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Résumé

Transport et auto-assemblage de gouttes dans des systémes
microfluidiques

Résumé

Les propriétés d’'un matériau sont fortement liées a ’organisation de la matiere qui
le constitue. Notre approche consiste a développer une nouvelle méthode de synthese de
briques élémentaires de la matiére constituées d’assemblage de colloides a haut débit en
utilisant la technologie microfluidique et a en comprendre la physique associée. Apres une
exploration des différentes techniques disponibles permettant la création d’assemblage de
gouttes, nous avons choisi de concentrer notre étude sur un mécanisme d’assemblage piloté
par les interactions dipolaires entre gouttes. Nous démontrons la possibilité de former les
assemblages de gouttes (ayant des interactions adhésives entre elles) grace a 'utilisation
conjointe d’une jonction en T et d’un dispositif d’émulsification & marche (step emulsifi-
cation). Nous observons une grande variété de configurations stationnaires ou oscillantes.
Nous explorons l'influence des parametres physicochimiques et hydrodynamiques sur le
mécanisme d’assemblage. Enfin, nous montrons la possibilité de jouer sur la taille des
gouttes et leur composition chimique pour obtenir des assemblages complexes anisotropes
par cette technique. Ces briques élémentaires ouvrent une nouvelle voie pour la synthese
de matériaux microtexturés a 1’échelle colloidale.

Mots-clés

assemblage colloidal, molécule colloidale, microfluidique, intéraction dipolaire, auto-
assemblage.



Transport and self-assembly of droplets in microfluidic de-
vices

Abstract

The material’s behaviors are strongly related to the spatial arrangement of their fun-
damental building blocks. In this Ph.D. work, we aim at developing a novel approach for
high-throughput colloidal clusters synthesis and understanding the related physics. After
having explored various different techniques to elaborate the cluster entities, we have cho-
sen to focus our study on a hydrodynamic-assisted assembly mechanism based on dipolar
interaction. Through the use of dedicated two-layer microfluidic devices and by decoupling
T-junction production and step emulsification, we demonstrate the direct assembling of
droplets into clusters (of the adhesive emulsions). A rich variety of configurations, either
stationary or oscillatory are observed. We have investigated the effect of the hydrodynam-
ics as well as the physicochemical conditions on the clustering process. Moreover, more
complex clusters such as anisotropic ones have been successfully generated by integrating
some additional functionalities to our microfluidic chips. These features are potentially
interesting to access new microstructured colloidal materials.

Keywords

cluster, colloidal molecule, microfluidics, dipolar interaction, self-assembly.
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Chapter 1

Introduction

1.1 Colloidal assembly

1.1.1 General introduction

The material’s behaviors are strongly related to the spatial arrangement of their fun-
damental building blocks. From the aspect of scale, these building blocks comprise atoms,
molecules, macromolecules and colloidal particles.

Take carbon atoms for example, both diamond and graphite are made entirely out
of carbon. However, the way carbon atoms arranged in space is completely different for
these two materials. In a diamond, the carbon atoms are arranged tetrahedrally. Each
carbon atom is attached to four other carbon atoms, 15.44 nanometer away with a C-C-C
bond angle of 109.5°. It is a strong, rigid three-dimensional structure that results in an
infinite network of atoms. Because of its tetrahedral structure, diamond also shows a great
resistance to compression. The carbon atoms in graphite are also arranged in an infinite
array, but they are layered. These atoms have two types of interactions with one another.
In the first, each carbon atom is bonded to three other carbon atoms and arranged at the
corners of a network of regular hexagons with a 120° C-C-C bond angle. These planar
arrangements extend in two dimensions to form a horizontal, hexagonal array. In addition,
these planar arrays are held together by weaker forces known as stacking interactions.
Unlike diamond, graphite can be used as a lubricant or in pencils because the layers cleave
readily. The differing properties of carbon and diamond arise from their distinct crystal
structures.

Diamond Graphite

Brilliant, transparent, hard, rare Dull, opaque, soft, common

Figure 1.1: In diamond, the carbon atoms are arranged tetrahedrally and every carbon
atom is connected to four other carbon atoms. In contrast, the carbon atoms in graphite
are bound together mostly crosswise in sheets that lie on top of one another.

Colloidal spheres can be viewed as the mesoscopic counterparts of atoms. They are
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also capable of ordering into various arrangements. The assembly of colloidal spheres
could construct ‘supracolloidal structures’ over multiple length scales. The most studied
representative of assemblies is colloidal crystals. The organization in crystal-like struc-
ture could bring about collective material properties such as optical refraction, photonic
bandgaps and high surface-to-volume ratios [I]. The periodic replication of refractive in-
dex, density and porosity, applications of colloidal crystals include photonic[2] [3] [4] and
phononic material[5] [6] as well as macro porous material [7] [8].

Monodisperse nanometer and micrometer sized spheres in a suspension can sponta-
neously form close-packed colloidal crystal arrays if the free volume is restricted below a
certain level [9]. Figure shows an example of such regularly-spaced lattice of colloidal
crystal. The particles used in this study are made from silica spheres with the sizes rang-
ing from 390 nm to 1 pm. Using a method called isothermal heating evaporation induced
self-assembly (IHEISA), highly ordered silica colloidal crystal films are deposited on a
planar substrate without any limitations imposed by the size of silica spheres. Figure [I.2]
(a) -(d) shows cross-sectional scanning electron microscopy (SEM) images of the colloidal
crystal films formed by 635 nm, 850 nm, and 1 pm silica spheres. Silica colloidal crystal
films show a high degree of order. Figure[1.2] (e), (f) presents color photographs of several
silica colloidal crystal films deposited on a half-cut glass slide [10]. The colors arise from
light diffraction (opalescence) from the colloidal arrays, due to this long-range ordering of
the particles.

Figure 1.2: Representative SEM images of the cross sections of the silica colloidal crystal
films produced by IHEISA using (a) and (c) 635 nm, (b) 850 nm, and (d) 1 pm spheres.
(e) Photographs of the colloidal crystal films made out of 650 nm silica spheres deposited
by IDEISA onto a glass slide support. (f) The films made out of 850 nm silica spheres.
Images adapted from ref [10].

Other than silica spheres, various colloidal spheres are also demonstrated to be able to
assemble into crystal structures, such as latex spheresﬂ[l]:ll, silicon nanocrystal (Si-NCs)
[12] [13], inorganic oxides [14] and metal nanoparticles [I3]. In addition, Malloggi et al.

1. Most common latex polymers are polystyrene (PS) and acrylates, e.g. poly(methyl methacrylate)
(PMMA).
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have investigated the assembly of droplets of colloidal size, they demonstrated that with a
low volumetric fraction around 0.5, a liquid state (figure [1.3|(a)) is observed, while with a
higher volumetric fraction 0.74, a hexagonal crystal structure is obtained. The diffraction
pattern in figure (b) corresponds to the close packing of monodisperse spheres, which
is in agreement with the literature on colloids.

Figure 1.3: Assemblies obtained in the nanofluidic device using fluorinated oil/water +
SDS 1 wt %: (a) liquid state; (b) ordered phase. To the right of each image, the corre-
sponding diffraction pattern is shown which generated by illuminating droplet assemblies
stored in the reservoir under normal incidence and with coherent light beams (a green
laser with A=532 nm). Scale bar, 5 yum. The close-up views of the various patterns are
also presented in the inset. Figure adapted from [15].

Beside colloidal crystals, other typical supracolloial assemblies include ‘supraballs’ and
colloidosome. Figure [I.4] shows an illustration of those assemblies.

Colloidal crystal Supraball Colloidosome

Figure 1.4: Illustration of colloidal assemblies: colloidal crystals., ‘supraballs’ and colloi-
dosome. Figure adapted from [I].

The ‘supraballs’ is used to describe compact aggregates made up from a larger number
of spherical particles and a well ordered layer of particles at their surface which gives
them photonic properties [16] [I7][18] [19]. Figure shows one of the examples of the
‘superballs’. Negatively charged polystyrene latex microspheres with 270 nm to 630 nm
in diameter were dispersed in aqueous droplets inside which the colloidal particles were
gradually concentrated by drying to form 3D crystals, yielding a variety of microstructured
symmetric supraparticles. Visualized by scanning electron microscopy, large domains of
hexagonally packed particles can be seen on the surface and each domain incorporates
hundreds to thousands of microspheres in the first visible layer (figurdL.5| (a), (b)). Optical
microscopy shows brightly colored reflecting patches on the surface of these balls (ﬁgur
(¢), (d)). The colors depend on the size of the latex particles: green and red for assemblies
made of 270 nm microspheres, blue for 320 nm microspheres, and yellow-green for 630 nm
microspheres [17].

The colloidosomes are another class of finite size particles assemblies with hollow cap-
sules whose walls consist of colloidal building blocks resulting from close packings of parti-
cles on a spherical template [20]. The colloidosomes can find applications as semipermeable
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Figure 1.5: (a) A scanning electron micrograph of a typical area on the surface of the
assemblies. (b) A scanning electron micrograph along the edge of a broken particle. The
surface is seen at the top and the cut through the bulk is toward the bottom of the
micrograph. Scale bars, 1 um. (c¢) Optical micrographs of structured spherical assemblies
obtained from 270 nm and (d) 320 nm latex particles. Scale bars, 500 mm. Figure adapted

from [17]

capsules for drug delivery and biotechnology as well as in pharmaceutical, cosmetic, and
food products with advanced structure [21]. Figure shows examples of such supracol-
loial assemblies.

Figure 1.6: Examples of colloidosome supraparticles. (a) Semipermeable 10um-diameter
colloidosome composed of 0.9um diameter polystyrene spheres. Image adapted from [20].
(b) Microrod-stabilized ‘hairy’ colloidosomes. Image adapted from [22].

The major limit of the colloidal assemblies is that dense suspensions of identical hard
spheres are known to form only a few relatively simple crystals such as face-centered
cubic (fce), hexagonal close-packed (hep), random hexagonal close-packed (rhep) or body-
centered cubic (bce) arrays because the equilibrium and non-equilibrium behavior of col-
loidal suspensions is controlled primarily by the hard repulsive interaction between the
spheres. Although the diversity of crystalline packing structures can be extended when
spheres of different size are assembled into dense binary colloidal crystals [23] [24] [25] [26],
the kinds of lattices that can be made is somewhat limited and many structures remain
difficult or impossible to make. For example, the diamond structure that we described be-
fore, was predicted to have a full three-dimensional photonic bandgap more than 20 years
ago [27] [28] [29]. It still cannot be made by colloidal self-assembly because it requires
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fourfold coordination and such low-coordination state are thermodynamically unstable.
The preparation of diamond colloidal architectures was achieved by nanorobtic manipu-
lation [30] (see ﬁgur. Particle-by-particle construction is highly time-consuming and
thus limited in terms of the number of particles that can be assembled per hour.

Figure 1.7: Five-layer diamond lattice directly grown in the {001} orientation. (a) Struc-
ture made of 165 silica spheres of 0.9 ym of diameter. (b) Detail of a contact point between
two silica beads. Pictures are tilted 45° to show {011} facets. Scale bar, 5 ym. Figure
adapted from [30].

One most straightforward strategy to elaborate more complex crystal structures is to
break down the desired structure into subunits with tailored symmetries and valences that
enable their directed self-assembly into the final target structure. It is proposed building
them by packing the clusters, i.e. the finite packings, instead of building materials by
packing individual spheres together [31].

1.1.2 Clusters: colloidal molecules

Clusters of spheres have received significant interest. The colloidal cluster is an ag-
gregate of a small number of constituent particles with well defined sizes, shapes and
symmetries. Many experimental studies have been carried out with spherical colloids as
the model system to enrich our understanding on various physical phenomena that range
from phase transition to particles-particle interaction [32] [33] [34] [35]. For example, small
clusters of colloidal microspheres have been proposed as model systems for nanocrystals
which are essentially aggregates of a few particles.

As we discussed before, if spherical colloids can be treated as if they were atoms, then
clusters of a small number of the same or different constituent particles can be regarded as
colloidal analogues to small molecules [36] [37]. That is why Van Blaadereen introduced
this elegant term of ‘colloidal molecule’ for describing clusters of spheres with shapes
resembling space-filling models of simple molecules[38] [39]. They open unprecedented
fascinating perspectives because of their unique rheological, optical, magnetic, or electric
properties, which result from the assembly of functional subunits into aggregates with
tailored shapes and symmetries [40] [41].

An illustration of examples of clusters and their possible assemblies are shown in
figurdI.8l Clusters, the finite packings of spheres, present intermediates between the single
particle level and the macroscopic domain, to which colloidal crystals can be assigned.
From a fundamental point of view, clusters of spheres are interesting because the basic
principles behind their formation can provide new insights into the assembly, structure,
and dynamics of hierarchically organized materials [42] [43] [44].

In order to facilitate the discussion, we propose several classifications of the ‘colloidal
molecules’ and then give a general review on the typical synthetics routes to elaborate
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w@% — f’ﬁfsgﬁ

Colloidal crystal

> - — ’)J

Clusters

Diamond-inspired
material

Figure 1.8: Illustration of clusters made of the same or different constituent spheres and
their possible crystal assemblies. A more complex network can be realized when the
clusters are heterogeneous. Figure adapted from [I].

those finite assemblies in the next part.

1.1.3 Clusters classification

Theoretical description of the new particles seems daunting in the face of their com-
plexity [45]. Thanks to the analogy of clusters of spheres and the molecules, we could
classify those clusters by VSEPR model according to the similarities between the two
species. On the other hand, the anisotropy ‘dimension’ could also be used as a criterion
for describing those building blocks.

VSEPR model

Duguet and co-worker have proposed a classification of the ‘colloidal molecules’ in their
review, using and extending the well-known formalism of Gillespie derived from the valence
shell electron pair repulsion (VSEPR) model [3§]. VSEPR theory is a simple model used,
in chemistry, to predict the geometry of covalently bonded compounds from the number
of electron pairs surrounding their central atoms.

The ‘AXE’ method of electron counting is commonly used when applying the VSEPR
theory where the A represents the central atom and always has an implied subscript one.
The X represents the number of ligands (atoms bonded to A). The E represents the number
of lone electron pairs surrounding the central atom. Figure shows some examples of
the shapes and symmetries of large, complex molecules.

Anisotropy ‘dimensions’

Describing the various anisotropies of a building block based on their key parameters
in terms of anisotropy ‘dimensions’ is another simple, potentially interesting and useful
way to classify clusters. The practically infinite number of shapes and types can thus
be reduced to description by a vector comprising just a few critical dimensions, each of
variable amplitude [45]. The complexity of a cluster is determined by its dimensionality
in anisotropy space: the higher the dimensionality is, the more complex the corresponding
clusters are.
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Figure 1.9: Proposition of classification for colloidal molecules based on spheres and mim-
icking space-filling models of simple molecules (respective atomic radii are not systemati-
cally guaranteed). The usual terms found in the literature for describing such clusters are
written in red. Figure adapted from [38].

other possibleshapes
A

Figure resumes key anisotropy ‘dimensions’ along which homologous series of
clusters vary only in that dimension. Taken cluster with four constituent spheres for
example: in figure [1.10] (a), the spheres adopt different arrangements from 3D (tetrahe-
dra), 2D(rhombus) to 1D(liner chain) (from left to right); in figure [1.10] (b), the chemical
composition changes in the tetrahedra cluster; the dimension presented in figure [L.10|c)
quantifies the variation in chirality; the anisotropy in terms of chemical ordering and shape
gradient are shown in figure (d) and (e) respectively. This illustration is a conceptual
framework based on consideration of anisotropy dimensions which may be not exhaustive.
Other dimensions could be induced according to diverse applications.

1.1.4 Clusters synthesis

The preparation of clusters of particles with requisite shapes and symmetries can be
realized through various synthetic routes: physical routes, chemical routes, templates
strategies etc. The controlled phase separation or nucleation/ growth phenomena could
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(a) Q - u = mo Shape arrangement
(b) Q — Q —_— Q Chemical composition
(C) q R 9 chirality

(d) m —_— mo Chemical ordering
(e) oo“ —_— 00” Shape gradient

Figure 1.10: Anisotropy ‘dimensions’ used to describe key anisotropy attributes of clusters.
Homologous series of particles as the attribute corresponding to the anisotropy axis is
varied from left to right. (a) anisotropy in shape arrangement; (b) anisotropy in chemical
composition; (c) anisotropy in chirality; (d) anisotropy in chemical ordering; (e) anisotropy
in shape gradient.

also lead to clusters synthesis [38]. The most prominent of these approaches are briefly
highlighted in the following part. More exhaustive information on this dynamically and
rapidly developing research area can be found in recent review articles [41] [38] [46].

Physical routes

The depletion interaction occurs when two species of different sizes are suspended in
a liquid. An effective attractive force arises between large colloidal particles that are sus-
pended in a dilute solution of depletants, which are smaller solutes that are preferentially
excluded from the vicinity of the large particles [47] [48] [49]. The depletion interac-
tion is a powerful tool for assembly because its range and strength can be independently
manipulated.

Meng et al. have investigated clusters made of 1 ym polystyrene spheres in the presence
of 80 nm poly(N-isopropylacrylamide) microgel particles [50]. They used lithography to
make microwells with depth and diameter of 30 pm , which are filled with the colloidal
suspension. Dimers, trimers, tetramers in the form of tetrahedra and pentamers in the
form of trigonal bipyramids were observed. In the case of six PS particles, octahedra
and non-centrosymmetric clusters were both obtained with transition between the two
states on time scales of minutes. An illustration of depletion interaction as well as some
micrographs of colloidal clusters observed are shown in figure [1.11

Pine and co-workers elaborated a directional assembling route based on the lock-and-
key concept to the colloidal regime [52]. Triggered by short-range depletion attractions
upon adding a non-adsorbing polymer, they demonstrated the site-specific recognition and
association among bowl-shaped (lock) and spherical (key) colloidal subunits. Complex
assemblies could be formed as shown in the figure [[.12]

Kraft et al. have presented an experimental realization of patchy colloidal particles
based on material independent depletion interaction and surface roughness [53]. Smooth
patches on rough colloids are shown to be exclusively attractive due to their different
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Figure 1.11: (a) A suspension of 1 pum diameter PS spheres are surrounded with 80 nm
polyNIPAM microgel particles, which induce a depletion attraction as illustrated. (b) Pair
potential as estimated from the V,;; approximation to the Asakura-Oosawa potential [51].
The interaction is strictly pairwise additive. (c¢) High-magnification optical micrographs of
colloidal clusters in microwells with N = 2, 3, 4, and 5 particles. Scale bar, 1 um. Figure
adapted from [50].

Figure 1.12: Lock-key interactions. (a) The depletion attraction potential between lock
and key is proportional to the overlapping excluded volume, which attains a maximum
for the configuration in which the key particle, by virtue of its size and position, precisely
fits into the spherical cavity of a lock particle. (b), (c) Snapshots showing examples of
depletion driven self-assembly of lock and key particles. Scale bars, 2 um. (d) Time-lapse
optical microscopy images (left three columns), and schematics (rightmost column), show
the flexibility of lock-key bonds in various assemblies. The absence of irreversible chemical
bonds between the building blocks allows these ball-in-socket joints to move freely. Scale
bars, 2 um. Figure adapted from [52].

overlap volumes. Association among the smooth patches is more favorable than that
among the rough ones in terms of gain in free volume for the depletant, so that smooth
patches are preferentially attracted to each other (see figure .

Long-range attractive forces due to the van der Waals interaction can induce clustering
process in colloidal suspensions. If the electrolyte is dissolved, the ionic strength increases.
The repulsive force between two colloids due to the distribution of charge on their surfaces
is modeled by a screened coulombic interaction. Silica dumbbells were successfully synthe-
sized in the micrometer range via van der Waals forces through the addition of ammonia
into a suspension of silica spheres under shear [54] [55]. Similarly, colloidal homodoublets
and heterodoublets have been produced from polymer colloids[56] and from micrometer
scale metal particles [57] by increasing the ionic strength through adding potassium chlo-
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Figure 1.13: Patchy particles by roughness specific depletion interactions. (a) Colloidal
model systems consisting of one sphere with a smooth and one sphere with a rough surface.
Scale bars, 2 pum. (b) In the presence of small depletants, the colloidal particles are
surrounded by a layer inaccessible to the depletant (dotted line). If colloidal particles
approach such that their excluded volumes overlap, the depletant gains entropy, which
results in a net attraction between the colloids. For two rough spheres the overlap volume
is significantly reduced compared to that for smooth particles. Small arrows represent
the effective forces on both colloids. (c) Typical cluster shapes obtained from colloids
with attractive small smooth, and large rough (non-attractive) side containing N = 1 to
N = 4 patchy particles. Upper rows show experimentally observed clusters of colloids
with small, smooth side are presented. The lower, colored rows show clusters obtained
from Monte Carlo simulations on dimers consisting of a rough and a smooth sphere. The
smooth spheres interact by an attractive depletion potential (green) and the rough spheres
interact with a hard-sphere potential (red). Scale bars, 5 ym. Figure adapted from [53].

ride (see figure [1.14)).

Figure 1.14: (a) SEM image of colloidal silica dumbbells. The scale bar is 4um. Figure
adapted from [54]. (b) Image of Amidine homodoublets. The singlet spheres are 2.1 um
amidine-functionalized polystyrene latex (PSL) particles. Figure adapted from [56]. (c)
SEM images of synthesized metallic colloidal doublets: gold-gold and silver-silver from the
gold-silver solution images. Figure adapted from [57].

Electrostatic attractive forces are also employed to favor the clustering of charged
colloidal spheres. Microspheres with oppositely charged hemispheres (i.e. Janus-like
particles[58] [59] [60]) were prepared and these particles spontaneously self-assemble into
clusters of defined configurations due to their electrostatic interactions [61]. An example
of such clusters are shown in figure

Sacanna and co-workers have introduced a new class of spherical colloids that reversibly
self-assemble into well-defined nonlinear structures by virtue of ‘magnetic patches’ [62].
This assembly is driven by tunable magnetostatic binding forces that originate from mi-
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Figure 1.15: Comparison of experimental epifluorescence images (A) and Monte Carlo
computer simulations (B) of the self-assembled clusters of 1 pm particles with near-equal
positive and negative charges on the two hemispheres (denoted by red and yellow colors).
The charge distribution in these clusters is also computed; the color goes smoothly from
red to yellow depending on the inner product of the vector from the center of mass of the
cluster to each colloid and the axial vector (pointing to the positive side) of this colloid
(column C). Figure adapted from [3§].

croscopic permanent magnets embedded underneath the surface of the particles. The
resulting clusters form spontaneously in the absence of external magnetizing fields. Their
geometry is determined by magnetic, steric, and electrostatic interactions. A reconfig-
urable structural arrangement is possible by imposing an external magnetic field which
enables the clusters to unbind or change their geometry.
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Figure 1.16: (a) When suspended in deionized water, the magnetic patchy particles are
purely repulsive and singlets are observed. However, if the Debye screening length is
reduced below 6 nm by means of added salt (here 1.5 mM NaCl), the patches become
‘sticky’ and particle clusters start forming. (b) Clusters formed at high salt concentration
in zero-field can be disassembled by imposing an external magnetic field. Here planar
trimers diffusing on a glass slide are quickly exposed to a 30 G field perpendicular to the
substrate. The resulting parallel-aligned dipoles repel each other, causing the clusters to
unbind. Figure adapted from [62].

“'I

Cluster assemblies by external fields have been also explored in many studies. The
driving force of the aggregation could be induced by optical [63] [64] [65], electric [66] [67]
and megnetic[68] [69] [70] interactions.
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Chemical bonding routes

Clustering assisted by chemical bonding is a promising strategy to build ‘colloidal
molecules’. Directional interactions, such as hydrogen or covalent bonding, ligand or scaf-
fold binding could be used to link and assemble colloidal particles together.

Highly selective interactions between colloidal particles can be realized by using DNA
strands to functionalize their surfaces and borrow from biology the binding specificity
encoded into the DNA sequences [71] [72] [73] [74] [75]. For example, Loweth and co-
workers have elaborated assemblies of gold nanocrystals using DNA hybridization [76].
Gold nanocrystals derivatized with complementary single-stranded DNAs (ssDNAs) can
be hybridized to each other to form periodic arrays. They reported the synthesis of
heterodimeric and heterotrimeric ‘nanocrystal molecules’ in which Watson-Crick base-
pairing interactions are used to control the relative spatial arrangement of Au nanocrystals.
A large variety of clusters were observed, as shown in figurdI.17}
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Figure 1.17: Schematic illustrations of ssDNA/Au nanoparticles hybridization and repre-
sentative TEM images of obtained corresponding clusters. The size of nanocrystals is 5
or 10 nm. Figure adapted from [77].

Wang et al. have recently demonstrated the synthesis and assembly of colloidal parti-
cles with directional interactions [78]. Those particles possess various numbers of patches
on the surface, N = 1-7 and higher, that adopt spherical, linear, triangular, tetrahedral,
trigonal dipyramidal, octahedral or pentagonal dipyramidal symmetries. The patches
are then site-specifically functionalized with oligonucleotides, enabling a reversible and
controllable attraction between patches on different particles. Figure shows some
examples of these assemblies.

Synthetic phenylacetylene-based scaffolds with two, three or four thioacetyl groups
were also successfully used for generating well-defined clusters of Au and Ag nanoparticles.
Novak et al. have developed phenylethynyl-bridged metal nano-particle clusters from the
monomeric particle starting material [79] [80] [81]. According to the molecular scaffolds,
dimers and trimers were obtained (see figure .

Many other surface functionalization can provide colloids with directional interactions.
The binding between inhomogeneous surface coatings can be realized by small molecules
such as biotin/avidin and carbodiimide, click-chemistry [82] etc.

Template strategies

Alternative strategy towards particle clusters is based on the templates confinement.
Xia et al. have reported a strategy that is based on a 2D template [83] [84] [85] [86].
Using lithographic techniques, they have demonstrated that polystyrene and silica beads
could be trapped on patterned surfaces with two-dimensional arrays of cylindrical holes.
The number of particles trapped in each hole as well as their arrangements could be
determined by geometry and can be changed by tuning the ratios between the size of the
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Figure 1.18: Specific directional bonding between colloidal clusters observed with opti-
cal microscopes. (a)-(e), Bright-field (left panels), confocal fluorescent (middle panels),
and schematic images (right panels), show colloidal molecules self-assembled from patchy
particles. (a), Complementary green and red monovalent particles form dumbbell-shaped
AB-type molecules. Supracolloidal molecules ABs, AB3 and AB, are formed by mixing
red monovalent with green divalent (b), trivalent (c) and tetravalent (d) particles. (e)
If complementary divalent particles are mixed, linear alternating polymer chains sponta-
neously assemble. (f) When particles with bigger patches are used, cis- trans-like isomers
can form. Introducing more monovalent particles leads to ethylene-like colloidal molecules.
Images are bright-field (left panels) and schematic (right panels). Scale bars, 2 um. Figure
form [78]
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Figure 1.19: TEM images of gold nanoparticle clusters formed using linkers I (A, B), III
with n = 1 (C), and III with N = 2 (D), II (E) and IV (F). Figure adapted from [77].

particles and the dimensions of the hole. After slow dewetting of a suspension on arrays of
cylindrical holes, the system is heated slightly above the glass transition temperature of the
colloidal material to permanently bond together the spherical particles within each hole.
This approach is now commonly referred to as template-assisted self-assembly (TASA).
Various templates are used to obtain cluster geometries such as dimers, tetrahedrons and
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zigzag chains. More complex heterogeneous aggregates were obtained applying consecutive
TASA depositions with particles of different sizes or composition, as shown in figure [T.20

Figure 1.20: (a) Schematic representation of the experimental cell and procedure for the
one-stage dewetting of spherical colloids for the production of homoclusters such as (b)
triangles, (c) ,(d) hexagons, (e) tetrahedrons and (f) octahedrons; (g) schematic repre-
sentation of the experimental cell and procedure for the two-stage dewetting of spherical
colloids for the production of heteroclusters such as (h), (i) snowman-like and (j) mickey
mouse like clusters. The spherical colloids are micron-sized PS particles and images were
acquired by SEM. Figure adapted from [77].

Even through these template-directed colloidal self-assembly strategies lead to well-
defined clusters with satisfying morphology yield, the amount of clusters which may be
prepared per batch is restricted due to the use of two-dimensional templates [77]. Velev
and co-workers used emulsion droplets as 3D templates to pack particles [87]. This strategy
is based on the agglomeration of particles adsorbed on emulsion droplets. This process is
driven by a significant reduction of interfacial tension; the adsorption energy of the parti-
cles is governed by their size, the interactions among them and their interactions with both
fluid phases [88]. Subsequent evaporation of the dispersed phase of the emulsion causes
capillary forces, which pack the particles together. This strategy was further optimized
for the preparation of polystyrene colloidal clusters with a precisely-defined geometry by
Manoharan et al. in 2003 [89] and then adapted by the same author and several other re-
search groups to various colloidal systems including inorganic colloids and binary mixtures
190 [91].

Figure m (a) illustrates the original idea which consists of preparing an oil-in-water
emulsion in which spherical colloids are trapped at the interface of the oil droplets. Subse-
quent evaporation of the oil phase forces the spheres to pack into small clusters and bind
to each other via van der Waals interactions. It is observed that for a given number of
spheres N, all clusters exhibited well-defined configurations, which for N < 11 minimize
the second moment of the mass distribution [89] (see figurd.21] (b)).

The clusters reported so far were made from a rather limited number of different con-
stituent particles, in most instances polystyrene (PS), poly(methyl methacrylate) (PMMA)
or silica microspheres [92]. Very recently, van Blaaderen and co-workers reported on clus-
ters built from dumbbell-shaped particles [93]. Despite its flexibility and large particle
yield, a broad size distribution of the droplets as well as the statistical distribution of the
particles on the droplets, would give rise to a broad range of different species of clusters.
Emulsion confinement drying typically produces mixtures of clusters composed of different
numbers of spheres. Therefore, a separate sorting process is often required to obtain truly
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Figure 1.21: (a) Schematic representation of the fabrication of clusters by using emulsion
droplets as 3D templates. (b) SEM micrographs of PMMA, silica and PS colloidal clusters

obtained by 3D emulsion droplet confinement. Scale bars, 1 um. Adapted from review
[77]. Examples of clusters from the literature [92].

monodisperse suspensions.
After this overview of the different ways to create colloidal clusters, we will recall some
fundamentals on microfluidics that we will use to create droplets and assemble them.
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1.2 Microfluidics

In recent years, considerable progress has been made in the miniaturization field. It
is now effectively possible to miniaturize all kinds of systems, such as mechanical, fluidic,
electromechanical or thermal, down to submicrometric scale. The manufacture of smaller,
cheaper, and more accurate devices, such as micron-size pumps, separators, and detectors
are just a small sample of the contributions that microfabrication has provided.

The miniaturization and MEMS (microelectro - mechanical systems) gave birth to
microfluidics in the 1990s. Microfluidics is a multidisciplinary field intersecting engineer-
ing, physics, chemistry, biochemistry, nanotechnology, and biotechnology, with practical
applications to the design of systems in which small volumes of fluids will be handled
[94]. Microfluidics has a promising future due to its advantages when compared with the
conventional macroscopic systems. The microfluidics entails fluids at the micro-scale di-
mensions, which allows flexible production processes or the capacity to integrate all the
steps of a complex process within a single device, the so-called 'Lab-on-a-chip’ or ’Micro-
total-analysis-systems’ (uTAS).

In the following part, we will briefly review in particular the droplet based microfluidics
and some existing assembly processes assisted with microfluidic techniques.

1.2.1 Droplet-based microfluidics

Microfluidic generation of droplets has attracted lots of interest, due to the ability
of this method to produce droplets with precisely controlled sizes, shapes and internal
structures. Droplet based microfluidics is a rapidly growing interdisciplinary field of re-
search. The droplets generated via microfluidic emulsification have been used in various
field, in high-throughput screening of biomaterials and the encapsulation of cells [95] [96]
[97], in studies of protein crystallization [98] [99] and in the synthesis and fabrication of
particles[100] [I01] etc.

We begin with a brief overview of the working fluids and surfactants then we will
continue with some general microfluidic emulsification methods as well as the droplet pro-
duction regimes. Four categories of microfluic geometries are discussed: Coaxial devices,
T-junction devices, Flow Focusing devices and Step emulsification devices. We will also
give a description of some common methods of solidification and strategies for achieving
microparticles from droplets.

Dispersed phase, continuous phase and surfactants

Microfluidic technologies have emerged recently as a promising new route for the fabri-
cation of emulsions. Emulsions are a class of disperse system consisting of two immiscible
liquids [I02]. The liquid droplets (the disperse phase) are dispersed in a liquid medium
(the continuous phase or carrier fluid).

Several classes may be distinguished: oil in water droplets (O/W), water in oil droplets
(W/O) and oil in oil droplet (O/O). The latter class refers to a system of two immiscible oils
such as a polar oil (e.g. propylenen glycol) and a non-polar oil (paraffinic oil). Generally, to
disperse two immiscible liquids, one needs a third component, the emulsifier or surfactant.
It helps to lower the interfacial energy, i.e. to facilitate the formation of new interfaces and
to stabilize the formed emulsion droplets from coalescence. The choice of the surfactant
is crucial in the formation of the emulsion and its long-term stability [103] [104] [105].

Droplet based microfluidics relies on the production of droplets with a controlled size
and at a high frequency. Those two immiscible fluids, dispersed phase and continuous
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phase, are injected into different inlets in the microfluidic devices either by flow rate,
using, e.g., syringe pumps or by pressure.

Droplet production geometries

The production of droplets in a two-phase microfluidic device has mostly been explored
in four types of microfluidic geometries, namely in coaxial, T-junction, flow-focusing, and
step emulsification devices. Figure [1.22] provides the schematics of the typical geometries
of these devices.
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Figure 1.22: Illustration of four main microfluidic geometries used for droplet formation.
(a) coaxial device, (b) T-junction, (c) flow-focusing device, and (d) step emulsification
device.

Coaxial geometry

In the coaxial co-flowing device, the droplets formations are achieved with a set of
concentric channels where the dispersed phase liquid is driven into the inner channel or
capillary, and emerges from the end of the capillary into a parallel flowing stream of the
continuous phase liquid, as shown in ﬁgure (a). Experimental devices using the coaxial
geometry are often made by inserting a smaller circular inner glass capillary tube into a
larger square capillary tube [106] [107]. More recently, researchers are able to design all-
PDMS coaxial channels for more rapid prototyping of devices [I08]. The stream of disperse
phased is subjected to a hydrodynamic force exerted by the flow field of the continuous
phase.

T-junction geometry

In T-junction devices, the dispersed and the continuous phases flow through two or-
thogonal channels and form droplets when they meet, as shown in figure m (b). The
shear forces generated by the continuous phase and the subsequent pressure gradient
imposed on the dispersed phase cause the head of the dispersed phase to elongate and
eventually collapse into droplets.

In this geometry, droplet size is determined by the interfacial tension between the two
phases, the viscosity of the continuous phase, and the shear rate imposed on the droplet

phase [109] [110].

Flow-focusing geometry
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A flow-focusing microfluidic device was first demonstrated by Stone et al. [I10] [I11]
[112] for the generation of monodispersed bubbles. In those devices, the continuous phase
is injected to two outer microchannels while the dispersed phase is injected into a central
microchannel, as shown in figure m (c). Those two phases are forced through a narrow
region in the microfluic device (e.g. a narrow orifice) [113] [114] [I15].

This geometry employs symmetric shearing by the continuous phase on the dispersed
phase which enables a well controlled and stable generation of droplets. Droplet size can
be manipulated by altering the capillary number, flow rate ratios of fluids, the interfacial
tension between the two phases, the viscosity ratio of the droplet phase to the continuous
phase, and the geometry of the flow-focusing device, e.g. the size of the orifice.

Step emulsification geometry

This process mimics membrane emulsification in a microfluidic format. These devices
usually consist of terraces housing many micron-sized channels along their sides. Seki’s
research group pioneered the generation of droplets using terrace-like microfluidic devices
[116] [117] [118] [I19]. The dispersed phase is forced from an inner chamber through
the channels into the surrounding chamber containing the continuous phase, as shown in
figure m (d). The droplets are formed via an inflation and detachment process, as they
grow and drop off the terrace into the collecting well. Several groups have studied on
the derived terrace-like geometry which uses only one geometric step to trigger droplet
formation of a stream of a dispersed phase surrounded by a continuous phase. This droplet
break-up mechanism is called ‘step emulsification’ [I5] [120] [121] [122] [123] [124][125].
The important feature of the step-emulsification technique is that the dispersed stream
is stabilized between the two walls of a high aspect ratio channel suppressing interfacial
induced instabilities. The stream of the dispersed phase abruptly breaks up into droplets
at the geometric step when the stabilizing channel walls end [126].

Droplet production regimes

We have shown some typical microfluidic droplet generation geometries. Although
physical mechanisms for the generation process are different for various types of microflu-
idic configurations, the formation of droplet is the result of the interplay between viscous
stresses and capillary pressure. For different geometries of droplet production, we could
briefly define two regimes [126] [127] [128] [129]:

Dripping regime

In the dripping mode, a droplet grows and eventually detaches from the tip of a nozzle
or an orifice under the action of an external force.

Jetting regime

In the jetting mode, a jet of the droplet phase forms above a critical flow rate of fluids.
The jet extends far from the orifice or nozzle into the continuous phase, and then breaks
up to droplets due to Plateau-Rayleigh instabilityﬂ

Those two regimes mentioned above have been commonly observed, nevertheless the
droplet production regimes can be further developed with expanded classification accord-

2. The Plateau-Rayleigh instability explains why and how a falling stream of fluid breaks up into smaller
packets with the same volume but less surface area. The driving force of the Plateau-Rayleigh instability is
that liquids, by virtue of their surface tensions, tend to minimize their surface area. A considerable amount
of work has been done recently on the final pinching profile by attacking it with self similar solutions [130]
[131].
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Figure 1.23: Schematic of different flow regimes in (a) coaxial, (b) flow-focusing (c) T-
junction and (d) step emulsification microfluidic devices. Figures (a)-(c) adapted from

[129].

ing to specific microfluidic geometries. For instance, in the T-junction geometry, monodis-
persed droplets could be generated under squeezing regime and dripping regime. In
the squeezing regime, the generated droplet blocks the channel of the continuous phase
and creates a pressure drop across the droplet. While in the dripping regime, the droplets
are smaller than the dimensions of the channel of the continuous phase. We will discuss
this in details in Chapter 5, Cluster production part.

Droplet solidification

Once droplets have formed, they can be used, for example, as liquid templates for
particle synthesis [129]. There are various synthetic methods for the solidification of
droplets. Several insightful reviews [129] [132] [133] [134] [135] covering different aspects
of microfluidic particle synthesis have been published in the past few years and have
focused mainly on droplet formations [I27] as the basis for particle synthesis. In the
following part, we will introduce some frequently used methods which transform liquid
droplets generated by microfluidic emulsification to solid or gel-like polymer particles.

First, free-radical polymerization or condensation polymerization of monomers/prepolymers
compartmentalized in droplets have been used to solidify the droplets and transform them
into polymer particles or polymer capsules [136] [137] [138] [139] [140] [I41] [142] [143]
[144] [145]. The droplets contain monofunctional/multifunctional monomers and an ini-
tiator which produces highly reactive free-radical species that initiate the chain reaction.
This process may be initiated thermally or by light.

Nisisako and co-workers have generated polymer particles from 1,6-hexanediol diacry-
late via both UV-initiation and thermal initiation off-chip [I47]. The team of Whitesides
and Kumacheva developed a continuous reactor for polymer particles synthesis with a vari-
ety of shapes using flow-focusing microfluidic devices [146]. The same groups have demon-
strated the preparation of gel-like polymer particles by thermal gelatin. FigurdI.24] shows
that both the emulsification and the polymerization compartments were integrated into
a single planar microfluidic device. Various diacrylate, triacrylate and divinyl monomers
were crosslinked and solidified on-chip either photochemically (by photopolymerization of
monomer fluids, see figurdl.24] (c), (d)) or thermally (see figurdl.24] (e), (f)). Using the
similar mechanism, Dendukuri et al. created solid disk-shaped and plug-shaped particles
by UV-polymerizing plugs of a photopolymerizable resin (Norland optical adhesive, NOA-
60) in a T-junction device [148]. Figure shows a schematic of the system and the
polymerized plugs and disks obtained.
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Figure 1.24: (a) A schematic representation of the flow-focusing geometry. (b) Optical

microscopy 1mages of the generation of monomer droplets. (c) Schematic representation
of the devices used for producing photochemically solidified particles. The dashed rect-
angles mark the flow-focusing device shown in (a). The channels used for photochemical
cross-linking were elongated to allow extended exposure of the droplets to UV light. (d)
(Top): the shapes of droplets are defined by the confinement of microfluidic channels.
(Bottom): PolyTPGDA particles with shape of microspheres, disks and rods after droplet
solidification. (e) Schematic representations of the devices used for producing thermally
solidified particles. The flow focusing region was kept at a temperature exceeding the
gelling (or solid-liquid phase transition) temperature (Tp). The outlet channel was cooled
to a temperature below T, and the droplets solidified as they traveled down the channel.
(f) agarose disks and bismuth alloy ellipsoids produced using thermal solidification. Figure
adapted from [146].

Figure 1.25: Microchannel geometry used to create plugs and disks: (a) schematic of
channel with plug and disk creation zones marked; (b) polymerized plugs in the 200 pm
section of the channel, 38 pum height; and (c) polymerized disks in the 200 pm section of
the channel, 16 pum height. Figure adapted from [148]

Seiffert and co-workers have developed methods called ‘polymeranalogous crosslinking
process’ in order to improve the chemical homogeneity of such solidified particles [149]
[150]. Uncrosslinked polymer chains with sites for subsequent crosslinking were well pre-
pared in advance. Semi-dilute solutions of these macromolecular precursors were later
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emulsified on-chip and the crosslinking reaction was triggered. For example, poly(N-
isopropylacrylamide) (pNIPAM) microparticles were synthesized with UV light using this
method.

The second strategy involves the use of ionic crosslinking to generate gel-like polymer
particles or capsules. This method is a solidification method often used with biological
polymers. The reaction typically proceeds via the crosslinking of polyelectrolyte polymer
chains with multivalent ions or small ionized molecules. One of the most common examples
of this reaction is the gelation of anionic alginate with Ca?* ions, which crosslink the
guluronic acid blocks. Alginate gelation is commonly used for both particle and fiber
synthesis [108] [151] [152] [153]

There are different approaches to elaborate spherical alginate particles, such as the
coalescence of droplets separately containing the precursor polymer and the crosslinking
agent [153] [154] [I55] [I56]; external or internal gelation where a solution of a precursor
polymer is emulsified in the continuous phase (typically, a non-polar liquid), and the
crosslinking agent either diffuses into the droplets from the continuous phase or is directly
introduced into the droplets and be activated later to trigger the gelation of the prepolymer
after emulsification [155] [I57][158]. Kumacheva’s research group have demonstrated that
the structure of microgels (from capsules to gradient microgels to particles with a uniform
structure) could be well controlled by varying the time of residence of droplets on the
microfluidic chip and the concentration of the cross-linking agent in the continuous phase.
FigurdI.26] shows an illustration of the formation of microgels by an external gelation
method and some microgels obtained with this method.
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Figure 1.26: (a) Schematic drawing of the formation of microgels by an external gelation
method. An aqueous solution of sodium alginate is introduced as liquid A in the central
channel. A non-polar continuous phase containing a suspension of calcium acetate is
introduced in the device as liquid B. Calcium acetate dissolves in the droplets and releases
Ca?T ions which bind to alginate molecules to form a gel. (b) Optical microscope image
of calcium alginate microgels prepared through the mechanism of external gelation. (c)
Micrograph of k-carrageenan microgels obtained with external gelation. (d) Micrograph
of carboxymethylcellulose microgels obtained with external gelation. The scale bar is 100
pm. Figure adapted from [I55] [158].

Finally, solvent extraction/evaporation methods are also commonly used to form par-
ticles from droplets generated by microfluidic emulsification. It is useful for particles and
fibers composed of uncrosslinked polymeric systems [65] [159] [160] [I61]. After a pre-
cuseur solution is emulsified in microfluidic droplet generator, particles are produced by
removing the solvent via in-situ extraction into a continuous phase or through evaporation
in the off-chip process.

Wang and co-workers have generated toroidal particles through solidification of droplets
of polymer solution in a microchannel [I162]. Solidification likely proceeds through phase
separation of the polymer solution as the solvent diffuses into the continuous phase. In
axisymmetric laminar flow, fluids at the front and the back of the droplet in the axial di-
rection move at the same velocity as the droplet, leading to a stagnation zone and poorer
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solvent diffusion. As a result, solidification occurs in a spatially non-uniform fashion,
resulting in toroidal particles. Figure [I.27] shows the monodisperse toroidal particles syn-
thesis. The particle was prepared by solidifying a droplet of 10 wt% polysulfone dissolved
in dimethylformamide solvent(DMF).

Figure 1.27: (a) Droplets of polymer solution being generated inside a microcapillary de-
vice. (b) Scanning electron microscopy (SEM) image of a typical toroidal polymer particle.
(c) SEM image of toroidal polysulfone particles prepared under the same conditions as in

(b). Figure from [162].

Fang et al. have elaborated silica microspheres using sol-gel polymerization triggered
by the diffusion of water into the continuous dimethyl carbonate solvent (DMC). They
have further explored the phenomenon of microfluidic diffusion-induced self-assembly and
studied silica particle shape by tuning the parameters of geometric confinement and the

local Peclet numberEl [163]]164).

Figure 1.28: (a) Schematic of the PDMS device used for this work (top). Evolution of a
droplet toward silica particle (bottom) as it travels downstream. Scale bar, 50 um. Figure
from [I63]. Silica particle shapes by tuning Pe and Dg/h (Dy is the droplet initial diameter
at breakup, h is the height of channel and 1 is the drying length.): (b) Pe = 4.1, Dy/h
—0.32, 1 = 84 cm; (¢) Pe = 12, Dg/h = 0.62, 1 = 137 cm; (d) Pe = 45, Dy/h = 0.57, 1 =
36 cm; (e) Pe = 6.5, Dg/h = 0.97, 1 = 137 cm; (f) Pe = 10, Do/h = 0.80, 1 =36 cm; (g)
Pe = 52, Dg/h = 0.92, 1 = 36 cm. Scale bar, 10 pum. Figure from [164].

3. This dimensionless number is defined by the ratio of the rate of advection of a physical quantity by
the flow to the rate of diffusion of the same quantity driven by an appropriate gradient.
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1.2.2 Microfluidic assembly strategies

At the microscale, microfluidic technology provides a good fluid-flow control for com-
ponent transport, orientation and assembly. A variety of solutions are available for ma-
nipulation and assembly of objects of interest.

Microfluidic sorter, for example, can be viewed as a gross-position step in assembly
processes, by bringing a disordered dispersion of components into a desired arrangement
[165]. Passive or active manipulation techniques exist that allow us to sort and address
objects of interest. Hydrodynamic effects, such as hydraulic resistance can result in sort-
ing confined objects into channel having low resistance by the pressure gradient. External
fields which can be switched on and off, such as electric or magnetic fields, also provide
possibilities to actuate and actively sort objects by dielectric, magnetic or electrorheolog-
ical effects. Temperatures gradients, can be also employed to create flows and to displace
objects by means of the thermocapillary effect [126].

The ‘rails’ and ‘anchors’ in microfluidic channels have been developed to guide, po-
sition and assemble microstructures inside fluidic channels. Chung and co-workers have
introduced ‘railed microfluidics’ as an agile method to guide and assemble microstructures
inside fluidic channels [I66] [167]. The guided movement of microstructures in microfluidic
channels was achieved by fabricating grooves (‘rails’) on the top surface of the channels
and also creating complementary polymeric microstructures that fit with the grooves. Fig-
ur (a) (b) shows the concept of railed microfluidics and guiding mechanism. Similarly,
Abbyad and al. presented a method to control the motion of nanolitre drops in a wide
and thin microchannel, by etching fine patterns into the channel’s top surface [168]. When
drops are squeezed by the channel roof, their surface energy will be reduced as they enter
into a local depression. The resulting gain in surface energy pulls a drop into the groove
such that localized holes can be used as anchors for holding drops, while linear patterns
can be used as rails to guide them along complex trajectories, as shown in figure [T.29]

(¢)-(f).
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Figure 1.29: (a) Cross-section of the polydimethylsiloxane (PDMS) railed microfluidic
channel and a finned microtrain cut at a-a’ from a. (b) Fabricated microtrain. (Left):
the top view of the microtrain in a differential interference contrast image. The top-view
shape of the microtrain is determined by a pattern specified on a digital micromirror de-
vice (inset). (Right): a corresponding scanning electron microscope image. Figure(a),
(b) adapted from [166]. (c) Large water drops follow a narrow sinusoidal rail inside a
Hele-Shaw channel. (d) Smaller drops of radius follow a complex network of rails with
bifurcations and junctions. The scale bars represent 500 pum. (e) (Left): Sketch of the
experimental device which defines the geometric parameters. (Right): A water drop an-
chored to a hole in the channel roof with oil flowing left to right. (f) An array of anchored
droplets. The scale bar represents 250 pm. Figure(c)-(f) adapted from [168].
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Xu and co-workers have developed a multiple-droplet clustering device that can per-
form sequential droplet trapping and storing [169]. It consists of a 10 x 12 array of clus-
tering structures (e.g., storing well, storing chamber, trapping well, and guiding track).
By applying forward and backward flows, shape-dependent droplet can be manipulated as
follows: flattened droplets are trapped in each trapping well in the forward flow and in the
backward flow, the trapped droplets are able to get released from the trapping well and
follow the guiding tracks to their corresponding storing wells. The guided droplets float up
out of the confining channel to the super stratum of the storing chamber due to interfacial
energy and buoyancy effects. This forward /backward flow-based trapping/storing process
can be repeated several times to cluster droplets with different contents in the storing

chambers (see figurdl.30)).

(a) storing Storing Trapping Guiding (b) Cross-sectional view [Spheric
well  Chamber _well track Flattened Guided dropl
_ =1 S B droplet droplet | LB
—— —— @ —W ——>
) st storing icusterio
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Figure 1.30: Working principle of the proposed device. (a) Top and 3D views of the
multiple-droplet clustering array. A unit cell includes a storing well, a storing chamber, a
trapping well, and a guiding track placed in the second column between the trapping well
(in the first column) and the storing well (in the third column). (b) Cross-sectional view
of A and B in (a). In the backward flow, the flattened droplet follows the guiding track,
releases its interfacial energy after entering the storing chamber, and floats up to the super
stratum of the chamber. Under the forward flow, the droplet stays in the chamber due
to the interfacial energy and buoyancy effects. (c) Photographs of three times repeated
trapping and storing for triple-droplet clustering in the microfluidic device. Scale bars,
300 pm. Figure adapted from [169].

Other self-assembly methods could be realized by the integration of micropumps and
microvalves in microfluidic systems. Micropumps are responsible for generating temporal
and volumetric fluid movement on-chip and they are used to reduce the amount of external
hardware necessary to operate a microfluidic device. Microvalves, on the other hand, con-
trol routing, timing, and separation of fluids within a microfluidic device and are crucial for
designs with complex functionality [I70]. The valves can be actuated mechanically [I71]

[172] [173] [174], pneumatically [175][176][177][178] [179][180] [181][I82][183], electrokineti-

cally [184][I85][186][187], by phase changes [180][181][I88][189] [190] [191][192] or by intro-
duction of external force [193][194].

Tolley et al. have demonstrated experimentally a semidirected fluidic assembly process
in two dimensions [I95]. A microfluidic chamber was equipped with several inlet and
outlet ports. Systematic use of valves controlled flow through each port individually.
Translation and rotation forces can be created by controlling the flow field for component
manipulation. Figure shows how sequential control of valves would drive a component
through several paths, up to a successfully assembled state.

With the help of sorters, ‘rails’, ‘anchors’ and valves etc., we dispose of a lot of methods
to manipulate objects of interest. However, the precise positionning of objects remains
quite challenging in such systems even if microfluidic chambers have shown the capacity
for controlling reconfigurable 2D fluid force fields [165] [196]. Indeed Schneider et al.
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Figure 1.31: Color online Microtile manipulation and assembly. Frames taken from video
micrographs of (a) an automated microtile manipulation and (b)-(d) three assembly ex-
periments. Timed valve actuation directs pressurized flow into the microfluidic chamber
and out the indicated openings. Fluid flow applies hydrodynamic forces to the microtiles,
causing them to move and assemble. Alignment patterns and compliant latches cause
adjacent tiles to self-align and bond together. The valving sequences determine the final
structures. Figure adapted from [195].

studied laminar flow fields within a microfluidic chamber analytically [I97]. They have
analyzed the flow fields defined by the flow status at each inlet and outlet. The number
of ports and the relative chamber size directly controlled the number of nodes at which
different field vectors converge. These convergence nodes would then provide equilibrium
locations for components present within the chamber. With 7 controlled flow rates, they
have illustrated the algorithm by showing that a modified Hele-Shaw cell can be designed
to construct the entire English alphabet from particles that irreversibly stick to each other.
Figure illustrates a sequential assembly algorithm which generates component arrays.

This theoritical work shows the possibility to form all kinds of aggregates. Nevertheless,
experimentally, the exact positionning of objects is not so obvious as we will develop in
the next chapters.
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Figure 1.32: Sequentially particles are added to form aggregates of arbitrary shape. The
three columns present snapshots along the assembly of three example structures presented
in the last row. The required time variations of the 7 controlled flow rates are computed
a priori. Figure adapted from [197].
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1.3 Hydrodynamic interaction between droplets

1.3.1 Characteristics of flow

It is important to give some basics to the reader concerning microfluidics fluid me-
chanics for the comprehension of topics presented in the next part.

The governing equations for hydrodynamics in general and microfluics in particular are
derived from the fundamental equations describing the rate of change of the flux densities of
mass, momentum and energy [198]. The Navier-Stokes equations [199] [200] [201] [202][203)]
describe the motion of fluid substances. These equations arise from applying Newton’s
second law to fluid motion, together with the assumption that the stress in the fluid is the
sum of a diffusing viscous term (proportional to the gradient of velocity) and a pressure
term - hence describing viscous flow.

0
,0[8*: Y (v V)V = —Vp+Viv 4 f (1.1)
V-v =0 (incompressibility of fluids) (1.2)

where v is the flow velocity, p is the pressure, p is the density and 7 dynamic viscosity.

Eq. is analogous to Newton’s second law with inertial acceleration terms to the left
and force terms on the right. The inertial acceleration term on the left consists of local
acceleration, %‘t’, and convective acceleration, (v - V)v. Local acceleration describes the
change in the velocity of a fluid over time at a fixed point in space. Convective acceleration
is the change in velocity as fluid moves from one place to another. The force terms consist
of —Vp, the pressure gradient, and 7V?v, the viscous effects. frepresents body forces such
as gravity and electrical forces. Eq. is the continuity equation, obtained by assuming

an incompressible fluid where p remains constant in both time and space.

The Reynolds number and the Stokes equation

With the nonlinear term in the Navier-Stokes equation (v - V)v, it cannot generally
be solved analytically. Fortunately, the equation can be greatly simplified under specific
conditions such as those found at the small length scales relevant for microfluidic devices.

The ratio between the inertial forces (p(v - V)V ~ p%) and the viscous forces (nV?v
~ n%) defines the Reynolds Number:

Re = Finertial _ pLV (1.3)
Fviscous n

The characteristic length L is a length scale that characterizes the system and V' is often
taken to be the average velocity. Re is a dimensionless number which can be ubiquitously
used to predict whether and when the Navier-Stokes equation can be simplified.

In the majority of microfluidic applications the Reynolds number is not too large. For
example, consider the typical flow in my study: with water as the fluid, characteristic
channel dimensions in the range 10~%m to 10~3m and characteristic velocities in the range
107%m 571 to 1073m- s~ !, Re ranges from 107° to 1 which signifies that the inertial term
can be neglected and Navier-Stokes equation simplifies to the linear Stokes equation:

0=—-Vp+nViv+f (1.4)

with
V.-v=0 (1.5)
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Flows in Hele-Shaw cells

In microfluidics the aspect ratio of a rectangular channel can often be so large that the
channel is well approximated by an infinite parallel-plates configuration. Hele-Shaw flow
(named after Henry Selby Hele-Shaw) is defined as Stokes flow between two parallel flat
plates separated by an infinitesimally small gap h that is much smaller than the scale of
the variation of the velocity .

The representative situation of these flows is schematized in figure [I.33] The flow goes
along the xy plane (parallel to the plates) and the component of velocity normal to the
plane of the plates is considered to be zero.

Figure 1.33: Sketch of geometry of Hele-Shaw flows, with the corresponding definition of
the adapted system of coordinates.

The approximation of 62 > 92, 85 (the Darcy approximation), together with the Stokes
equation leads to separation of variables, u(z,y,z) = v(x,y)f(z), such that f(z) =
%(1 —4;—2) is a parabolic Poiseuille profile, and the v is a vector possessing two components
in the planes x and y; which are functions of x and y. This relation is obtained from the
equations of motion, in the limits of the Stokes approximation. They are valid in the
center of the Hele-Shaw canal (far from the surfaces parallel to the axis Oz). Inserting
this expression into the Stokes equation, and averaging along the direction z, we obtain

the following relation

h2
V(l’,y) = —%VP(a:,y) (16)

Where P is the pressure and 7 is the dynamic viscosity. This relation is often known as
the ‘Law of Darcy’. Such a law shows that in Hele-Shaw flows, the velocity field is derived
from a potential proportional to the pressure. One can immediately deduce:

w = (rot v), =0 (1.7)

The vorticity associated with V is thus null everywhere. There cannot be vortices in
Hele-Shaw flows. Applying the conservations of mass, we obtain the following relation:

AP =0 (1.8)

showing that pressure is a harmonic function. These properties characterize Hele-Shaw
flows, and in many cases allow the determination of their structures in a precise kind simple
manner[94].
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1.3.2 Droplets transport in fluids
Unconfined droplet in unbounded fluid

The translation of a sphere has been extensively studied. An axisymmetrical flow arises
from the motion of a rigid sphere moving with constant velocity through an unbounded
fluid otherwise at rest. We suppose that the radius of the sphere is R and that it moves
in the positive x direction with velocity U. The problem is most amenable to treatment in
spherical coordinates [203][202]. We set, in spherical coordinate, that the velocity U lies
along x, thus ¢ = 0 and the component of vg = 0; v, and v, is independence of (.

The velocity components of v, and v, are:

3R R3
Vp = UCOSQO(i? — ﬁ) (19)
. 3R R?

This solution is valid in the condition of low Reynolds numbers where the fluid is
sensibly devoid of inertia. We note that these rigid spheres perturb the flow around them
mediating 1/r long-range hydrodynamic interactions. Figure m shows the streamlines
around a moving sphere and that past a sphere.

Figure 1.34: (a) Streamlines around a moving sphere at a constant velocity through an
unbounded fluid otherwise at rest. (b) The upper part corresponds to streamlines for
streaming flow with a constant velocity at infinity past a sphere at low Re. The lower
part is a comparaison made with streamlines obtained in a potential flow approximation.
Figure adapted from [202].

Confined droplet in Hele-Shaw cell

Let’s now consider the situation where a sphere is localized between two parallel-plates,
i.e. Hele-Shaw cell. Equation [1.6] asserts that the flows from high to low pressure. The
pressure defines an effective 2D potential, ¢(z,y) = (—h?/12n)P. Together with the
incompressibility condition Eq. we obtain that the flow in the xy plane is described
by the 2D Laplace equation:

v(z,y) = V¢ (1.11)

V-v=V-(Vp)=V?¢=0 (1.12)

In this case of an incompressible flow, the velocity potential satisfies Laplace’s equation,
and potential theory is applicable. A potential flow is characterized by an irrotational
velocity field, which is a valid approximation for several applications [204].
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It is described by means of a velocity potential ¢, being a function of space and time.
The flow velocity v is a vector field equal to the gradient, V, of the velocity potential ¢
[205]:

v=V¢ (1.13)

Consider that we have a uniform flow velocity U along x direction corresponding to
the case in figure [[.33] We have an uniform flow:

Vo= o = U =cte (1.14)
o¢
where
p=Ux (1.16)
In polar coordinate system:
¢ = Urcosf (1.17)

For the velocity potential ¢ that satisfy Laplace’s equation, the results induced by all
perturbations can be treated as adding simple elementary flows together with a develop-
ment of multipolar sources (multipole expansion).

In the following part, we will discuss the monopole and dipole. We are first interested
in the perturbation related to a flow monopole, shown in figure[I.35] A point source or sink
is an infinitesimal region of space from which fluid issues radially in all directions. When
the flow is directed inwardly, toward the point, it is termed a sink (Q is the flow quantity;
Q > 0 for a source and Q < 0 for a sink). Point sources and sinks are abstractions which
cannot be realized in nature, although they can be simulated more or less closely.

Figure 1.35: The streamlines (¢ = cste) and the equal-potential line (¢ = cste dash line)
induced by a point source. Figure from [202].

Since the flow is effectively 2D in the case we consider, we use cylindrical coordinates
to describe the situation where an incompressible fluid radiates from the source into an
unbounded region at a volumetric flow rate Q. If we imagine a circular envelope of fluid
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of radius r, having the source at its center, the radial component of velocity on its surface
is given by:

o (r) = — (1.18)

vp =0 (1.19)

Taking account the flow velocity to across a circle with its center at the origin and a
radius r, we obtain by integration (Gauss’s theorem):

2m
/V~n dl:/ ropdf = Q (1.20)
c 0
which gives:
99 _ Q
- = 1.21
or  2xwr ( )
by integration, we have:
Q T
= —log(— 1.22
¢ =g loa( ) (1.22)

we obtain the velocity components in this uniform flow field:

99
U= = Ucost (1.23)
_1og ,
V=g = —Usinf (1.24)

Figure 1.36: 2D Streamlines induced by both a source and a sink of equal flow rate Q. S1
_>
and S2 situated on either side of the x axis at points equidistant from the origin. OP=r,
— —
0S1=r1, OSs=rs. Figure from [202].

Now let’s consider a flow dipole which consists a sink S1 and a source S2 having the
same flow rate Q with a separation d (see figure [1.36). We suppose that fluid issues from
the source S2 at a volumetric flow rate Q and flows into the sink S1 at the same rate. As a
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whole, the flow quantity related with this dipolar perturbation is not changed. The dipole
=
moment of the source and sink is defined as | p | = Qd, in the vector form: p = Q) S1S2.

Q |r - I‘1|
= ——"]og—— 1.25
o1 5,10 o (1.25)
Q \I‘ - 1‘2\
= Zlog—=— 1.26
o2 5109 - (1.26)

The velocity potential in the position P in the presence of sink S1 and source S2 is the
the sum of the two independent values, that is:

r—r r—r
¢ = d)sl + ¢s2 = 2@(109‘2‘ - logg)
m To To

With the logarithm development around r ( |r| > |ri], |r| > |r2| when d — 0), we
obtain the approximation:

Q

(1.27)

d cost cost
Qd _p

¢ 271'7“(‘r ra| —fr =) 2T r 27r (1.28)
that is:
p-r
= — 1.29
¢ 272 (1.29)
we obtain the velocity components:
d¢  pcosl
=_—= 1.30
U= o T om? (1.30)
10¢  psind
=—— = 1.31
YT 00 T om? (1.31)

Now, consider the uniform flow velocity U which is perturbated by a droplet of radius
R with a cylinder shape. The flow disturbances can be treated as pair-wise additives and
therefore the flow perturbation induced by the advected droplet can be written down as
a linear superposition of dipolar singularity, we have:

pcost

o= quniformflowfield + d’dipolarflowfield = Urcost — o (132)
9¢ P
r = = 1.
v =g U+ 27WQ)COSH (1.33)
19¢ P\
=P - ! 1.34
Y= o0 v 27r7"2)5m (1.34)

The figure m(a) shows that a potential flow is constructed by adding simple elemen-
tary flows and figure [1.37|(b) is the results obtained from the group of R. Bar-Ziv[206].
To satisfy the boundary condition, we should have:

v(oo) =U (1.35)

v (r=R)=0 (1.36)

The first boundary condition is automatically satisfied as the the dipolar field decays
as 1/r? (which results in mass-dipole, i.e. source-sink pair). This is in contrast to the far
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@ ——

Uniform flow field dipolar flow field

Figure 1.37: (a) A potential flow is constructed by adding simple elementary flows (uniform
flow + dipolar flow) and observing the result. (b)The flow field of the carrier fluids and a
droplet was visualized by fluorescent micro-beads immersed in the carrier fluids. The flow
was from left to right. The beads appear as lines due to the camera exposure time, thereby
illustrating the flow streamlines. Superimposed is the dipolar flow field induced by the
droplet’s perturbation to the flow. The dipolar field was calculated using the unconfined
single-droplet potential. Figure from [206].

flow field of any small particle moving in an unbounded 3D viscous fluid, which decays as
1/r [207]. The dipolar flow pattern is depicted in figure [L.3§|(b), where it is contrasted
with the flow in an unconfined medium (in figure [1.38(a)).
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Figure 1.38: Flow velocity field away from a particle moving to the right (indicated by
circle and arrow at the center), in (a) unconfined liquid (similar to figure [1.34] (a)) [203]
and (b) liquid confined between two plates. Figure from [207].

The second boundary condition gives:

That is :

p
T (1.37)
R2
¢ = Urcosf(1 + ?“_2) (1.38)

1.3.3 Interaction between two or more droplets

The simplest ensemble is a train of droplets which is analog to one-dimensional crystal.
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Beatus and co-worker have investigated this many-body effect using a microfluidic
water-in-oil droplet generator [206] [208] [209]. Water droplets are formed at a T-junction.
They produced an ordered array of droplets with radius R and constant distance a along x
between adjacent droplets ( figurdl.39] (a)). The droplets were deformed into discs-shape
and their motion was confined to 2D with friction with the floor and ceiling. They reported
the emergence of collective normal vibrational modes (equivalent to acoustic ‘phonons’) at
low Reynold’s number (=~ 10~%). The microfluidic droplet crystal exhibited longitudinal
and transversal fluctuations (figure (b)-(e)). The wave dispersion relation is made by
tracking the positions of droplets in time and applying a Fourier transform to obtain the
power spectrum of vibrations in terms wavevector k and frequency w.

(a) = Uim L T
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(b)

-01 005 0
K ] K um™)

Figure 1.39: (a) A microfluidic device for generating a 1D flowing crystal of water-in-oil
droplets. Uniform droplets form at the T-junction. (b), (c) Images of transversal and
longitudinal acoustic waves. (d), (e) Intensity plot of the logarithm of the power spectrum
of longitudinal and transversal waves as a function of wavevector and frequency (k, w).

Figure adapted from [206] [208] [209].

This phonons propagation gives rise to a variety of cristal instabilities. Beatus et al.
identify three types of them, including ‘surface’ melting instability, zigzag instabil-
ity and 1 4+ 3 instability. The two former instabilities are induced by the asymmetry at
the droplet formation. Far enough from the formation zone, the crystal can be treated as
approximately infinite, however, it is not the case of if droplets are located near T-junction.

The ‘surface’ melting instability occurs at the droplet-formation zone on abruptly
cutting the crystal by stopping water flow while maintaining oil flow. The drifting crystal
then exhibits a wandering motion in the transversal direction and a longitudinal pairing
wave that advances from the crystal trailing end (figurdl.40] (a)). The zigzag instability
occurs close to the droplet-formation zone as the crystal bifurcates into two parallel crystals
(figurdl.40] (b)).

Different from the instabilities caused by droplet formation, the 1 4+ 3 instability is
a local fluctuation which grows in the middle of the crystal, far from the T-junction. This
phenomenon is frequently observed in experiments: as the crystal was flowing downstream
from the droplet-formation area, phonons amplitude increased in time. The nonlinear
effects of the dipolar interaction become significant. Interestingly, in most experiments,



1.3. HYDRODYNAMIC INTERACTION BETWEEN DROPLETS 47

Figure 1.40: (a) Crystal ‘surface’ melting instability at the tailing edge that occurred
upon stopping droplet formation and maintaining the flow of oil. The instability appeared
as a longitudinal pairing wave and wandering motion in the transversal direction. Scale
bars, 100 pm. (b) (Top): Zigzag instability close to the droplet formation area. Scale
bar, 100 pm. The asymmetry at the trailing end of the crystal makes it a source of
zigzag waves. (Bottom): The scheme shows a small deflection of the trailing (orange)
droplet that increases due to transient force imbalance near the formation area. When
the next droplet emanates, it is pushed in the opposite direction, and so on (arrows mark
transversal forces). Figure adapted from [206] [208] [209].

this local fluctuation had a distinct structure of a single droplet followed by an oblique
row of three droplets. The authors argue that it is essentially a result of a non-linearity,
which arises both from the large amplitude and from the interaction between longitudinal
and transversal modes (see figure [1.41)).

Figure 1.41: Subsequent images showing crystal breakup process with 143 instability,
taken 0.3 s apart, of a local fluctuation in a 1D crystal (1 + 3 droplets, marked). The
fluctuation grows and leads to crystal breakup. Scale bars, 100 pum. Figure adapted from

[206] [208] [209]-
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1.4 Conclusion

We have overviewed the state-of-art of recent achievements and developments in the
field of anisotropic clusters for colloidal assemblies. In particular, the synthesis of ‘colloidal
molecules’, i.e. clusters of spheres with shapes resembling space-filling models of simple
molecules, are highlighted. This brief survey has been followed by a general introduction to
the microfluidics, because the microfluidic technologies has a great potential in the synthe-
sis and assembly of such clusters (anisotropic elementary objects) with various advantages
compared with traditional synthetic approaches. We also give a theoretical background
related with the microfluidics concerning on the transport of objects (droplets/particles).

The next chapters are organized as follows:

The second chapter presents our strategies and microfluidic techniques to produce a
small number of droplets in a periodic way. The basis of the microfabrication is given and
different experimental approaches have been explored to elaborate droplet clusters using
various microfluidic techniques, including valves, sorters, T-junction and step emulsifica-
tion droplet generators combination.

The third chapter is dedicated to an experimental and theoretical study on the dynam-
ics of a small number of droplets moving in Hele-Shaw cells with the help of externalized
microfluidic pneumatic valves. A quantitative study is carried out on the interaction of the
droplets confined in the microfluidic channel. The motion of the droplets induces dipolar
flow field. This rich dynamical mechanism enlightens us to assemble droplets in a smart
way.

The fourth chapter presents a novel approach to assemble droplets into clusters assisted
with the hydrodynamic interaction. By the use of microfluidic devices with a T-junction
combined with a step emulsification generator, the droplets can be directly assembled
into clusters in a reproducible manner within Hele-Shaw microfluidic channel. Various
morphologies of clusters have been observed. Theoretical and numerical study are also
carried out to investigate the self-assembly mechanism.

The thesis ends with a chapter displaying perspectives towards more complex clusters.
Many strategies have been successfully demonstrated to render the clusters more stable
and more complex. We identify three directions: towards sticky clusters, hybrid clusters,
magnetic and non magnetic clusters as well as solidifying clusters.



Chapter 2

Experimental techniques

2.1 Introduction

This study starts with the observations made in MMN’s laboratory using nano/microfluidic
devices by Malloggi et al. The feasibility of assembling simple droplets into clusters di-
rectly within the nano/microfluidic devices was demonstrated. With a step emulsification
device, Malloggi et al. generated a train of droplets of colloidal size and observed local
aggregation of droplets downstream of the reservoir channel [I5].
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Figure 2.1: (a) Schematic illustration of a step-emulsification device. The immiscible fluids
(oil (yellow) and water (blue)) are driven into U-turn microchannels (the “rivers”) under
fixed pressure differences. They meet in a terrace and flow into a reservoir, generating
droplets. Zoom over the step area: optical micrographs of the droplet transport are shown
near the step and 200 um away from the step. An instability develops downstream and
aggregation of droplets is observed. (b) Elementary clusters produced in the microfluidic
system and the corresponding theoretical models [210]. Figure adapted from [I5].

The experimental system of this study is sketched in figure (a). The device includes
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a nanofluidic (i.e., submicrometric) section that comprises a cross junction and a terrace
connecting to a profound reservoir channel. The inlets of the nanochannel section are U-
turn microchannels (rivers), along which pressure differences are imposed. Small fractions
of the flows driven along these rivers are driven into the nanofluidic section. The design of
the inlet channels allows us to impose well-controlled pressures at the nanofluidic section
entries while avoiding dust accumulation, which causes damageable system clogging. In
the nanofluidic part, the dispersed phase (yellow) meets with the continuous phase (blue)
at the cross junction. In certain regimes, a train of droplets is produced, which is analogous
to the one-dimensional crystal. Phonon-like instability is observed, as shown in figure [2.1
(a). This 1D cristal undergoes an instability similar to that described in Chapter 1. The
droplets in this study have 4.6 pm in diameter and the height of the reservoir channel
is 10.3 pm, thus the droplets occupy nearly half of the channel (R/h =~ 0.5). Although
they are not as confined as the case in the study of Beatus et al., [208] in which the
droplet diameter is 20 pm and the channel height 10 gum, which gives R/h = 2, the 1 + 3
instability, a local fluctuation in the middle of the train is well observed. The aggregation
of droplets in the downstream region leads to clusters formation. In this figure (a), a
tetrahedron droplet cluster is formed spontaneous which is highlighted with a red frame.
When the flow is stopped abruptly, various assemblies of droplets depicted in figure
(b) are obtained, which correspond well to theoretical models[210].

However, this phonon-like instability takes place in a spontaneous way and is very
sensitive to the perturbations of the flow conditions. It has not been possible to obtain
monodisperse populations of such clusters with the present experimental system. Obtain-
ing homogeneous populations of clusters requires the addition of a functionality to the
chip.

2.2 Principal idea developed in this thesis

Our idea is to generate, in a discontinuous manner, periodically a small number of
droplets instead of a train of droplets continuously. It is desirable that the assembly
process is re-programmable and deterministic. The complexity of instability is reduced
when it involves only a small number of droplets, thus we have better chance to control
their assembly process. Finally, once clusters are formed, a second operation such as
cross-linking, is necessary for them to be able to maintain their shapes.

In Chapter 1, we have briefly introduced the commonly used microfluidic droplet gen-
erators: coaxial, T-junction, flow focusing and step emulsificaton devices. Such droplet
generators are classified as ‘passive approach’ Those methods take advantage of the char-
acteristic flow field in microfluidics to control the interface and capillary instability, and
consequently to produce droplets. Although highly monodisperse and reproducible, with
simple geometrical designs, they are not able to generate a small number of droplets
periodically.

Some additional functionality integrated to the microfluidic droplet generators have
been taken under consideration in order to achieve the periodic production. The existing
drop-on-demand techniques include the use of valves [175] [176] [I79][I81] [183], piezoelec-
tric actuators [211] [212], electrowetting [213] etc. Those methods are named as ‘active
approach’. Active elements allow for a more flexible droplets generation in an extended
size range.

In this PhD study, we investigated the use of electrodes and externalized pneumatic
valves to generate a small number of droplets periodically. Apart from the ‘active ap-
proach’, we also succeed in producing a small number of droplets in a reproducible man-
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ner by coupling two ‘passive’ droplet generators. Those three approaches are illustrated

in figure 2.2
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Figure 2.2: Periodical generation of 3-droplet clusters. (a) Using electrodes sorting device.
When the droplets in a train flowing in the main channel arrive at the ‘Y’ junction, they
are either directed to the upper channel or the bottom channel by groups of three.(b)
Using device including externalized valves. The valve imposes an interruption of the
droplet passive production (Flow focusing geometry is used in this illustration. However
it works for other types of droplet generators). (c¢) Using device coupling T-junction and
step emulsification production. Details of droplet generation mechanism will be given in
Chapter 4 on cluster production part.

Once a precise small number of droplets are generated, we are interested in understand-
ing the instability, that is the dynamics interactions between the droplets. The question
arises, whether droplets could aggregate into clusters in a deterministic manner through
the interactions. If so, in the following step, we would like to facilitate the ‘bonding’
between the elementary units. This research work aims to provide a versatile approach to
produce clusters with the following features:

1. Morphology yield. The clusters synthesized are expected to have a good monodis-
persity for a given morphology.

2. Versatility. Through different control parameters, this approach is desired to have a
rich accessible morphologies.

3. High-throughput. This approach should be able to produce large quantity of clusters
in a short time to meet the industrial processes requirement.

4. Tunability. The properties of the clusters obtained should be tunable in terms of
the size domain, shape, chemical composition variety etc. (as we have described in
the Chapter 1 on anisotropy dimensions part).

5. Robustness and scalability. This approach should be reproducible and allows for
scale up by means of parallelization of microfluidic systems for instance.

The following part will be organized as follows. We begin with recalling the basis
of the microfabrication principle. Then we present preliminary results of ‘discontinuous’
production using electrodes and valves (figure (a) (b)). The comparison of the two
results is made, which leads us to adopt valves control to study the dynamical interaction
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between a small number of droplet (Chapter 3). With the understanding in dynamics of a
small number of droplet moving in Hele-Shaw cells, the results using two droplet generators
coupling are presented and further interpreted in Chapter 4. The cluster ‘bonding’ issue
is addressed in Chapter 5 in which we try to render the clusters more stable and complex.

2.3 Microfluidic device fabrication

A standard photolithography and rapid prototyping of microfluidic systems are intro-
duced here. The whole microfabrication procedure includes design and fabricate (including
sealing) microfluidic systems in an elastometric material, Poly(dimethylsiloxane) (PDMS).

Despite PDMS has many advantages (cheap, disposable, transparent etc.), its low
elastic modulus sometimes becomes a significant issue for theoretical study. For example,
its deformation makes it difficult to accurately predict the flow rates and flow profile in
Hele-Shaw cells.

In our study, shallow microfluidic channels with high aspect ratio are often used. In
order to avoid this inconvenience, in particular for droplet dynamic interaction study, we
exploit also another polymer, Norland Adhesive 81 (NOAS81), which has higher rigidity,
to prototyping the microfluidic systems, as complementary to PDMS.

2.3.1 Fabrication of Silicon Master

Lithography masks are designed by CleWin4 and printed with high resolution (at least
3600 dpi) according to critical dimension of the design. The fabrication of silicon master
is carried out in the clean room of MMN laboratory in ESPCI. The photoresist (SU8
20XX series, Microchem) is spincoated on a pre-cleaned silicon wafer and a soft bake is
performed according to the manufacturer’s specifications in order to remove the solvent.
By varying of SU8 solvent content (viscosity) and spinning speed, the desired film thickness
of the photoresist could be achieved. The desired microstructures are transferred from the
mask to the photoresist by UV exposure on a mask-aligner at wavelentgh of 365 nm.
After exposure, the wafer is further cured by the post-bake step in order to cross-link the
exposed SU8 areas. The non-exposed SU8 areas will be removed by the developer solvent
in the developing step. Final dimensions of the fabricated structures are verified with a
mechanical profiler (Dektak) or an optical profiler(Veeco wyko NT9100).

The fabrication of multi-layer silicon master is based on the accumulation of single
layer with alignment of microstructures. The main fabrication steps are as follows: with
the UV exposure through mask 1, the first layer of microstructures is transferred to the
photoresist; a second layer is achieved by the same way after an alignment of mask 2 with
the structures of the first layer. The figurd2.3] illustrates the fabrication process.

2.3.2 Fabrication of PDMS (Poly(dimethylsiloxane)) Systems

PDMS devices are cast from the silicon master by pouring liquid mixture of PDMS
monomer (Sylgard or RTV) and 10 wt% of crosslinker onto the master and allowing for
curing at elevated temperatures (70°C) for hours. The cured, solidified PDMS is then
peeled off from the master. Inlets and outlets holes are punched. We plasma-bond the
PDMS part to microscope glass slides to enclose the microfluidic system. Plasma oxidation
has two effects. One is when the two oxidized surfaces are brought into conformal contact,
an irreversible seal is formed between them. Another effect is that, silanol (Si-OH) groups
introduced onto the surfaces will render the microfluidic devices hydrophilic.



2.3. MICROFLUIDIC DEVICE FABRICATION 53

Spin coating 1°" layer
Expose

Mask 1

ey (<t fludic oyer)

Spin coating 2™ layer l

Align the mask
Expose

— — — Mask 2

I I I I (second fluidic layer)

develop l
I I I I Multi-layer silicon master

Figure 2.3: Double layer fabrication process.The multilayer structures are constructed
through layer by layer exposition and alignment operations.

Sometimes we wish to have a homogenous device with all PDMS channels, especially in
the case of hydrophobic systems. To make such devices, the PDMS upper part is prepared
as usual and the substrate, the microscope glass slide, should be first spincoated with the
liquid mixture of PDMS monomer and crosslinker following an independent curing before
bonding. Once the two parts are enclosed, the systems should be placed in the oven for one
day at 95°C so that they recover hydrophobicity. The general PDMS device fabrication
process is shown in figure 2.4
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Figure 2.4: General process of PDMS device fabrication. (a) Fabrication of silicon master:
Desired structures are transferred to photoresist on silicon wafer via photolithography. (b)
Cast from the silicone master transfers the embossed master structures as grooves to the
PDMS device. (c) PDMS device is bonded against a flat counterpart in order to create
enclosed microfluidic structures.
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2.3.3 Fabrication of NOA (Norland Optical Adhesive 81) Systems

Norland Optical Adhesive 81 (‘NOA 81’) is a commercial product, made of single
component liquid adhesive that cures in seconds to a tough, hard polymer when exposed
to ultraviolet light. The stickers are made by soft imprint lithography. We fabricate NOA
devices following the protocol described below: a PDMS mold is made from the master
as described above, then this PDMS mold is in turn used as a template to produce a
PDMS stamp. After using the plasma to activate the surface, we expose the PDMS mold
to gaseous 1H,1H,2H,2H-perfluorooctyl-trichlorosilane for hours in a sealed container to
make sure that the PDMS layers do not permanently bond during the UV curing process
afterward. This PDMS mold is placed in a vacuum to degas for at least 2 hours. The
structured PDMS stamp is then gently pressed onto a drop of Norland Optical Adhesive
81 (NOA 81, Thorlabs) before exposure to a UV lamp (exposure for 7 seconds at a power
of 6.5 mW cm™2). A thin layer of glue remains uncured on the surface due to the presence
of oxygen. The presence of oxygen inhibits the free radical polymerization due to the fact
that the growing chain will react with molecular oxygen, producing an oxygen radical,
which is much less reactive, thus the reaction is slowed down significantly. This inhibition
allows the device to be sealed with a glass slide after a second exposure to a UV source
(exposure for 30 seconds at a power of 25 mW cm~2).

1. Preparation of PDMS mold BN pDMSmold [ Glass slide
B noa Flat PDMS
2. Mold the channels 3. Mold the wall

J141111 wossom 1111111l wasom
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Figure 2.5: The process of microfluidic sticker NOA device fabrication which consists in
four steps: preparation of PDMS stamp, mold the channnels, mold the wall and sealing
of the system. Figure adapted from doctoral dissertation [214].

2.4 Attempt to use microfluidic sorters based on electrodes

Microfluidic flow sorting systems enable us to actuate the trajectory of the transported
objects (cells, droplets and particles etc.) in inexpensive, efficient and reliable way. Several
approaches have already been demonstrated, including deterministic lateral displacement
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[215], hydrodynamic filtration [216], dielectrophoresis [217], acoustophoresis [218] [219],
optical force [220].

Many microfluidic sorting devices exploit dielectrophoretic forces that depend on the
volume and dielectric contrast of the sorted objects and the continuous medium. Such
sorting device functions as follows[221] : the droplets are evenly spaced and periodically
injected into the device forming a train. They flow to the asymmetric ‘Y’ sorting junction,
where they can take one of two paths. Droplets flow into the wider channel by default due
to its lower hydraulic resistance. When a pulse of high-voltage alternating current (AC)
is applied across the electrodes adjacent to the sorting junction, the droplets are deflected
into the narrower channel of the junction by dielectrophoresis (see figure . One well
established application based on this dielectrophoretic (DEP) sorting is the fluorescence-
activated droplet sorting (FADS) [95] [221] where a laser detection is integrated which
focus on the channel at the gap between two electrodes.

(b)

Figure 2.6: (a) A monodisperse emulsion is injected into the sorting device. The inset
image shows the emulsion droplets being spaced-out with more carrier fluid. Scale bar,
1 mm. (b) Trajectories of droplets stream through the sorting junction. When an AC
electric field is applied across the electrodes, the droplets are deflected into the narrow
arm. In the absence of a field, the droplets flow into the wider arm owing to the lower
hydraulic resistance (inset). Scale bar is 100 pum. Figure adapt from [221].

For our application, we search to deflect periodically a small number of droplets into
one channel as shown in figure (a). Based on FADS, a simplified microfluidic sorting
device is made by suppressing the fluorescence laser detection system since there is only one
population of droplets generated with a flow focusing junction. An additional continuous
phase inlet is located in the main channel helping to space the droplets when they enter
the sorting channel. The design of our system is shown in the figure [2.7]

We make PDMS microfluidic devices using standard soft lithographic methods. We
design electrodes as channels within the PDMS device located in the proximity of the
asymmetric Y’ sorting junction. In the conventional approach, metallic electrodes are
fabricated by injecting liquid solder into microfluidic channels, and allowing the solder to
cool and solidify. This method is named ‘microsolidics’ [222]. We have used this technique
in the beginning of our study to elaborate the microfluidic droplet sorters. We also explore
another alternative method to elaborate liquid electrodes by replacing the solder by highly
concentrated electrolyte solution. Thought the Electrowell, a multiple channels accessory,
we can apply a voltage to liquids injected in microfluidic chips. This device imposes a
difference of potential at the terminals of a microfluidic circuit. Using liquid electrodes,
although the electric field has not been fully characterized, this technique provides an
easier and efficient method of the electrode fabrication.

We verified that this simplified microfluidic droplet sorter deflects efficiently the droplet
of interest into the desired channel. Figure 2.8 shows that in the absence of external force,
the droplet flows into the upper channel owing to the lower hydraulic resistance (Channel
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Figure 2.7: Sketch of the design of microfluidic device integrated with electrodes channels
close to the asymmetric ‘Y’ junction. Inset showing that Outlet 1 is the channel with
higher hydrodynamic resistance and Outlet 2 with lower resistance (Channel widthppe,
> Channel widthpettom). The droplets flow into this branch only in the presence of an
electric field. Scale bar is 30 pm.

widthypper > Channel widthpeom ). Whereas if the electric field is turned on, the droplet
is directed into the narrow channel by dielectrophoresis.
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Figure 2.8: (a) When the electric field is switched off, droplet flows along the upper channel
because of low flow resistance. (b) When the electric field is switched on, the droplet is
driven in the the lower channel of the branch. Scale bar is 30 yum. The artificial added
color is used to indicate the different states of electrodes.

We are able to program the number of cycles and the voltages applied to the electrodes
to synchronize the arrival of droplets depending on flow rates, droplet size and droplet rate.
In the example in figure [2.9] we could drive periodically a short train of four droplets into
the narrow channel. Cycles of 1 KHz single-ended square waves are sent to the electrodes
over 2 seconds. The voltage across the electrodes is 3 V},_,, which is amplified by a factor
of 100 by a high-voltage amplifier(Trek). The cycle is repeated every 9 seconds.

To conclude, the electrode sorter provides an effective way to produce periodically a
small number of droplet. However, there are some limits in this method. First of all, in
order to evenly space the droplets (which is critical for periodically deflection), the train
of droplets should be confined in the main sorting channel. This condition imposes that
droplet size is determined by the geometrical parameters and there is not much room
to tune the droplet size as we wish. Secondly, the synchronization between the arrival
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Figure 2.9: A train of droplets is flowing in the microfluidic channel. In the presence of the
electric field, a small number of droplets (N = 4 in this example) is directed and sorted.
Scale bar is 30 pum. The artificial added color is used to indicate the different states of
electrodes.

of the droplets and the electrode working circles should be adjusted every run according
to experimental conditions. As a consequence, the control over droplet spacing and the
number of droplets to be deflected each time is time-consuming. Thirdly, this sorting
mechanism is fluid dependent and it requires dielectric contrast between the sorted objects
and the continuous medium. We cannot manipulate easily oil droplets in aqueous solution
for example.

Microfluidic externalized pneumatic valves, on the other hand, offers a more flexible
control over parameters such as droplet size, spacing and number as we will see. Further-
more, the working mechanism of this active control is fluid independent.

2.5 Microfluidic externalized pneumatic valves

The fluid flow in a microchannel can be controlled with the help of microvalves. By
taking advantage of the elasticity of PDMS [223], the actuation of the valves for the
microfluidic application can be realized with the pneumatic deformation. The fluidic
channels can be closed at a precise location where an external force is applied to pinch
the channels.

Among all the microfluidic valves made with elastomeric materials, Quake valves are
the most commonly used. The Quake valve is a multilayer microfluidic structure, consisting
of a flow channel in one layer separated by a thin elastomeric membrane from a (usually
perpendicular) control channel in the layer above. The flow channel must have a rounded
profile to enable the valve to close completely during actuation. The schematic of a PDMS
pneumatic microvalve is shown in the figure (a). However the Quake valves is designed
for densely packed networks and complex on-chip integrated functionality. A generic device
based on Quake valve to control the droplet production has been developed by Galas et
al.[224]. With an active microfluidic connector, which includes a single pneumatic Quake
valve, the flow of the dispersed phase can be regulated as follows. When the valve is open
and then closed, a single drop is produced and the size of this drop is controlled by the
opening time of the valve. The size of the droplet can be tuned by the opening time of
the valve and the spacing between the droplets can be adjusted by the waiting time of the
successive opening, as shown in figure (b).

We adopt this drop-on-demand technique to produce periodically a short train of a
small number of droplets (see figure (b)). The externalized valves are stuck to a
glass slide and the working fluid (dispersed phase) flows from the fluidic channel in the
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Figure 2.10: (a) The control channel passes over the flow channel. Pneumatic/hydraulic
pressure in the control channel flattens the membrane valve downwards to create a seal.
(b) Four pictures of the same drop-on-demand device for various actuation signals applied
to the externalized valve. An aqueous solution of orange dye is injected at a T-junction
in a straight channel filled with mineral oil. The valve is actuated by pressure pulses in
the controlled channel (filled with water and green food dye). On each picture, the graph
shows the variations of the actuation pressure with time. (I) Valve closed: the water does
not flow. (II) Valve open: stable coflow of water and oil. (III) The valve is open over a
time T, = 50 ms: a single drop is produced. (IV) The valve is open periodically over a
time Tyt = 50 ms: a monodisperse emulsion is produced. Figure adapted from [224].

valve to the inlet of the microfluidic systems through the tubings (see figure 2.11). We
can place up to four valves in one glass slide. The externalized valve may be connected
to any microfluidic droplet generators, such as T-junction, flow focusing etc, as shown in
the figure. A Labview program is developed which allows the monitoring of up to three
independent valves simultaneously in my study.

*disll['rit‘lf phase

S

continuous phase
/' In T-junction
Working fluids
{dispersed phase)

‘ continuous phase

dispersed phase 1 /

_')'

continuous phase

© 'O Flow focusing

Externalized valves Microfluidic systems

Figure 2.11: Photograph of four two-layer externalized valves on a glass slide. The working
mechanism is shown in the illustration. The working fluid (dispersed phase) is flowing
into the fluidic channel of the valve and flowing out into dispersed phase inlet of droplet
generator (T-junction or flow focusing on the right as examples). The fluidic channel can
be closed when control channel located on the top is under pressure.

The figure below shows examples of the control over the production of droplets.
In each actuation circle, a precise control is achieved in term of droplet size, spacing and
number. In the examples shown in the figure, drops of fluorinated oil are produced in
water with SDS as surfactant. The typical pressure of dispersed phase and continuous
phase is in the order of tens mbar, and that of the control channle pressure is 1.5 bar. The
opening time of valves is in the range between 10ms to 100ms.



2.6. CONCLUSION 59

Size control

Figure 2.12: Pictures showing externalized valve control. The connected microfluidic
systems are flow focusing droplet generators, the geometries are various (with constriction
on the left and without on the right). Using various actuation signals applied to the valve,
a precise control over the droplet size, spacing and number is achieved.

2.6 Conclusion

In this chapter, we first present the past experiment observations concerning the cluster
synthesis which motivates this Ph.D. study. Inspired with the results from the paper of
Malloggi et al. [I5], we would like to gain an overall control on the cluster synthesis using
microfluidic techniques. In order to better understand and control the droplet clustering
process, we develop strategies to generate periodically a small number of droplets by
using both ‘active’ and ‘passive’ droplet generation methods. After recalling the basis
of the microfabrication principle, we investigate and compare two ‘discontinuous’ droplet
production methods using electrodes and valves. Despite the electrode sorter provides an
effective way to produce periodically a small number of droplet, it has certain limitations,
such as fluid dependent working principle, which makes it inadequate for the further
study. Externalized pneumatic valves offer us a better control over the drop-on-demand
production in terms of droplet size, spacing and number etc. The valves are used as a
tool to study the dynamical interaction between a small number of droplet moving in
Hele-Shaw in the next chapter.






Chapter 3

Dynamics of a small number of
droplets moving in Hele-Shaw cells

We presented in the previous chapter that the use of the external valves could provide
an efficient control over the droplets production. We carried out a quantitative study on
the interaction of the droplets confined in the microfluidic channel by taking advantage
of this technique. Droplets confined in micro Hele-Shaw cells present a rich dynamics.
The motion of the droplets induces dipolar flow field. Our goal here is to investigate
dynamical mechanism that allows to assemble droplet in pairs, trimers, quadrimers ... in
large number.

3.1 Article: Dynamics of a small number of droplets in mi-
crofluidic Hele-Shaw cells

This section is mainly based on the article: Dynamics of a small number of droplets in
microfluidic Hele-Shaw cells, by B. Shen, M. Leman, M. Reyssat, P. Tabeling, Experiments
in Fluids, 55, 1728 (2014).

3.1.1 Abstract

We investigate the dynamics of a small number of droplets (N = 1, 2, 3) in microfluidic
Hele-Shaw cells. We study the cases N = 1, 2 and 3 droplets and analyze the influence
of the side walls. In the course of the study, we observe spontaneous alignment of droplet
pairs, pair exchanges, droplet escape, multiple reflections between walls, i.e. a number of
phenomena that have not been reported yet. As a whole, using pairwise far field dipolar
interactions between droplets, along with treating the walls as mirrors allow to reproduce
the observations, even though limitations in the predictability of the model are pointed
out in a few cases. From a more practical prospective, the work shows that the behavior
of elementary droplet assemblies can be put under acceptable experimental control in a
wide variety of situations, a feature potentially interesting for self assembly, mixing or
transport of particles in microfluidic environments.

3.1.2 Introduction

Recent studies have revealed the rich dynamics of systems of droplets and particles
(cylindrical and spherical) confined in shallow microfluidic systems, i.e. in micro Hele-Shaw
cells. Small amplitude longitudinal and transverse waves [225], along with shock waves
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induced by localized jams [226] have been observed in droplet lines. Shocks, pattern for-
mation, dislocations have been observed in 2D populations of droplets [227] [206][228]. In
the presence of side walls, oscillatory and chaotic regimes have been calculated and ob-
served [229]. Studies of small clusters have revealed the existence of stable and metastable
configurations [229].

The underlying physics of these systems is the following : flattened droplets or particles,
confined in Hele-Shaw cells, and subjected to a steady flow, are advected downstream.
These droplets, being slowed down by the walls, move at speeds smaller than the upstream
velocity. In such circumstances, each droplet generates, in its own frame of reference,
multipolar interactions with its neighbors. These interactions give rise to the dynamics
revealed in the above references [203][230][202][207] [231] [232].

Owing to the complexity of the problem, simplifications are currently made in the lit-
erature. Most often, the problem is viewed as two dimensional and the interactions treated
as dipolar and pairwise [206]. The extent to which these approximations are acceptable
for describing experimental situations can be questioned. Higher order interactions may
come into play. Lubricating films, flows driven by gradients of curvature, boundary layers
close to the walls and in the vicinity of the droplets boundaries may also play a role by
conveying 3D perturbations. The goal of the present experiment is to carry out a quan-
titative analysis of the dynamics of populations including up to three droplets in micro
Hele-Shaw cells, and compare the results to the current approximate theoretical modeling.
As a whole, the present work shows that the behavior of elementary droplet assemblies
is well described by assuming 2D pairwise dipolar far field interactions. Despite this ap-
proximation must be taken cautiously, we demonstrate that the behavior of small clusters
is predictable within this model when droplets enclose, or even touch each other, at the
expense of reasonable discrepancies. The present work suggests that developing strate-
gies of self-assembly, mixing or transport in microfluidic devices, based on the controlled
dynamics of a few interacting particles or droplets may be envisageable.

3.1.3 Experimental system

Soft lithography technique is used to fabricate the microfluidic devices. As sketched
in Figure the systems are composed of two T junctions connected to a long shallow
channel defining our micro Hele-Shaw cell. To avoid the coupling between two parallelized
T junctions studied earlier [233] and better monitor the production, the two T junctions
are filled independently. Oil droplets are independently formed at the T junctions and are
driven into the micro Hele-Shaw cell, at controlled times. Two additional inputs of water
(the external phase) allow to improve the cross-stream homogeneity of the outer phase
flow conditions. Should these inputs be absent, the droplets would systematically drift
laterally and small initial separations between them would be impossible to obtain.

Oil and water are injected at the T-junctions under controlled pressure conditions,
using an MFCS Fluigent controller. By using an integrated flowmeter, we measure the
corresponding water flow-rates (Q; and Q’;). The water entries that homogeneize the
flow structure in the Hele-Shaw cell (see Figure 1), are controlled by two syringe pumps
NEMESYS, providing Q2 and Q’s. The total flow-rate of the water in the Hele-Shaw is
thus Qr = Q1 + Q’1 + Q2 + Q’2. The corresponding speed at infinity U is obtained by
dividing the total flow-rate Qr by the micro Hele-Shaw cross-sectionnal area.

In practice, the Hele-Shaw heights h vary from 18 pym to 48 um, the width of the T
junctions is 200 pm, the widths of Hele-Shaw cells vary from 500 pm to 3000 pm and
their lengths 1 range between 1 and 3 cm. In the micro Hele-Shaw cell, the aspect ratio
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Figure 3.1: (a) Sketch of the microfluidic device. Two independent externalized valves
are connected to the oil inlets to regulate the droplet production. (b) Sketch of the
microfluidic device showing how it is connected with the two independant externalized
valves. (c) Sketch of the experimental device showing how it operates: oil droplets (yellow)
are formed at two T- junctions and injected into the micro Hele-Shaw cell. Two entries
are added to the micro Hele-Shaw cell, in order to favor flow uniformity of the continuous
phase (blue)

height-over-width therefore ranges from 0.006 to 0.1, a range acceptable for applying the
lubrication approximation.

Concerning the microfabrication, we use PDMS (Dow Corning SYLGARD 184, 1/9
ratio of curing agent to bulk material ) or NOA (Norland Optical Adhesive 81). The
advantage of using NOA is to suppress any mechanical deformation in the micro Hele-
Shaw cell that would affect the droplet trajectories. In the case of PDMS, standard soft
lithography is used [94]. Thereafter, we close the system by binding thermally cured
PDMS to a glass slide, after exposing the surfaces to oxygen plasma and bringing them
into contact. In the case of NOA, we follow the protocol described by Bartolo et al. [234].

All the experiments employ fluorinated oil (FC 3283, viscosity u = 1.4 mPa.s) as the
dispersed phase and DI water with 1%w/w sodium dodecyl sulfate (SDS) surfactant as
the continuous phase (interfacial tension 18 mN.m™!). The sizes of the droplets and the
separation distances between two successive droplets in each T junctions are tuned by
using externalized pneumatic valves, monitored by a Labview program, using a technique
described previously [235] [224]. These externalized valves operate with a small dead
volume (~ 10 nL), a small displaced volume (j 1 nL), and a fast response time (~ 10 ms).
These characteristics guarantee a precise control over the droplet production. Droplets
can thus be produced on demand, in an accurate manner. Typical droplet radii of the
pancake-like droplets range between 100 pm and 200 pm.

Throughout the experiments, the water flow-rate varies from 2 gL.mn~! to 30 gL.mn 1.

The capillary number Ca = pU/v ranges between 2.5x107% and 3.7x107° and the Reynolds
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number Re = pUL/u varies between 2.2x1073 and 3.4x1072.

The droplet motions are recorded with a fast camera (Photron) through an inverted
microscope (x5, Zeiss). Image processing is used to extract the droplets characteristics
such as their radius R, the distance between droplets r, the orientation angle 6 with respect
to the upstream flow direction and their longitudinal and transverse velocities U, and U,.

3.1.4 Theoretical modeling

In the case of a single droplet, the geometry of the system, along with the axes, are
illustrated in figure [3.2] for the case of an isolated droplet.

Ri

rij

L &

Rj

Figure 3.2: (a) Sketch of the streamlines around an isolated disc-like droplet confined
between the channel "floor and ceiling”, in a Hele-Shaw cell. (b) Sketch of the general
case where the droplets are different.

An isolated droplet immersed in a uniform flow Uyin a Hele-Shaw cell experiences a
drag force that conveys it downstream (see figure [3.2)(a)). The droplet motion Up has an
amplitude smaller than the upstream speed U, owing to the friction exerted by the walls
onto the droplet. In an infinite medium, we may assume the following relation: [200]

Up = U (3.1)

where 3 is a parameter depending, in the small Reynolds number limit, for incom-
pressible newtonian fluids and in an infinite medium, on three dimensionless numbers: the
radius over the channel height, the viscosity ratio between the two fluids along with the
Capillary number. To the best of our knowledge, although work has been done on related
topics [232][236] , no systematic calculation of § is available in the literature. For the
sake of simplicity, and in good consistency with the experimental literature [206], we will
assume that g is independent of the flow conditions, an assumption that will be confirmed
empirically in Section 3.1.5 within the range of experimental conditions we investigated.
When several droplets move in the Hele-Shaw cell, the current approach consists in con-
sidering that the interactions are pairwise, dipolar and far field. Under these assumptions,
the expression for the speed of droplet i, subjected to the mean flow and the action of the
other droplets, reads [206][229]:

Ui = Bi(Us + >V @) (3.2)
J#i
where V(ij) is defined by
ij 2r;; P;
v — L (rij - p;) — (3.3)
ry; T

in which one has
p; = R?(Uj - Ujext) (34>
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in which Uje;r = U;/B; is the local upstream flow droplet j is subjected to. The
differences in the droplet sizes are expressed through the radius R; and the factor 3;,
which may differ from one droplet to the other.

The system is linear in U;. It must be solved to determine the droplet speed at each
point. Thereafter the droplet position can be calculated. The process must be iterated to
obtain the trajectories of all the droplets. Nonetheless, in the far field limit, the ratio of
the typical radius over the typical intradroplet distance is small, and quadratic terms can
be neglected. System can be simplified into:

R? 2R,
U= AU + 0 - 5)(5 Une — 0 1 UL)) (35
i i i

Equation [3.5] can be brought to a more convenient form by working in a system of
coordinates in which Uy, lies along x (as shown in ﬁgur ie.

U = Uk (3.6)

(in which % is the unit vector along x). In such a system, one obtains the following
equations:

da; R3(rfjy — 1a

U = =t = BU(1+ 3 (1 - 4)) Ty ~ i) (3.7a)

i "ij

2

0 _ dyi _ —2(1 = Bj) Rjrijarijy
Uy =~ =Bl > ) 3 (3.7b)
j#i i
in which

Tije =i —xj and  Tij, = Yi — yj (3.8)

(7) defines a dynamical system that can be integrated by using standard MatLab
routines. We used this formulation to compare theory to experiment.

3.1.5 Results and discussion
The case N=1 (isolated droplets)

We first investigate the case of a single droplet moving along the micro Hele-Shaw
cell. In this case, the system contains a single T-junction along with the two diluting
inlets; a single droplet penetrates the micro Hele-Shaw cell. In all cases, for a fixed
channel geometry, we obtain a linear relation between the droplet speed Up and the
upstream flow velocity Uy, (Fig. . Within the experimental error, the relation we
obtain experimentally can thus be expressed in the form:

Up = ﬂUoo (3'9)

in which £ is the proportionality factor, independent of U, in agreement with the theory
B.1

Experiments at different R/h are carried out, varying both R (100 to 290 pm) and
the height (18 to 48 pm). Widths vary from 1000 to 3000 pm, and we make sure that
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the minimal distance to the wall is 3R to avoid confinement effects. Figure [3.3] shows
that, within +£10%, the slope 8 does not depend on the ratio R/h. Its averaged value is
0.21 £ 0.02. Arguments shown later will confirm this conclusion, by indicating that the
variations of 8 with the droplet size are on the order of 1073.

2000
m  2<R/h<3
o 3<Rih<4 .
® 4<R/h<5 - &
6<R/h<7 L
15004 « 7<Rih<s gy
» B<R/h<8 ! -
¢ 9<RM<10 T
y_ 1000
D
(Hm/s)
500+
0 T T T
0 2000 4000 6000 8000

U _ (um/s)

Figure 3.3: Measurements of the velocity of an isolated droplet Up as a function of the
velocity Us, regrouped by values of R/h. The solid line is a linear fit of the data, with a
slope equal to 0.21. The error bars are the min and max values obtained, for each R/h, by
varying the droplet radius and the channel height. Error bars are sometimes not visible,
being smaller than the points. Within the error bar, § does not depend on R/h and its
mean value is 0.21 £ 0.02 (solid line)

The case N=2 (pairs of droplets)

The case of identical droplets

We start here with the case where droplets have the same size. Figure [3.4[a) shows the
evolution of a droplet pair aligned with the streamwise direction, for different separation
distances. As shown in Fig. [3.4(a), the pair speed increases with the separation, up to a
point when the droplets cease to interact and consequently move as isolated droplets.

An important observation is that, as shown in Fig. (a)7 the ratio of the pair speed
U, over Up does not vary with the parameter R/h. In this plot, R/h has been varied
between 2.5 and 10, and the data collapses onto a single curve, function of r/R. From
dimensional grounds, within the small Reynolds numbers limit, one may conclude that
the speed ratio depends on r/R only. The measurements agree well with the model, which
yields to the following expressions: (see Appendix 1.(a).)

R2
Uy = BUs(1 —(1— ﬁ)r—200329) (3.10a)
U, = —(1 - ﬂ)BUoofjsinQG (3.10D)

in which r is the initial pair separation and 6 (mod. 7) is the angle between the line
joining the droplets centers and the Ox axis (see Fig. [3.2(b)). Eq. shows that droplet
pairs displace at an angle equal to 20 with respect to the x axis. Droplet pairs normal to
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the x axis move faster than isolated droplets. On the other hand, isolated droplets move
faster than droplet pairs aligned along x (so-called 'peloton effect’ [208]) .

The solutions [3.15] are represented as solid lines in Figure [3.4] It agrees well with
the experiment down to r/R = 2, where deviations do not exceed 20%. This deviation is
surprisingly low if we take into account that the far field approximation is no longer valid
in this region.

Theory [3.15] and experiment agree well also in the case where the pair is oriented
normally to the upstream velocity (see Fig. [3.4{c)). In this case, the doublet moves
faster than an isolated droplet. This can be called an ’antipeloton’ effect, because here
the drag developed by the upstream flow appears larger than for isolated droplets. This
can be explained by noting that the presence of the droplet pair deviates the incoming
streamlines more importantly than in the isolated case. Thereby, larger local speeds and
larger drags can be expected. More specifically, each droplet generates dipolar motions
(Fig [3.4(b,d)) that exert drag forces on neighboring droplets. In the horizontal case, those
forces are directed oppositely to the flow direction as pictured in Figure (b) while they
are directed along the flow in the vertical case (Fig. [3.4{(d)). As a consequence, dipolar
interactions result respectively in a reduction/increase of the drag in the horizontal /vertical
case; horizontal pairs are slowed down and vertical pairs fastened.

The acceptable agreement between theory and experiment is further confirmed by
investigating the behavior of droplets pairs oriented by angle # with respect to the upstream
velocity. The pair speeds along the x and y directions, measured for different angles 6, are
shown in Figure [3.5

Here the droplets touch each other (r/R = 2). We obtain, as expected theoretically
from formulas that the pair speeds develop sine-like behaviors with respect to 26.
The theory, represented by full lines, agrees well with the x speed component of the droplet
pair, without any fitting parameter, and despite the long range hypothesis is not valid here.
This agreement does not appear in the transverse component, that is overestimated by
the theory by 30%. The transversal speed variation is only qualitatively predicted by the
model.

The result of the behavior of non-touched droplets pairs (r/R ranges from 2 to 10)
oriented by angle 6 with respect to the upstream velocity is shown in the figure The
pair velocities develop sine-like behaviors as expected in the theory and their amplitudes
are decreasing as the droplets get more spaced.

The case of droplets of different sizes initially aligned along the downstream direction

We consider here the case of droplets of different sizes initially aligned along the down-
stream direction. We monitor the distance between the droplet centers (t) = x2(t) -
x1(t) in three different cases (Fig. [3.7): a small droplet moving behind a large one (a), a
large droplet moving behind a small one (c) and, for the sake of comparison, two identical
droplets placed one behind the other (b). Droplets initially lie parallel to the centerline
of the micro Hele-Shaw cell ("horizontal’ line). Their disalignement being at most of 10°,
it can be neglected. The conclusion is suggested by the inspection of Figure [3.5] and
supported by the evidence that there is no pair rotation (see Section 3.1.5 spontaneous
pair alignment). In all these experiments, droplets cover a distance larger than 30 times
their radius. For identical droplets, we recover the result, shown previously, that their
separation does not change with time, within a 5% experimental uncertainty. As droplets
are different, there is no more steady state: the separation diverges in case (a) while it
contracts in case (c).
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Figure 3.4: Velocity of droplet pairs, normalized by the velocity of an isolated droplet, as
a function of their distances normalized by their radii. The velocity of isolated droplets
was measured in situ. (a) Pairs of droplets oriented in the streamwise direction, § = 0°,
(V) PDMS system, h = 18 um, w2 = 3000 ym, Up ~ 612 pum.s~!, (H) NOA system,
h = 37 um, w2 = 3000 pum, Up ~ 680 ym.s~!, (@) PDMS system, h = 48 ym, w2
= 3000 pum, Up ~ 1485 pum.s~!, (A) PDMS system, h = 48 pm, w2 = 3000 pm, Up
~1700 ym.s~1. (b) Representation of the recirculations generated by each droplet in the
horizontal position. The blue droplet generates a force on the red droplet, represented
by a blue arrow. Respectively, the force generated by the red arrow on the blue one is
represented by a red arrow. (c) Pairs of droplets oriented perpendicularly to the direction
of the flow, § = 90°, (M) NOA system, h = 37 ym, w2 = 3000 pm, Up ~ 322 um.s !, (@)
NOA system, h = 37 ym, w2 = 3000 pm, Up ~462 pm.s~!. Droplet radius vary between
100 and 200 microns. The solid lines show the theoretical results based on Eq.
(d) Representation of the recirculations generated by each droplet in the vertical position.
Forces generated by each droplet are represented by arrows of the droplet color.

The long time behavior of the ‘repelling’ case (a) indicates that the factor g, intro-
duced in Eq. must slightly increase with the droplet size, in a way undetectable by
measurements made on isolated droplets, owing to experimental uncertainty, as pictured
in Section 3.1.5 the isolated droplets. We thus compared the observations with the theory
by introducing a free parameter A = [2 - 1, which takes the variation of 5 with the
droplet size into account. With this adjustable parameter, the theoretical predictions is
given by the following equation : (see Appendix 1.(b).)

%i = (B2 — B1)Us + (1= )P B3 5—2 (1 - BB Uso

The solid lines, representing the above formula, agree well with the experiment.
From these experiments, we can provide an estimate for the variations of 8 with the
droplet radius R, for a range of R/h varying between 2.5 and 5.

(3.11)

A _ — —
A ~1.6.107* £ 0.5.10~ 4 pm "
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Figure 3.5: Velocity of contacting droplet pairs (r/R=2) normalized by the velocity of an
isolated droplet, as a function of the angle of orientation #. The isolated droplet velocity
was Up ~1100 ym.s~!. PDMS system, h = 46 ym, w2 = 3000 um. (a) Measurements
along x. Note that in this set of experiments, when the pair is vertical, the ratio U, /Up is
smaller than on Fig [3.4{(c). This variability is compatible with the standard type deviation
we obtain experimentally over a set of experiments conduced in the same conditions (b)
Measurements of the speed component along y. The solid lines show the theoretical results
given by Eq. (c) Representation of the recirculations generated by each droplet in
the position with orientation of -60° (on the top) and 60° (at the bottom). Forces generated
by each droplet are represented by arrows of the droplet color.

(@ g (b)
- W /R 25-5 i
e Wl W (/R S5-10 5 i 024

s - '~

u e ity U * -
x d ] s - 0 ¥ | e B
UD 'lﬁ'-'-:l' ] 1'\ L UD 0,04 e, w - "'f“'.-l'-?ga-
b

0,2 4

T T T T T
0 45 o @ L -0 -5 L] a5 L

0 (degree) 0 (degree)

Figure 3.6: Velocity of contacting droplet pairs (r/R ranges from 2 to 10) normalized by
the velocity of an isolated droplet in the same fluid condition, as a function of the angle
of orientation §. PDMS system, h = 46 um, w2 = 3000 pm. (a) Measurements along x.
(b) Measurements of the speed component along y. The solid lines show the theoretical

results given by Eq.

The very low value of the ﬁ—g explains that those variations were not detectable for

isolated droplets in Section 3.1.5 the isolated droplets part. It is remarkable that such
small variations control the dynamics of droplet pairs, in the case where droplets are
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Figure 3.7: (a) Evolution of the distance between droplets as a function of time. Solid
lines depict the theoretical model using an adjustment of the parameter A = 52 - S1.
PDMS system, h = 48 pym, w2 = 3000 pm. (a): R2 = 209 pm, R1 = 155 um, A =
0.0055. (b): R2 =206 um, R1 = 201 gum. (c): R2 =131 um, R1 = 205 pm, A5 = -0.0157.
For identical droplets (case (b)), theory predicts that their separation remains constant
(horizontal solid line).(b) Representation of the recirculations generated by each droplet
in those three different cases. Forces generated by each droplet are represented by arrows
of the droplet color.

unequal. This point must be taken seriously in studies attempting to model the dynamics
of populations with droplets of different sizes.

Spontaneous pair alignment along the downstream direction

We observed an interesting phenomenon with unequal droplet pairs placed normally
to the upstream direction. Their trajectory is shown in Figure A). The pair rotates
up to a point where it almost aligns with the downstream direction. In the meantime, the
droplets approach each other and cluster. Eventually, the pair moves steadily downstream
(not shown). The physical origin of the rotation comes from the fact that the large droplet
develops vigorous recirculations that advect its small partner around it. The effect cancels
out when the droplets are identical.

Figure (B) shows calculations based on Equations without fitting parame-
ter. The approximate theory reproduces well the internal evolution of the pair (rotation
and mutual approach), prior to the collision. Beyond the collision time, the calculation
indicates that the droplets interpenetrate, which is nonphysical. We thus stopped the
calculation after the droplets come into contact.

The case N = 3: Pair exchange

For the case N = 3, we analyzed a number of different situations and figured out typical
behaviors. We found a phenomenon that is well known in vortex dynamics, called "pair
exchange” (a similar effect is known in the field of sedimentation (Guazzelli and Morris
2012)). The phenomenon is shown in Figure for two different initial conditions. In
Figure (A), the three droplets initially lie along the streamwise direction, one pair
standing ahead of their third partner. Since the isolated droplet moves faster than the
pair, it will approach the pair. Eventually, the droplet located at the front detaches,
and gradually escapes the new pair formed by two other droplets. We thus obtain a
horizontal “exchange”. This horizontal exchange is the three-body version of the shockwave
phenomenon discussed in previous work [208][226].
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Figure 3.8: (A) Evolution of a pair of droplets with different size (R = 250 pm and 167 pm
respectively) oriented normally to the upstream velocity U, ~6105 .s~!. PDMS system, h
=48 pm, w2 = 3000 pm. (a) t =0s; (b) t =1.6; (c) t =3.2s; (d) t =4 s. The external
phase flows from left to right. (B) The same situation calculated by using Equations
with the parameters of Figure [3.8(A) (U radii, initial positions, 8 = 0.2) (a) t = 0's; (b)
t=297s; (c)t =4.06s; (d) t =5s. A vertical drift on the order of 50 .s~! is found in
the simulation, which is higher than the experimental drift. The scale bar corresponds to
500 pum. (C) Representation of the recirculations generated by each droplet in the position
A-(b). Forces generated by each droplet are represented by arrows of the droplet color.

(c) (d)

In another situation (Figure [3.9(C)), a "vertical” pair (i.e. normal to the streamwise
direction) stands behind an isolated droplet. In this case, the pair moves faster, and thus
will come closer to the isolated droplet. We observe that, as the pair approaches their
partner, a droplet detaches from the triplet newly formed; eventually, the droplet is left
behind while the new vertical pair formed with its former partner moves downstream at
larger speed and consequently escapes away from it.

The two phenomena are correctly reproduced by Equations This is especially
true for the horizontal exchange (Figure [3.9(B)), where a semi-quantitative agreement
is obtained, again without fitting parameter. Figure (D) shows a more complicated
situation: the approach of the vertical pair is well reproduced by Eq. [3.7], as is the
outcome of the exchange, but there is a discrepancy between the experiment and the
theory concerning the duration of the exchange process. In the experiment, full exchange
is observed at 4.8 s while in the simulation, we need larger times (beyond 10 s) to reach a
state where the exchange can be considered as completed. The reason for this discrepancy
is due to the fact that, as the droplets get close to each other (See Figure [3.9(A)(d) and
3.9(C)(d)), Equations become inaccurate. The inaccuracies propagate at later times,
reaching substantial levels. Calculations nonetheless show that Eq. [3.7] still represents
qualitatively well the evolution of the system at late times in this particular case.

Interactions with the walls

A single droplet moving along a wall

In these series of experiments, we drive a single droplet along a wall, and measure
its speed as a function of its distance to the wall r,, (see Figure . The other wall
is located at a distance at least about 800 um (around 6R) so that its influence may
be neglected. We observe that the speed of a droplet increases as its distance to the
wall decreases. This is consistent with the idea that the lateral wall acts as a mirror and
consequently develops an image that forms a pair with the droplet, oriented normally with



CHAPTER 3. DYNAMICS OF A SMALL NUMBER OF DROPLETS MOVING IN HELE-SHAW

72 CELLS

A ﬂ _FY-] ta] B B O Coim‘
000 (b) 0 00 (b)
000 5 000 (c)|
OO0 O (d)
OC O {
(d) o0 O (o
— J

e)

C

‘. b * ﬁ B g8 © ;a]i
|8 0 0 . 8° (b)]
| e T 8°
|
|

m 3 @
K. P

Figure 3.9: Image sequences of triplets of droplets moving from left to right in a Hele-
Shaw cell. (A) An isolated droplet catches up with a "horizontal” pair, then the droplet
ahead is released (R = 99 pm, 94 pm and 94 pm respectively). PDMS system, h = 48
pm, w2 = 1300 pum; flow velocity is Uy, ~ 2352um.s~!. (a) t =0s; (b) t = 1.2 s; (c)
t=24s;(d)t =36s; (e) t =4.8s. (B) Numerical simulation with the parameters of
Figure [B.9(A): U, initial positions, 3 = 0.2. Here, the droplets radii are assumed to be
identical and equal to the mean radius (R = 96 pum). (a) t =0s; (b) t = 1.56 s; (c) t
=25s;(d) t =3.75s; (e) t =5.93 5. (C) A "vertical” pair catches up with an isolated
droplet, then moves downstream, abandoning its former partner (R = 165 pum, 172 pum
and 150 pm respectively). PDMS system, h = 48 um, w2 = 1300 pm; flow velocity is Us
~ 3450um.s~ ()t =0s; (b)t =128 (c) t =24s; (d)t =36s; (e) t =4.8s. (D)
Numerical simulation with the parameters of Figure (C): Uwo, initial positions, g =
0.2. Here, the droplets radii are assumed to be identical and equal to the mean radius (R
=162 um).(a) t =0s; (b)t =14s; (c) t =2.66s; (d) t = 7.03s; (e) t = 10 s. The scale
bars correspond to 200 pm.

respect to the streamwise direction. The "vertical” pair (formed by the droplet and its
image) moves therefore faster than the isolated droplet.

At a quantitative level, we compared the droplet speed with the theory (solid line),
again without fitting parameter, taking the wall as a mirror and the droplet as pointwise.
The distance to the wall is r,,, so that the distance to the droplet image is r = 2 7.
We found good agreement between the theory and the experiment for r,,/R > 1.8. For
short distances (rw/R < 1.8), the evolution seems more complicated: the measured speed
is substantially higher than expected close in a range of 7, /R lying between 1.25 and
1.8. Surprisingly, the discrepancy decreases as the droplet approaches the wall further.
The discrepancy observed between 1.25 and 1.8 is probably due to the fact that the far
field assumption becomes inaccurate. Regarding the decrease of the droplet speed as the
wall is approached further, a possible explanation bears on the idea that the width of the
boundary layer located at the wall is around 50um [198]. Therefore, for r,,/R ~ 1, the
droplet stands partially in the boundary layer and consequently, its speed is slowed down.
The fact that the model reproduces the experiment in this case is thus fortuitous.

Droplet pair reflecting against a wall

The stream lines in a Hele-Shaw cell move parallel to the flow. It is thus impossible to
study the reflection phenomena with a single droplet, as it moves parallel to the wall. We
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Figure 3.10: (a) Speed of a single droplet moving along a wall plotted versus the distance
between the droplet center and the wall rw over the droplet radius R. The system is made
in PDMS (h = 46 pm, w2= 1300 pm.). The radius of the droplet is R = 140 pum. The
speed of the continuous phase Uy, is 10800 pm.s~!. It is measured in situ by seeding the
flow with micrometric particles. The side wall is shown in dark grey. In the single image
approach, the droplet and its image form a ’vertical’ pair whose speed can be calculated
by using Eq. (b) Representation of the recirculations generated by the real droplet
(blue) and its image (red). Forces generated by each droplet are represented by arrows of
the droplet color.

used the dipolar interaction discussed earlier to send droplet pairs towards the wall and
study reflection laws. We observed different situations. The first one is shown in Figure
B.11[(A). In this situation, the pair moves towards the wall at a small incident angle (21°,
measured with respect to the wall), deviates, avoids it, and eventually moves away from
the wall. The pair keeps its integrity and the reflection angle is equal to the incident angle.
We thus have pure symmetric reflection.

B
~ 4 = i
(a) (b) (<) (d) (e) (f) 1]

Figure 3.11: (A) Evolution of a pair of droplets approaching the side wall (R = 146 um
and 142 pm respectively) at an incident angle equal to 21°. The external phase flows from
left to right. PDMS system, h = 48 ym, w2 = 1300 pm, flow velocity Us, = 4098 pum.s L.
(a)t=0s;(b)t=04s;(c)t=08s;(d)t=12s;(e)t=16s;(f)t=25;(g) t=
2.4 s.The scale bar corresponds to 200um. (B) Numerical simulation with the parameters
of Figure (A) (Us, R = 144 pm, initial positions provided by the experiment, 5 =
0.2). ()t =0s; (b) t =0.38s; (c)t =0.75s; (d) t = 1.13s; () t = 1.5s; (f) t =2.25
s; (g) t = 2.38s.

A second case is shown in Fig. A). Here, the incidence angle is larger (61°). The
two droplets first come into (apparent) contact with the wall. Later, the droplet ahead
of the pair moves along the wall, while its partner separates from the wall. The droplet
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located ahead moves faster so that as time grows, the distance between them increases.
Eventually, the droplets are far apart and the pair is destroyed.

Figure 3.12: (A) Evolution of a pair of droplets approaching the side wall (R = 120 pm
and 113 um respectively). The flow is from left to right. The flow velocity Us, = 3465
pm.s~1. PDMS system with h = 48 ym, w2 = 3000 um. (a) t = 0s; (b) t =2s; (c) t
=4s;(d)t=12s; ()t =14s; (f) t =16s; (g) t =18 s; (h) t =20s; (i) t = 22 s.
The scale bar corresponds to 200 pm. (B) Numerical simulation with parameters close to
those of Figure 11(A): Uy, = 3465um.s~! and R = 116 um. The initial angle had to be
slightly changed to reproduce this escape phenomenon. (a) t = 0s; (b) t =1.28 s; (¢) t
=207s;(d)t=225s;(e)t =231s; (f)t =234s;(g) t =241s; (h)t =2.84s; (i) t
= 3.95 s.

A third case is shown in Figure A). In this case, the pair moves in a strongly
confined space - the distance between the walls is twice the droplet diameter. The pair
undergoes a sequence of events, including contact with the wall, rotation and drift towards
the opposite wall. The process repeats periodically. We have observed up to five cycles in
a long narrow channel.

. OO0 0 O 0000090

Figure 3.13: (A) Bouncing of a pair of droplets in confined conditions (R = 133 pum and
120 pm respectively). PDMS system, h = 41 pm, w2 = 500 pum. The external phase flows
from left to right. (a) t =0s; (b) t =0.1s; (c) t =0.2s; (d) t =0.3s; (e) t =0.4s; (f)
t=0.5s;(g) t =0.6s; (h)t =0.7s; (i) t = 0.8 s. The scale bar corresponds to 200 pm.
(B) Numerical simulation showing (qualitatively) the same phenomenon, using the same
conditions as the experiment. (a) t =0s; (b) t = 1.17s; (¢) t = 2.28 s; (d) t = 3.36 s; (e)
t=447s; ()t =555s (g) t = 6.665s; (h) t = 7.73 s; (i) t = 8.66 s.

Equations quantitatively reproduce the experimental behavior observed in the case
of pair reflection against the wall (see Fig. [3.11{B)). The good agreement may originate
from the fact that at all times, the pair remains substantially distant from the wall. This
is an interesting outcome, which indicates that in practice, walls can be considered as
mirrors, and higher order reflections can be neglected as long as pairs remain distant from
the wall.

The quantitative agreement gets worse as pairs approach the wall. One example is
the escape shown in Figure B). Here the behavior observed experimentally is repro-
duced only qualitatively, and only after adjusting the initial angle between the droplet.
Numerically, there is a sensitivity to the initial conditions, while experimentally the escape
regime appears robust with respect to slight changes in the experimental conditions. The
existence of various regimes (reflection, escape) that we found, both experimentally and
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numerically, appears consistent with the analysis of Uspal and Doyle (2012) [229].

The last situation (Fig. [3.13]) is well reproduced by the large friction-single image
theory. The details of the rebound (contact with the wall, rotation and drift towards
the opposite wall) are well obtained numerically. However, we observed a discrepancy
regarding the times at which the reflection events occur (see Fig. [3.13(A)-(B)). This
is mainly due to the fact that in the experiment, we operated at fixed pressure, and
consequently the upstream velocity U is not imposed. In this particular set of experiment,
U, must be taken as a free parameter. When this remark is taken into account, agreement
between the theory and experiment is found to be good (albeit at the expense of a free
parameter).

3.1.6 Conclusion

In this paper, we investigated the behavior of droplets conveyed by a mean flow, and
confined in micro Hele-Shaw cells. We analyzed the case N = 1, 2 and 3 in detail. For N =
3, we observe several phenomena (rebounds, pair exchange) that have not been reported
yet. We moreover show that the side walls generate a rich dynamics (escape, simple and
multiple reflections). Asa whole, the dipolar interaction model (far field, limited to nearest
neighbours) provides an accurate picture as long as the droplet boundaries are distant by
more than one radius from its neighbor or from the wall. Below this critical distance,
the far field approximation is no longer valid, but theory still describes well most of the
observed phenomena (speed of a pair of droplets, pair exchange, pair rotation, speed of a
droplet close to a wall, rebounds); the agreement is surprisingly good in purely longitudinal
studies. Whatever the distance between particles and the number of droplets involved (N
= 1, 2, 3), the dipolar interaction model gives good qualitative predictions, with easy
to compute equations, and without fitting parameters. The capacity of predicting the
movement of small assemblies of droplets opens the possibility of devising self-assembly
strategies based on hydrodynamic interactions between particles or droplets. It more
generally suggests that controlling small populations of particles in microchannels, to mix
or transport entities, seems feasible.
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3.1.8 Appendix
Complex variables
A compact form of can be found by using complex variables:
z=x+iy and zj =z —zj (3.12)
Using such variables, one gets:

dz; (1- B8R}

— =BiUs(1—) ——22 3.13

g = Pl Z(ZI—ZJ)Q) (3.13)
JF#i

For the sake of comparison with the experiment, it is interesting to calculate exact

solutions to Eq. [3.13] For N = 1, one gets , Ul(g) =pPU ; U1(2) = 0, which again expresses

the motion of an isolated droplet. For N = 2 | system reads:

dz1 (- B2)R3
0 ArUx(1 (Zs — Z_1)2) (3.14a)
dZQ o (1 — ,Bl)R%
yT BoUxo (1 — 7~ Z_1)2) (3.14b)

We have not found exact solutions to this system in the general case. In two cases
however, exact solutions can be obtained: (i) when droplets are identical and (ii) when
they lie initially along the x axis.

Appendix 1.(a). Identical droplets

For two identical droplets, Equations [3.14] show that the droplets move at constant
speed U(Uy, Uy). It is convenient to express the exact solution in the following way:

R2

Uy = fUs(1 — (1 — ﬁ)ﬁcos%) (3.15a)
2

U,=—-(1- ﬁ)ﬂUm%sinQH (3.15b)

in which r is the pair separation and € (mod. 7) is the angle between the line joining
the droplets centers and the Ox axis. Droplet pairs normal to the x axis move faster than
isolated droplets. On the other hand, isolated droplets move faster than droplet pairs
aligned along x (so-called "peloton effect”).

Appendix 1.(b). Droplets lying along the x axis

When the droplets initially lie along the x axis, they stay on the x axis at all times.
One thus has the relation:

zZ9 — 21 — (5(t) (316)
where the separation §(t) is real. §(t) satisfies the following equation:
dé 1— R3 —(1— R;
a — (,82 o ,Bl)Uoo + ( /82)61 2 ( 51)/82 1Uoo (317)

52
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The evolution of d(¢) depends on the signs of the terms of the right hand side of
Eq. [B:I7 For the sake of simplicity, and anticipating the experimental findings, we will
restrict ourselves to the case where § slightly increases with the droplet radius, so that
AB = Py — B1 is much smaller than 5, and positive if Ry > Ry; this implies that the
quantity (1 — )81 B3 — (1 — $1)B B3~ (1-B1) (R} — R2) is positive.

On solving [3.17 under these assumptions, we find that when R1 < R2, the separation
grows linearly at large times, according to the formula

6(t) = ABUt = (B2 — 1) Usot (3.18)

In the opposite case (R; > Rs), the droplets approach each other. At a finite time,
defined by

fe= % BIUOO (60Arctan(5((£)) — 5(0)) (3.19)
with
5 \/ (- ﬁQ)ﬁlR%A_ﬁ(l — 51)5: 3 (3.20)
5~ ¢ (- &)&R%A—Ba ~ 515 RE (3.21)
S ~ 0.4 R%A_ﬁR% (3.22)

the two droplets touch each other. From that moment on, they start intepenetrating
and the model no longer provides physical results.






Chapter 4

Clustering based on
hydrodynamics self-assembly:
basic observations

4.1 Introduction

We have demonstrated that by integration of independent externalized valves, we can
produce periodically a precise small number of droplets in a reproducible manner. How-
ever, reducing the droplet size down to several microns remains a huge challenge. In
addition, the way to aggregate discrete droplets together without coalescence is another
problem to solve (in the previous chapter, we observe the pair exchange phenomenon
which is not desirable for clustering process, i.e. in such condition, we could only obtain
doublet instead of triplet). In this chapter, we will describe a novel method to generate
large amounts of clusters entities with a good size, composition, surface properties and
shape uniformity.

4.2 Experimental set-up

The geometry of the microfluidic system is illustrated in Figure 4.1} The device, made
with standard PDMS-based soft photolithography, consists of a two-layer structure with
different heights. The first layer includes a T-junction and is followed by a shallow terrace.
The depth (hy) varies from 1pym to 10um and the width of the T-junction channel (W)
ranges from 10pum to 100um. The second layer is composed of a microfluidic reservoir, with
the depth (hg) varying between 22um to 163um. The dispersed phase is injected from
Inlet 1 and continuous phase from Inlet 2. More external continuous phase is injected
through two additional inputs connected with Inlet 3 which allows us to modulate the
flow field in the reservoir.

Depending on the liquids we use, water-in-oil or oil-in-water emulsions are formed. In
the first part, as a model system, we adopt Fluorinated oil (FC-3283) as the dispersed phase
and water with 2 % surfactant Sodium dodecyl sulfate (SDS) as the continuous phase. We
use either pressure sources (MFCS Fluigent) or syringe pumps (NEMESYS) to drive the
fluids. By using an integrated flow meter, we could also measure the corresponding flow-
rates in the case of pressure control. The droplet motions are recorded with a fast camera
(Photron) through an inverted microscope (Zeiss). Image processing is used to determine
the droplets characteristics such as the size, velocity, emission frequency etc. The main
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Figure 4.1: (a) Sketch of the design of microfluidic device. There are three inlets: dispersed
phase (Inlet1), continuous phase (Inlet2) and dilution continuous phase (Inlet3). A circular
filter is integrated inside of each inlet. (b) 3D surface profile plot of the center part of
the microfluidic system. (c) Optical micrographs of the center part of the microfluidic
device.(d) Illustration of the center part of the two-layers device: T-junction in a shallow
channel (with the height h) followed by a deep reservoir channel and two additional entries
(with the height hg). (e) Photograph of an integrated chip mounted on microscope.

Geometry W(um) hi(pm) ho(um) W/hy

Al 10 1 22 10
A2 20 1 22 20
B1 50 6.3 95 4.8
B2 100 6.3 95 0.4
C1 50 10 163 )

C2 100 10 163 10

Table 4.1: The typical dimensions of the geometrical parameters for the microfluidic de-
vices.

characteristics of the typical microfluidic device geometry are summarized in Table
The width of the reservoir channel is 600um and the length is 5000um for all systems.

4.3 Regime decomposition

We can distinguish two stages during the hydrodynamics self-assembly: Cluster Pro-
duction and Cluster Transport. Those two stages are illustrated in figure

The Cluster Production takes place at the T-junction and at the 3D step. At
the T-junction, the dispersed phase and continuous fluids flow through two orthogonal
channels and form drop plug when they meet. The droplet plug then flows further under
the pressure gradient in the Hele-Shaw channel towards 3D step where it could generate
several smaller spherical droplets by step emulsification.

The stage of Cluster Transport is the process in which once the droplets enter the
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Q ditution

A ————— — —
Cluster Production Cluster Transport

Figure 4.2: (a)Schematic drawing of the microfluidic device showing the dispersed (yellow)
and continuous phase (blue) forming a droplet plug at the T-junction in the shallow layer
and then breaking further into smaller spherical droplets in the 3D step. We distinguish the
droplets generation part and droplets transport part in the device. (b) Optical micrograph
of the microfluidic PDMS system with W = 50um, hy = 10pum and he = 163um. A long
plug can be seen in the shallow T-junction channel, it breaks into three droplets of equal
size at the step. Scale bar is 100 pm.

3D reservoir, they will aggregate together and organize themselves to adopt some configu-
rations according to the experimental conditions and to be conveyed downstream. In this
stage, for the convenience description, we define two different regions in the microfluidic
reservoir:

— region I - Close to the entry;

— region II - Away from the entry.

We will discuss the flow characteristics of those two regions in detail later in the
Cluster Transport part.

4.3.1 Cluster production
Hele-Shaw T-junction production

The dynamics of break-up in the T-junction has been studied extensively and a great
deal of progress has been made in understanding the physical mechanisms involved [126]
[127] [128] [129]. Over a wide range of flow rates, uniform droplet production can be
obtained.

In the chapter 1, we have briefly introduced the microfluidic T-junction. Previous ex-
perimental studies of droplet breakup at T-junctions have focused on two distinct breakup
regimes [110] [112] [237] [238]. One is the dripping regime: the droplets generated are
smaller than the channel width and it is observed that the droplets size depends predom-
inantly on the capillary number Ca and not on the flow rate ratio Qaisperse/Qcontinuous-
Scaling models developed to describe these experiments assume that the viscous shear
stress is the dominant force. Another breakup mechanism is the squeezing regime in
which the droplet obstructs the channel as it grows and forms a plug-like shapes. The
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droplet size depends predominantly on the flow rate ratio Qgisperse/@Qcontinuous and not
on the capillary number Ca. Scaling arguments developed to describe theses experiments
neglect the influence of the viscous shear stress and assume that the dominant force is the
squeezing pressure.

In our study, the dispersed phase channel width and the continuous phase channel
width are the same, i.e. Wyisperse/Weontinuous =1; however the ratio of the channel width
to the channel height is quite large (W/h; ranges from 4.8 to 20, see Table , thus the
formation of droplets takes place in a microfluidic Hele-Shaw T-junction. We use syringe
pumps to inject fluids into microfluidic channels for most of the T-junction study, however,
for the system with smallest dimensions (i.e. h;j=1um), we take pressure controller (MFCS
Fluident) for faster reponse time. We present a comprehensive experimental study in which
we systematically vary the flow rate ratio Qgisperse/Qcontinuous and the capillary number
for different channel geometries. As this analysis is only focused on the T-junction, we
fix the flow rate of the dilution phase Qgiution = 15pL/min for all studies and vary only
the flow rate from 30 nL/min to 500nL/min for the disperse phase and from 40nL/min to
4000nL/min for the continuous phase.

Interestingly, we observe that in our experiments, even if the conditions that the ratio
Wiisperse /Weontinuous Of order 1 and the Ca is low enough (typical value between 0.001 to
0.008) are satisfied, the droplets don’t obstruct completely the channel during the whole
pinch-off process as they do in the squeezing regime: a gap exists through which the
continuous phase can flow between the water-oil interface and the channel walls.

g
Q continuous
R |

T-junction 3D Step

Figure 4.3: Chronograph of the droplet growth and pinch off process at the T-junction.
1ms separate two successive positions. System with W = 50pm, hy = 6.3um, Quisperse
=25nL/min,Qcontinuous =400nL/min and Qgiution =15uL/min.The scale bar is 50um.

In figure [£.4] we plot the fully developped gap width as a function of flow rate ratio
Qdisperse/ Qeontinuous in figure (a), (b) and as a function of Ca for several fixed flow rate
ratio ( Qdisperse/Qcontinuous ranges from 0.052 to 0.207) in figure (c).

We observe that the gap width decreases when the droplet is growing as the droplet
grows, then it reachs a constant value for a fixed flow rate ratio (see figure and fig-
ure . The plug interface advance velocity during the pinch off is also constant. This
breakup process in the Hele-Shaw T-junction is quasi-statics. This regime cannot be to-
tally explained by the squeezing, we assume that the breakup mechanism depends on the
flow rate ratio Qgisperse/Qcontinuous s well as the capillary number. This droplet breakup
mechanism in Hele-Shaw channel deserves some more theoretical studies which, however,
is out of the scope of this thesis.

The volume of the droplets can be adjusted by changing the flow rates of the dis-
persed phase and continuous phase. Figure (a) shows the dimensionless droplet volume
(droplet volume V normalized by W?2h;) as function of flow rate ratio Qdisperse/ Qcontinuous
for different systems. The dependence on capillary number is also shown in figure (b)
Over the range of flow conditions that we apply, we observe that the droplet volume in-
creases as the flow rate ratio increases and the droplet volume decreases as the capillary
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Figure 4.4: Dependence of the gap width between the droplet interface and the wall of
the Hele-shaw channel (W = 50um, h1 = 6.3um) on the dispersed and continuous phases
flow rate ratio Qgisperse/Qcontinuous as well as the Capillary number. (a) Gap width as a
function of flow rate ratio Qgisperse/Qcontinuous, three series of data for constant value of
Qdisperse=50nL/min, 100nL/min and 200nL/min respectively. (b) Gap width as a function
of flow rate ratio Qgisperse/Qcontinuous for capillary number between 0.0029 to 0.0059.
(c) Gap width as a function of capillary number for flow rate ratio Qgisperse/@continuous
varying form 0.052 to 0.207. The Roman numerals correspond to the optical micrographs
shown below the figures, taken at Qgisperse =25nL/min and Qcontinuous =400nL/min for
I, 50nL/min and 800nL/min for II, 75nL/min and 1200nL/min for III, 100nL/min and
1600nL/min for IV and 150nL/min and 2400nL/min for V respectively. The scale bar is
50um.

number increase, as shown in figure [£.5] This trend is consistent with many other studies
[110] [112] [126] [127] [128] [129] .

For other microfluidic systems with different geometrical parameters (systems with
W=50um, h1=6.3um; W=50pm, h;=10pm and W=100pm, h;=10pm ), the dimension-
less droplet volume (droplet volume V normalized by W?2h1) and the dimensionless droplet
length (droplet length L normalized by W) present the same trends. The results obtained
from four different microfluidic systems are shown in the figure 4.6

All these experimental results above are performed by fixing Qgiiute (Paitute), and by
varing only continuous phase and dispersed phase. We carried out also another series
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Figure 4.5: Dimensionless plug volume as a function of Qg;sperse/Qcontinuous and capillary
number. The microchannel geometry is given by W=50 pym, h; =6.3um. (a) Dimensionless
volume of the droplets (V/W?2h1) plotted as a function of the flow rate ratio of the dispersed
and continuous fluids for the geometry (W=50um and h;=6.3um). There are three series
of data for constant value of Qgisperse=50nL/min, 100nL/min and 200nL /min respectively.
(b) Dimensionless volume of the droplets (V/W?2hy) plotted as a function of capillary
number for Qgisperse/Qcontinuous varying from 0.0625 to 0.100.
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Figure 4.6: (a)Dimensionless plug volume as a function of Qgisperse/Qcontinuous for mi-
crofluidic systems (W=50um, h1=6.3um; W=50pum, h;=10pum; W=100um, h;=10pm).
The Roman numerals correspond to the optical micrographs shown below the figures,
taken at Qgisperse =100nL/min and Qcontinuous =2000, 1000, 600 and 500nL/min for I,
II, TIT and IV respectively. The scale bar is 50um. (b) Dimensionless plug length as a
function of Qgisperse/Qcontinuous for small system (W=20pm and hi=1pm).

of experiments by ﬁXing the Qcontinuous (OI‘ P, continuous) and Qdisperse (01" P, disperse) while
changing the flow condition of the dilution phase Qgijute (0T Pgiiute). We observed that the
plug-like droplet production at the Hele-Shaw T-junction is less dependent on the dilution
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phase flow rate (or pressure). With the microfluidic systems that we tested in table
we find that the plug droplet volume and the production frequency is slightly changed and
the smaller the dimensions are, the less influence is observed on the droplet production.

We suggest that the hydraulic resistance in the shallow Hele-Shaw layer, is much higher
compared with that in the reservoir channel, thus the real-time pressure difference changes
(which is induced by the Qgiiute (0r Pgiute)) located in the reservoir have little influences
on the plug droplet production process. Figure [£.7]shows that, with the system W=20um,
h1:1Mm7 h2:22lufma if we fix Qdisperse: 10nL/min ) Qcontinuous = 50nL/min; and Qdilution
varies from 50 nL/min to 1600 nL/min, the plug volume and plug production frequency
are nearly unchanged over the whole range.
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Figure 4.7: The plug-like droplets produced at T-junction is less dependent on the flow rate
(pressure) of the dilution inlet. Data obtained from microfluidic system with W=20um and
hi=1pm. Qgisperse= 10nL/min , Qcontinuous = H50nL/min, and Q gijution=50-1600 nL /min.
(a) Plug volume dependency. (b) Plug production frequency dependency.

By taking advantage of this effect, we could change the flow conditions in the reservoir
channel without evoking droplet production disorder, which provides us a good tuning
range over the droplets self-assembly behaviors. These additional dilute flows contribute
to transport the droplet aggregates along with to space the clusters, i.e. increase the
distance between two successive clusters. The effect of the dilution flow is further discussed
in Cluster Transport part concerning cluster spacing control.
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3D Step emulsification

Step emulsification method is widely applicable and robust to produce monodisperse
droplets over a wide range of sizes [I5] [121]. In this method, the dispersed phase fluid is
pushed into a microchannel that leads to a step change in height. Monodisperse droplets
are produced at the 3D step and then are transported by the flow of the carrier fluid in
the reservoir channel. Several research groups have taken advantage of the steps in order
to produce droplets of a well calibrated size, usually combining them with the classical
T-junction or flow focusing junction [126]. Figure shows dripping and jetting, two
droplets generation regimes at 3D step.

Shallow terrace Deep reservoir

increasing Q,/Q,

Figure 4.8: Optical micrographs of drop detachment via step and jet breakup mechanisms.
Step break-up occurs precisely at the step. Jet breakup occurs downstream. Figure
adapted from [121].

All these studies concerning step emulsification are focused on the stationary emission
process (i.e. the dispersed and continuous phase flowing side by side with a tongue shape).
While in our study, we explore a mixed breakup mechanism in which the T-junction
production in the upstream and the 3D step generation are coupled: plug-like droplets
are driven towards the step instead of a continuous flow. The droplet breakup at the step
takes place in a discontinuous manner. According to our knowledge, this combination has
not been reported yet. Figure [£.9] shows how plugs of different volumes break into small
droplets at the 3D step.

As it has been discussed in the T-junction production, the volume of plug-like droplet
is increasing with the flow rate ratio Qgisperse/@continuous (see figure a)). The plug
breaks into several droplets according to its volume. We notice that although the number
of droplets generated from the plug can be variable, the radius of the first droplet coming
from the step increases at low Qgisperse/Q@continuous and it reachs a constant value as
Qdisperse/ Qcontinuous increases. For the system with W=50pm, h1=6.3pum, the droplet size
is stabilized around 16pum (R = 2.5 hi). For other geometries (W=100um, h;=10um),
the trend is the same (see figure and the droplet size is stabilized around 27um (R

The experimental results suggest that for a fixed geometry, it exists a corresponding
critical volume (V*), below which there is no breakup, the narrowing process cannot be
completed, i.e. the tongue’s width couldn’t reach the critical width to have the fast pinch-
off, induced by Plateau -Rayleigh instability. Above this volume, the droplet can further
break up into several smaller droplets at the 3D step according to the initial plug volume.
As a result, we can have one droplet with a satellite, two droplets, two droplets with a
satellite etc. In the mean time, if we plot the number of droplets generated at step as
a function of the plug volume, the devil’s staircase is observed when the number of the
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Figure 4.9: (a) Plug volume as a function of Qgjsperse/Qcontinuous for microfluidic systems
(W=50um, h;=6.3um). The Roman numerals correspond to the optical micrographs
shown below the figures, taken at Qgisperse =50nL/min and Qcontinuous =1250, 1000, 800,
600 and 500nL/min for I, II, III, IV and V respectively. The scale bar is 50um. (b)
The radius of the first produced droplet as a function of Qgisperse/Qcontinuous- There are
three series of data for constant value of Qgisperse = 50nL/min, 100nL/min, 200nL/min
respectively.

droplets is an integer (N = 1, 2, 3 etc.). The devil’s staircase in mathematical analysis
refers to any singular function in general. This 3D step emulsification presents a behavior
similar to the frequency locking phenomenon which gives rise to the devil’s staircase. As
a matter of fact, when the droplet plug volume is close to 2 times of the critical volume,
for instance 1.95V* or 2.05V*, in both cases it tends to break into 2 equal sized droplets
instead of one droplet and one big satellite droplet (1.95V* ) or two droplets and one tiny
droplet (2.05V*). Similar reasoning works for other integer N = 3, 4, 5 etc.

The dependence of R on W and h; are shown in the figure [f.12] We found empirically
that corresponding critical radius R is around 2.5 times the height of the first layer Ay,
this founding is confirmed by other studies [15] [121] [I25]. This critical radius R is mainly
dictated by the height h;. The width W and the flow rate seem to have little influence.
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Figure 4.10: (a) Plug volume as a function of Qgisperse/Qcontinuous for microfluidic systems
(W=50pum, h;=10pm). (b) The radius of the first produced droplet as a function of
Qdisperse/Qcontinuous- There are three series of data for constant value of Quisperse =
40nL/min, 50nL/min, 100nL/min, 200nL/min, 300nL/min respectively.
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Figure 4.11: Droplets number as a function of the plug volume for a microfluidic system
(W=50pm, h;=10pum). Successive images of the droplet generation are shown on the
right of the figure. The Roman numerals correspond to the optical micrographs taken at
Qdisperse =100nL/min and Qcontinuous =5000, 3000, 1000 and 750nL /min for I, II, IIT and
IV respectively. The scale bar is 50um. The corresponding time intervals are 0.1ms (I),
0.25ms (II), 0.6ms (III) and 1.1ms (IV).

Phase diagram

To conclude on the Cluster production part, figure [£.13] shows a typical phase diagram
that describes the regimes for our microfluidic two-layers system. The regime of jetting is
not shown in this diagram because it is located far away (at higher Qgisperse value).

There are three main regimes:

— I: Dripping/Squeezing at T junction

— II: Transition

— III: Step Emulsification

With different geometrical parameters of the microfluidic devices (W, hy, ha ), the
regimes may shift but the general tendency will remain the same. As we may notice, the
operation regime is located in the low Qgispersed and low Qcontinuous area.
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Figure 4.12: Dependence of the fully developed droplet radius R produced at the step,
on the width of the T-junction W and the height of the first layer h;, the flow ratios
Qdisperse/ Qcontinuous varies from 0.01 to 0.3 and the capillary number from 0.002 to 0.008
among all experimental data. In our experimental range, the radius is mainly dominated
by h;.
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Figure 4.13: Phase diagramme showing the three main regimes. The most important for
our study is the regime of dripping/squeezing at the T-junction. It is in this regime that
different clusters can be obtained.

4.3.2 Cluster transport

After the droplets enter into the 3D reservoir channel, they are subjected to the flow
field. We investigate the behavior of the droplet transport. Interestingly, the rearrange-
ment of droplet aggregates is observed which may end with certain stable structures ac-
cording to the flow conditions (for the adhesive formulation). In the transport part, we
first introduce the way we control the spacing and measure the droplet position in z direc-
tion to have a full image of the droplet’s motion in the reservoir channel. Afterward we
describe the experimental cluster formation observations, followed by a numerical anal-
ysis of the flow field conditions in the absence of droplets in the reservoir channel. The
hydrodynamic assisted clustering process will be further discussed in our preprint paper:
Self-assembly driven by hydrodynamic dipolar interactions.
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Cluster spacing control

As we have shown in the cluster production part (see figure , the number of
droplets inside a cluster could be easily predicted by controlling the plug volume pro-
duced with the upstream T-junction. Once those droplets enter the microfluidic reservoir,
they are immediately subjected to the flow field and be conveyed downstream. Lots of
morphologies are discovered with our approach, as shown in figure [4.14
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Figure 4.14: Optical micrographs of different morphologies obtained through our system.
System with h; = 50um, ho = 160um. n=1.5, 2, 2.5, 3, 4. Scale bar is 100 pum.

The spacing of the clusters is one of the key parameters to control the clustering process.
The spacing of the cluster depends on two values: the droplet production frequency
and the velocity field in the reservoir which is mainly dominated by the dilution phase.
The faster the droplets are generated and the more slowly they are conveyed, the higher
the risks for the droplets to accumulate at the entrance of the reservoir channel and to lose
their identities immediately. Fortunately, the droplet production is not much influenced
by the dilution phase (see figure which means that there is only a weak dependence
between the systems. This makes it easy for us to finely tune the cluster spacing.

We show results of the clusters with different spacing for comparison. In figure
we keep the Pyjjution fixed and change slightly Pyisperse and Peontinuous Simultaneously.
This fine tuning of pressures allows us to have more or less the same length of plug
and the cluster transport speed while the droplets production frequency at T-junction is
modified. In figure (a), droplet generation frequency (f = 1.64 Hz) is higher than that
in figure (b) (f = 0.31 Hz) and the cluster transport velocity is the same.

Figure[4.16|shows another example in which we control the spacing of triplet clusters by
fixing the pressure of the dispersed Pyjsperse and of the continuous phase Peontinuous While
changing the pressure of the dilution phase Pgyjjytion. In those experimental conditions, as
Piisperse and Peontinuous are fixed, the plug size and generation frequency is nearly the same
(f~1.25 Hz). We increase Pyjsperse and we observe that it is the transport speed of clusters
that control the spacing between cluster entities: In figure m (a), Paitution is b mbar,
it is increased to 10 mbar in (b) and 20 mbar in (c). The spacing distances between the
clusters are 100um, 400pum and 1100um respectively in those three cases. Similar results
can be easily obtained for other microfluidic systems with smaller geometrical dimensions
(see figure [£.17} system with W=20pm, hy=10pm, ho=22pm).
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Figure 4.15: Spacing control of the cluster entities by changing Pyjsperse and Peontinuous-
System with W=100pm, h1=10pum, ho=160pum. (a) Pyisperse=33mbar, Prontinuous=10
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Figure 4.16: Spacing control of the cluster entities by changing Pgiution. System
with W=50pum, hi=10um, he=160pum. (a) Pgsperse=38mbar, Prontinuous=11mbar,
Pyitution= 20mbar.  The distance between clusters is 100pum.(b) Pyjsperse=38mbar,
Peontinuous=11mbar, Pgiution= 80mbar. The distance between clusters is 400um.(c)
Pyisperse=38mbar, Peontinuous=11mbar, Pyyution= 120mbar. The distance between clusters
is 1100pm. The scale bar is 100um.

Droplet z position measurement

Adaptive focus control

We are interested in recognizing the real time z position of the droplets in the reservoir
as a function of time to better understand their flow environment. By using the fully
automated Leica microscope system with Adaptive Focus Control (AFC), the measurement
of the z position of droplets could be realized. We carry out the z position measurement
on the smallest microfluidic system which has W = 20um, h; = 1ym and hy = 22pm.

The fully automated AFC is a powerful tool for recordings in combination with multi-
positioning, z-stacking and multifluorescence experiments. After setting the focus position
of the substrate of our PDMS devise as reference position z = 0 um, we regulate the focus
position progressively to screen throughout the whole height of the microfluidic reservoir
channel (he = 22um). As the clustering process is reproducible and stationary, we could
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Figure 4.17: Spacing control of the cluster entities by changing Pgiution. System
with W=20pm, h;=10pum, ho=22pum. (a) Pgisperse=1000 mbar, Pontinuous=1000 mbar,
Pitution= 5 mbar. The distance between clusters is 300 pm.(b) Pgisperse=1000 mbar,
Peontinuous=1000 mbar, Pgiution= 10 mbar. The distance between clusters is 600 um.(c)
Pjisperse=1000 mbar, Peontinuous=1000 mbar, Pgytion= 20mbar. The distance between
clusters is 1600 pm. The scale bar is 20um.

register the videos of the cluster transport at different z positions and follow the z position
evolution of the droplets during the transport process in the reservoir channel. Figure [4.1§|
shows an example of the clusters images taken at a fix distance to the step x ~ 40um,
with different z position focus from Oum to 22um. We can identify the z position of the
droplet with the sharpest image, which is in between z =11 gm and 15 pm.

Figure 4.18: Optical micrographs of a triplet of droplets located at 40um away from the
step, with different z focus position from the bottom of the microfluidic channel z = 0 ym
to the top z = 22um. When the focus is away from the droplets, the cluster’s contour is
blurred and it turns clearer if the focus is on its location. The scale bar is 20 ym.

With this method, we carried out the measurements of the droplet position under
different flow conditions. Results are reported in graph A fast evolution towards the
middle height z = 11 pum is observed within a few tens of micron.

Microscope confocale imaging

Confocal imaging was also carried out to invetigate the droplet z position. This was
performed at le Commissariat a I’énergie atomique et aux énergies alternatives (CEA),
Saclay in France. We produced a stationary train of clusters made of aqueous droplets
flowing in the mineral oil. To help visualization, the dispersed phase was mixed with
fluorescein isothiocyanate dextran. Rhodamine B red dye (6x1073% in aqueous solution),
was infused into the channels and washed before the experiments to help visulizing the
wall of channels. This dye has affinity to the PDMS and permeates the porous polymer
matrix. Fluids were pumped into the devices through PEEK tubing using a pressure
controller (MFCS Fluident). We performed the experiments with different flow conditions,
the Pyjiution varies from 250 mbar to 700 mbar.

The trajectory of the stationary clusters train appears as a florescent tube due to
the long imaging exposure time and the acquisition frequency. Figure [£.20] is the recon-
struction of superimposed images with Olympus FLUOVIEW software. Throughout the
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Figure 4.19: The droplet position in the reservoir channel. (a) Schematic drawing of the
xz plan showing the droplet generated at the 3D step is flowing in both x and y direc-
tions. (b) The droplet position in z normalized by the reservoir channel height hy as a
function of the distance to the step x. (M) N=4, Py;j.tion=0 mbar, (®) N=4,Py1,tion=10
mbar, (A) N=4 Pjtion=50 mbar, (®)N=4,Puiution=100 mbar, (O)N=5,Pyution=20
mbar, (A)N=6,Pjution=20 mbar.

experiences, we observed a fast evolution of clusters towards the middle of the reservoir
channel. In this reconstructed image, we put the entries in the up side to better visualize
the coming flow.
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Figure 4.20: A three-dimensional confocal microscopy image of the collective trajectories
of doublet clusters shows how the position of the cluster evolute after the step production.
The surface of the channel is labeled for a more vivid observation. We add artificially
the doublet clusters in the envelop of their trajectories. Two cross-sections of yz plan are
shown in the right: close to the entries at L= 50um and away from the entries at L=
500um. A fast evolution towards the mid-plan is observed. PDMS system with W =
50pm, h; = 10um and hy = 163um. The stable doublet clusters production is obtained
with Pyisperse=80 mbar, Peontinuous=90 mbar, Pgiyution= 320 mbar.
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4.4 Morphologies transition observations

4.4.1 (I): Stable morphologies

The morphologies of cluster aggregates increase dramatically with the number of
constituent droplets. The complexity of possible organization is directly related to the
droplet’s number and size. The enumeration of clusters determines the set of minimally
structures that can be formed by self-assembly.

Arkus et al.[239] have conducted an analysis which combines graph theory with geome-
try to analytically solve the problem for clusters satisfying minimal rigidity constraints(>3
contacts per particle, >3N-6 total contacts). They have shown that up to N = 9, every
packing has exactly 3N-6 contacts, so that all packing have the same potential energy.
However, for n>9 the ground stated degeneracy increases exponentially. If we expand the
graph theory to lower dimensions, the finite close packing is 2N-3 for 2D structures, and
N-1 as for 1D structures.

To begin with, we limit ourselves with clusters of identical constituent droplets (i.e.
no satellite droplet is presented in the cluster). In the case of N = 2, only doublet
can be obtained. For N = 3, stable triangle or chain structures are both possible to be
produced with our experiments. For larger number of spheres, i.e. N >4, three dimensional
structures are the finite close packings. The Figure M(a) shows the three dimensional,
two dimensional and one dimensional close packing structures of droplets having equal size
from N = 2 to N = 6. All the corresponding clusters have been observed under different
experimental conditions, results are shown in figure [4.21{b). When N >6, the clusters
develop degeneracy in both 2D and 3D structures with different probabilities, we confirm
this result with our experimental observations.
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Figure 4.21: (a) The possible closing packing structures of clusters from N = 2 to N = 6.(b)
The closing packing structures of clusters obtained from experiments with Fluorinated oil-
in-water emulsion. The number varies from N = 2 to N = 6. When N=6, the degeneracy
appears: 2 ground states for 3D structures and 3 ground states for 2D structures. The
scale bar is 10 pm.

Besides those conventional packings, we also observe some unusual structures such
as stable symmetrical T-shaped clusters which can also have long-life state. We have
discovered many other packings that are hypostatic, namely they have fewer than the 2N-3
contacts required to be linearly rigid in 2D structures. Those morphologies are unfavorable
in the terms of the minimization of potential energy, nevertheless, under hydrodynamic
conditions, those clusters could be very stable (see figure [1.22a)). In the presence of
satellite droplets, more complex structures are also available. Figure (b) shows two
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trains of clusters with satellites droplets.
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Figure 4.22: (a) Optical micrograph of a train of stable T-shaped clusters. (b) Optical
micrographs of clusters that consist of non-identical droplets (two droplets and a satellite
droplet/ three droplets with a satellite droplet). The scale bar is 10 pm.

The rearrangement of droplets configurations takes place immediately after they are
produced at the step. The evolution towards stable clusters are shown in the figure [£.23]
Figure(a), (b) are triplets and quadruplets of droplets with diameter 50pm and (c), (d)
with diameter bum.

Similar fast evolutions towards stable morphologies are observed using numerical sim-
ulation(see figure 2, self-assembly kinetics in preprint). We reproduce well the rearrange-
ment using dipolar interaction and adhesion interaction which suggests that it is the inter-
play between the hydrodynamic and physico-chemical forces that mediates the evolution
of constituent droplets positions in the cluster. Here we mainly present the observations
and the discussion of the physics will be addressed in the paper.
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Figure 4.23: (a) Snapshot showing the evolution towards clusters to triangle-like stable
triplet clusters. (b) The evolution towards clusters to rhombus-like stable quadruplet
clusters. (a), (b) Stable clusters obtained with PDMS system with W=50pum, h;=10pm,
ho=163um. Scale bar, 100 pm. (c) Snapshot showing the evolution towards clusters
to triangle-like stable triplet clusters. (d) The evolution towards clusters to tetrahedron
stable quadruplet clusters. (c), (d) Stable clusters obtained with PDMS system with
W=20pm, hi=1pm, ho=22um. Scale bar, 100 ym. Scale bar, 10 yum. The formulation
used is fluorinated oil droplets in water with 2% SDS.

We characterized the polydispersity of stable clusters obtained. As for the anisotropic
objects, we use Feret’s diameter to analyse cluster distribution. Feret’s diameter is de-
ducted from the projected area of the particles using a slide gauge. It is defined as the
distance between two parallel tangents of the particle at an arbitrary angle. We plot the
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histogram of the ratio of the Maximum Feret’s diameter D fy,q;, and Minimum Feret’s
diameter Dy, of each clusters flowing in the reservoir. Figure @ shows results of
the doublets, triplets and quadruplets of droplets with diameter 50um and figure (c) the
pentamers of droplets with diameter 5pum. The clusters produced with our approach are
highly monodispersed, with CV<5 %.
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Figure 4.24: (a) Definition of Feret’s diameters, the maximun diameter is illustrated in red
and minimun in green. (b) Size distribution of a population of 152 doublets, 382 triplets
and 217 quadruplets with d= 50 um in diameter, showing a coefficient of variation CV (i.e.,
the quantity 100 ¢/ (D fmaxz/Dfmin)) below 5%, where o is the standard deviation and
D tmaz/ D fmin is the ratio between the Feret’s maxium diameter and the Feret’s minimum
of clusters obtained with image processing. Scale bar, 100um. (c) Size distribution of a
population of 2134 pentamers, with d= 5 pum in diameter. Scale bar, 10pm.

4.4.2 (II): Oscillatory morphologies

So far we have presented the stable morphologies. We observe that the clusters could
develop permanent 2D configurational chaotic oscillations too, a phenomenon never re-
ported in the literature. In the following part, we will present qualitatively this dynamical
oscillation behavior.

The chaotic oscillations are observed as the velocity field increases and the adhesion
between the droplets decreases. Those clusters develop 2D configurational chaotic oscil-
lations. Figure shows time sequences of oscillation events. Clusters composed of 3,
4, 5 droplets show similar oscillatory behaviors. Droplet may glide and rotate from one
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position to another without detaching from the each other.

Figure 4.25: Snapshot showing the oscillation of clusters (N = 3, 4, 5). Clusters are flowing
from left to right. The scale bar is 5um. Fluorinated oil droplets in water with 0.4% SDS.

With the image treatment, we measure the average of droplet distances inside a cluster:

N
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We plot the average of droplet distances 7 normalized by the droplet radius R as a
function of the time (see figure . In the finite close packing state, the dimension-
less value 7/R is the lowest value corresponding to the most compact form. When the
cluster undergoes oscillations, this dimensionless value will fluctuate according to the con-
formations. The oscillatory time scale under this experiment condition is in the order of
seconds.
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Figure 4.26: Average of droplet distances 7 normalized by the droplet radius R as a
function of the time. (a) Oscillatory cluster composed of three droplets. (b) Oscillatory
cluster composed of four droplets.

4.4.3 Adhesion force effect

For a given number of droplets, the cluster aggregates can adopt stable configurations
or show dynamical oscillatory states. Whether the morphologies of clusters adopt stable
or oscillatory states strongly depends on the experimental conditions. We identify that
the adhesive interactions between droplets play an essential role in the clustering process.



CHAPTER 4. CLUSTERING BASED ON HYDRODYNAMICS SELF-ASSEMBLY: BASIC
98 OBSERVATIONS

If we reduce the adhesion between the droplets, the clusters tends to move from stable
state to oscillatory state (which is the case that in figurdd.23] (with 2% SDS) and figure
(with 0.4% SDS)). If the adhesion is weak enough, the clusters cannot be obtained
whatever the flow condition is; the droplets don’t aggregate to be transported as an entity
but as individual objects. In the figure we show one example of such non-adhesion
behaviors (with 0.2% SDS). The analysis concerning adhesion interactions will be discussed
in details later in Chapter 5.

The figure [1.27] shows the experimental result of fluorinated oil in water stabilized
with 0.2% (1 CMC) SDS. Three droplets are produced successively from one plug-like
droplet. Then they get dispersed following the streamlines separately once entering into
the reservoir.

Figure 4.27: Snapshot showing the separation of non-adhesive droplets in the reservoir
channel, the clustering process cannot be achieved using Fluorinated oil droplets in water
with 0.2% SDS. The scale bar is 20um

We compare behaviors of ‘adhesive’ and ‘non adhesive’ droplets in different flow con-
ditions, the experimental observations are shown in figure

‘Adhesive’ = .

‘NON

Figure 4.28: Comparison behaviors of ‘adhesive’ and ‘non adhesive’ droplets in different
flow conditions. ‘Adhesive’ emulsion is Fluorinated oil in water with 2% (10 CMC) SDS
and ‘non-adhesive’ emulsion is with 0.33% (10 CMC) copolymer Pluronic F-68.

4.4.4 Flow condition effect

With the same formulation of emulsion (dispersed and continuous phases, surfactant
etc.) and experimental conditions (droplet size, temperature etc.), we observe that the flow
field can dramatically alter cluster morphologies too. In order to screen the controlling
factors which govern the behaviors of the cluster self-assembly, we adopt the emulsion
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formulation with fluorinated oil droplets in an aqueous continuous phase with 2 % SDS.
We are limited to produce clusters made of three equal-sized droplets N = 3. Using
triplet clusters allows us to study the clustering process without provoking too much
complexity. Figure [4.29] shows the experimental observations for the system h; = 10um,
ho = 163um. We set the dispersed and continuous phase pressures fixed and increase
the dilution phase pressure. Under low dilution pressure, the three droplets adopt the
triangle-like close packing structure (at Pgyjurion= 20mbar). As the pressure increases,
the droplets configuration evolves to linear chain-like shape (at Pgjyution= 160mbar) and
eventually separate at higher pressure (at Pyjution= 180mbar).
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Figure 4.29: Cluster structures transition. PDMS system, W=50um, h;=10um,
ho=163pm. (a) Pgisperse=38mbar,  Peontinuous=11mbar,  Pgiution=  20mbar.
(b)Pdisperse:?)smbarv Peontinuous=11mbar, Pyijution= 160mbar. (C)PdisperseZSSmbar7
Peontinuous=11mbar, Pyiuion= 180mbar. Scale bar is 100um.

A more quantified work is carried out for a small system (W=20um, hy = lum,
ho = 22um), the size of the droplet decreases by one order of magnitude with R around
2.5um. Throughout the experiments, we span a range of flow rates and the typical flow
velocity ranges from 70 pm/s to 2000 pm/s in the reservoir channel which allows us to
estimate the Reynolds number and the Capillary number in our device (the width of
the reservoir channel is 600um). The corresponding Reynolds number Re = pUL/u varies
between 3x107% and 9x107° and the capillary number Ca = ;U /v range between 4x 1076
and 10~%. The transition of morphologies is observed (see figure 4.30).

We conclude that the close packing structures are favored under high adhesion and low
flow field conditions. In order to better understand the flow field influence on the clustering
process, we conduct a numerical simulation in the absence of droplets to investigate the
flow field in the reservoir channel under different experimental conditions.

4.5 Numerical simulation

In collaboration with Florent Malloggi (CEA Saclay), we carry out this numerical
simulation study. Three-dimensional flow simulations are used to compute the streamslines
and flow conditions in the microfluidic reservoir in the absence of clusters. The simulations
are set in COMSOL Multiphysics which is a commercial software widely used in industries
as well as in research laboratories. Its graphical user interface (GUI) and a set of predefined
user interfaces with associated modeling tools provide an easy preparation of the simulation
and offers clarity in the choice of the governing flow equation without requirement to
write them in variational form. We use the 3D Stokes flow module as the experimental
Reynolds number throughout our experiments remains below 10~2. The flow geometry
mainly consists a rectangular cross-section with three entries: one in the middle for which
the flow rate contribution comes from inlet 2 (continuous phase to produce droplets at
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Figure 4.30: Clusters morphologies transition. We present here the cluster aggregate
velocity as a function of the maximum flow velocity (poiseuille flow in z direction) in
the reservoir channel. Triangle structures (black) are obtained under low U, chain
structures (blue) at high U4, and in between is the oscillatory states (red).

T-junction) and two entries symmetrically located at both sides which represent the inlet
3 (dilution phase).

We simulate the system with the smallest dimensions. The height of the channel is
constant and its value is ho=22um except in the mid inlet channel where the height is h;
1um. Figure [4.31]shows a perspective view of the design along with the meshed channel.
The domain is meshed with a density of 4 nodes on the channel height edges, 80 on the
width and 200 on the length edges (tetrahedral elements).

(a) (b)

Figure 4.31: Design of the system for the 3D-simulation of the flow.(a) geometrical design
for the fluid domain. (b) the mesh obtained with Comsol.

For convenience description we define two different regions in our device (see fig-
ure 4.32). Region I is the reservoir area near the step and close to the entries where
we expected to have an elongation flow. Region II represents the area where the entry ef-
fect can be neglected, a stationary flow is expected, a plug flow in xy plan and a poiseuille
flow in z. The fluid flows from left to right. It flows through 3 inlets (W,,;q=20um,
h;=1pm and W;3.=80pum, he=22um) and enters a larger reservoir channel (W=600um,
ho=22pm).

We simulate the flow with the following parameters:
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Figure 4.32: Two different regions of the fluid domain.

Flow condition Q middle(nl/min) Q side(nl/min) Experimental clustering observation

NO 1 50 35 close packing
NO 2 50 240 oscillation
NO 3 50 775 chain-like packing

Table 4.2: three flow conditions for simulation

Inlet: We simulate the flow by imposing the flow rates Qmiddqe and Qgige. To compare
with the experimental results, we set Qidae =50nl/min, varying the Q4. progressively
from 0 nl/min to 775 nl/min.

Outlet: Outlet is connected to a channel of 1mm length. This channel is left open to
ambient pressure P4+ = 0 mbar.

We consider the fluid as Newtonian (constant viscosity n=10"3Pa.s~!) and the flow
in a stationary state (no temporal dependence).

We should first recall the experimental results, three behaviors of the clustering are
observed according to the flow conditions: when the flow rate of dilution phase is low
compared with the one of the middle phase, the clusters adopt close packing morphology;
when the flow rate of dilution phase is high, the clusters form a chain-like structure and
in between the two, we observe oscillations of the two configurations. The corresponding
flow conditions are shown in the table We present numerical simulations of the
corresponding three cases to provide comparison with the experimental data and explore
the dependence of the flow conditions and morphology of the clusters.

We present in the figure the maps of velocity field as well as the streamlines in
the middle height of the channel (h=11pm) for the three flow conditions indicated in the
table It is a projection along the xy plane.

As expected, the velocity decreases when entering in the main chamber. Indeed for a
given flow rate the mass conservation gives QQ9Syo = 151 with Q the flow rate and S the
channel cross section. From the entries to the reservoir, the cross section increases thus Q
decreases due to mass conservation. The reservoir channel is a Hele-Shaw cell (with aspect
ratio W/h=27), we obtain a creeping flow quickly after a small entry region as expected
for all cases.

We use the following notation for the velocity vector:

u(z,y, 2)
v=|v(z,y,2)

w(z,y, 2)

In the region I, the flow is complex u#0, v#0 and w#0. However we proceed at the
following simplification. From the streamlines of figure [£.34] (a) for the flow condition
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Figure 4.33: The velocity field (a) and the streamlines (b) for flow condition NO 1; (c),
(d) for flow condition NO 2 and (e), (f) for flow condition NO 3.

NO 3, we clearly see that the z-component of the velocity field vanishes after few tens of
microns ( 30pum), i.e. w is almost 0 after this distance. The similar range is confirmed for
other flow conditions by the simulation. This result is consistent with the measurements
of droplet z position with Adaptive Focus Control and with Microscope Confocal Imaging.

(a) (b)

Figure 4.34: (a) Zoom of streamlines near the middle inlet. (b) Transversal cut at different

positions: x=L=10pm - 25pum -50pm -100um -200pm -300pm- 500um.

Moreover since the main contribution to the velocity field comes from side channels
this approximation seems correct. Hence the velocity profile can write:
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We made several transversal cut velocity profiles at different positions(see figurd4.34] (b)
for the cut and figurd4.35| for the velocities): x=L=10pum - 25pum -50pum -100xm -200pm
-300pum- 500um and for z=h/2=11um (x=0 is for the beginning of region I).
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Figure 4.35: Transversal cuts of the velocity field (z=h/2=11um). Velocity vector U (a) (x
componet) and V(b) (y componet) for flow condition NO 1, (¢) and (d) for flow condition
NO 2 and (e) and (f) for flow condition NO 3.

After L=300um the flow adopts a plug like profile, i.e. v is almost 0 and u is almost
uniform, as shown in figure In the region II, the velocity profile writes:

u(z,y, z)
v = 0
0

Since the clustering formations take place in the mid-plan of the reservoir channel in
the region II, where the flow field is plug flow in xy and poiseuille flow in z, the shear stress
can be neglected. We suggest that the dipolar interation is responsible for the dynamical
evolution of the droplets towards cluster. This study will be discussed in the preprint
paper in chapter 5.
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4.6 Conclusion

Through the use of dedicated two-layer microfluidic devices and by coupling T-junction
and step emulsification droplet production, we demonstrated the direct assembling of
droplets into clusters (of adhesive formulation) within this device. We discussed two
regimes: the cluster production and the cluster transport. Various morphologies of clusters
were observed and the corresponding experimental conditions were well precised. This
mechanism produced high yield monodisperse clusters in a robust way. We proposed some
explanations for the droplets generation mechanism and the cluster transport behavior in
the microfluidic reservoirs, with support from numerical and modeling work. We mainly
focused ourselves on the flow field effect in this chapter. A further investigation on the
clustering process by scanning other parameters such as the surfactants, electrolytes will
be provided in the next chapter. A theoretical analysis on dipolar interaction will be
provided in the preprint in chapter 5.



Chapter 5

Clustering based on
hydrodynamics self-assembly:
towards more complex clusters

5.1 Introduction

In the previous chapter, we discussed simple cluster formation whereas in this chapter,
we further carry out a serie of experiments with different formulations to investigate the
influence of physical chemistry to the hydrodynamics assembly process. The goal is to use
the broaden fluids is attempting to produce more complex clusters. We start with adhesion
study, trying to understand the adhesion origin between the droplet interfaces in order to
better reinforce their interaction. This study will give us an insight of how resistant those
clusters are when they are submitted to hydrodynamic forces as well as the morphology
preferences they adopt under different conditions (2D and 3D structures). Then we focus
on the hybrid cluster and magnetic clusters synthesis which is potentially interesting to
develop directional interactions between the building blocs for complex assembly. We also
investigate the solidification of the clusters which is important for material applications. A
proof of concept and some perspectives are provided in this chapter for the future studies.

5.2 Sticky clusters

5.2.1 Introduction

The interaction energy of emulsion droplets is the result of the effect of different fac-
tors (drop radius, interfacial tension, Hamaker constant, electrolyte, micellar concentra-
tions, etc.) Although a strong, steep repulsion at short range is necessary to stabilize the
droplets against coalescence, emulsion droplets can exhibit adhesion when they experience
pronounced attraction and form aggregates[105].

The aggregation may be weak and reversible or strong and irreversible. This is entirely
determined by the nature of the interactions between the droplets. The possible interac-
tions can be classified by the nature of attractive or repulsive forces. Attractive forces
include van der Waals interaction, depletion forces and hydrophobic interactions etc.. The
repulsive forces include electrostatic interaction and steric interactions and so on.

The attractive interaction may arise from a variety of different forces. For example,
emulsions stabilized by ionic surfactants become adhesive at high electrolyte concentra-
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tions due to the considerable screening of electrostatic repulsions by electrolytes, as de-
scribed by the Derjaguin-Landau-Verbey-Overbeek (DLVO) theory[240][241][242].

The DLVO interaction combines the effects of the van der Waals attraction and the
electrostatic repulsion in its conventional form. In the case of deformable droplets the
surface extension energy should be also taken into account[243]. Van der Walls energy di-
verges as 1/r at small separations and decays as 1/7% at large distance. The electrostatic
repulsion is finite at small distances and decays exponentially. The overall interaction
energy is dominated at small and large separations by the attractive term, whereas the in-
termediate region could be repulsive due to the electrostatic contribution. Figure[5.1]shows
the schematic plot of the DLVO interaction potential energy E of model particles[244]. A
strong long-range repulsion with a high energy barrier is present for highly charged sur-
faces in dilute electrolyte (i.e. long Debye length). When the surface charges are reduced
or the concentration of the electrolyte solution are increased, a small secondary minimum
in the potential curve appears. The particles may undergo a reversible flocculation due
to the secondary minimum because of its weak energy barrier, resulting in slow particle
aggregation. Below a certain surface charge or above a certain electrolyte concentration
(known as the critical coagulation concentration), the energy barrier falls below the zero
axis and particles then coagulate rapidly.

o

double layer repulsion (0.01 M salt, 30 mV) (b)
vdW attraction

DLVO interaction (0.01 M salt, 30 mV)

————— DLVO interaction (0.01 M salt, 20 mV)

--=DLVO interaction (0.3 M salt, 40 mV)

-+ DLVO interaction (0.1 M salt, 25 mV)

particle diameter: 100 nm
Electric Double layer Particle
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Figure 5.1: (a) Schematic plots of the DLVO interaction potential energy E (the Hamaker
constant A is 1.5 x 10720J)[244].(b) Illustration of the situation where, as particles ap-
proach each other, the electric double layers overlap and cause repulsion.(c) In the case of
an increased ionic strength, the electric double layers shrink which allows the particles to
get closer without being repelled.

Emulsions stabilized by non-ionic surfactant can be adhesive even without electrolyte
because of the absence of long range repulsion forces such as electrostatic interactions, for
example, dodecane in water emulsion stabilized by the non-ionic surfactant n-decyl-5-D-
gluocoside (C1p) shows strong adhesion between the droplets[245].

Another interaction force which leads the emulsion adhesive is the attractive depletion
forces [246] [247] [49] [248] [249]). The depletion phenomenon occurs when two species of
different sizes are suspended in a liquid in the right proportion. The larger droplets experi-
ence an induced ‘depletion’ attraction due to an unbalanced osmotic pressure arising from
the exclusion of the depletants (the smaller non-adsorbing particles, polymers, micelles of
surfactant etc.) from the region between the larger ones. The attractive interaction is
expected when the separation between the surfaces of droplets is small enough to sense
the structure the solvent, that is, the diameter of the smaller depletants. An illustration
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is shown in the figure [5.2] representing how an attractive entropic force results from the
exclusion of depetants between the inter-particle region.
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Figure 5.2: Depletion attractions.(a) When the separation between the large parti-
cles/droplets exceeds the diameter of depletant, depletants may enter the interstitial region
with only minor modifications of their distribution. Thus the internal and external os-
motic pressures balance each other and there is no force induced by the depletants. (b)
When the separation is smaller than a depletant’s diameter, the depletants are excluded
from the interstitial region. The external osmotic pressure is not balanced and there is a
net attractive force between the bigger particles/droplets.

Some works show that emulsions with droplets larger than 1um are particularly sensi-
tive to small changes in surfactant concentration and the adhesion boundary corresponds
to the equilibrium between the osmotic pressure Il,,, = C,,, RT and the capillary pressure
P. = 2v/r where C), is the concentration of micelles in the continuous phase, v is the
interfacial tension and r the droplet radius [250]. Emulsion is adhesive if the osmotic
pressure exceeds the capillary pressure. We should note that at higher concentrations of
micelles, the depletion interaction develops into the oscillatory structural forcesﬂ which
are characterized by alternate zones of attraction and repulsion.

This attractive interaction may also reasoned from the insolubility of the surfactant
and the surrounding continuous phase. For instance, steric forces, although it’s a repulsive
force, may lead emulsion attractive if the surfactant chains are not placed in a good
solvent[251][252]. Poulin et al. have been demonstrated experimentally by using binary
mixtures of oils, one in which the surfactant is soluble and another one in which the
surfactant is insoluble, that the adhesion is favored when the surfactant becomes less
soluble in the continuous phase. For example, water droplets can be stabilized by Span 80
in a silicone oil/dodecane mixture. The surfactant Span 80 is soluble in dodecane whereas
it is not in silicone oil. As shown in figure the energy of adhesion between water
droplets varies strongly as the composition of the mixture is changed. A sharp rise can be
seen as the surfactant becomes insoluble in the solvent owing to the large content of silicone
oil. Similar behavior was observed for inverted emulsion stabilized by phospholipids.

5.2.2 Experimental method

Physicochemical conditions

— Different phases

In the previous study, we have shown that in the direct emulsion, fluorinated oil in
water with 2%wt SDS as surfactant presents an adhesive behavior. This formulation
allows to produce easily clusters with our dedicated devices. We would like to expand
our study of the hydrodynamic assisted clustering to the inverted emulsions, i.e. the

1. In the presence of larger amount of micelles, the total force between surfaces may oscillate due to
occurrence of oscillatory forces. Structural forces are a consequence of variation in the density of packing
of small particles around a surface on the approach of a second one(stratification) [I05].
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Figure 5.3: Energy of adhesion between Span 80 monolayers in a silicone oil/dodecane
mixture. The arrow indicates the insolubility threshold of the amphiphile[252].

water-in-oil systems. However, the swelling of untreated PDMS in the presence of certain
solvents/oils require particular attentions, especially for the shallow channels [253]. In
our study, we restricted our work to the use of mineral oil and fluorinated oil to ensure
that no undesirable swelling effect occurs. Nevertheless, the swelling of the device could
be avoided by various treatments of PDMS surface or by the use of other materials such
as glass and microfluidic sticker etc. Therefore various organic solvents are potentially
applicable, but this part is out of the scope of the present work.

— Surfactants

Two kinds of surfactant are used for the oil-in-water emulsion: anionic surfactant
SDS and non-ionic polymeric surfactant Pluronic F-68. Sodium dodecyl sulfate (SDS)
is a low-molecular mass organic compound with the formula CH3(CHj3)1:0S03Na. It
is the most widely used of the anionic alkyl sulfate surfactants. This surfactant is of
an organosulfate consisting of a 12-carbon tail attached to a sulfate group, giving the
material the amphiphilic properties. The class of Pluronic block is a widely used non-
ionic surfactant which is a copolymer of hydrophilic ethylene oxide (EO) and hydrophobic
propylene oxide (PO) arranged in A-B-A tri-block structure, the Pluronic F-68 has an
average formula of (FO)7s — (PO)sg — (EO)7s.

For water-in-oil emulsions, we use the non-ionic surfactant sorbitan monooleate (Span
80) to stabilize water in mineral oil. With the formula Coq H44Og, the value of hydrophilic-
lypohilic balance (HLB)E| is 4.3, rendering it more soluble in oil phase than in the aqueous
phase. In order to stabilize the system of water-in-fluorinated oil, we use PEG di-Krytox,
a copolymers of the A-B-A type with a (PO)2 — (EO)13 — (PO)y hydrophilic part in
between the two perfluorinated chains.

The chemical structures of the four molecules are shown in the figure and the
details of physicochemical characteristics are listed in the table

— Electrolyte solutions
Solutions of various concentrations of sodium chloride (NaCl) and potassium chloride

2. Hydrophile-Lipophile Balance is an empirical expression for the relationship of the hydrophilic and
hydrophobic groups of a surfactant. The higher the HLB value, the more water-soluble the surfactant
[254] [255)].
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Figure 5.4: Chemical structures of the surfactants used.

Surfactant Type My (g/mol) HLB Emulsifier type CMC

SDS anionic 288.38 40 Oo/W 8.2mM(w/w)
Pluronic F-68  nonionic 8400 29 O/W 0.04mM
Span 80 non-ionic  428.60 43 W/O 0.025%

PEG di-krytox nonionic 14000 1.45 W/O 0.033%(w/w)

Table 5.1: Properties of surfactants used.

(KCl) are prepared. The presence of salt above certain quantity may induce the precip-
itation of anionic surfactant SDS at room temperature. As a matter of fact, it is well
recognized that SDS is very sensitive to the polarity of the medium. The solubility of the
surfactants with sulfate group increases from the low hydrated large counterion towards
the strong hydrated small counterions: KT < Nat < LiT. The order of this series is
inverse for the carboxylate polar group[256][257] [258]. As for the non-ionic surfactant
Pluronic F-68, the precipitation concentration value in the presence of salt is much higher
due to the lack of charge.

Experiments

It is not obvious to characterize the aggregation process and the adhesion energy of the
clusters obtained in our system. For example, we have thought to use the Dynamic Light
Scattering (DLS) technique to probe the behavior of the emulsions. However, the smallest
size of droplets is a few microns in diameter which reaches the limit of the light scattering
technique. Furthermore, the fluorinated oil use is relatively heavy (p=1820 kg/m?) so that
the sedimentation of droplets is not negligible.

We thus investigate the adhesion behavior of droplets directly within the microfluidic
device. A qualitative analysis is given by the observation of the cluster formation in the
microfluidic reservoir near the 3D step.

We use pressure control to generate the droplets with typical dilution phase pressure
below 10 mbar. Working at low pressure is to ensure the droplets production under slow
flow field so that we could better screen whether the adhesion takes place or not.

For the study of the surfactant effect, we use normal injection method in which
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the continuous phase and dilution phase are exactly the same fluids, thus there is no
concentration gradient across the channel. Regarding the study of the electrolyte effect,
we use another method: the salt solution is injected only into the dilution channels. The
continuous phase with surfactants as well as the dispersed oil phase are coming from
the middle inlet as usual. With this coflow diffusion strategy, we are able to study
systematically the effect of salt concentrations and salt types on the aggregation process.
The sketch of the two methods is shown in the figure Finally, to produce the
direct emulsion oil-in-water, we prepare hydrohylic PDMS system, and hydrophobic PDMS
system for inverted emulsion water-in-oil.

Continuous phase ™~
(a) (b) Surfactant S

g‘ —~ surfactant
Continuous phase ? Dilution phase

Surfactant - s 333 Salt
Dilution phase EY
surfactant ~8

Figure 5.5: Schematic drawing of two injection strategies. (a) the normal injection. (b)
the coflow diffusion injection.

5.2.3 Results
Influence of surfactant: type and concentration

We vary systematically the surfactant concentration, from 1 CMC up to 10 CMC for
SDS and 1 CMC to 60 CMC for Pluronic F-68. Critical micelle concentration (CMC) is
defined as the concentration of surfactants above which micelles form and all additional
surfactants added to the system go to micelles.

FEmulsions stabilized by 1 CMC SDS do not exhibit evident adhesion. Weak adhesion
between droplets begins to appear at 2 CMC, however, with a tiny perturbation at the
microfluidic reservoir, the droplets rapidly disperse, (it is in this regime, that we are able
to observe oscillatory movement of the clusters, ref chapter 4, morphologies transition
observations part). The adhesion is very remarkable at 5 CMC in which case they can
resist higher shear stress. Beyond this concentration, we could produce stable clusters
by tuning the flow condition as mentioned in the previous chapter. Figure shows
comparison of the behaviors of cluster transported near the step for formulation with 1
CMC and 10 CMC SDS under similar flow condition. With 1 CMC SDS, three droplets
and a satellite droplets are produced at the step, they are separated as they are convected
over a short distance ~ 250 pm (figure (a)). Whereas at 10 CMC, the droplets
produced are sticked together, forming a cluster entity (figure (b)).

The observations of the cluster formation near the step under low shear environment
are listed in the table below [(.2]:

According to the experimental results, we suggest that, for emulsion stabilized by SDS,
the adhesion mainly comes from the contribution of the depletion force [259][260]. Above
1 CMC, micelles of surfactant SDS begin to be present in the surrounding fluid. At 10
CMC SDS, even though well above the CMC, the solution is still within the spherical
micellar region of the phase diagram [261], so that the oscillatory structural force has not
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(a)

Figure 5.6: Comparison of droplets transport behaviors with 1 CMC SDS and with 10
CMC SDS. (a) Snapshots of droplets transport at various time with 1ICMC SDS as surfac-
tant in the continuous phase. Three droplets and a satellite droplet are produced at the
step then they separate rapidly.(b)Snapshots of droplets transport at various time with
10 CMC SDS. The droplets are aggregated together. The black vertical line on the left of
each images represents the 3D step; the scale is 10um.

Concentration of SDS  Observation
0.5CMC No visible adhesion, no cluster can be formed
1CMC No visible adhesion, no cluster can be formed

Table 5.2: Observation of droplets adhesion with different concentrations of SDS.

been developed to play a role. By taking advantage of the spontaneous pinch off at 3D
step, this droplets generation mechanism ensures that the separation distance between
droplets after step is small, thus the droplets are close enough to be under the depletion
attraction once entering in the microfluidic reservoir.

We repeat similar experiences with the non-ionic polymer surfactant Pluronic F-68
and we observe that, however, over the range from 1 CMC to 60 CMC, no adhesion
is observed even under extremely low shear environment. The image sequences of the
droplets separation near the step with 10 CMC pluronic F-68 are shown in figure [5.7}

Concentration of Pluronic F-68 Observation

0.5CMC

1CMC

5CMC No visible adhesion, no cluster can be formed
10CMC

60CMC

Table 5.3: Observation of droplets adhesion with different concentrations of Pluronic F-68.

A possible explanation of these two different behaviors is that the surfactant-induced
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Figure 5.7: Snapshots of droplets transport at various time with 10 CMC Pluronic F-68
as surfactant in the continuous phase. Three droplets and a satellite droplet are produced
at the step and then separate rapidly. The black vertical line on the left of each images
represents the 3D step; the scale is 10pum.

flocculation, originated from the exclusion of micelles between approaching droplets, de-
pends on the concentration of the depletion agents and the overlap volume of the depletion
zone [49]. Based on osmotic force approach [51], the osmotic pressure, arising from ex-
cluded micelles, is related to the concentration of micelles by the approximation [250]:

IL,, = (CRT/M)(1 4 2C/p) (5.1)

where C is the total micelle concentration in g/em3, M is the micelle molecular weight,
and p is the micelle density. As Pluronic F 68 (M, = 8400g/mol) could form bigger
micelles compared to SDS (M,, = 288.38 g/mol) at the same concentration, the osmotic
pressure is lower, thus the attractive force is weaker.

Influence of electrolyte: type and concentration

Time-dependent coflow diffusion

Special attention is given to the coflow diffusion method. As we see in the figure
(b), the diffusion takes place along the channel; the diffusion depends on the flow field
conditions. We would like to know at which time scale and length scale under our typical
experimental condition, the salt concentration reaches the cluster position and eventually
effects the adhesion between the droplets. However, this is a dynamical process which
depends on various parameters. In the first time, we will give some dimensional analysis
about this time-dependent phenomenon.

If we consider the diffusion of a single solute with absence of convection, the diffusion
equation writes:

dic = DV?c (5.2)

Where c is the concentration of the solute, D is the diffusion constant.

Simple dimensional analysis can already give an idea of this diffusion process within
the micro-channel, T and Ly denotes the characteristic time- and length- scale over which
the concentration varies, we have:
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LZ
Lo=+DTy or Ty= 50 (5.3)

The typical value of D of small ions in water is around 2x10~9m? /s, which yields the
characteristic time Ty for diffusion across the typical microfluidic distance Lo = 100um:
To =5s; this time scale is well compatible with our experimental scales.

We now need to describe in detail the geometry of our device:

The middle inlet connected to the reservoir has a flow rate @Q.iqqie, and the two
dilution inlets have Qg;4. €ach. Due to the mass conservation, we assume that the region
has repartition of flow in the reservoir width as shown in the figure

Wmiddle _ QmiddleW and Wside _ Qside 1174 (54)

total Qtotal

Figure 5.8: Schematic drawing of the diffusion process in the coflow condition. The
dispersed phase and continuous phase with surfactant are injected in the middle channel
with Qpiddie; more continuous phase and salt is injected in the side channel with Qg;qge-
The mean flow velocity in the reservoir channel is u and the repartition of width occupied
with each phase is indicated in the sketch.

According to the diffusion results from Comsol, we confirm that this assumption is
reasonable. The results of the flow diffusion study and the streamline maps of three
different cases are shown in the figure [5.9

@ 0 g —

Figure 5.9: The diffusion map and the streamlines in the reservoir channel at middle plan
Z=11pm from COMSOL simulations. Qiddie=50nl/min, Qs;q.=35nl/min. (a)Diffusion
map. The repartition of the width of phase in the reservoir channel near the step:
Wniddie/W = 0.34 which is close to the ratio value of Qniddie/Qtotar = 0.42 (b) Stream
lines map in this flow condition.
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The mean velocity is defined as the total flow rate (Qrotar = Qmiddie + 2Qside) divided
by the cross section of the reservoir channel S.

u = Qtotal _ Qmiddle + 2Qside
S Wh
Regarding the behavior of solute (salt in our case) with diffusion constant D in water,
two time scales become relevant, the time 7.y, , the time which it takes to be convected
down stream to the outlet of the reservoir channel, and the time 74 which is the time
needed for the salt to diffuse across the interface to the middle line of the channel:

(5.5)

L

Teonv = E (56)
(% © Qmidaélé ) )2
mi et side
Tdiff = ol D E (5.7)

By requiring 7.ony = T4iff, we could infer the distance from the step L* where effective
mixing has been taken place.

I w? Qmiddie V2 = W (Qmiddic)®
4D Qmiddle + 2Qside 4Dh Qmiddle + 2Qside

As studied in chapter 4, we take an example of the small system with h; = 1um,
ho = 22pym. The typical flow rate to favor the close packing cluster formation is relatively
low, below few hundreds of nanoliters per second (ref table in chapter 4) and the
corresponding mean flow velocity ranges from 50um/s to 350um/s. The ratio of flow rates
Qmiddie/ Qtotar is around a third. With W=600 pm and D~ 2><10*9m2/s, we found that
L* is in the order of few millimeters (from 250 pm to 1750pm). Similar result of the
typical length scale is obtained for bigger system with h; = 10um, hy = 160um. This
value of diffusion length scale is in agreement with our experimental observations where
an adhesion change begins to be observed after the droplets have been transported by
several millimeters away from the 3D step.

(5.8)

Observations

With 5% NaCl solution, the emulsion of oil-in-water stabilized with 0.004M (about
0.1%, 0.5 CMC) SDS becomes adhesive, the transition of non-adhesive to adhesive is quite
remarkable. The figure shows some morphologies of clusters under such conditions.

Figure 5.10: Optical micrographs of 2D clusters made of fluorinated oil in water with 0.5
CMC SDS in the presence of NaCl salt after stopping the flow. We could obtain close
packing structure of N=2, 3, 4, 5, 6, 7. The droplets develop contact patch between their
interface, however, the droplets are weakly deformed. Scale bar is bum.

The effect of salt on the emulsion stabilized by Pluronic F-68 shows similar results.
With 5% NaCl, the emulsion of oil-in-water with 2% Pluronic becomes adhesive. The
comparison of the formulation with and without salt is shown in the figure [5.11] Without
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salt, the droplets separate rapidly after being transported by a short distance away from
the step (see figure (a)). By contrast under similar flow condition, the droplets
remain adhere together in the presence of salt in figure b). However, we observe
that the adhesion is not strong enough, the smallest satellite droplets may detach from
the clusters under some perturbations in the downstream of the reservoir channel (see

figure (c),(d)).
(a)|

Figure 5.11: Comparison of droplets transport behaviors stabilized with 60 CMC Pluronic
with and without salt. (a) Snapshots of droplets transport at various times without NaCl
in the dilution continuous phase. Three droplets and a satellite droplet are produced at
the step then they separate rapidly.(b) Snapshots of droplets transport at various times
with 5% NaCl in the dilution continuous phase.The droplets are aggregated together after
the production. The black line on the left of each images represents the 3D step; the scale
bar is 10um. (c) Optical micrograph of the clusters (in the presence of 5% NaCl) in the
reservoir channel away from the 3D step, the distance to the step is about 800 ym. A train
of clusters is convected downstream, the positions of satellite droplets may vary from one
entities to another. (d) One example showing that the small satellite droplet could get
detached from the clusters. Optical micrograph taken at the location where the distance
to the step equals to 1000 pm. The scale bar is 5 pm.

The adhesion of the cluster is further reinforced in the presence of higher concentration
of salts. With 30% NaCl, a concentration close to saturation of the solubility of NaCl in
water, we observe that the aggregates of droplets become so adhesive that they only form
close-packing structures (see figure .

The angle of contact between droplets is an indication of adhesion energy [262] [251].
The relation between the adhesive energy € and the the resultant contact angle is known as
the Young Dupré equation: € = 2 [1-cos(6)] where ~ is the interfacial tension in the pres-
ence of surfactant and 6 the contact angle. Over a large range of different concentrations
of NaCl in our study, the contact angles are all very small (§< 20°, the adhesion energy
is below 2.5 mN/m in our experiment condition. We are not able to measure accurately
the contact angle for each concentration. However, at room temperature, in the presence
of KCl, the increase of contact angle between droplets is much more evident (6 ~ 45°,
the adhesion energy is about 10 mN/m. The contact angle of a pair of droplets in the
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Figure 5.12: Droplets transport behavior stabilized with 60 CMC Pluronic and 30% NaCl
in the dilute continuous phase.(a)A train of clusters (N=5) is convected downstream.(b)
A train of clusters (N=6) is convected downstream. The scale bar is 10 pm. (c¢) Optical

micrographs of clusters obtained. We could produce close packing structures of N= 2, 3,
3.5,4,5,6.

presence of NaCl and KCl is shown in the figure

| /
|e ,
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Figure 5.13: (a) Sketch showing the determination of the angle of contact between two
droplets. (b) Optical micrographs of the contact angle of a pair of fluorinated oil FC 3283
droplets in water at room temperature in the presence of NaCl. Scale bar is 5 pm (b) and
(c) in the presence of KCl. Scale bar is 50 pm.

(a)

We carry out the salinity study of KCIl on bigger droplets produced with systems of
h1 = 10um, he = 163um. The solution with 1% KCI is introduced by the two side dilu-
tion channels and stronger adhesive behavior is observed as the droplets are transported
downstream where the salt concentration reaches a certain value after the diffusion. The
figure [5.14] shows that the contact angles between the droplets increase as the droplets
are driven to the diffusion area in the reservoir channel, which indicates that the adhesion
energy is dramatically increased.

A closer look of the production of doublet and triplet is given in figure (a) and
(b), the flow is from left to right, a salt concentration gradient is present in this direction.
Some more morphologies can be found in figure (c).

Another interesting phenomenon is also discovered in this study: we observed sys-
tematically that the strong adhesive doublets rotate from 0° to 90° with respect to the
flow direction (see figure . This original observation deserves a complementary
hydrodynamic study which is out of the scope of the thesis here. We suggest that this
rearrangement in the orientation of anisotropic objects may be explained by the secondary
flow induced by the salt diffusion over the width of the channel.

The diffusion speed as well as the real salt concentration in a precise location depends
on many parameters, i.e. the flow velocity, the temperature, the nature and the concentra-
tion of salts etc. The quantification is quite challenging. Nevertheless, some phenomena
can be identified and should be underlined (see figure [5.17):
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Figure 5.14: Optical micrograph of the triplets production in the microfluidic system.
Dilution solution with 1% KCI is introduced in the two side channels. PDMS systems
with W=100pum, h; = 10um, hy = 163um. As the droplets are driven downstream in the
reservoir channel, a patch between their interfaces begins to appear and the contact angle
increases. The scale bar is 100 pm.

(a) B |
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Figure 5.15: Droplets transport behavior stabilized with 0.5 CMC SDS and 1% KC1 in the
dilute phase. The geometry is the same as the one in Figure [5.14] The concentration of
salt in the carrier fluid increases with the flow direction (from left to right) in this figure.
(a) A train of doublets is convected downstream. We observe the evolution of the contact
angles along the channel. (b) A train of triplets is convected downstream. We observe
the evolution of the contact angles along the channel. (¢) Optical micrographs of clusters
obtained. We could get structures of N =1.5, 2, 2.5, 3. The scale is 50 pm.
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t=0.1s t=0.2s t=0.3s t=04s t=0.5s t=0.6s t=0.7s 0.8s t=0.9s t=

Figure 5.16: Self-rotation of an adhesive doublets under flow field in the reservoir channel.
The droplets are produced with 0.5 CMC SDS and 1% KCl in the dilute phase. The fluid
flows from left to right. (a) A train of doublets is driven downstream. When the pair
of droplets has not developed strong adhesion, their orientation is along with the flow
direction. While the pair manifests stronger adhesion due to the salt diffusion, they rotate
gradually until perpendicular orientation with respect to the flow direction. (b) Snapshots
of the evolution made by following the self-rotation of one doublet at various time. The
scale bar is 50 pm.
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1. We observe the adsorption of the droplets on the walls of the microfluidic channel
close to the outlets in the presence of salts. The adhesion increases not only between
the droplets but unfortunately also between the droplets and the walls.

2. We identify spontaneous coalescence between the droplets at high concentration of
salts.

3. We observe the precipitation of surfactants evoked in the microfluidic channel.

@ |- [

Figure 5.17: Some observations in the presence of salt (with 1 CMC SDS and 1% KCI).
(a) The droplets may be adsorbed on the channel walls near outlet. (b) The new arrived
droplets get sticked to the gel-like aggregates of previous droplets and spontaneous coales-
cence could happen. On the surface of the adhered droplets, the precipitation of surfactant
is observed.

A further profound study could be dedicated to the electrolyte part attempting to rein-
force the droplets adhesion without provoking side effects. To conclude on the work done
so far, the addition of salts, in the case of ionic surfactants, screens electrostatic repulsions
between the hydrophilic polar heads. For the non ionic polymeric surfactant, the increased
salt concentration makes water a poorer solvent for the hydrophilic part of surfactant. The
mean spontaneous curvature is decreased by the collapse of the polyethylenen oxide head
units resulting from dehydration. Both behaviors could contribute to the further approach
of the droplets interfaces. As a result, more sticky droplets are able to be produced.

According to the experimental results, it is evident that the salt can dramatically
change the adhesion behavior of the emulsion stabilized by SDS or Pluronic. This offers a
very promising way to control the adhesion of droplets and the clustering process.

Adhesion for inverted W /O emulsion

To realize the full potential of this new self-assembly mecanism, it is important to
demonstrate that this approach could elaborate clusters using the wide variety of fluids.
The water-in-mineral oil emulsion stabilized by non-ionic surfactant Span 80 is stable with
respect to coalescence. We discover that the cluster formation occurs not only with the
oil-in-water emulsion but also water-in-oil emulsion, i.e. this assembly mecanism is proven
to be fluids independent. The droplets form spontaneously clusters near the step.

Table shows the phases and surfactant used in the direct and inverted emulsions.
Although the properties of fluids (surface tension, viscosity etc.) are different, stable
clusters are formed in both cases.

Some clusters made of water droplets in mineral oil with different morphologies are
listed in figure [5.18]
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Emulsion Dispersed Continuous  Surfactant Viscosity (cP) Density (g/mL) Interfacial
system tension (mN/m)
Oil / Water  Fluorinated oil ~ Water 2 %wt SDS Oil:1.4 0il:1.82 18
Water: 1 Water:1
Water / Oil  Water Mineral oil 2 %wt Span 80  Oil:15.3 Oil: 0.84 11

Table 5.4: Direct and inverted emulsion formulations and their characteristics

Figure 5.18: Optical micrographs of water-in- mineral oil clusters (stabilised with 2% Span
80) with N=2.5, 3, 4, 5. The scale bar is 10um.

The mechanism of the pinch off of water droplet in oil at the 3D step is the same as the
one of oil droplet in water emulsion. Again, we verify that the empirical law is still valid:
the diameter of the droplet is around 5 times the channel height hq even if the properties
of fluids (surface tension, viscosity etc.) are changed (see figure [5.19).

Figure 5.19: Cluters production: water droplet in mineral oil with 2% Span 80. System
with w;=20pm, h;j=1pm and hy=22um. Formation of clusters of N droplets with N=2,
3, 4. The scale bar is 10um.

Micellisation of surfactants could also take place in organic solvent systems, but this
process of surfactant aggregation in non-aqueous solvents differs considerably from those of
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water-based systems [263] [264]. Surfactants in non-aqueous and non-polar solution form
reverse micelles with hydrophilic core [265]. The so-called ‘hydrophilic effect’ lowers the
unfavorable interactions between the hydrophilic part of the surfactants and the non-polar
solvent molecules and concomitantly increases the interactions between the hydrophilic
groups. This is the primary driving force for the formation of micelles in non-polar solvents.
Span 80 has a long hydrophobic tail so that reverse micellisations of Span 80 are favored
in non-polar solvent. The micellisation is reported in several previous studies [266] [267].
The CMC of Span 80 in mineral oil at 25° is 0.025% w/v [268], that is around 0.03% w/w.
In our inverted emulsion study, we add 2 %w/w Span 80 in mineral to stabilize water
droplets. The micelles of Span 80 are expected to form spontaneously and to induce the
depletion force making the droplets adhesive. Moreover, the presence of trace amounts
of polar substances like water can help to induce the hydrophilic effect [269]. We use
the mineral oil purchased from Sigma-Aldrich (reference M 5904) as received without any
anhydrous treatment what makes it highly probable to have trace of water due to the stock
and usage condition. We infer that it is mainly the depletion interaction that rendering
the water-in oil emulsion adhesive.

We have observed, under some experimental conditions, the dissolution of the water
droplets in mineral oil in microfluidic channel, a phenomenon that have never been ob-
served in the formulation of fluorinated oil droplet in water. This phenomenon occurs
in very dilute regime (few droplets in the reservoir) and after a relative long period of
stay in the channel (at rest flow for example as the example shown in the figure below).
It can probably be explained by a competition between the cluster transport speed and
dissolution rate. Figure shows the process of dissolution of water droplets (droplet
diameter = 5um) at stop flow condition.

t=0s t=5s t=10s t=15s t=20s t=25s

Figure 5.20: Snapshots of dissolution process of the water droplets in mineral oil at various
time. The scale bar is 5 pum.

The emulsion of water droplets in fluorinated oil FC 3283 displays the same problem
with a dissolution rate much faster. This formulation shows modest adhesion (see figure
5.21]).

: 2, # : 3{: S

Figure 5.21: Dissolution process of the water droplets in Fluorinated oil FC 3283 in the
microfluidic reservoir channel. The scale bar is 10 pm.

In general, oils dissolve some water. However, each oil has its specific water-saturation
point. The solubility depends strongly on the oil composition, pure base oils have very
limited solubility, which is related to the ratios of paraffin, naphthenic, and aromatic
compounds [270]. The saturation point at 20° varies from approximately 30 parts per
million (ppm) of paraffin oils to over 200 ppm of fully aromatic liquids, but it is typically
between 40 to 80 ppm. Solubility may increase significantly with the use of additives.
The typical value for new lubrication oil is < 500 ppm. Oxidation products also increase
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solving efficiency. Mineral-based transformer oils typically have very little additives and
therefore have relatively low solubility like base oil, whereas lubrication oils with greater
amounts of additives generally have much higher solubility (see figure [5.22]).
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Figure 5.22: Average water solubility of mineral base oil and one lube oil as function of
temperature[270].

This argument is in agreement with our experimental observations. The FC 3283 is
a commercially used lubrication oil which has stronger solubility of water compared to
mineral oil. In normal volume fraction of water, this low solubility of water in oil is not
a big issue, while in our condition, the volume fraction is very small. In addition, the
solubility of a droplet increases sharply as its radius tends to zero because of the Laplace
pressure.

We could make the following estimation: along L = 5000 um reservoir channel with
the height he = 22 pm and width W = 600 pm, we have produced 100 pairs of doublets
with 50pm spacing and the radius of droplet being R =2.5 um.

The volume fraction ¢ writes:

4 3
d7’I”f'

¢ = QNIthL

¢ is in the order of a few hundreds ppm (< 200 ppm) which is in the order of stabi-
lization value. There is a method that may be tried to solve this problem: adding a small
amount of solutes (e.g. sugars or salts such as M ¢SO,) should allow the water droplets
to become more stable in terms of solubilization due to osmotic pressure.
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5.3 Hybrid clusters, magnetic and non magnetic clusters

5.3.1 Introduction

As we have mentioned before, the ability to design and assemble three-dimensional
structures from colloidal particles is limited by the absence of specific directional bonds.
Complex or low-coordination structures, common in atomic and molecular systems, are
rare in the colloidal domain[78]. In order to synthesize new complex networks, several path-
ways could be further explored. For instance, the idea which consists in using preformed
hybrid ‘colloidal molecules’ with a controlled morphology and bearing surface functions
susceptible to react together as reactants to create more sophisticated clusters has not

been explored yet [38] (see figure [5.23)).

ol - 00 +.p«

Figure 5.23: Schematic representation of the ‘colloidal chemistry’ concept. Figure from
[38].

We aim at bringing anisotropy to the clusters with our approach. By integrating addi-
tional functionalities to our microfluidic chips, we successfully generate clusters containing
droplets of different chemical compositions which can potentially develop directional re-
action.

5.3.2 Experiment

To demonstrate this possibility, we made several new designs based on the two layers
system. One more T-junction is added joining the main channel in the first layer, so
that two types of droplets are able to be produced alternatively by the two independent
T-junctions. Figure [5.24] shows a typical geometry design. We also design some systems
with one T-junctions shifted at a certain distance with repect to another in order to play
with the alternative production frequency (design shown in figure .

The dispersed phase 1 (yellow), the dispersed fluid 1’(violet) and the continuous phase
are respectively injected by pressure controller MFCS into inlets 1, 1°, 2 ;3. The mechanism
of plug break-up and droplets assembly are the same as we described in chapter 4 on the
cluster production part.

We examine the hybrid cluster production and assembly in a qualitative way. Two
kinds of formulations have been used. To begin with, a dye is added at high concentration
in the dispersed phase. Methylene blue, a blue ionic dye, is chosen. Methylene blue is a
heterocyclic aromatic chemical compound with the molecular formula Ci¢H1sN3SCI. 1t
appears as a solid, odorless, dark green powder, that yields a blue solution when dissolved
in water at room temperature. The surface tension 7Yyater/qir is lowered from 72 mN/m
to 60 mN/m at high concentration of methylene blue. This decrease in surface tension
indicates an increase in the degree of partition of the dye at the interface [271]. Mineral
oil with 2% surfactant Span 80 is used as carrier fluid. The anisotropy in color will bring
evidences on heterogeneous cluster production but it does not allow to develop directional
assembly.
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Figure 5.24: Schematic drawing of the the generation of hybrid clusters with microfluidic
system.

We thus consider another formulation using magnetic particles instead of dyes to in-
vestigate the potential directional reactivity of the hybrid clusters. With microfluidic, we
can generate droplets containing magnetic materials. In the presence of magnetic field,
we are able to induce response behaviors of such droplets. Magnetic droplets have been
studied extensively within lab-on-chip devices, especially for bioassay [272]. The magnetic
manipulation of droplets could be advantageous as magnets can be positioned externally.
Furthermore, magnetic forces are generally independent of pH and ionic strength[273].

According to the surface chemistry of the magnetic beads, they can be either stabilized
in water or in oil. We use two different kinds of superparamagnetic particles. The first
consists of aqueous dispersion of micro-spheres (magnetic core (maghemit ¥ — FeyO3)
and silica matrix), with thiol group grafted to their surfaces (purchased from Chemicell
GmbH). The size of particles is around 500nm. The second type of colloidal particles
consists of magnetite F'esO4 nanoparticles of 40nm which is dispersed already in octane
(80%) (purchased from ademtech) and which we can further dilute with mineral oil. We
use mineral oil with 2% Span 80 as carrier fluids for the water-in-oil emulsions and water
with 2% SDS for oil-in-water emulsions.

We apply both inhomogeneous and homogeneous magnetic field. For the inhomoge-
neous field, a permanent magnet is positioned at an adjacent reservoir channel (~ 3mm
to the side wall), so that it generated a magnetic field perpendicular to the channel. The
magnetic field pulls the droplets towards one side through the magnetic forces acting in
the particles inside. We also create a homogeneous magnetic field where the lines of force
are parallel and the magnetic field is equally strong in all places.To do so, we place two
magnets at each side of reservoir channel. There is a reasonably homogeneous field in the
gap between the magnets.

5.3.3 Results

As the size of the droplet is mainly determined by the height of the first layer h;
(see figure in chapter 4), we could have some specific combinations by tuning the
volumes of the two successive droplets of different fluids. Figure shows the formation
of hybrid clusters. Alternating transparent and blue plug-like droplets are formed at each
T-junctions. In ﬁgurem (a), the volume of transparent plug droplet is sufficient to break
into two spherical droplets at step while the blue one is not, thus clusters made of two
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transparent and one blue are obtained. Figure (b) demonstrated that we can control
the inner structures, clusters of two transparent/one blue or of one transparent/two blue,
simply by altering the pressure control of the inlet 1 and 1’
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Figure 5.25: Formation of hybrid clusters. PDMS system with W = 50um, hy = 10um
and he = 163um.(a) Alternating bigger transparent and smaller blue plug droplets are
formed at T-junctions. The transparent droplet breaks into two spherical droplets which
attach to the spherical blue droplet coming from the previous blue plug. (b) Alternating
smaller transparent and bigger blue plug droplets are formed at T-junctions. The blue
plug droplet breaks into two spherical droplets which attach to the transparent droplet
coming from the previous plug. Scale bar, 100um.

Nevertheless, the tuning of the simultaneously droplet production hasn’t been opti-
mized yet. This challenge arises from two main aspects: one is the coupling of the droplets
production. Barbier et al. has studies the dynamics of two microfluidic droplets emitters
placed in parallel. Complex dynamical behavior, including synchronization, quasi period-
icity, and chaos were observed [233]. We need to find the synchronized regimes to generate
well-controlled mono-dispersed droplets of two populations. Another aspect is the good
control over the distance between two heterogeneous plug-like droplets: the distance of
the two successive plug-like droplets generated from two fluids should be close enough to
form a single cluster entity. If the distance is too far away, two populations of clusters
made of transparent droplets and blue droplets will be produced separately as shown in

figure [5.26]
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Figure 5.26: Spacing between the transparent and blue plugs is not well adjusted to
form hybrid clusters. PDMS system with W = 50um, h; = 10um and hy = 163um.(a)
Alternating bigger transparent and smaller blue plug droplets are formed at T-junctions.
The transparent droplet breaks into two spherical droplets and the blue one breaks into one
and a satellite droplet. A train of transparent doublets and blue dumbbells is transported
in the reservoir. (b) A train of blue doublets and transparent dumbbells is transported in
the reservoir. Scale bar, 100um.

By shifting a certain distance from one T-junction to another, we gain some ranges over



5.3. HYBRID CLUSTERS, MAGNETIC AND NON MAGNETIC CLUSTERS 125

the spacing control (see the figure showing T-junctions production of water droplets
with or without magnetic particles). A regular train of doublets is produced steadily.
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Figure 5.27: The magnetic (black) and non-magnetic (transparent) plugs are produced
alternatively from two T-junctions located with 200 pm apart. PDMS system with W =
20pm, hy = 10um and ho = 163um. Scale bar, 40um.

We have produced various hybrid clusters (with dye and with magnetic particles), their
morphologies are listed in the figure [5.28]
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Figure 5.28: Optical micrographs of hybrid clusters with different morphologies. (a)-(d)
Trains of anisotropic clusters with blue dye: (a) N=3, triangle shape; (b) N=3, chain-like
shape; (¢) N=3.5, derived lozenge shape; (d) N=4, lozenge shape. (e) Some examples of
the anisotropic clusters with blue dye. N = 3, 3.5, 4. (f) Some examples of the anisotropic
clusters with magnetic particles. N = 1.5, 2, 2.5, 3. The scale bar is 50um.

The concentration of magnetic particles inside a droplet plays an important role on
the magnetic manipulation. Figure [5.29shows the behaviors of simple droplets containing
magnetic particles of three different concentrations in an inhomogeneous field under the
same experimental conditions. Naturally, when the magnetic particle concentration is
low, superparamagnetic droplets still flow in the streamline direction since the magnetic
force is too weak to drag them downward. However, they are strongly deflected when the
magnetic particle concentration is high enough. The obervations are shown in figure [5.29]

The deflection phenomenon is equally observed with clusters as well as a single droplet.
We produce small aggregates of magnetic droplets with the two-layer systems. In the ab-
sence of magnetic field, the triplet clusters are flowing without deflection (figure [5.30|(a))
and they are dragged to the bottom when an inhomogeneous field is applied (figure (b))
Within our experimental condition, the adhesion between the magnetic droplet does not
visually affected by the magnetic force, the individual droplets remain together in the
cluster as an entity without detaching from each other.

We are more interested with the behaviors of clusters in a homogenous field. When a
magnetic field is applied, spontaneous alignment of magnetic droplets will take place, and
as the magnetic forces in y-direction are canceled out, they will move only horizontally in
the flow direction along the reservoir channel which is easier for us to study their move-
ments and interactions. Figure (c) shows that a train of magnetic doublet droplets
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Figure 5.29: (a) Optical micrographs of droplets with three different concentrations of
magnetic particles in an inhomogeneous magnetic field. PDMS system, W=50um, h; =
10um, hy = 163um. Left: a train of droplets which contains little magnetic particles
(the color is close to transparent). No deflection is observed. Middle: a train of droplets
containing modest magnetic particles. A deflection is observed. Right: a train of droplets
containing high concentration of magnetic particles. A faster deflection is observed. The
scale bar is 100pm. (b)Schematic diagram of the droplet velocity component. V, and V;, are
the droplet velocity component in the x-direction and y-direction respectively. Although V,
is constant in experiments depending only on laminar flow velocity, V; gradually increases
due to the magnetic force. Therefore superparamagnetic droplets are dragged towards the
bottom. The schematic is adapted and modified from [274].
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Figure 5.30: (a) Optical micrographs of triplets of droplets flowing in the absence of
magnetic field (the flow direction is from left to right). PDMS system, W=100um, hy =
10pm, hg = 163um. (b) Triplets of droplets deflected in the presence of a inhomogeneous
magnetic field. The magnet is placed at the bottom side of the reservoir channel. (c)
Doublets of droplets oriented verticaly flowing in the presence of a homogeneous magnetic
field. The magnets are placed at each side of the reservoir channel. The scale bar is
200pm.

are flowing steadily from left to right and each doublet is oriented vertically in the applied
magnetic field.

As we have discussed before in Chapter 4 on the cluster spacing control part, the
spacing between the clusters can be controlled easily experimentally. Figure (a) shows
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Figure 5.31: Optical micrographs of magetic anisotropic clusters. (a) The production of
cluters of doublets. (b) The clusters of doublets (on the left) and the clusters of triplets
(in the middle and on the right) are well spaced, no interaction takes place. (c) Three
doublets interacting with each other in the presece of homogeneous magnetic field. The
magnets are placed in each side of the reservoir channel. The scale bar is 40pum.

the production of hybrid doublets where their spacing is at least 15 times the radius of
the droplets. When the hybrid clusters keep distant away from its neighbours, like in the
figure M(b), they do not interact with each other just like isotropic clusters do, only the
alignment of magnetic droplets inside a cluster is observed. When the clusters are close
enough to develop magnetic dipole between them, we found that the rearrangement is most
likely to adopt an alternative magnetic and non-magnetic droplet patterns. Figure M(c)
shows the evolution of three doublets. They are initially oriented horizontally one after
another. A zig-zag movement followed by an alignment of magnetic droplets take place
after the droplets are getting into contact.

This planar alternative magnetic-non magnetic droplet patterns can extend to several
layers before ending up with an evolution towards 3D spiral cylindrical structures (see

figure ).

®_, @ - I

Figure 5.32: (a) Optical micrographs of six clusters of doublets interacting together. An
alternative magnetic and non-magnetic intermediate structure is formed and the final
stable structure is 3D cylindrical structures. (b) Several examples of evolutions from
alternative patterns towards 3D spiral cylindrical structures. The scale bar is 40um.

Our experimental observations are just preliminary results which yield future perspec-
tives for manipulations with the magnetic-anisotropic clusters for assembly. The adhesion
could resist the magnetic force as well as the shear stress to some degree. We can thus
manipulate those hybrid clusters without provoking structure destruction and can con-
duct operations such as the translation and the rotation to bring the clusters to a precise
location. We can imaging more precise and sophisticated operations to control the trajec-
tory of the clusters by combining the flow velocity and the magnetically induced velocity.
Magnetic tweezers (MT) [275] [276] as well as various magnetic micro-manipulators and
arrays of manipulators are available [277]][278], they could provide more technical supports
for assembling our anisotropic building blocks.
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5.4 Solidifying clusters

We explore there the possibility to synthesis particle clusters by introducing solidifiable
liquid as the dispersed phase. As mentioned in the introduction, there are a number of syn-
thetic methods for the solidification of drop precursor liquids. The more frequently used
methods include free-radical polymerization (photo and thermally initiated), polyconden-
sation reactions, ionic crosslinking, cooling, solvent extraction and self-assembly[129].

For the purpose of demonstration, we choose a liquid which may undergoes sol-gel
polymerization [279]. The sol-gel transition is a process which occurs in liquid solution
of organometallic precursors (TMOS, TEOS, Zr(IV)-Propoxide, Ti(IV)-Butoxide, etc.),
which, by means of hydrolysis and condensation reactions, lead to the formation of a rigid
non-fluid mass. This sol-gel solidification reaction is chosen because it is a simple, mild and
convenient method [280] [281] without any other requirement of additional functionality on
the microfluidic chips. The reactions take place at room temperature in a wide range of
pH /ionic strength conditions. In addition, we have shown in inverted W/O emulsion part,
that the water droplets can form clusters and undergo a dissolution process in which water
is progressively lost in the dilute regime within the microfluidic reservoir. Through adding
the organometallic precursors in the water droplet, we can solidify the droplets into gel
particles by taking advantage of water elimination which favors the condensation reaction.

We prepare aqueous solution of tetraethylorthosilicate (TEOS) under hydrolytic con-
dition using base catalysis to form silica gels. The chemical steps in sol-gel polymerization,
including hydrolysis and condensation, result in formation of a network of Si-O-Si chemical
linkages from the alkoxysilane. The key steps of the TEOS sol-gel reaction are shown in

the figure
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Figure 5.33: Summary of the key steps in sol-gel polymerization of ethoxysilanes: hydrol-
ysis and condensation of alkoxysilanes (water condensation and alcohol condensation).

Silica sol solution is achieved by mixing 2 ml tetraethyl orthosilicate (TEOS, 99.0%,
Fluka) and 0.2ml triethyl amine (TEA, 99.5%, Fluka) with 10 ml water under stiring at
room temperature until one single homogeneous phase appeared (~ 8h).

The experimental setup and method are the same as that described previously. We
use PDMS system with W=20pm, h; = 1pm, ho = 22um. The precursor aqueous solution
is used as dispersed phase and mineral oil with 2% surfactant Span 80 as the continuous
and dilution phase.

We adjust the inlet pressures to produce a train of triplet clusters, then we stop
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abruptly the pressures to 0 mbar. Embedded in the fluid at rest, the triangle clusters
made of silica xeroglels are formed in few seconds as shown in figure[5.34 The sol droplets
experience consecutive stages of shrinkage, condensation and solidification. During the
whole process of ‘drying’, the silica particles stay connected one another forming clusters
with a thin film of surfactants between the particle interfaces.
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Figure 5.34: Optical micrograph of the formation of the sol-gel transition in the microflu-
idic reservoir channel containing mineral oil as continuous phase. (a) A train of liquid
triplets. Water droplets containing TEOS and TEA. Scale bar, 5 um. (b) Optical micro-
graph of a train of solid triplets which is formed as the water diffuses after several seconds.
The optical indice of the dispersed phase changes with the water content. Scale bar, 5 um.
(c¢) Snapshots showing the silica sol-gel transition following one individual cluster. The
scale bar is 10um. (d) Schematic of the solidification process. Black arrows show water
diffusion. Silica gel germs (black grains) grow and get contected inside the droplet as the
water diffuses in the oil.

The adhesion of those solidified clusters remain to be reinforced. We observe that the
detachment of the silica particle may appear in some clusters when the reservoir channel
is flushed afterwards. The solidification is a delicate process. We also notice during the
experience that the diffusion process requires a profond study. For example, in order to
accelerate the solidification time, we adopt the fluorinated oil in which the water diffuses
faster. In that case, the pre-solidification takes place in the Hele-Shaw T-junction main
channel and the plug-like droplet experiences the sol-gel transition so fast that it can no
longer break. We obtain only the flat plug gels (see figure . This liquid risks to clog
the channel in the later time.

Figure 5.35: Optical micrograph showing that the sol-gel transition can take place so fast
that the plug-like droplet becomes solid and can not break into smaller droplets. The
continuous phase here is fluorinated oil FC 3283. The scale bar is 20um.

To conclude, solidifying the clusters remains to be improved to really obtain solid
anisotropic colloidal molecules.
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5.5 Article: Self-assembly driven by hydrodynamic dipolar
interactions (preprint)
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Self-assembly driven by hydrodynamic
interactions in microfluidic devices.

B. Shenl, J.Ricouvier', M. Reyssat’, F. Malloggi2, P. Tabeling®

Abstract

Recent progress in colloidal science has led to produce self-assembled structures whose
complexity raises hopes for elaborating new materials. However, with the actual techniques,
producing building blocks is a slow process, and, consequently, the throughputs are too
small to envisage industrial applications.

We discovered a novel self assembly mechanism that may unlock this bottleneck. It is based
on the hydrodynamic dipolar interactions that develop when droplets are slowed down by
the microchannel walls along which they are transported. Using microfluidic devices, we
fabricate, in a continuous flow process, under unprecedented control, a rich ensemble of
planar and tridimensionnal micrometric clusters possessing geometrical, chemical, and/or
magnetic anisotropies. A dynamical model reproduces the observations extremely well.
Thousands of highly monodispersed self-assembled structures are formed in a few minutes,
with almost one hundred percent yields. Continuous productions of millions of building
blocks per second for elaborating new functional materials can be envisioned.

1 MMN, ESPCI, UMR Gulliver,10 rue Vauquelin, 75005 Paris, France
2 UMR 3299 CEA/CNRS NIMBE-LIONS, CEA Saclay, F-91191 Gif-sur Yvette, France
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The field of colloidal self assembly has made considerable progress over the last few years by
synthesizing building blocks, most often particle clusters, whose structural complexity enables the
elaboration of materials possessing new, interesting properties®'?:3#:°:¢78 "sych as complete three
dimensional photonic band gaps in the visible spectrum, which frequently appears as the « Graal » of the
field>®. However, the evolution towards complexity has been made at the expense of the speed, and, with
the approaches undertaken in the field at the moment, it is unclear whether it will be possible, in a near
future, to satisfy the high throughput conditions requested for producing samples of sizes appropriate for
developing industrial applications. This represents a major bottleneck. In the past, colloidal materials of
millimeter sizes could be produced in hours by drying colloidal solutions, but these materials relied on the
assembly of identical colloids and therefore could only give rise to phases of simple symmetry, such as
cubic centred, hexagonal closed paked or body centred cubic, improper for developing interesting
functionalities®. Now, the level of structural complexity of the building blocks has considerably raised
but, in order to form colloidal molecules with rich structures, from which a new material can be
elaborated, each individual colloidal « atom » must undergo a lengthy brownian search to find its right
location on the colloidal “molecular” scaffold. This is too slow a process. By assuming micrometric
particles and decamicrometric travel distances, one finds, consistently with Ref®, that it needs tens of
minutes to be complete,. These calculations imply that, with an irrealistic yield of 100%, and a
thousandfold parallelized process, the production of a millimeter cube material incorporating billions of
complex building blocks would take thirty years®. Because of the slowness of the brownian dynamics, the
impossibility to accelerate it substantially, added to moderate or mediocre yields, due to the presence of
local potential minima which trap the system in long live metastable sates, our ability to synthesize
functional colloidal materials of industrial interest with the existing techniques can be questioned.

Bringing deterministically the particles at the right locations by using a flow would certainly accelerate
the self assembly process by orders of magnitudes along with achieve 100% vyields, but this represents a
formidable challenge. The difficulty is to generate local eddies or local circulations on the scale of the
colloidal particles, i.e micrometric, that would transport each entity in a way appropriate for synthesizing
a desired structure. This raises an interesting challenge for microfluidic technology, whose goal is
precisely to control flows at the micrometric scale. In fact, thus far, microfluidics has not significantly
impacted the field of colloidal assembly'®****3  Investigators have placed particles into droplets rather
than in wells, in an attempt to raise the throughput but this has not been sufficient to convey significant
progress. Rearranging particles with inertial forces has been demonstrated **'*°, but this approach,
although developing extremely high throughputs, is not adapted for producing assemblies relevant for
material science applications. Recently, it has been shown that it is possible, theoretically, to form
arbitrary assemblies of particles in microfluidic chambers by imposing specific sequences of pressures
steps at multiple fluid entries'™*’. This concept is awaiting experimental support. In the present work, we
propose a new pathway, that bears on the combined action of droplet-droplet attraction and dipolar
hydrodynamic interactions, the latter being mediated by the microchannel walls along which droplets are
transported at small Reynolds numbers. With it, we could produce, with a continuous flow process,
aggregates with anisotropic structures (geometric, chemical, magnetic), with almost 100% vyields, under
high throughput conditions. This approach has the potential to generate large libraries of building blocks,
that could eventually be assembled to synthesize functional materials of decent sizes in a realistic time
frame. The goal of the paper is to report these findings.

Results

Device and flow organization. As sketched in Fig. 1a, the microfluidic device is based on a two-level
lithography. It is based on a geometry published in Ref*®, in which droplets of submicrometric sizes were
produced under excellent control. The geometry is thereby well adapted to operate with colloidal objects.
The thinner channels of our microfluidic device (heigths between 1 and 10 um), are located upstream. In
this part, immiscible fluids meet at T-junctions, and, owing to a specific synchronization procedure (see
Supp Mat 1), sequences of slugs, grouped by pairs, are generated. Driven by the flow, these pairs arrive at
a step marking the separation between the thin channels in which they have been generated and a deeper
microchannel, called « self assembly channel » (SA channel) in which they will be processed. At the step,
owing to the formulation we take, the slugs break up into sticky droplets that aggregate (see Fig. 1a). As
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these clusters are transported along the SA channel, they rearrange internally, adopting eventually
stationary configurations.

Two additional flow entries, located at 200 um from the vertical symmetry plane of the device, provide
an additional control on the slugs break up process and the cluster dynamics in the SA channel. These
additionnal flows contribute to confine the droplet aggregates in a narrow tunnel parallel to the mean flow
in the SA channel along with dilute them, i.e increase the distance between two successive clusters. The
effect of the control flow is illustrated in Supp Mat 2.
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Figure 1 : Sketch of the device, flow structure and droplet positioning in the SA channel. (a) Sketch of the two-
level microfluidic device. In the thinner part, located upstream, slug pairs (red and orange) are generated, and
arrive at a step where they breakup into sticky droplets, forming clusters that are processed and conveyed
downstream in the (deeper) SA channel. (b) Confocal image of the system, taken over long exposure times, that
reveal that the clusters are confined in a tube whose center is located close to the mid plane of the SA channel and
comparison with COMSOL simulations (see Supp Mat 3), that show that the flows emanating from the central inlet
are confined in a tube, also located close to the SA channel symmetry axis. (c) Cluster position measurement using
Adaptive Focus. Cluster position along the z axis, normal to the mean flow, normalized by the SA channel height h,
as a function of the distance to the step x normalized in the same manner. The plot shows that, within the range of
experimental conditions we considered, and after a short transient, that does not exceed two SA channel heights,
the planar clusters self-center in the SA channel. All the experiments are performed in PDMS system, with h;=1
pum, h,=10 pm and d = 5 pm using fluorinated oil, water and 2 % SDS. (d) Dumbbell speed U as a function of the
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mean flow speed U,,. The full lines are, resp. the lower limits of passive advection, corresponding to U, = U, (if
the cluster obstructed the SA channel) and U, = %Um (if the cluster was pointwise). The PDMS system dimensions
are hy;=1 um, h,=22 um, w= 20um, using fluorinated oil in water, with 2% SDS. The pressures are respectively 903
mbar, 861 mbar and 1-8 mbar at the dispersed, continuous and control entries of the device of Fig 1a. Scale bar,
Spum.

Droplet formation at the step and cluster behavior in the SA channel: Depending on the flow
conditions, slugs arriving at the step can break up into droplets of identical sizes or different sizes. There
is in fact a devil staircase’® that controls the droplet generation process, since two frequencies of emission
interact, the first between associated to the slug production, the second to the slug breakup at the step. In
practice, the droplet sizes along with the droplet number per cluster, are precisely controlled by adjusting
the flow-rates. This part is detailed in Supp Mat 1.

The droplets generated at the step are initially localized close to the top wall of the SA channel (see Fig.
la,b). As already mentioned, owing to the sticky formulation we use **'# (see Methods, Fluids and
surfactants), the droplets aggregate together just after they are generated, without coalescing. We found
useful to distinguish between two situations, depending on whether the droplet clusters tend to form a
planar structure in the SA channel or whether they adopt 3D configurations therein. The former case
occurs at « moderate » adhesion, i.e when the droplet stick onto each other without deforming
substantially their interfaces at the contact points. 3D structures are obtained at « large adhesion », i.e
when these interfaces are significantly flattened at the contact points. In both cases, the adhesion
mechanism results from depletion forces developing in the presence of micelles. Large adhesion is
obtained by adding salt and therefore lowering the electrostatic repulsive barrier.

The plots and images of Fig. 1 are obtained in the 2D case. Here, the aggregates tend to form planar
structures that self-center in the SA channel as they travel downstream. This feature is shown by the
confocal image of Fig. 1b which displays the time averaged trajectories of “dimers”, i.e clusters including
two droplets. The long time exposed image shows that the dimers are confined in a tube. The tube is
parallel to the channel walls and its center lies close to the horizontal symmetry plane of the SA channel
(Fig 1b). The height of the tube does not exceed 50 pm in height, which implies that the two droplets,
whose diameters are 50um, must lie in the same horizontal plane. The structure of the cross section of the
tube suggests that the two droplets move dowtream with an oblique orientation with respect to the main
flow. The optical measurements of Fig. 1c obtained in a variety of flow conditions, with clusters of
different shapes (triangles, losanges, trapezes,...), confirm the centering of the clusters in the SA channel.
The COMSOL study of Fig. 1b brings interesting information on the self centering effect. It shows that
the streamlines emanating from the central inlet channel are confined in a narrow tube located,
approximately, at the same position as the droplet clusters tube. The coiencidence indicates that the self
centering effect is kinematically-driven. Nonetheless, we found that cluster speeds are significantly below
those they would adopt if they were passively advected by the flow (see Fig. 1d). This effect, described in
the literature for the case of isolated droplets **%, is presumably due to cluster friction against the channel
walls. We observe that in our case, the slowing down effect is significant (Fig. 1d). For a height over
droplet diameter ratio of 1.3, cluster speeds are typically reduced by a factor of 2 as compared to the
speed they would adopt if they were passively advected.

Self centering and slowing down are also observed for 3D structures. In this case, the center of mass of
the cluster is located along the symmetry axis of the SA channel. We hypothesize that the fact that
droplets do no move freely with respect to each other prevent them to adopt planar configurations.

Self assembly Kkinetics: As evoked precedently, the droplets form clusters that reconfigure
spontaneously as they travel downstream in the SA channel. Here, we analyse this remarkable
phenomenon in detail. In Fig. 2 b-d, obtained for moderate adhesion, we track clusters located initially at
300 pum (Fig. (b),(c)), 240 um (Fig. (d)) and 20 um (Fig. (e)) downstream from the step, i.e in the plateau
region of Fig. 1c. The microscope objective being of high numerical aperture (NA = 1.3, with a depth of
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field of 20 um) and the droplet interfaces being well focused, we confirm that the structures are planar in
those cases. In Fig. 2 b-d, the clusters have initiatlly the form of bent chains, owing to the fact that
droplets are produced in a row, and, just after the step, the streamlines along which they are transported
are curved. These 2D clusters undergo internal rearrangements and eventually adopt symmetric stationary
configurations, i.e a horizontal equilateral trimer for N=3, a flat losange for N=4 and a flat isocele trapeze
for N=5 (Fig. 2 b-d). The process takes a few seconds to be completed. During the conformationnal
changes, droplets roll aside each other in the horizontal plane. Eventually the clusters adopt stationary
configurations for which, compared to the initial conditions, the number of internal droplet-droplet
contacts C is augmented and the level of symmetry of the structure is increased. This self assembly
process produces structures that do not depend on the detail of the initial conditions. Similar comments
can be done for the 3D case. This is shown in Fig. 2 e, obtained for large adhesion, where the formation of
a compact tetrahedron is achieved at the term of a dynamical sequence which also takes a few seconds.
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Figure 2. Self-assembly kinetics. (a) Schematic view of the flow field associated to an isolated droplet moving in a
microchannel, for the case of moderate ratios height over diameter. (b) Dynamics of a cluster of three droplets
evolving towards an equilateral triangular planar structure. Up: Experiment made with fluorinated oil in water, 2
% SDS, with droplets 50 um in diameter. Between each snapshot, the time interval is 0.12s. Scale bar, 50um.
Right: Representation of the recirculations associated to each droplet within the cluster, that bring the left droplet
towards the center of the central dumbbell. Eventually, after 0.84s, the cluster reaches a steady configuration in
which the effect of the recirculations cancel out. Down: numerical simulation based on Eq (1), with Y=1.5 and time

intervals of one characteristic times T (see Supp Mat 4). (c) Same situation for N=4 (d=50 pum, time interval 0.4 s).
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Scale bar, 50um. Y=0.8, intervals of 6 T and (d) N=5 (d=5 um, time interval 1s). Scale bar, 5 um. Y=0.8 and
intervales of 15 1. (e) Left: Kinetics of a tridimensionnal tetrahedron, in the case N=5. The fluids are fluorinated oil
in water with 2 % SDS in presence of 5 % Nacl. Here, d=50 um, and the time intervals are 0.04 s. Scale bar, 5um.
Right: Representation of the dipolar recirculatons leading to the formation of a compact tetrahedron.

The self assembly process shown in Fig. 2 b-e is not driven by brownian fluctuations : it would take days
to develop the internal displacements of Fig. 2, while only a few seconds suffice in the experiments. In
order to understand this spectacular self assembly mechanism, we focus on the two dimensionnal
structures, which, owing to their simplicity, are more amenable to a thorough analysis. As demonstrated
in Fig. 1 b-d, the planar clusters lie in a plane located close to the symmetry axis of the SA channel, i.e in
a region where the shear is zero. The paradox is that they are advected by an approximately uniform
steady flow and in the meantime, they develop a spectacular dynamics that leads to rapid internal
rearrangements. We propose here that the physical origin of the phenomenon is linked to the presence of
the top and bottom walls of the SA channel. We have checked, by increasing the height over droplet
radius ratio, thus decreasing the confinement, that the self assembly process of Fig. 2 b-e is no longer in
action. In this case, the droplets keep their initial configuration as they travel in the SA channel. This
experiment indicates that the mechanism at work is mediated by the walls. The argument we propose here
is thus based on the hypothesis that for moderate ratios of h,/R, the microchannel walls slow down the
clusters’ speeds, in a way shown by Fig. 1d, i.e by approximately 50%. The kinematic consequence of
this slowing down effect is that around the droplets, a dipolar hydrodynamical field develops, as sketched
in Fig 2a. In fact, in a frame moving with the average speed of the external phase, the clusters move
backward, and, owing to mass conservation, the fluid that it must displace to recede recirculates in the
forward direction, which gives rise to the dipolar-like pattern sketched in Fig. 2a. In fact, this reasoning
can be made for each droplet embedded in a cluster. In each aggregate, the horizontal recirculations
developed by each droplet exert viscous drags onto their partners, displacing them with respect to each
other, therefore provoking configurational changes. The type of droplet-droplet interaction we invoke
here has been studied in the literature??>2027282930 ‘bt only for the case of non sticky droplets. To the
best of our knowledge, the role of dipolar interactions in aggregates has never been analyzed theoretically
and the demonstration that it can play an interesting role from a self assembly prospective has never been
envisaged.

The dipolar interactions we discuss here explains well, at a qualitative level, the cluster dynamics in the
SA channel (see Fig. 2). In the case of N=3, the droplet located at the rear of the aggregate is subjected to
the recirculations generated by its partners, which work at bringing it closer to the center of the dumbell
they form (see Fig. 2b). As the droplet arrives at its final destination, the action of the recirculations
cancels out by symmetry, and the configuration becomes stationary. In the case of N=4 the two droplets
located at the rear of the structure are subjected to a similar effect (Fig. 2c). In this case, the action of the
recirculations is stronger for the farther droplet, which explains that it moves more rapidly than its
partner. Here too, after the droplets have reached their final destinations, forming an isocelar losange, the
dipolar hydrodynamic forces exerted onto each droplet cancel out by symmetry, and consequently, the
morphology does not evolve anymore. Similar reasoning can be done for N=5. We suggest that the same
mechanism is at work in the 3D case. Fig. 2e shows how the action of horizontal, dipolar-like
recirculations work at transforming a three-dimensional featureless aggregate into a symmetric closed
packed tetrahedron for N=4.

Modeling the self assembly dynamics in the case of planar structures : The mechanism discussed
above can be modelled in some detail in the 2D case. Similarly as in Refs?*?**° we model the droplet-wall
interactions by far-field pairwise dipolar interactions, noting that this approach remains acceptable at a
semi-quantitative level when droplets touch each other®®. We thus model the behaviors of our clusters by
the following system of 2D dimensionless equations (derived in Supp Mat 4), placing ourselves in a
frame of reference moving with U.., taking R (the droplet radius) as the reference scale and
T =R(1-P)U - (in which U is the speed at infinity) as the reference time:
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in which d—rt is the dimensionless speed of droplet i (in which ¥; is its position, and t the dimensionless
time), e, the unit vector projected onto the mean flow at infinity, B the reduction factor of the cluster
speed (due to friction against the wall, as discussed in the previous sections), T, the separation vector

between droplets i and j, Gjj a repulsive short range term that prevents droplet interpenetration (see Supp
Mat 4), and Y is a dimensionless number given by the following expression:

A
Y = >
72nnR” U (1-)

()

in which A is the Hamaker constant used in the attractive part of the droplet-droplet potential (Supp Mat
3), and n the external phase viscosity. In Equation (1), the first term of the RHS is the drift caused by the
mean flow, the second the dipolar droplet-droplet interaction, the third the adhesive term and the last one
a short range repulsive term that prevents coalescence. To the best of our knowledge, the dimensionless
number Y is new. It represents the ratio of the adhesive droplet-droplet forces over the dipolar forces.
Physically, at small Y, adhesion is small and droplets separate out while at large Y, droplets stick together
permanently. Between the two regimes, there is a narrow range of Y within which a complicated
dynamics develops ; its analysis stands beyond the scope of the paper.

Solutions to Eq (1), obtained with the initial conditions of Fig. 2, are shown in Fig. 2b-d. The agreement
between theory and experiment is remarkable. The sequences of events calculated with Eq (1) coiencide
almost perfectly with the experiment for the three cases we considered, i.e N=3, 4 and 5. The model
demonstrates that a dipolar interaction, coupled to adhesion conditions, nurtures a novel self assembly
mechanism, that leads to the formation of symmetric structures. The excellent agreement between the
model and the experiment suggests that this mechanism is at work in our microfluidic experiments.

The model tells us that it takes a time 7 =R(7-6)JU . (3) to reach a stationary configuration. With the
speeds and sizes at hand and a factor B significantly smaller than unity, T is on the order of a few seconds,
which agrees well with the experiment. This estimate moreover shows that there is a potential to improve
the speed of the self assembly process by increasing U, and downscaling.

Stationary structures : At late times, i.e. after a few seconds, steady configurations are obtained. The
planar structures we observed are displayed in Fig. 3a. Typically, chains are obtained at large control
flows, and more compact structures are produced at smaller values of this parameter. As shown in Fig. 3a,
the structures have different shapes - T, crosses, losanges, trapezes, triangles,.. - . All are symmetric with
respect to a mirror plane. The mirror symmetry was not preexisting in the initial clusters produced at the
step. This confirms that the self assembly mechanism always works at driving the clusters from less to
more symmetric states. This observation has a dynamical significance: symmetrisation is necessary for
cancelling out the action of the dipolar recirculations generated by each droplet and consequently ensure
configurational stationarity. Maintained by depletion forces the late time structures do not evolve
anymore after they are formed. We have checked by stopping the flow that they survive for periods of
time varying, depending on the droplet sizes, from hours to days, consistently with diffusive times R%/D
(where D is the diffusion constant of the droplet) we can estimate in each case. This remark has a
practical interest from analysis and processing prospectives.

On Fig. 3a, the stationary planar structures are classified in function of the number N of droplets they
include and the number C of droplet-droplet contacts they achieve. All the configurations are confined in
a triangular-shaped domain: the lower boundary is the line C = N-1, corresponding to the structures
achieving the smallest number of contacts, i.e the chain. The upper line C = 2N-3 corresponds to clusters
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maximizing the number of contacts in 2D. Inside the triangle, the structures adopt various shapes, in form
of T or crosses. Apart from three exceptions, we have succeeded, by varying the flow conditions, to fill
the space, i.e achieve all possible contact numbers. As long as N is smaller than 6, the structures are
unique for a fixed pair (N, C). However, similarly as in three dimensions, degeneracies are observed for
N = 6. This is shown in Fig. 3a, in which three distinct morphologies are associated to the pair N=6, C=9 .
All the configurations shown in the diagram — including the degenerate ones - are associated to well
defined flow conditions and are therefore reproducible.
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Figure 3 : Stationary configurations (a) Observed cluster morphologies at late times, i.e after a few seconds. Scale
bar is 5um. (b) Simulation of the stationary morphologies, based on Eq (1). (c) Histogram of pentamer clusters
aspect ratio A =Dy,q/Dmin for a population of 2134 clusters, inclusing 5 droplets, 5um in diameter, in which D, is
the Feret maximum diameter and D,,;, the minimum one. The coefficient of variation (i.e., the quantity 100 o/<\>)
of the major cluster population is ~ 2%, where o is the standard deviation and <A> is the statistically averaged
aspect ratio. On the picture, the scale bar is 10 um. Inset: Distributions of the aspect ratios for populations of 152
dumbbells, 382 trimers and 217 quadrimers , all with droplet diameters of 50 um. (d) A collection of clusters
possessing anisotropic structures. Left array: shape anisotropies, (left) AB, type structure, (right) AB; trigonal
pyramid; (Scale bar, 5um), (bottom) Sol gel transition using water, TEOS,TEA,Minerail oil and 2 % Span 80 (scale bar
, 5um) Central array: chemical anisotropies for N=3 (compact AB, and linear AB, type structures) and combination
of chemical and geometrical anisotropies (heterogeneous trigonal pyramids). Scale bar, 50 um. Right array,
obtained witt fuorinated oil in water, with 2 % SDS; Various structures with droplets incorporating ferromagnetic
particles (AB2, linear AB2, dumbbell). On the lower figure, combination of magnetic and geometric anisotropies.
Scale bar, 50 um. (e) Three dimensional clusters. Left array: Polyhedron clusters with N = 4, 5, 6, and AB;
tetrahedron structure, with a magnetic droplet (black) capable of developing a directional, localized magnetic
bonding. Scale bar, 50 um for tetrahedron structure and 5um for the rest of clusters (with N =5, 6). Center left:
Representations of the 3D structures using yellow for the magnetic and green for the non magnetic droplets.
Right: Evolution of a magnetic structure into an helix in the presence of homogeneous magnetic field whose
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direction is signalled by the arrow (Scale bar, 40 um). Extreme right: Representation of the 3D spiral structure,
using yellow for the magnetic and green for the non magnetic droplets.

We used Equation (1) to calculate the ensemble of steady configurations generated by the system at late
times. They are displayed in Fig. 3b. We found that all the steady structures observed experimentally are
reproduced numerically. Nonetheless, Eq (1) identifies three stationary structures that the experiments has
not revealed: one is in form of a T, the other is a H, and the third one has the form of a mushroom. As in
the experiment, the structures are unique for a given couple (N, C) except for N = 6 where degeneracies
appears. In this case, Eq (1) obtains three stationary states for C = 9 (as in the experiment) and two for C
=7 — only one was observed (Fig 3a) -. As a whole, experiments and theory agree extremely well, if we
consider that, in the experiments, the space of initial conditions is more difficult to span thoroughly than
in the model.

The notion of high throughput and close to 100% yield are demonstrated in Fig. 3c. The sharp peak
appearing on the Figure represents the histogram of the aspect ratios of 2134 clusters produced in a
continuous way, i.e with no interruption. 95% of them have exactly the same compact trapezoidal
structure, with N=5 and C=7 ( Fig 3c) -. Such structures have less than 2% geometrical dispersivity
(estimated with the standard type distribution of Fig. 3c). The rest of the clusters, associated to N=5, C=6,
are in form of crosses. No other shape is observed. Comparable performances have been obtained for N=
2, 3 and 4 (see the histograms in Fig 3c). In those cases, 100 % yields are obtained.

The hydrodynamic self-assembly mechanism we discovered here is obviously not restricted to identical
droplets. This remark is crucial from the prospective of material synthesis, since heterogeneities in the
basic blocks, capable of driving directional interactions, must be present to obtain materials with
interesting functionalities*®. Fig. 3d shows that, with our approach, stationary structures including unlike
droplets, with heterogeneous chemistries and shapes, and different magnetic properties, can be produced
under full control. In fact, Fig. 3d illustrates well the classification of anisotropic structures proposed in
Ref®, based on shapes, geometry and chemistry. Structures with unlike droplets are obtained by working
with slugs that break up into sequences of droplets of different sizes, according to the devil’s staircase
dynamics mentioned earlier*® (see Supp Mat 1). Structures with different chemical compositions are
obtained by exploiting the full capability of the devices, i.e driving slug pairs of different compositions
into the SA channel (see Fig. 1a). Structures with magnetic droplets are obtained in the same way, with
magnetic nanoparticles injected in one of the dispersed phases. With ferromagnetic droplets, we can
explore a broader configurational space. Fig 3e shows a cluster assembling two rows of six droplets, one
ferromagnetic, the other non. On applying a magnetic field, the structure undergoes a morphological
change that give rises to a spiral. Also interesting from a material propective, is the fact that, on using a
sol-gel transition, the clusters can be solidified.

Our approach also produces 3D clusters with high yields and large throughputs. Fig 3e displays a subset
of the three dimensional structures we obtained. All are close packed polyhedrons. Despite the fact that
self assembly is driven by hydrodynamic interactions and not by brownian fluctuations™, the structures
we obtain are unique up to N=5 and degenerate for N=6, exactly as for the brownian case. This remark
may suggest a different way to understand the problem of configurational selection, which is still open at
the moment. Indeed, similarly as in 2D, the chemical compositions of the droplets forming these
structures can be varied at will, as long as there is no interference with the surfactants. Fig. 3e shows a
tetrahedron where the base is composed of ferromagnetic droplets, while the top includes a non magnetic
one. The opposite situation (one ferromagnetic droplet, three non magnetic) has also been obtained (not
shown). These structures have the capability to develop localized (magnetic) bonding, whose importance
for material synthesis is repeatedly stressed in the literature (see, for instance, Ref®).

Discussion and conclusion : We have discovered a novel mechanism that assembles particles (droplets
in our case), to produce an ensemble of elementary structures of great diversity. The clusters we produce
can conceivably be incorporated into large assemblies to obtain a material, provided they can be
stabilized and extracted from the microfluidic device. The mechanism we discovered is based on
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hydrodynamic dipolar interactions, which, compared to brownian motion, accelerates the self assembly
process by orders of magnitudes. With this mechanism, we succeeded to form, using a continuous flow
process (by opposition to the batch process used in the field), a rich ensemble of micrometric structures
with controled anisotropies (geometrical, chemical, magnetic) in 2D and 3D, as well as spirals, many of
them having capabilities, from a structural standpoint, to develop directional interactions. The syntheses
are achieved rapidly (a few seconds), under high throughput conditions, with almost one hundred percent
yields, three critical conditions that, coupled with the complexity level that is accessible, opens a new
pathway towards the elaboration of functional colloidal materials of sizes appropriate for industrial
applications. In our case, producing 10° structures in a one thousandfold parallelized device would take
30 days instead of 30 years with the standard approach. This is still a long time but there is much room
for considerably improving the situation. Higher flow speeds can be increased by increasing pressures as
long as the flow remains in the step emulsification regime®, smaller (submicrometric) droplets can be
obtained by downscaling ****, and more massive parallelization can be realized. The prospectives for
increasing production rates, given by Eq (3), by orders of magnitude, are thus excellent. Down the road,
as we mentioned in the abstract, production rates of millions of clusters per second can be envisioned.
Other issues that must be addressed for producing a material is the stabilisation of the cluster integrity,
their extraction from the chip and their final assembly. Stabilisation should not raise any particular
difficulty, owing to the considerable range of possibilities that are avaible in terms of surfactant
chemistry, photocurable materials, polymerisation techniques ... The solidified cluster shown in Fig. 1d
indicates that solutions exist. The final assembly of the clusters can be done by drying, with or without
electrical or magnetic field, adding a few hours to the overall process. The fact that, in principle, the
droplet chemisty can be changed at will, along with their physical properties (refraction index, electrical
conductivity, magnetic susceptibility,...) should greatly facilitate the realization of these steps and, in the
meantime, enable the development of interesting functionalities.

Materials and Methods

Microfluidic devices. The microfluidic devices are made by standard soft photolithography and replica-molding
techniques from polydimethylsiloxane (PDMS). The molds are prepared using photolighography of a UV-curable
epoxy (SU8 20XX series, Microchem). Thet consist of two-layers structures with different heights. The first layer
includes one or several T-junctions and is followed by a shallow terrace. The depths of the thin channels (h;) vary
between 1 to 10 um and their widths between 10 um to 100 um while those of the collecting channels, i.e. SA
channel (h,) vary between 22 pum and 163 pum, with a width of 600 pm.

Fluids and surfactants. We use different formulations: direct O/W emulsions and inverte W/O emulsions. To
produce oil in water structures, we use Fluorinated oil (FC3283, 3M) as the dispersed phase and water with
surfactant Sodium dodecyl sulfate (SDS) ( [c] varie between 0.5 CMC and 10 CMC) as the continous phase. In
another case, we use deionized water as the dispersed phase and mineral oil with Span80 (2%) as the continous
phase. The formulations with surfactants above the CMC develop adhesive forces between droplets, thanks to
depletion forces generated by the presence of micelles combined to (attractive) Van der Waals interactions. In the
meantime droplet coalescence is prevented, owing to the presence of a stable film between the droplets. By adding
salt in the O/W emulsion, the repulsive electrostatic barrier is lowerd and adhesion between droplets is enhanced.

Hybrid clusters chemical composition. Two kinds of formulations have been used to produce hybrid clusters.
Methylene blue (C16H1gN3SCI), a blue ionic dye, is added at high concentration in the dispersed aqueuse phase. It
yields a blue solution when dissolved in water at room temperature. The surface tension water/air is lowered from
72 dyn/cm to 60 dyn/cm at high concentration of methylene blue. This decrease in surface tension indicates an
increase in the degree of partition of the dye at the interface. Mineraloil with 2% surfactant Span 80 is used as
carrier fluid. As for the preparation of the magnetic clusters, we use two different kinds of superparamagnetic
particles. The first kind consists of aqueous dispersion of micro-spheres (magnetic core (maghemit Y — Fe203) and
silica matrix), with thiol group grafted to their surfaces (purchased from Chemicell GmbH). The size of particles is
around 500nm. The second type of colloidal particles consists of magnetite FesO, nanoparticles of 40nm which is
dispersed already in octane (80%) (purchased from ademtech) and which we can further dilute with mineral oil to
obtain 0.01 %v/v of ferrofluid in mineral oil. The solution is stabilized by 2% Span80 in the organic phase We use
mineral oil with 2% Span 80 as carrier fluids in the previous aqueous dispersion and water with 2% SDS for the
latter.
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Solidifiable clusters. Silica sol solution is achieved by mixing 2 ml tetraethyl orthosilicate (TEOS, 99.0%, Fluka)
and 0.2ml triethyl amine (TEA, 99.5%, Fluka) with 10 ml water under stiring at room temperature until one single
homogeneous phase appeared (~ 8h). The precursor aqueous solution is used as dispersed phase and mineral oil with
2% surfactant Span 80 as the continuous and dilution phase. We use PDMS system with W=20um, h; = 1um, h, =
22um to produce droplets of 5 um diameter and develop a sol-gel transition leading to cluster solification in the
fluid at rest.

Fluid driving and measurement equipement. To drive the fluids, we use pressure sources (MFCS Fluigent) or
syringe pumps NEMESY'S. By using an integrated flowmeter in the case of pressure sources, we could also measure
the flow-rates of the external phase injected in the different entries. Throughout the experiments, we span a range of
flow rates varying between 5 and 100ul/min. The droplet motions are recorded with a fast camera (Photron) through
an inverted microscope (Zeiss). Image processing is used to determine the droplets characteristics.

Adaptive focus z position measurement. By using the fully automated Leica microscope system with Adaptive
Focus Control (AFC), the measurement of the vertical position (z coordinate) of the clusters could be performed.
These measurements were made on a microfluidic device with w = 20um, h; = 1um and h, = 22um. After the
detection of the lower wall z = 0 is performed, we span the height of the microfluidic SA channel (h, = 22um), up to
the upper wall, plot intensity profiles and localize the maximum to determine the cluster “altitude” z. The process
being reproducible , averaging over many clusters was carried out.

Microscope confocale imaging. We produced a stationary train of clusters made of aqueous droplets in mineral oil.
To improve the quality of visualization, the dispersed phase was mixed with fluorescein isothiocyanate dextran.
Rhodamine B red dye (6%x10—-3% in aqueuous solution), was infused into the channels and washed before the
experiments. This dye permeates the PDMS matrix. Fluids were pumped into the devices through PEEK tubing
using a pressure controller (MFCS Fluident). The microfluidic system was characterized by w = 50pm, h; = 10um
and h, = 163um. A series of experiments with different flow conditions was performed, with pressures at the control
entries varying from 250 mbar to 700 mbar. Before of a slow exposure time, clusters could not be resolved at the
individual level; their averaged trajectories form a florescent tube on Fig 1a.
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SUPPLEMENTARY INFORMATION

Supplementary Material 1 : Component droplets of a cluster production

When the plug-like droplet produced at the T-junction reaches at the step, it will break into
smaller spherical droplets. The experimental results suggest that for a fixed geometry, it exists
a corresponding critical volume (V"), below which there is no break-up, the narrowing
process cannot be completed, i.e. the tongue’s width couldn’t reach the critical width to have
the fast pinch off, Rayleigh plateau instability. Above this volume, the droplet can further
break into several smaller droplets at the 3D step according to the initial plug volume. As a
result, we can have one droplet with a satellite droplet, two droplets, two droplets with a
satellite etc. The corresponding critical radius R is mainly dictated by the height h1.
Empirically this corresponding critical radius R™ is around 2.5 times the height of the first
layer h1, this founding is confirmed by other studies (ref). The devil’s staircase is observed
when the number of the droplets is an integer (N = 1, 2, 3 etc.) for the curve of number of
droplets as a function of the plug volume (Fig. 2). The devil’s staircase in mathematical
analysis refers to any singular function in general. This 3D step emulsification shows the
behavior similar to the frequency locking phenomena which gives rise to the devil’s staircase.
When the plug volume is close to 2 times of the critical volume, for instance 1.95 V" or 2.05
V", in both cases it tends to break to 2 equal sized droplets (0.975 V" or 1.025 V" respectively)
instead of one droplet with one big satellite droplet (1.95 V") or two droplets with one tiny
droplet (2.05 \VV*). Similar reasoning works for other integer N = 3, 4, 5 etc.
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Supplementary Figure 1: Devil’s staircase of droplets production. Droplet number as a function of
Plug volume for microfluidic system (W=50um, h1=10um).
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Supplementary Material 2: Role of the control flow

The control flow changes the initial configuration of the cluster at the step, along with the
distances between successive clusters in the SA channel. This is shown in the Figure below,
for triplets. Here we maintain the pressures of the dispersed and continuous phases constant
(resp. equal to 38 and 11 mbar), and we increase the pressure Pc at the control entries.
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Supplementary Figure 2: Spacing control between the clusters in SA channel. Different
configurations observed at various P, in a system where W=50um, h,=10um, h,=160um. (a) Pc=
20mbar. The distance between clusters is 100um. (b) Pc= 80mbar. The distance between clusters is
400um. (c) Pc= 120mbar. The distance between clusters is 1100 um. The scale bar is 100xm.

As the pressure at the control entries raises up, the orientation of the cluster at the entry tends
to align with the mean flow, while, in the meantime, the distances between two successive
trimers in the SA channel increase, as the result of mass conservation.
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Supplementary Material 3: Numerical simulation

We used the commercial COMSOL Multiphasics software to simulate the flow in the
microfluidic device shown in Fig 1a-1b .From the velocity field we extract the streamline, the
curve which, at a given instant t, is tangent to the velocity vector. We plot the streamlines
coming from the middle height of the confined inlet channel (see Figure 3-1). We see a
centering of the streamlines after a length on the order of the height (L~hsa). The convective
flux coming from the step channel confirms the centering effect.

Supplementary Figure 2: Streamlines and convective flux from the middle inlet channel.
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Supplementary Material 4: Theory

The model we consider is based on the system of equations obtained in Ref X, in which the
two dimensional movement of a system of N identical droplets, whose speeds are different
from that at infinity is analysed. In our case, the balance of forces that lead to the system of
equations governing the dynamics of the droplets is supplemented by two terms, one
expressing the adhesion force between two droplets in contact ant the other, corresponding to
a short range repulsive force, which prevents droplet interpenetration. Under such conditions,
the system reads:

R\? R\2
Ui=ﬂUoo+,5’Z(1—ﬂ)(<;> Uoo_2<;> e;(e;.Us))
ij

J#i Y

AP Ly +F
/7210 \\ry; — 2R ij | i
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in which U; is the dimensionless speed of droplet i (in which T is its position, and t the
dimensionless time), e, the unit vector projected onto the mean flow at infinity, 3 the
reduction factor of the cluster speed (due to friction against the wall, as discussed in the
paper), Iy, the separation vector between droplets i and j, Fij a repulsive short range term that
prevents droplet interpenetration; its expression is:

o 1 13
b T'L'j—ZR

To obtain the dimensionless equations (1), on introduces the following dimensionless
quantities.

. U _ T N
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Placing ourselves in the frame of referenceffU,,, and adimensionalizing the system, one
finally gets the following system of equations:
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5.6 Conclusion

Using the same hydrodynamics self-assembly mechanism discovered with our microflu-
idic device, we have shown, in this chapter, lots of interesting results by simply varying
the fluids applied to the systems. In the sticky clusters part, we discussed the influence of
surfactants and salts on the adhesion of droplets. We demonstrated that through altering
the physico-chemistry of formulation, the adhesion could be reinforced and the cluster’s
properties could be further tuned. With our approach, the adhesion can be increased
either by depletion or by van der Waal force. In the hybrid clusters, magnetic and non
magnetic clusters part, we succeeded in bringing anisotropy to the clusters by integrating
additional functionalities to our microfluidic chips. Clusters containing droplets of differ-
ent chemical compositions (dye or magnetic particles) were synthesized. In particular, the
hybrid magnetic clusters allows to develop directional reaction. By introducing solidifi-
able liquid as the dispersed phase, we obtained particle clusters from droplet clusters by
sol-gel reaction. These features of new clusters are potentially interesting to access new
microstructured colloidal materials.






Chapter 6

Conclusion

In this thesis, we have studied the transport and self-assembly of droplets in mi-
crofluidic devices and we have discovered a novel mechanism that assembles droplets into
monodispersed clusters in a deterministic manner within our microfluidic device.

Two main contributions have been made in this Ph.D. study:

(1) We carried out a quantitative analysis of the dynamics of a small number of droplets
in Hele-Shaw cells. By analyzing basic situations where non trivial phenomena occur, the-
oretical descriptions could confronted in detail, at a quantitative level, to the experiment.
We established an approximate form of the governing equations of the droplet system. This
leads to a system of minimal complexity, easy to compute. With the help of microfluidic
techniques, we conducted the experimental investigation. We considered the cases N = 1,
2 and 3 droplets and analyzed the influence of the side walls. We compared the model to
the experiments and analyzed the discrepancies. As a whole, the model provides a correct
picture even if the droplets are close enough.

(2) Assisted with the hydrodynamic dipolar interactions, we succeeded to produce an
ensemble of elementary structures of great diversity, using a continuous flow process (by
opposition to the batch process used in the field). We have synthesized a rich ensemble
of micrometric structures with controlled anisotropies (geometrical, chemical, magnetic)
in 2D and 3D, as well as spirals. Many of them have capabilities, from a structural
standpoint, to develop directional interactions. The synthesis are achieved rapidly (a few
seconds), under high throughput conditions, with almost one hundred percent yields, three
critical conditions that, coupled with the complexity level that is accessible, opens a new
pathway towards the elaboration of functional colloidal materials of sizes appropriate for
industrial applications.

The clusters we produced can conceivably be incorporated into large assemblies to
obtain a material. By far the most interesting direction for future work would be the
stabilization of the cluster integrity, their extraction from the chip and their final assembly.

Stabilization should not raise any particular difficulty, owing to the considerable range
of possibilities that are available in terms of surfactant chemistry, photocurable materials,
polymerization techniques ...

The solidification of droplet clusters could be realized with various kinds of reactions,
such as free-radical polymerization, ionic crosslinking etc.

The final assembly of the clusters can be done by drying, with or without electric or
magnetic field, adding a few hours to the overall process. The fact that, in principle, the
droplet chemistry can be changed at will, along with their physical properties (refraction
index, electrical conductivity, magnetic susceptibility,...) should greatly facilitate the
realization of these steps and, in the meantime, enable the development of interesting
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functionalities.
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