless flow focusing techniques 

In active sheathless techniques, the sample suspension is subjected to a force that is often 

perpendicular to the direction of the flow, as shown in Fig. 1-2, to focus the particles in a well-

defined location. Forces of different nature can be used, as for example electrical forces (Zhu 

et al. 2010; Voldman 2006; Gascoyne and Vykoukal 2002), acoustic radiation forces (Petersson 

et al. 2007), magnetic forces (Miltenyi et al. 1990; Liu et al. 2009) or even optical forces (Zhao 

et al. 2007). A recent review can be found in (Pamme 2007). 
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Fig. 1-2 Schematic of a typical active sheathless flow focuser. (Reprinted from Pamme (2007).) 

Immunomagnetic separation (IMS) for example is an active sheathless flow technique 

commonly used for the separation of pathogenic organisms. The magnetic particles (MP), 

linked to specific antibodies, can be coupled to the target cells through antibody-antigen 

interactions forming MP-coated cells, and then removed from the suspension using a magnet 

(Hinds et al. 2003; Miltenyi et al. 1990; Liu et al. 2009). The main advantage of the magnetic 

actuation is that the magnetic field has no effect on biological samples that are usually 

diamagnetic, leading to excellent separation sensitivity. 

Although these active microfluidic techniques are approved to be a successful biological 

application, the requirement of an outer force field increases the cost of fabrication, complicates 

the manipulation and decreases the throughput, thus giving an impediment to their widespread 

use. 

1.1.2.2 Passive sheathless flow focusing techniques 

Passive sheathless flow focusing techniques manipulate the particles without applying external 

forces, taking only advantage of the geometry of the microchannels and the hydrodynamic 

forces. These techniques involve mainly hydrophoresis (Choi and Park 2008), deterministic 

lateral displacement (Huang et al. 2004), gravitational methods (Huh et al. 2007) and inertial 

focusing (Di Carlo 2009). 

Hydrophoresis utilizes slanted obstacles in a microchannel to guide and focus particles, as 
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illustrated in Fig. 1-3. The anisotropic fluidic resistance of the slanted obstacles generates a 

lateral pressure gradient which sets up a transverse flow. This secondary flow focuses particles 

depending on the size difference between the gap of the obstacle and the particle on specific 

positions (Choi and Park 2008; Choi et al. 2007). 

 

Fig. 1-3 Cross-sectional schematic of the device for hydrophoretic separation. (Reprinted from Choi 

et al. (2012).) 

Deterministic lateral displacement uses an array composed of aligned triangular or circular 

posts to guide particles. Columns of posts are slightly offset in the direction perpendicular to 

the flow direction, making the array axis tilted an angle with respect to the fluid flow, as shown 

in Fig. 1-4. The tilt angle determines a critical diameter above which the particles will pass 

along angled array axis (red dashed trajectory) and below which particles will go straight 

following their initial streamline (green dashed trajectory) (Devendra and Drazer 2012; 

Loutherback et al. 2010). 
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Fig. 1-4 Scheme of the Deterministic Lateral Displacement method. (Reprinted from Loutherback et 

al. (2010).) 

Gravity-driven separation is based on the density difference between the particles and the carrier 

fluid. Although gravitational separation applies an external force field, it is considered passive 

because no other external active field is applied or modulated (Huh et al. 2007). Fig. 1-5 shows 

the gravity-driven device developed by Huh et al. (2007). 

 

Fig. 1-5 Scheme of a gravity-driven separation device. (Reprinted from Huh et al. (2007).) 

The particles are initially focused in the vertical direction and then are guided into a horizontal separation 

channel with gradually widening cross section where the flow velocity decreases and sedimentation 

starts to take effect. The sedimentation velocity of large particles is greater than that of small particles, 

resulting in a difference of vertical positions which makes it possible to separate the two particles. 

Hydrophoresis and Deterministic Lateral Displacement methods, using the interaction between 
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the particles and the anisotropic geometry, can focus rapidly and in parallel a large number of 

different-sized particles. They present, however, a high risk of clogging because of the presence 

of obstacles and narrow gaps between them lead to high pressure drop across the device. Gravity 

can also be coupled to hydrodynamic flow (Huh et al. 2007), deterministic lateral displacement 

(Devendra and Drazer 2012) or acoustic field for particle separation (Petersson et al. 2007). But 

it is a mass-dependent sorting method, which cannot contribute to the manipulation of neutrally 

buoyant particles. 

More recently, several sheathless passive focusing techniques based on differential inertial 

migration have been developed. Inertial microfluidic approach takes advantage of the regime 

of inertial fluid dynamics to focus suspended particles to predictable equilibrium positions 

within a microchannel. The inertial focusing rapidly expands due to the robust, simple, rapid, 

low-cost, and power-efficient operations involved (Di Carlo 2009). The last part of this chapter 

reviews the main works published in the literature in this field. 

1.2 Phenomenon of inertial migration 

Poiseuille (1836) was the first one to note the inhomogeneous radial distribution of blood 

corpuscles in capillary vessel. The corpuscles seemed to concentrate in an annulus close to the 

walls of the tube, indicating a lateral migration phenomenon. 

These observations were quantitatively confirmed by the experiments of Segre and Silberberg 

(1962b) in the 1960s, whose work is considered as a milestone and triggered the interest of the 

scientific community in the inertial microfluidic field. They conducted experiments in a straight 

cylindrical tube (inner radius ~ 5.6 mm) with rigid particles (diameter ~ 1 mm) and observed 

that initially randomly dispersed particles were focused at a given distance from the channel 

inlet, on an annulus with a radius of about 0.6 times the tube radius, as shown in Fig. 1-6a. This 

phenomenon is known as the Segré–Silberberg effect or tubular pinch effect because of the 

tube-like shape of the annular region to which particles migrate (Segre and Silberberg 1962a). 

With the advancement in microfluidics, the observations of the same phenomenon have been 
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confirmed experimentally in microchannels in the recent years (Matas et al. 2004b). 

 

Fig. 1-6 Tubular pinch effect. The left image shows the experimental results of Segre and Silberberg 

(1962b), showing how radial migration develops in a cylindrical tube along channel. (Reprinted from 

Segre and Silberberg (1962b).) The right image shows the experimental distribution of particles in the 

cross section of a cylindrical tube at Re = 350. (Reprinted from Matas et al. (2004c).) 

Following the observations of Segre and Silberberg (1962b), many investigators tackled the 

problem of inertia-induced particle migration theoretically (Rubinow and Keller 1961; Saffman 

1965; Schonberg and Hinch 1989; Asmolov 1999), numerically (Chun and Ladd 2006; Di Carlo 

et al. 2009; Abbas et al. 2014; Nakagawa et al. 2015) and experimentally (Bhagat et al. 2008a; 

Bhagat et al. 2008c; Choi et al. 2011; Kim and Yoo 2008; Di Carlo et al. 2007). 

Particle migrations in straight cylindrical channel and square channel were reported by Di Carlo 

(Di Carlo 2009). The initially randomly distributed particles focused on an annulus (known as 

the Segré-Silberberg annulus) in a cylindrical channel (Fig. 1-7a) and on four equilibrium lines 

located near the center of each channel face in a square channel for moderate values of Reynolds 

number (Fig. 1-7b), built on the average flow velocity U and the channel hydraulic diameter 

Dh: 

 /hRe UDρ µ=   (1-1) 

where ρ is the fluid density, μ is the dynamic viscosity of fluid and Dh is defined as: 
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with H and W the channel height and width, respectively. 

 

Fig. 1-7 Inertial focusing of particles in a cylindrical channel, a square channels and a rectangular 

channel, from left to right in the image, respectively. (Reprinted from Di Carlo (2009) and Amini et al. 

(2014).) 

This result is however controversial: Bhagat et al. (2008c) experimentally and Chun and Ladd 

(2006) numerically proved that eight equilibrium positions coexist in square channels located 

at the four corners and near the four centers of each channel face. 

It has been highlighted that the migration process takes place in two stages: the particles migrate 

first in the lateral direction forming a ring parallel to velocity iso-contours (pseudo Segré-

Silberberg annulus) and then move cross-laterally toward the four equilibrium positions near 

the center of each channel face (Choi et al. 2011; Zhou and Papautsky 2013; Abbas et al. 2014). 

The second stage of migration, i.e., the cross-lateral migration, occurs only after that the first 

one is fully developed and is not significant at low Re (Abbas et al. 2014; Choi et al. 2011). 

Depending on the aspect ratio of the cross-section and on the flow Reynolds number Re, 

particles in rectangular microchannels focus to two equilibrium positions centered on the large 

face of the channel as shown in Fig. 1-8 (Zhou and Papautsky 2013). In a similar two-stage way, 

particles first migrate towards the walls then towards the centerlines of the walls. 



Bibliographic Study 

14 

 

 

Fig. 1-8 Schematic drawing of inertial focusing in a rectangular microchannel. (Reprinted from Zhou 

and Papautsky (2013).) 

1.3 Mechanisms of inertial migration for neutrally buoyant 

particles 

Particles flowing in a microchannel are subjected to two types of forces: drag forces parallel to 

the flow and lift forces perpendicular to the flow. The drag forces act to accelerate the particles 

until they reach the fluid velocity and the lift forces related to viscosity and flow inertia carry 

the particles across the streamlines (Di Carlo 2009; Zhou and Papautsky 2013). 

In straight channel flows, three primary lift forces contribute to the particle inertial lateral 

migration: a wall-induced lift force, a shear-induced lift force and a rotation-induced lift force 

(Zeng et al. 2009; Zhou and Papautsky 2013). In the case of a curved channel, a second-flow 

drag force must be taken into account (Martel and Toner 2013; Martel and Toner 2014). The 

balance of all the lift forces mentioned above will determine the migration process for a given 

channel flow. 

The aim of this section is to present the different lift forces involved in the inertial migration 

process of neutrally buoyant particles. 
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1.3.1 Wall-induced lift force 

A particle flowing through a microchannel interacts with the walls of the channel, unless the 

particle is extremely small or the wall is incredibly far away from the particle (Feng et al. 1994b; 

Matas et al. 2004c; Martel and Toner 2014). These interaction tends to repulse the particle away 

from the wall. A sample streamline schematic is shown in Fig. 1-9. With the introduction of a 

particle close to the wall, the streamlines are diverted towards the side of the particle away from 

the wall and, which results in accelerated streamlines there. This asymmetric streamlines cause 

an imbalance of pressure on two sides of the particle, which generates a repulsive force, as 

shown in Fig. 1-9 (Feng et al. 1994b; Martel and Toner 2014). This force increases inversely 

with the normalized particle-to-wall distance (Zeng et al. 2009). 

 

Fig. 1-9 Wall-induced lift force. 

Di Carlo et al. (2009) gave an empirical equation based on numerical simulations (COMSOL 

Multi-physics) for estimating the wall-induced lift force FW: 

 2 6 4/W W m p hF C U d Dρ=   (1-3) 

where CW is a non-dimensional wall-induced lift coefficient, function of Reynolds number and 

position, ρ is the fluid density, Um is the maximum flow velocity, dp is the particle diameter and 

Dh is the channel hydraulic diameter. 

1.3.2 Shear-induced lift force 

In the case of quadratic velocity (Poiseuille) flow, the particle experiences a force produced by 

the curvature of the velocity profile (Ho and Leal 1974; Feng et al. 1994b). In a flow with a 
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typical parabolic velocity profile, it is generally assumed that the mean velocity of the neutrally 

buoyant particle relative to the fluid is null. But the relative velocity in the reference frame of 

the particle is higher on the wall side than on the centerline side as shown in Fig. 1-10. This 

dissymmetry causes a lower pressure on the wall side of the particle, directing the particle 

towards the wall (in fact, towards the area with increasing shear gradient) (Feng et al. 1994b; 

Ho and Leal 1974; Matas et al. 2004c). 

 

Fig. 1-10 Shear-induced lift force. 

Di Carlo et al. (2009) also gave an empirical equation for the shear-induced lift force FS: 

 2 3 /S S m p hF C U d Dρ=   (1-4) 

where CS represents a coefficient of shear-induced lift, depending strongly on the Reynolds 

number and the particle position. 

The balance of the shear-induced lift force and the wall-induced lift force successfully explains 

the first stage of inertial focusing in square and rectangular channel where the particles migrate 

towards the channel perimeter. 

1.3.3 Rotation-induced lift force 

The fact that in a square and rectangular channel, particles undergo a second stage of migration 

where they travel parallel to the walls towards to the centers of the four faces implies that an 

additional lift force takes place. According to Zhou and Papautsky (2013), a third lift force is 
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attributed to the rotation of the particles, known as Magnus effect. Indeed, the rotation of a 

sphere in a flow creates a reduced pressure at the side where the rotation tends to increase the 

velocity of the fluid, in consistence with the perfect fluid mechanism suggested by Bernoulli’s 

theorem (Feng et al. 1994b; Matas et al. 2004c). This imbalance in pressure causes a force as 

shown in Fig. 1-11. 

 

Fig. 1-11 Rotation-induced lift force. 

Rubinow and Keller (1961) gave an equation to estimate the rotation-induced force FΩ: 

 31
8 pF dπ ρΩ = ×Ω V   (1-5) 

where Ω is its angular velocity vector and V is its relative velocity vector in the rest frame of 

the fluid. It acts against the flow velocity gradient in the direction of the center of the channel 

and its magnitude scales with the particle diameter cubed. 

This rotation-induced lift force is negligible in comparison with the shear-induced lift force 

when the particles are far from the channel walls, i.e., during their first stage of migration (Loth 

and Dorgan 2009; Feng et al. 1994b) but becomes predominant in the wall region where the 

shear-induced and the wall-induced forces cancel each other, i.e., during their second stage of 

migration (Zhou and Papautsky 2013). 

1.3.4 Secondary-flow drag force 

In geometries more complex than straight microchannels, for example in a curved microchannel, 



Bibliographic Study 

18 

 

secondary flows (known as Dean recirculation flows) perpendicular to the main flow direction 

can occur. These secondary flows impart a drag force FD (i.e., Strokes’ drag) on the particle due 

to the difference between the particle velocity and the fluid velocity. This drag force is directed 

in the direction of the secondary flows (Martel and Toner 2013), as illustrated in Fig. 1-12. 

 

Fig. 1-12 Secondary-flow drag force, i.e., Stokes’ drag. 

In a Dean flow (a non-zero-Reynolds cured flow allows for a secondary flow), Zhang et al. 

(2016) utilized the Stokes’ drag equation to calculate the secondary-flow drag force FD: 

 3D p SFF d Uπµ=   (1-6) 

where USF is the secondary flow velocity. 

1.4 Influence of channel, particle and fluid characteristics on 

inertial focusing 

The inertial focusing of particles in microfluidic devices strongly depends on the characteristics 

of the channel, the particles and the fluid (Di Carlo 2009). In this section a brief review of the 

literature dealing with the influence of these different parameters on the migration is presented. 

1.4.1 Channel properties 

Several physical parameters of straight channel that affect inertial focusing are mentioned in 

the literature and are reviewed here. 

1.4.1.1 Channel length required for focusing to equilibrium positions 

Channel length required for particles to reach equilibrium positions is a crucial criterion for the 
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design of separation devices. However there is no consensus in the literature concerning the 

way to estimate this length. 

Bhagat et al. (2008c) used the net lift force expression from the theory of Asmolov (1999) to 

propose an estimation of the microchannel length Lf required for particles to reach their 

equilibrium positions: 

 
3

3
2

R
f

L m p

H
L

C U d
πµ
ρ

 
=   

 
  (1-7) 

where HR is the narrowest channel dimension and CL is the lift coefficient which is a function 

of particle position and Reynolds number (CL ~ 0.5). 

Di Carlo (2009) gave another expression of this length calculated from the balance of the shear-

induced lift force and the Stokes’ drag in a straight rectangular channel: 
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where WR is the longer channel dimension and CL is the lift coefficient (the average CL varies 

from about 0.02 to 0.05 for aspect ratios (HR/WR) from 0.5 to 2). 

However, both of these expressions only quantify the channel length required for the particles 

to fully-develop their first stage of migration, i.e., to reach the initial equilibrium annulus close 

to the walls. Zhou and Papautsky (2013) completed Bhagat’s expression to take into account 

the second stage of migration inside the initial the center points of walls: 
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where HR is the shorter channel dimension, WR is the longer channel dimension, CL
- is the lift 

coefficient during the lateral migration and CL
+ is the lift coefficient during the cross-lateral 

migration. 
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1.4.1.2 Curved channel 

As seen in Section 1.3.4, secondary flows called Dean recirculation flows can be generated in 

curved channels. Particle migration in such channels is found either towards or away from the 

center of curvature depending on the Reynolds number, curvature ratio and particle confinement 

ratio. The curvature ratio is defined as δ = Dh/2R where R is the radius of curvature of the 

channel and the particle confinement ratio is defined by the ratio of particle diameter to the 

channel hydraulic diameter dp/Dh. Fig. 1-13 is a representation of inner and outer focusing at a 

given Reynolds number (Re = 419) for various curvature ratios and different particle 

confinements (Martel and Toner 2013). 

 

Fig. 1-13 Simulated velocity profiles, normalized Dean flow vectors and idealized particle equilibrium 

positions at Re = 419, for three different confinements (dp/Dh = 0.066 blue, dp/Dh = 0.149 green, dp/Dh 

= 0.225 red) in a straight channel (δ = 0) and increasing in curvature left to right. (Reprinted from Martel 

and Toner (2013).) 

According to Martel and Toner (2013), these various particles distributions could be explained 

by the fact that the addition of curvature not only adds Dean drag to the force balance but also 

changes the shear gradient lift force through the redistribution of the velocity profile. 

1.4.1.3 Cross-sectional shape 

Circular, square and rectangular cross-sections are the most commonly used shapes for inertial 

focusing. 

Particles focus to an annulus in a circular channel due to the radial symmetry of the channel 

and to the center of each channel face in a square channel because of the 4-fold channel 
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symmetry, as illustrated previously in Fig. 1-7 (Di Carlo 2009). 

In the rectangular channels, the equilibrium positions have been shown to be the centers of the 

two long faces (Fig. 1-8) (Zhou and Papautsky 2013), but may also vary between these two 

positions and the four centers of each channel face, depending on the channel aspect ratio and 

the particle Reynolds number (Amini et al. 2014). Kim et al. (2016) studied the non-rectangular 

cross section channels and Fig. 1-14 illustrates the number and location of equilibrium positions 

in non-rectangular cross section channels. 

 

Fig. 1-14 Inertial focusing in non-rectangular channels, from left to right, half-circular channel, narrow 

triangular channel and wide triangular channel, respectively. (Reprinted from Kim et al. (2016).) 

More recently, a trapezoidal cross-sectional channel has been studied in a curved channel (Wu 

2012; Guan 2013). The trapezoid cross section modifies the velocity field in a Dean flow and 

amplifies the difference in equilibrium positions for particles of different sizes, thus resulting 

in higher separation resolution as compared to rectangular cross sections. Consequently, the 

large particles are focused close to the inner wall and the small ones are focused at the core of 

Dean vortices towards the outer wall, as illustrated in Fig. 1-15. 

 

Fig. 1-15 Schematic of spiral channel with trapezoid cross-section indicating the inertial focusing of 

10 μm (white) and 6 μm (red) beads. (Reprinted from Wu et al. (2012).) 
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1.4.1.4 Cross section Variation along channel 

The presence of any type of irregularity in the channel can induce secondary flows that act in 

addition to the inertial lift forces and modify the inertial focusing behaviors. Hur et al. (2011c), 

for example, developed a device consisting in an array of expansion-contraction reservoirs 

placed in series as illustrated in Fig. 1-16. Such a device utilizes microscale laminar vortices 

combined with inertial effects to achieve a size-selective trapping. At a sufficiently high 

Reynolds number, particles whose diameter is larger than a critical value are isolated in the 

reservoirs; while below the cutoff diameter, particles freely pass through the reservoir region. 

The particle isolation mechanism can be attributed to the fact that as the entrained particles 

enter the expanded sections, they are only subject to the shear-induced lift force, in the direction 

toward the vortex core because the neighboring wall is far away, as shown in Fig. 1-16. Large 

particles experience a larger lateral lift force, resulting in greater lateral migration compared to 

the one sustained by the small particles (Mach et al. 2011; Zhou et al. 2013b). So the particles 

above the critical diameter pass the detached boundary toward the vortex core where they 

remain isolated, orbiting in the vortex, whereas the particles below the critical value do not 

migrate sufficiently and remain in the focused streams, being flushed out of the device. This 

device was used for successful isolation of larger cancer cells from dilute blood (Hur et al. 

2011c; Mach et al. 2011). 

 

Fig. 1-16 Schematic diagram descriging Hur’s device composed of expansion-contraction reservoirs 

for particle separation. (Reprinted from Hur et al. (2011c).) 

1.4.2 Particle properties 

Particle properties (e.g., size, shape or deformability) play an important role in inertial focusing. 

The detection and separation of particles from heterogeneous suspensions is of interest to 
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various research areas. Here some important particle properties that affect the inertial focusing 

are reviewed. 

1.4.2.1 Density 

Although particle density can be assumed to be equal to that of the fluid for many cell-based 

applications, many industrial applications (e.g., industrial water filtration) may involve particles 

having density significantly different from that of the buffer solution (Martel and Toner 2014). 

The study of Feng et al. (1994a) on vertical pipe flow demonstrated that in a Poiseuille flow 

with slightly buoyant particles, heavier particles which lag the flow will migrate towards the 

channel center and lighter ones which lead the flow will move towards the wall. For larger 

buoyancy, however, the final equilibrium position moves back toward the centerline. For non-

neutrally buoyant particles, the migration is quite different from the neutrally buoyant particles 

mainly due to the presence of a significant Saffman’s lift force (Matas et al. 2004c). This force, 

illustrated in Fig. 1-17, is due to the interaction of slip velocity and shear, arises when any force 

generates a slip velocity between particle and fluid (Saffman 1965) and is directed towards the 

side where the fluid velocity relative to the particle is the largest. 

 

Fig. 1-17 Saffman’s force. V is the relative velocity of the sphere. V > 0, the sphere moves faster than 

the fluid; V < 0, the sphere goes slower than the fluid. 

1.4.2.2 Shape 

Although spherical particles are often used in inertial focusing studies for simplification, in 
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many of the real systems, non-spherical particles exist. Non-spherical particles can freely rotate 

and present different orientations while being sorted. Recently, some researchers (Hur et al. 

2011a; Masaeli et al. 2012) have experimentally demonstrated that the inertial effects allow for 

the control and separation of non-spherical particles. 

Hur et al. (2011a) investigated arbitrarily shaped particles with various sizes, cross-sectional 

shapes and asymmetries, in a straight rectangular microchannel. Nonspherical particles are 

found to be focused at distinct positions by inertial effects. The different cross-sectional shape 

of particles does not show a great influence to their equilibrium position, whereas the maximum 

diameter significantly affects the migration behavior and determines the final focusing location. 

The particle maximum diameter is called the “rotational diameter” and the axis following this 

maximum diameter is the “rotational axis”. For a particle symmetric with respect to its 

rotational axis, focusing position was found to be determined by the rotational diameter 

regardless of its cross-sectional shape as shown in Fig. 1-18. While for highly asymmetric 

particles, focusing was found closer to the wall. 

 

Fig. 1-18 Distance between the equilibrium position and the closest wall in function of normalized 

particle maximum diameter for various shapes. (Reprinted from Hur et al. (2011b).) 

Masaeli et al. (2012) investigated the inertial focusing with ellipsoids of different aspect ratios 
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(as shown in Fig. 1-19) and developed a shape-based device using the particle’s largest cross-

sectional dimension as a distinguishing criterion, independently of the smallest particle 

dimension. They found that the particle focusing positions depend on the particle’s largest 

cross-sectional dimension, being consisted with the results of Hur et al. (2011a). Rod-like 

particles (i.e., higher-aspect-ratio particles) are focused closer to the channel center than 

spherical particles with the same volume. Indeed, rod-shaped particles with 180° rotational 

symmetry follow the focusing trend of spheres with similar rotational diameter. This 

phenomenon is originated from the particle rotation: wall-induced lift force is strongly 

dependent on the particle-to-wall distance and becomes much stronger than the shear-induced 

lift force when the particles move away from the equilibrium position towards the wall. 

Therefore, for a rotating ellipsoid, when the major axis is perpendicular to the wall, it will be 

pushed away from the wall, contrarily, when the major axis is aligned with the flow, wall-

induced lift force significantly decreases and the particle migrates back towards the wall. 

 

Fig. 1-19 Schematic and overlaid micrographs illustrating the inertial focusing of randomly distributed 

ellipsoid particles. (Reprinted from Masaeli et al. (2012).) 

1.4.2.3 Deformability 

The study of inertial focusing of deformable particles shows great importance in biological 

applications since bioparticles such as cells, vesicles, and two-phase emulsion droplets are not 

rigid. In fact, the deformability strength of single cells is identified as an indicator of the cellular 

phenotype (e.g., various diseases are associated with cell deformability alterations including 
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cancer, blood diseases and inflammation.) (Hur et al. 2011b). Recently, single-cell deformability, 

recognized as a distinguishing marker, showed practical potential for cell separation to obtain 

target cells of interest in clinical and biological applications. 

Recently, Hur et al. (2011b) demonstrated that the focusing equilibrium positions are affected 

by the deformability of cells and viscous droplets. The experiments were conducted with elastic 

particles and viscous oil droplets in a wide range of deformability (represented by the internal-

to-external viscosity ratio λ = μin/μex, where μin is the dynamic viscosity of the fluid inside the 

droplet and μex the one of the continuous phase fluid). Fig. 1-20 shows that increasing 

deformability makes the particles move much closer to the channel centerline. This 

phenomenon is due to the balance of the inertial lift force (directed to the channel wall) and 

deformability-induced lift force (directed to the center of the channel). Hur et al. (2011b) took 

advantage of these separate lateral equilibrium positions to successfully classify cells of various 

size and deformability. 

 

Fig. 1-20 Distance between equilibrium position and the closest wall in rectangular microchannels for 

viscous droplet and elastic particles of different particle diameter to channel width ratios and various 

viscosity ratio. (Reprinted from Hur et al. (2011b).) 
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1.4.3 Fluid and flow properties 

1.4.3.1 Effect of Reynolds number 

Reynolds number, (i.e., ratio of inertial to viscous effect) can greatly influence the shear 

gradient force, resulting in the change of focusing behavior. Specifically, with Re increasing, 

the equilibrium positions in square or rectangular channels shift slightly towards the channel 

walls. Besides, in rectangular channel, two unstable equilibrium positions near the centers of 

the shorter channel faces become stable at high Re (Amini et al. 2014). 

Ciftlik et al. (2013) investigated the focusing behavior of 10-µm particles in a 50 × 80 µm2 

rectangular channel for a wide range of Re (from 75 to 2,000). Both number and localization of 

the equilibrium positions change depending on Re as illustrated in Fig. 1-21. The equilibrium 

positions are located at the centers of the long faces when Re < 100, move to the centers of the 

four channel faces around Re = 150, are reduced to the initial two positions but slightly farther 

away from the walls when Re increases to 750, and finally disappear for Re > 2,000. 

 

Fig. 1-21 Equilibrium positions within the rectangular channel cross section as a function of Re. 

(Reprinted from Ciftlik et al. (2013).) 

1.4.3.2 Concentration 

Both the location and the number of equilibrium positions depend on the particle volume 

fraction, resulting in a large increase of particle-to-particle interaction (Amini et al. 2014). 

Han et al. (1999) investigated extremely high concentrated monodisperse spheres in a tube flow 

with a solid volume fraction Φ varying from 0.06 to 0.4. Two types of migration regimes have 
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been identified depending on Φ and on the Reynolds number: the migration towards the channel 

walls and the migration towards the channel centerline caused by interparticle interactions. The 

different migration regimes in a tube as a function of Φ and Re are illustrated in Fig. 1-22. 

For diluted suspensions with high Reynolds numbers, pinch effect is dominant. Only the 

migration toward the channel wall is observed. For higher concentrated suspension (volume 

fraction Φ = 0.2) and small Reynold numbers, only the migration towards channel centerline is 

observed. For even higher concentrated suspensions within all range of Reynolds numbers, both 

the migrations toward channel center and channel wall are observed, so the particles are found 

to be concentrated both at the center of the tube and on the Segré-Siberberg annulus. 

 

Fig. 1-22 Migration regimes in a tube as a function of particle volume fraction Φ and Reynolds number 

Re. (Reprinted from Han et al. (1999).) 

In rectangular straight channels, Lim et al. (2012) noticed that the equilibrium positions of 

cancer cells (dp = 17.8 µm) change from the center of the long faces for diluted blood suspension 

(Φ < 0.15, i.e., fRBC < 0.33) to the center of the short faces for original blood (Φ = 0.45, i.e., fRBC 

= 1), highlighting that the particle concentration seems to have a great influence on the particle 

focusing behavior, and thus is worth to be further studied. 
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Fig. 1-23 Cancer cell distribution in a half of rectangular channel cross section at different flow and 

concentration conditions. (Reprinted from Lim et al. (2012).) 

1.4.3.3 Non-Newtonian fluid 

Particles in viscoelastic fluids migrate in the direction of decreasing shear rate, which is toward 

the center of the channel for a Poiseuille flow. This modification in the migration behavior is 

due to the presence of a viscoelasticity-induced lift force acting on the particles. The inertial lift 

forces and the viscoelastic lift forces can be carefully balanced to make the particles focusing 

in a single line along the channel centerline, by controlling flow rate (Amini et al. 2014). The 

migration behaviors of neutrally buoyant particles in a non-Newtonian viscoelastic flow 

depends strongly on the volume fraction of solids, the blockage ratio of the channel, the effects 

of inertia and elasticity, and the effects of shear thinning. Since the intensity of the viscoelastic 

force acting on the particle increases with its diameter, large particles are more rapidly driven 

toward the centerline than the small ones. This different migration rates have been used by Nam 

et al. (2012) to successfully separate particles, as shown in Fig. 1-24. 
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Fig. 1-24 Schematic diagram of size-dependent particle separation using elasto-inertial characteristics 

of non-Newtonian fluid flow. (Reprinted from Nam et al. (2012).) 

1.5 Applications 

Works conducted during the last two decades on inertial focusing have shown that this 

technique had a great potential in terms of practical applications. A variety of new applications 

based on this phenomenon is continuously developed and are mainly categorized into four types: 

particle separation, volume reduction, particle alignment, and solution exchange. 

In this section, we will give a brief presentation of the recent progress and successful 

achievements for each type of application. 

1.5.1 Particle separation 

The most developed application of inertial focusing is the particle separation. In that case, 

different particles in a mixture have to be focused separately only based on their mechanical 

properties such as size, shape, and deformability. The difference in focusing can be due to a 

difference in the particles equilibrium positions (equilibrium separation) or in the particle 

migration velocity (kinetic separation). 

It has been reported that the particle separation can be accomplished by using specific channel 
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geometry designs at a certain flowing conditions. For example, Mach and Di Carlo (2010) 

utilized a rectangular channel containing an expansion region with gradually increasing channel 

width to separate red blood cells (RBCs) from bacteria, as shown in Fig. 1-25. Zhou et al. 

(2013a) developed a rectangular microchannel with the modulation of aspect ratio whereby the 

fractionation of a mixture of 10-µm and 20-µm particles was realized, as demonstrated in Fig. 

1-26. 

 

Fig. 1-25 Schematic of equilibrium separation in a straight channel with an expansion zone. (Reprinted 

from Mach and Di Carlo (2010).) 

 

Fig. 1-26 Schematic of kinetic separation in a rectangular channel with modulation of aspect ratio. 

(Repringted from Zhou et al. (2014).) 
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1.5.2 Volume reduction 

Many of the separation methods can enrich particles at the same time. It is also possible to use 

inertial focusing to reduce the volume of a sample fluid, separately collecting the concentrated 

particle-rich streams and the remaining liquid. This technique shows great potential in water 

filtration (Martel and Toner 2014) and blood plasma separation from cells (Faivre et al. 2006; 

Yang et al. 2006). Some researchers take advantage of spiral channel geometry to achieve this 

volume reduction. For example, Seo et al. (2007) designed a double spiral channel (Fig. 1-27) 

with a transitional point near the center (P#3), resulting in a sharper and narrower band finally 

diverted into the inside outlet and the filtered water collected from the outside outlet. 

 

Fig. 1-27 Sequential images along a fluidic path in a double spiral channel showing the enrichment of 

particles. (Reprinted from Seo et al. (2007).) 

1.5.3 Particle alignment 

For many biological applications, especially cytometry, the precise positioning of cells near a 

detector with even spacing is of great importance to achieve accurate detection and analysis. 

Different from current commercial technologies based on sheath flows, technologies based on 
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inertial focusing to align particles show great advantages of high throughput and low cost, 

reducing the probability of overlap and out-of-focus blur. Although the fundamentals of particle 

streamwise ordering in microfluidic systems remain elusive (Zhou and Papautsky 2013), some 

applications based on this phenomenon have been reported. Hur (2010) developed a device 

consisting of 256 parallel high aspect ratio rectangular channels for flow cytometry with 

extreme throughput as illustrated in Fig. 1-28. Consequently, the cells are uniformly ordered 

along the channel walls at the outlet, allowing for an easiest detection. Edd et al. (2008) also 

developed a purely passive method using particle intertial focusing and alignement to control 

encapsulation of single-cells in a high aspect ratio microchannel. The cells are self-organized 

into two evenly-spaced streams, as depicted schematically in Fig. 1-29. 

 

Fig. 1-28 Schematic of Hur’s design for particle alignment. (Reprinted from Hur et al. (2011c).) 

 

Fig. 1-29 Schematic of Egg’s design to control single-cell encapsulation. (Reprinted from Edd et al. 

(2008).) 

1.5.4 Solution exchange 

The technology to transfer particles quickly between disparate solutions is of great importance 
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in cell analysis studies. Several investigators have developed a new purely hydrodynamic 

approach based on inertial focusing for rapid inertial solution exchange with minimal mixing. 

Gossett et al. (2012) established a coflow by joining the cell-rich suspension with the exchange 

solution, in the way that the particles initially focused at the center of the suspension solution 

migrate across the fluid streamlines within the exchange solution at the center of co-flowing 

rectangular channel downstream. An illustration of this approach is depicted in Fig. 1-30. 

Finally the particles successfully cross the streams without significant disturbance of the 

interface at high rates. 

 

Fig. 1-30 Schematic of Gossett’s device for rapid inertial solution exchange. (Reprinted from Gossett 

et al. (2012).) 

1.6 Summary 

We have first briefly reviewed the commonly used particle focusing techniques and highlighted 

the most promising passive sheathless techniques, that is, the inertial focusing. Then, after 

illustrating the inertial focusing phenomenon, the essential part of this chapter was dedicated to 

explain the fundamental dynamics of the particle motions: the inertial focusing is attributed to 

a balance of the lift forces involving the wall-induced force that pushes the particle away from 

the wall, the shear-induced force that drags the particle close to the wall, the rotation-induced 

force that forces the particle to move to the center of the channel face when it is close to the 

wall, and in some particular geometries the secondary-flow drag force. Various channel 

properties (length, curvature, cross-section shape, and variation of cross section), particle 
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properties (density, shape and deformability) and fluid and flow properties (Reynolds number, 

concentration and Non-Newtonian viscoelasticity) have also been separately discussed. Finally, 

we gave some important application examples, among which the particle separation is the 

principal application target of our work. 

This chapter serves as a basis of the whole thesis work, providing the state-of-art of the inertial 

migration and also figuring out some inconsistency reported in literature such as the number of 

equilibrium positions in a square channel. To better understand the inertial migration 

mechanisms, the following chapters of this dissertation will be focused on the inertial migration 

of monodisperse neutrally buoyant rigid spherical particles in square channels, on the 

longitudinally ordered particle trains in both square and rectangular channels, and on a 

preliminary study of the migration of bidisperse particles in square channels. 
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Chapter 2. Methodology Development and 
Experimental Design 

Generally, the technologies for investigating particle migration in suspensions in microfluidic 

systems aim to determine the particle concentration or velocity profiles; and the spatial and 

temporal resolutions of a given technique determine the range of experimental conditions (e.g., 

flow rate, concentration, and particle dispersion) that can be appropriately investigated. 

This chapter focuses on the methods for investigating the particle migration phenomena in 

microchannels, and on the experimental setups designed to implement these methods. This part 

of our work is based on a systematic study on currently available experimental techniques 

reported in literature. 

We first give a brief introduction to the different existing techniques presenting their principles, 

pros and cons, as well as their range of application. Based on these, we then choose and develop 

two methods suitable for studying the particles in our flow conditions: the in situ visualization 

method and the particle projection method. For each of these two methods, the used materials, 

the experimental setup and the implementation are presented in detail. 

2.1 Introduction to currently existing techniques 

In this section, several commonly used techniques (tomographic, ultrasonic and optical 

techniques) for studying suspensions in microfluidic devices are briefly presented, along with 

their suitability to measure and monitor particle behaviors (Van Dinther et al. 2012). The optical 

methods suitable for our experimental configurations are then highlighted. 

2.1.1 Tomographic techniques 

2.1.1.1 Electrical Impedance Tomography 

Electrical Impedance Tomography (EIT) is a technique where the difference in electrical 

conductivity is measured to determine the particle volume fraction profile using a relationship 



Methodology Development and Experimental Design 

38 

 

between the local conductivity and the local suspension concentration (Ayliffe et al. 1999). 

EIT is known as a relatively inexpensive technique with a good time resolution limit down to 

even 5 ms (Reinecke et al. 1998), but with a poor spatial resolution. It is hence capable of 

investigating the suspensions with high flow rates but is less capable of determining the particle 

focusing positions. It can also be used to measure the concentration profiles of concentrated 

suspensions (up to 40 % solid volume fraction (Butler and Bonnecaze 1999)). However, this 

technique it is not for frequent use due to the need of large difference in electrical conductivity 

between the particles and the fluid (Williams and Jia 2003). 

2.1.1.2 Nuclear Magnetic Resonance/Magnetic Resonance Image 

Nuclear Magnetic Resonance (NMR) is able to distinguish the physical magnetic properties of 

the nuclei of different atoms and uses the so-called NMR relaxation times to probe the phase 

transitions and the molecular motions in solids and in liquids (Fukushima 1999; Bonn et al. 

2008; Caprihan and Fukushima 1990; Majors et al. 1989; Han et al. 1999). 

The main advantage of NMR and MRI is its capacity of measuring simultaneously various 

parameters such as concentration, velocity, chemical constituents, and diffusivity (Powell 2008; 

Van Dinther et al. 2012; McCarthy and Kerr 1998). These techniques have a common temporal 

resolution limit of 32 ms (Raguin and Ciobanu 2007) but relatively low spatial resolution 

(Altobelli et al. 1991). Suitable for both transparent and opaque media, they are able to detect 

the volume fraction, the physical behaviors and other properties even in highly concentrated 

suspensions (Brown et al. 2009; Lee et al. 2009; Raguin and Ciobanu 2007; Tallarek et al. 1998). 

However, NMR requires expensive equipment and trained staff (Altobelli et al. 1997). 

2.1.1.3 Neutron/X-ray Radiographies 

Neutron Radiography (NRG) is one of the radiographic techniques which makes use of the 

difference of the attenuation characteristics of neutrons in material (Hibiki et al. 1994; Takenaka 

et al. 1993). X-ray Radiography is the act of obtaining a shadow image of an object using X-

ray attenuation (David et al. 2008; Heindel 2011). 
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These two techniques are noninvasive and have significant advantages when the visible light is 

not applicable like in complex geometry, opaque and multiphase flows (Mishima and Hibiki 

1998). With neutron and X-ray radiographies, both concentration profile and velocity profile 

can be measured (Wu et al. 2007). The temporal resolution is found to be high; on the contrary, 

their spatial resolution are generally not high, e.g., less than 0.5 mm for X-ray computed 

tomography (CT) imaging (Heindel et al. 2008). However, they are not abundantly used 

because of the expensive equipment, specialized facilities and trained staff (Merlin et al. 2011). 

2.1.2 Ultrasonic technique 

2.1.2.1 Ultrasonic Pulsed Doppler Velocimetry 

Ultrasonic Pulsed Doppler Velocimetry (UPDV) and Ultrasonic Velocity Profiler (UVP) are the 

most commonly used ultrasonic techniques, based on the measurement of the Doppler shift in 

the frequency of an ultrasonic wave that is scattered by a moving particle (Christopher et al. 

1997; Wang et al. 2003). 

Compared to the tomographic methods, the ultrasonic counterpart is cost-efficient in equipment 

and training. Spatial resolution limit is low (about 40 µm) and the temporal resolution can reach 

0.02 s (Manneville et al. 2004). This technique can be used for opaque fluid flows (Manneville 

2008), but only permits obtaining velocity profiles (Yamanaka et al. 2003). Moreover, it is 

impossible to study neither concentrated suspensions nor polydisperse suspensions, due to the 

multiple scatting and adsorption of ultrasonic waves (Yamanaka et al. 2003). 

2.1.3 Optical techniques 

2.1.3.1 Laser Doppler Velocimetry/Laser Doppler Anemometry 

Laser Doppler Velocimetry (LDV) and Laser Doppler Anemometry (LDA) determine the 

particle velocity by comparing the frequency of the light scattered by particles with the 

interference patterns of two laser beams (Andersson and Rasmuson 2000; Bachalo 1994). 

The spatial resolution of LDV can reach 4 µm (Voigt et al. 2008) and the temporal resolution 
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can be 10 ms (Di Leonardo et al. 2006). Both the concentration and the velocity profiles can be 

measured by LDA when the suspension is dilute enough (Koh et al. 1994; Lyon and Leal 1998a; 

Lyon and Leal 1998b; Chen et al. 1997). Another advantage is that the particle size can also be 

obtained simultaneously (Ayrancı et al. 2007). However, the refractive index of the particles 

needs to be matched with that of the fluid, leading to the use of a model suspension. The cost 

of this technique is high because of the laser equipment (Maru and Fujii 2010). 

2.1.3.2 Particle Tracking Velocimetry 

Particle Tracking Velocimetry (PTV) is a technique to determine the particle velocity vectors 

by tracking the displacement and the trajectory of marker particles in consecutive images within 

an observation volume (Maas et al. 1993; Williams et al. 2010). 

PTV typically uses low particle seeding density in order to avoid particle misidentification. One 

major advantage of this technique is that complicated flow fields can be analyzed (Adamczyk 

and Rimai 1988). Recently, the spatial resolution of PTV is improved to 2 µm and the temporal 

resolution can reach 10 ms (Lima et al. 2009; Kikura et al. 2004; Williams et al. 2010). This 

technique is expensive and time-consuming due to the immense image data that must be stored 

and post treated (Adamczyk and Rimai 1988). 

2.1.3.3 Micro Particle Image Velocimetry 

The Particle Image Velocimetry (PIV) is a method that utilizes correlation analysis of the 

position of particles in different images to visualize the flow structures where large numbers of 

instantaneous velocity vectors are yielded (Keane et al. 1995; Elsinga et al. 2006; Westerweel 

1997; Williams et al. 2010). 

The main advantage of micro-PIV is that it can give detailed information on instantaneous and 

ensemble-averaged flow fields in microfluidic devices (Santiago et al. 1998; Lindken et al. 

2006). The in-plane resolution has been improved to the order of 1 µm and the temporal 

resolution limit is 2 µs, both depending on the camera characteristics (Meinhart et al. 1999). 

The PIV is a high-image-density method, which is expensive and even more time intensive than 
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the PTV (Keane et al. 1995; Stitou and Riethmuller 2001). Besides, it is not capable of 

measuring the concentration profile (Meinhart et al. 1999). 

2.1.3.4 Confocal Scanning Laser Microscopy 

Confocal Scanning Laser Microscopy (CSLM) receives emitted light from a fluorescent sample 

excited by laser in a small volume, whereby tightly focused illumination and spatially filtered 

detection are combined to reduce the out-of-focus background and to produce high-quality 

images that display thin optical sections within thick fluorescent specimens (Sandison and 

Webb 1994; Derks et al. 2004; Dinsmore et al. 2001; Prasad et al. 2007; Webb 1996; Choi et al. 

2011). 

The more important feature of the confocal microscopy is its ability to deliver extremely thin 

in-focus images, and to allow gathering 3-D reconstructed information (Besseling et al. 2009; 

Isa et al. 2006). For most commercially available confocal microscopes, the optical resolutions 

are of the order of 180-nm laterally and 500-nm axially (Prasad et al. 2007; Park et al. 2004; 

Frank et al. 2003), and the temporal resolution limit is about 10 ms (Semwogerere et al. 2007). 

Concentration profiles and velocity profiles can both be determined by CSLM for polydisperse 

suspensions using different fluorescent dyes. This technique becomes limited for high particle 

concentration fluid (Park et al. 2004; Besseling et al. 2009; Sandison and Webb 1994). 

2.1.3.5 Fluorescence Correlation Spectroscopy 

Fluorescence Correlation Spectroscopy (FCS) is a method where the fluctuations of the 

fluorescence signals from a particle in an observation volume are measured to obtain 

information about the processes (Thompson et al. 2002; Lumma et al. 2003; Magde et al. 1972; 

Bhagat et al. 2008b). 

FCS has excellent spatial resolution in all 3 dimensions (~ 300 nm laterally, and 1.5 µm along 

the optic axis) (Brister et al. 2005), and the temporal resolution is down to 10 µs to access short 

time scales (Hashmi et al. 2007). Investigation of the dynamics of the flow at short time scales 

can be achieved by simultaneously employing a high-speed camera. The concentration and 
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velocity profiles as well as the particle sizes can be derived by FCS; however in high 

concentrated suspensions, scattering may limit the applicability of this method (Berland et al. 

1995). 

2.1.3.6 Brightfield Microscopy 

Brightfield microscopy is a conventional two-dimensional optical microscopy that utilizes the 

defocusing occurring as the particles move out of the objective focal plane, in order to extract 

the particle three-dimensional motion (Tasadduq et al. 2015). 

This method is the simplest technique to depict the particle motion. The lateral spatial resolution 

cannot exceed 0.2 µm and the temporal resolution is determined by the associated high-speed 

camera, usually ~ 2 µs. The main difficulty is to gather information along the optic direction. 

Recently, algorithms were proposed to achieve the localization of particles in this dimension by 

using the contrast and incremental change in blurriness of the particle image obtained when the 

particle moves in relation to the focal plane (Kloosterman et al. 2010; Kim and Yoo 2008; 

Rogers et al. 2007; Winer et al. 2014). However, this is only available in diluted suspension, to 

limit the heavy work in image analysis and data processing required for the three-dimensional 

localization (Lim et al. 2012). 

This technique is adopted in our methodology development due to the capability of obtaining 

3D particle information. Two methods depending respectively on high-speed brightfield 

imaging and fluorescence imaging are developed and described in the subsequent sections. 

2.2 In situ visualization method 

In this section a defocusing-based in situ visualization method is developed for identifying 

particle locations. The main principle of this technique is to first capture the particle migration 

images at different vertical positions, then to extract the particle distribution at each vertical 

position by identifying the in-focus and out-of-focus particles in the image, and finally to 

reconstruct a 3D particle distribution within the whole microchannel. 
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In the following, we will detail the essential materials used in this technique (including the 

particles, the suspensions, the microchannels, the pump & syringe and the optical devices), 

illustrate the design of the experimental setup, and explain the implementation and data 

processing. 

2.2.1 Materials 

This section describes the materials along with their properties that are essential for the 

experiments design. The role of these parameters will be analyzed and discussed in the 

subsequent chapters devoted to the experimental results. 

2.2.1.1 Particles 

For particles, all the different properties such as material nature, shape, size, and density play 

an important role in the focusing behavior. Solid spherical particles of diameter ranging from 2 

to 15 µm, that is, in the range of microorganisms size, are selected. They are provided by the 

manufacturer in the form of a suspension with different particle volume fractions. Table 2-1 

lists the monodisperse spherical particles used in this study. Indeed, the most important 

parameter that will be taken into consideration in the following experimental discussions is the 

particle diameter (dp). The majority of the experimental works are conducted using the 8.7-µm 

latex spherical particles, to mimic the size of many typical particles found in microfluidic assays 

such as yeast cells (Sugaya et al. 2011). 

 

 

 

 

 

Table 2-1 Summary of monodisperse particles. 
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Catalog No. 19814 PS/Q-R-L2580 A37307 18328 

Mean diameter (µm) 1.925 5.31 8.7 15.66 

Solids content (%, w/v) 2.56 10 4.1 2.75 

Particle concentration (particles/ml) 6.53 × 109  1.22 × 109  1.13 × 108  1.30 × 107  

Standard deviation (µm) 0.042 0.10 0.89 1.43 

Coefficient of variation (%) 2.2 1.9 10.2 9.1 

Material Polystyrene Polystyrene Aldehyde/Sulfa

te latex 

Polystyrene 

Manufacturer polysciences, 

Inc® 

Microparticles 

GmbH® 

Interfacial 

Dynamics 

Corporation® 

polysciences, 

Inc® 

2.2.1.2 Suspension 

Neutrally buoyant particles have been used for all the experiments done in this work. The 

density of the polystyrene particles being ρ = 1,050 kg m-3, the density of the fluid is matched 

to that of the polystyrene particles by mixing deionized water (ρ = 998.3 kg m-3) with glycerol 

(ρ = 1,260.4 kg m-3) in the volume ratio of 76.46 % / 23.54 % (v/v). The neutral buoyancy of 

the particles is confirmed by the fact that they neither settle down nor float on the surface after 

24 hours in a container at room temperature. 

The volume fraction of particles Φ, indicating the particle concentration in suspension, is also 

an important parameter to be studied. The volume fraction Φ used in this study ranges from 

0.05 % to 1 % (and 0.1 % is the most frequently used, sufficiently low to get rid of the particle-

to-particle interactions). In these conditions, the dynamic viscosity of the water-glycerol 

mixture is 1.45 - 1.55 ± 0.03 cP at room temperature (Matas et al. 2004b). 

2.2.1.3 Microchannels 

In order to observe the particle positions by an in situ visualization method, hollow glass tubing 

(VitroTubes™) made of borosilicate have been used. The channels with different cross sections 

including square and rectangle, and different lengths used in this thesis work are summarized 

in Table 2-2. 
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Table 2-2 List of microchannels used in our experimental studies. 

No. Section (µm2) Wall (µm) Length (cm) 

1 50 × 50 25 10 

2 80 × 80 40 10, 30, 60 

3 100 × 100 50 10, 30 

4 300 × 300 150 30 

5 50 × 500 50 30 

The most commonly used channel in our study is the 80 µm × 80 µm square channel. Its cross 

section geometry has been visualized by a Scanning Electron Microscope (SEM), as shown in 

Fig. 2-1.The cross section has been prepared by a snap cut at the end of the channel to obtain a 

flat surface. The mean inner dimension (ID) and the mean wall thickness of the channel are 

measured on this image to be 79.43 µm and 39.42 µm. A fillet radius of 4.19 µm is also visible 

at each inner corner. The channel cross section is thus considered to be square and was also 

verified with the CFD code Ansys-Fluent. Two numerical simulations have been conducted to 

analyze a simple Poiseuille flow (single phase flow) reproducing one of our experimental 

configurations, for two channels: the first one having a perfectly square cross section, the 

second one exhibiting the real cross-section as shown in Fig. 2-1. No significant differences in 

the flow structure have been observed between these two simulations. 

 

Fig. 2-1 Scanning Electron Microscope (SEM) image of the microchannel cross section (80 µm × 80 

µm). 
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2.2.1.4 Pump and syringe 

A syringe pump PHD 4400 (Harvard Apparatus) with three different sizes of stainless steel 

syringe (as listed in Table 2-3) has been used to generate flow rates ranging from 0.02 to 2,000 

µL/min with a precision of 1 %. 

Table 2-3 Summary of stainless steel syringe used in the experiment. 

Syringe No. Size (mL) Diameter (mm) 

1 8 9.525 

2 20 19.130 

3 50 28.600 

The flow rates in our studies were set between 0.5 µL/min to 2,000 µL/min, corresponding to 

a Reynolds number Re from 0.07 to 280 in a 80 µm × 80 µm square microchannel. 

2.2.1.5 Optical devices 

Two sets of optical devices (microscope with camera) have been used to observe the particles 

in the flow and to acquire the images. 

The first set uses a Leica DM RXA2 microscope equipped with an external light source (Leica 

EL6000). An objective lens × 20 with a numerical aperture (NA) of 0.4 was used in most of our 

experiments, and an objective lens × 10 with a NA of 0.25 was used when the channel dimension 

was too large. The smallest increment in the focusing direction is 0.015 μm. 

The acquisition of images is ensured by using a CCD camera (pco.sensicam camera) and the 

corresponding software Camware. The camera has a high resolution of 1376 × 1040 pixels and 

provides a wide range of exposure times from 500 ns to 3600 s, which makes it possible to take 

high quality pictures at great flow rate. The camera has a constant frame rate of 10 frames per 

second (fps). 

The second set consists in an Olympus BX51 microscope equipped with a built-in Koehler 

illumination. The same objective lenses × 10 and × 20 were used in the same way as the above 

microscope. The smallest increment in the focusing direction is 1 μm. 
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A Photron FASTCAM SA3 camera with its software Photron FASTCAM Viewer was used here. 

The camera has a resolution of 1024 × 1024 pixels, a wide imaging frequency from 50 to 

120,000 fps, and a smallest exposure time of 2 µs independent of frame rate, which could make 

it possible to track the particles migration trajectory. 

2.2.2 Experimental setup 

The experimental setup of the in situ visualization method is illustrated in Fig. 2-2. The straight 

square/rectangular channel bonded to a planar glass substrate was connected via a 15 cm long 

Teflon tubing (ID = 0.81 mm) to the syringe at its inlet and to the atmosphere at its downstream 

end. A small cone was introduced between the tubing and the microchannel inlet to limit 

clogging problems. 

Samples with particles were prepared by diluting the suspension to various concentrations (from 

0.05 % to 1.0 %, v/v). The microchannel was horizontally held so as to get rid of the influence 

of the gravity. Suspensions containing microparticles were injected into the microchannel by 

the syringe at the wanted flow rates. The syringe with solution was agitated before to be 

mounted on the pump in order to maintain a uniform concentration. Before injection, the 

microchannel and the tubing were filled with deionized water to remove all air bubbles. In order 

for the flow to reach a steady state, we start to capture images 2 minutes after the start of the 

syringe pump. 2 minutes are enough whatever the tested flow rate and the channel length, 

according to the experimental work of Zerrouki (2012) realized in our laboratory. 

The particle migration was observed under the microscope with the focal plane located at 

different vertical positions within the microchannel and at different positions along the channel. 

The exposure times varied from 2 µs to 5 µs depending on the flow rate, and the image intervals 

depend on the flow conditions and on the cameras. At least 2,000 images were captured to yield 

satisfactory results. The detailed implementation is presented in the next section. 
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Fig. 2-2 Experimental setup of in situ visualization method. 

2.2.3 Implementation 

2.2.3.1 Particle position relative to the focal plane 

Fig. 2-3 shows an image of 8.7-µm diameter particles flowing in a 80 µm × 80 µm square 

channel, at Re = 11.2, obtained near the channel outlet and at the channel midplane. 

 

Fig. 2-3 Image of 8.7-µm particles flowing in an 80 µm × 80 µm square channel with the focus at the 

channel midplane. 

Particles with and without central bright points are observed in this figure. According to several 

previous experimental works (e.g., (Tasadduq et al. 2015)), particles with a bright point are in 

focus and those without a bright point are out of focus. However, the position of the bright point 

particles relative to the focal plane was not precisely known. 

To answer this question, a drop of particle suspension was placed on a glass slide. After the 
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complete evaporation of the fluid, a large amount of particles were affixed onto the top of the 

glass slide. A line has been traced with a mark pen on the surface of the glass slide in order to 

accurately identify this surface under microscope. Fig. 2-4 illustrates this test and the 

corresponding images taken under the microscope. 8.7 µm diameter particles were used. The 

fine-focusing knob of the microscope has a 1 µm resolution along the vertical direction, 

ensuring a good distinction of the particle vertical position. 

 

Fig. 2-4 Observation of a bright spot with the focal plane at the top of the particle. 

First, the focal plane was adjusted to find out the glass slide surface, where the traced mark is 

most distinct, as shown in the left-bottom image of Fig. 2-4. In this position, the focal plane 

was at the bottom of the particle and the particles had blurred outline. Then we moved up the 

focal plane of 4.5 µm to put it at the vertical center of the particles. The particles having well-

defined outlines with a spot at the center were observed (Fig. 2-4 left-middle). We continued to 

move the focal plane up to the top of the particles and the visualized particles displayed well-

defined outlines with high contrast, the outline and the center bright spots being easily 

distinguishable. We can thus conclude that the bright point is observed when the focal plane is 

located at the top of the particles. 

2.2.3.2 Localization process of the channel midplane 

Now let us consider how to locate the focal plane in the microchannel. This is of great interest 
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because the difference of refractive indexes between the immersion medium of the objective 

lens and the studied object results in a difference of displacement between the objective lens 

and the focal plane in the microchannel. 

Assuming that ni is the refractive index of the immersion medium of the lens, nf is the refractive 

index of the studied object, and the lens of the microscope moves along a distance δobj, the 

displacement of the focal plane δ is illustrated in Fig. 2-5 and can be calculated according to 

the following equation (Barrot Lattes et al. 2008): 

 f
obj

i

n
n

δ δ=   (2-1) 

 

Fig. 2-5 Displacement of the objective focal plane. (Barrot Lattes et al. 2008) 

In our case, the immersion medium of the objective lens is air with a refractive index nair = 1 

and the microchannel is made of glass with a refractive index nglass = 1.5, giving a theoretical 

displacement of focal plane in microchannel: 

 1.5glass
obj obj

air

n
n

δ δ δ= = ×   (2-2) 

This was confirmed by our experiments on a glass microchannel with an outside dimension of 

160 µm (Fig. 2-6a) placed on a glass slide. The top and the bottom of the microchannel were 

respectively marked by a blue line and a red line traced by mark pens, which are clearly visible 

under microscope but cannot be distinguished here in Fig. 2-6b since the images taken by the 
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camera are greyscale. We found that the objective lens must move a distance of 106 µm to make 

the focal plane move from the top of the microchannel to the bottom. Besides, a red trace was 

additionally made on the surface of the glass slide just near the microchannel. We had to move 

the objective lens 160 µm to displace the focal plane from the top of the microchannel to the 

glass slide surface in air (Channel outer dimension, OD = 160 µm). These results are consistent 

with Eq. (2-2), that is, 160 = 1.5 × 106. 

 

 

Fig. 2-6 Calibration of the displacement of the focal plane. 

Considering that the refractive index of water is 1.33, that of glycerol is 1.45 and both are very 

close to that of the glass (1.5), when filled with particle suspension, the average refractive index 

(navg) along the whole microchannel thickness is estimated to be 1.5 in order to simplify the 

calculation. The outside top and bottom walls of the microchannel can be easily located thanks 

to the small lines traced with makers. From these locations, the focal plane can be fixed at any 

vertical position within the microchannel, by displacing the objective lens obeying the relation 

given in Eq. (2-2). This was used at the beginning of each measurement in order to place the 

focal plane on the microchannel midplane. 

Taking into account the average refractive index of the microchannel system (navg estimated to 
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be 1.5), considering that the best-distinguished particle image with well-defined outline and 

bright center spot is obtained when the top of the particle is in the focal plane, and according to 

Eq. (2-2), the downward displacement d of the objective lens from the top of the microchannel, 

needed to study the particles located at the channel midplane, is: 

 
2 2

p

avg avg

dODd
n n

= −
× ×

 (2-3) 

where OD is the outer dimension of the microchannel and dp is the particle diameter. Fig. 2-7 

illustrates this displacement of the focal plane. For a 80 µm × 80 µm square channel with an 

outside dimension of 160 µm filled with suspension of 8.7-µm particles, d is calculated to be 

50 µm. 

 

Fig. 2-7 Illustration of the localization process of the midplane of the channel. 

At this position indeed, not only the particles whose centers are located exactly at the channel 

midplane, but also the particles in a small range of vertical positions around the midplane, are 

in focus and can be observed with a bright spot. This is due to the depth of field and the depth 

of measurement of the microscope. 

2.2.3.3 Depth of field and depth of measurement 

The depth of field is defined as the distance from the nearest objective plane in focus to the 

farthest plane also simultaneously in focus. The depth of field of a standard optical microscope 

objective lens is given by Inoué and Spring (1997) as: 

 0
2z

n n e
NA M NA
λδ = +

⋅
  (2-4) 
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where n is the refractive index of the fluid between the microfluidic device and the objective 

lens (in the present study n = 1), λ0 is the wavelength of light in a vacuum being imaged by the 

optical system (in the present study λ0 = 550 nm), NA is the numerical aperture of the objective 

lens (in the present study NA = 0.4), M is the total magnification of the system (in the present 

study M = 20) and e is the smallest distance that can be resolved by a detector located in the 

image plane of the microscope (Meinhart et al. 2000). In our case, the resolution power of the 

CCD camera can reach 6.45 µm and the range of e in the literature is reported between 4 and 

24 µm. Eq. (2-4) gives in these conditions an estimated theoretical depth of field of about 4.3 

µm. (In fact, the depth of field changes from 3.9 to 6.4 µm for e ranging from 4 to 24 µm) 

The depth of measurement is considered here as the maximal vertical distance between the 

nearest in-focus particle to the farthest in-focus one simultaneously identified by our post-

processing program. Meinhart et al. (2000) observed that the depth of measurement is 

sometimes slightly different from the depth of field and suggested to take into account the value 

of the particle diameter when it is high compared to the e/M ratio. The depth of measurement 

in this study was experimentally estimated as described below. 

A 8.7-µm dry particle was deposited on a glass side and visualized under the microscope with 

the objective focal plane at different vertical positions successively separated with a step of 1 

µm. The corresponding images are shown in Fig. 2-8. The scale indicates the distance between 

the focal plane and the bottom of particle. 

 

Fig. 2-8 Depth of the focus field calibrated by static particles with a step size of 1 µm. 

The image of the particle in the red rectangle, obtained when the focal plane is located at the 

top of the particle (8.7 µm), shows the best-defined outline and the brightest center spot. The 

three images at each side of this one, in the blue and green rectangles, also show well-defined 

outline and bright central spot. They are also considered to be in-focus by the post-processing 
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program. The particle images at the left side of the blue rectangle without clearly bright spots 

and those at the right side of the green rectangle showing blurry outlines are regarded as out-

of-focus. The depth of field in this condition is estimated to be between 6 and 7 µm. 

To get closer to the real experimental conditions, the same tests have been carried out on a 8.7 

µm particle confined in a microchannel, where the particle is kept stable in suspension by 

blocking the inlet and outlet of the microchannel. Fig. 2-9 shows the particle in suspension 

observed at different vertical positions successively separated with a step of 1 µm. 

Similarly, 11 particle images, encircled by the red, blue and green rectangles, are considered to 

be in-focus by the post-processing program and the measurement depth here is about 10 µm. 

This value is coherent with the one obtained for particles in the air. Indeed, due to the difference 

of refractive indexes between the immersion medium of the objective lens (i.e., air with ni = 1) 

and that of the particles (i.e., the suspension with navg = 1.5), the depth of field in suspension is 

1.5 times greater than that in air, and this depth of field difference certainly influences the depth 

of measurement value. 

 

Fig. 2-9 Depth of measurement calibrated by static particles in suspension with a step of 1 µm. 

2.2.3.4 Reconstruction of 3D particle distribution 

The investigation of particle motion in three dimensions can be realized by directly tracking 

one particle to study its trajectory and velocity, as reported by Tasadduq et al. (2015). However 

this strategy is complex to implement in our case since in a straight channel, the lateral 

migration is a slow phenomenon, which implies very small lateral displacement in the field of 

view. In our study, we haven chosen to analyse the statistical distribution of a huge number of 

particles, to indirectly derive the particle migration behaviors. Therefore, all the particles in the 

flow need to be taken into account. 
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The particle positions in the two plan-view dimensions being directly read from the microscopic 

images, the challenge of our method is to identify the particle vertical positions. In order to 

minimize the number of images stored and the post-processing time, it is better to perform 

measurements with a relatively large increment in the vertical direction. Thanks to the depth of 

measurement (~ 10 µm in this experimental condition), within which all the particles are 

observed in-focus, it is possible to perform the observation by dividing the 80-µm channel 

height into eight vertical layers whose thickness is close to the depth of measurement, as shown 

in Fig. 2-10. 

The observations have been realized at the seven separation planes between layers, thus at the 

vertical positions y/H = 0.125, 0.25, 0.375, 0.5, 0.625, 0.75 and 0.875. Indeed, the focal planes 

were slightly moved in order to make the particles centered on these positions exactly in-focus. 

(Eq. (2-3) was used to calculate the needed focal plane displacement (cf. Fig. 2-7). 2,000 

images are captured and saved at each height to yield converged statistical results. The exposure 

times from the camera varied from 2 µs to 5 µs, depending on the flow rate. 

 

Fig. 2-10 Illustration of measurement layer in a microchannel. 

The 2D microscopic image obtained at the focal plane contains both in-focus and out-of-focus 

particles. The in-focus particles are considered to be within the layer around the corresponding 

vertical position y/H, and the out-of-focus particles are considered to be in other layers. This 

strategy is thus capable of reconstructing a 3D distribution of particles without physical slicing 

of specimens. 

2.2.3.5 Data processing for particles 

The localization of in-focus and out-focus particles on each microscopic image is identified by 
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data processing using an in-house MATLAB code. 

Fig. 2-11 illustrates the complete post-processing of a given image. From the original image 

(Fig. 2-3), the channel outside edges (Fig. 2-11a) are detected to localize the inside top and 

bottom walls and the inclination of the microchannel. The image is then rotated to reach 

horizontality (Fig. 2-11b) using a bicubic interpolation method, and cropped to keep only the 

zone between the inside channel walls (Fig. 2-11c). The background image evaluated from the 

total set of 2,000 images is subtracted from the image (Fig. 2-11d). The image is then converted 

from grayscale image to binary image (Fig. 2-11e). The identification of real particles is 

achieved by performing a series of morphological operations on the detected objects (Fig. 

2-11f). Particles with a bright spot are considered as in-focus and are selected from all identified 

particles (Fig. 2-11g). Centers of in-focus particles identified in 2,000 images are replotted in 

the background image to visually show the distribution in this layer (Fig. 2-11h). 

 

Fig. 2-11 Complete image post-processing. (a) Detection of channel edges and inclination; (b) Rotation 

of the microchannel; (c) Choice of the region of interest; (d) Image after subtraction of background noise; 

(e) Conversion to a binary image; (f) Identification of real particles; (g) Selection of in-focus particles; 

(h) Overall in-focus particle positions summed from 2,000 images. 
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There are several points to be noticed: 

- The two outside channel walls are identified by linear interpolation between the extreme 

points (red circles in Fig. 2-11b). This identification shows an error of ± 1 pixel. 

- The grayscale image is converted to a binary one as follows: The grayscale background 

signal can be regarded to follow a normal distribution. Its standard deviation σ is evaluated with 

the full width at half maximum (FWHM). The value of 3σ is chosen as the threshold in order 

to remove 99 % of the background noise. All the pixels with intensity stronger than the threshold 

are assigned “1” and those less strong are assigned “0”. Thus, “1” and “0” correspond 

respectively white and black in the binary image. 

- The in-focus particles appear as white sphere with a black center spot on the binary image. 

But only those having a black spot sufficiently large are chosen by the processing program as 

in-focus particles. The exact positions of these particles are recorded and a second verification 

is performed on the grayscale image at the same position. This time, only the particles whose 

central spot reaches certain brightness are kept among the in-focus ones. The rest of the particles 

are all considered to be out-of-focus. 

- Two particles can be attached or lay one on top of the other, as shown in Fig. 2-11g. These 

couples of particles are neglected in the statistical analysis since their very low percentage 

hardly affects the particle distribution results in suspensions with a low particle volume fraction. 

The overall in-focus particle positions summed from the 2,000 images as shown in Fig. 2-11h 

are used to extract the spatial distribution of the particles at the corresponding vertical position, 

using the lateral probability density function (PDF), which is defined as Eq. (2-5): 
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Where ( ),s x y∆  is the area of the bin, ( ),kN x x dx+  is the number of in-focus particles 

between the lateral positions x  and x dx+  (Fig. 2-12a) at the kth image, 
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+∑ ∑ ∑  (the channel width is 

normalized by the hydraulic diameter, i.e., the channel width H.). 

 

Fig. 2-12 PDF calculation method. (a) Measurement planes. (b) Example of a PDF histogram. (c) 

Example of a 3D histogram. 

Fig. 2-12b shows a typical PDF for 8.7-µm test particles with Re = 112 obtained at the channel 

midplane (y/H = 0.5) and at z/H = 1,000. The x-axis represents the normalized channel width 

and the y-axis represents the PDF as calculated above. The blue peaks correspond to the in-

focus particles and indicate the position where the particles are likely to be focused (near the 

channel walls in this example). The height of the peak reveals the amount of particles 

accumulated at this position and suggests the degree of inertial migration. The gray peak at the 

middle of the channel width corresponds to all the particles observed at this vertical position, 

and serves as complementary information that gives an embryo idea on the distribution of 

particles over other vertical positions. Here this peak is almost at the same height as the others, 

suggesting an accumulation of a great number of particles near the center of the channel bottom. 

A complete 3D distribution of particles can be reconstructed by assembling the PDFs at all the 

vertical positions. (Fig. 2-12c) 

2.3 Particle projection method 

The particle projection method was developed by our collaborator Lafforgue-Baldas et al. (2013) 
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at LISPB (Toulouse, France), to study the particle migration at the micro scale. The fluorescent 

particles, after migration within the channel, are harvested on a plane filtration membrane put 

perpendicularly at the outlet of the channel. Their distribution on the membrane is then observed 

by an epi-fluorescent microscope. This device was used in the present study to directly visualize 

the particle distribution in the microchannel cross section. In this section, we will present in 

detail the materials, the experimental setup, and the implementation of this method. 

2.3.1 Materials 

2.3.1.1 Particles and suspension 

Two types of polystyrene fluorescent microspheres (Thermo Scientific, USA) with a density of 

1,060 kg/m3 were used in this study. The suspension was prepared by diluting the particles in 

filtrated Milli-Q water. Green particles emitting fluorescence at 508 nm (excitation wavelength 

at 468 nm) have a diameter of 4.8 µm and a concentration of 6.4 × 104 particles/mL in 

suspension; and red particles emitting fluorescence at 612 nm (excitation wavelength at 542 

nm) have a diameter of 8.7 µm and a concentration of 7.82 × 104 particles/mL. 

2.3.1.2 Filtration membranes 

The filtration membranes should be permeable enough to reduce the expansion of the 

streamlines coming from the micro-channel but also sufficiently rigid not to be modified by the 

pressure variations. Intermediate permeability acetate cellulose membranes (80,000 L·h-

1·m2·bar-1) with a mean pore size of 1.2 µm (Sartorius) were therefore used. 

2.3.1.3 Optical devices 

The fluorescent particles deposited on the membrane surface were observed using an epi-

fluorescence microscope (Leica DM 4000B) equipped with specific filters corresponding to the 

excitation and emission wavelengths of the dyed particles. The magnification of the selected 

objective lens was × 10. 
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2.3.2 Experimental setup and implementation 

A specific experimental device as illustrated in Fig. 2-13 was used for particle projection 

method. It consisted in two branches. In the first one, a 8 mL stainless steel syringe ③ filled 

with diluted suspension was pushed by a syringe pump (HARVARD® 1000) ④ in order to 

generate flows at a precisely controlled flow rate. The syringe was connected through a plastic 

tube of inner diameter equaling 0.78 mm (Swagelok®) to the microchannel ①  which is 

typically 80 µm × 80 µm square channels with a length of 30 cm in this study. The microchannel 

was nested by a 28 cm-long stainless steel tube for protection. In the second branch, water 

filtrated by Milli-Q (0.22 μm) was flowing to the filtration system ⑨. 

The selected micro filtration membrane was mounted in the membrane holder ②. Before 

launching the HARVARD pump, the whole system was first filled with water in order to make 

the microchannel be surrounded with water and to create a jet at its outlet, thus eliminating local 

perturbations due to gas/liquid interface. The distance between the membrane and the channel 

outlet was controlled by adjusting the channel vertical position using a micrometric screw ⑩. 

On the basis of their numerical simulations (COMSOL Multiphysics®), Lafforgue-Baldas et al. 

(2013) recommended 500 µm. An inspiratory pump (Masterflex, Bioblock scientific, USA) ⑦ 

was then run on to monitor the filtration conditions (transmembrane pressure), and a manometer 

(Mano-Thermo) ⑥ was used to check the integrity of the membrane. Finally, the syringe pump 

was run on at the selected flow rate for the required time to get a sufficient number of particles 

deposited on the membrane. After that, the membrane was removed and observed under an epi-

fluorescent microscopy. 
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.  

Fig. 2-13 Experimental setup of particle projection method. ①: microchannel; ②: membrane; ③: 

stainless steel syringe; ④: syringe pump; ⑤: membrane holder; ⑥: manometer; ⑦: pump; ⑧: liquid 

outlet; ⑨: filtered water; ⑩: micrometric screw. (Lafforgue-Baldas et al. 2013) 

2.3.3 Data processing 

The distribution of particles harvested by the membrane was visualized by an epi-fluorescent 

microscopy, whereby the fluorescent images captured by a camera are assembled to have an 

overall view of the channel cross section as shown in Fig. 2-14. 

 

Fig. 2-14 Fluorescent image illustrating the distribution of particles in the cross section. 
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On the basis of a theoretical model developed to simulate the flow in the filtration chamber, 

Lafforgue-Baldas et al. (2013) assumed that, in these experimental conditions, particles follow 

the streamlines from the outlet of the microchannel until they reach the membrane and that the 

molecular interaction forces allow the particles to adhere as soon as they get in touch with the 

membrane. The visualized shape of particle deposit correspond thus to the particle spatial 

distribution in the outlet cross section of the channel. 

It should be noticed that no statistical analysis has been carried out since this method is used in 

our study mainly as an additional means to verify the particle distribution (equilibrium positions) 

observed using the in situ visualization method. 

2.4 Summary 

The in situ experimental setup developed in the present work allows the visualization at 

different heights in channel and different distances from channel inlet in the real flow conditions. 

It thus gives access to the cross-sectional particles distributions all along the channel and next 

to the inertial focusing evolution. This is the main advantage of this method compared to other 

visualization setups found in the literature (e.g., (Bhagat et al. 2008c)) which did not permit to 

visualize particles in different vertical planes. In addition, the projection method will also be 

used to confirm and complete the results of this in situ visualization method. 
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Chapter 3. Lateral Migration in Monodisperse 
Suspensions 

Particle migration in a straight square microchannel, exhibiting quite different equilibrium 

positions compared to the one observed in pipe flows, was first reported by Di Carlo et al. 

(2007). He observed that randomly distributed particles focus to four point attractors near the 

center of each channel face. Nevertheless, in the literature a number of inconsistencies have 

been reported, for example, not only four (Di Carlo et al. 2007; Abbas et al. 2014) but also eight 

(Bhagat et al. 2008c; Chun and Ladd 2006; Bhagat et al. 2008b) equilibrium positions in square 

microchannels have been described. As seen in the Chapter 1, these equilibrium positions result 

from a balance of a wall repulsion force and a ‘‘particle shear’’ lift that pushes the particle 

towards the wall (Choi et al. 2011; Lim et al. 2012). Hence, the transverse equilibrium position 

is where the sum of these two oppositely directed forces becomes zero in the cross section of 

the channel (Ciftlik et al. 2013; Di Carlo 2009; Martel and Toner 2014). Although the basic 

physics of this force balance is still argumentative, several research groups proposed that the 

rotation-induced lift force also contributes to the equilibration (Zhou and Papautsky 2013), 

aside from the wall-induced lift and the shear gradient lift which are two well-accepted lift 

forces (Di Carlo 2009; Amini et al. 2014). 

In this chapter, we present a systematic work to analyze the lateral migration of monodisperse 

neutrally buoyant particles in a square channel. Both the in situ visualization method and the 

projection method are used. A wide range of Re from 0.07 to 280, suspensions with different 

particle volume fraction Φ (0.1 %, 0.2 %, 0.4 %), the ratio of particle size to channel hydraulic 

diameter dp/H (0.11, 0.06), and the distance from channel inlet z/H (from 375 to 7,125) have 

been separately investigated to expand the understanding of the effects of flow conditions on 

the particle inertial migration. Finally, a preliminary test has been carried out on the biological 

particles, to study how micro-organisms migrate in the square channel and whether the 

developed experimental setup is suitable for studying practical suspensions. 
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3.1 Particle migration at moderate inertia 

This part is dedicated to the investigation of particle migration at a moderate Re conditions (Re > 

10). First, the migration behavior is investigated with respect to the channel entry length (z/H), 

the Reynolds number (Re) and the particle to channel size ratio (dp/H) to reveal the influence 

of these parameters. Then, two important factors for the design of microfluidic devices devoted 

to particle separation, are separately discussed, that is, the equilibrium position localization and 

the outermost edge of particle distribution, i.e., the distance from the channel centerline to the 

farthest edge of the particle cluster. Finally the focusing degree is also discussed. 

3.1.1 Influence of the distance from channel inlet z/H 

The study of the particle distribution at different longitudinal positions z/H can help to 

understand how the particle migration takes place and further develops. Here 8.7-µm particles 

with a volume fraction Φ = 0.1 % at a constant Reynolds number Re = 11.2 are studied at 

different vertical positions (y/H = 0.5, 0.375, 0.25 and 0.125) and at longitudinal positions z/H 

ranging from 375 to 3,375. The particle spatial distributions (PDFs) is shown in Fig. 3-1. 

 

Fig. 3-1 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 11.2 for various measurement positions z/H. 
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At z/H = 375 and 625, we can see two peaks near the channel walls at the channel midplane 

(y/H = 0.5) and a relatively uniform distribution of particles near the channel bottom (y/H = 

0.125 and 0.25), indicating that the particles have laterally migrated towards the channel walls 

and a square annulus is formed close to the channel perimeter. This migration is called the 

lateral migration. This distribution means that the lateral migration is fully developed at z/H = 

625. As z/H increases, particles near the channel bottom drift away from the corners and 

consequently accumulate near the center of the channel wall, which is termed the cross-lateral 

migration. The increase in peak intensities at y/H = 0.5 and the deterioration of the peaks at y/H 

= 0.375 also suggests the initiation of the cross-lateral migration. However, the cross-lateral 

migration is far from fully developed even at z/H = 3,375, which is due to the fact that Re is too 

small (as discussed in detail in the next subsection). The migration process can be more 

evidently observed at a higher Re. 

Fig. 3-2 shows PDFs of the same suspension studied with Re = 28 at different z/H positions. It 

is important to note that the observation is performed only at the channel midplane so the 

distribution of particles at other vertical positions can only be indirectly represented by the 

subtraction of the blue histogram from the gray one (all particles in the midplane). At z/H = 250, 

the uniform distribution of the gray histogram indicates the formation of an annulus and the 

fully developed lateral migration. Both intensity and sharpness of the gray peak increase with 

the increasing channel length, indicating that the particles migrate towards the centers of the 

four channel faces and the cross-lateral migration is in progress. This example clearly evidences 

the two-stage migration process involving the lateral migration and the cross-lateral one. 

However, the particles are not yet focused to a unique streamline located at the center of the 

channel wall, suggesting that the cross-lateral migration is not yet fully developed. 
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Fig. 3-2 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 28 for various measurement positions z/H. Schematics of the particle distributions in the cross 

section are also sketched at the bottom of the figures. 

Nevertheless, the channel length is considered enhancing the cross-lateral migration. This is 

more obvious at a higher Re, as shown in Fig. 3-3. For the same fluid at Re = 56, the cross-

lateral migration already takes place at z/H = 250, develops with increasing channel length, and 

finally is complete at z/H = 1,000. 

 

Fig. 3-3 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 56 for various measurement positions z/H. Schematics of the particle distributions in the cross 

section are also sketched at the bottom of the figures. 

We can therefore conclude that at moderate Re, the particle migration trajectories in a square 

channel undergo a two-stage migration regime: the particles migrate first in the lateral direction 

to from an annulus parallel to the channel walls and then cross-laterally towards the four 

equilibrium positions near the center of each channel face. This conclusion is consistent with 

previous findings (Chun and Ladd 2006; Choi et al. 2011; Zhou and Papautsky 2013; Abbas et 

al. 2014). The second stage, i.e., the cross-lateral migration, takes place only after that the lateral 

one is fully developed. The channel entry length z/H enhances the development of the cross-
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lateral migration at moderate Re, but this enhancement depends also on Re, which is also in 

agreement with what has been reported by Choi et al. (2011). Moreover, the first stage lateral 

migration can occur very close to the channel inlet while it seems that a long channel is needed 

to complete the second stage cross-lateral migration, which indicates that the first stage of the 

migration process is rather rapid whereas the second one rather slow. This is consistent with the 

the results numerically obtained by Abbas et al. (2014) (Fig. 3-4). The particle trajectories in 

this two-stage migration are shown in the plane perdendicular to the flow direction. In the first 

stage, the particles pass through the velocity iso-contours and reach an equilibrium ring; in the 

second one, they move along the equilibrium ring to the center of the channel face. 

 

Fig. 3-4 Simulated trajectories of individual particles for a quarter of the channel cross section. The 

thick black lines are the particle trajectories for Re = 120; the red, blue and green dashed lines are the 

trajectories from the same initial position for Re = 12, 60 and 120, respectively. (Abbas et al. 2014) 

3.1.2 Influence of Reynolds number Re 

8.7-µm test particles (particle to channel size ratio dp/H = 0.11) with a volume fraction Φ = 0.1 % 

over a finite range of Re from 14 to 210 are studied at different vertical positions (y/H = 0.5, 

0.375, 0.25 and 0.125) and at a fixed longitudinal position z/H = 1,000. Fig. 3-5 shows the 

spatial distributions of particles (PDFs) of this test. 
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Fig. 3-5 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at finite 

inertia for various Re at a fixed entry length z/H = 1,000. 

For Re = 14, the two peaks observed at y/H = 0.5 and the uniform distribution of particles at 

y/H = 0.125 indicate that the particles have migrated towards the channel walls and form a 

square annulus. In other words, the lateral migration is fully developed at Re = 14 and z/H = 

1,000. As Re increases to 28, the particles begin to accumulate near the center of the channel 

wall and the cross-lateral migration initiates. At higher Reynolds number (Re = 112 and 210), 

few particles are observed at y/H = 0.125 and a central peak is visible at y/H = 0.25, which 

means that the particles are now focused at the four symmetric equilibrium positions near the 

centers of the channel faces. Besides, the three peaks being of similar intensities at y/H = 0.5 

and few particles being found at y/H = 0.375, the cross-lateral migration is considered to be 

fully developed. This focusing pattern, differing from the previous observations in cylindrical 

channels with a radial symmetry, shows a fourfold symmetry reducing the focusing positions 

to four attractors. 

In short, at constant measurement position z/H, the particles at lower Re are more likely to 

laterally migrate to the channel walls and those with higher Re cross-laterally migrate to the 

centers of the channel faces. Although the detailed physical principles for the transition of the 
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particle focusing mode from the lateral to the cross-lateral migration are not clear at this moment, 

it is considered that high shear rate due to high Re in microchannel flows possibly induces 

important rotation-induced lift force driving particles towards the wall centers (Zhou and 

Papautsky 2013). Future investigations on the inertial migration in a micro-scale channel flow 

must consider these two different focusing regimes. 

3.1.3 Influence of particle to channel size ratio 

Smaller 5.3-µm test particles, with the same number of particles in a given volume as the 

previous 8.7-µm particle suspensions, hence, with a volume fraction Φ = 0.02 %, are 

investigated to reveal the influence of the particle to channel size ratio on inertial migration. 

Fig. 3-6 shows the PDFs of the 5.3-µm particles at a constant measurement position z/H = 1,000 

for Re ranging from 5.6 to 154. 

 

Fig. 3-6 Spatial distributions (PDFs) of 5.3-µm test particles over normalized lateral positions for 

various Re at a fixed entry length z/H = 1,000. 

The evolution of focusing as a function of Re is similar to that observed for the 8.7-µm particles 

(Fig. 3-5). However, by comparing the gray peak intensity and sharpness, it is observed that the 

cross-lateral focusing is less developed for the small particles. We can then conclude that a 

higher particle to channel size ratio accelerates the migration. 

The projection method is used to verify the particle spatial distributions deduced from the PDFs. 

Fig. 3-7 show the particle distributions of 8.7-µm (red) and 4.8-µm (green) fluorescent particles 

in the cross section at the channel length of 30 cm (corresponding to z/H = 3,750), at Re = 8.3 

and 16.6, respectively. 

The 8.7-µm particles are focused at the center of the four channel faces at Re = 8.3, with a 
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number of particles uniformly distributed as a loose annulus, indicating that the cross-lateral 

migration has not yet been fully developed. At Re = 16.6, the particles are more focused at these 

four equilibrium positions, confirming that higher Re enhances the cross-lateral migration. The 

focusing positions were confirmed to be in the channel face centers but not the channel corners, 

by comparing the relative orientation of the membrane with respect to the channel cross section. 

The blurring of the focusing spots is due to a slight movement of the membrane during this 

sensitive experiment. 

 

Fig. 3-7 Cross-sectional distributions of 8.7-µm (red) and 4.8-µm (green) test particles on a membrane 

at Re = 8.3 and 16.6, respectively. 

The migration behaviors of the 4.8-µm particles are similar to the 8.7-µm ones, but the focusing 

degree is weaker under the same experimental conditions (Φ, Re and z/H). At Re = 8.3, the 

focusing at the channel walls is prevalent and the cross-lateral migration towards the centers of 

the channel faces is far from complete at this measurement position z/H = 3,750. At Re = 16.6, 

the cross-lateral migration is considered to be nearly finished at the same channel length. 

3.1.4 Equilibrium positions localization 

It is of great importance, for the design of microdevices regarding particle concentration and 

separation, to know the exact locations of the equilibrium positions in the square cross section. 

The aim of this section is to study the evolution of these locations with the Reynolds number. 

To this end, we first define a non-dimensional term Xeq, as the distance between the equilibrium 

position and its closest wall normalized by the channel width W (Xeq equal to 0 or 0.5 indicates 

that the particle equilibrium position is located at the channel face or centerline, respectively). 

It is determined from the distance of the peaks in the PDF histogram at the midplane (y/H = 0.5) 
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to the channel face. Xeq at each side of the histogram are separately measured and then averaged 

in order to be more accurate. The possible errors in determining Xeq mainly consist of two 

paterms: (a) the error in determining channel edges δw corresponding to one pixel size in the 

image (0.63 µm) and (b) the error due to the identification of the particle centers by the program 

in Matlab δp which is less than 20 % of the particle size and so estimated to be 1.10 µm. 

Accordingly, the total error Δ = δw + δp = 1.73 µm and the relative error with respect to the 

channel size Δ/H × 100 % is 2.16 %. 

Fig. 3-8 displays the evolution of Xeq with respect to Re, in comparison with the experimental 

studies carried out by other authors. Blue squares and red triangles are experimental results 

from the present work. Green triangles and yellow diamonds are from Choi et al. (2011) for 

dp/H = 0.075 and 0.16, respectively. Hollow black triangles are from Kim and Yoo (2008) for 

dp/H = 0.071. 

Our results are in agreement with the other curves. In all cases, Xeq decreases with decreasing 

particle size (here dp/H from 0.16 to 0.066), and with increasing Re (in the range of 10 to 280). 

The value of Xeq found in our study is between 0.1 and 0.2, consistent with the numerical 

simulation value of Xeq ~ 0.2 for particles with dp/H = 0.1 for Re > 100 in a square channel 

reported by Chun and Ladd (2006), and the experimentally obtained Xeq of 0.18 for blood cells 

in a 50 µm × 50 µm channel (dp/H ~ 0.14 at Re = 60) reported by Di Carlo et al. (2007). Besides, 

these tendencies of Xeq evolution with respect to Re and particle size is also in agreement with 

the theoretical predictions in planar channel flows (Asmolov 1999) and the experimental results 

in rectangular microchannel flows (Mach and Di Carlo 2010). 
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Fig. 3-8 Particle equilibrium position Xeq as a function of Re. 

3.1.5 Outermost edge of particle distributions 

It has been noticed that a particle-free region is present very close to the channel faces under all 

the flow conditions, which is evidenced both in the microscopic images and on the PDFs. This 

can be explained by the significant wall repulsion force exerted between the particles and the 

wall (Feng et al. 1994b). This is also an important parameter in the design of microfluidic 

devices for particle separation or sorting. For example, in order to separate plasma from the 

blood, the main technique is to extract the plasma through the particle-free region (Yang et al. 

2006). The best performance is expected to be achieved by enlarging the particle-free layer. 

The outermost edge of particle distribution Xout, was first proposed by Segre and Silberberg 

(1962b) and can be defined as the distance from the channel centerline to the farthest edge of 

the particle cluster normalized by the channel dimension. Xout is determined on the PDF in the 

following way: the lateral distances from the centerline to the two outermost edges of the 

histogram are separately measured and averaged to be more accurate. The experimental errors 

in determining Xout are the same as for Xeq. 

Fig. 3-9 shows the evolution of Xout obtained in the present study as a function of Re, in 

comparison with the results of Segre and Silberberg (1962b). We find that Xout increases as Re 

increases and decreases as the particle to channel size ratio dp/H increases. Our results for dp/H 

= 0.11 collapses well with that of Segre and Silberberg (1962b) for dp/H = 0.108 in a cylindrical 



Lateral Migration in Monodisperse Suspensions 

73 

 

channel. Kim and Yoo (2008) reported a Xout = 0.35 for Re < 58 with dp/H = 0.069, also very 

close to our data for dp/H = 0.066 at the same Re. 

 

Fig. 3-9 Particle outermost edge Xout as a function of Re for different dp/H. 

3.1.6 Focusing degree 

The inertial focusing is frequently used to separate particles from a mixture as seen in Chapter 

1. The efficiency of these separation devices depends on the efficiency of the inertial focusing. 

It seems thus relevant to introduce a parameter that quantifies the “degree of focusing” of a 

suspension. This is the goal of this section. The results shown here, however, are only 

preliminary ones that need to be confirmed by further investigations. 

The “focusing degree” that we introduced is defined as the percentage of particles focused at 

the four equilibrium positions in comparison with the total number of particles in the 

microchannel. To evaluate this percentage: 

- Only PDFs at the midplane of the channel are considered; 

- The exact positions of the 3 peaks visible on the PDFs (corresponding to the particles 

located near the vertical walls and near the center of the horizontal ones) is found as defined in 

Chapter 2; 

- A lateral bandwidth of 0.4 dp is chosen, i.e., only particles centered at a distance less than 

0.2 dp from the equilibrium position on x-axis are considered to be located at the equilibrium 
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position. 

- The number of particles located inside the bands around each peak is evaluated. In fact, 

we identify with this method the number of particles located in the rectangular zone of 0.4 dp 

in width and 10 µm in depth around the four equilibrium positions. The degree of focusing as 

defined here, is thus dependent on the chosen band width and on the axial resolution. 

- These numbers are summed and divided by the total number of particles identified in the 

PDFs. 

Fig. 3-10 shows the degree of focusing of 8.7-µm particles flowing at Re = 11.2, 28 and 56 at 

z/H ranging from 375 to 3,375, corresponding to the PDFs in Fig. 3-10. The focusing degree 

increases with increasing measurement position for the three studied Reynolds numbers. Indeed, 

it increases more acutely at small distances from channel inlet corresponding to the first stage 

of migration where particles migrate rapidly toward an annulus. And it increases less acutely 

further, confirming that the second stage of migration, i.e., the cross-lateral migration is a slow 

phenomenon. No stabilization of the curves has been observed since the migration is fully-

developed for none of the presented cases. Besides, the focusing degrees are higher for higher 

Reynolds numbers due to the fact that at a given distance from channel inlet, the higher the 

Reynolds number is, the more developed is the inertial focusing. 

 

Fig. 3-10 Focusing degree as a function of channel length z/H for 8.7-µm particles at Re = 11.2. 
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In Fig. 3-11, the focusing degree is plotted for different Reynolds numbers (corresponding to 

the PDFs presented in Fig. 3-5) at a given distance from channel inlet. 

This curve reveals two different kinds of information: 

For Reynolds number less than 150, the total migration is not complete at a distance z/H = 1,000 

from channel inlet. The focusing degree thus quantifies the degree of development of the inertial 

migration. As seen in the Figure, the focusing degree increases with increasing Re, when Re < 

150, confirming that at a given distance from channel inlet, the higher the Reynolds number is, 

the more developed is the inertial focusing. The maximum is reached at Re = 154 where the 

migration begins to be fully-developed. 

 

Fig. 3-11 Degree of migration at fixed channel length z/H = 1,000 with respect to Re. 

For Reynolds numbers larger than 154, the total migration is fully-developed at a distance z/H 

= 1,000 from channel inlet. The focusing degree thus quantifies the maximum inertial focusing 

i.e. the maximum percentage of particles in the four equilibrium positions that can be reached 

at a given Reynolds number. As seen in Fig. 3-11, the focusing degree decreases with increasing 

Re when Re > 150. The point at Re = 280 has not been repeated due to clogging problems and 

was difficult to post-process due to the small contrast in the images (an exposure time of 2 µs 

was used to freeze the particles). 

Fig. 3-12 displays the overall and in-focus particle distributions at channel midplane and at Re 
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= 112, 210 and 280. 

It can be seen that in the midplane at Re = 280, in-focus particles are only observed near the 

walls, whereas out-of-focus particles are observed in the whole channel width. This suggests 

that at Re = 280 particles are focused in an annulus close to the perimeter of the channel. 

 

Fig. 3-12 Overall particle distributions (left) and in-focus particle distributions (right) at channel 

midplane at Re = 112, 210 and 280. 

Nakagawa et al. (2015), also observed a shift in the migration behavior of particles flowing in 

square channels with a particle diameter to channel size ratio dp/H = 0.1. 

 

Fig. 3-13 Particle distributions obtained experimentally at Re = 144 (left side), Re = 260 (middle) and 

Re = 514 (right side). (Reprinted from Nakagawa et al. (2015).) 

At Re = 144, the equilibrium positions are found only at the center of the channel faces, at Re 
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= 260, other stable equilibrium positions are found near the channel corners (shown as the red 

circle on the red line) and at Re = 514 both the channel face and the channel corner equilibrium 

positions are present. The results we obtained at Re = 280 are consistent with Nakagawa’s ones. 

It would have been interesting to go further into this shift in the migration behavior at higher 

Reynolds numbers, but this was not possible within the allotted time. 

3.2 Particle migration at low inertia 

In spite of the huge number of works dealing with lateral migration of particles in square or 

rectangular microchannels, the characterization of the particle migration process through a 

microchannel at extremely low inertia has rarely been reported. Indeed, this is a very slow 

phenomenon that consequently requires a great channel length, while the channels reported in 

the literature are always limited up to 10 cm. 

In this section, a systematic study of particle migration at low inertia (corresponding to Re from 

0.07 to 7) has been carried out using the 80 µm × 80 µm square microchannel with a length of 

60 cm (z/H up to 7,125), to reveal the particle distribution as a function of Reynolds number 

Re, distance from channel inlet z/H, particle volume fraction Φ and particle to channel size ratio 

dp/H. 

3.2.1 Influence of Reynolds number Re 

Fig. 3-14 illustrates the spatial distributions (PDFs) of 8.7-µm test particles (dp/H = 0.11) at a 

volume fraction Φ = 0.1 % over the range of Re from 0.07 to 7 studied at different vertical 

positions (y/H = 0.5, 0.375, 0.25, 0.125) and at a fixed longitudinal position z/H = 7,125. 
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Fig. 3-14 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at low 

and finite inertia at a fixed entry length z/H = 7,125 for various Re. Schematics of the particle 

distributions in the cross section are also sketched at the bottom of the figures. 

At extremely low flow inertia (Re = 0.07, 0.1 and 0.7), a strong peak is observed at the channel 

width center at the midplane (y/H = 0.5) and few particles are distributed elsewhere, clearly 

indicating that the particles are preferentially focused towards the channel centerline. This is 

another migration regime that hasn’t been observed yet and that takes place at low Re. But at 

Re = 0.1 and 0.7, the central peak at y/H = 0.5 decreases and a few particles are found to migrate 

towards the channel faces. For Re = 1.4 and 5.6, high levels of particle concentration are 

observed simultaneously at the channel centerline and near the channel faces. The migration 

regime towards the channel centerline and that towards the channel faces coexist in these 

conditions. But the dominant focusing position is at the channel centerline for Re = 1.4 and at 

the channel faces for Re = 5.6. Finally at Re = 7, the lack of particles at the channel centerline 

suggests that the migration process towards the center vanishes for the benefit of the migration 

towards the wall. 
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As a conclusion, a second regime of migration appears at low Reynolds number where particles 

concentrate at the centerline of the channel. At a given distance from channel inlet, the 

equilibrium position gradually shifts from the centerline to the faces as Re increases. This 

migration is a slow phenomenon. 

The physical explanation of the migration towards the channel centerline is not obvious. At 

moderate flow inertia, Di Carlo (2009) and Matas et al. (2004c) suggest that the equilibrium 

position existence is due to the competition of two opposite inertial forces: the “shear-induced 

lift force” that pushes the particles away from the centerline towards the wall and the “wall-

induced lift force” that pushes the spheres away from the wall. At low flow inertia with a 

blunted velocity profile, the “shear-induced lift force” is very small compared to the “wall-

induced lift force”, and remains insignificant in the previously described competition. 

Nevertheless, the predominant wall induced lift force could probably not be the only reason of 

the migration towards the centerline. Other physical phenomena like interactions between the 

finite-size particles certainly become significant in this range of Reynolds numbers. Further 

experiments are needed to better understand the physical mechanism involved here. 

3.2.2 Influence of channel length z/H 

The particle migration at low Re is a slow process requiring a long distance for the particles to 

reach the final equilibrium position. So it is of great interest to investigate the establishment of 

the migration along the channel. In addition, at Re = 1.4 and 5.6, both migration regimes coexist 

but the dominant one is different. To better understand the shift between the two situations, the 

study of z/H has been carried out on these two Re conditions. 

Fig. 3-15 presents the spatial distributions (PDFs) of 8.7-µm test particles with Φ = 0.1 % 

studied at different measurement positions z/H ranging from 625 to 7,125, for Re = 1.4. Close 

to the channel entrance (z/H = 625), particles remain uniformly distributed across the channel 

cross section indicating that nearly no migration is undergone. At a distance z/H = 1,250 from 

the channel inlet, higher densities of particles are observed near the walls (y/H = 0.25), 
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indicating that the lateral migration towards the channel walls first takes place and a loose 

square annulus is formed. As the channel entry length increases, at z/H = 2,500, both migrations 

towards the channel centerline and towards the faces are present, and the migration towards the 

channel centerline becomes predominant. The distribution profiles at z/H = 5,000 and 7,125 are 

quite similar to that obtained at z/H = 2,500, except that the maximum value of the PDF at y/H 

= 0.5 slightly increases, which indicates a higher degree of particle focusing around the 

centerline. We can thus conclude that both migration processes coexist and are gradually 

established along the channel length. The migration towards the centerline becomes dominant 

after z/H = 2,500. 

 

Fig. 3-15 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 1.4 for various measurement position z/H. 

Fig. 3-16 represents the spatial distributions (PDFs) of the same particle suspension studied at 

different measurement positions z/H ranging from 625 to 7,125, for Re = 5.6. Contrary to the 

case of Re = 1.4, the particles already begin to migrate towards the channel faces close to the 

channel entrance (z/H = 625) and form a loose annulus, and a small amount of particles are 

concentrated around the channel centerline. At z/H = 1,250, the two peaks near the walls at y/H 

= 0.5 are more intense, indicating an increase of the degree of particle focusing towards the 
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channel walls. As the channel length further increases, outside peaks become thinner but 

without evident change of intensity, while the central peak gradually increases, indicating that 

the migration to the channel walls is full developed while the migration towards the centerline 

is still in progress. This difference in the time scale associated with each migration regime can 

be explained by the small inward migration velocity of the particles due to the weak force acting 

towards the channel centerline near the center region. The dominant equilibrium positions are 

always the channel walls. 

 

Fig. 3-16 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 5.6 for various measurement position z/H. 

According to the particle migration progress at both Re = 1.4 and Re = 5.6, we can conclude 

that the migration towards the channel faces is a fast process and the migration towards the 

channel centerline needs a longer distance to be established. The final prevalence of one regime 

to the other depends both on the Reynolds number and on the channel length. 

3.2.3 Influence of particle volume fraction 

All the studies discussed above are based on a low particle concentration Φ = 0.1 %. In this 

part, we will investigate the influence of particle volume fraction on particle migration behavior 
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at low inertia. 8.7-µm test particles with higher volume fractions Φ = 0.2 % and 0.4 % over the 

range of Reynolds numbers Re from 0.07 to 7 are studied at different vertical positions y/H = 

0.5, 0.375, 0.25 and 0.125 and at a fixed longitudinal position z/H = 7,125. 

Fig. 3-17 and Fig. 3-18 respectively show the particle spatial distributions (PDFs) for the 

suspension with Φ = 0.2 % and 0.4 %. 

Generally, by comparing these two figures to their counterpart in Fig. 3-14 (Φ = 0.1 %), we can 

easily find that, first, the maximum PDF value at y/H = 0.5 decreases with the increasing of 

volume fraction, indicating that the degree of particle focusing recedes; second, under all three 

conditions, both migrations towards the channel centerline and that towards the channel walls 

coexist, and there is a transition of the predominant equilibrium position as Re increases. 

 

Fig. 3-17 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at a 

fixed entry length z/H = 7,125 for various Re at a concentration Φ = 0.2 %. 
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Fig. 3-18 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at a 

fixed entry length z/H = 7,125 for various Re at a high concentration Φ = 0.4 %. 

Specifically, at extremely low Re from 0.07 to 0.7, the central peaks of the PDFs at the midplane 

y/H = 0.5 show obviously larger widths at a higher volume fraction, indicating an augmentation 

of the particle distribution at the non-equilibrium position around the center region (aside from 

the channel centerline and each channel face center), which suggests a lack of capability to 

maintain all the particles at the channel centerline. At a relatively higher Re from 1.4 to 7, high 

volume fraction seems to be a factor enhancing the particle migration towards the channel 

centerline which is an unstable equilibrium position at low concentration: at Re = 1.4, the 

predominant focusing towards the channel centerline is most obvious for Φ = 0.4 %; at Re = 

5.6, the predominant focusing position becomes the channel walls but this prevalence is less 

obvious for Φ = 0.4 %. The transition thus occurs between Re = 1.4 and Re = 5.6 for low 

concentrations but tends to shift to a higher Reynolds number when the volume fraction 

increases. Finally, at Re = 7, there are still a number of particles focused at the channel centerline 

at Φ = 0.4 %, while nearly no particles are gathered there at Φ = 0.1 %. 

This phenomenon is consistent with the observations of some previous works. For example, 

Han et al. (1999) reported that qualitatively different from the tubular pinch effect at a low 
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concentration, the particle distribution profile along the radial position has a double-humped 

shape (focusing at the center and at the Segré-Silberberg annulus) in a cylindrical channel at 

higher concentration. Lim et al. (2012) reported that the larger prostate cancer cells (PC-3) 

focusing in a rectangular channel shifted radically in whole blood and predominantly occupied 

an unstable equilibrium position (the short face centers of the channel) in diluted blood. 

Furthermore, the particle aggregated clusters are observed at low Re and high concentration, in 

agreement with the report of Chun and Ladd (2006). Fig. 3-19 shows the microscopic images 

of the 8.7-µm particles with Φ = 0.4 % and Re = 0.07, taken at z/H = 7,125 with the focal plane 

located at the channel midplane (y/H = 0.5). Particle aggregation or particle clusters can be 

observed in the right picture, which may explain the wider peaks on the corresponding 

histogram. Complementary, we have checked that there are nearly not pre-aggregated particles 

near the channel entrance and have found that at volume fractions less than 0.1 %, nearly none 

of these particle aggregations or clusters are formed. Aggregation occurs certainly as particles 

concentrate in the channel center. 

 

Fig. 3-19 Particle cluster formation at high concentration. 

We also notice that the number of particles on each image is fluctuant as shown by the left and 

right images in Fig. 3-19. This heterogeneity is probably due to the interaction between the 

numerous particles at a high concentration conditions. Further experiments are needed to 

uncover the physical explanation of this phenomenon. 

The volume fraction shows influence not only on the final equilibrium positions, but also on 

the migration progress along the channel length. Fig. 3-20 shows the spatial distributions (PDFs) 

of the 8.7-µm test particles with Φ = 0.4 % at constant Reynolds numbers Re = 1.4 and 5.6 
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studied along the channel length from z/H = 1,250 to 7,125. 

 

 

Fig. 3-20 Spatial distributions (PDFs) of 8.7-µm test particles over normalized lateral positions at fixed 

Re = 1.4 and 5.6 for various entry length z/H at a high concentration Φ = 0.4 %. 

The global migration process along the channel length at Φ = 0.4 % is similar to that in the low 

concentration condition shown in Fig. 3-15 and Fig. 3-16 and confirms that: 

- First, the migration towards the channel centerline is a slow phenomenon and is gradually 
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developed as the channel length increases; 

- Second, the migration towards the channel walls is a rapid phenomenon (for example, a 

loose square annulus is already formed at z/H = 1,250 at Re = 5.6); 

- And third, the transition between both migration regimes seems thus to occur at higher Re 

when concentration increases. By comparing the histograms at z/H = 7,125 for Φ = 0.4 % and 

Φ = 0.1 %, we can find indeed, at higher volume fraction, the predominance of the migration 

towards the channel centerline at Re = 1.4 is more obvious, and that towards the channel walls 

at Re = 5.6 is weakly marked. 

In short, the particle migration as a function of Re and z/H at higher volume fraction follows 

the same rules as at low volume fraction, except that the migration towards the channel 

centerline is enhanced and that the transition between the two regimes is moved towards higher 

Reynolds numbers. 

3.2.4 Influence of particle to channel size ratio 

In order to investigate the effect of the particle size on the inertial focusing behavior, various 

particle diameters, dp = 1.9, 5.3, 8.7 and 15.6 µm, have been studied in this work, corresponding 

to the ratios of particle diameter to the channel hydraulic diameter dp/H = 0.025, 0.066, 0.11 

and 0.19. 

Here we show the measurements for dp/H = 0.11 and 0.066 (dp = 8.7 µm and 5.3 µm) with a 

volume fraction Φ = 0.2 % carried out at a fixed measurement position z/H = 7,125 with Re 

ranging from 0.07 to 7. The particle spatial distributions (PDFs) are presented in Fig. 3-17 and 

Fig. 3-22, respectively. 

Comparing the PDFs of these 2 types of particles under the same experimental conditions (Re 

and z/H), it can be seen that the maximum values of the PDFs decrease with the decreasing 

particle diameters, indicating a decline of focusing degree. Moreover, the particle migration 

towards the channel centerline is more significant for large particles. Two migration regimes 
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are observed for 8.7-µm particles in the studied range of Reynolds numbers: the migration 

towards the channel centerline at Re = 0.07 and the coexistence of the migration towards the 

channel centerline and that towards the channel walls at higher Re. The predominant 

equilibrium position is shifted from the centerline to the walls between Re = 1.4 and Re = 5.6. 

For the 5.3-µm particles, the migration towards the centerline is extremely weak at Re = 0.07 

and z/H = 7,125, indicating that the migration towards the channel centerline is slower for small 

particles and the channel length (z/H = 7,125) is not sufficient for them to reach the equilibrium 

positions at the channel centerline. Besides, the predominant equilibrium position is always at 

the walls, probably suggesting that the transition between the two regimes occurs at a smaller 

Re when the particle to channel size ratio decreases. 

 

Fig. 3-21 Spatial distributions (PDFs) of 5.3-µm test particles over normalized lateral positions at a 

fixed entry length z/H = 7,125 for various Re. 

It has to be noted that for the 5.3-µm particles, the volume fraction Φ = 0.2 % indeed leads to a 

huge number of particles in a given volume, as compared to the the 8.3-µm particles. At lower 

Re, these particles tend to be aggregated. If we take into account the aggregation of small 

particles and treated them as a large particle with the same centroid in the postprocessing 

program, we may find a central peak appearing on the PDFs at y/H = 0.5, as shown in Fig. 3-22, 
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indicating that the aggretations migrate towards the centerline of the channel, just as the large 

particles. 

 

Fig. 3-22 Spatial distributions (PDFs) of 5.3-µm test particles over normalized lateral positions at a 

fixed entry length z/H = 7,125 for various Re. (Aggregations are taken into account) 

Generally speaking, the focusing effect becomes significant as the ratio of particle to channel 

size increases, indicating its dependence on this parameter. The critical Re, where the lateral 

migration attains a fully developed state (4 equilibrium positions at each channel face), appears 

to be smaller in the case of large particles. This can be explained by the fact that the inertial lift 

force is proportional to the particle diameter at the power 4, while the Stokes’ drag force is 

proportional to the first power of the diameter. Hence, the force balance between these two 

forces brings about higher lateral migrating velocity for large particles, which induces faster 

lateral motion, even though the maximum flow velocity is small (Di Carlo 2009). Similarly, the 

particle migration towards the channel centerline is more significant for large particles. 

However, this migration needs a longer channel and a smaller Re value. This implies that the 

migration towards the channel face centers occurs more easily as the shear-gradient increases 

and the particle size decreases and that the migration towards the channel centerline occurs 

more favorably as the shear-gradient decreases and the particle size increases. 
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Fig. 3-23 shows the distributions of 8.7-µm (red) and 4.8-µm (green) fluorescent particles in 

the cross section at the channel length of 30 cm (corresponding to z/H = 3,750) by the projection 

method, at Re of 1.0 and 2.1, respectively. 

 

Fig. 3-23 Cross-sectional distributions of 8.7-µm test particles on a membrane at Re = 1.0, 2.1 and of 

4.8-µm test particles at Re = 2.1, from left to right respectively. 

The projection method here confirms the previous conclusions on the particle to channel size 

ratio effect: at a given channel length, the focusing degree scales with the particle to channel 

size ratio, thus a longer distance is needed for small particles to complete the migration. 

3.3 Preliminary study on biological particles 

In the present work, we have studied the migration behavior of neutrally buoyant solid particles. 

But slightly non-neutrally buoyant particles or deformable cells are involved in the real 

suspensions, for example, biological particles or blood cells suspended in physiological saline, 

plasma of blood, etc. Besides, microorganisms significantly differ from the solid spherical 

particles in cell sizes, shapes, and stiffness and in some cases they can even be motile and 

exhibit complex aggregative forms (Kim and Yoo 2008; Lafforgue-Baldas et al. 2013). 

To know how microorganisms migrate in square channel and if the developed experimental 

setups would be able to study their migration behavior, preliminary tests have been carried out 

with the yeasts Saccharomyces cerevisiae and the bacteria Lactoccocus lactis. 

The brightfield microscopic images for the yeasts and the bacteria are shown in Fig. 3-24, to 

reveal the sizes and the shapes of these microorganisms. The yeasts show an ovoid shape and a 

mean diameter of about 6 µm and the bacteria with a mean diameter of about 2 µm may appear 

in chains. These microorganisms are chosen because their sizes are close to the polystyrene 
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spherical particles used in our study. 

 

Fig. 3-24 Microscopic observation of the yeasts and the bacteria. (× 1,000 magnification) 

The microorganisms are colored by fluorescent dye and the suspensions are diluted to a very 

low volume fraction Φ ~ 0.001 %. The projection method has been used to observe the particle 

distributions at a distance of 30 cm from the channel entrance (z/H = 3,750) at various Re. 

Fig. 3-25 and Fig. 3-26 display the yeast and bacterium distributions on the plane membrane, 

representing their cross-sectional distributions at the channel outlet. 

In Fig. 3-25, with the increasing flow rate (Re), the yeast focusing is evidently enhanced, since 

the region where the yeasts concentrated become thinner. At Re = 16.6, the yeast cells begin to 

concentrate to some specific positions corresponding to the center of each channel face, which 

is very similarly to the solid spherical particles in the same range of size as shown in Fig. 3-5. 

Different from the yeast cells, the lactococcus bacteria seem to initiate their lateral migration at 

a relatively high Reynolds number Re = 16.6, as shown in Fig. 3-26. This behavior is similar to 

that of the 2-µm particles in our study. 

Obviously, the yeasts were concentrated to the equilibrium positions at lower Re than the 

lactococcus bacteria, suggesting that a yeast/bacterium separation could be possible. 
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Fig. 3-25 Cross-sectional distributions of the yeasts on a membrane at Re = 8.3, 12.5 and 16.6, 

respectively. 

 

Fig. 3-26 Cross-sectional distributions of the bacteria on a membrane at Re = 12.5 and 16.6, 

respectively. 

Fig. 3-27 shows the brightfield microscopic image of the yeasts, taken using the in situ 

visualization method at the channel midplane at Re = 56 and z/H = 1,000. The yeasts are focused 

near the centers of the lateral channel faces, confirming the observations by the projection 

method shown in Fig. 3-25. 

 

Fig. 3-27 Microscopic image of the yeast cells in a micro channel at Re = 56 and z/H = 1,000. 

As a conclusion, despite their non-spherical shape, their slightly non-neutrally buoyancy 

characteristic and their deformability, the yeast (Saccharomyces cerevisiae) and the bacteria 

(Lactoccocus lactis) laterally migrate similarly to the solid spherical particles and could be 

studied with our devices. This is in agreement with the observations made by other authors 
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(Cox and Mason 1971; Uijttewaal et al. 1994; Mach and Di Carlo 2010; Hur et al. 2011b) who 

reported that deformable biological particles exhibit similar migration behaviors as solid 

spherical particles. 

3.4 Summary 

An empirical study based on the in situ visualization method has been carried out to identify 

and characterize the inertial focusing behavior of neutrally buoyant particles in square 

microchannel flows, for Reynolds numbers Re ranging from 0.07 to 280. 

The determination of particle spatial distributions (PDFs) provides an experimental frame of 

reference allowing a better understanding of the physical basis of inertial migration. The 

empirical results show that two regimes of migration are observed depending on the different 

parameters (Reynolds number Re, channel entry length z/H, particle volume fraction Φ, and 

particle to channel size ratio dp/H): 

- At moderate flow inertia (approximately Re > 10 in the flow conditions studied in this 

work), particles migrate towards the channel faces and undergo a two-stage migration: a lateral 

migration to form an annulus around the channel perimeter and a cross-lateral migration 

towards the centerlines of the channel faces. The first stage is a relatively fast process; the 

second stage is slower, takes place only when the first one is fully developed, and is favored by 

larger Re, longer channel, and larger particles; 

- At extremely low but not negligible flow inertia (approximately Re < 1 in our case), 

particles migrate towards and focus near the channel centerline, which had never been reported, 

up to now, in the literature. This migration is very slow and long channels are needed to attain 

the equilibrium position. The length required to complete the migration decreases with 

increasing particle to channel size ratio; 

- For Reynolds numbers ranging from 1 to 10, both regimes of migration coexist, of which 

the dominant one depends on the Reynolds number, the particle size and the channel entry 
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length. Smaller Re, longer entry length and larger particle to channel size ratio favor the 

migration towards channel centerline. 

Besides, a quantification of the equilibrium position localization at the channel cross section 

and the outermost edge of particle distribution have been carried out based on the PDFs of the 

particle distribution. This can be helpful to optimize the design parameters for developing a 

microfluidic device devoted to particle separation. 

In addition, we have highlighted in this chapter the phenomenon of migration towards the 

channel centerline at low Reynolds number. This provides a great advantage in separating large 

particles that are shown to migrate towards the centerline more rapidly. In particular, some 

fragile biological particles (such as HPET cells with a diameter of 18 - 22 µm) might be lysed 

due to the high shear forces in high flow rate conditions (Zhou et al. 2013a), and thus could not 

be separated by conventional microfluidic devices based on the migration towards the channel 

faces at moderate Reynolds numbers. The low flow inertia reduces the shear forces and makes 

the separation possible, avoiding hemolysis (Mach and Di Carlo 2010). The need of relatively 

great channel length could be overcome using serpentine or spiral channels, which could reduce 

the practical device dimension.





 

95 

 

Chapter 4. Particle Alignment 

During the course of investigating the “tubular pinch effect” phenomenon, Segré and Silberberg 

firstly noticed the phenomenon of particle alignment (Segre and Silberberg 1962b). However, 

they just briefly mentioned these particle chains as a phenomenon occurring at high 

concentration without a systematic investigation. This inertial ordering of particles into trains 

has been later observed in circular pipes (Matas et al. 2004a), square microchannels (Di Carlo 

et al. 2007) and rectangular microchannels (Edd et al. 2008; Humphry et al. 2010; Lee et al. 

2010; Hur et al. 2010). 

Although studied in a phenomenological manner by some authors, there is not yet a full 

consensus on the role of the hydrodynamic flow parameters and the geometric channel 

characteristics on the interparticle spacing. Furthermore, the fraction of particles in trains as a 

key parameter to characterize a given configuration has been rarely studied. In short there is a 

real lack of statistical studies on the formation and evolution of trains. 

In the chapter, we statistically investigate the particle trains in a square and a rectangular 

channel, for various flow configurations, using in situ flow visualization. First, we probe into 

the physical principles by a bibliographic study helping in the understanding of the longitudinal 

ordering mechanisms. Then we present experimental results obtained by image analysis 

techniques and in particular extract two main parameters which are the fraction of particles in 

trains ψ and the interparticle distance l thanks to image analysis techniques. A systematic study 

of different factors such as distance from channel inlet, volume fraction, particle to channel size 

ratio and Reynolds number is performed. The dynamics of particle self-ordering is also 

investigated along the channel length. 

4.1 Bibliographic study 

The origin of this phenomenon could be attributed to the interactions between the fluid and the 

particles, involving the effect of the fluid on particles, the interactions between particles and the 
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effect of particles on the fluid flow (Amini et al. 2014). Streamlines around an isolated sphere 

in a simple shear flow were firstly numerically predicted by Mikulencak and Morris (2004). As 

seen in Fig. 4-1, streamlines in the proximity of the particle first approach and then move away 

from the particle in its reference frame. 

 

Fig. 4-1 Simulated streamlines around an isolated sphere for Re = 48. (Reprinted from (Lee et al. 

2010).) 

Matas et al. (2004a) suggested that these so-called “reversing streamlines” are essential for the 

formation of particle trains. Pair trajectories in finite inertia suspensions of neutrally buoyant 

particles were determined by Morris and co-workers (Kulkarni and Morris 2008b; Haddadi and 

Morris 2015) using lattice-Boltzmann simulations, confirming the role of the reversing 

streamline zones on the relative movement between particles. Humphry et al. (2010) simulated 

the motion of a pair of spheres that are initially separated by given distances in the flow direction 

but located at their inertial focusing equilibrium positions. The pair moves closer on a damped 

oscillatory trajectory and eventually reaches a steady axial spacing. This oscillatory motion 

through which stable self-assembled pairs are formed was experimentally observed by Lee et 

al. (2010) using high-speed imaging. Based on these observations, Lee suggested a mechanism 

for the dynamic self-assembly process. When a quick particle (lagging one) is catching up a 

slow one (leading one), once they approach each other, the lagging particle is influenced by the 

drag force of the reversing streamlines due to the leading one, and the drag force will act to 

slow down the quick one until it reaches the average intersected fluid speed. So the quick 

particle will be pushed by the streamlines in the opposite direction and move slightly toward 
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the channel walls to slow down, following the opposite direction streamline. The leading 

particle with a slower speed will also be affected by the drag force of the reversing streamlines 

due to the quick one, which accelerates and directs it slightly towards the channel center, 

following the streamline in the main flow direction. At the same time, the inertial lift force 

directs them back to their sharp focusing positions when they are far from their equilibrium 

positions as shown in Fig. 4-2. This motion resembles harmonic oscillations with damping until 

they reach simultaneously the center (or vortex) of the reversing streamlines and the inertial 

focusing positions, where neither the drag force of the fluid, nor the inertial lift force acts. 

 

Fig. 4-2 Shematic drawing of the interaction between two aligned particles. (Reprinted from (Lee et 

al. 2010).) 

Lee et al. (2010) also observed that the dynamics for more than two particles mainly follows 

the same mechanism: the train elongates through additional particles joining already organized 

particle pairs or trains of particles, and particle-particle interactions within a train, evidenced 

by oscillations and acceleration patterns during interaction, are essentially the same as in two 

particle interactions. Kahkeshani et al. (2016) however mentioned that, considering that the 

disturbance streamlines around a single particle are affected by the presence of other particles, 

the fundamental description of the flow leading to train formation remains an open question. 

They showed, in particular, that the concentration of suspension impacted the most probable 

spacing between particles in trains. 
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4.2 Characterization of particle trains 

4.2.1 Identification of trains 

The experimental setup for particle train identification is depicted schematically in Fig. 4-3a. 

The appearance of the trains of particles becomes visually evident at Rep ~ 0.2 and dramatically 

robust ordering phenomenon was observed above Rep ~ 0.5 in our case. To illustrate this 

phenomenon, Fig. 4-3b and Fig. 4-3c show two brightfield microscopic images of relatively 

long trains of particles at moderate particle Reynolds numbers (defined as Rep = Re(dp/H)2 

where dp is the particle diameter), where the trains are defined as an array with three or more 

particles aligned. The particles in Fig. 4-3b are bright, indicating their localization in the focal 

plane (the focus located at the midplane of the channel). The particles are aligned near the wall, 

i.e., focused at the center of the front and back walls of the micro channel and form regular 

trains. In Fig. 4-3c, particles without bright points, i.e., out of the focal plane, apparently align 

at the center of the bottom wall. These considerations are consistent with the inertial focusing 

equilibrium positions previously observed in square channels (Abbas et al. 2014). 

 

Fig. 4-3 (a) Schematic drawing of the experimental setup. Examples of image recorded of particle 

trains at mid height (y/H = 0.5), z/H = 1,000, Φ = 0.1 % and (b) Re = 210 (Rep = 2.48), (c) Re = 112 (Rep 

= 1.32). 
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Trains are identified when three or more particles are aligned with a regular interparticle spacing. 

In Fig. 4-4b, particles considered in trains are highlighted by the yellow rectangles, particles 

considered out of trains and in the focal plane are indicated by the red circles and particles out 

of trains and out of the focal plane are indicated by the green triangles. The total number of 

particles in and out of trains is calculated over the set of 2,000 images and the fraction of 

particles in trains (i.e., the total number of particles in trains normalized by the total number of 

particles) is thus evaluated. This fraction is underestimated since some trains are sliced in some 

images and might thus be non-identified by the data processing method. Finally, the Probability 

Density Function (PDF) of axial spacing between centers of consecutive particles l normalized 

by the particle diameter dp is computed for particles self-assembled into trains, and the highest 

peak is identified and chosen as a metric of the most probable spacing between consecutive 

particles in trains. The PDFs of the axial spacing between particles at Φ = 0.1 %, Rep = 0.33 

and 3.31 (corresponding to Re = 28 and 280) and z/H = 1,000 are presented in Fig. 4-4c. In 

these two examples, the most probable spacing between consecutive particles in trains is thus 

determined as l/dp = 4 at for Rep = 0.33 and l/dp = 2.5 at for Rep = 3.31. 

The observations of trains of particles presented in this section are all realized at the same 

distance from the channel inlet (z/H = 1,000) and the same height in the channel (y/H = 0.5), 

taking into account all particles. Indeed, since our goal in this section is to identify and 

characterize the trains whatever they are located, both in-focus and out-of focus particles are 

taken into account. Moreover, we have verified that the results obtained at the seven different 

heights that were used in Chapter 2 were similar and we thus decided to limit the measurement 

at the midplane to save time. 
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Fig. 4-4 (a) Original gray-scaled image horizontally rotated. (b) Post-processed image where particles 

in trains are highlighted by rectangles. (c) PDFs of the normalized interparticle spacing for Rep = 0.33 

and 3.31, Φ = 0.1 % and z/H = 1,000. 

4.2.2 Effect of Rep and dp 

The fraction of particles in trains ψ is displayed with respect to the particle Reynolds number 

and the channel Reynolds number in Fig. 4-5a and its inset, respectively, for two confinements: 

dp/H = 0.11 (at Φ = 0.1 %) and dp/H = 0.06 (at Φ = 0.02 %). These two different volume 

fractions are set to ensure the same number of particles in a given volume. The error bars 

represent the amplitude of the variations observed in the six experiments done for each 

operating condition and indeed, the square and triangle symbols correspond to the mean value 

of ψ. The last result obtained at Rep = 3.33 could not be reproduced unfortunately, due to 

clogging problems. The fraction of particles in trains ψ first increases with Rep. As we will see 

in section 4.3 trains are formed only when particles have reached the four equilibrium positions. 

Since the images used to study the fraction of trains are recorded at a constant distance from 

the channel inlet, the increased number of particles in trains is related to the shorter downstream 
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length required for the establishment of particle equilibrium positions when the Reynolds 

number is increased. This could also be explained by the fact that, when the particle Reynolds 

number increases, the region of reversing streamlines around a reference particle in a shear flow 

becomes wider (Haddadi and Morris 2015; Kulkarni and Morris 2008a). This phenomenon 

favors relative particle trapping and increases the number of particles in trains at a given 

concentration. 

The fraction of particles in trains reaches a maximum around Rep = 1.82 (i.e., Re = 154) and 

decreases for higher particle Reynolds numbers as illustrated in Fig. 4-5a. This Reynolds 

number correspond to the minimum Re necessary to reach a fully-developed inertial migration 

process at a distance z/H = 1,000 from channel inlet. Matas et al. (2004a) obtained a similar 

tendency in a circular pipe flow. The reason for the decrease of ψ is still elusive. This could be 

due to the increase of particle agitation or dispersion with the Reynolds number and therefore, 

the decrease of particle trapping in the reversed flow zone. In addition, Kahkeshani et al. (2016) 

observed, thanks to lattice Boltzmann numerical simulations, that for larger concentration of 

particles, the interparticle distance keeps fluctuating in time and never reaches a steady value. 

The disruption of trains, due to the onset of temporal fluctuations in the spacing between the 

particles, might thus also have a role on the decrease of the fraction of particles in trains at 

higher Reynolds number. 

The fraction of particles in trains is higher for dp/H = 0.11 than for dp/H = 0.06 at the same 

channel Reynolds numbers, indicating that the particle confinement enhances the formation of 

trains (cf. inset of Fig. 4-5a). This could be explained by the fact that large particles create larger 

reversing streamline regions, catching more easily lagging particles. (Haddadi and Morris 2015; 

Kulkarni and Morris 2008a) 

Moreover, the data for dp/H = 0.11 and dp/H = 0.06 collapse quite well to a single curve (cf. 

main plot of Fig. 4-5a), suggesting that the Rep, characterizing the shear flow seen by a particle, 

controls the train formation (Fig. 4-5a). These results are consistent with the data of Matas et 

al. (2004a) obtained in circular pipe flow for Re between 0 and 3,000. It is to be noticed that at 
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the same confinement (dp/H ~ 0.05), the maximal proportion of particles in trains reaches 40 % 

in the square channel whereas it reaches only 15 % in a tube (Matas et al. 2004a). The difference 

is certainly due to the fact that the equilibrium positions are restricted to four points in the cross 

section of a square channel flow, whereas they are distributed on a ring in a tube flow. Therefore, 

the probability of pair assembly is enhanced in the square channel flows. 

The interparticle distance (centre-to-centre distance) normalized by the particle diameter l/dp is 

presented in Fig. 4-5b as a function of the particle Reynolds number Rep. The deviation on the 

most probable interparticle distance between the six experiments (not represented in this figure) 

is always less than 1 µm, that is, smaller than 5 % of l/dp. 

The normalized interparticle distance l/dp is found to depend not only on the particle Reynolds 

number, but also on the confinement effect. In the studied range of particle Reynolds numbers, 

the normalized interparticle distance decreases with Rep. This is in agreement with the reports 

of Morris and co-authors (Haddadi and Morris 2015; Kulkarni and Morris 2008a; Mikulencak 

and Morris 2004), who claim that the distance between consecutive particles is set by the 

reversing streamline region around a particle in shear flow which gets closer to the reference 

particle surface when the particle Reynolds number increases. 

When the distance between the surfaces of two consecutive particles normalized by channel 

dimension, (l-dp)/H, is plotted as a function of the particle Reynolds number (Fig. 4-6), the data 

obtained for the two different confinements (blue squares and red triangles) collapse quite well 

to a single curve which is not the case for the distance between the centers of two consecutive 

particles. More configurations, varying dp/H, should be investigated to confirm this tendency 

but we can already conclude that the key parameter is the distance between the surfaces of two 

consecutive particles and not the distance between their centers. This is also confirmed by the 

data of Matas et al. (2004a) reported in this figure and obtained for similar weak degrees of 

confinement (between dp/H = 0.03 and dp/H = 0.06), even if in this case the surface to surface 

distance surprisingly decreases for low Rep. Our data are also similar to those reported by 

Humphry et al. (2010) in a rectangular channel. 
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Fig. 4-5 (a) Fraction of particles in trains ψ as a function of particle Reynolds numbers Rep and channel 

Reynolds numbers Re (inset) for dp/H = 0.11 and dp/H = 0.066. (b) Normalized interparticle distance 

l/dp as a function of particle Reynolds numbers Rep for for dp/H = 0.11 and dp/H = 0.066. 

Other reported punctual values of surface separation normalized by the hydraulic diameter, (l-

dp)/H, have also been reprinted in Fig. 4-6 for different experimental conditions. 
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Fig. 4-6 Normalized separation distance (l-dp)/H as a function of particle Reynolds numbers Rep for 

dp/H = 0.11 and dp/H = 0.066. 

It can be seen that high confinement (dp/H > 0.2) can lead to high surface separation as shown 

by the reported data of Di Carlo et al. (2007), Edd et al. (2008), Humphry et al. (2010), Lee et 

al. (2010) and Kahkeshani et al. (2016). However these reported data have all been obtained in 

specific configurations. Lee et al. (2010) and Kahkeshani et al. (2016) used a two-inlet co-flow 

within a rectangular channel which reduced the degrees of freedom of the particles and 

increased their confinement leading to their focusing in a single line. For highly confined 

particles in rectangular channels, Edd et al. (2008) and Humphry et al. (2010) observed two 

classes of trains: either particles aligned themselves with the same equilibrium position along 

one side of the channel or particles alternated from one side of the channel to the other one. Edd 

et al. (2008) thus gave two interparticle distances, one for “same streamline” trains and one for 

alternated trains at the same Rep (cf. Fig. 4-6). We also observed alternated trains in preliminary 

results obtained in high confinement configurations in rectangular channels. Due to the small 

dimensions of the channel, the reversing streamlines in the other half of the channel are 

sufficiently close to the particle to create either an alternated pair or a “same streamline” pair 
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whether the second particle arrive on the same channel side or not. 

4.2.3 Low inertia 

As highlighted in Fig. 3-14, at low flow inertia (typically Rep < 10-2), a second regime of 

migration in which particles concentrate in the channel center is highlighted by Abbas et al. 

(2014). Fig. 4-7 shows two typical brightfield images of the suspension at Rep = 8 × 10-4 and 

Rep = 8 × 10-3, respectively. Particles are preferentially encountered at the center of the channel 

indicating that most of them have reached their equilibrium position. Nevertheless, they are 

roughly aligned, and the irregular interparticle distances suggest that no train is established. 

 

Fig. 4-7 Images of the suspension at y/H = 0.5, z/H = 1,000, Φ = 0.4 % and (a) Rep = 8 × 10-4 (Re = 

0.07) (b) Rep = 8 × 10-3 (Re = 0.7). 

As mentioned before, the pair’s formation is linked to the presence of reversing streamlines 

which also exist at low inertia and even for Stokes flow in confined configurations (Zurita-

Gotor et al. 2007). In the pair interaction mechanism, these reversing streamlines initiate drag 

forces (viscous disturbance flow in (Lee et al. 2010), stresslet disturbance flow in (Zurita-Gotor 

et al. 2007)) which push the two particles away from their focusing position, in transverse and 

opposite directions. Inertial lift forces direct then the particles back to the focusing line (Lee et 

al. 2010). This interplay between viscous disturbance flow and lift forces explain the oscillatory 

relative trajectories of the particles observed by these authors during the self-assembly process. 

However, the closed streamline regions around the particles expand when Re decreases, moving 

thus away the reversing zones from the particle (Haddadi and Morris 2015). In addition, the 

repulsive interaction initiated by the viscous disturbance flow decays with 1/l2 (Lee et al. 2010; 

Zurita-Gotor et al. 2007) and will thus decrease when the reversing zones move away from the 

particle with the decrease of Re. This could explain the vanishing of the self-assembly process 
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observed at low inertia. 

4.2.4 Effect of solid volume fraction 

The influence of the particle volume fraction on the formation of particle trains is analyzed 

from the observations realized at the end of the channel (z/H = 1,000), with particle to channel 

size ratio dp/H = 0.11 and particle volume fractions Φ ranging from 0.02 % to 1 %. The 

evolution of the fraction of particles in trains and interparticle distance as a function of Rep are 

illustrated in Fig. 4-8. 

 

Fig. 4-8 (a) Fraction of particles in trains ψ and (b) normalized interparticle distance l/dp as a function 

of particle Reynolds number Rep for dp/H = 0.11, z/H = 1,000 and Φ = 0.02 %, 0.05 %, 0.1 %, 0.2 %, 

0.3 %, 0.8 % and 1 %. 

For all the studied concentrations, the evolution of the fraction of particles in trains with Rep is 
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similar: this fraction increases with Rep, reaches a maximum and then decreases (Fig. 4-8a). 

With increasing concentrations, the maximal value of the fraction of particles in trains increases 

too and is reached for lower Rep. It could be thus assumed that higher concentrations enhance 

particle self-assembly at small Rep, which is no more the case at higher Rep (around 2). 

Kahkeshani et al. (2016) also mentioned that at high concentrations, stable trains were no longer 

observed due to temporal fluctuations in interparticle spacing. 

The interparticle distance exponentially decreases while increasing Rep and turns out to be 

independent of the concentration, as illustrated in Fig. 4-8b. Nearly all the data obtained for 

different concentrations are well fitted by an exponential function (dashed line in Fig. 4-8b). 

However, a few points obtained for the highest concentrations, i.e., Φ = 0.8 % and Φ = 1 %, are 

located below the fitting line. The number of particles per unit length, or length fraction, λ = Φ 

(H2/πdp
3) was calculated to quantify the proximity between particles in the suspensions. If λ > 

4/l, where 4 is the number of equilibrium positions in square channels, steric crowding effects, 

as defined by Di Carlo (2009), appear. Under the present experimental conditions, λ > 4/l is 

verified for Rep < 1 when Φ = 0.8 % and for Rep < 3 when Φ = 1 %. In that case, the interparticle 

distance decreases so that all particles can take place on one of the four equilibrium positions. 

This is confirmed by the experimental data presented in Fig. 4-8b. The diamond symbols 

representing Φ = 0.8 % are located below the fitting line at Rep = 0.33 and 0.66; the same 

phenomenon for Φ = 1 % represented by five-pointed star symbols at Rep = 0.33, 0.66 and 1.32. 

As long as the crowding limit is not reached, the interparticle distance is found to be 

independent of the concentration. Humphry et al. (2010) also found that the interparticle 

distance does not depend strongly on the volume fraction in rectangular microchannels. 

However, whenever the crowding limit was reached, he observed the formation of a parallel 

additional train neighboring the first one that was located at the equilibrium position. It would 

have been interesting to increase even more the particle concentration in the present 

experiments to check if such multiple parallel trains also appear in square channel. But this was 

not possible due to clogging problems. 
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4.2.5 Particle trains in rectangular channels: preliminary results 

Different from the particle trains in circular and square channel flows (Matas et al. 2004a; Di 

Carlo et al. 2007), the particle trains in rectangular microchannel flows show an alternating 

pattern, i.e., the particles are ordered into the same streamline along one side of the channel or 

arranged into arrays alternated from one side of the channel to the other (Edd et al. 2008). Note 

that the selection of particle focusing position is intrinsically a random event which leads to 

diverse patterns in the organized structure (Lee et al. 2010). 

A preliminary study was carried out in this work using rectangular channels with a high aspect 

ratio (~ 10, i.e., 50 µm × 500 µm) to observe this phenomenon. The flow in such a channel can 

be considered as a 2D planar Poiseuille flow, where the inertial focusing positions are the two 

plane layers parallel to the two large faces of the channel (Asmolov 1999). Fig. 4-9 shows the 

particle trains observed in our rectangular channel. Both in-focus particles (i.e., ones with well-

defined contours) and out-of-focus particles (i.e., ones with blurred contours) are visible in a 

same train, suggesting that they are aligned alternatively at the two side of the channel. 

 

Fig. 4-9 Staggered particle trains in rectangular channels. 

This alternating pattern occurs when the confinement is high enough to create, in the 

surrounding of the particle, two zones of reversing streamlines located in the upper side and in 

the lower side of the channel as suggested by Humphry et al. (2010) (cf. Fig. 4-10). In this 

configuration, particles can be trapped in either of these reversing streamlines zones. 
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Fig. 4-10 Streamlines around an isolated particle computed using lattice Boltzmann simulations. The 

solid and dotted circles suggest positions of adjacent particles. (reprinted from (Humphry et al. 2010).) 

In rectangular channels with high aspect ratio, the inertial equilibrium positions are planes 

rather than lines as indicated before. This might explain several other observations in Fig. 4-9: 

- Some parallel particle trains coexist, which is consistent with observation of parallel rows 

in rectangular channels by Humphry et al. (2010). He suggested that the number of rows 

depends on the particle volume fraction. 

- Long trains can be inclined of a small angle relative to the main flow direction, which is 

consistent with the results of Matas et al. (2004a) in a cylindrical channel. 

- The so called “tree-shape trains” (Fig. 4-9b) with several branches linked together were 

observed, suggesting that a single particle can lead several lagging ones. 

The fraction of particles in trains has been evaluated as a function of Re and is shown in Fig. 

4-11. This fraction increases with increasing Re, similar to the evolution in the square channel. 

Even at a low concentration Φ = 0.01 %, the percentage of the particles in trains can reach up 

to more than 80 %, which is higher than the value obtained at the same volume fraction and the 

same distance from channel inlet in a square channel. This augmentation is considered to be 

related to the higher confinement of the rectangular cross section. The high aspect ratio 

rectangular shape and its wide equilibrium position could also play a role. More investigations 

are needed to clarify this observation. Besides, the presence of long particle trains (more than 

30 particles in a single train) in rectangular channel can also be a reason for the high particle 

volume fraction in trains. 
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Fig. 4-11 Fraction of particles in trains ψ as a function of Reynolds number for z/H = 1,000 and Φ = 

0.01 %. 

The normalized interparticle distance, l/dp, is found to be around 3.38 for Re equal to 4, 8 and 

12. No interparticle distance could be evaluated in the present experiments for lower Reynolds 

due to the small number of trains. 

These preliminary results show similarities and differences between square and rectangular 

channels. A complete statistical study is necessary for a better understanding of these 

observations. 

4.3 Dynamics of particle self-ordering 

To better understand the dynamics of particle self-ordering in square channels, trains are 

observed at different distances from the channel inlet. The fraction of particles in trains ψ and 

the normalized interparticle distance l/dp are presented as a function of the normalized 

downstream distance from channel inlet z/H in Fig. 4-12 for dp/H = 0.11, Φ = 0.1 % and different 

particle Reynolds numbers Rep. Long channels (60 cm long) are used at low Reynolds number 

(Rep = 0.07) in order to allow particles to get closer to their focusing position (channel 

centerline), medium channels (30 cm) and short channels (10 cm) are used for Rep = 0.13 and 

Rep = 0.33 and 1.32, respectively, to limit pressure losses. 
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Fig. 4-12 (a) Fraction of particles in trains ψ and (b) normalized interparticle distance l/dp as a function 

of normalized distance from channel inlet for dp/H = 0.11, Φ = 0.1 % and different particle Reynolds 

numbers Rep. 

The fraction of particles in trains increases when moving downstream in the channel, indicating 

that trains form progressively. None of the obtained curves seems to have reached a stable level, 

indicating that particles certainly still join the existing trains or form new ones even far from 

the channel inlet (z/H = 7,125 for low Rep and z/H = 1,000 for high Rep). This suggests that train 

formation is a slow phenomenon and that sufficiently long channels are needed to reach a 

constant fraction of particles in trains. Interparticle distance nevertheless becomes rapidly 

nearly constant along the channel, but its value depends on the value of Rep. On the contrary, 

Lee et al. (2010) observed that the interparticle spacing continuously increased further 

downstream. 
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Since particles are “simultaneously” laterally focused and longitudinally ordered in trains while 

travelling downstream in the channel, it seems important to investigate the relationship between 

these two phenomena. Probability Density Functions (PDFs) of particles detected in the focal 

plane (bold red lines) and in the whole channel (dotted blue lines) are presented in Fig. 4-13 

versus the normalized transverse direction x/H at y/H = 0.5, for the same experimental 

conditions than the ones described in Fig. 4-12. Schematics of particle distributions in the cross 

section are also proposed (deduced from other PDFs obtained at different heights y/H and not 

presented in this work). 

 

Fig. 4-13 PDFs of particles at y/H = 0.5 (midplane), Φ = 0.1 %, for different Rep and z/H. Bold red 

lines correspond to particles in the focal plane and dotted blue ones to particles present in the whole 

section. Schematics of the particle distributions are proposed at the bottom of the figures. 

At Rep = 0.07, z/H = 7,125, particles are found in the channel center and in an annulus close to 

the wall indicating the co-existence of the two regimes of migration, at low (towards the channel 

centerline) and moderate Re (towards 4 equilibrium positions near the centers of the channel 

faces). At Rep = 0.13, z/H = 3,375 and Rep = 0.33, z/H = 250, particles are concentrated in an 

annulus close to the channel wall indicating that they are in the first stage (lateral migration) of 

the moderate Re migration regime. At Rep = 0.33, z/H = 500 and z/H = 1,000, it is apparent that 

all the particles have focused along the channel perimeter, according to the first stage of the 

migration process, but not all of them have reached the final four attractors centered at the each 

channel face. On the contrary, at Rep = 1.32 and z/H = 1,000, the two stages of the migration 

are fully completed. However, the trendline of train formation for this case in Fig. 4-12 still 
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increases, which seems to show that the longitudinal ordering process is slower, or starts later, 

than the lateral migration process. 

Another important question concerns the starting point of the self-assembly process: does this 

process start during the lateral migration of the particles or only when these particles are focused 

on their final equilibrium positions? 

Particles centers superposed over a set of 2,000 images are shown in Fig. 4-14, for focal plane 

located at different vertical heights (y/H). y/H = 0.5 corresponds to the channel midplane and 

y/H = 0.15 to the one close to the bottom wall at Rep = 0.13 and z/H = 3,375. For each height, 

the particles in trains are also identified and shown separately. The numbers of particles in the 

focal plane and in trains are also presented by histograms. 

 

Fig. 4-14 Numbers of particles in trains at different vertical heights (y/H = 0.15, 0.3 and 0.5) at Rep = 

0.13 and Rep = 1.32 for dp/H = 0.11, Φ = 0.1 %. 

At y/H = 0.5, particles in the focal plane are mostly located near the front and the back channel 

walls while at y/H = 0.15, they occupy all the layer confirming that in this configuration (Rep = 

0.13 and z/H = 3,375), particles are concentrated in an annulus close to the channel perimeter. 

In the same time, particles in trains are found to be located near the front and the back walls in 

the channel midplane (y/H = 0.5) but only near the center of the channel in the plane close to 

the bottom wall (y/H = 0.15). Even if all the particles are focused on a ring, particles in trains 

are only located at the four final equilibrium positions near the center of the channel faces. 

Similar results have been obtained for other Rep and z/H, even near the channel inlet. Trains are 

thus found to be located only at the particle final equilibrium positions, indicating that the self-
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assembly process concerns only particles which have completed their lateral migration. 

4.4 Summary 

In this chapter, the formation of particle trains in square microchannels has been experimentally 

studied. A statistical analysis of a large number of train images, recorded and post-processed 

for various flow conditions and at various positions in the channel, has permitted to identify 

important relations between the trains' structure (fraction of particles in trains and interparticule 

distance) and some flow conditions such as the particle Reynolds number and the particle 

concentration. We have shown in particular that: 

- High fractions of particles in trains can be reached in some flow configurations (up to 80 % 

in the presently studied conditions); 

- Increasing the particle Reynolds number Rep, firstly favors the trains' formation, but leads 

to a diminution of the percentage of particles organized in trains over an optimal value of Rep. 

With increasing concentrations, the maximal value of the fraction of particles in trains increases 

too and is reached for lower Rep; 

- The distance between consecutive particle surfaces decreases when Rep increases, 

independently of the particle concentration. However, if the concentration exceeds a threshold 

value linked to the flow confinement (and defined as the crowding limit), the interparticle 

distance tends to decrease in relation with the concentration augmentation; 

- The train formation process only starts when the particles have reached their equilibrium 

position, located near the center of each channel face.
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Chapter 5. Migration in Bidisperse Suspension: 
Preliminary Results 

As seen in Chapter 2, particles flowing in microchannels at moderate Reynolds numbers 

laterally migrate due to inertia. Moreover, particles of different sizes show different migration 

behaviors: small particles laterally migrate more slowly than large ones, thus taking a longer 

distance to focus to the equilibrium positions close to the channel walls. Taking advantage of 

these differences in behaviors can allow particle separation and sorting, as demonstrated by 

Bhagat et al. (2008b), Mach and Di Carlo (2010), Zhou et al. (2013a), Gossett et al. (2012), 

Masaeli et al. (2012), Hur et al. (2011b) or Seo et al. (2007), who have all developed prototypes 

to separate polydisperse particles based on inertial microfluidic. 

As seen in Fig. 4-3, particles flowing in microchannels also self-assemble to form trains during 

inertial migration. Although the train formation has also been reported by some authors in 

monodisperse suspensions, few investigations have been carried out on the trains in 

polydisperse suspensions. This seems nevertheless crucial to check if mixed trains are formed 

and how such trains could affect the sorting process. 

In this chapter, we seek to investigate the effect of bidispersity on inertial focusing. More 

specifically, the suspension is presented firstly: a mixture of 8.7-µm and 5.3-µm particles is 

adopted to address this study. Then in the second part, the effect of bidispersity on the lateral 

migration is discussed. Finally, the longitudinal ordering of particles in bidisperse suspensions 

is presented. The lateral migration and the longitudinal ordering are studied thanks to the 

experimental setups presented in the preceding chapters. The results are compared with those 

obtained from monodisperse suspensions to reveal the effect of bidispersity. These are however 

only preliminary experiments aiming at discovering the trends and preparing a broader 

measurement campaign. 
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5.1 Suspension 

In order to investigate the migration behavior of bidisperse particles, we used a mixture of two 

particles that have been well studied in monodisperse suspensions: the ones of diameter dp = 

5.3 μm and 8.7 μm. The volume fraction of 8.7-µm particles in the bidisperse suspension is Φ 

= 0.05 % and that of 5.3 µm diameter particles is Φ = 0.01 %. These concentrations were chosen 

to ensure the same particle number of each particle in a given volume, and also the same particle 

number (small and large particles) in the monodisperse suspensions discussed in this chapter. 

Besides, a hemocytometer was used to count the different particles in a sample of the suspension 

and verify their concentrations. 

Fig. 5-1 shows a typical brightfield image of such a bidisperse suspension at rest. The particles 

of two different sizes can be easily visually distinguished. 

 

Fig. 5-1 Microscopic observation (50 ×) of a mixture of 5.3-µm and 8.7-µm particles. 

5.2 Lateral migration 

The particle mixture was studied in an 80 µm × 80 µm microchannel using the in situ 
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vizualisation method described in Section 2.2, in the range of Re from 5.6 to 210, at the constant 

longitudinal position z/H = 1,000 and at seven vertical positions, i.e., y/H = 0.125, 0.25, 0.375, 

0.5, 0.625, and 0.875. The post-processing procedure for identifying the two type particles and 

the in-focus particles is described in section 2.2. A typical post-processed image is shown in 

Fig. 5-2. The 8.7-µm particles and the 5.3-µm particles are respectively surrounded by blue and 

red circles. The in-focus and out-of-focus particles are marked respectively by bold and thin 

circles. This image was captured at channel entry length z/H = 1,000 and at the channel 

midplane y/H = 0.5, for Re = 5.6. 

 

Fig. 5-2 Particle identification in the bidisperse suspension (Re = 5.6). 8.7-µm and 5.3-µm particles 

are surrounded by blue and red circles, respectively, and the in-focus and out-of-focus particles by bold 

and thin circles, respectively. 

Again, 2,000 images have been taken at each position and the statistical spatial distributions of 

both particles summarized from the 2,000 images are presented by PDFs. 

The lateral migration is presented in the first section and the longitudinal ordering will be 

presented in the next section. 

5.2.1 Particle distribution 

Fig. 5-3 displays the post-processed image of the overall identified in-focus particles (i.e., the 

stack of the 2,000 images) at different vertical positions for Re = 5.6 and 112, in order to have 

a global overview of the particle distribution. The centers of 5.3-µm particles and the 8.7-µm 

particles are marked respectively by red and blue crosses. 
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Fig. 5-3 Overall particle distributions at different vertical positions at Re = 5.6 and 112. 

Firstly, the red and blue crosses are distributed in a similar way (close to the channel walls, 

either near the channel wall centerline, or uniformly distributed), indicating that the migration 

behaviors of the 5.3-µm and 8.7-µm particles are similar. 

Secondly, at Re = 5.6 which is a relatively small Reynolds number, the 8.7-µm particles are 

focused near the channel walls and form a square annulus, indicating that the first stage of the 

inertial focusing (the lateral migration) is fully developed. In the image corresponding to Re = 

5.6 and y/H = 0.5, however, red crosses are still observed in the central part of the channel, 

indicating that the 5.3-µm particles are less focused than the 8.7-µm ones in this condition. At 

Re = 112, both small and large particles are found near the four centerlines of the channel walls. 

This indicates that the cross-lateral migration is in progress. These observations are consistent 

with the conclusion obtained at moderate Reynolds number for monodisperse particles: 

- Particles undergo a two-stage inertial focusing including a lateral migration and a cross-

lateral migration. 

- The Reynolds number enhances the migration process: at a given distance from channel 

inlet, the higher the Reynolds number is, the more developed is the migration. 
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To better see if there is a difference in the focusing behaviors of the same particles when they 

are mixed in a bidispersed suspension or in a monodisperse suspension, the PDFs are separately 

calculated for the two types of particles at Re = 5.6, 10, 28 and 112, and are shown in Fig. 5-4. 

 

 

Fig. 5-4 Particle distributions (PDFs) of bidisperse 8.7-µm (blue) and 5.3-µm (red) particles as a 

function of Re, at different y/H positions and at z/H = 1,000. 

These PDFs confirm the observations outlined in Fig. 5-3 concerning the focusing degree for 
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the two types of particles, the two-stage process and the influence of Reynolds number. 

Moreover, these PDFs are very similar to those obtained with the 8.7-µm and 5.3-µm particles 

in monodisperse suspensions as shown in Fig. 3-5 and Fig. 3-6. The shapes of the PDFs are 

identical and the peak heights are very close. These very small differences in the heights of the 

PDFs could be linked to the reduction of the individual volume fractions Φ from 0.1 % to 0.05 % 

for the 8.7-µm particles and from 0.02 % to 0.01 % for the 5.3-µm ones. 

From these PDFs we can conclude that no influence of the bidispersity on the migration 

behaviors of the two types of particles is evidenced in the investigated experimental conditions. 

5.2.2 Equilibrium position localization 

The lateral localization of the equilibrium positions (Xeq) in the channel cross section has been 

measured for both 5.3-µm and 8.7-µm particles using the method described in section 3.1.4. 

Fig. 5-5 displays the evolutions of Xeq as a function of Re, for the 8.7-µm particles (dp/H = 0.11, 

represented by blue squares) and the 5.3-µm particles (dp/H = 0.066, represented by red 

triangles) in a bidisperse suspension. The results for the two same-sized particles in 

monodisperse suspensions are reprinted from Fig. 3-8 by the hollow symbols. 

 

Fig. 5-5 Xeq (normalized distance between the equilibrium position and the channel wall) as a 

function of Re, for bidisperse and monodisperse 8.7-µm and 5.3-µm particles. 

The observations are again consistent with the conclusions made in the cases of monodisperse 
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suspensions: 

- Xeq decreases with Re for both particle sizes, indicating that the equilibrium positions get 

closer to the walls with increasing Reynolds numbers. 

- Xeq for the 8.7-µm particles (dp/H = 0.11) are slightly greater than that for the 5.3-µm ones, 

indicating that the small particles migrate closer to the channel walls than the large ones. 

It can be concluded from these evolutions, that the bidispersity does not seem to influence the 

equilibrium positions of the two types of particles in the used experimental conditions. 

The difference between the localizations of the equilibrium positions of the large and the small 

particles is extremely small (~ 0.5 µm) in the case studied here. It seems thus difficult to use a 

difference in the particle equilibrium positions to separate these two types of particles. An added 

system that amplifies this difference could be a solution. Since particles of different sizes do 

not have the same migration velocity, i.e., their inertial focusing are differently developed at a 

given distance from channel inlet, the kinetic separation could be possible. 

5.2.3 Outermost edge of particle distribution 

The normalized distance between the outermost edge of the particle clusters and the channel 

center, i.e., Xout, is plotted in Fig. 5-6 as a function of Re for the 8.7-µm particles and 5.3-µm 

particles in bidisperse suspension, and compared to the results obtained in monodisperse 

suspensions. The evolutions of Xout in bidisperse and monodisperse suspensions are also similar: 

Xout increases with increasing Re and decreasing particle to channel size ratio. It also seems that, 

in the used experimental conditions, the bidispersity has a weak influence on the outermost 

edges of distributions of the two types of particles. 
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Fig. 5-6 Xout (normalized distance between the outmost edge and the channel centerline) as a function 

of Re, for bidisperse and monodisperse 8.7-µm and 5.3-µm particles. 

5.2.4 Focusing degree 

The quantification of the focusing degree as defined in section 3.1.6 has been perfomed here 

for both sizes of particles in bidisperse suspension and compared to the monodisperse one. The 

results are shown in Fig. 5-7, as a function of Re. 

 

Fig. 5-7 Focusing degree as a function of Re, for bidisperse 8.7-µm and 5.3-µm particles and 

monodisperse 8.7-µm particles. 

Similar evolutions are observed for Reynolds numbers smaller than 150. For Reynolds numbers 

larger than 150, the bidisperse results seem incoherent for both types of particles, which could 

be due to image quality problems. The images corresponding to the bidisperse particles were 
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not enough contrasted indeed and we suppose that the strong decay of the focusing degree might 

be due to a bad exposure time. These experiences will be repeated to confirm this assumption. 

No clear influence of the bidispersity on the migration process can be extracted from these 

results, even if it seems that, for Reynolds number less than 150, the blue squares corresponding 

to the large particles in bidisperse mixture is a bit higher than the purple circles corresponding 

to the same particle in a monodisperse suspension. Additional measurements have thus to be 

conducted to draw clearer conclusions on this point. 

5.3 Longitudinal ordering of bidisperse particles 

Fig. 5-8 illustrates the formation of trains of bidisperse particles, where the 8.7-µm (dp/H = 0.11) 

and 5.3-µm (dp/H = 0.066) particles are respectively encircled by blue and red squares. These 

two images are captured at the distance from the channel inlet z/H = 1,000 with the focus at the 

channel midplane (y/H = 0.5) at Re = 112. The upper image shows an in-focus bidisperse 

particle train located at the centerline of the channel front wall and the bottom one shows an 

out-of-focus bidisperse particle train formed at the centerline of the bottom wall. These two 

images confirm that linear chains of more or less uniformly spaced particles are formed like in 

monodisperse suspensions. In addition, they highlight that the trains can be mixed, i.e., particles 

of both sizes can be self-assembled in a same train. The objective of this section is to investigate 

how the bidispersity affects the fraction of particles in trains, the sequential ordering of trains 

and the interparticle distance. 

 

Fig. 5-8 Particle trains are identified at the centers of the channel front wall and of the channel bottom 

wall (Re = 112, z/H = 1,000, y/H = 0.5). The 8.7-µm and 5.3-µm particles are encircled by blue and red 

squares, respectively. 
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5.3.1 Fraction of particles in trains 

Three fractions of particles in trains are considered and their evolutions are studied as a function 

of Re, as shown in Fig. 5-9. The blue solid squares represent the fraction of 8.7-µm particles in 

trains over all the 8.7-µm particles, the red solid triangles represent the fraction of 5.3-µm 

particles in trains over all the 5.3-µm particles, and the black solid circles represent the fraction 

of all particles in trains over all the particles in the suspensions. The results are compared to 

those of two monodisperse suspensions: the monodisperse suspension of 8.7-µm particle with 

Φ = 0.1 % and the monodisperse suspension of 5.3-µm particle with Φ = 0.02 %. Considering 

that the bidisperse particle volume fraction Φ is 0.05 % and 0.01 % for 8.7-µm and 5.3-µm 

particles, respectively, the same number of each type of particles is ensured in a given volume 

of suspension. Results for the two monodisperse suspensions are reprinted from the inset of Fig. 

4-5a and are represented by the hollow markers and the non-solid lines as the corresponding 

fitting curves. 

 

Fig. 5-9 Fraction of particles in trains as a function of Re, for bidisperse and monodisperse 8.7-µm 

and 5.3-µm particles. 

The blue solid squares are always higher than the red solid triangles as expected, showing that 

in bidisperse particle suspensions, the large particles are more capable of forming trains than 

the small ones. This is similar to the results obtained for monodisperse suspensions as discussed 

in section 4.2.2. 
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When Re is smaller than 150, the fraction of 8.7-µm particles in trains is higher than that in 

monodisperse suspension. The same phenomenon is seen for the 5.3-µm particles even with a 

greater enhancement on the bidisperse curve with respect to the monodisperse one. We can thus 

conclude that the bidispersity enhances the formation of trains for both particle sizes but more 

strongly for the small ones. The enhancement of train formation of both sizes of particles could 

be linked to the enhancement of the migration process since the formation of trains is 

constrained by the presence of the particles on their equilibrium positions. The more developed 

is the migration, the more particles are on their equilibrium positions, the more trains can form. 

However, this assumption has to be confirmed by additional experimental investigation on the 

focusing degree of particles in bidisperse suspensions, as no clear conclusion could be drawn 

on the preliminary and partial results presented in section 5.2.4. 

The fact that the formation of trains is more enhanced for the small particles than for the large 

ones suggests that the presence of large particles promotes the self-assembling of small ones. 

This could be explained by the larger reversing streamline zones generated by the large particles 

that might more easily slow down and capture particles. 

The curves for both sizes of particles in bidisperse suspensions reach their maxima around Re 

= 112 whereas those for the 8.7-µm and 5.3-µm particles in monodisperse suspensions reach 

their maxima at Re around 154 and 210, respectively. Furthermore, for Reynolds numbers 

higher than 112, the fractions of particles in trains for both sizes of particles in bidisperse 

suspension decrease in the same manner and more acutely than in monodisperse suspension. 

We can thus conclude that the bidispersity affects the longitudinal self-ordering process in 

enhancing and accelerating the train formation during the lateral migration process and in 

enhancing the reduction of trains for higher Reynolds numbers. 

The fraction of particles in trains as a function of Rep is presented in Fig. 5-10. For monodisperse 

particles, the train formation is controlled by Rep, since the two dashed curves collapse quite 

well to a single curve (see section 4.2.1 for detailed discussion). The data overlap disappers 

showing that in bidisperse suspension, Rep is no more a scaling factor. 
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Moreover, at Rep < 0.5, the fraction of particles in trains for 5.3-µm particles is always higher 

than that for the 8.7-µm particles, confirming that the effect of dispersity on train formation 

(enhancement) is stronger on the small particles than on the large ones. 

  

Fig. 5-10 Fraction of particles in trains as a function of Rep, for bidisperse and monodisperse particles 

and monodisperse 8.7-µm and 5.3-µm particles. 

5.3.2 Sequential ordering 

We have observed in Fig. 5-8 that the trains are composed of both particles. In fact, there are 

three types of particle trains in the suspension: some composed solely of 8.7-µm particles, some 

composed solely of 5.3-µm particles and the others composed of mixed particles. Moreover, 

mixed trains show a sequential ordering: most of them begin with large particles and end with 

small ones, as illustrated in Fig. 5-11. Note that the large particles in the image are not exactly 

of the same size, because our 8.7-µm particles have a high standard deviation (~ 0.89 µm). 
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Fig. 5-11 Examples of bidisperse particle trains, often beginning with a large particle and ending with 

a small one. (Re = 112) 

A statistical analysis has been carried out to extract the fraction of trains beginning with large 

particles and the fraction of trains ending with small particles. The results for different Re are 

shown in Fig. 5-12. 

 

Fig. 5-12 Fraction of trains beginning with large particles and the fraction of trains ending with small 

particles as a function of Re. 

Over 80 % of the particle trains begin with the large particles in the studied range of Re, and 

this fraction is even up to 94.48 % at Re = 56. This might be due to the big reversing streamline 

region created by the large particles, which makes it easier to slow down a following particle, 

and to capture it to form a particle pair. The fraction of trains ending with small particles is over 

60 % at a relative high flow rate (Re > 30). This could be explained by the fact that small 

particles with small inertia are much easily slowed down and then captured by the leading 
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particle. 

The percentage of trains ending with a small particle is low at small Re: it is less than 40 % for 

Reynolds numbers smaller than 28. As small particles need a higher distance from channel inlet 

to reach their equilibrium position, it is evident that fewer small particles than large particle are 

present on the four equilibrium positions for small Reynolds numbers and thus fewer small 

particles can be caught in trains. 

Finally, both the percentages of trains with large particle at the head and small particle at the 

end drop from Re ~ 112, indicating that the train ordering is less regular. This might be linked 

to the decrease of the fraction of particles in trains at the same Re ~ 112 (Fig. 5-9). It seems that 

above a critical Reynolds number, particle flows become less ordered with fewer particles on 

their equilibrium positions, fewer particles in trains and more irregular trains. 

5.3.3 Interparticle spacing 

The interparticle spacing taken into account in this section is the distance between two adjacent 

particles whatever their sizes. Fig. 5-13 shows the interparticle spacing in the bidisperse particle 

suspension (black solid circles) as a function of Re. Blue open squares and red open triangles 

are reprinted from Fig. 4-5b, corresponding respectively to the 8.7-µm and 5.3-µm 

monodisperse particles. 

The evolution of the interparticle spacing in the case of bidisperse particles is similar to those 

of the interparticle spacing in the case of monodisperse particles. It is however slightly smaller 

for all the studied Reynolds numbers. 
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Fig. 5-13 Mean interparticle spacing for bidisperse particles as a function of Re, compared to the 

interparticle spacings for 8.7-µm and 5.3-µm monodisperse particles. 

To better understand this intriguing phenomenon, we examined the distance between the 

different particles forming a train in several given mixed trains. Fig. 5-14 illustrates the 

measurement of the distance between two 8.7-µm particles (blue square), that between two 5.3-

µm particles (red triangle), and that between two particles of different sizes (black solid circle) 

in a mixed train taken for example. These distances are compared to the mean interparticle 

distances for 8.7-µm monodisperse particle trains and 5.3-µm monodisperse particle trains, 

under the same flow conditions (Re = 210). 

 

 



Migration in Bidisperse Suspension: Preliminary Results 

130 

 

 

Fig. 5-14 Distance between two 8.7-µm particles (blue square), that between two 5.3-µm particles (red 

triangle), and that between the two particles of different sizes (black spot) in a mixed bidisperse particle 

train. (Re = 210) Dotted lines correspond to the interparticle distances observed in a monodisperse 

suspension of 5.3-µm particles (red line) and 8.7-µm particles (blue line). The black solid line gives the 

average interparticle distance in the bidisperse suspension. 

We find that the interparticle distances for 8.7-µm particles either in monodisperse or in 

bidisperse suspensions are very close. The two distances for 5.3-µm particles in bidisperse 

suspension seen on this example are very different: l5 located between the last two particles is 

very close to that in monodisperse suspension but l4 located between two particles in the center 

of the train is smaller than it. This suggests that the location of particles inside a train impact 

their interparticle distance. Finally, the distance between two particles of different sizes are 

much smaller than the two monodisperse interparticle distances. The reason for this small 

distance between particles of different sizes is still elusive. 

5.4 Summary 

A preliminary empirical study has been carried out to characterize the effect of bidispersity on 

the inertial focusing behavior. 8.7-µm (Φ = 0.05 %) and 5.3-µm particles (Φ = 0.01 %) were 

mixed in a diluted suspension to ensure the same number of each particles in a given volume. 
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We found that the dispersity seems to have little effect on the particle migration at such a low 

concentration and in the studied range of Reynolds numbers: 

- The equilibrium positions are identical in both bidisperse and monodisperse suspensions; 

- Even if the focusing degree seemed to be slightly modified by the bidispersity in the few 

experiments that were performed, no clear conclusion can be drawn yet on the influence of this 

parameter on the migration process. 

In contrast, we also found that the bidispersity seems to have a consequent impact on the 

longitudinal self-ordering of particles in the studied range of Reynolds numbers: 

- Trains are composed either only of large particles, either only of small particles, or of both 

types of particles. The mixed trains frequently begin with a large particle and end with a small 

one; 

- The formation of trains for particles of both sizes is enhanced and accelerated in bidisperse 

suspensions; 

- The mean interparticle spacing is smaller in bidisperse suspensions. Further studies have 

to be conducted to confirm these preliminary observations and extend them to other sizes of 

particles and other experimental conditions. 

Taking into account these conclusions, equilibrium separation of a mixture of 8.7-µm and 5.3-

µm particles seems difficult to implement in a straight channel. Since particles migrate at 

moderate Reynolds numbers to very close equilibrium positions and form mixed trains, the 

separation is compromised once the particles are on their equilibrium position. However, kinetic 

separation could still be possible as large particles reach the four equilibrium position faster 

than the small ones and could thus be extracted firstly.
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Conclusions & Perspectives 

Conclusions 

The main goal of the present thesis was to experimentally investigate the inertial focusing of 

spherical particles flowing in square straight microchannels. 

Following a bibliographical study, mainly delving into the fundamental dynamics of the inertial 

migration and the different parameters that may influence the inertial migration, and a 

presentation of the experimental setups and data processing procedures used in this study, the 

essential of this thesis work has been presented in three main parts, concerning the inertial 

migration in monodisperse suspensions, the particle alignment, and the migration in bidisperse 

suspensions. The major conclusions are as follows: 

• An in situ experimental setup based on classical microscopy has been developed to 

visualize the suspensions at different heights inside the microchannels and different 

distances from channel inlet. An in-house image analysis Matlab code has been 

developed to give access to the cross-sectional particle distributions all along the 

channel and next, to the inertial focusing evolution. The particle distributions in the 

channel cross section have also been confirmed using the particle projection method. 

Influences of Reynolds number, channel length, particle concentration and particle to 

channel size ratio on particle focusing have been studied in a wide range of Re (from 

0.07 to 280). 

• Three regimes of migration were observed in the flow conditions studied in this work, 

depending on the flow inertia. 

o At low flow inertia (Re < 1 in our experimental conditions), particles migrate 

towards the channel centerline. This migration, which had never been reported 

in the literature, is very slow and long channels are needed for particles to reach 

the equilibrium positions. 
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o At moderate flow inertia (10 < Re < 280 in our experimental conditions), 

particles migrate toward the centerlines of the channel faces within a two-stage 

process. Particles first migrate in the lateral direction to form an annulus parallel 

to the channel perimeter and then move cross-laterally parallel to the walls 

toward the four equilibrium positions near the center of each channel face. The 

second stage takes place only when the first one is fully developed, and is 

favored by larger Re, longer channels, and larger particle to channel size ratios. 

o For Reynolds numbers ranging from 1 to 10, both regimes of migration coexist. 

Increasing the particle to channel size or the particle volume fraction shifts the 

transition between the two migration regimes towards higher Reynolds numbers. 

• The longitudinal self-ordering of particles in flows of monodisperse suspensions has 

been studied through a statistical analysis of a large number of train images. The train 

formation process only starts when the particles have reached their equilibrium positions 

located near the centerline of each face. Fractions of particles in trains of up to 80 % 

can be reached in some flow configurations. Increasing the particle Reynolds number 

Rep, firstly favours the train formation, but leads to a diminution of the percentage of 

particles organized in trains over an optimal value of Rep. Higher concentrations lead to 

a higher maximal value of this fraction and a smaller optimal value of Rep. The distance 

between consecutive particle surfaces decreases when Rep increases, independently of 

the particle concentration. However, if the concentration exceeds a threshold value 

linked to the flow confinement, the interparticle distance tends to decrease in relation 

with the concentration augmentation. 

• Preliminary results of the effect of bidispersity on the inertial focusing have been 

obtained. Both lateral migration and longitudinal ordering have been studied using the 

in situ visualization method, in a range of Re from 5.6 to 210. The bidispersity is found 

to have little effect on the particle migration in the studied flow conditions, but it is 

found to favour acutely the train formation process. Moreover the observed trains were, 
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for a large majority, mixed trains, frequently beginning with a large particle and ending 

with a small one. The formation of trains for particles of both sizes is enhanced and 

accelerated in the bidisperse suspensions. 

Perspectives 

The long time goal of this project is to predict the trajectories of microorganisms flowing in 

microchannels. Several tasks with increasing complexity have been identified to reach this 

objective. In the present thesis, inertial focusing of rigid spheres in monodisperse dilute 

suspension has been studied. The trajectories of non-spherical particles, deformable ones and 

even selected microorganisms, in dilute and moderately concentrated suspensions will be 

addressed in the forthcoming works. 

In a shorter term, the promising perspectives that could be developed in future works are the 

following: 

• It has been reported in the literature that particles tend also to migrate to the four corners 

of square channels, in addition to the four existing equilibrium lines near the face centers, 

when the Reynolds number Re is greater than 260. This could be a possible explanation 

of the unexpected behavior that we observed in our experiments at Re = 280 (cf. section 

3.1.6). Additional experiments in a higher range of Reynolds numbers would be 

necessary to confirm the existence of this migration regime and to identify the transition 

limits between the different regimes. 

• The number of particles in trains and the robustness of the trains formed during 

monodisperse inertial focusing are still unstudied. These parameters however can affect 

separation processes and should thus be investigated. 

• The train formation in rectangular channels has only been preliminarily studied in this 

thesis. Future works could be carried out with different aspect ratios to reveal the 

influence of this parameter. 
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• The experiments conducted with bidisperse suspensions should be repeated to confirm 

the obtained results and extend them to a higher range of Reynolds numbers, various 

particle concentrations and different confinements. 
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Résumé 

Cette thèse a pour objectif de mieux comprendre les mécanismes physiques qui contrôlent les 

trajectoires de particules dans des écoulements confinés, afin d’en améliorer la prédiction. Nous 

avons dans un premier temps développé des outils expérimentaux basés sur la microscopie et 

le traitement d’images afin d’analyser les positions de particules en écoulement confiné dans 

des microcanaux de section carrée. Ces outils ont ensuite permis l’obtention de résultats 

originaux sur la migration latérale de particules sphériques dans des écoulements faiblement 

inertiels. Nous avons montré en particulier que les particules migrent au centre du canal à faible 

nombre de Reynolds et à proximité du centre de chaque face à Reynolds plus élevé et que ces 

deux régimes co-existent pour des Reynolds intermédiaires. Parallèlement à leur migration 

latérale, les particules en écoulement confiné peuvent s’espacer régulièrement sous certaines 

conditions pour former des trains. Ce travail a donc consisté à mener une étude statistique pour 

quantifier et localiser la formation des trains. Il a été montré que la formation des trains était 

contrôlée par la configuration de l’écoulement dans le sillage des particules et que leurs 

caractéristiques, i.e., le pourcentage de particules en trains et la distance interparticulaire, 

étaient fonction du nombre de Reynolds particulaire. Enfin, des résultats préliminaires sur le 

cas d’écoulements bi-disperses ont été obtenus. Pour terminer, les perspectives et 

développements futurs de ce travail sont dégagés. 

Mots clés: 

focalisation inertielle; microfluidique; interaction hydrodynamique; suspensions; microscopie 
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