UNIVERSITA DEGLI STUDI DI PADOVA

Dipartimento di Fisica e Astronomia “Galileo
Galilei”

Corso di Laurea Magistrale in Fisica

Study of ligh-driven phenomena
in integrated Opto-Microfluidic
Lithium Niobate platforms

Laureando
Lorenzo De Bortoli

Relatore
Prof.ssa Cinzia Sada

Correlatore
Dr. Riccardo Zamboni

A.A. 2016-2017






Abstract

In last decades microfluidics has gained an increasing interest by the scientific com-
munity due to its capability of control liquids on the microscale. Especially, droplet
microfluidics technology provides a high manipulation level on very small volumes
of fluids. This feature makes it a promising candidate for biological, medical and
chemistry applications. With a compact and simple microfluidic device, droplets can
be coalesced, mixed, sorted and employed either as micro chemical reactors or as
carriers of biological sample.

From the experimental point of view there are many ways to produce and see
micro droplets. The device used for this thesis consists of an opto-microfluidic chip
made of lithium niobate, in which are integrated a microfluidic circuit and an optical
waveguide, normal to the channel and produced by titanium diffused in lithium
niobate. Droplets flowing in the channel are detected using a laser light transmitted
in the optical waveguide. After having illuminated the microfluidic channel, where a
“train” of water droplets in oil pass through, the light is collected by another waveg-
uide facing on the other side of the channel: the intensity transmitted is recorded
by way of a tailored electronic circuit. The water droplet in oil makes the signal of
the light transmitted beam change in intensity, from a fixed value, relative to oil,
to another basically due to the different refractive index of the droplet respect the
surrounding flux. The signal variation is not sharp, but is preceded by a peak of
intensity. Thus, the acquisition profile of the transmitted light intensity identifies
the phenomenon of droplet passage, but up to now no studies were reported from a
theoretical point of view. In this thesis, we aimed to clarify this aspect and provide
a fine comprehension of it. Therefore, we correlated the curves obtained to some
physical parameters of the droplets and to give a theoretical explanation to the shape
of such a profile.

Since the length and the velocity of the droplets are proportional to the ratio
of the liquids’ fluxes flowing in the microfluidic channel, it is possible to measure
and analyse the effect of the droplet passage and find new physical observables to
identify the droplet, its shape and relative velocity. In particular, since the optical
transmitted light across the droplet presents intensity modulation, great care was
devoted to identifying their origin and their systematic behaviour. The aim was that
of relating the modulation intensity peaks to the meniscus of the droplet and then
to investigate all the other zones in its middle with an accurate phenomenological
analysis. The idea that features in the light transmitted intensity signal could be
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related with the meniscus of the droplet, as well as intuitive, has never proved in
literature and has confirmed by a simulation carried out in the frame of this thesis.
In fact, a theoretical analysis of this phenomena is made: assuming ray optic, two-
dimensional version of the problem and after having chosen the best shape for the
source, a program that simulate the passage of a droplet in the microfluidic channel
was written. After having simulates the physical interaction between the droplet that
advances in the channel and the light exiting the waveguide, the software computes
the transmitted intensity in order to reproduce the acquisition profile. The numerical
profiles thus obtained are reported and commented, also by varying the parameters
of the simulation. Finally, comparisons between the results of the simulations and
the experimental profiles enable us to understand better the shape of the droplet.
Based on these results we analysed also the shape that the interface water-oil should
be in order to reproduce the low transmitted intensity typical of the droplet’s centre.

Performing an accurate analysis over a wide range of the fluxes ratio ¢ = %
also the role of the so called “secondary peaks” is investigated and fingerprints for a
detailed description of the transmitted intensity profile are provided. This, up to our
knowledge, has not been investigated yet. Finally, we can identify the droplet pas-
sage, so that to estimate its length with perspectives of setting up an automatized and
fast data analysis procedure. This feature exploits an integrated opto-microfluidic
device, independent from the standard imagining processes and with the possibility
to perform a feedback loop with manipulation stages.

Moreover, the same measures, with a one-to-one comparison with synchronous
acquisitions of microscope images of the droplets, let us investigate also the sensibility
of the optical transmitted light from the overall geometrical shape of the droplet.
New physical observables in the acquisition profile allow us to describe and identify
the transition from different production regimes of the droplets, also in different
geometrical configuration of the microchannels, in a more accurate way than other
imaging technique presented in literature.
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Introduction

Opto-microfluidics consists of integrating microfluidic and microphotonic compo-
nents onto the same platform, where fluid and light are driven to interact. This
combination offers new opportunities for a large variety of applications [1, 2, 3]:
among the others, effective compact bio-sensors have attracted great attention be-
cause they combine the high sensitivity of micro-photonic devices to the properties of
small amounts of fluids that surround them [4, 5]. Microfluidics was originally devel-
oped for ink-jet printing and, later, in biotechnology [4, 5, 6] and in micro-analytical
chemistry [7]. As a matter of fact, reagents can be strongly reduced from millilitres
and microliters to nanolitres and femtolitres whereas hours of reaction time could
be decreased to mere seconds or less. Due to the strong advances in fluid handling
techniques at the micron scale, sophisticated microfluidic networks were realized,
including all kinds of devices (like pumps, valves, fluid mixers and microchannels)
to manipulate, deliver and control fluids within one compact chip [8, 9]. On this
basis, the lab-on-a-chip technology has known a broad success, by allowing several
biological analysis and diagnosis to be conducted in parallel onto miniaturized and
planar micro-fluidic platforms. Optofluidic integration could represent a further
development of the lab-on-a-chip technology [9]: this has actually driven most of the
current works and efforts for integrating the optical devices that are usually imple-
mented in biological and chemical detection schemes (like optical light sources and
photodetectors) onto compact and planar optofluidic platforms [3]: in this field, the
incorporation of chemical and physical sensors perfectly integrated with the microflu-
idic circuit is under debate [10] as well as the possibility of monolithical integration
is still far from being available. Among all the characteristics required to optofluidic
integration, compactness and tunability were addressed as key features to achieve
a high degree of functionality and large-scale integration. A broad range of highly
flexible optofluidic devices were therefore presented to bring new tools in integrated
optics applications, like tunable attenuators, optofluidic lasers and light sources, tun-
able filters, optical switches and tunable interferometers [11, 12, 13, 14]. In parallel, a
new class of optically controlled photonic devices were also demonstrated to optically
manipulate micronscale dielectric objects within fluid environment through tightly
focused laser beams, such as optical tweezers and stretchers, as well as traps and
sorters that were applied: in this case, the micro-elements were mainly microspheres,
tapered fibers and biological targets as cells. In most cases the proposed devices
exploited hydrid configurations and were designed to provide only one specific inves-
tigation such as mechanical response upon stretching [15, 16, 17] or target movement
in a given direction to get sorting being the most wide-spread and tracing by way of
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imaging techniques [14]. In particular, single-cells’ mechanical properties were also
investigated, providing information on “local properties” of the cells [17, 18] with
some investigation on the cellular deformation which can be studied by exploiting
an optical stretcher (OS) [19]. In general it emerged that to make significant progress
in the field of biology and microfluidics, it is necessary to understand the complexity
of the microenvironment of the cells, since results obtained in static two-dimensional
cell cultures do not have the power to predict events that occur within a dynamic
environment, e.g. cellular stress and toxicity of drugs in the systems of co-cultivation
cell and biocompatibility of synthetic materials used [20, 21]. The best way to do this
is to use microfluidics to control the environment. It is worth mentioning that many
efforts were applied to the application of microfluidics for biological issues, with
special attention to cell’s investigation or biological reactions. When the biological
targets have small dimensions, standard technique are those mostly exploited whilst
microfluidics and opto-microfluidics still remained un-investigated tools of analysis.
In these cases, the microfluidic circuit was mostly realised on a given flexible and
easily-moulded material (mainly polymers PDMS, PMMS) while optical features
were either perfomed by external optical fibers therein integrated /coupled or re-
alised on solid substrates (glass, silica, ..) to which the microfluidic circuitic is bonded
[22, 23] with technologies that were not reconfigurable nor tunable. Furthermore,
when hybrid configuration were used, stability and careful alignment of the different
components was a critical issue especially for measurements reproducibility. Only
recently it was proposed the first monolithic, perfectly aligned, robust and portable
optofluidic device suitable for real medical analysis, where both microfluidic cir-
cuits and optical waveguides are simultaneously fabricated on a glass substrate by
temtosecond laser micromachining (FLM) [24, 25]. Although the main advantages
of FLM technology [26] are the possibility to create both optical waveguides [27]
and microfluidic channels (if combined with chemical etching [28, 29]) and also
its extreme 3D-flexibility that allows fabricating microchannels with Y-junctions or
variable cross-sections, again the features of the device, once planned, remain fixed.
Up to now, neither light-reconfigurable or devices or multifunctional stages have
proposed yet as well as system that activate a function in real time depending on
the other stages feedback. This is true even when droplet-based device were investi-
gated, i.e. focusing on the creation of discrete volumes with the use of immiscible
phases. Thanks to its scalability and parallel processing, in fact, even the droplets
microfluidics has been used in a wide range of applications including the synthesis
of biomolecules, drug delivery and diagnostic testing and bio-sensing [30]. Although
continuous flow devices offer fine control over flow characteristics, scaling up is a
challenge as the size of devices scales almost linearly with the number of parallel
experiments. Droplet microfluidics has the ability to perform a large number of
reactions without increasing device size or complexity [31] and a high versatility
connected to the generation and manipulation of discrete droplets inside micro-
devices. Different methods have been devised that produce highly monodisperse
droplets in the nanometer to micrometer diameter range, at rates of up to twenty
thousand per second. Due to high surface area to volume ratios at the microscale,
heat and mass transfer times and diffusion distances are shorter, facilitating faster
reaction times. Unlike continuous-flow systems, droplet-based microfluidics allows
also for independent control of each droplet, thus generating micro-reactors that can
be individually transported, mixed, and analysed [32].
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In this scenario, the integration of a large number of different stages on a sin-
gle substrate chip is a key point for promoting new insights in many applications
that need portable devices to speed the analysis and allow investigation of new
phenomena [33]. Among the others, lithium niobate (LiNbO;) crystals have been
proposed in microfluidics application since it demonstrated to be bondable to other
polymeric materials and allows for high efficient surface acoustic waves (SAW) gen-
eration to move droplets on the substrate in a very controlled way. Recently, in fact,
micro-pumps based on the piezoelectric properties of LiNbO; have been reported
to move the liquid in a closed square loop channel and flow mixing, pyroelectric
and photogalvanic particle trapping [34] were proposed. Quite surprisingly, all the
above mentioned applications were realized without producing a microfluidic circuit
directly on LiNbOj; substrates (apart from [35]) and without the integration of optical
sensing stages or complex multifunctionals platform although it is a material thor-
oughly exploited in the photonic and integrated optics industry. As a matter of fact
lithium niobate can host high quality optical waveguides and complex devices such
as multiplexer, switch and optical modulators are commercially available thanks to its
high wide transparency (75% from 350-3450nm): the Ti in — diffusion technique [36]
is routinely employed together with standard photolithography for the production of
optical circuit as well as ion implantation [36]. Morover, diffractive optical elements,
such as gratings, were designed exploiting its photorefractive effect (i.e a suitable
inhomogeneous illumination induces in the material a correlated modification in
the refractive index due to the electro-optic effect) [37]. This property is strongly
enhanced by local doping with metal impurities with two valence states such as iron
and copper [37]. Up to now the investigation on this field was mainly focused on
bulk doped LiNbO; crystals but, recently, the interest in the local doping has been
increasing thanks to its versatility and integration with other optical functionalities.

The final objective of the main project in which this thesis was carried out is to
develop a new concept of a portable and reconfigurable opto-microfluidic platform
that can be optically designed in different but even complementary Lab-on-chip
systems, triggered by optical real-time feedbacks and addressed to develop new
label-free tools for targets’ isolation and investigation as well as collective induced
behaviours. It comprehends the design and realization that integrates in the same
substrate and in a monolithically way different stages by combining: sample prepara-
tion, label-free tracing, analysis, sensing and storage of the biological target (namely
cells) to be investigated. The key element of novelty relies on the exploitation of
light/field-induced interactions with the material thanks to the light confinement in
optical waveguides that are designed to illuminate the fluid fluxing in microfluidic
channels and to collect the light therefore transmitted. Measures of optical transmis-
sion allow not only to estimate the fluid absorbance, its refractive index but also to
detect the passage of “objects” eventually dispersed in the fluid such as biological
cells or droplets.

In this frame of reference, the interaction features of the light exiting from an
optical waveguides and crossing the fluid to be then collected into another optical
waveguide is of paramount importance to identify the fluid as well as dispersed
phases in there dispersed. Basically, a description of the physical phenomena occur-
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ring have not been studied yet and consequently the data recording of the optical
transmission in this opto-microfluidic is still unknown.

The objective of this thesis is exactly to give a physical explanation and to find
fingerprints for a detailed analysis of the trasmission optical profile, that up to our
knowledge has not been investigated yet.

The contents are distributed as follows:

e In Chapter 1 a description of droplet microfluidic is performed, as well as a
brief summary of the main techniques to engrave microchannels and produce
wavelenght in LiNbO3;. Moreover, a sketch of the experimental apparatus and
examples of optical acquisition profiles are presented. Finally, an analysis of
the droplet length over a wide range of fluxes ratio ¢ is performed.

o In Chapter 2 the first objective of this thesis is reached. Using a code, specifially
written to simulate the interaction between waveguided light and water droplet
in oil, we demonstrate the physical meaning of two important zones of the
acquisition profile.

e In Chapter 3 the optical acquisition profiles, compared with the microscope
images of the droplet, are presentes for a wide range of ¢ and employed to
reach plenty of relevant results, such as the transition from two production
regimes of the droplet and the comprehension of the remaining part of the
acquisition profile not yet explained.
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Due to the crystallographic structure and the symmetry properties of lithium
niobate, its permittivity tensor, in the orthohexagonal cell reference framework, is
anisotropic. It can be represented by a 33 matrix with the form:

€11 0 0
€= 0 en O (1.1)
0 0 €33

This leads to its characteristic optical property: the birefringence. Two refractive
indices can be defined, depending on the orientation of electric field: ordinary one
n, = V€11/€o (electric field perpendicular to the z-axis of the crystal), extraordinary
one n, = v/€33/€g (electric field parallel to the z- axis), where ¢ is the vacuum electric
permittivity.

Both indices are function of the wavelength A of the incident light. At room tempera-
ture and with A = 632.8 nm their values are: n, = 2.2866 and n, = 2.2028.

Impurities and structural modifications are extremely important in the study
of lithium niobate since they can modify considerably its physical properties. For
example both the refractive indices (1, and n,.) are strongly dependent on the ex-
trinsic impurities and can be tailored by doping the crystal. This is an advantage
for our scopes, because the doping with titanium allow for the realization of optical
waveguides (and so, for the creation of a fully integrated optofluidic device).

1.1 Microfluidic channel and droplet generation

Microfluidics is the research field that studies, controls and manipulates the dynam-
ics extremely small amounts of fluids, with volumes from tens of nanolitres down
to picolitres, flowing inside confined geometries with a characteristic length of the
order of tens of micrometres or less. It is characterized by low value of the Reynolds
number Re, typically lower than one hundred (Re < 100). ! In these conditions
laminar flow is established and no mixing happens, allowing an excellent control of
fluids. Moreover, microfluidics provides an extremely steady control on the manip-
ulated samples and a very low reagents consumption. For these reasons, since its
birth, microfluidics has been employed in a wide range of application, from chemi-
cal synthesis to information technology, from biological analysis to drug delivery [38].

The more promising field of microfluidics is the Lab-On-a-Chip (LOC) technology,
as Betella writes in [38]. The aim of a LOC is to transfer all laboratory operations into
small portable microfluidic devices.

Many micro-devices that are able to pull the fluids inside the channels and to manip-
ulate small amounts of liquids have been already realized, but it is still a challenge
the integration of all of them in a single multi-purpose micro-device. Moreover they
usually need macro syringe pumps or pressure controllers to operate and finally the
analysis is carried out putting the chip under the objective of a ”big” microscope.

1Where Re = 2L with: o is density of fluid, u the mean velocity, L a linear dimension of the flow

and 7 is the dynamic viscosity of the fluid. So, Reynolds number indicate the ratio between inertial
and viscous forces.
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In Bettella’s PhD thesis [38] is described the realization of a fully integrated opto-
microfluidic platform on lithium niobate, with provides, in the same material, a
microfluidic stage and an optical stage for the analysis. In this thesis work all the
measures are taken using this device, briefly illustraded in this chapter.

1.1.1 Droplet microfluidic

The characteristic dimension of a microfluidic channel normally ranged from 10 um
to 300 um and the typical fluid velocity usually does not exceed 1 m/s. This allows
the Reynolds number to be always below 100, so the typical regime of microfluidic
experiments is the laminar flow. This actually makes molecular diffusion the only
way for mixing different fluids. This could be a problem if we want to perform fast
reactions.

The solution is to confine the fluids of interest inside droplets surrounded by another
immiscible fluid phase used to carry the droplets along the microfluidic channels. Do
to the turbolent nature of the fluid inside the droplet [39, 40, 41, 42] reaction can be
performed. These particular features of droplets ahve made microfluidics effectively
employable in a broad range of applications.

The fluids that makes up the droplets is generally called the dispersed phase, while
the outer fluid surrounding the droplets is called the continuous phase.
A wide variety of techniques have been developed to produce droplets inside a
microfluidic chips. All of them are linked by the fundamentals requirements of high
reproducibility and very low dispersion in volume contribution [38].
As Bettella extensively discusses, the methods can be divided in two distinct typolo-
gies: passive methods and active methods.

o Passive methods are merely based on the interaction between two immisciboe
fluids constrained in confined geometry and the generation of droplets does
not require any contribution from specific energy sources. The properties of the
droplets are tailored just by the control of inlet fluxes or pressure of the fluids.
Realizing these methods need an accurate geometrical design of the microfluidic
channels, a suitable choice of the fluids employed and selected wettability
properties of the materials.

e Active methods, on contrary, need the exploitation of an external source of energy
for the generation of droplets. In Bettella’s work many of these techniques have
been presented.

Passive methods constitutes the simplest way to produce droplets with an high
controll on their volume and, for this reason, are often preferred to active methods.
A more detailed description of the passive methods will be presented below.

All type of passive methods require the control either on the fluxes of the con-
tinuous phase (Q.) and the dispersed phase (Q;) or on their inlet pressure (p. and
p4) [38]. Moreover, the most important feature of such a generator is the geometry
of the channels. In Figure 1.4 we can see the three most important configurations:
co-flowing, flow-focussing and cross-flowing.
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o Co-flowing configuration: the geometry is characterized by two coaxial channels
with the innermost that interrupts. The dispersed phase flows in the inner
channel, while the continuous flows in the outer one. When the dispersed
phase emerges from the inner channel, after an initial stage where it flow
togheter with the continuous one, droplets are formed by Reyleigh-Plateau
instability; [38]

o Flow-focussing configuration: The channel are arranged in a cross and the contin-
uous phase, that flows in the arms, shrinks symmetrically the dispersed phase,
that flows in the main channel, until pinch-off is reached. With this geometry an
high stability over a wide range of droplet production frequencies is obtained;
[38]

o Cross-flowing configuration: the channel containing the dispersed phase, crosses
at a wide angle the main channel, where the continuous phase is flowing.
The dispersed phase obstruct the main channel interrupting the continuous
phase stream before droplet break-up takes place. In the subsection below, this
problem will be debated better. Different geometries have been studied, as
T-unction (discussed below), Y-junction and multiple junction. [38, 43, 44, 45].

Dispersed phase
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Figure 1.4: The three configurations [38]: (a) co-flowing; (b) flow-focussing; (c) cross-
flowing. The three typical operational regimes (dripping, jetting and coflow) are shown
from the left to the right.

In general, depending on the physical properties of the fluids (such as densities
pc and py, viscosities y. and p; and interfaccial tension o) or on other parameters
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different balances between the three forces mentioned above.

In this thesis work we are interested in the dripping and squeezing regimes, both in
cross-fowing and flow-focussing configuration. In the dripping regime the main
contribution to droplet pinch-off is the shearing viscous force, while in the squeezing
the break-up is driven by the pressure gradient, since the dispersed phase obstructs
completely the main channel, blocking the continuous phase. Therefore, an important
parameter to distinguish between the two different regimes is the capillary number Ca
[38]:

Ca = % (12)

where i and v, are respectively the viscosity and the average velocity of the con-
tinuous phase, while ¢ is the interfacial tension. Ca expresses the ration between
the viscous shear stress and the capillary pressure, so greater is Ca and higher is the
contribution of the viscous shear force, on contrary, smaller is Ca and more important
is the role of the other forces.

The precise role of the capillary number, as a parameter to distinguish between the
squeezing and dripping, were first provided by Garstecki et al. [46] and finally proved
by the simulation of De Menech et al. [47]. They set the critical separation value at
Ca* = 0.015: at higher values of Ca dominates the viscous shear force and dripping
regime is enstablished, while at smaller values the biggest term is the squeezing
pressure and the droplet occupy the entire width of the channel.

Independently on the regime, droplets are produced thanks to the three forces
cited above. Different theories are under investigation, but the best fitting theory of
experimental data is that of Christopher et al. [48].

They indicated / the height of the channels, w, and w,; the widths of the continuous
and dispersed phase channels respectively. In addition, they fixed Q. and Q the
fluxes of the two phases, and considered an emerging dispersed phase thread as
sketched in Figure 1.6. The tip is depicted as a spherical shape with radius b connected
to the dispersed phase by a neck with a width s (at the beginning of the process
s = wy). As authors suggest, breaking point starts when the three forces balance each

other:

where F,, F; and F, are the just presented three forces that acts on the liquid-liquid
interface. In addition they computed an approximate form for every force:

e Capillary force: it is given by the difference between Laplace pressures at the
upstream and downstream ends of the emerging droplet (with an approxima-
tion of curvature), multiplied by the area of interface bh:

oo (22 wo (L) |man s

e Drag force: it is the force generated due to viscous shear applied from continu-
ous phase flowing on the emerging dispersed phase. The authors approximate
the shear stress rate with the average velocity of continuous phase v, divided
by the gap size between the wall and the tip of the droplet w. — b.

FT ~ Wcﬂbh ~ ;7C ch

we—b (we — b)? (1.5)
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The exponents has been experimentaly determined in the range 1072 < Ca < 5-10!
as (1 —9) =1.31£0.03 and so 6 = —0.31 £ 0.03.

Other approaches are presented in [38], but an exhaustive theory able to provide
a scaling law for the droplet volume and lenght over the entire range covered by the
capillary number in the squeezing regime seems to lack still now.

Anyway, in the last section of this chapter the computed lenghts of the droplets as

functions of ¢ = £ =1 / @ will be presented and we will see a more general trend
¢ =g, ¢ p 8

for them.

1.1.3 Microchannel realization in Lithium Niobate

Althought microfluidics was born in silicon, nowadays the most employed materials
for the realization of the channels are polymers, like PDMS and PMMA.[38] Anyway,
lithium niobate could be a valid alternative to these materials for the realization of
devices able to produce, manipuled and analyze droplets. However, in literature, the
only attempts to engrave microfluidics channels on lithium niobate were presented in
the last years by our colleagues at the University of France-Comté, Besangon (France),
and by Bettella in his work. [38, 44, 50]. The best results were obtained by adaptation
of common process used in microelectronics for silicon, such as chemical etching
and micromachining, and in optics for glass, such as femtosecond laser damaging.
Possible solutions are [38, 51]:

e Chemical Etching: it is usually used for ridge waveguides on LiNbO; [52],
thank to its chemical stability. Process consists in a bath of hydrofluric acid
solution (HF), which etches the surface of sample with rate between 1 and 0.06
pmh~! depending on crystal cut. This rate makes this technique too slow to
have application, even if optical quality is reached.

e Reactive Ion Etching: it consists in etching of samples with plasma of reactive
ions. In case of LiNbO; plasmas successfully used are SF;, CF, and CHF;.
Results reported in [53] are rate up to 50 nm min~!. Same similar technique are
used in [54] with Inductive Coupled Plasma at rate of 190 nm min~—!. Microme-
ter structures with optical quality are achievable with these rates waiting hours,
but specific facilities are needed.

e Focused Beam lithography: the sample is etched with focused ion beam.
Heavy ions are usually used in this technique differently from electron beam
in order to have more resolution (heavier particles have higher momentum,
less wavelength so less diffraction). Typical roughens of surfaces are at submi-
crometre length scales [55]. Although this quality etching rate around 10 nm
makes this technique more appropriate for Nanofluidic approaches.

e Laser Ablation: it is the process of removing material from a surface by irra-
diating it with laser beam. it is popular for fabrication of optical waveguides
[56, 57]. Possibility to design almost any 2D pattern make it perfect not only
for optical waveguided circuits, but also Microfluidic ones. Furthermore en-
graving depth can finely controlled, and it is an already widely used technique
in lithium niobate for different purposes (from index changing to waveguides
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1.2 Waveguides in Lithium Niobate

For realizing an optomicrofluidic chip completely integrated in lithium niobate, mi-
crofluidic channels must be coupled with integrated waveguides. Lithium niobate is
one of the most popular materials in the field of integrated optic, it is widely used in
photonics industry for the realization of waveguides (but also for electro-optical and
acousto-optical modulators and switches, thanks to the piezoelectric, electro-optic
and photorefractive properties of the material).

Waveguides are the most important element in every integrated optical circuit and
many techniques are available for their fabrication on lithium niobate. In the follow-
ing a brief list will be provided, because it is beyond the scope of this thesis a further
detailed description of waveguide production.

e Titanium In-diffusion: is the most popular technique for waveguide realiza-
tion in LiNbO; [62, 63]. Its wide use derives from its simplicity, flexibility and
good result in light confinement along both extraordinary and ordinary axes.

e Proton-exchange: refractive index change is obtained by immersion of LiNbO4
in a liquid source of hydrogen ions (usually benzoic acid or toluic acid) at
temperature 150 = 400 [64]. H* substitute ions of lithium in the crystal. Disad-
vantages are mainly connected to the spoiling of the electrooptic effect and that
only modes polarized on extraordinary axis survived.

¢ ion-implantation: consists in the bombardment of crystal with ions and relative
implantation there. The net result is a damaged crystal surface with change
of refraction index of order of 0.1 [38]. Variety of ions (H, B, C, O, F, Si, P,
Ag) at different energies (from 1 MeV up to more than 20 MeV) and fluencies
(10'2 = 10' ions/cm?) have been tested [65, 66, 67]. Change of index strongly
depends on material, ion and nuclear interaction [68].

e Laser writing: consists in the refractive index change with photorefractive
effect and structural modification. Small An can be reached (order of 10~3)
damaging irreversibly the crystal structure with focused laser beam [69] or with
femtosecond pulsed laser. Change in refraction index depend strongly on the
energy of the beam [70].

1.2.1 Titanium diffusion

The waveguides of the optofluidic device used in this work were realized via titanium
diffusion. Frabrication method is accurately described in [38, 51], here we cited only
the main steps of the standard procedure:

e A photoresist layer was deposited on the surface of the sample;

e a mask was kept in contact with the photoresist layer while the sample was
illuminated with an UV lamp, this imposes the degradation of the unmasked
regions;

e a titanium thin film (order of nm) was deposited on the surface by sputtering
deposition;
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Opexpy Lopto(ms) or,,,(ms)

47theo 47exp
3 3.001
5 4.99
6 6.00
7 7.00
8 8.00
9 9.00
10 10.00
12 12.01
14 14.00
16 16.00
18 18.01
20 19.94

0.008
0.01
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.05
0.05
0.06

19.81
8.81
7.30
5.70
4.42
3.92
3.27
217
1.70
1.40
1.11
0.81

0.08
0.06
0.03
0.09
0.02
0.03
0.02
0.02
0.02
0.02
0.02
0.02

Table 1.1: The values of the length Lopto(ms) for every flux, with the relative error, for

the cross-focussing configuration. Measures taken with the optofluidic system.

Ptheo  Pexp Opexp Liyicro(pm) OL,icro (ym) o(cm/s) oy(cm/s) Lyicro(ms) OL,icro (ms)

3 3.001 0.008 665 12 3.9 0.2 17 1

4 401 0.08 557 8 45 0.1 12 1

5 499 0.01 490 10 54 0.1 9 1

6 6.00 0.02 449 8 6.2 0.1 7.2 04
7 7.00 0.02 421 6 7.2 0.2 5.8 0.3
8 8.00 0.02 398 5 8.1 0.2 49 0.2
9 9.00 0.03 370 6 9.0 0.2 4.1 0.2
10 10.00 0.03 357 5 9.7 0.2 3.7 0.2
12 12.01 0.03 328 5 11.5 0.3 29 0.2
14 14.00 0.04 311 5 13.8 0.4 2.3 0.1
16 16.00 0.05 288 6 15.0 0.3 1.9 0.1
18 18.01 0.05 272 5 16.7 0.3 1.6 0.1
20 1994 0.06 259 5 18.8 04 1.4 0.1

Table 1.2: The values of the length L,,;.,, (both in yum and ms) and the velocity v for
every flux, with the relative error, for the cross-focussing configuration. Measures
taken with the microscope.

In Figure 1.25 are plotted the length in ym (a) and the velocities (b) (acquisition
with the microscope) as function of ¢. Under the figure, in Table 1.3, the results of

power and linear interpolations (respectively for L., (¢#m) and v) are reported.
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(a) Length in uym (b) Velocity

Figure 1.25: Length and velocity of the droplets. Measures taken with the micro-
scope. In (a) are shown the lengths with a power interpolation (red curve), while in
(b) the velocities, with a linear interpolation (red curve).

L=A¢“+B v = vy + m¢
A(pm) B(pum) C vo(cm/s) m(cm/s)
1120+£29 93+22 —0.63+£0.05 1.01 +0.07 0.879 £ 0.009

Table 1.3: The values of A, B and C from the power interpolation of L,;;.,, (#m) and
vg, m from the linear interpolation of v.

Lopto(ms) and Lyjcro(ms) are plotted in Figure 1.26. The points were fitted with a
power law L = A¢® + B and the results of the interpolations are shown in the Table
1.4 under the graphics.

(@) Lopto(ms) (b) Linicro(ms)

Figure 1.26: Plotted values of L,y (ms) and L,,(ms) as function of the ¢.
Lopto(ms) (a) and Lyjcro(ms) (b) interpolated with a power law (red curves).
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A(ms) B(ms) C

Optofluic 98+7 —-05+£01 —-1.43+0.05
Microscope 72+2 —-0.224+0.07 —1.2740.02
Compatibility 3.6 2.3 55.2

Table 1.4: The values of A, B and C from the power interpolation of both Loyt (ms)
and L,,;.ro(ms), with the relative compatibility.

As we can see the compatibility is not so good, but we have to say that the two
methods are completely different. On the contrary, considering the enormous diver-
sity, the results is excellent. In fact, both cases shows a well defined power trend of
the length as a function of ¢. The reduced x? values (51 for optofluidic and 0.07 for
microscope) are not reliable, in fact the error on the optofluidic measurse is too small.
From §1.1.2 we remember Christopher et al. [48] demonstrate that L o % Basically,
the resulting curve should be an hyperbole and this means that the computed value
of C (the exponent in the power law interpolation) it was supposed to be compatible
with Ccpristopher = —1. This does not happen, neither for the optofluidic method
nor for the microscope acquisition, exhibiting a compatibility (with -1) of 47 and 114
respectively.

Analysis in the flow-flowing configuration

The same kind of analysis was performed also for droplets generated in flow-
focussing configuration. As just done before, we report below all the measures,
with relative errors (Tables 1.5 and 1.6), acquired with the both optofluidic method
and microscope.

Ptheo  Pexp Opexp Lopto(ms) ‘TLopm(mS)

6 6.01 0.01 3.94 0.02
8 8.00 0.02 2.62 0.02
10 10.01 0.02  2.004 0.02
12 12.00 0.02 1.55 0.03
14 14.01 0.03 1.24 0.02
16 16.03 0.03 1.00 0.02
18 18.01 0.04 0.83 0.02
20 20.04 0.04 0.71 0.03
22 2204 0.04 0.605 0.02

Table 1.5: The values of the length L, (ms) for every flux, with the relative error, for
the flow-focussing configuration. Measures taken with the optofluidic system.
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Ptheo  Pexp Opexp Lyicro(pm) U'Lmicm(.um) v(ecm/s) oy(cm/s) Lyjcro(ms) ULmicro(mS)

4 401 0.08 417 9 4.33 0.09 10 1

6 6.01 0.01 340 4 6.12 0.09 5.6 0.2
8 8.00 0.02 300 4 7.9 0.2 3.8 0.2
10 10.01 0.02 277 2 9.5 0.1 29 0.1
12 12.00 0.02 259 2 11.5 0.1 2.3 0.1
14 14.01 0.03 252 3 13.2 0.2 1.9 0.1
16 16.03 0.03 240 2 15.3 0.2 1.57 0.05
18 18.01 0.04 230 3 17.1 0.2 1.3 0.1
20 20.04 0.04 223 2 19.2 0.4 1.16 0.04

Table 1.6: The values of the length L,,;.,, (both in ym and ms) and the velocity v for
every flux, with the relative error, for the flow-focussing configuration. Measures
taken with the microscope.

With the same scheme as before, in Figure 1.27 are plotted the length in ym (a)
and the velocities (b) (acquisition with the microscope) as function of ¢. In Table 1.7
the results of the power and linear interpolation are reported.

(a) Length in uym (b) Velocity

Figure 1.27: Length and velocity of the droplets. Measures taken with the micro-
scope. In (a) are shown the lengths with a power interpolation (red curve), while in
(b) the velocities, with a linear interpolation (red curve).

L= A¢‘ +B v = vy + me
A(um) B(pum) C vo(cm/s) m(cm/s)
810+ 71 157+11 —0.83+0.08 0.6+0.1 091+0.01

Table 1.7: The values of A, B and C from the power interpolation of L;;.,,(#m) and
vo, m from the linear interpolation of v.
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Lopto(ms) and Lyjcro(ms) are plotted in Figure 1.28. The points were fitted with a

power law L = A¢* + B and the results of the interpolations are shown in the Table
1.8 under the graphics.

(a) Lopto(ms) (b) Linicro(ms)

Figure 1.28: Plotted values of Lp;(ms) and L .,(ms) as function of the ¢.
Lopto(ms) (a) and Lyicro(ms) (b) interpolated with a power law (red curves).

A(ms) B(ms) C

Optofluic  37+1 —-0.27£0.03 —1.21+0.02
Microscope 56 +4 —0.03+0.08 —1.28 4-0.04
Compatibility 4.6 2.8 1.6

Table 1.8: The values of A, B and C from the power interpolation of both L, (ms)
and L., (ms), with the relative compatibility.

As we can see, also with the flow-focussing configuration the two methods show
a well defined power trend, with the addition of the fact that the results are also
compatible. In this configuration the reduced x? values are 3.0 and 0.2 respectively
for optofluidic and microscope acquisitions, so the power interpolation reproduce
well the experimental data.
No scaling relation of the length as function of ¢ is reported in literature (except
for [71]) for the flow-focussing configuration (the theoretical scaling derived from
Christopher et al. is valid only for the cross-flowing) and we can confirm a power
trend.

A demonstration that the experiment is well done, is the measure of the velocities.
In fact, at a fixed values of ¢ the quantity of fluid injected in the microchannel is the
same and we expect that the droplet velocity is the same indipendently from the
configuration. In other word the trend should be the same both for cross-flowing and
flow-focussing configuration. This is exactly what happens as we can notice in Table
1.9
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vo(cm/s) m(cm/s)

Cross-flowing  1.01 +0.07 0.879 £ 0.009
Flow-focussing 0.6+0.1  0.91+0.01
Compatibility 3.4 2.31

Table 1.9: The values of vy and m from the linear interpolation of the velocity measures
for both cross-flowing and flow-focussing configurations.

In the end, we have shown that the optofluidic system described in this chapter,
is a good tool for the analysis of droplet flowing in a microchannel. In fact, the classic
analysis using microscopes, image recording and post-processing need a continuous
calibration of the acquisition parameters that can not be pre-selected (moreover, fast
CCD cameras are very expansive). Instead, with the optofluidic method the analysis
is automated, since the acquisition rate depends only on detector (photodiode) and
electronics.

In the rest of the thesis we will demonstrate that the optofluidic method allows us to
recognize details of the droplet shape that are impossible to see with the naked eye.
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Chapter 2

Droplet simulation

The optical transmission profile detected by the optomicrofluidic circuit presented
reproducible fingerprints, each droplet showing the same waveform of the signal
in every macroscopic variation. This suggested that such characteristic waveform
contains lots of physical information, from the properties of the flow (droplet shape,
angle of contact, etc...) to physical properties of the two phases. Indeed the interpre-
tation of such waveform results not so straightforward.

Interaction between two complex systems such as waveguided light and microflu-
idic droplet makes this system rich of physical phenomena to be investigated. To
understand them, a code that simulates the interaction at the droplet surface, and
inside it, was written to compute the light transmission across the droplet and the
relative effects of optical trasmission.

2.1 The simulation software

The simulation software was built considering the microfluidic channel of defined
geometry with a cartesian three dimensional system as in Figure 2.1, with the x and
y coordinates representing depth and height and the z coordinate indicating the
flowing direction. In this system the waveguide is directed in the x direction and
its section on the surface of the channel can be seen in the figure below (the blue
rectangles).

Figure 2.1: Representation of the microfluidic channel with the axis choosen for
the simulation: the little blu rectangles represent the waveguide. Figure not in scale.
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In order to simulate the trasmittivity, it is necessary to estimate the ratio between
the intensity of trasmitted and incident light through a medium with refractive index
n(A, T) (where, A is the wavelength and T the temperature). In the present case,
a droplet (with refractive index n4,p1.) passes through the microfluidic channel,
eclipsing the light source (the waveguide). Formally, the method is equivalent to
simulate the trasmittivity of a medium with refractive index n(t) (with t the passage
time) and an exposed interface S(t), where S indicate its shape. So, the problem,
basically, consists on a ray-tracing through a medium with a dynamically variable
shape.

Since the aim is to understad the physical meaning of the peaks of intensity in the
acquisition profile, the exposed interface is essentially the meniscus of the droplet.
To quantify the role of this meniscus a geometric optic simulation is realized. As
said before, the purpose of this simulation is to weight the lens effect of the droplet
meniscus. Clearly, for a complete description, Maxwell’s equations (using finite
element method) should be solved with a specific set of boundary conditions. This is
a particularly complicated problem, so, in this thesis, it was simplified adopting the
approximation of rays optic.

The mesh for the simulation has to take into account that waveguide’s output has
typical dimension of few micrometers, but the channel has dimension of hundreds
micrometers requiring lots of computational power.

Furthermore the uncertainty of the droplet shape (there are not a definitive descrip-
tion of droplet shape during the flow in literature yet) is the real bottleneck for a
complete and correct computational description of the system. So the finite element
method should result more expensive and not so clearer than a simple geometric
approach. For the same reasons the system is considered with a 2D approximation,
in particular the rays move only on the plane orthogonal to the channel wall.

In writing the code, every part of the system has been schematized. After having
fixed the channel sides (height in the y direction i, = 50um and depth in the x
direction [, = 80um), a model was studied for represent the source.

The waveguide’s output, as seen from the near field images in chapter 1, seems to
resemble an ellipse and for this reason the code simulates it with an elliptic profile.
For doing this, a defined number N;,, of puntual source points organized in N,
number of concentric ellipses are simulated. For having a good distribution of the
source points in the ellipses, we have Nyo,;, = 10 - N, + 1. In this way, every ellipse
has exactly 10 source points within it, the last being positioned in the common center
of the ellipses.

An example with N,;; = 4 ellipses and Ny, = 41 source points is in Figure 2.2.

In the reference frame of Figure 2.1 the source is centered in (x,y,z) = (0,48,0)um
with semiaxes (of the major ellipse) of S, = 1.8ym and S; = 2um.

As just said, a simple geometrical approach, using ray optic, has been choosen.

So, from each source point, were generated a fixed number N, of optic rays, each one
with a different angle respect to the x-axis, from +N4 to —NA, where

\/ M bLio (Ti) ~ ”zz\fbuo3
Ny = arcsen & ~ 8.9° (2.1)

Npey

is the numerical aperture [72] and nyyy;0, is the refraction index of the Lithium Nio-
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e Physical parameters: z¢;,  and k.

It is clear that the non physical parameters would not affect the result of the simula-
tion, otherwise the code would not be usefull. In fact, increasing the number of rays
or the number of sources we expect that the numerical profile rather improves, but
does not noticeably vary the shape of the computed curve.

Instead, the physical parameters are directly related to the shape of the droplet, so a
variation of them, could have a deep impact.

First of all, we want to investigate the variation of the numerical profile with the non
physical parameters.

24.1 Dependence on the non physical parameters

For now on, the values of the sides of the channel section and the position of the
waveguide are fixed as in the last paragraph. In addition the number of steps was set
to Ny = 120.

To study the role of the rays and sources number, a systematic study has been
performed. First of all, we choose the droplet shape setting a priori the values of
Zfin,y —40and k =1/2.

We can now fix one of the non physical parameters and let the other one vary.

Fixing the source points and varying the rays

We begin fixing N,;; ! and let N, vary. The choosen values for the source are listed
below and all the numerical profiles obtained will compared in the same plot.

Two ellipses: In Figure 2.12 are shown the numerical profiles in which N,; = 2
(and so, Nso;, = 21) and N, = 50,100,200, 500 rays;

Three ellipses: In Figure 2.13 are shown the numerical profiles in which N,;; = 3
(and so, Nso;, = 31) and N, = 50,100, 200, 500 rays;

Four ellipses: In Figure 2.14 are shown the numerical profiles in which N,;; = 4
(and so, Nsoy, = 41) and N, = 50,100, 200, 500 rays;

In Figure 2.16, the simulated sources, are shown .

Fixing the rays and varingy the source points

The other possibility is to fix N, and let N,;; vary. In Figure 2.15 a comparison be-
tween the numerical profiles for different shape of the source is shown. We report
only the integrated profiles, for the sake of simplicity .

1Unless otherwise advised, Ny, is fix to be Nso, = 10N,;; + 1. With such a choice 10 source point
are put in every ellipse, plus one in the center (see Figure 2.2).
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And finally, the role of z¢;,,  must be investigated. Basing on the results just

obtained, we fix k = 1/2. In Figure 2.20 the numerical profiles (with integrated
interference) with z Fittyous = 30,40,45, are shown.
The choosen values are in the range that better reproduces the width of the meniscus
of the droplet. In Figure 2.21, the comparison with the experimental data are shown.
With zg, , = 30 both the width and the height of the numerical profile are not
compatible with the ones of the experimental profile, instead with z¢;,, = 45
or zf, . = 50 only the width is not compatible. On the contrary zg;, , = 40
produces a profile that is completely compatible with the experimental one. The
above analysis let us confirm that N,;; = 4 (so Nsou = 41), N, = 100, z¢;,, = 40 and
k = 1/21is a good choice of parameters for the simulation. In the sense that it is the
best compromise to limit the computational time without compromising the results
accuracy.

2.5 Center of the droplet

If we look at the longer droplets, the plateau of water (namely, the internal zone of
costant and very low voltage) basically represents the center of the droplet. However,
with the code just presented we are not able to reproduce this part of the acquisition
profile.

This is due to the fact that, after z = zy;, , the droplet forth across the channel. This
not physical behaviour was not a problem when our objective was to reproduce the
peak in intensity. On the contrary, we need to solve it if we want to describe other
parts of the acquisition profile. So, the software was slightly modified, in order to
simulates the middle of a long droplet.

The code is almost the same of the previous sections, with the a difference that a
number of steps Nijjing, was added after the N;. Substancially, the simulation can be
divided in two parts:

1. In the initial N; steps the droplet do not exced the channel. This was obtained
setting z iy, = zfin,,,,- With this hypothesis the semiaxes grow, as a function of z,
as in equations 2.7 and 2.8

R ) 1/2
m@%ﬂm0—< W)) (2.7)

Zfin

Z— Zfin\ 2 12
yMﬂ:MO—( ﬁﬂ) 2.8)

Zfin

2. When the channel has completely filled (so when t = N;) the sections in the
(x,y) plane of the droplet must change. In particular, the section now is thought
to be composed by the union of four ellipses. It is decided to fix the centers of
the ellipses (that generates the entire droplet) in the diagonal of the rectangle
(representing the channel) and at every step the semiaxes reduces in a linear
way, with the constrain that the elllipse must be aways tangent to the channel.
This evolution can be seen in Figure 2.22, where only the evolution of the up-
per and right part of the sections is shown. The reader must imagine that the
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In Figure 3.1 an example of the droplet passage effect is reported in detail. In
particular, we have highlighted the minimun and the secondary peaks. The region
between the secondary peaks and the minimun is the plateau of water.

Figure 3.1: Minimum and secondary peaks in the acquisition profile. Profile ob-
tained with the fluxes of 70 ul/min (oil) and 10 ul/min (water) in the cross-flowing
configuration. The red dot represent the minimum, the green ones the secondary
peaks.

By comparing the shape of the droplets and the optofluidic profiles, there are
some relevant aspects deserving attention:

e The “secondary peaks” change significantly their form with the fluxes change;
e The minimum of intensity increases at the increasing of the fluxes;

e Simultaneously with the increasing of the minima the secondary peaks begin
to merge into each other, the profile begins to shrink and the plateaux of water
reduces consequently. When the shape of the droplet is approximatly spherical,
the optical trasmission profile is similar to a gaussian, with no secondary peaks.

In the sections below this evidences will be debated.

3.1 Role of the “secondary peaks”

At the first sight, the shape of every acquisition profile could seem similar for every
flux. There are always two peaks, that delimite the droplet, and a region, between
them, at very low values of signal intensity (that we call the plateau of water). The
length of the droplets can not be directly estimated nor being used as a first indicator,
because it is complicated to evaluate it with only a fast look. However, there is a
part of the profile strongly dependent on fluxes: the secondary peaks. We can say
that they are representative of the droplet shape, but the reason of their origin is still
unknown.
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Since these fingerprints are common in all the droplets, in this thesis we inves-
tigated their effect and origin, from a phenomenological point of view. Let us look
at the images of the droplets taken with microscope. In the previous chapter we
have demonstrated that the higher intensity peaks correspond to the first part of the
meniscus, the one that has a shape comparable with an ellipsoid. If we look with
more attention we can notice that the right meniscus (so the receding one) is different
from the left one (the advancing one), in particular the rear meniscus is more net than
the advancing one, i.e. it can be fitted with an ellipsoid that intersect the channel,
as shown in Figure 3.2 (a). On contrary the advancing one tends to lay down on
the channel, so, the curvature is different from one of the rear meniscus. In Figure
3.2 (b), we show that it is impossible to interpolate the advancing meniscus with an
ellipsoid, so that the curvature is completely different from the one of the rear. We
choosen to use an ellipsoid just for the sack of simplicity, our scope is only to show
the substantial difference from the geometry of the two menisci.

In Figure 3.2 the difference between the two menisci is shown.

(a) Interpolation of the bottom meniscus (b) Interpolation of the advancing meniscus

Figure 3.2: Receding and advancing meniscus of the droplet interpolated with an
ellipsoid. Droplet obtained with the fluxes of 160 ! /min (oil) and 10 ul /min (water)
in the cross-flowing configuration.

If we look at the acquisition profiles, as just said, we can note that the two peaks
are not similar. The difference between the advancing and bottom peak relies in the
secondary peaks. The bottom one is a net peak that rises directly from the plateaux
of water, whereas the advancing one does not end in the plateaux of water in a net
way, but it shows the secondary peaks.

The comparison between the microscope images and the profiles is now clear.

e The bottom meniscus has a well defined shape that can be fitted with an
ellipsoid. The interface between water and oil has a discontinuity in the shape,
in the sense that immediatly passes from a flat profile to an elliptic one. This
is reflected in the acquisition profile: the voltage in the water plateau passes
from an almost constant value (with a flat shape) and to a sudden increase. A
discontinuity in the shape is reflected in a discontinuity in the voltage. Note
that the word “discontinuity” is used in an inappropriate way. It is not a real
discontinuity, but only a very sharp edge. If we could have the mathematical
form of the acquision profile, we could state that the derivative, computed in a



§3.1 — Role of the ”"secondary peaks” 71

right neighbourhood of the minimum (red point in Figure 3.1), should have a
very hight value.

e The advancing meniscus has a particular shape, it resembles an ellipsoid in the
first part but after it change its curvature, laying down on the channel. In this
case the interface between water and oil do not have any discontinuity, and this
affecting also the acquisition profile. The first peak does not fall immediatly
in a water plateau, but the fall is “soften” by a modulation that produces the
secondary peaks.

In conclusion, this thesis demonstrates that the secondary peaks are the direct
consequence of a curvature (of the meniscus) that is different from an ellipsoidal one.
In fact our simulation reproduced perfectly the first peak, but not the secondary ones
because we do not have the correct shape of droplet. Instead, the bottom peak is well
reproduced by the simulation because its form is coherent with hypothesized one, as
we had noted in Figure 3.2 (a).

We want now to prove further the roles of the secondary peaks. We note that the
difference between advancing and bottom meniscus is more emphasized at hight
values of flux. So, at low fluxes the droplet should become approximately symmetric.
If the droplet is symmetric (i.e. the two menisci are identical) no difference between
the two peaks in the acquisition profile should be present.

In Figure 3.3 we can see the two menisci of a long droplet (namely, the fluxes are
tixed to 20 ul /min for oil and 30 ul/min for water) and in Figure 3.4 it is shown its
acquisition profile.

The secondary peaks are not completely absent, but they are minimized in intensity.
This means that the droplet is not really simmetric, but the advancing meniscus is
still a bit different from the rear one. Nevertheless this is a proof that the role of the
secondary peaks is exactly the one mentioned above.

This fingerprint allows to detect shape modification or asymmetries otherwise non
resolved by standard fast imaging procedure.

—

(a) The right meniscus (advancing one) (b) The left meniscus

Figure 3.3: Long droplet. Droplet obtained with the fluxes of 20 ul /min (oil) and 30
ul/min (water) in the cross-flowing configuration. It is impossibile to show all the
droplet (is too long), so only the two menisci are reported.
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Table 3.1: The values of V,,;,,, V,i; and Vi, / V,i; for every flux, with the relative error,
for the cross-flowing configuration.

Pico Pexp oy Vin(V) 0, (V) Voa(V) oy, (V) 2 oy,

Voil

3 3.001 0.008 0.072 0.006 1.794 0.008 0.040 0.003
5 499 0.01 0.063 0.006 1.18 0.04 0.053 0.005
6 600 002 0069 0.007 1.72 0.02 0.040 0.004
7 700 002 0065 0.007 153 0.01 0.042 0.005
8 800 0.02 0.078 0.007 147  0.03 0.053 0.005
9 900 0.03 0.081 0.009 153 0.01 0.053 0.006
10 10.00 0.03 0.090 0.003 1.635 0.003 0.055 0.002
12 12.01 0.03 0.14 0.06 2.14 0.08 0.07 0.03
14 14.00 0.04 0.119 0.004 2.16 0.01 0.055 0.002
16 16.00 0.05 0.22 0.01 1.91 0.05 0.115 0.006
18 18.01 0.05 0.46 0.02 1.82 0.08 025 0.02
20 1994 006 0.64 0.02 1.64 0.01 039 0.01
22 2202 006 1.09 0.03 1.7 0.1 0.66 0.04
26 2600 007 1.89 0.08 2.33 0.08 0.81 0.04
30 30.08 0.08 // // // // 1 //
35 350 0.1 // // // // 1 //
40 401 041 // // // // 1 //

Figure 3.6: Transition from squeezing to dripping in the cross-flowing configura-
tion.
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We can notice that the transition, in the case of cross-flowing, occurs between
¢ = 15 and ¢ = 30, where the dripping regime replaces the squeezing one.

e For ¢ < 15 the acquisition profiles present a stable value for the minimun and
a plateau of water actually exists ? (if we look at the microscope images we can
observe that effectively the droplet look attached to the channel).

e From 15 < ¢ < 30 the plateau of water does not exist anymore and the minimun
begins to have a crucial role, the droplet is going to detached from the channel,
but a little zone attached still exists.

e For ¢ > 30 the minimun disappeared 2 and the transition to dripping regime is
completely happened.

In Figure 3.7 we can see the difference between ¢ = 10 and ¢ = 35 (so before the
beginning of transition, and when the transition is occurred).

@) ¢ =10 (b) ¢ = 35

Figure 3.7: Detachment of the droplet from the channel in cross-flowing configu-
ration. On the left the microscope image for ¢ = 10, on the tight for ¢ = 30.

Now, the same analysis will be made for the flow-focussing configuration. In

Table 3.2 are reported the computed values of voltages and in Figure 3.8 the plot of
them.
The situation is the same of the cross-flowing configuration. The only difference
is that, in flow-focussing, the detachment takes place at smaller values of ¢. The
difference between ¢ = 12, before the beginning of transition, and ¢ = 28, when it is
occurred) can be seen in Figure 3.9.

2The plateau of water shrinks at the increasing of the fluxes, but it still exists.
%In the sense that the “minimum” is at higher voltage than the oil, so it is no more a minimum.



76 3 — Analysis of droplet shape

Table 3.2: The values of V,,;,,, V,i; and Vi, / V,i; for every flux, with the relative error,
for the flow-focussing configuration.

Do Pexp Opoy VininV) 07, (V) Vou(V) oy, (V) B2 oy,

Voil

6 601 001 011 0.01 25 0.1 0.044 0.004
8 800 002 0.16 0.01 2.6 02  0.062 0.006
10 10.01 0.02 0.14 0.03 24 0.1 006 0.01
12 12.00 0.02 008  0.004 172  0.08 0.049 0.003
14 14.01 0.03 0.18 0.02 1.9 0.1 009 0.01
16 16.03 0.03 0.46 0.02 199 001 023 0.01
18 18.01 004 05 0.03 1.74 006 029 0.02
20 2004 0.04 0.73 0.07 165 0.04 044 0.04
22 2204 0.04 1.38 0.03 1.81 0.03 076 0.02
24 2403 0.05 153 0.08 1.83  0.08 0.84 0.06
28 28.00 0.06 // // // // 1 //
30 30.05 0.06 // // // // 1 //

Figure 3.8: Transition from squeezing to dripping in the flow-flowing configura-
tion.
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(a) ¢ = 12 (b) ¢ =28

Figure 3.9: Detachement of the droplet from the channel in flow-focussing config-
uration. On the left the microscope image for ¢ = 12, on the tight for ¢ = 28.

The points in Figures 3.6 and 3.8 were interpolated with an er f function like in
equation 3.1.
10— forf(B(g — go)] ~ yo G.)
oil
The results are reported in table 3.3 both for cross-flowing and flow-focussing config-
urations.

A B o Yo

cross-flowing  0.477 £0.002 0.22+0.02 21.1+0.2 —0.52540.002
flow-focussing 0.479 £0.004 0.21 £0.02 19.54+0.3 —0.524 £ 0.004
compatibility 0.4 0.4 4.4 0.2

Table 3.3: Results of the interpolation with an er f function % = Aerf[B(¢ — ¢o)] —
Yo-

The compatibility between the parameters obtained by the interpolation for the
two configurations is excellent. Indipendently from the microfluidic configuration,
the overall trend and functional dependence on the physical parameters of the
transitions is the same. The only difference occurs in the range of fluxes at which the
transition takes place.

3.3 Droplet’s shape evolution dynamics

When the flux increase  the quantity of water that is carried by the oil decrease, so
the length of the droplet change (decrease). With a lower quantity of liquid available,
the shape of the droplet has to change. Obviously, this modification of the form is
more pronounced at very high values of flux, when the quantity of water avaible is
so small that it can not fill completely the channel and the droplet has to arrange in

“When we say “flux” we mean ¢. However, because the flux of the dispersed phase is fixed (to 10
ul/min) when we say “the flux increase” is implicit that the only thing that can change is Q., namely
the flux of oil.
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an almost spherical shape. The reasons of the particular shape of the droplet and the
dynamics of its evolution as functions of the flux have not been known yet.
Practically, we must understand how the form of the advancing meniscus influences
or determines the form of the bottom one. In fact the two menisci must be correlated,
being part of the same droplet.

The final shape of the droplet is different from the one at the beginning (so when
the droplet was formed in the T-junction). In Figure 3.10 (a) and (b) we can see this
difference in the case of a flow-focussing configuration and with ¢ = 22.

Basically, we have to wait a period of time for the complete stabilization of the shape,
so we must make the optical measure far away from the T-junction.

(a) Shape of the droplet soon after the formation in the T-junction.

(b) Shape of the droplet in a successive instant to that of panel (a).

Figure 3.10: Difference in the droplet shape at the formation. Soon after the for-
mation (a) the droplet has a different shape than in (b). Droplet obtained in the
flow-focussing configuration with 220 ul/min of oil and 10 ul /min of water.

To understand the variation of the shape of the droplet with the flux, the measure
must be carried out at a suitable distance from the cross. Otherwise, the oscillation
in the shape caused by the normal relaxation of the just-formed droplet may be
confused with that induced by the flow changing.

Now we can search for new osservables characterizing the system.
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3.3.1 Droplet as a lens

We have understood that, when the flux changes, the shape of the droplet is modified.
This modification alters some physical properties of the droplets. We have just seen
that the peaks in the acquisition profile are caused by the passage of the menisci.
So, each meniscus behaves like a lens. In a certain sense, all the droplet behaves
like a lens. To better understand this optical property of the droplet was decided to
compute the integral of the entire profile for each flux °. With ”integral” we mean
the area under the acquisition profile from the first peak to the second one. In Figure
3.11 we can see an example of the area under the profile (and of the distance D, see
next section).

Figure 3.11: Integral of the acquisition profile and distance D. The blue zone is the
area under the profile. The distance between the two red vertcal lines is the distance
D. Profile obtained in the cross-flowing configuration with 50 ul/min of oil and 10
ul /min of water.

As a matter of fact the voltage is directly proportional to the intensity trasmitted,
so if we compute the integral (I) we have therefore a measure of the trasmitted
intensity for all the period of passage of the droplet. ® Practically, we are measuring
how much the droplet behaves like a lens.

In Figure 3.12 we can see the rescaled integral (I,¢sc47¢4) as a function of ¢. For rescaled
integral we mean
I KV -ms)
rescaled Vi (V)L (ms)

where L is the length of the droplet (in ms, the one computed in chapter 1). Substan-
tially, L escareq is the total area divided by the area that we would compute if, for the

5In this section all the measure has been done in the cross-flowing configuration.
®In fact the unit of measure of the integral is a voltage times a time ([ = V -5 ).
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same period of time, only oil would pass.

Figure 3.12: Integral of the acquisition profile as function of the flux. The integral
is the area under the profile from the first to the second peak.

The points were interpoled with a power law
Lyescaled = ACPC + B 3.2)

and the results are shown in table 3.4.

A B C
7-1004%+1-10"% 0.081+0.004 2.63 +0.05

Table 3.4: Results of the interpolation with a power law I,psc0004 = A$C + B.

As we can note the trasmitted intensity grown as a positive power of the flux, in
particular

Liescated 4)2'63 (3.3)

Substancially, the more the droplet reduces is length, the more it behaves like a lens.
With increasing fluxes, the water plateux reduces and the two menisci assume a more
important role in the physic of the droplet.

As we can see, when ¢ = 20 the droplet transmits twice the optical intensity then it
would do the same quantity of oil. At ¢ ~ 15 oil and the water droplet transmits the
same.
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3.3.2 Spherical droplets

For a better understanding the evolution of the menisci with flux, we decided to
compute the distance (D) between the minimum in the acquisition profile and the
second peak (Figure 3.11). This values let us know the size of the second meniscus.
If we divide D by the length of the droplet we have an estimate of the weight of
the second meniscus over the length, i.e. an indicator on how much the meniscus
is important for the shape. The results can be seen in Figure 3.13 for the usual two
configurations.

If we look at the images taken with the microscope, the first impression is that the
only meniscus that changes is the advancing one. Anyway if we look at the graphics
above we can notice that also the second meniscus has an important role. As just
said there is correlation between the menisci, when one of them changes the other
follows.

We performed a systematical analysis to correlate this evidence with what said in
§ 3.2. We show that after a certain flux a transition from squeezing to dripping takes
place and the process is characterized by the minimum in the potential.
This transition is important also for the description of the shape of the droplets. In
fact, the detachment from the channel can take place only if the droplet as a certain
shape, namely an oval one. Practically, the minimum in the acquisition profile is
another important parameter to understant the shape of the droplet.

(a) Cross-flowing configuration (b) Flow-focussing configuration
Figure 3.13: The quantity D/L. (a) in the cross-flowing configuration, (b) for the

flow-focussing one.

We investigated what happens when the plateaux of water has disappeared,
namely when ¢ > 12 7. Two relevant processes occur at the same time:

e The secondary peaks collapse on the first peak, until (for ¢ = 22) they merge
completely in an unique large peak. In Figure 3.14 we can see this process;

"The dynamics is the same for both the flow-focussing and cross-flowing configuration, but every
example with the flux is relative to the cross-flowing configuration.
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When the minimum disappears we can say that the second meniscus does not exist
alone anymore, but it is a continuum with the first one. Substantially, the droplet is
assuming an oval form and the two menisci are directly connected in a continuous
way. This implies that the bottom meniscus must ”stretch” towards the first one (this
means that it must grown) and this is sealed by the Figure 3.13. Exactly in these
plots we can notice a strange behaviour. For ¢ = 26 and ¢ = 22, respectively for the
cross-flowing and flow-focussing configurations, the values of D /L decrease after
a quite good linear growth. This may be due to the fact that the droplet is going
to detach from the channel and the second peak begins to merge with the first one.
In this region of fluxes we have just said that the second meniscus does not exist
anymore, so D /L may assume another role. 8

Anyway, when the two peaks collapse in an unique one, there are no more differences
between the two menisci and consequently the droplet assumes a spherical shape.

3.4 Reconstruction of droplet shape

In conclusion we summarize the experimental evidence. The systematic analysis
on the shape of droplet depending on fluxes and the effects on optical intensity
trasmission allowed to define fingerprints in the recorded spectra never reported in
literature.

By referring to Figures 3.16 (for low fluxes, in the cross-flowing configuration)
and 3.17 (for high fluxes, in the flow-focussing configuration), we want to give a
scheme that gives a comparison between every part of the droplet and its acquisition
profile. The figures are divided in zones, colored in a different way. Every zone in
the acquisition profile (panel (a) in the figures) is related (by the color) to one in the
image of the droplet taken with the microscope (panel (b)).

e The green zone is the second peak and is associated to the bottom meniscus of
the droplet. It is the most intuitive part of the droplet and the most appropriate
for a simulation, for the reason explained in §1.1 (its form is more approximable
to an ellipse than the one of the first peak);

e The blue zone is the plateaux of water, so the zone that, in the acquisition
profile, is at a constant and low value of voltage. In the droplet, instead, is the
zone where the water “touches” the channel’s sides. ? The section of this part
of droplet can be seen in Figure 2.23 in the second chapter;

e The orange and red zones are associated to the advancing meniscus. Both with
¢ = 5 and ¢ = 14 the red zone (the peak in the acquisition profile) is relative to
the so called “geometrical part” of the meniscus, so the one that is reproduced
by the code in Chapter 2. The orange part, instead, is more complex. In Figure
3.16 (b) one can confuse the zone of the secondary peak with the plateaux of
water. In fact, with the naked eye, it is almost impossible to distinguish them in

8Moreover, the calculation of D/L is quite difficult from a computational point of view. In fact, the
code that analyses the experimental data has to detect very small distance and it is easy to fool it. This
is the reason also for the big error in the data. Anyway the computational analysis for this kind of
measure is improving and we hope to obtain better results in the future.

9There should be the microfilm of oil between the droplet and the channel, but, as just said in
chapter 2, we neglet it.
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the microscope image. It is only because we are aware that such a zone must
exist that we can observe the difference. On the contrary, when the droplet
becomes enough small the difference can be noted (Figure 3.17 (b)).









Conclusion

This thesis aimed to study the interaction of light, coming from an optical waveg-
uide, with a droplet moving in a microfluidic channel. The final objective was to
tind fingerprints able to identify the droplet passage, so that to estimate its length
with perspectives of setting up an automatized and fast data analysis procedure,
exploiting an integrated opto-microfluidic device, independent from the standard
imagining processes. In fact, the classic analysis, commonly uses microscopes, image
recording and post-processing which need a continuous calibration of the acquisition
parameters that can not be pre-selected. Instead, with the optofluidic method the
analysis is automated, since the acquisition rate depends only on detector (photodi-
ode) and electronics.

In order to reach this objective, the interaction of light with the droplet was simu-
lated by a 2D ray optics approach in order to evaluate the optical transmission across
the droplet by a light intensity profile spanning that experimentally observed. The
simulation was compared to the experimental measures of different shaped droplets
of water dispersed in oil in different microfluidic regimes and configurations.
Moreover, a systematic analysis of the physical parameters’ correlation effect with

the droplet transmission was carried out, with special care of the role of the flux ratio

between the continuous and the dispersed phases ¢ = 8—

d

The main results of this work can be summarised as follows:

1. demonstration that the droplet length L as a function of ¢ follows a power law
over a wide range of fluxes ratio. This result represents an advance with respect
to already published works, where predictions claimed a linear dependence;

2. the optical transmitted intensity contains fingerprints of the geometrical shape
of a given droplet. In the optical transmission recorded by way of the opto-
microfluidic set-up, in fact, we demonstrated that the major peaks in the inten-
sity profile are the direct result of the lens effect of the droplet meniscus.

The code developed within this work, in fact, simulates the interaction between
the waveguided light and the droplet, adopting some hypothesis like ray optic,
and a 2D description of the dynamic. The results was that the refracted (from
the droplet) and directed rays interfere when reaching the waveguide facing
on the other side of the channel and the constructive interference produces an
increase in the transmitted intensity.

Basically, the peaks in transmitted optical intensity are due to the geometry of

87
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the meniscus.

Moreover, we analyse all the central zone of the droplet, divided in two parts:
the water plateau and the secondary peaks. Another software was written to
simulate the plateau of water, that is intuitively associated to the center of the
droplet. A particular section for a long droplet was chosen in order to reproduce
its center and the same interaction of the previous code was performed. The
result was that the transmitted optical intensity corresponding to the middle of
the droplet is due to the geometrical shape of the interface water-oil, exactly as
for the peak in intensity. For the secondary peaks a phenomenological analysis
shows that they are essentially the continuation of the advancing meniscus.
Essentially, the receding and advancing meniscus have a different curvature:
the first can be fitted with an ellipsoid and has a well defined shape; the sec-
ond, instead, tends to lay down on the channel walls. This is reflected in the
optical transmission profile, where the second peak (representing the receding
meniscus) suddenly rise from the plateau of water, whereas the first peak (rep-
resenting the advancing meniscus) is softened by a modulation that produces
the secondary peaks. This phenomenological observation is demonstrated
observing the optical intensity profiles of long droplets, where, thanks to its
symmetry (advancing and receding meniscus are almost equal in shape), we
expect to find no secondary peak. The experimental data confirm what we
predicted and the role of the secondary peak was therefore established;

. sensibility of the optical transmitted light from the overall geometrical shape

of the droplet. This conclusion was got by comparing the optical transmitted
light with a synchronous acquisition of the shape of the droplets by way of
standard optical microscopy and fast imagining recording. The analysis of the
data over a wide range of ¢ (3 < ¢ < 40) showed that the more flux increases,
the more every parts of the optical transmitted profile changes corresponding
to different geometrical shape assumed by the droplet at different ¢ values. At
the beginning, the plateau of water shrinks until it disappears (¢ ~ 12). For
12 < ¢ < 26 the minimum value of the optical transmitted signal increases
and the secondary peaks merge together. For ¢ > 26, all the remaining peaks
begins to merge, until only one remains. The one-to-one comparison, with
the correspondent microscope image of the droplets at the same value of flux,
let us understand that the minimum is associated to a transition between the
squeezing and the dripping regimes. The classical oval form of a short droplet,
begins to be almost spherical for ¢ ~ 40 and this means that the unique peak of
the intensity profile is associated to such a shape of the droplet. The transition
was shown plotting the minimum points (accurately normalized at the oil’s
signal) as function of the fluxes ratio ¢ and interpolating them with an error
function. The interesting aspect of the transition is that it is the same for both
the cross-flowing and flow-focussing configurations, i.e. the interpolation with
an error function for both configurations given compatible results. In flow-
focussing a lower value of ¢ is needed for the detachment of the droplet from
the channel wall (¢ ~ 28 instead of ¢ ~ 30 for cross-flowing), but anyway the
trend of the transition is the same.
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