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General Introduction

1.1 The Development of Microfluidics

In the last two decades, the development of microfluidics has shown a strong
upsurge. In the beginning, microfluidics was applied for ink jet printing and a
few other applications, for instance feeding droplets into micro-motors.
Nowadays, microfluidics can be found in numerous applications, such as
emulsification, chemical synthesis, biomedical diagnostics, drug screening and
more.* Compared to conventional techniques, microfluidic technology offers
several unique advantages like (i) much less volume of sample or reagents is used,
which is practical and reduces costs; (ii) the results (diagnostic) or the products
(chemistry and biology) are obtained in a shorter time, because the high
surface-to-volume ratios at the microscale lead to shorter heat and mass transfer
times; (iii) miniaturization allows for an increase in parallelization and
automation. For instance it offers a way of screening and systematic testing in the

domain of drug discovery.

However, there are still some challenges in the development of microfluidic
systems. The most important one is the integration of all the components of the
system on one chip, which means pumps, valves, channels etc. must be
miniaturized in order to obtain an integrated system. It raises questions about
choosing energy sources between active methods — efficient but difficult to
miniaturize due to extra parts, and passive methods — easier to integrate but less
efficient. Another challenge is that the rising complexity of the devices also
imposes higher demands on the microfabrication technologies. Many multi-
functional devices nowadays involve composite materials consisting of a number
of chemically different structures like layers or electrodes, each of which has to be
introduced without affecting the functional materials or structures that are

already present.
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Chapter 1

1.2 Droplet Microfluidics

In initial development of microfluidics, mostly continuous flow systems were
considered. These systems are more or less derived from macroscopic devices.
The reagents consumption is less and the processing time is shorter compared to
conventional technology. However, the desire to further downscale the amounts
of reagents and to further minimize the processing time have remained as a
driving force in the development of microfluidics. In recent years, droplet-based
microfluidics has become more and more attractive due to the dramatic reduction
in reagent volume and reaction time it can offer. A second advantage of using
droplets is that contact with solid walls is eliminated. This strongly reduces
problems due to adsorption of dissolved components to the channel walls, and
increases the efficiency of chemical reactions. And thirdly, new functionalities can
be implemented: simple Boolean logic functions can be performed in droplet

microfluidic systems.5”

One of the commonly used platforms for droplet microfluidics is so-called digital
microfluidics (DMF), which is mainly based on the use of electrowetting (EW) to
manipulate individual droplets as digital entities on a planar surface. The other
popular platform is based on structures containing closed microchannels. There
discrete droplets are produced and manipulated in an immiscible continuous flow.
It can be considered as a subset of the more general two-phase flow systems (TPF).
Both platforms differ considerably from each other: DMF provides precise control
over individual droplet, such as transport, splitting, merging and mixing. On the
other hand, TPF is suitable for the treatment of micro-droplets at high throughput

in continuous processes.

1.2.1 Electrowetting and digital microfluidics

Electrowetting refers to an electrostatically induced reduction in the contact angle
of an electrically conductive liquid droplet on a surface. As early as 1857, the EW
effect was described by Gabriel Lippmann.? In the early 1990s, Berge et al.
introduced the concept of separating the electrode and the conductive liquid by a
thin insulating layer to eliminate the problem of electrolysis.® Since then many
applications based on EW have seen the light. In recent years it has emerged as

one of the most flexible and reliable methods to modulate surface tension and
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General introduction

hence manipulate droplets with volumes ranging from O(nL) to O(mL).10-13

The most commonly used EW-based system is digital microfluidics, in which
manipulations are carried out on the surface of a planar substrate, or between two
substrates. Successive actuation of electrodes is used to digitally activate targeted
droplets. Droplets are initially produced from a reservoir, then transported from
one electrode to the next one, merged with other droplets for desired reaction and
further mixed for complete reaction. It is also possible to split droplets and

transport them to an exit.

EW-based DMF offers several advantages for lab-on-a-chip applications. First, no
external microvalves are needed, since EW provides the actuation force; Second,
individual control over droplets is possible since EW can be applied very locally
using micro electrodes; Third, EW-based DMF allows for a high level of
automation and integration: all manipulations can be performed on one digital
microfluidic device. However, there are still some limitations that need to be
addressed, such as sample contamination, droplet sticking and the relatively low

throughput.

1.2.2 Droplet-based two-phase flow microfluidics

As mentioned, another approach to manipulate droplets is via two-phase flow. In
TPFE, discrete droplets are produced and transported by a continuous flow of an
immiscible liquid through closed microchannels. This approach offers
possibilities for producing droplets with diameter in the nanometer or
micrometer range in a controlled and reproducible manner, also with a high
throughput. For lab-on-a-chip applications, the generated droplets can be
regarded as microreactors (single droplet or merged droplets) to perform
chemical or biochemical reactions. In general, droplet-based TPF is well adapted
to continuous processes, for instance the production of a large number of

encapsulated biological targets.>4 1415

Practically, the manipulation of droplets with high precision and flexibility is still
a central issue, for example generating droplets on-demand or merging droplets
at certain location is still challenging. Extensive investigations with different

approaches for manipulating droplets, in terms of formation, merging, splitting
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Chapter 1

and sorting of droplets are currently explored by many researchers.

Surfactants play an important role in TPF to stabilize droplets by reducing the
surface tension between dispersed and continuous phases. By residing at the
interface of the two fluid phases with their hydrophilic heads in the aqueous
phase and hydrophobic tails in the oil phase, surfactants can turn unstable
emulsion droplets into metastable colloids. An unavoidable consequence of this
stabilization is that it also becomes more difficult to let two such droplets merge

when this is needed.

The wettability of the channel surfaces is also essential for droplet-based TPF. The
continuous phase should favor the channel surface, while the dispersed phase
should dislike the channel surface. For instance, water droplets suspended in oil
need hydrophobic channels, whereas oil-in-water emulsions require hydrophilic
channels. Therefore, the materials used for fabricating microchannels and surface
modification technologies are quite important for producing and manipulating

droplets.

1.3 Aim and Outline of this Thesis

From the foregoing analysis it is clear that EW-based DMF and droplet-based TPF
each have their advantages and disadvantages, and that these two systems are in
fact complementary. This offers an interesting potential for the development of

microfluidic systems in which both approaches are combined.

The aim of this work is to explore the combination of EW technology and
droplet-based TPF platform, which would bring the advantages of both worlds
together: (i) high throughput (from pressure-driven channel-based TPF) and (ii)
precise control over each individual droplet (from EW). To achieve this goal,
different approaches and microfabrication technologies have been explored in
this thesis work. Also the (potential) functionalities of such chips have been

explored and demonstrated.

Chapter 2 presents an overview on EW, covering the basic principle, as well as
key aspects such as the conductivity of aqueous phase, contact angle saturation

and hysteresis, and contact line motion. EW-based DMF is discussed in terms of
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General introduction

its operations and suitability for lab-on-a-chip applications. In the same chapter,
we also review the state-of-the-art in droplet-based TPF with particular emphasis
on droplet formation and droplet merging under both hydrodynamic and electric

control conditions. Also novel microfabrication methods for TPF are discussed.

In Chapter 3, we discuss the integration of insulator-covered electrodes (EW
capacity) into a microfluidic flow focusing device (FFD). We demonstrate how
EW can assist the formation of water droplets in a continuous oil phase and
identify experimentally a specific region where droplet formation can be
triggered by EW. A theoretical description based on the balance of external inlet
pressures and a voltage-dependent capillary pressure will be compared to the

observations.

We demonstrate a flexible and high throughput droplet formation based on EW
and pressure-driven flow in Chapter 4. We will show that with the integration of
EW, the droplet size and droplet generation frequency can be tuned with much
better precision than hydrodynamic control, accessing also novel drop generation
scenarios with variable charge (such as conical spray mode with charged micron-
sized drops). In this regime, monodisperse tiny drops with only a few microns in
diameter or even smaller can spray out off an orifice with a generation frequency
of the order of kHz.

In Chapter 5, we present a simple, rapid and inexpensive method to fabricate
microchannels with insulator-covered EW electrodes. Use of a thiolene precursor
allows defining the channel geometry via soft imprint lithography, as well as
bonding of the chip via exposure to UV light. Compared to earlier poly-
dimethylsiloxane (PDMS)-based designs, this method allows to make micro-
channels with smaller dimensions, lower aspect ratios, and electrodes on both the
bottom and top of the channel. The enhanced capabilities with the EW
functionality are demonstrated with two examples: droplet formation and the

displacement of oil by water (imbibition).

In Chapter 6, we demonstrate a microfluidic platform in which (programmable)
local electric fields originating from embedded and protected electrodes are used
to control the formation and merging of droplets in a microchannel, on-demand.

EW-based droplet-on-demand (DOD) offers the possibility of synchronizing the
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formation of droplets, which can be used for subsequent operations. One of these

is the merging of two droplets, which is achieved via electrocoalescence (EC).

The last experimental part of this thesis, Chapter 7 deals with the development
and testing of a tensiometric device, that makes use of a tapered channel and
control over the hydrostatic pressures of oil and water. Since in such a channel the
mean curvature of the interface depends on the axial position, mechanical
equilibrium will be achieved only at a certain axial location. This allows to
measure the interfacial tension, either at equilibrium or when it is slowly

changing.

The overall summary and outlook are presented in Chapter 8. The detailed
experimental process documents are included in Appendix. Most of the work
described in this thesis has been published or will be published in the near future

(see Publication List).
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hapter 2

Electrowetting and Droplet Microfluidics”

2.1 Introduction

In recent years, microfluidic devices based on manipulation of discrete droplets
have attracted growing attention. Electrowetting (EW)-based digital microfluidic
systems (DMF) and two-phase flow microfluidic systems (TPF) are both widely
used platforms at present. In general, DMF provides precise control, such as
merging, splitting, mixing and handling, over each individual droplet. This
makes the platform well adapted to biodiagnostics and biorecognition. On the
other hand, TPF is well suited to the treatment of small droplets at high

throughput in continuous processes, like producing and sorting.

In section 2.2, we will give an overview on EW, covering the basic theory and
including practically relevant aspects such as the conductivity of aqueous phase,
contact angle saturation and hysteresis. Then finally EW-based DMF is discussed.
In section 2.3, a review on current developments in TPF is presented. We focus
especially on two main operations: droplet formation and merging. Also
innovative microfabrication methods for TPF will be discussed. This overview
chapter will highlight the advantages and disadvantages of both EW-based
method and TPF-based technique separately. It will become clear what the

potential benefits are if we combine both approaches.

2.2 Electrowetting

The EW effect was first described in 1875 by Gabriel Lippmann, who studied
electrocapillarity phenomena in water, mercury and air in contact with each
other.! Approximately two decades ago, Berge et al. introduced the concept of a

thin insulating layer to separate the electrode and the conductive liquid in order

" Portions of this chapter has been submitted to Int. J. Mol. Sci. (invited review)
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Chapter 2

to eliminate the problem of electrolysis.? This concept has also become known as
electrowetting on dielectric. Initially, applications included electrometers and ink
jet printing. More recently, EW has also become a popular tool for the actuation of
tiny amounts of liquid in microfluidic systems, via a modulation of the local
contact angle of a liquid and its underlying substrate.? In this section the basic
principle of EW will be explained, along with its working ranges and limitations.
Subsequently an overview of the current applications of EW, in particular the

“digital microfluidics toolbox” will be presented.

2.2.1 Basic principle

Electrowetting is the phenomenon whereby the contact angle of a conductive
liquid on a dielectric-coated electrode reduces under the influence of an external
electrical field applied across the solid/liquid interface. In essence, the wetting
property of a polarizable and/or conductive liquid in contact with a hydrophobic,
insulated electrode can be modified by the electrical field. The classical EW
configuration (see Fig. 2.1) comprises a planar solid electrode surface covered
with a thin dielectric material. In case the latter is not hydrophobic, it is coated
with an additional thin hydrophobic layer. A conducting wire is plunged into the
droplet to close the electrical circuit. Application of an electric potential between
the solid electrode and the aqueous liquid then allows a quantitative control over

the deformation of the liquid surface.

4 pgl) o NP T TN

dﬁdT'r : ] U~ de

P
(a) (b)

Figure 2.1 Standard EW setup. d is the thickness of insulator. (a) Droplet with Young’s

contact angle 0y without applying voltage. (b) Droplet with reduced contact angle 0(U) at

finite voltage.

In most practical cases the droplets have a typical size of 1 mm and contain an
aqueous salt solution. Air or an immiscible liquid, frequently an oil, is utilized as
the ambient medium. Under typical conditions, the so-called Bond number, Bo =

Apgl?/o which measures the relative strength of gravity and surface tension, is
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Electrowetting and droplet microfluidics

smaller than unity. Thus gravity can be neglected and surface tension dominates
the behavior of the droplets.

The Helmholtz free energy F is then a functional of the droplet shape. F contains
two contributions. Fsus is due to the surface energies with i (i = Iv (liquid-vapor),
sl (solid-liquid) and sv (solid-vapor)). Here we denote the ambient medium as

vapor for simplicity. The other contribution is the electrostatic free energy Fer:
1=~
F=Fuq+Fy =2 0/A [ EDAV @.1)
i

E and D denote the electric field and the electric displacement. Note that the
negative sign of the electric contribution results from considering the entire
system that includes both the droplet and the power supply (“battery”) required
to apply the voltage. In the absence of an external electric field, the minimization
of F under the constraint of constant droplet volume leads to a spherical-cap
equilibrium shape for the droplet, with a contact angle Oy given by the Young-
Laplace equation:

o, — Oy

cosf, = ———~ (22)
0

\

When a voltage is applied between the droplet and the counter-electrode,
electrical charges are generated on both sides of the insulating layer: a charge on
the lower electrode, and a counter-charge at the bottom of the aqueous phase. In
this picture, both the electrode and the aqueous phase act like perfect conductors.
In reality, the spatial distribution of the charges can be more complex, but for
most purposes the assumption of an ideally conducting fluid with a surface
charge density is sufficiently precise. Then the electrical contribution to F can be

modeled using a parallel plate capacitor with area As and thickness dins.

leg

F, =
° 2 dins

A, (2.3)

Here ¢ is the dielectric constant of the insulator, ¢o is the dielectric constant of

vacuum, and U is the applied voltage. Then Eq. 2.1 can be rewritten as:
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_leg
¥ 24,

Ins

F=0,A, +(04—0 U2 @4 (M)A (2.4)

Here @ (F)=1wherel coincides with the electrode and zero elsewhere. If we
consider a single homogeneous electrode (®, =1), this equation shows a similar

form as Eq. 2.1, but now with an electric term that gives rise to a modified
prefactor for As. Therefore, based on free energy minimization, combining Eq. 2.4

and Eq. 2.2, we obtain the basic equation for EW:

cos@ = cosé, + Eofa 2 2 cosé, +1 (2.5)
Iv

Here, n = eocall?/2dow is the dimensionless EW number, which measures the
relative strength of electrostatic and surface tension forces. It is now seen that the
voltage required to achieve a certain contact angle decrease in EW depends on the
properties of the insulating layer. Fig. 2.2 gives a typical outcome of an EW
experiment. Indeed a behavior corresponding to Eq. 2.5 is found, as long as the
voltage is not too high. Beyond a (system dependent) threshold voltage, the
contact angle becomes independent of the applied voltage. This will be discussed

in Section 2.2.3.

1.04 T T T 7 ]

()15.. ,_Z% " ° -

2

cos@

200
UV

Figure 2.2 Contact angle 6 versus applied voltage U, for advancing (filled squares) and

o
e
(=]
(=]
[#%]
o -
(=]
B
(e
I

receding (open circles) contact line of water droplet with salt (NaCl, conductivity: 3
mS-cm™; ac frequency 10kHz) surrounded by silicone oil as the ambient medium. Teflon
AF 1601 is used as insulator (d = 5 um). Solid line: parabolic fit according to Eq. 2.5.

Reprinted from [4] with permission from IOP Science.
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Electrowetting and droplet microfluidics

The theoretical discussion of EW given so far is applicable to both dc and ac
electric fields. However, in the case of ac electrowetting, additional physical
phenomena may enter the picture. In this light it is useful to distinguish three
frequency regimes: 1. at low frequencies (<< 10 Hz), the contact angle and droplet
shape can respond fast enough to follow the changes in the voltage amplitude. 2.
near the mechanical resonance frequency of the droplet (= 100 Hz for a mm sized
droplet), strong oscillations in the droplet shape occur. 3. at high frequencies (>>
1000 Hz) the droplet cannot follow the ac signal anymore, but still responds to the
average of the squared voltage. In this regime, Eq. 2.5 can be used again, but now

with the root mean square (rms) value of U.

2.2.2 Conductivity of the aqueous phase

In the basic theory, it was assumed that the liquid is a perfect conductor.
However this assumption will ultimately break down when the ac frequency is
increased. At high frequency, a substantial fraction of the voltage that is applied
to the wire, will be spent to drive the ion currents inside the droplet. This effect
can be understood by modeling the droplet as an RC (resistor + capacitor) circuit,’
where the electrical resistance is determined by the salt concentration. If the
characteristic time of the ac signal becomes shorter than the RC-time of the
droplet, then both the voltage at the contact line and the free energy decrease
upon moving the latter are reduced. Fig. 2.3 demonstrates this effect for a

millimeter-sized droplet of demineralized water.

(b) |

Figure 2.3 Influence of the ac frequency on the contact angle (Ums = 50V, droplet: water
with NaCl; conductivity is 0.2 mS-cm; diameter is approximately 2 mm; ambient medium

is silicone oil, insulator is 1 um thermally grown Si oxide) Reprinted from [6].
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Fig. 2.4 illustrates the contact angle versus ac frequency for a variety of salt
concentrations. At relative low salt concentrations, the liquid shows dielectric
behavior. When salt concentrations correspond to 1850 uS-cm? or higher, the

liquid can be considered as a perfect conductor.

1401

-

1204
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Figure 2.4 Contact angle 0 versus ac frequency at constant Urs for aqueous droplets with
different conductivities: 42 uS-cm (A), 91 puS-cm! (¢), 197 puS-cm (o) and 1850 uS-cm™ (m).
Contact angles in the absence of a voltage, and in presence of a dc voltage U = Ums are
shown as dashed and solid lines, respectively. Reprinted from [4] with permission from
IOP Science.

2.2.3 Contact angle saturation

In principle, according to Eq. 2.5, complete wetting should occur when cos@
equals unity. However it has never been observed experimentally. At relatively
low voltage, the applied voltage and the observed contact angle (c.a.) show a
parabolic relation (see Fig. 2.2), which is in agreement with Eq. 2.5. On the other
hand, at high voltage, the c.a. reaches a saturation value and eventually becomes
independent of the applied voltage (see Fig. 2.5a). The physical mechanism of c.a.
saturation is still a matter of debate. Several mechanisms explaining c.a.
saturation have been proposed: (i) Verheijen and Prins reported that it may be
induced by trapping of electric charges in the dielectric film.” Results presented
by Janocha support the possibility of charge penetration into the polymer
dielectric film.8 (ii) Quilliet and Berge ascribed the contact angle saturation seen in

ac EW to gas ionization in the vicinity of the sharp droplet edge, and in the dc case
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Electrowetting and droplet microfluidics

to charge trapping in the insulator. (iii) Papathanasiou et al. proposed locally
dielectric breakdown due to the diverging fields close to the three phase contact
line (TPL).>"! Fig. 2.5a presents a computed dependence of the c.a. on the applied
voltage (solid line) which is in agreement with experimental results (dotted line).
In Fig. 2.5b, there is a growing conductive region from the TPL with the increase
of applied voltage up to 80 V. Any further increase of voltage does not induce
increase of the maximum field strength at the TPL. Notice that this highest
strength is lower than 10 MV/cm which is SiOz breakdown strength.

Different effects dominate under different experimental conditions. Vallet et al.
found a particularly interesting effect that is called contact line instability.’? They
observed that at high voltage, an emission of small satellite droplets from the
edge of the mother droplet occurs rather than the droplet reaching complete
wetting. This observation was later reproduced by Mugele and Herminghaus for

mixtures of water and glycerol (see Fig. 2.5c).13

Yioaaai

Jon. o

‘@;\ it
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\
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® 5 ® o ® o ™
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U=49V U=64V U=70V U=80V mother

\ ! | drop
- L | o

Figure 2.5 (a) Contact angle Ov is a function of applied voltage for 1 um SiO2 as insulator

covered with thin Teflon layer. Dashed line: EW equation, Eq. 2.5; solid line: numerical
curve based on local dielectric breakdown; dots: experimental data. Symbols @~® are
selected points which are close to TPL. (b) The potential and the field strength distribution
for @~®, respectively. Reprinted from [11] with permission from the American Chemical
Society (ACS). (c) Contact line instability and ejection of satellite droplets at high voltage
(U =600V, f=300Hz). Image size: approx. 1x]1 mm?2. Reprinted from [13] with permission
from the American Institute of Physics (AIP).
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The qualitative explanation for contact line instability is that electric charges
generated at the contact line repel each other. At relative low voltage, surface
tension counteracts this electrostatic repulsion. Beyond a threshold voltage
however, the electrostatic repulsion becomes too strong and the droplets start to
emit small charged droplets, as in the classical Coulomb explosion in three
dimensions. Despite this convincing qualitative image, theoretical models that

describe this instability have not appeared in literature.

Differences in the saturation angles were also found for the same system, when
different voltage waveforms were used. So far there is no unique explanation for
contact angle saturation. It seems that diverging electric fields at the contact line
can induce several distinct effects. Which of these effects dominate, depends on

specific conditions. This is still a topic for further research.

2.2.4 Contact angle hysteresis
Contact angle hysteresis is generally defined as the deviation of the contact angle

from its theoretical value (Young's angle) due to physical phenomena like
microscopic surface defects and roughness. So-called dynamic hysteresis refers to
the advancing and receding contact angles during the motion of an interface.
Hysteresis is also observed in electrowetting. For many applications in EW based
microsystems, it is (at least a potential) obstacle in moving droplets accurately
and reproducibly. Thus it has been a key parameter in many studies to determine

aimed at reducing it as much as possible. 7 1416

Li and Mugele demonstrated that the contact angle hysteresis can significantly
decrease from 13° to 2° upon application of an ac voltage. However using a dc
voltage turned out to be futile (Fig. 2.6). Their model, based on a balance of
surface tension, pinning and electrostatic forces at the contact line, explains the
role of the electrostatic force on the behavior of advancing and receding angles.
Verheijen and Prins also reported a very low hysteresis (within 2°) on a similar
system consisting of an aqueous salt solution surrounded by air on a Teflon AF
1600 surface.” For a solid/liquid/liquid system, Paneru ef al. reported a very low
hysteresis, less than 2°, for both ac and dc.'¢ These experiments indicate that the
threshold voltage for droplet actuation can be reduced with the decrease of the

contact angle hysteresis.
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Figure 2.6 Contact angle hysteresis: advancing and receding contact lines for (a) ac voltage
at f=1 kHz and (b) dc voltage. The colored lines indicate 0, 20, 40, 60, and 80V from top to
bottom. Reprinted from [14] with permission from the American Institute of Physics (AIP).

2.2.5 Contact line motion
The droplet contact line motion based on EW in ambient oil has been studied by

several groups.'720 General speaking, the dynamics of droplet motion is
determined by the balance between the driving electrostatic forces and viscous
dissipation. The viscous dissipation consists of contributions from bulk and
contact line. A lubricated contact line can be obtained when a thin layer of the

ambient oil is entrapped between the droplet and substrate.

Staicu and Mugele demonstrated this phenomenon and explained the thickness

of this thin film of oil by the classical lubrication flow problems of Landau-Levich
and Bretherton.2021 The thickness can be expressed as h = (d+/R)¥3(Ca/n)?'?,

where R is the three dimensional radius of curvature of the droplet, and Ca is the
capillary number (uv/o; u: oil viscosity; v: contact line velocity). Eventually the
entrapped oil film became unstable due to the competing effects of the

electrostatic force and surface tension, and then broke up into droplets.

2.2.6 Digital microfluidics toolbox

Electrowetting provides a very suitable and attractive means to manipulate
droplets in microfluidic systems. The principal idea is that the application of a
voltage to a series of individually addressable adjacent electrodes (that can be
switched on or off) creates asymmetries in the contact angle, which in turn can be
used to manipulate droplets.? Replacing the wire electrode by a coplanar

embedded electrode, allows building microfluidic setups that operate without
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any use of pumps or valves. The second strength is that the droplets (with
volumes in the nanoliter range) can be independently controlled via a suitable
programming of electrode activation sequences. Also a wide variety of aqueous

solutions is compatible with EW.23-24

A typical DMF platform is shown in Fig. 2.7. Droplets are sandwiched between
two parallel plates. The bottom substrate contains the addressable electrode
array, and the top surface includes a single ground electrode in electrical contact
with the droplet. Generally, the electrodes consist of a (transparent) indium tin
oxide (ITO) layer on a glass substrate. At the bottom substrate, the electrode array
is covered with an insulating layer. Such insulators can be Teflon,? silicon dioxide
plus Teflon,? Parylene C” and SU8?% efc. Both top and bottom surfaces should be
hydrophobic to obtain to a large (Young's) contact angle. In addition, the
geometrical and chemical heterogeneities should be small to minimize contact
angle hysteresis. The distance between the top and bottom plates is fixed by a
spacer. Silicon oil or another immiscible liquid is filled in this gap as a
surrounding medium that can prevent droplet evaporation and also reduce
surface contamination. To achieve reliable droplet actuation, the droplet should
be large enough to cover parts of at least four adjacent electrodes at same time,
allowing two-dimensional movement. As a consequence, the minimum droplet

volume that can be manipulated is also determined by the scale of the electrodes.

# —— Ground electrode

T fuia droplet \ Hydrophobic layer
medium

Insulator

T T ii{ { T Addressable electrodes

Figure 2.7 A typical digital microfluidic platform. Ground electrode is on the top substrate.

By individually activating addressable electrodes that are buried in the bottom substrate,

the droplet can be actuated to move from one electrode position to the next.

The ground electrode and addressable electrodes can also be located on one
substrate (see Fig. 2.8). This so-called coplanar design has been developed by

several groups.®# In this case, the uncoated electrodes exposed at the surface
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provide electrical contact to the droplet, making the top plate unnecessary. In
practice, a top plate is still used to confine the liquid medium and the droplets.
Also, the top plate can be designed for specific chemistry or structures

appropriate for different applications.

Scanning droplet

Figure 2.8 Coplanar actuation array for droplet scanning: top view (left) and side view

+V

Section A-A’

(right). Reprinted from [34] with permission from Springer.

With such EW-based digital microfluidics setups, four different droplet
operations can be realized. Droplet transportation is the most basic operation. A
detailed review about droplet transport mechanisms using EW was reported by
Mugele and Baret.? Successive activation of one electrode to the next will actuate
the droplet transportation along the direction of the activated electrodes. Droplet
formation is also an elementary operation of the platform. Small volumes of liquid
are extracted from a reservoir by activating a series of adjacent electrodes. When
the formed liquid finger overlaps the electrode on which the droplet is to be
formed, all the remaining electrodes are switched off in order to form a neck in
the column. The electrode underneath the reservoir is then activated to pull the
liquid back, causing the neck to be broken, thus forming a droplet (see Fig. 2.9).
The size of the droplet depends on the electric field strength, frequency of the
applied field as well as the dimension of the channel opening. For instance,

smaller droplets are generated at higher frequencies.

Droplet splitting is based on a similar strategy. As shown in Fig. 2.10a (A-C),
splitting occurs when the electrodes near the opposite ends of a droplet are
activated, and the central one is grounded. The activated regions will pull the
droplet towards its respective ends, causing the droplet to pinch off and divide in
the middle. Droplet merging (i.e. coalescence) is achieved by using three electrodes

(Fig. 2.10a (D-F)). Two droplets are individually settled on two separated
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electrodes. In between there is a third electrode. Activating the central electrode
and deactivating its two neighbor electrodes will push the droplets together. With
successive splitting and merging operations, a variety of mixing and dilution

strategies can be implemented.

Figure 2.9 Droplet formation from an on-chip reservoir based on electrowetting forces.

Reprinted from [35] with permission from the Royal Society of Chemistry (RSC).

Droplet mixing in such platform can be achieved by repetitive movement of the
droplet on a rectangular path. The minimum mixing time for two 1.3 uL droplets
is less than 3 s using two-dimensional arrays.* Paik et al. demonstrated that a
fluorescein containing droplet could be merged with a water droplet and
subsequently homogenized by transporting it back and forth over programmed
adjacent electrodes. (Fig. 2.10b)

(a) ga

Figure 2.10 (a) Droplet splitting (A-C) and merging (D-F). (b) Mixing at 8 Hz of a coalesced
droplet in a two electrode linear array. Reprinted from [27, 37] with permission from the
Royal Society of Chemistry (RSC).
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Realizable fluidic operations such as transportation, formation, splitting, merging
and mixing have been described above. A detailed review about these basic
operations and the related system integration issues was recently published by
Fair®* and Wheeler®. For a typical droplet volume in the microliter range, droplet
motion sets in above a certain threshold voltage (typically a few tens of volts).
Above that threshold, the droplet speed increases rapidly with the applied
voltage, reaching values of several cms. The detailed numbers depend strongly
on the insulator thickness, the quality of the surfaces and surrounding medium.
Recent work aims at reducing working voltage to approximately 20 V or less,

which would simplify practical applications for biotechnological applications.

2.2.7 Applications of digital microfluidics

The applications of EW-based microfluidic operations have continued to develop
in the past decade, and are quite close to commercial products.?>3- One of the
first applications was reported by Srinivasan et al. that is a colorimetric enzymatic
glucose assay for clinical diagnostics (point-of-care) applications.®> The authors
illustrated the feasibility of performing bioassays on physiological fluids such as
whole blood, serum, plasma and urine. The concentrations of glucoses were
determined with comparable results to standard methods. The chip layout is
shown in Fig. 2.11. It features high levels of integration and automation based on
EW-actuated droplet manipulation: formation, transportation, splitting and

mixing.

Figure 2.11 Implementation of a colorimetric glucose assay in an electrowetting-based
lab-on-a-chip. Four reservoirs with injection parts are connected to an electrode circuitry,
where the droplets are formed, split, mixed and transported to detection sites for readout.

Reprinted from [35] with permission from Royal Society of Chemistry (RSC).
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When small-volume samples are used in biochemical analysis, it is often required
to isolate components that can be further processed by amplification, modified, or
extracted for identification. Cho et al. demonstrated a microfluidic platform based
on the integration of electrophoresis and EW to perform particles separation.*
The separation procedure has three steps. First, isolation of each type of particle
occurs within the droplet by applying a low-level electric field (around 3.3
V/mm). The second step is to split the droplet into two daughter droplets. The
particles of each charge polarity are more concentrated in one daughter than the
other. This step corresponds to the extraction of separated entities. The final step

involves transporting the droplets for subsequent processing on chip (Fig. 2.12).

Electrophoresis electrodes Positively charged
EWOD ground electrodes Vepir
T [ Srnla
R SO
det -
EWOD driving electrodes Negatively charged
(a) Mied particies (b) Separate particles by
in a droplet electrophoresis

\—'A .l_l.lJ..._l [Ep—— ;_“_.|
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IS I
(¢} Cur droplet by (d) Transport droplet by
EWOD EwWoOD

Figure 2.12 Particles separation in a droplet based on electrowetting. Reprinted from [46]

with permission from IEEE.

Also the functionality of automated sample preparation of peptides and proteins
for matrix-assisted laser desorption-ionization mass spectrometry (MALDI-MS)
was demonstrated in an EW-based DMF.# In that work, standard MALDI-MS
reagents, analytes, concentrations, and recipes were shown to be compatible with
EW technology, and mass spectra comparable to those collected by conventional
methods were obtained. Also a PCR assay has been realized on the platform by
temperature cycling of a droplet at rest.# Additional information about the EW-

based DMF platform can be found in comprehensive reviews.3* 3
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2.3 Droplets in Two-Phase Flow Microfluidics

In the previous section, we introduced EW and EW-based DMF. In such systems,
the droplets are manipulated individually as digital entities on a planar surface.
However it is not the only way to manipulate droplets. In so-called TPF systems,
discrete droplets are formed and transported by an immiscible continuous flow.
This type of microfluidic system has seen a rapid development in the past decade,
and now finds various applications in chemistry and biology.*5* DMF and
droplet-based TPF are complementary. Generally speaking, DMF is well adapted
to biodiagnostics and biorecognition. Usually this involves very small volumes of
processed liquid and sophisticated operations (merging, splitting, mixing and
holding) which require a lot of control. On the other hand, TPF is well suited to
the treatment of small droplets at high throughput in continuous processes, like

production and sorting.

In the current section, we focus on droplet-based TPF. First, we introduce the
main physical parameters which can determine the flow of droplets and explain
the observed behavior. Then we discuss two practical aspects in detail: (i) Droplet
formation, in which the size, shape and monodispersity of the droplets is
controlled using the channel geometries and flow rates. (ii) Droplet merging,
including passive approaches that use the channel geometry, and active merging
approaches that use electrocoalescence. Furthermore, progress in the field of

micro-fabrication of the needed devices will be discussed.

2.3.1 Physical parameters

In fluid engineering, the behavior of liquids is often described in terms of
dimensionless numbers which compare the importance of different physical
properties. The Bond number Bo = Apgl?/o, with Ap the difference in mass
density between the two fluids, g the gravity acceleration, L a characteristic length
scale, and o the interfacial tension®, compares gravitational and surface forces. In
microfluidics applications generally Bo << 1, which means that gravity effects can
be ignored. The Reynolds number Re = pvL/u, where p is the mass density, p the
dynamic viscosity and v the mean velocity of the fluid, compares inertial forces
and viscous forces. Generally, in microfluidics Re < 1.5 The third quantity is the

Weber number, which compares inertial forces to surface forces: We = p12L/o. Also
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We < 1 in most applications at the microscale. From the definitions and typical
magnitudes of Re and We, it follows that inertia generally becomes unimportant
when the flow geometry is downscaled to dimensions in the micron range.”
Therefore the dominant forces at the microscale are interfacial forces and viscous
forces. We remark here that there are also specific scenarios in which inertial
effects do play a significant role, for instance, the case for flows at very high

speed, or the moment of droplet breakup.

The relative strength of these interfacial and viscous forces is represented by the
(dimensionless) capillary number Ca, expressed by Eq. 2.6. Here u is generally the
viscosity of the most viscous fluid in the two-phase system, v is the velocity of
that phase, and o is the interfacial tension as before. Inherently, the interfacial
tension tends to reduce the interfacial area, which is crucial in the formation of
droplets and also for their subsequent stability. In many flow situations, viscous
forces act to extend and stretch the interface.”® At low Ca (< 1) the interfacial
tension dominates, and spherical droplets are found. In contrast, at high Ca (>>1)
the viscous forces play an important role, leading to deformation of the droplets
and sometimes to asymmetric shapes. In some cases of high Ca, a completely
different flow architecture, named stratified flow, can occur.®® This is beyond

the scope of this chapter.

ca=*Y (2.6)
o

2.3.2 Droplet formation

Droplet formation can be considered as the first step in the microfluidic life cycle.
Many different techniques have been developed to obtain fine control over the
size (distributions) and shape of droplets.®! Those techniques for producing
droplets can be either passive or active. Most of them are passive, and produce a
uniform, evenly spaced continuous stream.®> Simply said, the flow field plays a
role in the deformation of the interface and promoting the growth of interfacial
instabilities. Besides a continuous mechanical pressure, no external actuation or
moving parts are needed. Generally the polydispersity of droplets, described as
the standard deviation of the size distribution divided by the mean droplet size,

can be kept as small as 1-3%.
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The two most common strategies are the use of T-junction and flow focusing
geometries. In general, the fluid phase to be dispersed is brought into a
microchannel by a pressure-driven flow, while the flow of the second immiscible
carrier liquid is driven independently. These two phases meet at a junction,
where the local flow field, determined by the geometry of the junction and the
flow rates of the two fluids, deforms the interface. Eventually droplets pinch off
from the dispersed phase finger by a free surface instability. The pinch-off of
droplets can be characterized by the competition between viscous shear stresses
acting to deform the liquid interface and capillary pressure acting to resist the
deformation, which is expressed by Ca. This number ranges between 10 and 10!

in most microfluidic droplet formation devices.

T-junction devices

In a typical THunction configuration, as depicted in Fig. 2.13, the two phases flow
through orthogonal channels and form droplets where they meet. This type of
geometry was first demonstrated in 2001 by Thorsen et al.,** who produced
monodisperse droplets with pressure controlled laminar flow in microchannels.
Since then many studies were performed using T-junction geometries, to achieve
a better understanding of the physical mechanism and physical parameters,®7° as
well as to develop various applications.””” The size of the droplets depends on
the flow rates of the two liquids,®® the dimensions of the channels,* the relative

viscosity between the two phases,” and surfactants and their concentrations.”

Three main regimes can be distinguished for drop formation as the parameters
are varied: dripping, squeezing and parallel flowing stream. In the dripping
regime, droplet breakup occurs when the viscous shear stress overcomes the
interfacial tension, analogous to the breakup of spherical droplets. If the capillary
number is chosen large enough, the droplets are emitted before they can block the
channel. The squeezing regime was described by Garstecki ef al..®* In this regime,
the capillary number is low, leading to the formation of droplets that obstruct the
channel and hence restrict the continuous phase. The dramatic increase of
dynamic pressure in the upstream then induces pinch-off of droplets. One
theoretical study about the transition from squeezing to dripping based on the

influence of Ca and viscosity ratio was reported by Menech et al..
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Figure 2.13 Illustration of droplet formation in a T-junction. The dispersed phase and

continuous phase meet in a T-shaped junction perpendicularly.

A slightly different geometry having similar features as the above explained T
junction geometry is the so-called head-on device (see Fig. 2.14a). Shui et al.
demonstrated droplet formation in such a device, where two liquids come from
opposite directions of two straight channels and form droplets upon meeting.”
8182 A Y-shaped junction has also been studied by Steegmans et al.®7 As
illustrated in Fig. 2.14b, a droplet can be formed in the dripping regime in such a
Y junction geometry. These authors studied the droplet formation mechanism
and derived a general model predicting the droplet size. They also demonstrated
that such a flat Y-junction can be used as a microfluidic tensiometer, i.e. a device

that can measure dynamic interfacial tensions.

(a) _ (b)

— 100um — 10pm

Figure 2.14 (a) Head-on device, time sequence of droplet formation in the regime of
squeezing. Reprinted from [82] with permission from University of Twente. (b) Y-shaped
junction, time sequence of droplet formation in the dripping regime. Reprinted from [72]

with permission from the American Chemical Society (ACS).

For certain applications, a single T-junction is clearly not enough. To perform
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chemical reactions or to produce droplets of alternating composition, more
sophisticated designs have been realized: for example the use of double
T-junctions to produce droplet pairs.®*% One of examples is shown in Fig. 2.15.%
The authors of this paper demonstrated a perfect “one-to-one” droplet pair
formation (self- synchronization) with the use of additional connections in the

upstream and downstream channels.

/ Water |
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/ Water 2

Alternating droplet generation Fusion Mixing/Reaction

Figure 2.15 Schematic diagram of a microfluidic chip with various passive droplet
manipulation capabilities. The system includes a droplet-pair generator (double
T-junction), a Y-junction for droplet fusion and a winding channel for further mixing.

Reprinted from [86] with permission from the Royal Society of Chemistry (RSC).

For the mass production of emulsion droplets using microfluidic devices, large
scale integration of droplet generators is a necessity. For the case of T-junctions,
this has been explored for up to 256 junctions in parallel.”¢”7 The highest
throughput was reported as 320 mL-h' in a 4 cm x 4 cm chip with 256 droplet
formation units. Further developments along this line would be needed to
achieve production at industrial scales, but the perspectives are already there.
One of the challenges that may have to be faced is to minimize detrimental
cross-talk between the different droplet injectors. This could occur for example if
the transient pressure variation associated with the creation of a droplet would be
transmitted to other droplet injectors and interfere with the droplet formation

there.

Flow focusing devices
The flow focusing (FF) geometry was first proposed by Anna et al.8” and Dreyfus
et al. 8. As demonstrated in Fig. 2.16, it consists of three inlet channels converging

into a main channel via a narrow orifice. The dispersed phase, contained in the
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middle channel, is squeezed by continuous phase flows from two opposing side
channels. Both phases pass through the small orifice that is located downstream
of the three channels. Finally, the stream of the dispersed phase becomes narrow
and breaks into droplets. The droplet size is determined by the flow rates of the
two phases and by the flow rate ratio,®** in addition to the channel geometries®!

and the viscosities of the two phases.-%

- -
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Figure 2.16 Illustration of droplet formation in flow focusing device (FFD). The widths of
the inlets of dispersed phase and continuous phase, as well as the orifice are indicated as
Wi, We and Wa. The length of orifice is indicated as Lo.

This multitude of influential parameters in principle offers a lot of control over
drop formation, but it is also true that in the absence of quantitatively predicting
models, each new combination of geometry, speeds and viscosities may need to
be explored and tuned, in order to let the chip meet the demands (i.e. criteria for
droplet size and formation rate). Many variations of the basic FFD geometry have
recently been developed to improve the control over the size and size distribution
of the droplets.®*% Also so-called axisymmetric flow focusing designs have been
presented (Fig. 2.17). They allow the formation of monodisperse droplets with
reduced size as compared to planar FFDs.** In these geometries, the dispersed
phase is confined in the central axis of the microchannel, and pinches off by a
combination of shear stresses and wetting upon contact with the inner surfaces of

the channel.

Four different droplet breakup regimes have been identified in a planar FFD:
squeezing, dripping, jetting and thread formation (tip-streaming), shown in Fig.
2.18. As mentioned, there are no general scaling laws that can predict the
transitions between these regimes, and the same applies for the size and

generation frequency of droplets. This is due to the large number of variables.
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Recently, Funfschilling et al. concluded from velocity field measurements that the
squeezing phenomenon is governed by the build-up of a pressure difference as a
response to the partial and temporal blocking of the orifice by the advancing
finger.”” This mechanism is quite similar to the one that operates in a T-junction.
Lee et al. stated that the squeezing and dripping regimes depend solely on the
upstream geometry and the related flow field while the thread formation mode
depends solely on the downstream channel and its associated flow field.*! It is
clear that unraveling the mechanism of droplet break-up in FFDs still needs

further investigation.

(b) i " Glass eap —

Ih-r-u

Figure 2.17 Axisymmetric flow focusing design: (a) Planar view; (b) SEM image of the
circular orifice; (c) Water droplets formation at increasing oil flow rates and fixed water

flow rate. Reprinted from [96] with permission from Royal Society of Chemistry (RSC).

To increase the flexibility of FFDs, also additional (active) elements have been
incorporated into devices. Electrical means have been applied to obtain more
control over droplet formation in FFDs.%-101 Using such electric control, the size
range in which droplets can be produced could be extended, and the generation
frequency could be raised to very high values. Gu ef al. integrated electrowetting
into FFDs and demonstrated three different droplet break-up regimes: dripping,
tip-streaming and conical spray.®-1® The conical spray was found at high W/O
flow rate ratios and electrowetting numbers 1 > 1 (which were reached at voltages
of O(50 V)). This represents a specific regime of electrowetting. Similar droplet
spray patterns were observed by Kim et al.% and He et al.'® who integrated an
electrospray functionality into FFDs. In such devices, shown in Fig. 2.19a, the

droplet size can also be diminished by increasing the voltage. Yet for the
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formation of very fine droplets, one needs to be in the Taylor cone regime, which

requires voltages above = 1500V.

Figure 2.18 Different droplet breakup processes: (a) Squeezing, (b) Tip-streaming, (c)

EAPE T S

Dripping, and (d) Jetting. Reprinted from [91] with permission from the American Institute
of Physics (AIP).

Also membrane valves have been introduced into FFDs to vary the width of the
orifice.1?1%5 Abate et al. demonstrated that the droplet size and formation
frequency in the dripping regime can be controlled by such an adaptable orifice
(Fig. 2.19b).105 Other approaches based on (local) adjustment of the temperature

have been reported: here use is made of the temperature dependence of the

viscosity and interfacial tension.106-10%8 This method allowed to control the droplet

b\, [
—

size and generation frequency independently.
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Figure 2.19 (a) Droplet formation in FFD using electrospray; (b) Droplet size control under

actuation of the width of orifice. Reprinted from [101, 105] with permission from the
American Institute of Physics (AIP).

To increase the droplet production rate, multiple FFDs could be used in parallel
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in either linear'®0 or circular circuits’®. Li ef al. demonstrated a quadruple
droplet generator with a weak parametric coupling between the different parallel
FFDs. By choosing different geometries for the individual FFDs, these authors
were able to simultaneously produce several populations of droplets with distinct
sizes, where each of the populations had a narrow size distribution (Fig. 2.20).
Also Hashimoto et al.1" studied the dynamic mechanism of droplet formation in

parallel FFDs. They found a weak hydrodynamic coupling as well.
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Figure 2.20 Illustration of quadruple droplet generator: (a) Same dimensions of the orifices
from FFD-1 to FFD-4; (b) FFDs with different widths of the orifices. Reprinted from [109]
with permission from Royal Society of Chemistry (RSC).

Droplet-on-demand

In a large majority of the existing continuous flow devices, droplets are produced
incessantly; the flow can be switched on and off by mechanical or electrical
means, and the conditions of droplet generation can be modified, but the droplets
will always appear in trains. In cases where this scenario is undesirable, and
droplets need to become available one-by-one upon request, DMF applications
may come to mind first. However, also continuous flow systems can be adapted
to deliver droplets on demand. Surprisingly, this possibility has hardly been
explored, in spite of its potential for use in high throughput screening (HTS) in
microtiter technology or in the programmed coalescence of droplets after
synchronized formation of droplet pairs. Especially the combination of on
demand formation of droplets and a subsequent processing at high speed makes

it interesting.
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One of the possibilities for on-demand droplet formation is the use of integrated
microvalves.""'113 For instance, Zeng et al. incorporated a pneumatic microvalve
fabricated in polydimethylosiloxane (PDMS) into microfluidic devices (Fig. 2.21a).
By intermittently switching the valve on/off, individual droplets can be produced
on-demand.' Also piezoelectric actuators have been used for on-demand droplet
formation."*1%5 In such systems the droplet size and frequency can be set with
high accuracy through conversion of voltage supplied to the piezoelectric
actuator into a mechanical displacement. Churski et al. reported a droplet-on-
demand system that used external electromagnetic valves interconnected with the
chip for scanning of reaction conditions.!¢ Alternatively, also electric fields can be
used to produce droplets on-demand. Malloggi et al.1'118 used electrowetting as
an active control mechanism to increase the wettability of the channel wall at the
location of droplet formation. Combining pressure control over the two phases
and electrical control over wetting, the size and/or generation rate of their

droplets could be tuned within a certain range (Fig. 2.21b).
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Figure 2.21 (a) On-demand formation of arrays of droplets with distinct composition by
sequentially switching on/off microvalves. Reprinted from [113] with permission from
Royal Society of Chemistry (RSC); (b) Phase diagram identifying electro- wetting induced
droplet formation. Hatched area: EW tuning window for on-demand droplet formation.

Reprinted from [117] with permission from IOP publishing.

2.3.3 Droplet merging
Droplets can be used as independent microreactors for a number of chemical and

biological applications, e.g. chemical synthesis, kinetics studies, screening of
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biological contents and biomedical diagnostics. Merging droplets is an essential
approach to perform reactions within droplets. In practice, the prerequisites for
merging are that the droplets (i) touch each other and (ii) overcome the stabilizing
forces caused by surface tension and lubrication. Several designs have been used
to bring droplets together.1%1?” To subsequently overcome the stabilizing forces,
both the viscosity ratio of two-phase fluids,” and the presence of surfactant at the

interface!28-130 have to be considered.

Surfactants are used to stabilize droplets in two-phase flow against coalescence.
These molecules generally consist of a compact polar head and a long-chain
hydrophobic tail. Surfactants reduce the interfacial tension between two liquids
by adsorbing at the liquid-liquid interface where they often align perpendicular
to the surface. Stabilization of droplets can be realized in different ways: (i) via
repulsion between the interfaces due to electrostatic and/or steric effects; (ii) by
slowing down the hydrodynamic flow along the interface via Marangoni effects

or via enhanced surface viscosity.131-132

Basically, there are two main approaches, namely passive merging and active
merging, to coalesce droplets. In the case of passive merging, droplets are
normally not stabilized by surfactant. Then coalescence occurs spontaneously
when the droplets meet; the occurrence of which can be organized with a suitably
shaped channel geometry.'?® For droplets that are stabilized by surfactants, active
merging is required. For this purpose, thermocapillary effect!% 13> or electro-

coalescence!34+13 can be used.

Passive merging

In passive droplet merging, the design of the channel geometry is a key to achieve
proper merging, since droplet synchronization is required and active means to
compensate for any synchronization errors are missing. In principle merging can
occur simply at a channel junction, if the generation and transport of each pair of
droplets is such that both drops arrive there at the same time. However in
practice this can be difficult to achieve, and therefore special designs of

geometries are often used.

A widely used geometry for droplet merging consists of a widening channel
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follow by a narrower channel (Fig. 2.22).119122 In this geometry the droplet velocity
decreases in the widening channel because of drainage of the continuous phase,
after which it increases again upon entry in the narrow channel. Due to this
changing flow field, two subsequent droplets are allowed to come close together
and let the liquid that separates them drain away. Bremond et al. observed that
the merging does not occur during the first encounter when two droplets enter
the extended channel, but rather during the separation stage of two droplets
when the first droplet begins to enter the narrow channel (Fig. 2.22c).12 The
separation induces the formation of two facing protrusions (Fig. 2.22d) which
then bring the two interfaces close enough until they merge. Later Lai et al.
reported a theoretical study based on this observation.!* The created protrusions
lead to a rapid increase of the surface area locally, and thus to destabilize the
interface at certain locations. The conditions under which droplet merging occurs,
can be predicted on the basis of their model. Alternatively in other channel
geometries, droplets are merged by slowing down or stopping the leading
droplet at a simple geometrical constriction,?” or in a channel with an array of

pillar elements.123-124
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Figure 2.22 Passive droplet merging based on channel geometries. (a) and (b) give two

examples to perform merging of two or more droplets. Reprinted from [120-121] with
permission from Springer. (c) and (d) demonstrate last moment of droplet merging, called
decompression merging. Reprinted from [122] with permission from the American

Physical Society (APS). Note: the arrows indicate the traveling direction of the droplets.

It should be noted that typically no surfactant is used in these passive merging

experiments. However, the absence of surfactant has its drawbacks: unintended
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merging events can occur, and also the possibilities for further manipulation of
the droplets after the merging can be limited. By exception, also a case of passive
merging of surfactant-covered droplets has been reported. Mazutis et al.
demonstrated a channel design for merging bidispersed droplets which were
formed in the presence of surfactant and which had significant asymmetry in
droplet size.'?? However undesired coalescence still occurred often. In many cases
it is therefore preferred to use surfactant stabilized droplets, and achieve merging

with the help of external forces.

Active merging

To achieve active and selective droplet merging, the most widely utilized method
is to apply an electric field at the location where two droplets meet. Link et al.
reported that droplets can be merged by applying voltages with opposite sign
across the two droplets during their formation.'? Chabert et al. performed
merging of individual droplet pairs using electrocoalescence (EC).! The
mechanistic aspects of EC are not yet fully understood, and are still under
debate.134138142-143 A complete description of EC is beyond the scope of this
chapter. Fig. 2.23 depicts a general schematic of one pair of droplets in an electric
field. Two droplets approach to each other and deform from a sphere to prolate
spheroid induced by electrical (Maxwell) stress oc. This stress will balance with
interface tension and viscous stresses.'#* In the case of Newtonian fluid behavior,
neglected gravitational influences and low Reynolds numbers (Re < 1, reasonable

in microfluidics), we can obtain:
VU -VP=V.T 2.7)

Where the viscosity u, the velocity U, pressure P and stress fields T in each
Newtonian fluid phase of a two-phase system. The velocity is continuous across
the interface, thus the total stress difference (electric plus viscous) between inside

& outside the droplet is balanced by the interfacial tension:
nT=nT"+n-TE:=0onV-n (2.8)

Where 7 is the unit normal vector at the interface, ¢ is the interfacial tension,

V. - Nis the mean curvature of the interface, Tt is the Maxwell stress tensor
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(proportional to the square of the applied electric field) and TV is the tensor of

viscous forces.144

(a) (b)

Figure 2.23 Schematic of two approaching liquid droplets in an electric field. (a) Droplets
deformed from a sphere to a prolate spheroid induced by electrical stress; (b) The zoom-in
edge of two droplets with opposite charges. The black arrows indicate the electric field.

The green arrows indicate the squeezing of ambient oil.

Priest et al. argued that EC can cause an electric-field-induced dynamic instability
of the oil/water interface, subsequently leading to the formation of a liquid bridge
and coalescence (Fig. 2.24a).!** Thiam et al. demonstrated the merging of
separated droplet pairs and also explained their observations in terms of a
competition between electrical stress and restoring capillary pressure. Also the
importance of the separation distance between the two droplets in the electric
field was highlighted (Fig. 2.24b).13 Qualitatively speaking, it is clear that the
electric field near the surface of droplets can be amplified by dipole-dipole
interactions between the droplets, and hence become stronger as droplets
approach each other more closely. It is conceivable that this will lead to
destabilization of the surfaces.¥5 Furthermore, also the surfactant molecules can
be involved. In the case of surfactants with dipolar head-groups, a redistribution
or re-alignment along the electric field lines can take place. Also this can

destabilize the interface and lead to coalescence.!46

One of the first applications of EC in two-phase flow microfluidics was presented
by Tan et al.'” Two droplets containing biological molecules were brought into an
expanded channel and merged there due to an electric field generated by an

embedded electrode. Later, several variations based on this geometry were
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adopted to implement EC in microfluidic chips.102138141 For each of these EC-based

systems, droplet synchronization and precise electrode alignment are required.

@ " 388888
OO OO OO
OO0 OO0 O
00 16O O
OO0 OO0 SO
o o ([olell =
o0 [ OO0 I
OO0 [ CO &
OO0 | OO0 [ &——
O OO0 ||
oo (fle | ——

Figure 2.24 (a) Targeted EC of droplet pairs (electrodes are visible as shown black
rectangles). Reprinted from [134] with permission from the American Institute of Physics
(AIP). (b) Time sequences showing three different regimes: stable, partial merging and

coalescence. The initial separation of two droplets is a key parameter. Reprinted from [138]
with permission from the American Physical Society (APS).

To overcome these limitations, Zagnoni et al. designed an electrode pattern,
where a single droplet is held until the second one arrives (Fig. 2.25a).1% After
coalescence, the merged droplet is automatically released due to an increased
hydrodynamic force (now exceeding the electrostatic holding force). As
illustrated in Fig. 2.25b, Niu et al. depicted an alternative method,'® by combining
a passive merging approach (a pillar array in the channel) with an active merging
approach (built-in electrodes). In this scheme, the pillar array slows down and

traps the droplet during the drainage of the oil phase. EC then occurs when
droplets have reached close proximity.

Also double T-junction geometry with embedded electrodes has been reported in
the context of active merging. In the system of Wang et al., two series of droplets
can be produced and merged at same time.'¥” Yet another method for the active

merging of droplets is dielectrophoresis (DEP). A drawback of this method is that
it requires rather high voltages, up to several kV.148-150

Finally, also thermocapillary effects can be cited as a mechanism to perform active

merging of droplets.10 133 151-15 Heating two adjacent droplets with a focused laser
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beam was reported to cause convective motions in the droplets, as well as
depletion of surfactant molecules from the interface. Also this turned out to be

effective for droplet merging.

DEETICWNC © T

(a) electrode electrode
Figure 2.25 (a) droplet merging on squared-patterned electrodes. Reprinted from [136]
with permission from Royal Society of Chemistry (RSC). (b) Droplet are stopped by pillar
array and merged by EC. Reprinted from [139] with permission from American Chemical
Society (ACS).

2.3.4 Microchannel fabrication

Microfabrication methods, which include film deposition, photolithography,
isotropic or anisotropic etching steps and anionic bonding of a microchip, were
first achieved with silicon (Si).!5® Thereafter, glass was used as a substrate while
relying on similar fabrication procedures.' Nowadays, the most commonly used
microfluidic chips are made of polymers, in particular polydimethylsiloxane
(PDMS) due to its low expense and rapid prototyping.'®® The procedure for
fabricating such microchips is based on soft lithography, involving photo-
lithography steps for producing a mold, followed by casting of PDMS replicas
from this mold, then bonding the PDMS slab to a glass slide to seal the micro-
channels.’®1% Whereas initially, molds were made from Si, later the “negative
photoresist” SU-8 became more popular due to simplicity of production. SU-8 in
fact stands for a series of commercial resists, each having a different viscosity.
This allows to achieve a wide range of construction heights, from a few microns

to several hundred microns in one step (more details in ref.157).

In the case of droplet formation in a microchip, controlling the wetting properties

of the channel walls is essential. For instance, producing water droplets in oil
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phase requires hydrophobic channels, whereas producing oil droplets in water
phase needs hydrophilic channels. Some strategies can be used to alter the
wettability of the channel walls with regard to the required droplet formation. For
glass or Si-based microchips, treatments such as silanization and siliconization,
can be implemented to modify the hydrophilic surface into hydrophobic.8? 15815
Oxygen plasma treatment can alter the naturally hydrophobic PDMS surface into
hydrophilic temporarily.'® If this is not sufficient to achieve the desired wetting
properties, a permanent surface modification, such as acrylic acid polymer
grafting'®® or sol-gel coating'®!, can be used to make PDMS surface hydrophilic.
Another motivation for surface modification of PDMS lies in its poor chemical
compatibility, causing swelling and deformation in the presence of strong organic
solvents. The polymer grafting, such as acrylic acid and poly(ethylene glycol)

(PEG), are widely used to counteract this effect.160.162

Achieving a reliable surface modification of PDMS is still a challenging task. An
interesting alternative class of polymers is fluoropolymer, which exhibit excellent
chemical compatibility, in addition to similar properties of PDMS (transparency,
flexibility and conformability).!¢>-1¢+ However, the bonding of fluoropolymer and
substrate is quite weak, which limits applications under high working pressures.

Also this kind of devices cannot be used at high temperature.'s5

Another issue of PDMS is its low elastic modulus, which limits the production of
microchannels with low aspect ratio or very small dimensions. Currently there is
much attention on developing a rapid prototyping technique using ultraviolet
(UV) curable polymers.100166-171 Bartolo ef al. demonstrated the fabrication process
based on the UV curable material of Norland Optical Adhesive (NOA). In general
there are two steps: (i) producing a PDMS mold from a SU8 master. (ii) making a
thiolene based NOA replica from the PDMS mold via soft imprint lithography.
Such NOA-based microchips exhibit greater chemical compatibility and higher
elastic modulus than PDMS. Thus NOA-based microchips can be used in various
organic solvent environments. It is possible to fabricate the channel with sub-

micron structure or low aspect ratio.

Hot embossing technique is an alternative soft lithographic method for fabri-

cation of microchips using thermoplastic polymers. The number of available ther-
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moplastic materials has strongly increased in the last few years.72175 Tsao et al.
reviewed the bonding of thermoplastic polymer to substrates.!”s Moreover, This

class of polymers is suitable for device fabrication on a large scale.

2.4 Conclusions

DMF using EW has shown a strong development in the past decade. It is now
recognized as one of the most flexible and reliable methods to modulate surface
tension and hence manipulate liquid droplets, in spite of some limitations like
contact angle saturation and hysteresis. TPF with droplets has seen considerable
progress in the past decade. The formation and merging of droplets, being the
two key steps of many operations, have been optimized for a large variety of
applications, ranging from emulsification at controlled droplet size to the use of
droplets as microreactors. Besides purely hydrodynamic manipulation also
electric signals transmitted via microelectrodes are increasingly used to enhance
control. With the latter, the formation and merging of droplets can be achieved

on-demand and with high precision.
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Chapter 3

Electrowetting — A Versatile Tool for Controlling
Droplet Generation in Microfluidic Channels’

Abstract

Integrating insulator-covered electrodes into a microfluidic flow focusing device,
we demonstrate enhanced flexibility and control of the flow of two immiscible
liquids based on electrowetting. In the parameter space, determined by the liquid
inlet pressures, we identify a specific region where droplets can only be generated
and addressed via electrowetting. In this regime we show that the size
distribution and the frequency of droplet generation can be controlled by the
applied voltage and the width of voltage pulses. Moreover it turns out that with
electrowetting the droplet size and the frequency can be tuned independently.
Finally we show that the same droplet generation phenomena can also be

observed in the presence of surfactants.

° .—l-....

0il Water
electrode

* This chapter has been published in Eur. Phys. J. E 2008, 26, 91-96
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3.1 Introduction

The growing trend towards miniaturization of experimental systems and the
development of advanced functional materials have facilitated the expansion of
droplet-based applications. Droplets of one fluid in a second immiscible fluid also
known as emulsions, foams or aerosols are increasingly investigated in
microfluidics.! The generation of a droplet is the result of two competing
phenomena: viscous forces stretch the fluid along the flow and capillary forces try
to minimize the total interface between the two phases. Aqueous droplets are
commonly generated in a continuous oil phase in a microchannel format by using
T-junction configurations? or with flow focusing geometries®4, where the droplet
size is comparable to the channel diameter and can be tuned by varying the shear
rates of the oil phase relative to the aqueous phase.® This process is nicely
reproducible and high monodispersity is reached.® Each droplet represents an
independent nanoliter volume. The resulting droplets are being used as
microreactors’ in chemical kinetics,® chemical and biological analysis,®!° material
synthesis!!' and protein crystallization'®. Due to the small quantity of reagent
involved in such processes there is a particular interest when the droplet size and
the size distribution can be prescribed on a micro- or nano- scale (nanoliter and
less). Despite the significant advances made in the past few years, major
challenges remain in the development of microchannel droplet control,’* such as
flexibility of the generation rate (droplet-on-demand or continuous formation),
independent control of the droplet size and the droplet generation frequency.
Whereas droplet generation is currently controlled by tuning the input flow rates,
this affects simultaneously the frequency, size and speed of the droplets. One way
to avoid that is to use an electrostatic actuation with integrated electrodes. The
gain in control should increase but the danger is that such devices become too

sophisticated and lose flexibility and versatility.

In this study we adopt a simple approach combining two existent technologies to
create a soft microfluidic platform. We achieve this integration by incorporating
an EW system into a flow focusing device (FFD). This novel combination offers
high throughput capability (as has been demonstrated in pressure-driven FFD)

and exquisite control over the individual droplet's'” and surface wettability'$1? by
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EW. Here, we identify experimentally the range of voltages and driving pressures
that yield EW-induced droplet generation. We measure the size distribution and
the frequency of droplet formation under EW. In the absence of surfactant
droplets are thermodynamically metastable and coalesce when they come into
contact. Typically, a surfactant is essential to stabilize the droplets against coa-
lescence. At the same time surfactant affects the wetting properties of the fluid
which might compromise the efficiency of EW. Hence we test EW-induced
droplet generation control in the presence of two different surfactants, one
soluble in oil and one in water by repeating the same set of experiments

performed with plain water.

This chapter is organized as follows. In Section 3.2 we introduce the experimental
set-up (Sect. 3.2.2) and the phase diagram of EW-induced droplet generation (Sect.
3.2.3). In Section 3.3, we study the size distribution and the frequency of droplet
generation as a function of both applied voltage and the width of voltage pulses.
Section 3.4 is devoted to the effect of surfactants on the EW-controlled droplet

generation. We close with conclusions and suggested perspectives.

3.2 Electrowetting-based Flow Focusing Device

In the following three subsections, we describe the EW principle, the
experimental set-up and the phase diagram obtained with our set of control

parameters.

3.2.1 Electrowetting principle

In electrowetting, one is generally dealing with droplets of partially wetting
conductive liquids on planar solid substrates. The ambient medium can be either
air or another immiscible electrically insulating liquid, frequently oil. For typical
droplet sizes R < 1 mm, the Bond number Bo = Apgl?/o, which measures the
strength of gravity with respect to surface tension, is smaller than unity. Therefore
we neglect gravity throughout the rest of this chapter. In the absence of external
electric fields, the shape of a droplet deposited on a surface depends on the
energies of the various interfaces; the resulting contact angle 6 of the liquid with
the surface is given by the well-known Young equation.?! In recent years, the

standard configuration for electrostatic actuation is to coat a thin dielectric on top
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of the electrode in order to eliminate the problem of fluid electrolysis: this concept
is known as electrowetting (on dielectric) (EW).2 Under these conditions,
applying a voltage between the conductive droplet and the electrode gives rise to
electrostatic charging of the plate capacitor formed by the droplet, the dielectric
and the electrode. In this case electrowetting leads to an effective reduction of the
solid-liquid interfacial energy ¢’s = st — cU%/2, where ¢ = €oer/d is the capacitance
per unit area between the droplet and the substrate. coer is the dielectric
permittivity of the insulating layer and d the dielectric thickness. The apparent
contact angle O(U) depends on both Young's angle Oy and the applied voltage U '*:

cos@(U) =cosb, + iUz 3.1

where ¢ is the interfacial tension between the droplet and the ambient medium.
Note that Eq. 3.1 remains valid for ac voltage if one replaces U with its root mean
square (rms) value Uwms. In the following we will drop the subscript rms for

simplicity.

3.2.2 Experimental set-up

The geometry of the EW-based FFD is illustrated in Fig. 3.1a. The device was made
in polydimethylsiloxane (PDMS) using standard soft lithography by replicating
from photoresist (SU-8) molds.2? The PDMS structure was clamped mechanically
onto a planar electrode: an indium tin oxide (ITO)-covered glass substrate, which
was dip-coated with a hydrophobic layer of Teflon AF (= 8 um) that also acts as a
dielectric (Fig. 3.1b). A thin electrical wire was plunged into the aqueous phase.
The electrode was connected to an ac function generator (10 kHz) in combination
with an amplifier. The fluid flow at the aqueous (deionized water + NaCl with a
conductivity, 10 mS/cm) and oil (mineral oil po = 0.03 Pa's, po = 875 kg/m?) inlets
was driven using hydrostatic heads with a precision of 1 Pa (= 0.1 mm). Young's
contact angles measured through the water phase on the top (PDMS) and bottom
(Teflon AF) surface are Owp = 160° and Ot = 170°, respectively. For the purpose of
the study of Section 3.4 we also used non-ionic surfactants Triton X-100 in water
and Span 80 in oil with a concentration ¢ = 1 wt%. The oil-water interfacial tension
was measured to be ¢ =38 mN/m (3.1 mN/m with Triton X-100, 5 mN/m with Span

80) with a plate method from a tensiometer (Kruss K11,Germany).
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Figure 3.1 (a) Schematics of the electrowetting-based flow focusing device (EW-based FFD).
Geometry and channels” dimensions: width (W =390 um), height 1 and lengths (L, Lo = L1
+L2, Lu, Lc). (b) Cross-section along the dashed line (see a).

3.2.3 Phase diagram of electrowetting-induced droplet generation

We generate the phase diagram of EW-induced droplet generation by varying
three control parameters — inlet water pressure (Pu), inlet oil pressure (P,) and the
voltage (U). Fig. 3.2a reports the resulting phase diagram. At low water pressure
the water-oil interface remains stable, above a threshold droplets are generated
(Fig. 3.2b) and finally continuous jets are formed for high water pressures (not
reported here). Varying the oil pressure, we obtained a linear onset curve P (P,)
for the generation of droplets (filled squares and full line in Fig. 3.2a) under purely
hydrodynamic conditions. Similar experiments were conducted, however, now
under a series of applied voltages up to Umx = 150V. Again, the critical water
pressure turned out to increase linearly with P — exactly with the same slope A as
in the purely hydrodynamic case. Denoting the voltage-dependent critical water

pressure at Po =0 as Pr(U), we thus find a family of onset curves described by
P (U) =Pu(U) + AP, (3.2)

This family of curves signifies a region (hatched region in Fig. 3.2a), in which
droplets can be formed by electrowetting but not by purely hydrodynamics
forces. Thus, operating in this region allows EW-driven droplet-on-demand
control. We find that the range of this window is limited by contact line instability
induced by strong electrostatic fields.222¢ Moreover, this family of curves is
completely predictable and involves two different physical phenomena. First, the
term Pr(U) is an electrowetting modified Laplace pressure Pi(U) = y(2/W +1/Ru(L]))
where Ri(U) is the radius of curvature along the height & (see inset of Fig. 3.2a).
While 61wy is constant, the contact angle on the bottom surface, 6(n), decreases

with increasing voltage following the well-known electrowetting equation® :
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cos0(n) = cosOut + 1 (3.3)

Here 1 = eoerl? /2do is the dimensionless EW number, which measures the relative
strength of electrostatic and surface tension forces. €0 and ¢r (= 2) are the dielectric
constant and the vacuum permittivity, and d is the thickness of dielectric layer. A

geometric construction establishes a link between R and 0 (inset of Fig. 3.2a)

o(n) -6, o(n)+86,
1 — _% . COS( (77) top ) . COS( (77) top ) (34)
R, (1) h 2 2
(a) Pw T T T T T T
(kPa) [ water| 0 oil onset of drop p

generation

hi Ry(U)
3t / §
teflon :GY' o(U)
21 4
m 0V
@ 50V
1 A 30V
X v 100V
{ stable oil-water <4 120V
5Pm A interface > 150V

O 1 1 1 1 1 1
0 2 4 6 8 10 12

P, kpa)
Figure 3.2 (a) Phase diagram identifying the regime of droplet formation in EW-based FFD
(h=190 um, W =390 um, po/pw = 30). Hatched area: EW-tuning window with width 0Pm =
P1(0) = P(Umax). Inset: cross-sectional sketch of the interface inside the channel: without EW
(dotted line), with EW (solid line). (b) Last 100 ms of a droplet formation, time step of 16

ms between successive pictures (U =80 V).

Hence the expression of Pi(n) is obtained by using Eq. 3.3 and 3.4, and agrees
with our experimental data.?> Second, A is due to channel resistance. Considering
the hydrodynamic circuit of our device,®* one can write the local hydrostatic
pressure at the junction P;j as a function of channel resistance Q (= uL/Wh3, where

u is the viscosity of the fluid in the corresponding channel segment of length L)
P] = PO'QC/(QLI + Q0/2+Qc) (35)

The subscripts denote the various channel segments as sketched in Fig. 3.1a.
Inserting the values of the different resistances of the channels, we find A =0.26 in

excellent agreement with the experimentally determined value A = 0.25 + 0.01.
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Note that the onset of droplet generation is exclusively controlled by static
argument and not affected (within experimental accuracy) by viscous shear
forces. For the subsequent droplet formation process, however, viscous forces are

important.

3.3 Droplet Size and Frequency Control

In this section we investigate how EW can control the droplet size and/or
frequency of droplet generation. Two different ways are reported below, one
consists of increasing the electrostatic force and the second of generating voltage

pulses for a given electrostatic force.

3.3.1 Tuning the electrowetting strength

In addition to controlling whether droplets are being generated at all, EW also
allows for controlling the size of the droplets, as shown in Fig. 3.3a. For four
different points in the phase diagram just below the zero-voltage onset line, we
produced droplets by increasing 1 in a series of steps from 0 to 1. The droplet size
consistently increased with increasing voltage especially in the lowest P.. The
maximum ratio between the volume of the smallest and the largest droplets was =

3.2 for the present system.

How can we intuitively explain the effect of EW on droplet size? Let us consider a
configuration without EW where the water-oil interface is stable and located just
at the entrance of cross junction. In this configuration the Laplace pressure Pr
exactly balances the inlet water pressure P». However, when EW is applied this
configuration becomes unstable. The water pressure Pu is now too high compared
to the modified Laplace pressure Pi(n) (since Pr decreases with 1, see Eq. 3.4)
hence the interface moves toward the cross junction. This new position (although
dynamically evolving) defines the volume of the droplet and depends on the
value of Pi(n). If the interface exceeds the cross junction, the viscous stress
destabilizes the water interface and generates a droplet. This simple picture
explains how the droplet size is controlled by the strength of EW. The volume
tuning range decreased with increasing oil pressure (i.e. flow rate), consistent
with an increasing strength of the viscous forces with respect to electrostatic

forces.
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Interestingly, we also measured the rate of droplet formation f (see Fig. 3.3b).
Plotting f as a function of the control parameter 1 shows, despite some scatter, an
exponential behavior. In case of high P, the droplet size does not change with EW
but the droplet generation frequency is significantly modified, a variation of a

decade is observed. This result is important since it allows to vary the frequency

without changing the droplet size.

(@ S0 ® f
= kP g -1
> ('>/ <@ M d G N
40+ (l)A ~ 1 A
o I o
I e
0 4 8 I v A A A
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20} ° © 2 a | A .
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n 0.5 n 1

Figure 3.3 (a) Droplet volume evolution with an increasing EW effect for different points
inside the EW droplet generation window (1) - (4). Inset: phase diagram of a channel 100
pum height obtained from the model. The EW droplet generation window corresponds to
the region between the two curves =0 and n = 1.3. (b) Droplet generation frequency for

different 1.

3.3.2 Generating pulses

The electrostatic force is maximized (1 # 1) and we modulated the amplitude of
10kHz driving voltage by making train of ac pulses with a periodicity T and a
width 7 (see inset of Fig. 3.4). We focused on the influence of the pulse width 7 on
the droplet properties using a periodicity T much larger than the time needed for
creating a droplet. In practice we used T =5 s and each pulse is decoupled from
the previous one and generates only one droplet. Fig. 3.4 shows how the droplet
volume changes with a pulse from finite to infinite width 7 (in practice infinite
means > 10 s). Below a critical pulse width, the interface stays stable and no
droplets are being generated. Above it, droplets are generated, the volume tuning
range decreases with increasing oil pressure as seen in the previous section. The
maximum ratio is around 2.2 and is obtained for the lowest inlet oil pressure.

Interestingly, we see a distinct transition in the volume evolution. First, V is linear
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with 7 and then reaches a plateau whose value depends on the inlet oil pressure.

Moreover, the higher the inlet oil pressure, the lower the droplet volume.

V (nL)

1.3
1.8
critical pulse width Po{A 2.6 ykPa -
R X 87
0 L L : //_I_
0 500 1000 —>®
T (ms)

Figure 3.4 Droplet volume evolution with an increasing pulse width 7 for different points
inside the EW droplet generation window (i = 190 um, Po=1.3, 1.8, 2.6, 4.7, 9.7 kPa). Inset:
sketch of the pulse generation: ac frequency pulses of the rms voltage U are applied during

the time 7 with a periodicity T.

Looking at the interface configuration upon pinch-off gives a qualitative
explanation for the transition. In the linear regime the droplet pinch-off occurs
after the voltage pulse ended, whereas in the plateau region the pinch-off occurs
during the pulse, i.e. with voltage on. When a voltage is imposed the interface
moves due to the EW effect. If the time of the pulse is too short, the water
interface is not brought into the cross-section and no droplet is generated. Above
this minimum pulse time (or critical pulse width) the interface is brought up to
the cross-junction, then viscous forces shear the water interface and droplets are
generated. As long as 7 stays lower than the timescale of the droplet generation
(but above the critical pulse width), the volume of the droplet is proportional to 7
(see linear regime in Fig. 3.4). When 7 becomes larger than the timescale of the
droplet generation, the volume trapped remains constant with a value depending
on the viscous shear stress (see the different plateaus in Fig. 3.4). It is worth
noting that even if EW is still actuated the pinch-off is induced and governed by

viscous forces.
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3.4 Electrowetting and Surfactant

In this section, we describe the effect of EW in the presence of surfactants. Two
types of non-ionic surfactants, one soluble in water (Triton X-100) and the other
one soluble in oil (Span 80), were utilized separately. The concentrations of
surfactant are far above the critical micellar concentration.#¢ In such case the
interface is fully covered by surfactants (saturation) and micelles start to form
within the solution, and the interfacial tension is almost constant. The main effect
of the surfactant is to reduce the surface tension between the water-oil interface.
The water-oil interfacial tension was measured to be ¢ = 3.1 mN/m with Triton
X-100 and 0 = 5 mN/m with Span 80. The contact angles are roughly identical to
those with pure water: Triton X-100 gives Owp = 152°, Ovt = 140° and Span 80 in oil
gives Otop = Ovot = 156°.

3.4.1 EW-controlled tuning window

We produce the phase diagram in the same way as in Section 3.2. The similar
families of onset curves are observed (Eq. 3.2). As expected, onset curves are
shifted towards lower water pressure (see Fig. 3.5): due to the surfactant, the
surface tension is one order of magnitude lower, thus the Laplace pressure is
much smaller. For the same reason the EW-controlled tuning window, 6Pw = Pr(0)
— Pr(Uma), is also reduced compared to the pure liquid (see Fig. 3.5). 6Pn is ten
times smaller now (O(100)Pa). The slope of the transition curves is similar to the
one obtained for plain water. The slope is linked to the geometry of the channel,
which has not changed. Extrapolation of the transition curve for the
hydrodynamic case (no voltage) gives an intercept Pr = 0.048 kPa for Triton X-100
and Pr = 0.08 kPa for Span 80 in good agreement with the expected reduction of
the Laplace pressure (Triton X-100, Pr = 0.041 kPa; Span80, P = 0.078 kPa), see
inset of Fig. 3.5b for experiment and model comparison. The inset of Fig. 3.5a
shows the electrowetting curve with surfactants. As the electrowetting number 7
is inversely proportional to the surface tension o, according to Eq. 3.3, lower
voltages are required for reaching the same contact angles as for pure water. For
instance, to reach 6 =80°, U =50V is needed instead of U =150 V.
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Figure 3.5 Phase diagram (similar to Fig. 3.2) in the presence of surfactants: (a) Triton
X-100 in aqueous phase. (b) Span 80 in oil phase. Inset of (a): EW curves of these two
situations. Inset of (b): EW modified Laplace pressure Pi(ll): experimental data (symbols)

and model (solid lines) channel height: # =190 pum.

3.4.2 Droplet generation: electrowetting strength and pulses

In the following section only Triton X-100 surfactant is studied. Experiments
similar to that used to generate Fig. 3.3 and Fig. 3.4 are reproduced. The general
behavior is similar to that seen without surfactant. However, the size of the
droplets does not change when the strength of EW is increased (Fig. 3.6a). With
pulses we also found a similar behavior (Fig. 3.6b). In these cases we directly see a
plateau. This is due to the range of capillary number Ca = uov/o investigated (v is
the average velocity of the oil flow). For the range of P, used, we have in the
presence of surfactant, 0.5 < Ca < 1.5 whereas for pure water it was 0.02 < Ca <0.1.
One can compare the viscous forces and the electrostatic ones by making the ratio
n/Ca = eoerl? 2dpov. In the case of droplet generation experiments with pure
water the smallest Po gives n/Ca = 50 whereas, with surfactant, the smallest Po
gives 1n/Ca = O(1). Hence, even with the lowest P, the viscous forces are already
strong compared to the electrostatic forces. Therefore in the experimental
parameter range investigated with surfactants, we directly observe a plateau
behavior. The droplet volume remains mostly constant and independent of 7. In
contrast the frequency of droplet emission f varies with n by approximately one

decade.

We extend the study of the EW strength by increasing the voltage above the
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contact line instability (7 > 1). A first observation shows two types of droplet
formation. The standard one where the entire water-oil interface is sheared until a
pinch-off which creates a droplet. A second one, due to high electric field, leads to
polydisperse tiny droplets (= picoliter) generated along the contact line (see
snapshots in Fig. 3.6a). In the present measurements we only report the droplet
volume linked to pinch-off mechanism. The volume V reduces with 7; this effect
is more pronounced at low Ca as is visible in Fig. 3.6a for n > 1. The inset of Fig.

3.6a shows that the frequency fincreases with the increase of 7.
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Figure 3.6 (a) Droplet volume evolution with an increasing EW effect for different points
inside the EW droplet generation window (h = 190 pm, P, = 2.6, 3.4, 4.7, 7.1 kPa). Inset:
Droplet generation frequency as a function of r. Optical microscopy images: droplet
generation in the absence / presence of the contact line instability. (b) Droplet volume

evolution with an increasing pulse width 7 (h =190 um, n=0.86, P, =2.6, 3.4, 4.7, 7.1 kPa).

3.5 Conclusions

In conclusion, we have successfully integrated insulator-covered electrodes into a
flow focusing device fabricated with soft lithography techniques. The operating
diagram of droplet formation as a function of the oil pressure P,, water pressure
Pw and voltage U shows a new regime specifically based on EW actuation. When
viscous forces are weak compared to electrostatic ones (i.e. at low P,), the droplet
size can be varied by a factor of three by using EW. When viscous forces become

stronger, the droplet size remains constant but the frequency of droplet
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generation is significantly changed; a variation of a decade is observed. This
result represents an important step since it demonstrates the possibility to
decouple the droplet size and the frequency of droplet generation. In addition,
EW is still efficient in the presence of surfactants suggesting EW-controlled

droplet generation as a possible route for producing stable emulsion.

Additional flexibility with respect to droplet size control is expected by
combining the current strategy with suitable patterned electrodes. Furthermore,
exploring the use of the contact line instability at high voltage may give access to

extremely small droplets.
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Chapter 4

Electrowetting-enhanced Microfluidic Device
for Droplet Generation®

Abstract

We integrated electrowetting into a microfluidic flow focusing device to study
droplet generation under the influence of electric fields. Using both the dispersed
phase inlet pressure and the applied voltage as control parameters we find that the
range of droplet sizes and the droplet generation rate can be controlled in a much
finer way than with hydrodynamics alone. In particular a “conical spray” regime
occurring at a voltage of O(50V) allows for continuous tuning of the (highly

monodisperse) droplet diameter from = 5 to 50 um at a fixed continuous flow rate.

* This chapter has been published in Appl. Phys. Lett. 2008, 93, 183507
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4.1 Introduction

The generation of droplet with controlled size-distribution is a key prerequisite for
various industrial fields such as pharmaceuticals' and food engineering?. In recent
years, microfluidic devices have been developed as versatile tools to produce
droplets.?” The most common microchannel geometries for generating droplets
are T-junctions®? and flow focusing devices (FFDs)'!!. The droplet size is usually
controlled by tuning the flow rates of the continuous and the dispersed phase. One
limitation of this approach is, however, that the orifice size and the relative
strength of interfacial tension and hydrodynamic shear forces limit the range of
droplet size that can be generated. Alternatively, electrically assisted mechanisms,
such as electrospraying!? are a promising approach providing active and precise
control of the droplet generation and the potential to access a wider range of
droplet sizes.!® Kim et al.* integrated electrodes into a microfluidic FFD to generate
micrometer-sized droplets in an electrospraying-like process requiring voltages in
excess of 1000 V. In our previous study, we introduced the concept of integrating
electrowetting (EW)™ into continuous flow microfluidic devices.’>¢ Chapter 3
focuses on the physical mechanism controlling the generation of relatively large

droplets (tens of micrometers) at low flow rates.

In the present chapter, we demonstrate that flexible generation of micrometer-
sized droplets can be achieved in a FFD with EW. Depending on the applied
voltage and the dispersed phase pressure, we observed several distinct regimes of
droplet generation, including a novel regime producing micrometer-sized charged
droplets similar to conical sprays in electrospraying.'” We also find that the droplet
size can be tuned continuously upon varying the applied voltage bridging the gap
between very small and rather large droplets generated in the purely

hydrodynamic regimes of tip-streaming and dripping, respectively.

4.2 Experimental

The experimental setup is based on a FFD (Fig. 4.1a) enhanced by EW capability
(Fig. 4.1b) with a channel geometry that incorporates an orifice at the outlet. The
microchannel was fabricated by polydimethylsiloxane (PDMS) using standard soft
lithography.'* The molded PDMS structure was clamped mechanically onto an
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indium-tin oxide (ITO) covered glass substrate that was dip-coated with a
hydrophobic Teflon AF layer (= 6 um) as a dielectric beforehand. Deionized water
with dissolved NaCl (conductivity is 5 - 7 mS/cm) was used as dispersed phase.
The continuous phase is mineral oil (viscosity, 0.03 Pa‘s) with span 80 (5 wt%)
added as a surfactant. The interfacial tension (o) of water-oil with span 80 was
measured to be 5 mN/m with a plate method using a commercial tensiometer
(Kruss, Germany). The oil flow was driven using syringe pump (KDS200, KD
Scientific, U.S.) and the pressure of the dispersed phase (Pv) was adjusted by a
home-made hydrostatic head. A thin wire immersed into the aqueous phase was
used to apply an ac voltage U (0 ... 100 Vs (root mean square)) with a frequency
of 10 kHz. We monitored the generation of droplets as a function of Pv and U
using a high speed camera (Photron FASTCAM-Ultima 512, Japan).

Figure 4.1 Flow focusing device integrated with electrowetting (a) Top view of the junction
area. The dimensions of various sections are Wi = Wo=200 um, W= 50 pum, L = 150 pm and
Wi =500 um. The height of channels / in the device is 50 um. (b) Cross-sectional schematic
of EW-based FFD. Dashed square indicates the junction area. Without voltage, the oil-water
interface is in the middle of channel (dotted curves). With voltage, the oil-water interface is

close down to the bottom.

The flow rate of the continuous oil phase was kept fixed at 108 pl/h throughout
this study, corresponding to a capillary number Ca = uov/o of 0.072, where v is the
average velocity. Upon applying a voltage, the water contact angle (0) in the
device decreases following the EW equation cos0 = cosOy + 1 (see ref.19), where n =
CU?%(20) is the dimensionless EW number that characterizes the relative strength
of electrostatic and surface tension forces. (For the capacitance C = 3.3 uF/m? of the
present device, the scales of surface tension and electrostatic forces are equal (i.e.

=1) for U= 55 V.) Oy=170° is Young’s angle measured in the water phase.
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4.3 Results and Discussion

Fig. 4.2 shows representative snapshots of droplets for variable P» and U. We
found four different regimes of operation of our device: if both P and U are low,
no droplets are generated at all (a). For somewhat higher P» and/or U, a thin water
jet is ejected from the water-oil interface, (b), (f) and (g) (Note that there is a very
fine jet in (b) and (f).) In this regime, which we denote as tip streaming, the
droplets remain close to each other decorating the (somewhat asymmetric) flow
field of the continuous phase. The droplet diameter is in the range of 1 - 2 um,

however it is difficult to determine whether coalescence occurs.
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Figure 4.2 Representative images of droplet generation based on electrowetting. It depicts

25V 40V 55V 70V

that droplet generation occurs at the specified value of P» and voltage. The corresponding
capillary number of the continuous phase is Ca = 0.072. (The contrast of images were

increased in order to let tiny droplets become visible)

Upon increasing U further, the droplets spread out over much wider range in the
outlet region, see (c) — (e) and (h). We interpret this as a sign of electrostatic
repulsion and conclude therefore that the droplets in this regime must be charged.
We denote this regime as “conical spray”, as in the electrospraying literature.2
Interestingly, the droplets seem to be rather monodisperse at intermediate voltage
(c), (d), and (h), while bidispersity is clearly observed at higher voltage (e), (i), and

(). Upon increasing Pw further, the droplet generation mechanism switches to the
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dripping regime ((k) — (y)). We find that dripping results in rather uniform
primary droplets somewhat smaller than the orifice of the device accompanied by
much smaller satellite droplets (see images (1) - (0), (q) - (t) and (v) — (y)). This
behavior is similar to that observed by Anna et al.?! in a purely hydrodynamic flow

focusing system.

Here, we note another interesting aspect: at zero voltage, the tip of the water-oil
interface from which the droplets and jets are emitted is located close to the centre
plane of the device. Upon increasing the applied voltage, the location of this tip
moves towards the bottom substrate where the electrode is located, as sketched in
Fig. 4.1b and as evidenced by a shift of the focusing plane of the microscope
(shown in Fig. 4.3). This shift is due to the EW-induced reduction of the contact
angle O on the bottom surface. As a consequence, the droplet generation process
becomes more and more similar to the contact line instability, which is known to

occur in EW at very high voltage.’® 2!

_I'""I

tﬁ-»-f-l..

55V

Figure 4.3 Focusing on the tip of dispersed phase. It is shown that the break-up positions

are on the different planes with different voltages, if we take into account the focusing of
the wall of channel. At 70V, the tip touches the bottom surface.

In our study, when we applied higher voltages ~ 100 V and meanwhile lower P,
we observed that droplets are ejected simultaneously from several locations along
the contact line, which is one of the hallmarks of this instability (Fig. 4.4). The
droplets generated in this case are very tiny, even smaller than 1 um. The optical

resolution of the microscope precludes a precise measurement of the droplet size.

In Fig. 4.5 we show a dynamic phase diagram indicating the boundaries between
the various droplet generation regimes discussed above in the parameter space
given by the normalized pressure Pw/ Pr and the electrowetting number 7 (using
the Laplace pressure Pr =20 (1/W + 1/h) as a pressure scale). The negative slope of

the onset curve for droplet generation with increasing 71 indicates the general
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tendency of EW to stimulate droplet generation. This trend agrees with our
observations in ref. 15 and 16, although the droplet generation mechanism is

somewhat different here.

Figure 4.4 Contact line instability at 100V

At intermediate Pw, tip-streaming occurs at low 1 and gives way to the conical
spray for higher 1. The two regimes are clearly distinct from each other with a
sharp onset of droplet mutual repulsion in the downstream region upon
crossing the boundary. The conical spray regime seems particularly promising
for producing droplets with a diameter below 10 um. The size of these charged

droplets can be smaller as small as 1 pum.
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Figure 4.5 Phase diagram of droplet generation in the FFD with electrowetting as a function
of normalized pressure (Pw/ Pr) and electrowetting number (7). We demonstrate four

regimes: no droplet generation, tip streaming, conical spray and dripping.

The dripping regime occurs when Pw is relatively high. The driving mechanism is
dominated by hydrodynamic flow focusing. The droplet size is comparable to the
orifice. At even higher Pw, a jet of the dispersed phase is formed, which
decomposes into droplets in the outlet region following a Rayleigh-Plateau

scenario (data not shown).
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In Fig. 4.6 we show the droplet size and the droplet generation frequency as a
function of voltage (and pressure), as obtained by quantitatively analyzing video
data such as in Fig. 4.2. (Here we consider only primary droplets and ignore
potential satellites.) At any voltage, the droplet size (Fig. 4.6a) increases with
increasing Puv. For the lowest P, we indicate only estimated droplet sizes (in the
range of 1 - 2 um) in brackets since our optical system does not allow for an
accurate analysis. In the conical spray regime droplet sizes of 3 - 8 um were
observed for applied voltages of 40 - 70 V. Particularly monodisperse droplets
(polydispersity ~ 3%) with a diameter of 3 and 5 um were found for 40 V (1 = 0.53)
or 55 V (n=1), respectively. At high Pw in the dripping mode, the droplet size is of
the same order as the orifice. The curves in Fig. 4.6a display a very interesting
trend: while the typical droplet size increases with 7 for the tip-streaming/conical
spray regime, it decreases in the dripping regime. At zero voltage, the droplet size
jumps from= 30 pum to= 1 um upon decreasing P from 3.75 kPa to 3.61 kPa.
Intermediate droplet sizes are not accessible. At higher voltage, however, the
droplet size varies much more continuously. Hence, EW provides the possibility to
have a continuous control over the entire range of droplet sizes, in line with the

results of ref.13.
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Figure 4.6 Quantitative characterizations correspond to Fig 2. (a) Droplet size evolution
with an increasing electrowetting effect at different water pressure (<« 3.46kPa, ¥ 3.61kPa,
A 3.75kPa, @ 4.05kPa, m 4.34kPa). The values in the bracket are estimated because the
droplet size is so small that it is out of the resolution of microscope/camera system. (b)
Droplet generation rate versus water pressure at different applied voltages (<€ 0V, ¥ 25V,
A 40V, e 55V, m 70V). The cornered arrow indicates the sharp increase in droplet generation
rate for 0V, 25V and 40 V at 3.61 kPa.
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Finally, we note that the droplet generation rate (Fig. 4.6b) in the dripping regime
is typically of order 100 s and globally follows a decreasing trend with increasing
pressure. Only at the lowest pressure and the lowest voltages, i.e. in the tip
streaming regime and conical spray, it increases to 10° — 10* s''. (The latter data
points are not plotted because we could not analyze them quantitatively.) We find
that the flow rate ratio between outer fluid and the inner fluid varies between from
10 - 100 in the case of dripping to a few thousand in the case of tip streaming and

conical spray.

4.4 Conclusions

In summary, we demonstrated that the combination of microfluidic flow focusing
and electrowetting yields a flexible method for microfluidic droplet generation.
Compared to exclusively hydrodynamic devices, the EW-based approach offers a
wide and continuous range of droplet sizes that can be tuned rapidly by varying
the applied voltage in addition to the inlet pressure of the dispersed phase.
Compared to other electric field based methods* electrowetting offers these
capabilities at a much lower voltage (which could be reduced even further by

using thinner dielectric layers and by patterning the EW-electrodes).
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hapter 5

A Hybrid Microfluidic Chip with Electrowetting
Functionality using Ultraviolet-curable Polymer”

Abstract

Electrowetting (EW) is widely used in digital microfluidics for the manipulation
of drops sandwiched between two parallel plates. In contrast, demonstrations of
closed microfluidic channels enhanced with EW functionality are scarce. Here, we
report a simple, low-cost method to construct such microchannels enclosed
between two glass plates, each of which comprises electrodes and insulating
layers. Our method uses soft imprint lithography with thiolene precursors to
design the channel geometry. UV exposure is used to seal the chips permanently
and a silanization treatment renders all inner channel surfaces hydrophobic.
Compared to earlier polydimethylsiloxane-based designs, this method allows us
to make microchannels with smaller dimensions (down to 10 microns), lower
aspect ratios (down to height/length = 1/10), and symmetric electrodes both on the
top and the bottom of the channel. We demonstrate the new capabilities with two
examples: (i) EW-enhanced drop generation in a flow focusing geometry allows
precise and continuous control on drop diameter in the range of = 1 - 15 microns
while maintaining monodispersity; (ii) EW allows tuning of the excess water
pressure needed to displace oil in a microchannel, leading to spontaneous
imbibition at EW number 1 > 0.89.

oil ate
U=0v

* This chapter has been published in Lab on a Chip, 2010, 10, 1550-1556
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5.1 Introduction

In the past decade, microfluidic systems have been increasingly applied to study,
prepare and control two-phase fluids in various fields such as biology, medicine
and food science.'* Two-phase fluids in microfluidic chips also provide many
possibilities in engineering, such as the controlled generation of emulsion drops
serving as microreactors, controlled displacement of oil and water in micro-
channels, and logic operations with both bubbles and drops.5” In all these cases,
interfacial tensions and wetting phenomena play a prominent role in determining
the flow behavior. This is due to the small length scales addressed in micro-
fluidics, which introduce large surface-to-volume ratios, as well as strongly
curved (e.g. water-oil) interfaces which in turn cause large Laplace pressures.
These circumstances make it attractive to modulate the apparent interfacial
tensions®!! rather than to apply (high) mechanical pressure for microfluidic

actuation.

One of the promising methods for modulating the apparent solid-liquid
interfacial tension is ElectroWetting (EW). This technique is attractive because of
the simplicity of the device architecture, ease of electronic control and low energy
consumption.!13 EW refers to an electrically induced reduction in contact angle
of a conductive liquid on top of a dielectric-coated electrode in an insulating
ambient medium. At present, most applications of EW are found in digital
microfluidics in an open structure, where discrete operations on individual drops
are carried out on the surface of a planar plate,'*15 or in a sandwich geometry
involving two parallel plates.’6 In both cases, EW allows for various
manipulations with individual drops such as transporting, splitting and merging.
Obviously, these open structures also have their limitations: in the first place, the
drop manipulation rates and thereby the throughput of such EW devices is low
compared to channel-based devices, because the maximum driving forces are
limited by surface tension and contact angle saturation. Moreover, air, as an
ambient medium, offers little protection for the drops against evaporation or

contamination.

In chapter 3 and 4, we extended the scope of EW to control two-phase flow in

microchannels. To do so, we integrated insulator-covered electrodes into a flow
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focusing device (FFD) leading to droplet generation with electrical control,
depending on the device geometry and operation mode. For those prototype
devices, microchannels were produced using soft lithography with thick slabs of
PDMS and mechanically clamped onto EW surfaces consisting of ITO-glass slides
covered by thin films of Teflon AF. These devices were easy to manufacture, but
presented clear limitations: the softness and deformability of the PDMS allowed
only for low clamping pressures, which limited both the possibilities for
downscaling and the maximum flow rates. Moreover, the thickness of the PDMS
slab precluded the integration of EW functionality on the top surface, which
makes the device asymmetric and reduces the maximum electrical forces by a
factor of two. As with other PDMS based devices there are also restrictions
regarding the choice of oil due to swelling. More sophisticated approaches not
suffering from these drawbacks were recently presented by Heikenfeld et al.?' and
Kedzierski et al.2. However, their devices were made using standard photo-
lithography and wet chemical etching, which requires clean room facilities and

advanced microfabrication skills.

In this chapter we present a simple, rapid and inexpensive method to fabricate
closed microchannels with integrated insulator-covered electrodes (EW), which
does not require cleanroom technology except for the initial fabrication of
frequently reusable molds. Soft imprint lithography is applied to a liquid that is
curable in ultraviolet (UV) light.?® This approach has three advantages. First, the
much higher stiffness of the final material (as compared to PDMS) allows to
reduce the channel dimensions down to a few micrometers, even for rather small
aspect ratios (height/width < 1/10). Second, our new approach allows to
manufacture symmetric devices with EW electrodes embedded into both the top
and bottom surface of the microchannel. And third, the channel material is

compatible with a broad selection of oils.

To demonstrate the capabilities of the new device, we fabricate two types of
microfluidic devices with integrated EW functionality: (i) an FFD involving an
orifice with much smaller dimensions than in our previous PDMS-based device
and (ii) a straight microchannel, in which we can measure the imbibition pressure
required to replace oil with water from a reservoir at controlled inlet pressure.

(For practical reasons, the latter device also contains a T-junction.)
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5.2 Experimental

Our chip designs are based on the UV curable material of Norland Optical
Adhesive (NOA), which has recently found applications in various other
microfluidic devices.2*2¢ For our specific EW application, two additional issues
had to be addressed: First, the bonding between NOA and Teflon AF coated
surfaces had to be ensured. We found that a tight bonding could be achieved in
spite of the known chemical inertness of Teflon AF. Second, NOA surfaces are
prone to show poorly controllable wetting properties: both hydrophilic?> and
oleophilic*® behaviors have been reported, and temporal changes in these
properties cannot be excluded. Such variations pose a serious obstacle for
controlling two-phase flow, which can be sensitive to small changes in
wettability.?2 To overcome this problem, we applied a surface modification
inside the assembled chip, which renders the NOA surfaces permanently

hydrophobic, with contact angles that are comparable to those for Teflon AF.

5.2.1 Chip design and fabrication

To implement EW in microchannels, we started with commercial indium tin oxide
(ITO)-coated glass (Prazisions Glas & Optik, Germany) as a substrate. Micro-
channels were fabricated using NOA 81 (Norland products). The general
procedure for the soft imprint lithography part was adapted from Bartolo et al.>
The specific fabrication steps are shown in Fig. 5.1. First a layer of Teflon AF 1600
(Dupont, USA) with a thickness of 3.2 um was prepared by dip-coating (Fig. 5.1a
and Fig. 5.1f).* To promote adhesion between NOA 81 and Teflon AF*® surfaces,
the Teflon AF was pretreated with oxygen plasma for 40 s at 100 W (PDC-32G,
Harrick, USA) (Fig. 5.1b). Subsequently, liquid NOA 81 was applied on Teflon
AF-coated ITO glass, imprinted with the structured PDMS mold (RTV615, Bayer
Silicones) and then cured by UV irradiation (UV crosslinker XL1500, Spectronics)
for 38 s (Fig. 5.1c). After peeling the PDMS mold from the crosslinked NOA 81,
microchannels were replicated on the bottom substrate (Fig. 5.1d). A very thin
layer of NOA 81 under the PDMS stamp remained incompletely cured because
PDMS facilitates the delivery of oxygen to the interface. This inhibits the free
radical polymerization locally. With a properly controlled exposure time,

complete curing of NOA in the boundary layer can be prevented.?! The top surface
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was created from the same type of ITO-glass. After drilling holes for the inlet and
outlet connections (Fig. 5.1e), the surface was coated with Teflon AF and an
oxygen plasma treatment was applied to improve bonding with the bottom part
(Fig. 5.1g). Upon bringing the surfaces into contact, bonding was achieved by UV
curing for 180 s of the previously mentioned thin layer of uncured NOA 81 on the
bottom surface, leading to a permanently sealed microchannel (Fig. 5.1h). The last
step (Fig. 5.1i) was a surface modification to make the NOA 81 channel surfaces

hydrophobic (see below).

—1TO
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Figure 5.1 Schematic of the fabrication process of our EW-based microchannel. (a)-(d)
imprinting the channel structure on a Teflon AF-coated bottom substrate; (e)-(g) drilling
holes for inlet and outlet connections and then coating Teflon AF on the top substrate; (h)
bonding the top and bottom substrates under UV exposure; (i) chemical modification of the

inner channel.
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5.2.2 Chemical surface modification
Except for the Teflon AF top surface, the inner walls of the microchannels are

made of NOA 81. NOA 81 is hydrophilic (Young angle 0y < 90°), which is not
suitable for the application of EW, since a thin hydrophobic surface on the top of
the dielectric layer and electrode is needed to optimize EW effect in a standard EW
configuration.> Hence a silanization treatment was applied, making the
wettability of the NOA 81 comparable to that of the Teflon AF, via the deposition
of a molecular monolayer. Based on the previous procedure used for silicon
surfaces,®3 a 1.5% (v/v) solution of 1H,1H,2H,2H-Perfluorodecyltrichlorosilane
(FDTS) in isooctane was prepared under nitrogen, and pumped into the
microchannel. After 15 min of incubation, excess FDTS was removed by flushing
the channel with respectively isooctane and isopropanol, each for 20 min. The

device was dried overnight at room temperature.

To examine the effects of the surface modification, we also coated glass slides with
NOA 81 and exposed it to UV irradiation and FDTS as for the channel and
measured the contact angles of aqueous drops on them using an optical contact
angle goniometer (OCA-15+, Data Physics, Germany) with built-in image analysis

software.

5.2.3 Electrowetting experiments

Both the (EW enhanced) drop generation and imbibition experiments are
performed using an aqueous dispersed phase (W) consisting of deionized water
plus NaCl (conductivity: 5-7 mS/cm) and a continuous oil phase (O) of mineral oil
(Sigma Aldrich M5904, viscosity: po = 0.03 Pa‘s) containing 5 wt% Span 80 as
surfactant. The W/O interfacial tension (¢) was measured to be 5 mN/m with a
plate method using a tensiometer (Kruss, Germany). In the drop generation
experiments, the flow rates Quv and Q. were controlled using syringe pumps
(Harvard PHD 2000, Harvard Apparatus). In the imbibition experiments,

hydrostatic heads were used to control the pressures Pw and Po.

EW was applied by connecting the top and bottom electrodes to an ac voltage
source operating at a frequency of 10 kHz, and variable root-mean-square (rms)
voltages U from 0 to 100 Vms. (Similar results can also be achieved for frequencies

down to = 100 Hz.) The aqueous phase reservoir was connected to ground. The
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slope of the EW response of sessile drops on the flat surfaces prior to bonding
yielded a capacitance of 5.4 uF/m? corresponding to an insulator thickness of 3.2
um. The final chips containing the microchannels were mounted on the stage of an
inverted microscope (TE 2000U, Nikon, Japan), equipped with a high-speed
camera (Photron FASTCAM-Ultima 512, Japan). A 20X/air objective was used and
images were captured at a frame rate of 2000 fps. ImageJ software (version 1.43n)

was used to measure drop diameters.

5.3 Results and Discussion

5.3.1 Characterization of surface hydrophobicity

To examine the effects of the surface modification, contact angles were
measured for aqueous drops that were surrounded by either air or oil phase,
while resting on flat substrates of NOA 81 and FDTS-coated NOA 81. The
results summarized in Table 5.1 show that treatment with FDTS causes a
contact angle (CA) increase from 70° to 112° in air, and from 96° to 156° in oil.
For comparison: the respective CA values on Teflon AF are 110° and 156°.
Clearly, the FDTS coating was successful, and an identical wettability was
obtained for the Teflon AF and FDTS coated walls. Moreover, the long-term
stability of the FDTS layer turned out to be very good, as evidenced by the
minor variations in CA that were observed after 3 and 10 days of exposure to
both air and oil phase (see Table 5.1).

Treatment with silanes is a well-known method for chemical modification of
silicon and glass surfaces.®% In many cases the silicon or glass surfaces are
pre-treated by plasma or H20: to enhance the exposure of hydroxyl (i.e. silanol)
groups. These -OH groups then react with the Si-Cl bonds of the fluorinated
organosilane molecules to form Si-O-Si (i.e. siloxane) bonds. What happens
chemically during the surface modification of UV-cured NOA 81 is less clear. In
the uncured state, NOA 81 is a mixture containing trimethylol-propane tristhiol,
isophorone diisocyanate ester, trimethylol-propane diallyl ether and benzo-
phenone photo initiator. After the UV-induced crosslinking reaction, the -OH
groups in trimethylolpropane diallyl ether are supposed to have remained.?% A
possible explanation for the good stability of the silanized NOA 81 surface could
be that the allyl ether -OH groups reacted with Si-Cl bonds of the FDTS.
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Table 5.1 Contact angles for aqueous drops on NOA 81 surfaces with/without FDTS

coating.
FDTS-coated NOA 81
Contact
NOA 81 -
angle (right after
(3 days later) (10 days later)

treatment)
In air 70° £ 1° 112°+2° 110°+1° 111°+2°
In oil* 96° + 2° 156° + 2° 155° +2° 155° +2°

*: mineral oil with 5 wt % span 80

A clear difference between the silanization of NOA 81 as compared to glass or
silicon is that NOA 81 does not require any pretreatment with oxygen plasma. On
the contrary, we even find that such a pre-treatment has detrimental effects for the
reliability of the resulting coating. Presumably, polymer chains break down and

hydroxyl groups are eliminated from the NOA 81 surface during this treatment.

5.3.2 EW-controlled drop generation

For drop generation, a flow focusing geometry is used with an overall layout as in
chapter 4. In the present version, the channel height H is 10 pm. The width of the
orifice is W= 20 pm and the main channels have a width Wi =100 pm. For drops
that are formed via hydrodynamic breakup in a standard FFD, the size can be
controlled via the flow rates of the inner and outer fluids. This produces drops of
the order of the orifice size in the squeezing and in the dripping regime, and
substantially smaller drops in the jetting and tip-streaming regimes. For devices
comprising one side wall with EW functionality, it is possible to tune drop size
and make smaller drops, as described in chapter 4 with a minimum orifice size of
WxH =50 x 50 um. In the current work, we demonstrate that even smaller drops
can be generated in the ‘conical spray’ regime, with more precise control, using as

parameters the flow rates and applied voltages.

In the current experiments, the flow rate of the continuous oil phase, Q., was kept
fixed at 60 ul/h, corresponding to a capillary number Ca = pov/c of 0.5, where v

and o are the average velocity and the viscosity of the oil phase, respectively.
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Drops were generated at three volumetric flow rates Qw of the aqueous dispersed
phase, corresponding to flow rate ratios of @ = Quw/Qo = 1/6, 1/60 and 1/600. For
each @, the ac voltage (U) was varied between 0 and 100 Vims. The images shown
in Fig. 5.2 clearly indicate that different regimes of drop generation are found for

various combinations of U and @.

At the highest @ (1/6), the generated drops are comparable to the dimensions of
the orifice of the FFD (Fig. 5.2 a-f). The size distribution is monodisperse for
voltages up to 40 V (Fig. 5.2 a-c) but for U > 60 V a coexistence of drops with very
different sizes is found in the downstream part (Fig. 5.2 d-f). High speed video
recordings reveal that coalescence events prevent the production of monodisperse

drops with D <10 um under these operating conditions.

The second column of Fig. 5.2 shows the results for @ =1/60, i.e. a 10 times smaller
Qu. Again monodisperse drops are obtained for U < 40 V (Fig. 5.2 g-i), but now
the drops are clearly smaller due to the stronger shear forces that promote the
neck formation and breakup. For U = 60 V and higher voltages the drops are

again polydisperse.

Upon reducing Qw by another decade, i.e. to @ = 1/600, strings of uniform-sized
drops are observed for U <40 V (Fig. 5.2 m-0). These drops are again smaller than
the ones created at a ten times higher Qu substantially. For U > 60 V, we now
observe a conical spray, in which the drops spread out over a much wider range
in the expanded downstream (Fig. 5.2 p-r). Interestingly, the tiny drops in this
regime are rather monodisperse, which could be interesting for applications. This
applies in particular to the case of U =100 V, where also the generation rate of the

drops is quite high (10° s).

The resulting distribution of drop sizes is summarized in Fig. 5.3. It clearly
indicates that at a constant ac frequency, the variation of @ and U gives various
ways for creating aqueous drops in the size range of = 1 ~ 15 pm (diameter). At
voltages up to 40 V, fairly monodisperse size distributions were found
(polydispersity oo = 1 - 4 %) in all cases, while for @ =1/600, oo was found to be <
5 % even up to U =80 V. At U =100 V, the smallest drops appear to be smaller
than 1 um, but the size could not be more precisely measured due to limitations

on the spatial resolution with the optical microscope. Knowing Qw and (estimates
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of) D, also the drop generation rate can be calculated. Especially high rates (10* -

105 s) are found in the conical spray regime with D <5 um.
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Figure 5.2 Phase diagram for drop generation in an FFD, using three different flow rate
ratios @ of dispersed aqueous phase (W) to continuous oil phase (O). EW is used for
additional control over drop generation. Here the voltage is applied to both top and

bottom electrodes, while the aqueous reservoir is grounded. Qois 60 pl/h.

What is the role of EW in the drop generation process? At low to moderate
voltage (up to 40 — 60 V) the operation of the device is primarily controlled by
hydrodynamic forces (pressure gradient, viscosity, interfacial tensions) and the
general trends e.g. in drop size vs. @ follow the observations from conventional

(non-EW) microfluidic devices.® In this range, EW primarily changes the global
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shape of the oil-water interface by reducing the water CA on the channel walls.#-4
Thereby EW provides different ‘boundary conditions” within which the hydro-

dynamic forces act. This leads to a rather efficient fine control over the drop sizes.

At voltages of order 60 V and higher, the role of EW become more dominant,
leading amongst others to the onset of a completely different drop generation
mechanism for small @, the conical spray formation. The wide lateral spreading
of the small drops in the outlet region suggests that the drops in this conical spray
regime carry electrical charge. This may be rationalized assuming that the drops
are formed by a mechanism involving the electrical Maxwell stress as a primary
driving force, similar to the generation of satellite drops during the instability of

contact lines at high voltage in EW.43-46

Diameter of drop (um)

Voltage (V)

Figure 5.3 Quantitative characterization of the drop size as a function of the EW voltage

and the flow rate ratio @. Error bars indicate the standard deviation of the size distribution.
Bracketed data points indicate cases where significant polydispersity was encountered;

here only the primary drops were incorporated in the analysis.

Compared to the earlier PDMS-based devices with a single electrode on one
channel wall, the new approach thus offers better and more continuous control
over a wider range of drop sizes. Moreover, we note that, despite the small
channel thickness and constriction the devices could be easily and stably operated

at total flow rates of several thousand microliters per hour, which is not possible
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with comparable PDMS devices due to elastic deformation. Apart from the
well-known higher stiffness of NOA 81, this observation specifically highlights
the strength of the bonding achieved between Teflon AF and NOA 81.

5.3.3 EW-driven imbibition of water in a 2-D channel

In the second application of the new design, we demonstrate directly the
EW-induced variation of the pressure jump across W/O interfaces. To do so, we
measure the critical hydrostatic pressure P." on a water inlet, the ‘imbibition
pressure’, required to displace oil from an initially completely oil-filled channel.
Here the oil pressure is controlled by another hydrostatic head at the oil inlet. For
practical reasons, the microfluidic device also features an outlet channel, such that

there is a continuous oil stream (see Fig. 5.4a).

.( *
L oil .' WaterJ Pl g —hedes (g Bv
Y = %
100pm I
| Pe
(a) |0ut|et (b)

Figure 5.4 (a) Magnified view of our setup for imbibition pressure measurements.
Depending on the oil and water pressures at the W/O interface, either oil or water will flow
through the channel. Use of EW electrodes allows favoring wetting of the hydrophobic
walls in a quantitatively controllable manner. The width of the main channel and side
channel are 200 pm and 100 pm respectively. The channel height is 15 um. (b) Hydraulic

resistance circuit of the device

Similar to the experiments on the EW-controlled onset of drop generation
described in chapter 3, the critical water pressure — here: for imbibition — is
determined by the requirement that P. must overcome the sum of the
voltage-dependent Laplace pressure APi(n) of the W/O interface and local

hydrostatic oil pressure Pooc:
R (1) = AR.(17) + P e (5.1)

Fig. 5.5 shows the critical water pressure for a series of different oil pressures as a
function of the applied voltage, which is expressed as the non-dimensional
electrowetting number 1 = CU?%(20). (The electrowetting number expresses the

electrical force per unit length pulling on the contact line in units of the W/O
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interfacial tension ¢.') Two trends are immediately observed: i) P." decreases

linearly with n and ii) Posc increases (linearly) with the oil inlet pressure P.
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Figure 5.5 Imbibition of the critical water pressure required for displacing the W/O
interface, as a function of EW number () for different oil pressures (m: 1.47 kPa, o: 2.45 kPa,
A: 343 kPa, V: 4.41 kPa, «: 5.39 kPa). The vertical dashed line indicates the critical EW
number (i.e. voltage), beyond which APr is negative. Inset: cross-sectional sketch of the

W/O interface inside the channel.

This voltage-dependence of Pw" can be understood by considering the Laplace
pressure of the W/O interface. It can be written as APi(n) = ¢ (1/Rw +1/Rn),
where Rw and Ru are the radii of curvature along the width and height of the
channel, respectively. While Rw is constant, Rx varies with the contact angle 0 =
0(n) of the aqueous phase as Ru =-H/ (2cos0(n)) (see inset of Fig. 5.5). (This
expression is simpler than the corresponding one in ref.47 because the contact
angle is the same on both surfaces and decreases in a symmetric way rather
than only on one surface.) 6(1) is given by the EW equation cos60(n) = cosOy + 1,
as usual. This leads to the following expression for the voltage-dependent

Laplace pressure:

20 n- 20 cosé, + \ZN—G (52)

APL(") :_W H

in agreement with the linear decrease shown in Fig. 5.5. The slope of the solid
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lines in Fig. 5.5 is thus given by -20/H = -0.66 kPa, as determined from inde-
pendent measurements. The dashed vertical line indicates the critical EW number
n° = 0.89, at which AP. of the W/O interface is zero. For all larger voltages, the
W/O interface has a negative mean curvature. (The data points for the highest
voltage in Fig. 5.5 lie above this linear slope because contact angle saturation
limits the contact angle reduction at high voltage (for a recent review on contact

angle saturation, see ref.48).

The relative vertical offset of the curves in Fig. 5.5 is due to the variation of Pooc in
Eq. 5.1 with increasing oil inlet pressure. In analogy with Ohm’s law, we find Pooc
= Qu/(Qut)-Po = AP, where (2s and (s are the hydraulic resistances of the oil
channel before and after the junction, respectively (see Fig. 5.4b). (2 is related to
the dimensions of the various channel segments by (2 = 12,L/WH?, where L is the
length of the channel segment. (For the present geometry, we calculate A = 0.43 in
excellent agreement with the experimental result A = 0.41 + 0.01 obtained from the

vertical offset of the solid lines in Fig. 5.5.)

These results illustrate several advantages compared to our earlier approach
using PDMS-based devices: (i) due to the enhanced stiffness of NOA 81 compared
to PDMS, it is possible to produce not only overall smaller microchannels but also
microchannels with a very small aspect ratio. In this case, the influence of the side
walls on the mean curvature of the W/O interface is reduced, leading to a wider
tunability of the pressure. Moreover, the flow geometry is almost two-
dimensional. (ii) For the PDMS-devices, the contact angle on the top surface
remains constant at a rather large value of = 160°. As a consequence, APt is always
positive, even at the highest accessible values of 1. With the present symmetric
device, this limitation can be overcome and truly negative mean curvatures of the
W/O interface can be achieved. As a consequence, these symmetric devices allow
sucking water into an initially oil-filled microchannel from a larger reservoir at
zero pressure. This may be useful for the loading of microfluidic chips, which

usually requires sealing micropipettes to inject liquid at an overpressure.

5.4 Conclusions

In summary, we developed a simple and inexpensive fabrication technique for
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microfluidic chips, which combine the functionalities of channel flow and EW.
The imprinting lithography based on NOA 81 offers the opportunity to build
devices with micron size features. Reliable hydrophobization of the NOA 81
surface is achieved using a silanization treatment. The new chip design allows for
a more precise and continuous control over the formation of monodisperse small
drops with diameters from 1 to 15 um in flow focusing devices. Moreover, it
allows for controlling the pressure (and thus the actuation force) in the aqueous
phase over a much wider range (including negative Laplace pressures) than
asymmetric devices. Amongst other aspects, this enables spontaneous filling
(imbibition) of water into microchannels from macroscopic reservoirs at zero

pressure.
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Chapter 6

A Microfluidic Platform for On-Demand Formation
and Merging of Droplets using Electric Control”

Abstract

We demonstrate a microfluidic system in which (programmable) local electric
fields originating from embedded and protected electrodes are used to control the
formation and merging of droplets in a microchannel. The creation of droplets on
demand (DOD) is implemented using the principle of electrowetting. Combined
with hydrodynamic control, the droplet size and formation frequency can be
varied independently. Using two synchronized DOD injectors, merging on
demand (MOD) is achieved via electrocoalescence. The efficiency of MOD is 98 %
based on hundreds of observations. These two functionalities can be activated

independently.

200um

- Electrode

____________________

* This chapter has been published in Biomicrofluidics, in press
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6.1 Introduction

Droplet-based microfluidics have found an increasing number of applications in
the past decade, in areas like biomedical diagnostics, drug screening, and
chemical synthesis on chip.'* This technology offers several advantages like
sample volume reduction, fast reaction and analysis, low energy consumption
and increased automation. Current trends are that microfluidic chips are
becoming more multifunctional and more dedicated to specific operations. The
recent developments of drop on-demand (DOD) and merging on-demand (MOD)
functionalities connect very well to this trend. DOD is needed in applications
where either the number of drops needs to be controlled, or where different
droplet manipulations need to be synchronized to each other. MOD can either
facilitate 2D matrix screening tests, or applications where the decision to merge
(or not) depends on a prior diagnosis of the droplet contents. In this case, the
presence of the two candidate droplets at the same time and place as required by
MOD could be facilitated by DOD.

One prominent research area where DOD and MOD have strong potential, is the
on-chip screening of biological cells that have been encapsulated in droplets. Here
the cells may be rare and/or the reagents costly, making it necessary to generate
(and merge) droplets only when needed. Alternatively the number of cells may
also be very large, while only a few are of interest. In this case, a high throughput
screening is needed in which each droplet is first analyzed for a cellular response,
and then given a fate (as in ref. 5). One way to determine this fate is to merge it

with another drop (or not).

Two different platforms are available for achieving DOD or MOD. In so-called
digital microfluidics (DMF), all droplet manipulations are carried out as discrete
steps by switching individually addressable electrodes. Since droplet creation,
transport and merging essentially involve the same operation (activating a local
electrode), the DMF platform is very well suited for both DOD and MOD.
However for applications that require high throughput or involve downstream
operations that are incompatible with DMF, continuous flow microfluidics is
preferred. In that case, DOD and MOD require the integration of active elements

with the layout of the flow channels.
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In this chapter we consider DOD and MOD in continuous flow geometries.
Different ways of realizing DOD have been reported. Lin and Su¢ and Zeng et al.”
described a system using pneumatic microvalves fabricated in polydimethyl-
siloxane (PDMS), while Churski ef al.8 used external valves interconnected with a
microchip. Alternatively, also electric signals can be used to create droplets on
demand. As demonstrated in chapter 3, electrowetting (EW) is used to increase
the wettability of the channel wall at the location of drop formation. With both the
mechanical and electrical methods, a certain control over droplet volume (V)
and/or generation rate (k) could be achieved. However there is still lack of an

efficient on-demand platform to produce droplets using electric control.

The merging of droplets in a flow channel geometry has been widely studied for
passive methods,*!! which do not require intervention and always result in fusion.
In contrast, MOD has been studied only a few times. Link ef al. reported that
droplets can be merged by applying dc voltages with opposite sign across the two
droplets during their formation.’2 Priest et al.’® and Wang et al.’* demonstrated
MOD applications based on electrocoalescence (EC) using dc or ac voltages.
However each method required a precise droplet synchronization and precise
electrode alignment. A different EC-based MOD method was reported by
Zagnoni and Cooper.!>17 They used a pattern of electrodes to hold a single droplet
at the channel surface until the second one arrived. This worked successfully after
a careful tuning of the flow strength. However in these EC applications where
electrodes were in direct contact with the fluid, the occurrence of electrochemical
reactions seems hard to exclude. This could be disadvantageous especially in
bioanalytical applications where, depending on the biological content, redox

reactions could occur.

While the results of these initial studies are certainly promising, it is also clear
that the demand for new DOD/MOD systems is expected to remain for some time.
First of all, the diversity of potential applications is rather large; which means that
certain types of implementation (electric, mechanical) will go well with certain
types of microfluidic chip. And secondly, also aspects like the ease of
manufacturing or the robustness of the device will drive the development of new

designs.
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In this chapter we present a DOD & MOD device that is easy to manufacture,
requiring merely a patterning of electrodes, dip-coating and soft lithography.
DOD and MOD electrodes are integrated in the same layer and can be activated
independently. The footprint is small, which facilitates parallelization of multiple
DOD injectors and MOD mergers, thus allowing also more complex operations
(e.g. multiple mixing or dilution steps). Since our chip contains no moving parts,
and its electrode surfaces are protected against electrolysis by an insulator layer, it

has the potency to become a robust chip.

6.2 Experimental

As shown in Fig. 6.1, our system is based on the combination of microchannels
and insulator-covered electrodes. The channels are fabricated in PDMS using
single-layer soft lithography by replicating from SU8 (photoresist) mold.
Electrodes are obtained by depositing indium tin oxide (ITO) on a glass substrate,
and etching part of the ITO away with 18% HCI via the standard wet etching
method.’”® Then the patterned ITO-glass is covered by a (d =) 3.2 um thick Teflon
AF insulator layer via dip-coating.’ The chip is assembled by clamping the PDMS
structure onto the Teflon covered substrate. The channel geometry for droplet
generation is flow-focusing device (FFD). The dimensions are a channel height of
50 pm, and a width of 100 um for the main channel and 50 um for the orifice. The
chip is mounted on the stage of an inverted microscope (TE 2000U, Nikon, Japan),
equipped with a high speed camera (Photron FASTCAM SA3, Japan).

PDMS  water N 0il

[ Teflon AF ]
ITO

Figure 6.1 Schematic side-view illustration of EW-based FFD. When a voltage is applied,

the water-oil interface is pulled to the downstream.

Our dispersed phase (W) consists of deionized water plus NaCl (conductivity: 5
mS/cm), while our continuous phase (O) is mineral oil plus 3 wt% (nonionic)

Span 80 surfactant. The inlet pressures Pw and Po can be tuned using hydrostatic
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heads, and are kept at 4.8 and 7.5 kPa respectively. Electric fields are applied by
connecting ITO electrodes to ac voltage sources (10 kHz), while the aqueous

phase reservoir is connected to ground.

6.3 Results and Discussion

Droplet on Demand capabilities are first explored using continuous ac voltage.
Results are shown in Fig. 6.2 a and b. Below a root-mean-square voltage (Urms) of =
30 V, no droplets are formed. Increasing Umsup to 70 V, the droplet formation
frequency k grows from 1.5 to 10 Hz (voltages in excess of 70 V lead to contact
line instabilities and polydisperse droplets). Remarkably, the droplet diameter (D)
remains fairly constant at = 50 pm. This trend differs from the purely hydro-
dynamic case, where D and formation rate change simultaneously.?’ It suggests
that our electrically induced droplet formation offers separate control over the
two quantities. In this scheme D could be tuned by varying hydrodynamic

condition Pw and Po as demonstrated in chapter 3.
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Figure 6.2 (a) Drop formation occurs only above a threshold voltage. Increasing Urms
further, the drop formation frequency (k) increases while the drop size remains constant.

The scale bar is 200 um. (b) k as a function of Urms.

Building on these results, we also explore another DOD mode by fixing Urms at 55
V and using a programmable voltage source to create pulses of width 7 and
periodicity T. As shown in Fig. 6.3, it is possible to create individual droplets (on
demand) by choosing 7 = 120 ms. The minimum waiting time that allows
formation of a similar droplet is T = 125 ms, indicating that any arbitrary pulse

sequence with intervals longer than this time will generate a correspondingly
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timed droplet sequence. The smaller 7 and T should be obtainable by increasing

the hydrostatic pressures.

|
T: 1s - [+]
AC pulse = |
T 500ms :): T o
| | | | || U 250ms :): 1 © ° o
= | |
125ms TO-.  © ) (o) [6) [

Figure 6.3 Control over drop formation frequency at fixed Umsby using ac pulses with

variable intervals. The scale bar is 200 pum.

Mechanistically, the DOD control can be attributed to electrowetting? (EW).
Applying a voltage Ums over the insulator layer causes the wetting angle 0 of the
aqueous phase to decrease according to EW equation cosO = cosOy + 1, with Oy the
Young's angle, and n = CU%(20) the EW number?' The increased water
wettability of the substrate facilitates the formation (and subsequent breakup) of a
liquid neck. For the current device with capacitance C = 3.3 uF/m?, and interfacial
tension 0 = 5 mN/m, the electric stress and surface tension are equal (i.e. n = 1) for
U =~ 55 V. Clearly, the EW principle allows to adjust the voltage accordingly for
droplets with a different o.

Merging-on-demand is implemented on the same chip, using interdigitated
electrodes (IDE) at a T-junction where the droplets from two DOD injectors meet
(see Fig. 6.4). The IDE stripes have a width of 10 um and a pitch of 20 um. To
avoid the risk of electrolysis (and possibly also fouling by (bio)molecules inside
the droplets), we prefer to use isolated electrodes. Since Teflon AF is already used
as an insulator for the EW assisted droplet formation, we can simply make use of
the same layer to make MOD more reliable. Challenges in the realization of this
method are i) the two droplets should arrive simultaneously, and ii) the local

electric fields at the IDE should be strong enough to destabilize the droplet pair.

Due to the symmetric design, synchronization is simply obtained by applying the
same voltage signal to the DOD electrodes E1 and E4. In applications involving
asymmetry in the travel time to the junction, compensation could be made by

activating E1 and E4 with an appropriate delay time. Merging of droplets is
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achieved by loading the IDE (E2 and E3 in Fig. 6.4a) with an appropriate (rms)
voltage difference AUms. For AUms <20 V, the electric forces that drive fusion are
not strong enough to overcome the resistance of the stabilizing surfactant layers,
whereas for AUms >>70 V electric breakdown of the insulating Teflon layer occurs.
One snapshot of two droplets produced simultaneously from opposing FFDs is

shown in Fig. 6.4b.

(a)

&2 E4

Zﬁm
Figure 6.4 (a) Schematic of the microfluidic platform for DOD and MOD. Electrodes E1
and E4 are used for triggering drop formation, using ac pulses. The IDEs (E2 and E3) are
used for merging of droplets. (b) Two droplets are produced simultaneously by switching

E1 and E4 at same time.

If the IDE is switched off, the two droplets do not merge even though they
squeeze each other at T junction (see Fig. 6.5 a-f). This is due to the surfactant
stabilization. When merging is chosen, switching on the voltage (i.e. 40 V in the

case of Fig. 6.5 g-1) destabilizes the surfaces of droplets, resulting in merging.

To further examine the mechanism of this MOD, we capture images of the critical
moments of droplet merging, using a high speed camera with a frame rate of 10K
fps. We analyze MOD for two devices with the IDE mounted in different
orientations relative to the T-junction (see Fig. 6.6). In Fig. 6.6a, two droplets
initially approach and touch each other. However instead of merging, the droplet
pair rotates and moves downstream. Then after an initial increase in separation,
suddenly coalescence occurs. The orientation angle at which this happens shows

slight variability; this is ascribed to small differences in the arrival time of the two
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droplets at the junction, which affect the subsequent hydrodynamics of the
tumbling and approaching droplets. Alternatively in Fig. 6.6b, droplets coming
from opposite directions touch each other and merge immediately. For both
geometries, the qualitative scenarios are highly reproducible and merging occurs
with = 98% efficiency (based on hundreds of observations). Interestingly, this
indicates that even without a very precisely alignment between IDE and channels,

merging should occur with = 98% efficiency when the voltage is switched on.

Figure 6.5 Sequential images (a) - (f) E2 and E3 are switched off. The droplets meet at the

junction and move to downstream without merging; (g) - (I) E2 and E3 are switched on.

Two droplets merge at the junction.

The merging in our MOD device occurs essentially via ElectroCoalescence?
(contributions due to EW and DEP can be rationalized to be weak). In EC, the
electric stress ok ~ ec0E? competes with the capillary pressure pe ~ ¥/R.2 gt tends
to deform (and ultimately disintegrate) the droplet whereas p. tends to minimize
the interface at constant mean curvature. Significant advances have been made in
the understanding of EC.1> 2426 However the mechanistic aspects of EC are not yet
completely understood, even for simple configurations of electrodes and droplets.
In our device the situation is more complex, since the electric field due to the IDE
is non-uniform at length scales smaller than the droplet diameter. Locally induced
droplet deformations are then expected to play a role. This is also suggested by
the coalescence events in Fig. 6.6, which appear to have a preferred alignment
with the electrode stripes. In EC, it is generally the case that the surfactant layers
become unstable once the most nearby surfaces of the two droplets have reached
a minimum distance. The role of the external electric field is then to enhance the
dynamics of approach and to enlarge the critical distance. This should also apply

in our case.
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Figure 6.6 Sequential images recorded at 10k fps showing how two droplets merge for

different orientations of the IDE stripes. In (a), prior to merging, two droplets contact each
other and then rotate till the contact line and electrode stripes have an angle close to 90°. In
(b), two droplets merge immediately upon contact. Also in this case the contact line has an

angle close to 90° with the electrode stripes.

From an application perspective, the physics of electrocoalescence (i.e. the
dependence on E, y, R) implies that our MOD device can also be made to perform
reliably under different conditions (e.g. droplet size, interfacial tension) by an up-

or downscaling of the geometry or simply by adjusting the voltage.

6.4 Conclusions

In conclusion, we demonstrated a microfluidic platform that implements voltage
programmable on-demand droplet formation and on-demand droplet merging.
DOD is based on electrowetting while MOD involves electrocoalescence. Our
device is easy to fabricate, since the number of steps is small and alignment of the
IDE is not critical. The device can be operated at relatively low voltages, and
shows robustness under these conditions. The droplet throughput rate is
comparable to other devices. This platform offers a way of miniaturized
automated microfluidic chip for screening in various areas of chemistry and

biochemistry.
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Chapter 7

Interfacial Tension Measurements with
Microfluidic Tapered Channels

Abstract

We developed a microfluidic chip that is capable of measuring interfacial tensions
between two liquids, directly from a force balance. This functionality is obtained
by using a tapered microchannel, which offers a range of possible interface
curvatures. The position along the channel where mechanical equilibrium is
reached, depends on the interfacial tension, the contact angles with the channel
walls, and externally controllable pressures. Using a device of PDMS with a
channel height of 50 um and a width tapering from 300 to 20 pm, equilibrium
interfacial tensions (IFTs) could be measured for various systems with / without
surfactant, having IFTs between 3 and 38 mN/m. Quantitative agreement with
macroscopic measurements was obtained, albeit that in the absence of surfactant,
the location of the receding interface was influenced by additional pinning forces.
We demonstrate the utility of our device for measuring IFTs that change over time,
due to a slow adsorption at the interface. Our device should be especially suitable
for studying the formation of interfacial layers for different compositions of the

continuous phase.

Patm
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7.1 Introduction

It is well-known that the interfacial tension (IFT) is an important physical property
for governing the structure, dynamics and stability of multiphase systems in
various scientific and industrial applications, like emulsification, pharmaceuticals,
cosmetics and food, the (enhanced) recovery of oil, and so forth."* Conventional
methods for measuring IFT are Wilhelmy plate, Du Noiiy ring, sessile drop and
pendant drop.> These methods offer convenience, accuracy and suitability for
liquid/liquid or liquid/gas interfaces. However they also need a spotless
environment to prevent exposure to contaminants, since these species generally
have a tendency to end up at interfaces. Also the scale of the measurement

requires a relatively large amount of sample.

In the past decade, there has been growing interest in microscale measurements of
IFTs. For example, Lee et al. reported a micropipette technique, in which the IFT is
determined from the radius of curvature of the interface in the pipette for a given
pipette pressure.®” While this method does not suffer from the limitations
mentioned above, the measurements are not easily performed. One liquid, with an
interface formed in a micropipette, needs to be exposed rapidly to a solution of

another liquid in order to minimize contamination.

Perhaps the strongest potential for measuring IFTs at the microscale lies in the use
of microfluidic devices. This would connect very well to the increased use of such
devices for emulsification-related processes, and moreover it would provide the
information where it matters the most: in situ. One of the first microfluidic
methods was developed by Hudson et al.,%° who obtained IFTs from a precise
analysis of the shape distortion of suspended droplets. To induce the droplet
deformations, they used a flow field gradient that was generated by constrictions
in the microchannel. This method has the advantages of high speed, low sample
consumption and good repeatability. One inconvenient aspect is that measuring
dynamic (i.e. time dependent) IFT requires multiple constriction points which

means a relatively large microfluidic device.

Other researchers have studied so-called apparent dynamic IFTs in relation to
(kinetics of) surfactant adsorption in emulsions. Using T-junction,'*!! Y-junction'?

or coaxial geometries’® the IFT of produced droplets could be inferred from the

Page | 96



IFT measurement with microfluidic tapered channel

size and generation rate of the droplets. The measurement of such transient IFTs is

very important for tuning emulsification processes.

Despite the achievements of the recently presented methods of microfluidic (i.e.
on-chip) tensiometry, there is still much to be desired. For example, also interfaces
where water and oil meet without forming droplets are interesting: which phase
will wet the channel wall(s), and how to modify this by external forces are very
relevant questions for applications ranging from the filling of microchannels, to
water imbibition in oil recovery. In particular surfactant ad- or desorption, leading
to changes in interfacial tension are important aspects. To study these phenomena
in situ, a tensiometric method based on (quasi) static interfaces would be needed.

However, such a method is missing at present.

In this chapter, we will present a “first generation” microfluidic device for
measuring the IFT between two (quasi-) stationary liquids. Key element of the
design is a tapered channel leading to a T-junction. The varying width of the
channel provides the fluid interface with a degree of freedom, as to where to settle.
The axial location where this occurs is determined by the applied pressure
difference, the wetting angles at the walls and the IFT. Then by controlling the first

two, the latter can be measured.

In this work we will consider the geometric design aspects, and assess to what
extent our new technique is able to reproduce IFTs as measured with traditional
(macroscopic) measurements. Besides measurements of equilibrium IFTs, also the
case of a time-dependent IFT will be addressed. Finally, we will also explore the
possibilities obtained after extending the device with electrowetting (EW)

functionality.™

7.2 Experimental

7.2.1 Materials

The oil phase (O) is a mineral oil (Sigma Aldrich, viscosity: po= 0.03 Pa-s), while
milli-Q water was used for the aqueous phase (W). Sodium chloride (NaCl) was
added to the aqueous phase up to a conductivity of 5-7 mS/cm, to allow for EW
applications. For the purpose of varying interfacial tension, two non-ionic

surfactants were used (one at the time). Triton X-100 (Acros) with 0.5 wt%
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concentration was prepared in an aqueous phase. Span 80 (Fluka) with 1 wt% and
0.5 wt% concentrations were applied in an oil phase. The concentrations of Triton
X-100 and Span 80 are much higher than their critical micelle concentrations
(CMCs).1516 Equilibrium O/W IFTs were measured with a tensiometer (Kruss K11,
Germany) using a Wilhelmy plate, and were found to be: 38 mN/m without
surfactants, 3.1 mN/m with Triton X-100 and 5 mN/m with Span 80.

7.2.2 Experimental Setup
Our device consists of a microchannel mounted on a glass slide. The glass was

coated with an indium-tin oxide (ITO) conductor plus a Teflon AF 1600 insulator
with a thickness of 3.2 um prepared by dip-coating.!” The channel was fabricated
in polydimethylsiloxane (PDMS) using standard soft lithography.'® The molded
PDMS channel was clamped mechanically onto the glass substrate. Fig. 7.1
illustrates the geometry which includes a tapered channel and T-junction. The
inlet pressures of oil (Po) and water (Pw) were controlled using hydrostatic heads

with a precision of 1 Pa (= 0.1 mm).

The microfluidic chip was placed on an inverted microscope (TE 2000U, Nikon,
Japan), equipped with a 10X/air objective and a high-speed camera (FASTCAM
SA3, Photron, Japan). Image] software (version 1.43n) was used to measure the
position of the W/O interfaces from recorded images. When applying EW, the
bottom ITO electrode was connected to a voltage source to apply an ac voltage U
(0 ... 100V:ms (root mean square)) with a frequency of 10 kHz, while the aqueous

phase reservoir was connected to ground.

Po

'j@}

i

| Pw

200 pm

outlet Patm

Figure 7.1 Schematic of our setup. The W/O interface is formed in the tapered channel. The

pressures at different locations are indicated for further discussions.
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7.2.3 Methodology for IFT measurement
Our method is based on the Young-Laplace equation (Eq. 7.1), where Rv and R« are

the radii of curvature in the horizontal and vertical planes (corresponding to the
channel width w and height & respectively). Pr is the Laplace pressure difference
across the W/O interface. By measuring the curvature and calculating Pr from the

inlet water and oil pressures, the IFT can be obtained from Eq. 7.1.

1 1
PL =0 (R_ + R_) (7.1)
h

W

First we consider the calculation of the curvature of the interface. In our tapered
geometry, Ri is constant while Rw can be adjusted to meet the imposed pressure
boundary conditions. Rw = -w/2cos0, where 0 is the contact angle between interface
and channel walls while w is the (variable) channel width. R» is determined in a
similar way as R = -h/2cos0 as shown in Fig. 7.2a. Taking into account that in our
case cos0 is practically the same for all surfaces, Eq. 7.1 can in good approximation

be rewritten as:
P.=0-(-2cosd)- (l + l) (7.2)
w h

The pressure difference across the interface Pi is equal to Pw- Pic, where Pic is the
local oil pressure near the interface (see Fig. 7.1). In the absence of flow between
the interface and the T-junction, Pic should be equal to the pressure at the junction
P;. The latter pressure is determined by the reservoir pressure Po and the pressure
drop due to the flowing oil. Considering the equivalent hydrodynamic circuit of

the microchannel system and applying Ohm’s law, we find that P;is given by:

Q
=0, 0, P74 =
a b

where Q =uL/wh? is the fluidic resistance, with y the oil viscosity, L the length of
the channel segment (a or b, see Fig. 7.2.) and w and h as before. Eq. 7.3 has been
confirmed for several channel geometries and liquid combinations in previous

studies.19-20

Substituting Eq. 7.3 in Eq. 7.2 then results in:
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1 1
P=R,—-4-Py=0-(-2c0s0)-(—+—-) (7.4)
w h
which shows that given Po, Pw, h and 0, ¢ follows from the measurement of w.
Pa
Qil
h
Pj
water oil
Qb
(@) ®

Figure 7.2 (a) Cross-sectional sketch of the W/O interface inside the channel; (b)

Hydrodynamic circuit of the device for oil phase.

To allow measurement of ¢ in the typical range of 5 - 50 mN/m using (hydro-
statically controlled) Laplace pressures in the range of 1 - 1000 Pa, the dimensions
of the tapered channel had to be tuned carefully. The length of the tapered section
should be long enough to allow an accurate measurement of the width at which
the W/O interface touches the sidewalls. On the other hand, the channel should be
short enough to fit in the field of view of the microscope (10X). A length of 1500
um fitted these requirements. The height of all channels was chosen the same,

being 50 pum.

As shown by Eq. 7.4, the Laplace pressure is dominated by the smallest of w and h.
For this reason the largest w (at x = 1500 pm) was set at 300 pum, while the smallest
w (at x = 0) was designed to be 20 pm. Given these dimensions, 1/h+1/w varies
between (~ 0.023) and (~ 0.071) um™. We remark here that w <20 um might also
have given problems due to possible deformations of the PDMS channel. This

means that for the current device, the relation between w and x is given by:
w=0.187x +20 (7.5)

with w and x in um. Inserting this result in Eq. 7.4 gives an explicit dependence of
the Laplace pressure on the axial position x. This dependence is illustrated for two

representative cases in Fig. 7.3a.

An inherent aspect of our design is that the equilibrium (w-) position of the W/O

interface depends not only on the IFT but also on the chosen P» and P, (as a
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consequence, in different experiments the same o will correspond to a different w,
since P» and P, cannot be set with very high precision). To allow measuring IFTs
that change (slowly) over time, both the initial and the (expected) final IFT should
correspond to a width w that lies within the boundaries of 20 and 300 um. This
condition is generally met if the highest IFT corresponds to a w that is found at x =
1200 um. To illustrate how this works, we show in Fig. 7.3b the relation between o
and x for a W/O interface that has an initial o of 50 mN/m corresponding to an
initial x of 1200 um. As ¢ decreases (e.g. due to slow surfactant adsorption), x also
becomes smaller. For ¢ smaller than 12 mN/m, no equilibrium x-position can be
found anymore and the aqueous phase will enter the oil-filled channel. This means
that a dynamic range (in o) of about 4 can be accommodated by the device. IFTs
below 12 mN/m could still be measured, but this would require adaptation of the

hydrostatic pressures.

Finally we consider the straight channel. This has a width of 200 um, and is
intersected by the tapered channel halfway, so in Eq. 7.4., A is equal to 0.5.
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Figure 7.3 Theoretical performance of or device. (a) Laplace pressure as a function of x at a
constant IFT (red: 50 mN/m, green: 5 mN/m); (b) Interfacial tension versus the position of
the interface (x) in a tapered channel, where x = 0 indicates the position of the T-junction at a

constant Laplace pressure. The height of the channel is 50 um.

7.3 Results and Discussion

7.3.1 Static interfacial tension
We first used the setup to measure the IFT between milli-Q water and mineral oil

without surfactant. As demonstrated in Fig. 7.4a, the location of the W/O interface
in the tapered channel responds to an increase of the water pressure Pv while the

contact angle appears to remain the same. This suggests indeed the occurrence of
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equilibrium according to Eq. 7.1.

To examine the correspondence quantitatively, we increased the water pressure in
steps, and measured the corresponding widths of the channel where the W/O
interface settled. Also the contact angle 8 (157° + 3°) was measured from a series of
images. Then inserting all the known into Eq. 7.4, we extracted the value of o. Fig.
7.4b shows the result as a plot of PL vs. -2cos0-(1/w+1/h). Values of the IFT can be
obtained from individual points as well as from a linear fit to the data set. From
the latter we found an IFT of 37.2 + 1.2 mN/m, which is in good agreement with the
value of 38 mN/m measured with the Wilhelmy plate. Also the individual data
points were close to this value: 36 + 2.0 mN/m. Hence not only the slope but also
the offset of the line are in good agreement with the model. This also indicates that

the error in calculated pressure difference is small.
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B0 ?JEI é] 20
-2¢c0s0(1/w+1/h) (10°ni")
Figure 7.4 (a) Displacement of the W/O interface towards the junction upon increasing Pw;
(b) Plot of the applied Pr versus the measured interface curvature. The IFT is determined

from the slope based on Eq. 7.4.

However, upon progressively decreasing the water pressure, the location of the
interface did not respond in the same reliable manner as for the advancing contact
angle. These points at the occurrence of pinning forces, which lower the contact
angle to an extent that depends on the local heterogeneities of the wall(s). Due to
this behavior, the IFT could not be obtained in a reliable way from the slope of Pr
vs. -2cosO-(1/w+1/h).
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Figure 7.5 IFT of (water+Triton X-100) and mineral oil: (a) Pr versus curvature for advancing
contact angles; (b) same but now for receding contact angles. The IFTs are determined from

the slope based on Eq. 7.4.
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Figure 7.6 IFT of water and (mineral oil + 1 wt% Span 80): (a) Pr versus curvature for
advancing contact angles; (b) same but now for receding contact angles. The IFTs are

determined from the slope based on Eq. 7.4.

In the presence of the used surfactants, the IFT could be measured by either
increasing or decreasing the water pressure. However the observed contact angles
in the two directions still showed some differences (see Table 7.1). These findings
are also illustrated in Fig. 7.5 and Fig. 7.6. For 0.5 wt% Triton X-100 in aqueous
phase, we obtained IFTs of 2.9 and 3.2 + 0.1 mN/m from the advancing and
receding curves. Both results compare well to the 3.1 mN/m measured with the
plate method. For 1 wt% Span 80 in oil, we obtained IFTs of 4.6 and 4.9 + 0.2 mN/m
for the advancing and receding cases. Also for these rather low IFTs a good

agreement was found with the macroscopic measurement of 5.0 mN/m.
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7.3.2 Time-dependent interfacial tension
One aspect that makes our device especially interesting is that it might be capable

of monitoring gradual changes in IFT in situ while working with fluids on-chip.
Such a monitoring could serve either as a quality control, or as a means to
systematically study the effect of compositional variations in the phase (here: oil)
that flows past the T-junction. To explore this capability, we did an experiment in
which the interface was initially formed from pure water and oil, but subsequently
the oil was replaced by a solution of Span 80. This was realized by connecting two
reservoirs with the different oil phases via a Y-junction valve to the inlet tubing for
oil. Care was taken to ensure that the liquid levels (i.e. the hydrostatic heads) were
precisely the same for both reservoirs. Closing the stream of pure oil and allowing
the Span 80 solution to flow, then results in a gradual change of the surfactant
concentration at the W/O interface: due to the low oil flow rate and the large
length of the inlet tubing, the transport of Span 80 through the tubing occurs via a
combination of convective displacement and diffusion. As a result, the IFT should
show a gradual decrease. While in this case the time-dependence of o would
merely reflect the kinetics of convection and diffusion, it can be a model for slow

adsorption processes of a different nature.?

The outcome of this experiment is shown in Fig. 7.7. Replacing the pure oil with a
0.5 wt% Span 80 solution, the axial position (x) of the W/O interface and hence the
calculated interfacial tension starts to decrease from the moment that the first
surfactant molecules arrive. While the initial IFT of 37.5 + 1.1 mN/m is in good
agreement with the presence of pure oil, the value of 18.5 + 0.8 mN/m as reached
after ~ 3x10%s does not correspond to the earlier observed equilibrium value of ~ 5
mN/m. This suggests that the Span 80 concentration near the interface has not yet
reached the CMC. This is certainly conceivable: the average convective displace-
ment of the fluid (~ 0.4 m) in the tubing during the (~ 1 h) course of the experiment
was calculated to be less than the (~ 1 m) length of the tubing. This indicates that
the oil phase that was flowing past the T-junction of the device, was still in the

transition zone between pure oil and the oil with 0.5 wt% Span 80.
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Figure 7.7 Dynamic IFT measurement: the adsorption of Span 80 at the W/O interface is
tracked by changes in the IFT. The arrow indicates the starting point of adsorption.

7.3.3 Contact angle hysteresis
As mentioned previously and as illustrated in Fig. 7.5, the advancing contact

angles were generally larger than the receding angles. This contact angle hysteresis
(CAH) finds its microscopic origin in surface roughness and/or chemical
heterogeneities, which give rise to so-called pinning forces. To quantify the effect,
advancing and receding angles were measured from the images, in a similar way
as in a contact angle goniometer. The results shown in Table 7.1 indicate that while
CAH occurs in all systems, the effect is much weaker in the presence of surfactant
(in case of Span 80, the difference between advancing and receding angles is even
less than 10°). Also the spread between the contact angles measured in the same
regime (ie. advancing or receding) appears to be smaller in the presence of
surfactant (we attribute the mentioned irregular displacements of the receding

contact line in the absence of surfactant to these variations).

Table 7.1 Contact angles hysteresis for aqueous phase moving in a channel filled with an oil

phase in the cases of with/without surfactants

Contact angle Advancing angle Receding angle

no surfactant 157° +3° 118° £5°

Triton X-100 155° + 2° 138° £+ 3°
Span 80 158° + 3° 149° + 2°

Finally we note also that the advancing contact angle is practically the same for all
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three cases. This facilitated the analysis of the dynamic experiment shown in Fig.
7.7, since there was no need to measure also 0 as a function of time. cos@ could just

be inserted as a constant in Eq. 7.4.

To explore the practical implications hereof somewhat further, we analyzed the
measurements in the presence of Span 80 also for the receding case, thereby
inserting the mean receding contact angle into Eq. 7.4. This produces a curve that
can be compared to that of the advancing case. The data in Fig. 7.8 indicate that the
Laplace pressures (that are proportional to the IFT) correspond to each other
within ~15%.

L
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Figure 7.8 P. versus the position of the interface in a tapered channel for the advancing and

receding cases. This measurement was done in a water / (mineral oil + Span 80) system.

7.3.4 Electrowetting and tapered channel
We also explored to what extent the capabilities of our device could be enhanced

using EW as an extra functionality. The fabrication of this extension is fairly easy,
since it requires little more than the placement of an electrode plus insulator
underneath the tapered channel. Then the contact angle at the electrically actuated

surface can be modified according to the EW equation ' (Fig. 7.9a):
cosé(n) =cosé, +n (7.6)

Here 7=CU?/2c is the dimensionless EW number which indicates the relative

strength of electrostatic and interfacial tension forces, while C is the capacitance of
the dielectric layer. Variation of the voltage U (or equivalently n) can then be used

to change the mean curvature of the interface and hence the Laplace pressure.
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Activating the electrode from a starting point in which mechanical equilibrium (in

Eq.7.4) is already attained, should then lead to displacement of the interface.

In Fig. 7.9b we show the results of our exploratory experiment in the presence of
surfactant (1 wt% Span 80). For n > 0.2 (U > 25 V) the (x-position of the) interface
was observed to respond instantaneously to a change in voltage; moving closer to
the T-junction (at x = 0) when the voltage was increased, and moving further away
upon decreasing U. However, the advancing and receding curves clearly did not
overlap (except at n = 1). Remarkably, after switching off the voltage, the interface
did move back to its original position (from which the experiment was started).

This suggests that an additional electric effect must play a role too.
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Figure 7.9 (a) Cross-sectional sketch of the W/O interface inside the channel. The contact
angle alters when the voltage is applied. (b) EW number versus position of interface. The
interface moves towards the junction with increasing voltage (black squares), and

withdraws with decreasing voltage (red circles).

7.4 Conclusions and Outlook

In summary, we demonstrated a “first generation” device that is capable of
measuring interfacial tensions reliably and in a straightforward way, using a
microfluidic tapered channel. Several equilibrium IFTs in the range of ~ 3 to 38
mN/m could be measured. The results are in very good agreement with values
obtained using a Wilhelmy plate. Also an example of the measurement of a time
dependent IFT was given. Finally also electrowetting was explored as means to
enhance the capabilities of the device. Here it was possible to actuate the liquid,

but also an unexpected hysteresis effect was found.
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The work presented in this chapter is only the first study. The reliability of the

device could be further enhanced if the contact angle hysteresis could be further

reduced.
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Summary and Outlook

Electrowetting (EW)-based digital microfluidic systems (DMF) and droplet-based
two-phase flow microfluidic systems (TPF) with closed channels are the most
widely used microfluidic platforms. In general, these two approaches have been
considered independently. However, integrating the two technologies into one
allows to combine the advantages of both worlds: (i) high throughput (from TPF)
and (ii) precise control over each individual drop (from EW). Thus the aim of this
thesis was to investigate the combination of EW technology and the droplet-based
TPF platform. Hence we designed and developed several of such hybrid micro-
fluidic chips, using different approaches and microfabrication technologies. We
demonstrated the new functionalities of the developed devices and explored the

physics ingredients based on our observations.

In Chapter 2 we give an overview of the state of the art in EW and digital
microfluidics. We introduce the principle of EW, and the main physical aspects
like the conductivity of aqueous phase, contact angle saturation and hysteresis,
and contact line motion. Each of these aspects is relevant for the application of
microfluidics. EW-based DMF is also presented in terms of its operations,
consisting of droplet formation, transportation, splitting, merging and mixing. In
the second part of this chapter, we review the most recent developments in
droplet-based TPF, especially focusing on two practical aspects: droplet formation
and droplet merging under both hydrodynamic and electric control conditions.
Furthermore, several common microfabrication methods for TPF are also

discussed.

We chose to study the droplet formation in a flow focusing device (FFD) because
such devices allow for a very reproducible formation of monodisperse droplets. In
Chapter 3, we report our first FFD device having a polydimethylsiloxane (PDMS)

channel structure, bonded onto a Teflon AF-coated indium tin oxide (ITO) glass

Page | 109



Chapter 8

substrate. Based on the experimental observations, an operating diagram of water
droplet formation as a function of the water and oil pressures and the applied (EW)
voltage was obtained. In a specific region of the diagram, the formation of droplets
occurs only upon EW actuation. The conditions under which this enhanced
control over the droplet formation is obtained, are in quantitative agreement with
a theoretical model that compares the electrostatic stress generated with EW to the
local hydrostatic pressures at the orifice. In this regime, the droplet size and
droplet generation frequency are independently controllable via the amplitude
and the width of voltage pulses. Furthermore, we also report similar droplet

formation phenomena in the presence of surfactants.

A different capacity of EW in droplet formation (for emulsification related
applications) is presented in Chapter 4. In this study a downscaled channel with a
much smaller orifice (width (w) x height (h): 50 x 50 um) was utilized. In addition
to either the pressures or the flow rates of the dispersed (water) and continuous
(oil) phases, the EW voltage was used as a third control parameter for droplet
formation. Compared to exclusively hydrodynamic devices, the EW-based devices
were found to offer a wider and more continuous range for the size of droplets
that can be formed. Of particular interest was a regime in which droplets are
formed in a “conical spray ’. This occurs at voltages of O(50V) and allows for
continuous tuning of the droplet diameter from = 5 to 50 um at a fixed flow rate of

the continuous phase.

To enhance EW effects and extend the functionalities of EW, we also designed and
developed a simple, rapid and inexpensive method to fabricate an EW-based FFD
based on the ultraviolet (UV) curable polymer NOA 81. This is described in
Chapter 5. Using NOA 81 allows defining the channel geometry via soft imprint
lithography, in addition to sealing of the device via exposure to UV light. This
method allowed us to make microchannels with a better compatibility with oils,
smaller dimensions, lower aspect ratios, and with electrodes on both the bottom
and top surfaces of the channel. Furthermore, a reliable hydrophobization of the
NOA 81 surface was achieved using a silanization treatment. We fabricated a FFD
with an orifice of w x h (20 x 10 um) to achieve more control and produce even
smaller droplets (in the range = 1 ~ 15 pm) as compared to chapter 4. We also

fabricated a straight channel with a small aspect ratio (w x h: 200 x 15 um). Using
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EW to control the contact angles, this device allows imbibition of water into an
initially oil-filled hydrophobic microchannel, from a water reservoir at zero excess
pressure. This may be useful for the loading of microfluidic chips, which usually

requires an overpressure on the injected liquid.

In Chapter 6, we demonstrate a microfluidic platform that can implement voltage
programmable on-demand droplet formation and on-demand droplet merging.
Two droplet injectors are integrated in close proximity on the same chip. EW-
induced on-demand formation of droplets offers a means of synchronization of
two streams of produced droplets. These two streams then meet at a T-junction,
where interdigitated electrodes are embedded. Merging on demand (MOD) is
achieved there via electrocoalescence (EC). The efficiency of MOD is 98 % based
on hundreds of observations. Our device can be operated at relatively low
voltages, for instance the minimum voltage required for merging is 20V. These
capabilities could eventually be used in automated microfluidic chips for

screening in various chemical or biology related applications.

One of the key parameters in the formation and stabilization of droplets is the
interfacial tension of the oil (O) / water (W) interface. In Chapter 7 we describe
how this quantity can also be measured in microfluidic devices. Our new
tensiometric device makes use of a tapered channel and control over the
hydrostatic pressures of O and W. Since in such a channel the mean curvature of
the interface depends on the axial position, mechanical equilibrium is achieved
only at a certain axial location. This approach allowed to measure equilibrium IFTs
between 3 and 38 mN/m. The measurements were found to correspond very well
to those with other methods. Also a time dependent IFT varying from 37.5 mN/m
to 18.5 mN/m could be measured using current device. Effects of contact angle
hysteresis were studied by characterizing the advancing and receding angles. Also,

the integration of EW into the system was explored.

To conclude, versatile microfluidic chips which combine EW technology and the
droplet-based TPF platform have been successfully designed and developed using
different approaches and microfabrication technologies. For several applications,
the combination of the advantages of both EW and droplet-based TPF platform

could indeed be realized. However, also some challenges still remain:
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(i) One challenge is the fabrication of EW-based TPF devices for applications that
require emulsification at an industrial scale. This is still complicated, because these
devices must include not only microchannels, but also electrodes and insulators,
each of these in large numbers because of the necessary parallelization. Even if all
the individual modules work, their close proximity may still cause coupling effects.
Also the sealing of large scale device could pose a main problem that needs to be

solved.

(if) EW-based droplet formation currently still suffers from a lack of quantitative
insight, which is why droplet production phase diagrams are still being measured

instead of predicted whenever a new device has been designed.

(iii) For EW-based TPF device, a conductive dispersed phase is needed. This is
why only the W/O system and not the O/W system was studied in this thesis. A
promising development however is that ionic liquids are finding more
applications, also in the area of EW. This might offer a route to use EW-based TPF
device in O/W or O/O systems.

Notwithstanding these challenges, it is already possible to perform real
applications like cell screening, biochemical diagnosis, particles synthesis etc.
using our EW-based TPF platform. These aspects indicate a way to extend this

thesis work in the future.
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Electrowetting (EW)-gestuurde digitale microfluidische systemen (DMF) en
microfluidische systemen met een op druppels gebaseerde twee-fasen stroming
(TPF) door gesloten kanalen zijn de meest gangbare microfluidische platformen.
Over het algemeen worden deze systemen apart van elkaar gebruikt. Integratie
van de twee technologieén zou echter de voordelen van beiden kunnen
combineren: (i) een hoog debiet (van TPF) en (ii) nauwkeurige controle over elke
afzonderlijke druppel (gebruikmakend van EW). Het doel van dit proefschrift was
om de combinatie van EW technologie en een op druppels gebaseerd TPF
platform te bestuderen. Hiertoe hebben we verschillende van zulke hybride
microfluidische chips ontworpen en ontwikkeld, met gebruik van verschillende
strategieén en microfabricatie technologieén. We hebben de nieuwe functional-
iteiten van de ontwikkelde platforms aangetoond en hebben de fysische

verschijnselen die hieraan ten gronslag liggen verkend.

In Hoofdstuk 2 geven we een overzicht van de huidige inzichten in EW en digitale
microfluidica. We introduceren het principe van EW en de belangrijkste fysische
aspecten die een rol spelen zoals de geleidbaarheid van de waterfase,
contacthoekverzadiging en hysterese, en contactliindynamica. Elk van deze
aspecten is relevant voor de toepassing van microfluidica. Vervolgens bespreken
we de verschillende manipulaties van EW-gestuurde DMF, bestaande uit de
vorming en het transport, opsplitsen, samenvoegen en mengen van druppels. In
het tweede gedeelte van dit hoofdstuk bespreken we de recente ontwikkelingen
op het gebied van op druppels gebaseerde TPF, waarbij we voornamelijk twee
praktische aspecten benadrukken: vorming en samenvoeging van druppels door
middel van zowel hydrodynamische als elektrische aansturing. Verder

bediscussiéren we enkele veel gebruikte microfabricatie technieken voor TPF.

We hebben ervoor gekozen druppelvorming in een flow focusing device (FFD) te
bestuderen omdat deze een erg reproduceerbare vorming van monodisperse
druppels mogelijk maken. In Hoofdstuk 3 bespreken we onze eerste FFD
bestaande uit een polydimethylsiloxaan (PDMS) kanaalstructuur, die aan een met
Teflon-AF bedekt indium tin oxide (ITO) glas substraat is gehecht. Gebaseerd op
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onze experimentele bevindingen verkrijgen we een procesdiagram dat de vorming
van waterdruppels beschrijft als functie van de water- en oliedrukken en de
opgelegde (EW) spanning. In een specifiek gebied van het diagram worden
druppels enkel gevormd ten gevolge van EW aansturing. De voorwaarden
waaronder deze vergrootte controle over druppelvorming mogelijk is, zijn
kwantitatief in overeenstemming met een theoretisch model dat de door EW
opgewekte elektrostatische druk vergelijkt met de plaatselijke hydrostatische druk
bij de stroomopening. In dit regime zijn de druppelgrootte en de druppel-
vormingsfrequentie onafhankelijk aan te passen door de amplitude en breedte van
het spanningssignaal aan te passen. Verder beschrijven we gelijksoortige

druppelvormingsfenomenen onder invloed van oppervlakteactieve stoffen.

Een andere mogelijke toepassing van EW in druppelvorming (voor toepassingen
gerelateerd aan emulsificatie) wordt beschreven in Hoofdstuk 4. In dit onderzoek
werd een geminiaturiseerd kanaal met een veel kleinere stroomopening (breedte x
hoogte: 50 x 50 um) gebruikt. In aanvulling op de drukken of de debieten van de
gedispergeerde (water) en continue (olie) fasen wordt de EW spanning gebruikt
als derde stuurparameter voor druppelvorming. Vergeleken met volledig hydro-
dynamische systemen blijken de EW-gestuurde systemen een breder en meer
continu bereik van druppelgroottes mogelijk te maken. Bijzonder interessant was
het regime waarin druppels gevormd worden in een “kegelvormige spray”. Dit
gebeurt bij O(50V) en maakt het mogelijk om de druppel diameter gecontroleerd

te variéren tussen 5 en 50 um bij een gegeven debiet van de continue fase.

Om de invloed van EW te vergroten en de functionaliteiten van EW uit te breiden,
hebben we ook een eenvoudige, snelle, en goedkope methode ontworpen en
uitgevoerd om een op EW gebaseerde FFD te maken uit het ultraviolet (UV)
hardende polymeer NOA 81. Dit wordt beschreven in Hoofdstuk 5. Het gebruik
van NOA 81 staat toe dat de kanaalgeometrie wordt gemaakt met zachte imprint
lithografie waarna het systeem wordt afgesloten via blootstelling aan UV straling.
Met deze methode kunnen we microkanalen maken die een betere compatibiliteit
met olién hebben, kleinere afmetingen, kleinere h/w verhoudingen, en elektroden
aan zowel de onder- als bovenzijden van het kanaal. Een betrouwbare
hydrofobisatie van het NOAS81 oppervlak is verkregen door middel van een

silanisatie behandeling. We hebben een FFD met een stroomopening met w x h (20
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x 10 pm) gemaakt om meer controle te hebben over de druppelgrootte en kleinere
druppels te kunnen maken (tussen= 1 ~ 15 um) in vergelijking met Hoofdstuk 4.
We hebben ook een recht kanaal gemaakt met een kleine h/w verhouding (w x h:
200 x 15 um). Met gebruik van EW om de contacthoek te manipuleren, maakt dit
systeem het mogelijk om de olie in een gevuld hydrofoob kanaal te vervangen
door water dat zich in een reservoir zonder overdruk bevindt. Dit zou toegepast
kunnen worden om microfluidische chips te vullen, die normaal gesproken een

overdruk op de geinjecteerde vloeistof nodig hebben.

In Hoofdstuk 6 laten we een microfluidisch platform zien welke spannings-
gestuurde druppelvorming en druppelfusie op commando implementeert. Voor
de vorming betekent dit dat er op een goed gedefinieerd moment een
gecontroleerd aantal druppels wordt gegenereerd. Twee druppelinjectie systemen
zijn dicht bij elkaar geintegreerd in dezelfde chip. EW-gestuurde druppelvorming
op commando geeft de mogelijkheid om twee druppel treinen te synchroniseren.
Druppels uit de twee stromen komen dan samen bij een T-splitsing, waar in elkaar
grijpende elektroden in de chip aangebracht zijn. Druppelfusie op commando
(MOD) wordt hier geinduceerd via electrocoalescentie (EC). De efficiéntie bereikt
met MOD is 98%, gebaseerd op honderden observaties. Ons systeem werkt met
relatief lage spanningen; de minimum spanning nodig voor druppelfusie is
bijvoorbeeld 20V. Deze capaciteiten zouden uiteindelijk gebruikt kunnen worden
in geautomatiseerde microfluidische chips voor detectiedoeleinden in

verschillende chemische en biologische toepassingen.

Eén van de bepalende parameters in de vorming en stabilisatie van druppels is de
oppervlaktespanning (IFT) van het olie (O)/ water (W) scheidingsvlak. In
Hoofdstuk 7 beschrijven we hoe deze grootheid gemeten kan worden met behulp
van microfluidische systemen. Ons nieuwe tensiometrische platform maakt
gebruik van een taps toelopend kanaal en sturing van de hydrostatische olie- en
waterdrukken. Aangezien de gemiddelde kromtestraal van het scheidingsvlak in
een dergelijk kanaal afhangt van de axiale positie, wordt mechanisch evenwicht
pas bereikt op een zekere axiale locatie. Met deze aanpak waren we in staat
evenwicht IFTs tussen 3 en 38 mN/m te meten. De metingen kwamen zeer goed
overeen met die volgens andere methoden. Verder kon ook een tijdsathankelijke

IFT, afnemend van 37.5 mN/m tot 18.5 mN/m, gemeten worden met hetzelfde
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platform. De effecten van contacthoekhysterese werden bestudeerd door de
voortschrijdende en terugtrekkende hoeken te karakteriseren. Tot slot werd de

integratie van EW in het systeem verkend.

We concluderen dat we met succes veelzijdige microfluidische chips hebben
ontworpen en ontwikkeld die EW technologie en een op druppels gebaseerde TPF
combineren, met gebruik van verschillende strategieén en microfabricatie
technologieén. Voor verschillende toepassingen kon inderdaad de combinatie van
voordelen van zowel EW en een op druppels gebaseerd TPF platform worden

gerealiseerd. Er blijven echter een aantal uitdagingen over:

(i) Een uitdaging is de productie van EW-gestuurde TPF platformen voor
toepassing van emulsificatie op industri€le schaal. Dit is nog steeds ingewikkeld
omdat deze platformen niet alleen microkanalen moeten bevatten, maar ook
elektroden en isolatoren, waarbij elk van hen in een groot aantal aanwezig moet
zijn om de benodigde opschaling (parallellisatie) te verkrijgen. Zelfs als alle losse
modules naar behoren werken, kan hun onderlinge nabijheid nog steeds tot
gekoppelde effecten leiden. De afdichting van opgeschaalde platformen zou ook

een belangrijk op te lossen probleem kunnen vormen.

(i) EW-gestuurde druppelvorming wordt op dit moment kwantitatief maar
beperkt begrepen. Hierdoor moeten druppelvorming fasediagrammen gemeten
worden en kunnen ze niet voorspeld worden wanneer een nieuw systeem wordt

ontworpen.

(iif) Voor een EW-gestuurd TPF platform is het nodig dat de gedispergeerde fase
geleidbaar is. Dit is de reden dat alleen W/O systemen, en geen O/W systemen,
zijn bestudeerd in dit proefschrift. Een veelbelovende ontwikkeling is echter dat
ionische vloeistoffen steeds meer toegepast worden, mede voor EW. Dit zou een
mogelijkheid kunnen bieden om EW-gestuurde TPF platformen te gebruiken voor
O/W of O/O systemen.

Ongeacht deze uitdagingen is het al mogelijk om toepassingen zoals celonderzoek,
biochemische analyses, deeltjessynthese, etc. uit te voeren met ons EW-gestuurde
TPF platform. Deze aspecten geven een indicatie hoe dit proefschrift onderzoek in

de toekomst uitgebreid kan worden.
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Process Documents

I Fabrication of SU-8 mold

Step | Process Parameters Comments
1 Substrate NL-CLR-Wafer Storage Cupboard Type of silicon
Silicon <100> Orientation: <100> is not crucial.
OSP P+ Diameter: 100 mm Other types
Thickness: 475 um also can be
Polished: Single side used for this
Resistivity: 0.0015-0.019 Qcm purpose.
Type: p
2 Cleaning NL-CR-WB14
Standard Standard Silicon wafer cleaning procedure
e beaker 1: fumic HNOs (99%), 5 min
e beaker 2: fumic HNOs (99%), 5 min
® Quick Dump Rinse > 12 MQ
® beaker 3: boiling (95°C) HNO:s (69%), 10
min
¢ quick Dump Rinse > 12 mQ
¢ spin drying
3 Lithography - NL-CLR-WB24
Dehydration ¢ Hotplate
bake SU-8 ® Dehydration bake (120 °C): 10 min
4 Lithography - NL-CLR-WB24 Real thickness
Coating SU-8 50 | e SiissMicroTec Spinner Delta 20 (30 sec) of SU-8 mold

‘ Type ‘ rpm |Thickness (um) £8%
| SU-8100 | 2000 | 200
| SU-850 | 3000 | 50
| SU-85 | 1000 | 13.6

in each case is
190 pm, 52 um
and 15 um,

separately.
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Lithography -
Prebake SU-8

NL-CLR-WB24
e Hotplate
Thickness (um) Baking
e 30 min @ 65 °C
200
¢ 90 min @ 95 °C
e 6 min @ 65 °C
50
¢ 20 min @ 95 °C
e 2 min @ 65 °C
13.6

e 8 min @ 95 °C

Lithography - NL-CLR-EV620 Maskaligner
Alignment & ¢ Contact mode
Exposure SU-8
Thickness (um) Time (s)
200 68
50 24
13.6 13
Lithography - NL-CLR_WB24
Post exposure Hotplate
bake SU-8
Thickness (um) Baking
¢ 8 min @ 65 °C
200
¢ 18 min @ 95 °C
¢ 1 min @ 65 °C
50
e 5min @ 95 °C
¢ I min @ 65 °C
13.6
e 3 min @ 95 °C
Lithography - NL-CLR-WB24
Development Developer: PGMEA (RER600, ARCH
SU-8 Chemicals)

¢ Time: 10 min for 200 pum, 3:30 min for 50
pum and 1 min for 13.6 um with spray-gun
¢ Rinse with RER600
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* Rinse with IPA
e Spin dry
¢ Check result and perform extra cycles if

not complete

Lithography -
Hard bake SU-8

NL-CLR-WB24

e Hotplate

e 25°C

¢ 10 min @ 50 °C

¢ 10 min @ 65 °C

¢ 10 min @ 100 °C

e 2hrs @120 °C

¢ 5°C/10 min down to 25 °C

II ITO Etching

Step | Process Parameters Comments
1 Substrate Supplier: Prazisions Glas & Optik GmbH Etching time
Commercial ITO | www.pgo-online.com depends on
glass e Type: polished float glass substrate thickness of
® Product code: CEC080P ITO film
® Thickness of substrate: 0.4 mm
¢ Thickness of ITO film: 25 nm
e Surface resistivity: <80 (O/cm
¢ Diameter: 101.6 mm * 0.25 mm
2 Cleaning HNOs | NL-CLR-WB 9 or 10
99 % * Removal of organic residue
¢ Beaker : HNO:s (99%)
¢ Time: variable
® Quick Dump Rinse <0.1 puS
e Spin drying
3 Lithography - NL-CLR-Primus coater WB21
Priming (liquid) | Hotplate 120 °C

HexaMethylDiSilazane (HMDS)
® Dehydration bake (120 °C): 5 min
® Spin program: 4 (4000 rpm, 20 sec)
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4 Lithography -
Coating Olin Oir
907-17

NL-CLR-WB21/22

¢ Primus spinner

¢ Hotplate 95 °C

¢ Olin 907-17

¢ Spin Program: 4 (4000 rpm, 20 sec)
e Prebake (95 °C): 90 sec

5 Lithography -
Alignment &
Exposure

Olin OiR 907-17

NL-CLR- EV620
Electronic Vision Group 620 Mask Aligner
e Hg-lamp: 12 mW/cm 2

* Exposure Time: 4 sec

6 Lithography -
Postbake Olin
OIiR resist

NL-CLR-Hotplate 120 °C WB21

e Time: 10 min

7 Lithography -
Development
Olin OIiR Resist

NL-CLR-WB21/22

¢ Developer: OPD4262

* Hotplate 120 °C

e After Exposure Bake (120 °C): 60 sec
Development:

e Time: 30 sec in Beaker 1

e Time: 15 - 30 sec in Beaker 2

* Quick Dump Rinse > 10 MQ

* Spin drying

¢ After development hard bake (120 °C):10

min

8 Etching exposed
ITO part

* Hydrochloric acid (HCI, 18%)

® Time: ~3 min (check conductivity by
multimeter and perform extra time of
etching if needed)

¢ Rinse with Milli-Q water

¢ Dry by N2 gun

In a general
lab, not in the

cleanroom

9 Dicing of the
etched glass

wafer

NL-CLR-Disco DAD dicing saw
* Laminate of Nitto STW T10 dicing foil on
glass wafer and wafer holder

Parameters dicing;:

¢ Feed speed: 5 mm/sec

* X, Y values: correspond respectively to Chl
and Ch2 and those values are determined by
mask layout
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® Saw type TC300

e Select in blade menu: 2.187-12A
Blade info:

e Width: 300 um

e Spindle revolutions: 25. 000 rpm

10

Removing

photoresist

¢ Rinse with acetone

e Ultrasonic cleaning (acetone, 15min)

® Dry by N2 gun and ready for Teflon AF
1600 dip-coating

In a general
lab

III Dip-coating of Teflon AF 1600

Step | Process Parameters Comments
1 Cleaning of e Ultrasonic cleaning in Milli-Q water with During ultra-
substrates the detergent (1 mL Mucasol / 100 mL water) | sonic cleaning,
for 15 min the beaker was
e Ultrasonic cleaning in Milli-Q water covered by
successively for 3 times, each time 5 min aluminum foil
e Ultrasonic cleaning in ethanol successively | to prevent
for 15 min contamination.
e Ultrasonic cleaning in acetone successively
for 15 min
e Ultrasonic cleaning in isopropanol (IPA)
successively for 15 min
* Rinsing with milli-Q water and IPA
® Drying by N2 gun
2 Dip-coating ¢ Cleaning the container with perfluorinated | The thickness
solvent (FC-75) and then drying by N2 gun of Teflon AF

¢ Filling 6 % Teflon AF 1600 in the container
Dip-coater setting:

® Speed up: 3 (15 cm/min)

¢ Speed down: 5 (25 cm/min)

e Travel distance: 3.2 cm (depends on the
length of substrate)

Note: in this case, thickness of Teflon AF

layer is 3.2 um.

layer mainly
depends on

speed-up.
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3 Baking Baking in an oven

* 15 min @ 110 °C

¢ 15 min @ 160 °C

* 30 min @ 340 °C (under vacuum)

* Switching off the oven to let substrates cool

down to room temperature
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