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Abstract

Droplet emulsions feature a variety of advantages over generic colloidal systems. Their phase
composition can be adjusted and it is possible to form them on demand. However, meso-
scopic particle dispersions perform Brownian motion, and often the subject of studies is their
reaction on laser potential exposure. Thus, droplets must be generated uniformly and in
micrometer sizes to be sufficiently small. Soft lithography fabrication is used to build a mi-
crofluidic platform for femtoliter-volume droplet formation. Also, droplet emulsions easily
break down due to free energy preferences. This issue is overcome by adding fluorosurfactant
to the oil medium and achieve probe stabilities of at least a month. To manipulate emulsions
with laser forces, their refractive index is being tuned by adding sucrose to the dispersed
phase. It is shown that droplet emulsions present an equally well-suited model system as
that of colloidal dispersions. Moreover, proof is provided that rough laser potentials induce
sub-diffusion in the dynamics of dilute droplet emulsions, while cage constraints dominate
for dense probes.
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Chapter 1

Introduction

Microdroplets arise in a considerable variety of technologies with applications in everything
from paints and coatings to foods and drugs [Philippe Poulin and Weitz, 1997]. However,
a very popular and exemplary droplet-based system is milk. Being part of nearly every Eu-
ropean’s breakfast, it consists of two immiscible phases. As Fig. 1.11 shows, a two-phase
system’s oil and water phases do not just mix. Instead, a separation line forms which tries to
minimize its interface. But, promoted by the excellent emulsifying properties of milk’s casein
proteins, one phase forms droplets within the other, see Fig. 1.1 b). Thus, a dispersed system
like this is called an emulsion. In milk’s case, oil droplets are dispersed in water. In fact, the
word emulsion comes from the latin term for ’to milk’. More generally, the phase that occu-
pies less volume shapes dispersed droplets within the continuous phase [Philipp Gruner and
Baret, 2015]. But applications of droplet emulsions are even more widespread: examples are
home and personal care products such as perfumes [J. Bibette et al, 1999]. Commercialized
meals actively use emulsification, for example mayonnaise or salad vinaigrettes [Chappat,
1994]. However, most of the time when emulsions arise in nature they are polydisperse and
not easily controlled, e.g. in cow’s milk casein micelles range from 30 to 400 nanometers in
size [Töpel, 2015].

Microfluidic technology has generated renewed interest in this field as multi-phase emul-
sions can be individually designed and accurately directed on a micrometer scale due to the
device’s laminar flow characteristics. Manipulation of the thermal environment, droplet com-
position and movement allow new experimental insights, e.g. regarding medical research in
the field of drug delivery [Babak Ziaie and Siegel, 2004]. A drug containing pharmaceutic

1Figure by [Organic Information Services Pvt Ltd., 2017].
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Chapter 1 Introduction

Figure 1.1: Milk is a two-phase liquid system. It features oil in water (o/w) droplets.

droplets can be injected into the bloodstream so as to enable diffusion into the target region
of the human body [Ying Zhang and Leong, 2013]. Biologists are able to encapsulate sin-
gle cells in droplets to identify non-functional ones or allow rapid DNA sequence analysis
and genotype testing [Adam R. Abate and Weitz, 2013]. This technique is a prime exam-
ple of what is considered to be a lab on a chip and promises to detect and treat cancer in
the future [Jian Chen and Sun, 2012]. Chemical reactions can be performed on a tiny scale
using small amounts of reagent and droplets as mini reactors. Moreover, engineers devel-
oped droplet sorting chips, as well as whole (cell-)sorting machines that are already applied
in biology labs [Zhu and Nguyen, 2010]. These use passive geometrical methods [Yung-
Chieh Tan and Lee, 2008] or active systems, e.g. surface acoustic waves [Thomas Franke
and Wixforth, 2009]. Computer scientists are confident of being able to build the first soft
matter computer using droplet microfluidics in the future [Danny Van Noort and Landweber,
2004]. Figure 1.22 shows a microfluidic chip fabricated by polymer molding. The complex
structure on the device is designed to model the physiology in a human lung. This branch
of microfluidics is called organ-on-a-chip and promises to decrease the need of animal test-
ing [Eric K. Sackmann and Beebe, 2014]. In the 1990s, polymer chip production found its
way into soft matter and biotechnology science laboratories. Following a paragon originally
used to print electric circuit boards, engineers started to tune these patterns to fabricate fine
fluid channels on substrate. Since then, accuracy and reproducibility of the so-called soft
lithography technique have successively improved so that most larger science laboratories
in the field are equipped with a soft materials cleanroom. Complex channel structures can

2Figure by [Eric K. Sackmann and Beebe, 2014].
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now be manifactured in micrometer size resolution. These new perspectives encouraged the
creativity of scientists to design channel configurations allowing to form droplets as small as
ten micrometers in diameter featuring volumes close to the femtoliter regime.

Figure 1.2: Polymer-mold microfluidic chip, often utilized in biotechnology.

In the soft matter field, colloidal suspensions serve as model systems for calculations in
statistical physics [Chandrasekhar, 1943]. Externally fabricated polymer particles of sizes
smaller than ten micrometers are implemented in most laboratory experiments. Colloidal
particles are subject to molecular thermal dynamics and are either sterically or electrostat-
ically shielded against neighbor interactions. Moreover, samples remain stable for months.
Nonetheless, these particles have to be ordered, shipped and properties are unchangeable.
This work views droplets as colloids. In fact, liquid beads can easily be tuned and self-
generated in any size and whenever needed by the help of a microfluidic droplet formation
chip. In the course of this thesis, it may thus be referred to droplets as bubbles (when there
is gas involved), colloids or particles (when the analogy is adequate).

A key advantage of microfluidics lies in the fine control of droplets and therefore the solvent
they encapsulate. Hence, a noninvasive manipulation with optical potentials is highly inter-
esting. However, since optical forces applicable are on the order of magnitude of piconewton,
the droplets inertia cannot be larger than that of colloids. Making droplets smaller than the
commonly used size of about a hundred to ten micrometers, requires extended knowledge
about micro-flows. Moreover, engineering work in the field of soft lithography chip produc-
tion is necessary. Because channels become remarkably smaller, the pressure resistance of
the chip polymer must be pushed to its maximum limit. The typically lower stability of emul-
sions compared to polymer suspensions must be responded to and feasible solutions need to

3



Chapter 1 Introduction

be provided. Furthermore, the magnitude of applicable forces via laser tweezer highly de-
pends on the refractive index of the target. In this regard, droplets need to have an index of
refraction sufficiently larger than that of the continuous phase. Thus, the question arises how
large the impact of optical traps on droplets really is and whether both single beam tweezers
and randomly distributed trap landscapes can be successfully applied to emulsions as well.

This thesis covers four main chapters, each focusing on one aspect of my work and designed
to walk the reader along the thesis’ title Microfluidic Femtoliter Droplets Exposed to Laser
Potentials. Thus, Chapter 2 starts up with some theoretical background on two-phase liquid
systems, hydrodynamics and microfluidics. In addition, the physical basics and formulas for
droplet formation in small channels are elaborated. Subsequently, there is the demand to
build a device that features a monodisperse generation of microdroplet emulsions. So Chap-
ter 3 goes into detail on how droplet generation chips are engineered, fabricated and improved
using the soft lithography technique. The ensuing Chapter 4 focuses on the stabilization of
droplet emulsions, which turns out to be an essential step to progress towards applications.
Additionally, droplet and particle systems are contrasted on their phase behavior and dynam-
ics. Eventually, Chapter 5 shows ways to laser manipulate droplets. Different approaches to
calculate the laser tweezer’s trap stiffness are tested. Also droplet diffusion under optical and
dense particle constraints are evaluated. Finally, Chapter 6 concludes results of this work and
gives sums up perspectives for further interesting studies.

4



Chapter 2

Controlled formation of droplet

emulsions

To understand microfluidics one needs to learn about liquid-liquid systems and their flow
in small channels. When flows run through tiny microchannels instead of large pipes, the
amount of turbulences decreases. At the same time, the hydrodynamic resistance grows ex-
ceedingly and volume throughput is kept at a minimum. Interestingly, parallels from electric
circuits to flow channel systems can be drawn and popular laws from this whole different
branch rediscovered. However, this circumstance allows perspectives in design of fluid sys-
tems, so that for the first time one is able to study the behavior of immiscible flows when
squeezing them together with high pressures. Hence, there is a set of forces involved in
droplet formation which is presented. Characteristic values, as for example the capillary
number, help balancing these. Furthermore, so-called jetting affects the size dimensions of
microdroplet-emulsions generated.

5



Chapter 2 Controlled formation of droplet emulsions

2.1 Immiscible two-phase liquid systems

Biphasic systems that do not mix build up phase separation interfaces. Generally speaking,
water-based, polar solutions are immiscible with non-polar solvents. Miscibility is influenced
by ionic strength, pH and temperature. Yet, mixing behavior of large molecule structures is
subject of complex chemistry. Due to entropic reasons (see in Sec. 4.1.3), the interfacial area
between immiscible phases seeks a minimum. However, there are amphiphilic molecules that
have both polar and non-polar head-groups and therefore assemble at these interfaces. Fol-
lowing this principle, it can be energetically favorable to increase interfacial area. By blend-
ing the liquids at a sufficient concentration of these so-called surface-active-agents (short:
surfactant) molecules, droplet emulsions may become a stable condition of the system. This
heterogeneous dispersion of liquids is then referred to as an emulsion.

Emulsions per-se are not energetically stable at all. Four types of mechanisms can lead to
a breakdown of emulsions into completely separated phases or intermediate stages. Floc-
culation is "the process of contact and adhesion whereby the particles of a dispersion form
larger-size clusters" [McNaught and Wilkinson, 1997] and an unwanted effect, especially
when comparing emulsions to colloidal suspensions in terms of thermal motion (see Sec.
4.3.2). The thermodynamically driven spontaneous merging of liquid droplets is called Ost-
wald ripening [Ostwald, 1896]. This phenomena is based on the fact, that usually larger
droplets are energetically more favorable than smaller ones due to their lower free energy
(see Sec. 4.3). Small liquid particles therefore get absorbed while larger ones grow bigger.
That is also why particularly monodisperse emulsions remain more stable. Another event
disturbing an exemplary droplet dispersion is creaming or sedimentation where one phase’s
objects gather on the sample container’s top or bottom due to density differences. All three
mentioned processes increase the likelihood of coalescence which is the technical term for
droplet fusion.

There are various types of emulsification processes – from simple blending, over centrifu-
gation to ultrasonic treatment. Often the chemical stability defines the size and dispersity of
forming droplets. An elegant way to design emulsions pursuant to preconceived geometries
is by utilization of microfluidic technologies.

6



2.2 Low Reynolds number hydrodynamics

2.2 Low Reynolds number hydrodynamics

Before layouting channel structures that allow droplet formation, some hydrodynamic basics
must be introduced. Microfluidics is based on laminar flow as it deals with small flowrates
and rather viscous fluids. The dimensionless Reynolds number quantifies the degree of tur-
bulence of a flow. Small numbers (Re . 2,000) yield laminar flows. If Re � 1, there is a
transition into a creeping-flow as viscous forces completely dominate the inertia forces.

Yet, microfluidic channels on a chip network often have a nearly square-like cross section
area A. Due to typical wetting characteristics, the flow occupies an elliptical, nearly circular
area with perimeter b and would not interfere with channel corners. The hydrodynamic
diameter dH is a geometric constant defined as

dH =
4A
b

(2.1)

Moreover, the Reynolds number depends on viscosity. ν is the kinematic viscosity of a
solution and η the dynamic viscosity (in some literature it is also referred to as absolute
viscosity µ) and they are related via the fluid’s density ρ , which gives

η = νρ. (2.2)

Note that viscosities are usually subject to temperature dependence, which is neglected here,
since experiments are executed under a controlled room temperature environment. Appearing
characteristics are the volume flowrate Q, the tube’s cross section A and its hydrodynamic
diameter dH. The Reynolds number is defined as the ratio of inertial forces to viscous forces
within a fluid and thus predicts fluid behavior as

Re =
(inertia force)
(viscous force)

=
ρdHQ

ηA
=

dHQ
νA

. (2.3)

Microfluidic glass-capillaries (see Sec. 3.1) usually have a circular cross section with dH = 2r

with A = πr2 where r is the channel’s radius. Then flows yield

7



Chapter 2 Controlled formation of droplet emulsions

Re =
2Q
νπr

. (2.4)

However, in this work polymer-mold devices featuring square channels with width w are
subject of study. Assuming dH = w and A = w2, Eq. 2.3 leads to

Re =
Q

νw
. (2.5)

Typical values for operating a microfluidic chip are a flowrate Q = 100 µl h−1, the kinematic
viscosity ν = 1 cSt of fluorinated oil (at 20 ◦C) and channel width w = 20 µm. This yields a
Reynolds number of 1.39, which is almost in the creeping-flow regime.

2.2.1 Laminar flow in microfluidic channels

The fluids relevant for microfluidics are aqueous solutions and fluorinated oils (see Chapter
4). They are non-compressible and uniformly-viscous Newtonian fluids. Some parameters
depend on the system itself; others can be tuned during an experiment such as pressure p

and flowrate Q. The Hagen-Poiseuille law for laminar flows in thin cylindrical capillaries
connects these two values to

Q =
πr4

8η

(
d p
dx

)
. (2.6)

Equation 2.6 applies for a channel that is perfectly straight and infinitely long. However,
if the channels length L is much greater than its hydrodynamic radius, the differential can
be simplified by the pressure difference ∆p divided by L. With the resulting finite Hagen-
Poiseuille Eq. 2.7, one can calculate the pressure difference in a simple, straight microfluidic
channel, if given the applied flow rate

Q =
πr4

8η

∆p
L
. (2.7)
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2.2 Low Reynolds number hydrodynamics

When it comes to more complex channel structures including curves, different diameters and
impurity filters, the more complicated Navier-Stokes Eq. has to be solved numerically. This
rigorous analysis of flow through such networks can be achieved by resorting to computa-
tional fluid dynamic (CFD) analysis.

2.2.2 Hydrodynamic resistance

Transferring concepts and their solutions from one branch of science to another often helps
to further understand complex physical phenomena. Here, the electrical circuit theory is
applied to the field microfluidic networks in order to obtain the resistance of micro-channel
systems.

Ohm’s law in electric circuit analysis describes the voltage drop ∆U and the electric current
I in a resistive conductor ROhm:

∆U = IROhm. (2.8)

The analogous equation in hydrodynamics reads as follows

∆p = QRH. (2.9)

Thus, using Eq. 2.7, the hydrodynamic resistance RH [Pa s3 m−1] of a straight circular
channel can be defined as

RH, Circular =
∆p
Q

=
8ηL
πr4 . (2.10)

For a square micro-channel one side length is roughly dH which yields

RH, Square =
128ηL

πd4
H

. (2.11)

9



Chapter 2 Controlled formation of droplet emulsions

However, in this work rectangular channels play a role (see Sec. 3.4.1). These feature a low
aspect ratio between width w and height h and are approached using the reciprocal estimate
dH = 2wh/(w+h) giving

RH, Rect ≈
8ηL

π
wh

w+h
4 . (2.12)

Since engineering improvements on microfluidic chips in this work rely on changing the
ratio of rectangular channels, Eq. 2.11 gives the precise estimate. The exact solution of the
Navier-Stokes Eq. is derived using a summation of Fourier series [Cornish, 1928]:

RH, Cornish =
aηL
wh3 (2.13)

with

a = 12
[

1− 192h
π5w

tanh
(

πw
2h

)]−1

(2.14)

which is a dimensionless parameter that depends on the aspect ratio w/h. Equation 2.13
is accurate to within 0.26 % for any rectangular channel with w/h < 1 under laminar flow
conditions [Morris and Forster, 2004]. Moreover, for w/h� 1, a becomes 12 and therefore
high aspect ratios have a hydrodynamic resistance of RH, Rect = 12ηL/wh3.

It is important to note that the hydrodynamic resistance (Eq. 2.13) is proportional to the
inverse of the channel’s height cubed, while it is just inversely proportional to its width. Thus
overall, the flow-resistance of a micro-channel scales to the power of four with its (circular)
tube dimensions. In electric lines, the resistance is only increases to the power of two with
decreasing wire dimensions.

10



2.3 Droplet microfluidics

2.2.3 Kirchhoff‘s law analogy

The flow of molecules through tubes of a microfluidic system macroscopically behaves much
like the flow of electrons through a wire in an electric circuit. This convenient picture led
scientists to search for analogies between both fields and verify conventional methods of
electric circuit theory on microfluid hydrodynamics [Kwang W. Oh and Furlani, 2012]. It
was found that, besides resistors, there is a large number of terms that can be remapped to
microflows: pressure sources correspond to voltage supplies, atmospheric pressure patm can
be seen as ground (GND), the law of mass (or energy) conversation conforms Kirchhoff’s
current (or voltage) law, and that the maximum velocity exists in flow networks as the speed
of sound, and in electric circuits as the speed of light. Since Kirchhoff’s laws obey the
transition, resistance systems can be calculated without solving any differential equations.
For a number of N resistors collectively arranged in series applies that

RSeries = R1 +R2 + ...+RN , (2.15)

and for the hydrodynamic resistors placed in parallel it is valid that

1
RParallel

=
1

R1
+

1
R2

+ ...+
1

RN
, (2.16)

where R1, ...,RN are the hydrodynamic resistance values of single straight channels.

Although the electric circuit analogy is sufficient for structural considerations of a microflu-
idic chip, it cannot provide details about microscopic transport of molecules through chan-
nels, e.g. time-dependent flow properties or 3d-flow-fields.

2.3 Droplet microfluidics

The theoretical toolbox introduced above is applied to establish a controlled low volume
fluid system that handles two liquid phases and dispenses an emulsion through one gathered
output. Figure 2.1 shows a microfluidic chip. It is transparent for microscope light which

11



Chapter 2 Controlled formation of droplet emulsions

makes processes inside easily observable. The mixing takes place in the micrometer-sized
channel structure between glass and poly(dimethylsiloxane), forming droplet emulsions of
arbitrary dimension and throughput. Practically, one inlet embodies an aqueous solution and
the other an immiscible oil. To disperse one phase within the other, the interfacial tension
between both liquids is lowered by adding a surface active agent (see Sec. 4.1).

Figure 2.1: Microfluidic droplet generation chip with two attached inlet tubes (both left) and
one oulet tube (right).

2.3.1 Flow focusing

Droplet formation in microchannels occurs when the pressurized immiscible phases meet
at a channel flow focusing junction in a certain angle and leave together through a small
exit orifice (see Fig. 2.2). The angle can vary between a 45° to 90° cross flow and a 180°
counter-flow. However, the interfacial force between the fluids keeps both phases apart until
dramatically increased pressure at the exit orifice overcomes their interfacial tension. Thus,
the dominant phase cuts off a small volume from the other phase’s flow. As a result, it
becomes energetically favorable for the less dominant phase to form spherical objects within
the outer phase. These spherical objects are called droplets and scale in the order of the
orifice’s diameter. The flow is then referred to as being in the flow-focusing regime.

12



2.3 Droplet microfluidics

2.3.2 Capillary and Weber number

There is a set of parameters that characterize forces involved in droplet formation at mi-
crofluidic cross junctions. A key parameter represents the capillary number, which points out
the relative importance of viscous stresses versus capillary pressure. Here, G constitutes the
shear rate-of-strain in the flow field, d the characteristic length (or droplet diameter) and σ is
the surface tension.

Ca =
(viscous force)
(capillary force)

=
ηGd

σ
. (2.17)

Typically, the capillary number ranges from 10−3 to 101 in microfluidic droplet setups [Christo-
pher and Anna, 2007].

Considering droplet breakup, Moritz Weber (1871-1951) postulated the critical impact of
ratio between kinetic and surface energy of multiphase flows in droplet formation. Accord-
ingly, the dimensionless quotient of intertia and surface tension is called Weber number (Eq.
2.18). It depends on the dispersed liquids density ρ and scales with the velocity v squared.

We =
(inertia force)

(capillary force)
= We Ca =

ρv2d
σ

. (2.18)

The Capillary number reflects the ratio between a continuous phase’s drag (pulling the droplet
downstream) and the surface tension (resisting the flow in the jet) before breakup happens.
However, the Weber number becomes important when describing the behavior if very little
viscous drag is present (so the capillary number is low). In this case, it is the inertia force
of the fluid that must overcome surface tension forces and ultimately leads to pinch-off. The
boundary between dripping and jetting (Sec. 2.2) is defined by the regime when the sum of
both numbers is approximately 1 [A.S. Utada and Weitz, 2007].

13



Chapter 2 Controlled formation of droplet emulsions

2.3.3 Jetting effects

Jetting occurs when surface tension outweighs the flow focusing pressure, which induces the
droplet cutoff [Sullivan and Stone, 2008]. Figure 2.21 shows the jetting effect that appears at
different flowrate ratios or surfactant fractions, respectively. The usual case is the controlled
breakup, 2.2 (a). The formation of droplets is controlled by the continuous phase’s block-
age of the orifice, which resultantly causes an increased pressure behind the flow focusing
junction where the pinch-off takes place [Piotr Garstecki and Whitesides, 2004]. Droplets
form homogeneously, occupying the whole given channel space. The dripping regime, 2.2
(b), occurs when the flowrate ratio is less balanced, generating smaller droplets due to a
shifted point of breakup of the dispersed phase. There are two more regimes that fall under
jetting considerations: Figure 2.2 (c) shows the narrowing-jetting regime that can form small
but homogeneous droplets under finely controlled flow ratios. The breakup point is moved
even further away from the orifice. The widening-jetting regime occurs when pressure is
distributed heterogeneously or surfactant is lacking. Then droplets are produced relatively
large, instable and thus polydispersely, or both phases can coexist without forming droplets
at all.

Figure 2.2: Droplet formation regimes: (a) controlled breakup, (b) dripping, (c) narrowing-
jetting, (d) widening-jetting.

Through variation of the inlet phases’ flow pressures, one can induce different regimes and
thus form various droplet sizes within one channel geometry. Using this principle, a polydis-
persity in samples may be generated.

1Figure by [Sullivan and Stone, 2008]
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Chapter 3

Construction of a microfluidic platform

for femtoliter droplet generation

After the previous chapter guided through the theoretical concepts of emulsion generation,
here, techniques to apply these ideas are elaborated. The goal is to fabricate a hand-held
device featuring on-demand formation of micrometer size droplets, that can compete with
properties of colloidal particles commonly used in experiments. Accordingly, two design
concepts are introduced. From these, polymer mold devices provide the greater potential for
droplet miniaturization below the current lowest limit of ten micrometers in width. Following
this track, the reader is introduced to lithography fabrication steps and methods for solvent
phase injection in experimental set-ups. With knowledge on how to construct chips, their
resistance can be practically calculated. Noticing that pressures have to be increased vastly
for miniaturizing down to femtoliter droplets, a two-layer chip is presented.

15



Chapter 3 Construction of a microfluidic platform for femtoliter droplet generation

3.1 Glass-capillary and polymer-mold devices

In 2001 the first time monodisperse droplets could be produced within a microfluidic chip
made of polyurethane [Olaf Wagner and Haag, 2016]. There are two customary microfluidic
device categories. One class is represented by glass-capillary devices. Thus, a cylindrical
glass tube with a small orifice is brought into a larger capillary. In the simplest configura-
tion shown in Fig. 3.11, the dispersed phase (called Inner Fluid) is injected in the opposite
direction to the continuous phase (called Outer Fluid). Hence, this technique is referred to as
counter-flow. The injection pressures of both fluids need to be balanced in a way that they
are forced to flow through the small orifice in the center. Due to their immiscibility, the outer
fluid then cuts off drops from the inner fluid. Accordingly, the system is considered to be in
a flow-focusing regime where the droplet size is set by the flow ratio between both phases.
Glass capillary devices are an option for simple mixing architectures and provide high dura-
bility in terms of pressure resistance as well as thermal and chemical stability [Whitesides,
2006]. These devices are usually hand-made and hard to be fabricated in a reproducible way.

Figure 3.1: Scheme of a glass micro-capillary device in the counter-flow-focusing regime.

Figure 3.2: Drawing of a polymer-mold device’s channel structure in the cross flow focusing
regime.

1Figure by [A.S. Utada and Weitz, 2007].
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3.2 Soft lithography chip fabrication

Polymer molding is a technology for easy prototyping and features potential for mass pro-
duction. Figure 3.1 portrays an exemplary fluid channel structure yielding droplet formation
(top view). The circles correspond to holes in the chip where inlet and outlet tubing is at-
tached. Flow runs from the left to the right towards the outlet and droplets form at the cross
flow junction. This is the critical area where the perpendicular flow (yellow) cuts off the
horizontal flow (blue). Due to the previously mentioned parallels to semiconductor physics,
one came up with the idea of building microfluidic chips using similar techniques. Hence,
the analogous process is called soft lithography. A major advantage of chips fabricated this
way lies in a fine feature size down to nanometer resolution, while the minimum existing
orifice diameter in glass-capillary devices is about five micrometers. Another upside is the
possibility of individually designing the channel structures using a computer CAD software.
With this tool, insertion of extra inlet resistors to establish a stable flow towards the droplet
generating junction (considering there are fluctuations in the pump/pressure injection sys-
tem), creating filters to avoid channel clogging due to dirt, and even adding a chamber for
on-chip manipulation of generated droplets is possible. For the manufacturing of soft matter
microfluidic chips, it is common to use polydimethylsiloxane, typically also referred to as
silicone. The following chapter covers the chip fabrication in detail (Sec. 3.2) as well as the
composition of the injection phases (Sec. 4.1).

3.2 Soft lithography chip fabrication

Polydimethylsiloxane (PDMS) is an organic polymer consisting of repeating Si-O-(H3C)2

units as shown in Fig. 3.22. It is optically clear, non-toxic and non-flammable, which gives
PDMS the potential to be used in most medical and domestic applications. PDMS is able to
replicate features as small as 30 nm in size [Xia and Whitesides, 1998].

The soft lithography process is executed in a series of steps which can be classified in three
categories. It starts with a transparency photomask that is individually designed to match
the purpose of the application. Utilizing the photomask, a mold is assembled onto a silicon
wafer (Sec. 3.2.1) composed of cross-linked photoresist. The usual process consists of spin
coating, soft baking, exposure and post exposure baking (PEB), followed by developing of
the epoxy-photoresist. Each step is discussed in the following section. The final product is

2Figure drawn using molview.org.
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Chapter 3 Construction of a microfluidic platform for femtoliter droplet generation

Figure 3.3: Structure of Polydimethylsiloxane.

then called master and used for replica molding (Sec. 3.2.2). Here, PDMS in its liquid state
is poured onto a silicon mold. After polymerization, the PDMS stamp is bound onto a glass
slide. For the insertion of the emulsion phases via millimeter tubing, small holes are punched
through the PDMS layer.

The following sections guide through the process in all the details. Thus, it can be viewed as
a general instruction for the reader to perform microfluidic chip molding in a soft materials
cleanroom.

3.2.1 Master assembly

The development of a microfluidic chip begins on the computer using a computer-aided de-
sign software AutoCAD (Autodesk) for drawing channel structures. Drawings are then pro-
cessed on plastic transparency photomasks (here printed by CAD/Art Services, Inc). Figure
3.4 shows a typical CAD drawing created for a droplet generating chip used in this work.
Looking at the drawing, flow goes from left to right. The white structure is transparent for
ultraviolet-light in the printed photomask, thus becoming the fluid channel after fabrication.
Three white circles in the figure mark points where two inlet and one outlet tubing is inserted
through the PDMS mold. Microfluidic channels easily clog due to small particles in the
system. Clogging immediately interrupts stable flow conditions and hence uniform droplet
generation. There are filters for the inlet channels to block small pieces of dirt and dust that
tend to end up inside the system through reagent contamination or dirty equipment, even
though chips are fabricated in a cleanroom environment. The curved channel structure in
the outer phase helps with flow stabilization, especially when working with a flowrate-based
injection that can be discontinuous (see chapter 3.3.2).
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3.2 Soft lithography chip fabrication

Figure 3.4: CAD drawing of a photomask. The white features allow ultraviolet-light to pass
through.

Figure 3.5 shows a closeup of the cross flow junction located in the center, slightly to the
right, in Fig. 3.4. The depicted section is the critical domain that defines the resulting
droplet’s size. By altering the cross junctions width, the diameter of formed droplets is
defined. In one photomask design several geometries can be included, fitting on one wafer.
In doing so, a chip capable of producing a range of droplet sizes is built.

Figure 3.5: Zoom on the cross junction area in the center of Fig. 3.4.

The following steps are done using chemicals in a dust-free environment, ideally a clean-
room. Figures 3.6 to 3.11 illustrates the creation of a microfluidic chip during preparation.

Figure 3.6 shows the application of an even layer of liquid SU-8 photoresist on a silicon
wafer. Thus, the fluidic channel mold is fabricated via photolithography by chemical devel-
opment of specific photoresist (Microchem SU-8 2000.5 - 3000) on a 2- or 3-inch silicon
wafer in step (a). Depending on the intended layer thickness, its viscosity and the spincoat-
ing frequency defines the channel depth of the posterior chip. Due to reproducibility, it is
important to exactly follow the instructions the manufacturer recommends. However, exact
time indications are fine-tuned with tables Microchem provides [Microchem Corp Newton
MA, 2016]. As shown in step (b), SU-8 is poured onto the wafer. The epoxy-based, negative
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photoresist (SU-8 2000 to 3000) comes as a viscous polymer liquid. Negative means that
the UV-exposed area stays on the substrate, while the rest is washed away during develop-
ment. Microchem provides the recommended program parameters to achieve the intended
layer thickness. Low viscosity liquids spread further during spinning and thus form a thinner
layer. The SU-8 3000 series has a variety of photoresists with viscosities from 65 cSt to
12,000 cSt. Therefore, it is used for film thicknesses between 10 µm and 120 µm. For for-
mation of droplets, whose size are sufficient for optical tweezers manipulation, thin channel
structures smaller than 10 µm are necessary. SU-8 2000 series provides viscosities as small as
2.49cSt (SU-8 2000.5) which allows twelve different film thicknesses reaching down to 0.5
µm. For layers of 4 µm that were fabricated for this work, SU-8 2002, which has a viscosity
value of 7.5 cSt, is used. Handling this liquid is comparable to the pouring of water, whose
value is about 1cSt at room temperature. A drop (about 1ml per inch substrate diameter) of
SU-8 is applied on the clean wafer. The centrifugal force of a spin-coating instrument (2,000
to 3,000 rpm depending on thickness) distributes the photoresist homogeneously thick across
the area in step (c).

Figure 3.6: Steps a), b) and c).

Figure 3.7 schemes how an ultraviolet lamp cures designated structures on the wafer defined
by the partly transparent photomask. Therefore, the wafer is placed on a level hotplate with
accurate thermal control at 65 ◦C and 95 ◦C, respectively, for about 1 min, step (d). Built
up photoresist on the substrate’s edges is washed off to guarantee closer contact of the pho-
tomask in step (e), which improves resolution. Then, the photomask designed in section 3.4
is fixed onto the substrate by putting it on a transparent glass sheet tightened with screws. To
crosslink the photoresist’s molecular chains, the whole substrate is exposed to UV light of
60 to 160 mJ/cm3. Therefore, a calibrated UV lamp (< 350 nm) with P = 13 mW is placed
above the wafer for an estimated time of about 10 seconds. Light only reaches through trans-
parent domains of the photomask. After half of the exposure time, the sample is rotated for
more homogeneous coverage of the surface area. The glass slide can then be detached. Fea-
tures become slightly visible by eye after the postbake process in step (f) which is similar to
softbaking, though time varies.
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3.2 Soft lithography chip fabrication

Figure 3.7: Steps d), e) and f).

Figure 3.8 demonstrates how the non-polymerized SU-8 is washed off so the channel struc-
ture can be negatively replicated in PDMS. In oder to do so, the sample is developed and
rinsed in propylen-glycol-monomethyl-ether-acetate (PGMEA) for 1 to 5 min in step (g).
After being washed with isopropanol and air-dried, remaining acid evaporates, while the
wafer rests in the oven at 200 ◦C for 2 min in step (h). An optional hard baking step, tak-
ing up to 30 min, in an oven of 150 to 250 ◦C, enhances the mechanical resistance. This
is not essential for our purpose, since one works with the PDMS stamp after all. After step
(h), the structure that was previously designed on the computer remains as a negative on the
silicon substrate for molding of PDMS chip replicas. Since many microfluidic chips can be
polymer-molded using this stamp, a petri dish containing the silicon wafer is then referred to
as chip master.

Figure 3.8: Steps g), h) and i)

3.2.2 Replica molding

Figure 3.8 (i) demonstrates the first step in replica molding from a chip master. Therefore,
PDMS (Sylgard 184 Dow Corning) is mixed at the standard 1:10 mass ratio and poured over
the mold within its petri dish. To avoid entrapment of air bubbles inside the PDMS, it is
degassed for at least one hour under vacuum before it cures at 65 ◦C overnight (12 to 18
hours). Usually the following steps are performed the next day.

After PDMS is cured, it can be detached and prepared for bonding to glass using oxygen
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plasma. Thus, as Fig. 3.10 indicates, the PDMS replica is cut along the edges on the wafer
using a scalpel and thereupon peeled off in step (k). Fluid in- and outlet holes are formed
with a biopsy punch (0.75 mm Harris Uni-Core) in step (l). Figure 3.9 demonstrates what
the PDMS stamp looks like after it is cut out of the petri dish and peeled off the wafer, and
before plasma bonding it to a glass bottom. In the background of the image lies the used
biopsy punch. Since the stamp is turned around, on a closer look, the thin channel structure
is visible.

Figure 3.9: Microfluidic chip’s PDMS stamp after step (l) and before bonding to glass.

Figure 3.10 (m) shows the PDMS piece being bound to glass using an oxygen plasma treat-
ment. Before exposing PDMS and glass to plasma, both need to be cleaned with air pressure.
Additionally, adhesion tape is affixed and peeled off to remove all remaining dust particles.
The set of pieces is placed inside a plasma oven (Plasma Prep 2) that is first degassed and
later flooded with oxygen for around 2 min until the pressure settles. Plasma is generated
for 10 s at 20 to 35 W (here often 25 W). The power values base on experimental values
that are registered in a list referring to the prevailing bonding components (glass/PDMS or
PDMS/PDMS). As introduced above PDMS material consists of repeated units of O-(CH3)2.
Under oxygen plasma exposure these develop silanol groups (-OH) at the expense of methyl
groups (-CH3). The oxygen plasma increases the surface concentration of hydroxyl groups
which have a higher amount of free energy than unoxidized PDMS [Chaudhury and White-
sides, 1991]. This leads to the formation of strong intermolecular bonds. The silanol groups
are polar in nature, so the exposed PDMS surface becomes highly hydrophilic. A relative
change in the advancing contact angle of deionized water can be observed [Shantanu Bhat-
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tacharya and Gangopadhyay, 2005]. Accordingly, the silanol groups condense with those on
another surface where two such layers are brought into conformal contact. However, covalent
bonding creates a tight irreversible seal between both layers.

Figure 3.10: Steps k), l) and m).

Figure 3.11 shows the completion of a microfluidic chip. After careful attachment of a mi-
croscope glass slide in step (n), the chip rests for a couple of hours at 65 ◦C. Mounting the
glass is sensible to manually applied pressure. If pushing too much, channel structures adhere
completely on the glass making flows in later experiments impossible, and, if no pressure is
applied the PDMS and glass surfaces do not seal correctly. Step (o) demonstrates the inser-
tion of two inlet (one for each phase) and one outlet polyethylene tubing (SCI, inner diameter
0.38 mm, outer diameter 1.09 mm) through punched holes in PDMS.

Figure 3.11: Steps n), o) and p).

About an hour after plasma treatment, glass and PDMS entirely return to their original ad-
hesion behavior. For the application of fluorinated oil as the continuous phase, a fluorophilic
treatment is necessary to ensure consistent wetting of both surfaces. PDMS is a naturally
hydrophobic elastomer while glass is hydrophilic. For this work, fluorocarbon oil (3M HFE-
7500) is utilized as the continuous phase. The oil has an affinity for the PDMS surface and
avoids contact with the glass. To achieve a smooth wetting of the device on both interfaces,
the channels need to be treated with fluorophilic silane. The silane used is a 1H,1H,2H,2H-
Perfluorooctyltrichlorosilane mixed with 2 wt% in HFE-7500 fluorocarbon oil. After setting
up a chip with the attached inlet tubing of the oil phase, a syringe containing the silane-
oil-mixture manually injects just enough fluorophilic solution until the channel structure is
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homogeneously wet, see in Figure 3.11 step (p). The experiment starts right after this pro-
cess to make sure that the silane is being flushed out properly. Leaving silane rests within the
channels can cause clogging of smaller structures due to assembly of silane molecules.

In most recent experiments involving channel structures smaller than ten micrometers use of
silane is renounced. A couple of hours after flushing, formation of silane aggregates, that
are not stopped by filters and can clog tiny channel junctions, is experienced. Wetting of
the fluorinated oil phase is still sufficient for femtoliter droplet generation. Silanization of
microfluidic channels remains a standard procedure in many other applications.

Besides the channel width and length, which are determined by the photomask design, the
channel height (z-component) is a parameter that substantially affects the chip’s resistance.
Since some parameters during fabrication might differ by chance, e.g. exact timing or cal-
ibration of the UV lamp, it can be helpful to measure the channel height via 3D confocal
microscopy after chip preparation. A standard confocal instrument (Resonant, Zeiss Instru-
ments) focuses on the upper glass interface and the z-value is noted. The difference in z-value
to the PDMS boundary layer (where the channel structure is focused on) gives the channel
height. Subsequently, the chip’s properties are further validated in order to improve the de-
sign of the next photomask and to exterminate physical weaknesses. However, experiment
and fabrication are reciprocal procedures during microfluidic chip development. For this the-
sis many design and fabrication tries were performed until a feasible master for miniature
droplet generation chips could be accomplished.

3.3 Microfluidics: injection and acquisition

Flow speeds in microfluidics depend on the phase injection. Usually droplet formation is
not-observable by conventional microscope cameras or human eye. However, two options
for pumping reagent into a microfluidic chip are investigated. Both methods involve attach-
ment of polyethylene tubing to syringes (Becton Dickinson) containing the reagent compo-
sitions.
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3.3 Microfluidics: injection and acquisition

3.3.1 Image acquisition

The droplet breakup occurs on a timescale of miliseconds. To investigate droplet elongation
in order to estimate surface tensions, a high-speed camera (Allied Vision Mako U-130B) is
attached to an inverted microscope. By decreasing the region of interest from 1280x1024 to
600x64 pixels the framerate (measured in fps or Hz) could be scaled up from 168 fps to over
2000 fps. Theoretically, the framerate is limited by the shutter time of 44.2 microseconds
which leads to a rate of 22,600 fps with perfect lighting. In practice, 1000 fps could be
well reproduced with a standard deviation of 10 fps due to hardware limitations in signal
processing.

Figure 3.12: Operating cross flow focusing design forming w/o emulsions.

Figure 3.12 shows a microscope image of the chip captured in the flow-focusing regime.
The oil phase is the continuous phase, therefore its flow channels split up and enter the image
from the top and the bottom. The dispersed phase (deionized water with 60% sucrose) comes
from the left. Consequently, aqueous droplets in oil (w/o) are generated. The droplet nozzle
has a cross section of 7 µm times 7 µm, forming droplets of about 8 µm in diameter. The
ratio between the orifice dimensions and droplet diameter is slightly increased due to jetting
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effects (see 2.3.3). At the very left parts of the dust filter are visible. Above and below of the
stream, which is directed to the right, size bars give a quick estimate of resultant droplets’
dimensions.

3.3.2 Volume-driven flow

Figure 3.12 is operated using a volume-driven flow with rates of 15 µl h−1 for the dispersed
phase and 75 µl h−1 for the continuous phase. A ratio of 5:1 performs well in experiments.
Otherwise, jetting might perturb the uniformity of the droplets. Commonly used are syringe
infusion pumps (Harvard Apparatus). These feature a slowly rotating screw that pressurizes
the clamped syringe. For the purpose of this work, flowrate-based injection has some major
disadvantages, which are primarily critical in high resistance chips. For small rates of Q <
10 µl h−1, the screw does not rotate continuously. The pump then only increases pressure
in regular time steps. This is a sign that the lower limit for operating the pump is reached.
However, it causes batch wise flow in the chip. This effect becomes visible at high resistances
when small droplets inside the channel flow back and forth. For compensation some extra
resistor channels (180 degree curves) are drawn onto the photomask (see Fig. 3.4). These
channels look like coils in an electric circuit. In fact, their purpose is very similar to its
analogy, since coils delay hydrodynamic flows, making them more stable and continuous.
Another problem to face is the missing control of pressure inside the chip. A clogged channel
can cause detachment between PDMS and glass. It results in irreversible demolition of the
whole chip and spills reagent.

3.3.3 Pressure-driven flow

In a pressure-driven injection set-up, each reagent syringe is attached to the lab’s air pressure
socket with a valve for regulation. Therefore, each phase can be operated with different
pressure levels. Figure 3.13 shows a photo of the pressure set-up constructed for this work.
The lab’s pressure socket connects with the right end of the y-piece. Two inlet valves allow
finer regulation of both inlet phases’ pressures. The two ends of the y-piece are connected
via an adapter with standard infusion syringes. These are equipped with 0.2 µm syringe
filters and 0.5 mm needles (Luer-Lock system). The needles are plugged into 0.38 mm
inner diameter polyethylene tubing that is attached to the microfluidic chip on the other end.
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The volume flowrate then depends on the chip’s hydrodynamic resistance. For operating a
microfluidic chip, maximum pressure values of 2 bar (29 psi) are recommended in order to
not damage its structure. Overall, the pressure-driven set-up has proven advantageous due to
its finer control. By measuring the amount of reagent through the outlet, experimental values,
e.g. the hydrodynamic resistance can be calculated using Eq. 2.13.

Figure 3.13: Adjustable pressure valves attached to inlet phase syringes on the other end.

3.4 Miniaturization to femtoliter droplet regime

The common droplet size occurring in biomedical engineering applications ranges from 100
µm to 10 µm diameter. For encapsulation of cells or chemical reactions on a small scale,
this size seems sufficient. However, gravitational forces of droplets this large exceed optical
tweezer effects drastically. Thus, it is aimed for droplet diameters close to those of colloidal
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particles. Droplets can then be compared with a variety of polystyrene particles with 8 µm
diameter and lower, where previous measurements were performed on [Sebastian Horstmann
and Egelhaaf, 2016].

The set of tools introduced in this work considering droplet minimization involves two tech-
niques: balancing the flowrate (and, respectively, the surfactant fraction) to get into a nar-
rowing jetting regime (see Sec. 2.3.3), however appears rather volatile in experiments. Ac-
cordingly, decreasing the geometries where droplets form is a more solid approach. As it
was shown in Sec. 2.2.2, shallow chips with less than 10 µm in overall channel height show
exceedingly high resistance causing almost zero flowrate at critical pressure. This is due to
the inverse proportionality of the hydrodynamic resistance to the third power of the rectan-
gular channel’s height (see Eq. 2.13). For miniaturization from pico- to femtoliter volume
droplets, some tricks need to be applied.

In 2013, Wang succeeded in producing droplets as small as 5.5 µm in diameter, utilizing
a PDMS chip with a so-called normally-closed microvalve [Wang and Lee, 2013]. This
technique allows to generate droplet volumes dependent on applied pressure. However, the
advantage of solid PDMS chips lies in the fact that inlet pressure scales with throughput while
the droplets size remains predefined (considering jetting is not an option). Thus, sticking to
conventional PDMS on glass designs, it is tested, whether Wangs results are reproducible.

3.4.1 Two-layer chip design

Flow pressure drops proportionally with its channels length. Since sections of small channel
diameter cannot be avoided when attempting to form micrometer droplets, these are kept
very short. The possibility to do soft lithography multiple times for fabrication of an enriched
three-dimensional structure presents a huge advantage. The ability to have a two-layer device
allows to build a shallow cross flow junctions, but deep supply channel structures. Thus, all
flow sections relevant for droplet size are minimized and everything else is left feasibly large
to make the least compromises concerning flow resistance. Because supply channels have a
comparatively low hydrodynamic resistance, the shallow cross flow junction then defines the
whole chip’s resistance. Figure 3.14 illustrates how droplets are generated in a pancake shape
and then emerge to spherical shape. This trick reduces their sizes within the given photomask
resolution limit of 10 µm vastly.
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Figure 3.14: An illustration of deformed droplet generation in a two-layer chip.

The fabrication of a two layers chip needs two standard plastic transparency masks, each
containing either just the supply channels or just the cross junction. The soft lithography
process is now implemented in two steps. The thin layer features just the flow focusing
cross junction. Thus, its photomask solely contains a structure such as the one shown in the
closeup in Fig. 3.5 and some alignment marks. After the development of this first shallow 3
µm layer, the remaining structures are produced separately with a more viscous photoresist
and a second photomask. The higher viscosity yields a thicker, but just as homogeneous,
photoresist layer of 10 µm on the wafer after spin-coating. Hence, the second photomask
contains the inlet and outlet channel structure and the same alignment marks as the first one.
The thin wafer structures from the first step, however, are not visible to the eye, so a mask
aligning instrument helps to adjust the cross junction structures on the substrate with the
second photomask. The mask aligner (ABM, Inc.) is basically a light microscope featuring
precise two-stage control (x-,y-,z-axis and rotation), a fixture for the substrate and built-in
UV-lamp.

After a successful fabrication, experiments with the prepared chip demonstrate that droplets
are restrained by the channel’s bottom and top, so that they emerge in cylindrical shapes. This
circumstance keeps inner-phase volume at a minimum during generation. Figure 3.15 shows
a microscope image of the aligned area where generated droplets reshape while conserving
their volume. Pancake droplets that are formed in the shallow cross flow junction with 10
µm width and 3 µm height emerge to spherical droplets with less than 7.7 µm in radius.
Thus, droplet volumes decreases by 122% compared to spherically generated 10 µm diameter
droplets.
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Figure 3.15: Generated pancake droplets (left) reshaping to spherical droplets (right) when
channel height increases.

3.4.2 High-precision chrome photomask

To further improve minimization, it is aimed for a decrease in the 2d-feature’s width as
well. Figure 3.16 shows a high quality chrome photomask that was made for this work.
The fine features are sputtered on thin glass, guaranteeing 1 µm accuracy. However, the
matrix of cross flow junctions is still visible by eye. All features containing the cross flow
geometry are fabricated with this improved precision photomask. In contrast to this, the
conventional transparency plastic photomasks allow 10 µm precision, which is still sufficient
for the residual channel structures.

Using the same method as in the previous section, soft lithography is done in two steps again.
Photomasks a) and b) in Figure 3.17 each include one layer’s design, which is combined on
one chip. In fact, there are eleven different droplet generation geometries per chip and four
of each size. Thus, the structure in a) holds an eleven times four matrix. The sizes match
typical colloids (radius of 0.8, 1.05, 1.4, 1.5, 2.1, 2.5, 2.9, 4.1 µm) and in between. The
supply channel structure in b) is the same for every matrix element. The high precision mask
was ordered for a), features from b) can be fabricated using a standard plastic transparency
photomask. All chips used for experiments that contributed to this work are since built in this
two-layer design. Alignment features are included in the drawings (see the circled crosses on
both photomasks) to help with orientation.

Provided that the cross flow dimension proves to emerge droplets in exactly its geometrical
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Figure 3.16: High-precision chrome photomask holding only the cross flow junction features
critical for femtoliter droplet formation.

measures, the resulting chip is capable of producing particles as small as 0.8 µm in radius.

Figure 3.17: Actual two-layer photomasks. a) contains only the flow-focusing cross junction,
while b) holds supply channel structure.

3.4.3 Overall hydrodynamic resistance

For an exemplary experiment on a two-layer chip, a resistance analysis is performed by
measuring the flowrate, while keeping track of ∆p set on the pressure valve. Equation 2.9
then gives an estimate for the overall hydrodynamic resistance of the chip.

To determine size and velocity of droplet flows a computer software is used [Basu, 2013].
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DMV (droplet morphometry and velocimetry) analyses video files of droplet dynamics cap-
tured with a high-speed camera. The code is written in MatLab and makes use of particle
tracking with background subtraction. Figure 3.18 shows the radius distribution of a droplet
generation experiment based on a cross flow focusing junction measuring 4.1 µm in width.
A mean radius value of 1.66 µm was deduced from 63 droplets in less than one second. The
standard deviation σ of 0.044 µm (equals 2.88%) can be discerned, so that monodispersity is
to be assumed. The analyzed images were captured at 4025 fps.
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Figure 3.18: Size histogram of N=63 droplets, mean radius is 1.66 µm and σ is 0.044 µm.

According to Fig. 3.18, droplets on average have a volume V of (17.6± 1.46) fl in this
population. Looking at Fig. 3.19 the number ∆N of droplets formed in a time interval ∆t

can be read and so the total throughput of the aqueous phase can be derived. The number
of droplets that evolved over an experimental time of ∆t = 0.722 s is 63. From all detected
droplets, 15 already were inside the channel when recording started. Thus, ∆N = 48 droplets
formed in the designated timeframe. The volumetric flowrate ∆Q computes to (1.17±0.10)
pl s−1 using

∆Q =
∆V
∆t

=
4
3

πr3 ∆N
∆t

. (3.1)

The pressure drop in the droplet phase is noted at roughly ∆p= (14±3) psi≈ (1.0±0.2) bar.
Hence, the total resistance computes to

Rchip =
∆p
∆Q
≈ (8.52±1.84) ·1019 kg

m4s
. (3.2)
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Figure 3.19: Detected droplets behind the flow-focusing regime yielding a generation rate of
66.5 droplets per second.
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Chapter 4

Stabilization and characterization of

mesoscopic droplet dispersions

Forming emulsions, either by simple blending of two immiscible liquids or, more advanced,
using microfluidic chips, is just the first step in creating an adequate model system. To
stabilize these dispersions, a closer look into the phase composition and its free-energy pref-
erences is necessary. Picking a common example: foam, basically air bubbles in a liquid
medium, is a very unstable model system. Despite all efforts of beer brewers, the air bubbles
on a freshly tapped drink usually collapse within seconds or a few minutes [Rudin, 1957].
Coming back to microscopic dispersions with tailored properties, one is interested in interac-
tions between droplets or particles. Moreover, the question arises whether droplets can after
all serve as a model system like colloidal suspensions. Accordingly, this chapter examines
dispersity, dynamics and dense configuration properties of microfluidically generated droplet
emulsions.
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4.1 Composing stable micro-droplet emulsions

Referring to the International Union of Pure and Applied Chemistry (IUPAC), "micro-emulsions
are dispersions made of water, oil, and surfactant(s) and are isotropic as well as thermody-
namically stable systems with dispersed domain diameter varying approximately from 1 to
100 nm, usually 10 to 50 nm" [Slomkowski, 2011]. Furthermore, it says that the average
diameter of droplets in macro-emulsion (usually referred to as an emulsion) is close to one
millimeter (i.e., 10−3 m). To be precise, emulsions containing droplets of 1 to 10 microme-
ters could be considered as meso-emulsions since their size range appears to be between the
one of macro- and micro-emulsions [Maqsood A. Malik and Hashim, 2010].

Figure 4.1: Assembly of surfactant molecules in formed micro-emulsions.

Depending on the dominant phase, hydrophilic as well as hydrophobic fluids can act as a
continuous medium. In the experiments that contribute to this thesis, a fluorophilic oil is
used as a continuous phase while different water compositions form the dispersed phase.
Although both configurations are possible, an aqueous droplet phase’s properties can be tuned
more easily. Thus, it is aimed for to study their potential to experimentally act as colloidal
particles with adjustable properties.

4.1.1 Dispersed droplet phase

The dispersed phase, also considered as droplet phase, has to be a polar solution due to the
need of hydrophilic properties. To avoid electric charges that could yield adhesion effects,
deionized water (di-water) is used for generic droplet generation. For biological applications,
the use of buffer solutions (Phosphate-buffered saline, abbreviated PBS) is common as well.
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4.1 Composing stable micro-droplet emulsions

density [g/cm3] refractive index dynamic viscosity [cP]
HFE-oil 7500 1.61 1.29 1.24

deionized water 1.00 1.33 1.01
60% sucrose 1.29 1.44 56.7

glycerol 1.26 1.47 1.41

Table 4.1: Relevant properties of the continuous fluorinated oil phase and polar dispersed
phase solvents.

In this work, light interactions are intended to be induced. Thus, sucrose is added to di-water
in the dispersed phase to increase the refractive index of the solution (see Chapter 5.2).

For applications requiring high refractive index, ethylene glycol has been tested against su-
crose. Table 4.1.1 contrasts the properties of commonly utilized solvents in microfluidics.
Sucrose and glycerol feature the largest refractive index compared to the oil carrier phase.
Contrary to the ethylene alcohol, sucrose droplets show better stability in experiments. High
viscosities of the dispersed medium yield a smaller diffusion coefficient within the droplet
and towards its critical interface. Duly, it is suspected that this improves stability and prevents
unwanted coalescence of micro-droplets. The sugar in the aqueous phase therefore acts as a
stabilizing agent, as well as an optical manipulation promoter. Unless annotated differently,
when referring to the term sucrose further in this thesis a mixture of 60% sucrose and 40%
water is implied.

4.1.2 Continuous carrier phase

Every experiment is performed using 3M Novec HFE-7500 (Hexane, 3-ethoxy-dodecafluoro-
2-(trifluoromethyl), purity > 99%) as continuous oil phase. Novec HFE-7500 is a fluorocar-
bon oil with excellent properties for various microfluidic applications. It does not burn and
has no electric conductivity. In industry, HFE broadly appears in heat conduction applica-
tions due to its high thermal stability [Electronics Markets Materials Division, 2009].

For optimal stability results on generated micro-droplets, an oil-soluble surface-active-agent
is added to the continuous phase. Inclusion of 1% (by volume) of neat RAN 008-fluorosurfactant
into HFE-oil establishes stability for droplet transfer in an external cell (Ibidi µ-slide) and
storage over weeks. Further details are carried out in the following subsection.
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Chapter 4 Stabilization and characterization of mesoscopic droplet dispersions

4.1.3 Gibbs free energy stabilization

Surfactant molecules settle at the interface between the droplet and the surrounding phase
and therefore have emulsifying properties. Figure 4.11 illustrates the shape of a surfactant
molecule with its polar head and its non-polar tail (left). The right part of Fig. 4.1 shows how
these molecules arrange in a two-phase liquid system. Depending on whether the hydropho-
bic phase forms as a dispersed or continuous medium, the oil-dissolved fluoro-surfactant
molecule orients its non-polar tail correspondingly.

To describe energy processes related to conformational changes in emulsions more precisely,
the Gibbs-Duhem Equation (Eq. 4.1) is recalled. It shows that a system’s surface free energy
G is a sum of three components: the droplet’s surface area A times their tension, conforma-
tional entropy S scaling with the temperature T and the emulsion composition with chemical
potential µi of each molecule i.

G = Adγ−SdT +∑
i

nidµi. (4.1)

Thus, at a constant temperature and composition, interface/surface tension γ can be defined
by deriving

γ =

(
∂G
∂A

)
T,ni

. (4.2)

Chapter 2.1 lists different ways emulsion breakdown occurs. Here, Fig. 4.22 contrasts for-
mation and breakdown at energies GI and GII . One effect promoting droplet coalescence is
flocculation. The process drives droplets closely together due to interfacial adhesion. Hence,
clusters are formed and droplets lose spherical particle properties. The mechanism can be a
precursor to coalescence that yields droplets to merge and fuse to larger ones.

In trying to understand conformational changes of a well-defined dispersed system, one can
look at Gibbs free energy (Eq. 4.3). According to the second law of thermodynamics, a
system’s entropy S strives towards a maximum in order to reach equilibrium. The aim is to
keep a sufficiently large droplet area A (scales with their radius squared) in stable condition.
Provided the temperature T of the system is easily controlled at a constant level, the critical

1Figure by [University of Bristol, School of Chemistry, 2017].
2Image by [Tadros, 2013].
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4.1 Composing stable micro-droplet emulsions

Figure 4.2: Potential GI implies a phase-separated system, GII a dispersed system.

value to balance is the droplet’s interfacial tension γ .

∆G = ∆Aγ−T ∆S (4.3)

Figure 4.3 shows the free energy pathways. State GII represents the lower energy level of a
dispersed system and GI the level of a phase-separated system. The breakdown due to in-
compatible or non-present surfactant is visualized by the red line. Adding a suitable stabilizer
can create an energy barrier preventing coalescence as the green path’s energy valley as GV

shows. A stabilizing agent such as surfactants or certain polymers can enable a kinetically
stable system (state V), so that the process from state II to I becomes non-continuous.

Figure 4.3: The Gibbs free energy path. Transition lines correspond to the presence (green)
and the non-presence (red) of surfactant molecules.

Thus, the addition of a surface-active-agent to at least one inlet phase is conductive to the
formation of droplets and essential to get a stability for longer than a couple of seconds time.
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Chapter 4 Stabilization and characterization of mesoscopic droplet dispersions

In the course of this work, four surfactants soluble in fluorinated oil and three dissolved in
water were tested on their ability to improve controlled formation and lasting confirmation
of droplets.

Experiments with 2% volume fraction of Brij 30, Hellmanex III and sodium dodecyl sulfate
(SDS) surfactants that were added to deionized water showed no improved droplet stability.
In fact, all of these tested surfactants composed to the aqueous phase prove inferior to oil-
soluble surfactant. Hereafter, three different fluorosurfactants at certain concentrations were
tried. Fluorosurfactants FC-4430, FC-4432 and FC-4434 were provided from 3M. From
these three candidates, FC-4434 solely solved well in HFE and it was possible to form more
durable droplets than with any of the water-soluble surfactants. However, droplets remain
stable for minutes right after generation, but coalescence occurs before the transfer into ex-
ternal vials via polyethylene tubing is achieved.

Finally, a fourth surfactant is considered: non-ionic 008-Fluorosurfactant from RAN Biotech-
nologies. Thereupon, emulsion stability increases dramatically. At a 1% volume fraction
dissolved in HFE, fluorosurfactant emulsions generated in previously presented PDMS chips
can be relocated into an external sample cell. Properly sealed (HFE-oil evaporates at a rate
similar to the one of water), mesoscopic droplet probes showed no noticeable aging effects
in a 28 day period. The general structure of RAN 008 is perfluoropolyether-polyethylene
glycol copolymer. However, the major difference is that 008-Fluorosurfactant is fluorous-
soluble while FC-4434 partly dissolves in water as well. Furthermore, FC4434 is pre-mixed
with dipropylene glycol mono-methyl ether, which seems to affect droplet stability in a neg-
ative way. RAN 008 is not premixed with solvents and is supplied in its neat form to be
dissolved solely in a fluorous solvent. Surfactant compatibility is a not yet well understood
phenomena in physical chemistry. Further stability studies might potentially be very inter-
esting. There are techniques such as light scattering, rheology and focus beam reflectance
measurements to gain deeper insight.

Moreover, some concentration-related effects were investigated: surfactant fractions above
the critical-micelle-concentration (CMC) lead micelle formation of surfactant molecules.
This saturation yields to aggregation of droplets [Rosen, 2004]. Thus, in our experiments
surfactant fractions of greater than 1% are relinquished to not induce particle coagulation.
Furthermore, this value proved to create aqueous droplets in fluorinated oil that best match
colloidal particle characteristics. At higher concentrations Brownian dynamics is hindered by
strong interaction between droplets. Lower surfactant fractions decreased emulsion stability.
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4.1 Composing stable micro-droplet emulsions

However, 008-fluorosurfactant has already been commercialized due to its reliable properties
and is widely used in the microfluidic community.

4.1.4 Creaming and sedimentation

Depending on the densities of a two-phase emulsion’s inner and outer phases, dispersed
droplets tend to sink to the bottom, cream on the surface or float. Here, a positive difference
∆ρ = ∆ρDroplet−∆ρContinuous yields sinking. However, according to Fig. 4.1.1, fluorinated
oil has quite a large density compared to most aqueous solutions, so in most compositions
creaming is likely.

The hydrodynamic force (or Stokes drag, Eq. 4.4) only depends on the composition of the
continuous medium, which is fluorinated oil in this case. For particles in equilibrium the
force is zero since it is directly proportional to the sedimentation/creaming velocity.

FS =−6πηRv0. (4.4)

In contrast, the gravitational force (Eq. 4.5) scales with the droplet’s weight, which is deter-
mined by its volume and the phases’ ∆ρ .

FG = ∆mg =

(
4
3

R3
∆ρ

)
g. (4.5)

By equating both forces, the resulting creaming or sedimentation velocity reads

v0 =
2
9

∆ρgR2

η
. (4.6)

Table 4.1.4 states how long equilibration of formed droplet emulsions in an external sample
cell might take. Water and sucrose droplets in oil settle at the cell’s top (negative velocity) in
2 minutes at the most. Yet, the calculated sedimentation of comparable polystyrene particles
in water takes 17 minutes, since their v0 is an order of magnitude smaller due to the low
difference in density compared to the carrier medium water.
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Chapter 4 Stabilization and characterization of mesoscopic droplet dispersions

particle phase ∆ρ [g cm−3] v0 [µm s−1] equilibration time [s]
water -0.61 -2.12 66.2

sucrose -0.32 -1.13 124
polystyrene* 0.04 0.14 1016

Table 4.2: Sedimentation rates for aqueous droplets of radius 1.4 µm in HFE-oil (ρo =

1.61 g cm−3) stored within a cell of height 0.14 mm (Ibidi). *Polystyrene par-
ticles dispersed in water (ρw = 1.00 g cm−3) instead of oil.

The lower limit of the characteristic length scale l for Brownian motion to take place is about
1 nm. Thus, a typical (r = 1.4 µm) sucrose droplet’s gravitational potential FGl computes to
0.04 pN nm. This confirms that the molecular diffusion potential dominates with kBT being
4.0 pN nm at room temperature (20 ◦C) and droplets are subject so thermal motion.

Thus, droplet emulsions make a model system for colloidal systems where creaming parti-
cles are needed. As Eq. 4.4 implies, creaming velocity is proportional to the force pushing
particles towards the cell walls. Since the velocity is larger for droplets than for particles,
droplet/wall interactions might become more relevant when looking at droplet emulsions
rather than at polystyrene particle suspensions. Regarding laser tweezers, another circum-
stance deserves attention: subject to the set-up’s design, a laser beam reaches the sample
either from the top or from the bottom. Radiation pressure (see Sec. 5.1) pushes interacting
objects along the optical axis. Depending on whether particles sit at the bottom or at the top
of a sample cell, dynamics can increase or decrease under laser exposure.

4.2 Colloidal systems

Colloidal suspensions are well-investigated systems that play a large role in science, e.g. in
soft matter physics and statistical mechanics. However, droplet microfluidics represents a
novel development and brings interesting new perspectives to these fields.

Accordingly, there is rising interest in how droplet meso-emulsions differ from, or confirm
with, colloidal systems. Especially experiments that involve particle flows are much easier
conducted using a droplet generating chip, that produces the demanded objects already dis-
persed in solution. Flow speed, particle concentration and size dispersity are easily tunable
via droplet systems that feature similar properties as colloidal systems.
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4.2 Colloidal systems

4.2.1 Brownian motion

Molecules in the continuous phase (be it oil or water) thermally fluctuate at the default lab
temperature (20 ◦C or 293 K) where all experiments are conducted. Thus, colloidal particles
are subject to frequent collisions with surrounding liquid molecules. Because the particles
are exposed to momentum from all directions in space, there is a continuous random dis-
placement visible over time. This dynamics is called Brownian motion (R. Brown, 1827).
However, the mean particle position 〈r(t)〉 statistically remains zero since displacements
along the positive and negative axes of travel cancel each other out. Nonetheless, the mean-
squared displacement 〈r2〉, commonly referred to as MSD, grows with time. The substantial
constant defining the speed of a particle exploring its surrounding area is the Diffusion con-
stant D. In a simple two-dimensional environment (such as in sedimented or creamed (dilute)
dispersions) Brownian dynamics are fully described with

〈r(t)2〉= 4Dt. (4.7)

The scaling constant D is characteristic for each particle size and depends on the surrounding
phase’s dynamic viscosity η and the ambient temperature T . According to Stokes-Einstein,
the prediction for a droplet’s (area-)velocity without external constraints is given by the dif-
fusion coefficient

D =
kT

6πη R
. (4.8)

4.2.2 Anomalous diffusion

In reality, diffusion rarely takes place without external influences. Thus, the MSD becomes
proportional to time featuring an exponent µ (Eq. 4.9). For the previously discussed case, µ

is 1, but it can take values smaller and larger than that.

〈r(t)2〉 ∝ tµ . (4.9)
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Chapter 4 Stabilization and characterization of mesoscopic droplet dispersions

Both the diffusion coefficient D and the anomalous exponent µ can vary with time. To collect
information about the constraint, time dependence of D(t) and µ(t) for two-dimensional
diffusion is examined.

D(t) =
1
4

∂ 〈r(t)2〉
∂ t

. (4.10)

µ(t) =
∂ log〈r(t)2〉

∂ log t
. (4.11)

Figure 4.43 demonstrates the MSD over time dependence from the anomalous exponent µ .
If µ becomes larger than 1 there is super-diffusion, and for values smaller than 1 it is sub-
diffusion. Additional drifts or ambient vibrations can increase particle motion so super-
diffusion is noted as visualized by the red line in Fig. 4.4. When geometrical constraints
are present, laser traps or wall/particle interactions cause less growth in the MSD over time,
called sub-diffusion (green line). The curve’s shapes can give an idea of what interactions
are involved in the anomalous behavior of droplet movement.

Figure 4.4: An exemplary MSD versus time plot according to Eq. 4.9. Each line corresponds
to a value of µ around 1.

3Figure by [Creative Commons Attribution-Share Alike 3.0 Unported, 2012]
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4.3 Characterization of microfluidically designed emulsions

4.3 Characterization of microfluidically designed

emulsions

Figure 4.5 shows a photo of a typical external sample cell under the microscope. From a
microfluidic chip’s outlet, a thin (inner diameter 0.38mm) polyethylene tube allows transfer
of generated droplet emulsions. This cell features three different outlets and yields the po-
tential for droplet sorting. Before experiments are conducted that do not require flows, all
three outlets are sealed to avoid evaporation after the channels are filled up. At a fraction of
1% RAN surfactant, droplet dispersions remain stable for an investigated time of at least a
month inside this cell. An advantage of emulsions is that they can be generated in certain
polydispersities or completely uniform. Thus, in the following section a sample featuring a
wide size distribution is characterized.

Figure 4.5: Droplet emulsion transfer into a sample cell (Ibidi Y-Cell) for further
investigation.

4.3.1 Polydispersity in stored probes

The right image in Fig. 4.3.1 demonstrates a colloidal system made of droplets with in-
creased polydispersity. By inlet pressure adjustment on the generation chip, different jetting
regimes yield various droplet sizes. It was already shown that uniform emulsions with low
size deviation (< 3%) can easily be formed using a PDMS chip (see Chapter 3) as well, but
sometimes a certain particle size distribution is appreciated. Figure 4.3.1 contrasts a binary
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Chapter 4 Stabilization and characterization of mesoscopic droplet dispersions

particle suspension (left) with a polydisperse droplet emulsion (right). Both show Brownian
motion.

Figure 4.6: A binary polystyrene particle dispersion (left, 43 colloids) in contrast to a gener-
ated dilute and polydisperse emulsion (right, 145 droplets).
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Figure 4.7: The normalized size histograms of the above probes. The binary particle disper-
sion (green) consists of 1.4µm and 2.5µm colloids. The droplet emulsion’s mean
diameter is 1.81µm with a standard deviation of 0.42µm (red).

Figure 4.3.1 shows size histograms for both dispersions from the images in Fig. 4.3.1 above.
The right (red) figure corresponds to its image of the droplets dispersion above and shows
the induced polydispersity with a mean radius of 1.81 µm in radius. However, there is a
small fraction of droplets larger than 2 µm. Since these bigger droplets range in a different
size regime, they are treated separately in the following to have a comparison in diffusion
dynamics. Regarding the binary colloidal suspension on the left in Fig. 4.3.1, it is known for a
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4.3 Characterization of microfluidically designed emulsions

fact that its colloids have a very uniform radius of 1.4 and 2.5 µm (commercially sold as such,
low standard deviation in size). Nonetheless, greyscale image particle detection narrowly
overestimates their sizes. This systematical error is due to the dark edges around objects
on bright-field microscope images. The margin’s contribution to the overall radius of larger
particles is lower, so the error vanishes. However, further investigation with confocal imaging
methods using oil objectives or light scattering, promising better accuracy, are possible.

4.3.2 Droplet and particle dynamics

Earlier, Brownian motion was introduced. Provided that electric charges and wall interac-
tions can be neglected, aqueous droplets should be able to perform normal (µ = 1) two-
dimensional diffusion within an oil medium. In the following section, the difference in diffu-
sion of colloidal particles and droplets is being studied. Using an IDL-software environment,
particle positions are tracked [Crocker and Grier, 1996]. Data is collected at an acquisition
rate of 10 fps over 50.000 images. Overall experimental time for each curve is 5000 seconds
(approximately 1.5 hours). By recording the particles’ displacements between the frames,
their trajectories can then be captured. Each data point is averaged over the whole ensemble
of droplets. Additionally, trajectory times are measured in time intervals rather than on the
absolute timescale. Thus, very good statistics are achieved for short time spans. For long
time intervals, there are just few trajectories N to average over. Accordingly, the accuracy of
presented data decreases exceedingly with time.

The red curve in Fig. 4.8 plots the droplet’s mean-squared-displacement over time. As
mentioned, just droplets smaller than 2 µm in radius from Fig. 4.3.1 are tracked. Additionally,
three different sizes of diluted polystyrene particle suspensions (area fraction about 1%) in
water are considered for comparison (green, blue and cyan lines). Taking a look at the curve’s
overall shapes, the expected linear dependence between displacement and time for normal
diffusion is noticed. Beware that both scales are logarithmic, so within one plot one is able to
detect small changes in the short time range, as well as large displacements in the long range.
There are colloids diffusing faster (2.5 µm and 2.9 µm) than the droplets (red line), and there
are slower (larger) particles (4.2 µm). However, contrary to the colloids, a decreased slope at
intermediate times is visible in the droplet curve. The behavior does not seem to affect short
term diffusion, but induces superdiffusion in long time ranges.
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Figure 4.8: Comparison of polystyrene particle’s and sucrose droplet’s MSD over time on a
logarithmic scale. Error bars to the droplet’s curve are representatively plotted.

For closer investigation of the lines’ slopes, Fig. 4.9 plots the time corresponding diffu-
sion coefficients over time. Within the first second already, the droplet’s diffusion rate drops
down to the one of the 4.1 µm particles. Yet, the rate seems to recover for diffusion trajec-
tories longer than 200 s, although long times statistics are not sufficiently accurate to justify
concrete claims. The corresponding error bars are plotted in Fig. 4.8 and Fig. 4.9 only for
the droplet’s data but can be regarded representatively.

Reviewing a time-lapse series of the acquired microscope images from the experiment gives
a hint of where the slowdown might be originated. Droplets, that cross their paths and closely
approach, dance around each other for some time before they let go. It is suspected that the
effect comes from the short range Van der Waals interaction induced by the surfactant layer
on the droplet interface. For short diffusion times, droplets seldom meet and diffuse freely,
for intermediate times they are affected from the surfactant adhesion between each other,
and for very long times they (on average) have already been able to detach. However, in
future experiments, modified sample compositions might be able to create an electrostatic
repulsion, which can help minimize this effect.
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Figure 4.9: The droplet’s diffusion coefficient (red line) shows a decrease for intermediate
times while particle diffusion stays constant (disregarding long time effects).

Especially droplet short time diffusion (< 1 s) tells about its characteristic properties since it
has not been able to explore any surroundings so far. More data from polystyrene particles,
acquired in a previous project, allows to bring droplet data in cohesion. Figure 4.10 dis-
plays the diffusion coefficients for various polystyrene particles between 0.8 µm and 4.2 µm
(green), and for the droplets in the probe studied here (red). Particle data is acquired under
ideal conditions so D stays constant over the full time range (similar to Fig. 4.9). The dashed
lines show theoretical predictions from Eq. 4.8 for the viscosity values of water (green) and
fluorinated oil (red).

Aside from the expected difference between droplet and particle coefficients due to the vis-
cosities of their surrounding medium, a systematically decreased diffusion rate compared to
the theory is examined. However, this phenomena has already been investigated by Faxen
in 1922. Thus, a particle mobility factor was introduced, that can be used to correct the the-
oretical value for diffusion close to cell-walls. Overall, a similar dynamics between droplet
emulsions and particle dispersions is investigated. Especially when polydisperse probes are
of interest, emulsions present an alternative to conventional colloidal suspensions.
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Figure 4.10: Measured diffusion coefficients (within the trajectory’s first second) versus par-
ticle radius. Green dots refer to measured particles, the red dot to regarded
droplets. Two dashed lines show theoretical predictions for diffusion in water
(green) and oil (red) according to Stokes-Einstein.

4.3.3 Pair-distribution in very dense configurations

Although droplets might sometimes be characterized as soft sphere particles, the interfacial
tension in femtoliter volume dimensions is large enough not to allow any visible shape de-
formation under flow conditions. Notwithstanding that, dense two-dimensional droplet pop-
ulations can lead to high pressures so droplets might morph into hexagonal shapes. Hence,
droplet emulsions cannot be seen as a classical hard-sphere model system [D. Grasso and
Bergendahl, 2002]. Nevertheless, interesting crystallization effects occur during the work
with mesoscopic droplets.

During an experiment, droplet formation is abruptly stopped by sealing the outlet so pressure
in the collection chamber increases. Nonetheless, droplet generation continues for a short
period and the chamber runs full with droplets of a low polydispersity. Figure 4.11 shows
a hexagonal self-assembly of nearest neighbor droplets where crystal assembly is suspected.
Accordingly, regular domains of monodisperse droplet crystallization are arranged. Borders
between arranged aggregates appear. The sample was generated with 3% RAN fluorosurfac-
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Figure 4.11: A dense droplet population with a high surfactant fraction in the collection area
of the chip it was produced in.

tant, instead of the common 1% volume fraction. Due to the high surfactant concentration
droplets aggregate and Brownian motion is not present.

For measuring the quality of crystallization the radial- or pair-distribution function of Fig.
4.11 is calculated. In general, the function g(r) demonstrates the number of droplets sitting in
a distance r from the reference object at position 0. The reference is averaged over all tracked
droplets. Additionally, g(r) is normalized, so that for an ideal gas the probability of finding
a particle in distance r from the reference approaches 1. In contrast to an ideal gas, which
claims to be the most random particle distribution, a colloidal crystal is well-organized. Thus,
in a perfect two-dimensional crystal, it is most likely to detect the next-neighbor particle in
the range of exactly one diameter.

Looking closely at Fig. 4.12, double-peaks in regular distances become apparent. This ap-
pearance is typical for a face-centered cubic system (fcc-lattice), which conform with the
closest packing fraction for an area (two-dimensional crystal). Also, small spikes between
the regular orders are noticed. However, these are due to a slight polydispersity in the given
probe. In fact, the regularity in intensity of the first three orders yields an apparent crys-
tal structure. Higher orders (in multiple radius range) vanish, although the first four peaks
appear homogeneously. Collectively, a superposition of radial-distribution-functions is as-
sumed, since the given image shows several crystalline domains that have been analyzed
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Figure 4.12: The pair-distribution-function g(r) of Fig. 4.11.

together.
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Chapter 5

Exposure of micro-droplets to laser

potentials

This chapter aims to investigate the influence of optical tweezers on small volume droplets
with a tuned refractive index. The special focus lies on rough laser potentials, which are well
studied regarding hard sphere dynamics but have never been considered in combination with
droplet microfluidics. Hence, the effect on droplets performing Brownian motion is discussed
to get an idea of how well previous experimental results can be translated from particle into
droplet physics. Furthermore, for microfluidic on-chip-applications, it is of importance to
assess whether tweezer forces are large enough to trap droplets from a stream right after
generation. Therefore, laser potential effects are evaluated on flow configurations as well.
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5.1 Forces exerted by optical tweezers

Optical traps use highly focused laser beams to apply forces on objects whose refractive index
differs from the surrounding medium. The effective index of a particle is defined as the index
of the particle n2 divided by the index of the surrounding medium n1; that is, n = n2/n1. A
polystyrene sphere in water has n = 1.6/1.33 = 1.2.

Figure 5.1: Optical tweezer forces consisting of radiation pressure and gradient force.

To get an estimate of the force focused laser beams are able to apply on particles in solution,
one uses

F = Q
nP
c0

. (5.1)

The dimensionless quantity Q in Eq. 5.1 states the fraction of photons that effectively interact
with the droplet and is estimated here at around 0.1 (Q depends on the perpendicular or
parallel axis as well, see [Ashkin, 1992]). Since laser power and refractive index are of order
1, the exerted force scales with the speed of light’s reciprocal value (order 10−9), yielding an
overall laser tweezer force in the piconewton regime.
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5.2 Refractive index adjustment of the dispersed phase

Figure 5.11 illustrates the two forces involved in trapping colloidal particles (radius > laser
wavelength). Here, the laser beam comes from the bottom of the image and travels along
a perpendicular axis. On one hand, the scattering force drives the particle along the optical
axis. On the other hand, a gradient force pulls it towards the highest laser intensity (the laser
focus). Photons are deflected within the optically denser particle/droplet medium and thus
transfer momentum. For calculations on each force‘s components see [Grier, 2003].

5.2 Refractive index adjustment of the dispersed phase
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Figure 5.2: Refractive index of sucrose solutions at 20.0 ◦C and 589.29 nm wavelength.

In order to move a droplet with laser tweezers, the difference between refractive indexes of
the dispersed and continuous phase must be maximized [Molloy and Padgett, 2002]. It is
beneficial not to change the properties of established droplet phase compositions to preserve
comparability with other microfluidics publications. Therefore, the refractive index of the
aqueous phase is adjusted. Yet, the addition of sugar seems adequate to achieve an appropri-
ate difference in refractive indexes to the one of HFE oil. HFE 7500 has a refractive index
of 1.2870, slightly smaller than that of water with 1.3300 at room temperature. Figure 5.22

shows the refractive index dependence of deionized water as a function of its sucrose frac-

1Figure by [Grier, 2003].
2Data from [International Commission for Uniform Methods of Sugar Analysis, 1989]
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tion. Nearly saturating deionized water with sucrose, the solution becomes applicable for
optical tweezer use, e.g. a 65% sugar fraction (with 35% water in the final solution) yields a
refractive index of 1.4532.

5.3 Single beam trapping of droplets in a flow

To experimentally verify the amount of force FT an optical tweezer can apply on refractive
index tuned droplets, a simple approach is selected. A fixed optical trap (1,500 mW power)
is directed on a stream of generated sucrose droplets. In normal operation (at around 10
psi inlet pressure), the chips ejects a dense flood of droplets much too fast to be trapped
(in fact, a 1000 fps high-speed camera cannot even capture them). Lowering the inlet’s
phases’ flowrates both slows down droplets and increases their nearest neighbor distance.
Accordingly, the flow is adjusted, so droplets pass the tweezer spot one by one. Thus, the
flowrate is decreased in small steps until velocity is sufficiently small for single droplets to
be retained. By measuring the droplet’s speed right before it is trapped, the Stokes forces
FS introduced in Chapter 4.1.4 can be evaluated and should be equal to the minimum optical
tweezer force (see Eq. 5.2).

Figure 5.3 illustrates a droplet in a the channel flowing from left to right. As case a) shows,
in an equilibrated flow condition the droplet flows with constant velocity since Stokes drag
cancels out flow pressure of the continuous medium. In b) there is a laser tweezer applied
on the droplet stream. When a laser tweezer’s perpendicular force’s component is equal
to (or larger than) Stokes force, trapping is possible and the droplet reaches zero velocity.
The Stokes drag, opposing the flow pressure forces that drive the droplet towards the chip’s
outlet, is proportional to the object’s radius and the viscosity of its surrounding medium.
Most importantly, Stokes drag scales with the velocity, so if a droplet moves with constant
speed both forces match and can be calculated.

FT ≥ FS = 6πηRv0 (5.2)

To estimate the corresponding forces, video data (21,500 frames, 135 s) from the experiment
is evaluated with help of DMV (see Sec. 3.4.3). Histograms of tweezed droplets’ sizes
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5.3 Single beam trapping of droplets in a flow

Figure 5.3: a) Droplet flow from left to right with constant velocity. b) Same flow with an
applied laser trap that is just as strong to stop the droplet.

and velocities are presented in Fig. 5.4. By inserting these values, as well as the dynamic
viscosity of fluorinated oil, a minimum tweezer force FT = (31.9±4.7) pN is derived.
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Figure 5.4: Properties of uniform droplets in a flow established at very low inlet pressures
(≈ 1 psi) slow enough for the optical tweezer to trap them. The mean radius is
5.13 µm with a standard deviation of 0.16 (= 3.12%) and the velocity magnitude
is (266.0±38.0) µm/s in the chip’s manipulation domain.

The optical tweezer’s forces match well with the order of magnitude that is predicted theo-
retically at the beginning of this chapter according to Eq. 5.1.
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5.3.1 Estimation of the trap stiffness

Figure 5.5 shows a microscope image which is part of a captured video where a droplet flow
is trapped. As visualized in Fig. 5.3, a droplet enters the field of view from the left and
is trapped by the tweezer (bright spot). The trap’s diameter measures exactly one droplet’s
dimension. When a new droplet chooses the same path and hits the tweezed companion
directly, its momentum transfers and the trapped object is released.

With knowledge of the critical droplet velocity the tweezer can trap, it is possible to give
an estimate of its spring constant κ (also called trap stiffness). If broken down to simple
physics, one can assume that the trap’s elastic potential fully decelerates the droplet and
should therefore be equal to its kinetic energy. Accordingly, the particle diameter is assumed
to be the trap’s size s.

Espring = Ekinetic (5.3)

yields

1
2

κs2 =
1
2

mv2. (5.4)

Thus, in the case of trapping a spherical object of the laser spot‘s size (s = 2r) with velocity
v0, the tweezer’s stiffness is

κ =
mv2

s2 =
π

3
ρrv2

0. (5.5)

Hence, the optical tweezer’s minimum spring constant computes to κ = (4.90± 1.41) ·
10−10 kg s−2.

Certainly, this calculation just gives an approximation of the trap’s properties (force and stiff-
ness) and should not be used for quantitative comparisons, although it is sufficient to assess
the order of magnitude. However, it is important to mention that the experiment generally
underestimates the tweezer‘s actual force since not neccessarily its whole amount is applied
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to the trapped object. Furthermore, a more accurate adjustability of the flow pressure would
allow to come closer to the critical trapping velocity. There are very precise methods to
compute the optical tweezer’s properties [Jong-Ho Baek and Lee, 2007] using thermal fluc-
tuations or particle-step-response.

Figure 5.5: Microscope image of the trapping experiment. A droplet of 5.13 µm radius enters
the image from the left towards the trap on the right. One droplet is already
tweezed.

5.4 Rough laser potentials

A rough laser potential can be seen as a combination of randomly distributed optical tweezers
of different strengths, forming energy minimums and maximums. Thus, often it is referred
to as random potential energy landscape (rPEL). Figure 5.63 shows a three-dimensional sim-
ulation of how a particle perceives the potential. The rPEL set-up used in this work (see
Fig. 5.4) is designed so that the beam reaches a probe from the top. Usually, laser beams
form a Gaussian-top with a strong intensity gradient towards the focus. In this set-up, a
flat-top is established using an diffuser element so the light intensity spreads homogeneously
over the captured sample area. To then generate an rPEL a green laser (λ = 512 nm) with
2,600mW maximum power (laser class 4) runs through an optical element that scatters light
heterogeneously to create a superposition of optical traps.

5.4.1 Effect on dilute sucrose droplet emulsions

The commonly studied case of colloidal particles in laser potentials involves sedimented
polystyrene particles. Here, the potential comes from the top. Thus, colloids feel the en-

3Image by [Florian Evers and Egelhaaf, 2013].
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Figure 5.6: Spatially correlated Gaussian potential energy landscape. The x-y-plane corre-
sponds to the spatial dimensions while the z-axis symbolizes laser intensity.

trapment of its distributed tweezers, as well as the radiation pressure that forces them further
towards the cell’s bottom. As a result, sub-diffusive dynamics dominate [Bewerunge and
Egelhaaf, 2015]. However, the short time diffusion is mainly affected by increased wall in-
teractions and for intermediate trajectory times, a sub-diffusion plateau is observed (in the
MSD versus time plot) that is due to the particle’s temporarily entrapment through potential
minimums. In the long term, colloids overcome the trap’s influence and return to normal
diffusion (µ = 1). Yet, this has all been very well-studied regarding colloidal suspensions.
So far, there are no studies on how droplets react to rough energy potential landscapes.

As mentioned in Sec. 4.1.4, sucrose droplets cream at the sample cell’s top wall in equilib-
rium. Hence, radiation forces push creamed droplets away from the wall, rather than towards
it. When applying high random laser forces over the whole droplet sample that is subject to
Brownian dynamics, two outcomes are conceivable:
a) Droplets, that were previously slowed down due to wall impacts, diffuse at a higher rate D.
b) (Some) droplets perform sub-diffusion (exponent µ < 1) due to entrapment in distributed
optical tweezers – just as expected from sedimented particles.

To get to the bottom of things, the droplet’s mean-squared-displacement data is evaluated.
To distinguish effects between large and small sizes, the polydisperse distribution from Fig.
4.3.2 is tracked for droplets of a radius lower or higher than two micrometers separately.
Figure 5.7 shows the droplet dynamics of the previously discussed sample for different con-
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figurations over time. The red and orange line originate from a free diffusion experiment,
the green and blue curves represent the exact same droplets exposed to a rPEL at maximum
power. Additionally, the diffusion coefficient’s time-dependence plotted in Fig. 5.8 is closer
inspected, as well as the exponent µ(t) showed in Fig. 5.9.

The plot can be segmented into three domains: 0 < t0 < 1 s, 1 s < t1 < 100 s and t2 > 100 s.
Time-spans shorter than one second show short time diffusion. As expected in Sec. 4.3.2,
larger droplets have a lower diffusion coefficient than their smaller companions. However,
looking at the parameter µ large droplets are already in a sub-diffusion regime. Interestingly,
for both little and big droplets an increased diffusion rate D(t0) is observed when laser forces
are present. Since surface impacts prevail for short range diffusion, this supports theory a),
indicating that laser pressure reduces the cell wall interactions of creaming droplets.

In the intermediate time regime t1, it is clearly visible that dynamics for laser exposed droplets
are confined (matching predicted theory b)). For both, droplets greater and smaller than 2 µm,
diffusion speed decreases. The time exponent µ reaches its minimum at around t = 40 s for
small, a little earlier for large droplets. This is the so-called plateau-time, when, by average,
most objects feel laser-trapped.

Corresponding to particles, in the time frame t2 droplets release themselves from optical
tweezer potential peaks in the long term, so the value of µ evolves towards 1 (where it stayed
over the full range for non-laser-exposed diffusion). Again, beware that statistics are not
precise for t2 (see error bars in previous chapter). However, contrary to the constant normal-
diffusion rates, the coefficient for exposed droplets tends toward 0 for time-spans exceeding
the plot’s range.

The effect of a decreased diffusion rate due to surfactant adhesion of close droplets has been
investigated in the previous chapter. After all, it does not play a major role (∆D ≈ 6.0 ·
10−3 µm2s−1) compared to laser influences (∆D ≈ 2.5 ·10−2 µm2s−1). It can be concluded,
that droplets behave very similar to particle dispersions in terms of Brownian dynamics and
laser reaction. Both predicted effects a) and b) occur during our experiment. In fact, droplets
give an interesting system for creaming dispersions.
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Figure 5.9: Exponent µ versus t.

5.4.2 Different laser powers on dense droplet emulsions

For verification that the rPEL’s radiation pressure pushes creamed droplets off the cell’s top
wall, a very dense population is investigated. Here, droplets feel the tight cage their surround-
ing objects form (see Fig. 5.10), so sub-diffusion must be present. Now, figuratively spoken,
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the random potential landscape from Fig. 5.6 is laid onto the creaming probe. However, this
might displace droplets sitting at places where intensity maximums occur. Other droplets,
positioned in intensity valleys, are assumed to diffuse freely (although, with respect to the
high droplet area fraction, still feeling a constraint) in two dimensions.

Figure 5.10: Dense population without field. Figure 5.11: Same sample with 100% rPEL.

Figure 5.10 and 5.11 show the dense droplet configuration without external field (left) and
with a rPEL on full laser power (right). In the left image, the droplet area fraction is at a
large value but Brownian motion is still present in just one 2d-layer. Hence, the black spots
in the right image show droplets which are positioned under this layer, and therefore dis-
placed into the third dimension. Over the course of our measurements (each 50,000 frames
at 10 fps) the dark spots frequently appear at the exact same spots. Duly, they are suspected
to map the rPEL’s maximum force peaks. At these locations, laser tweezer radiation pres-
sure pushes droplets in vertical direction. Droplet dynamics measurements are performed at
0 mW, 917 mW (80%), 1,640 mW (90%) and 2,600 mW (100%) laser power.

Figure 5.12 shows the MSD over time plot for the dense droplet population above exposed
to four laser powers. The line colors from red to blue each symbolize applied rPEL intensi-
ties from low to high. As the graph demonstrates, there is no major difference in diffusion
properties comparing 0%, 80% and 90% intensity. Figure 5.13 plots the diffusion coeffi-
cients corresponding to aboves MSD curves. Since the droplets from this dense probe are
the very same ones that were studied in the previous chapter for the dilute case, it can be
noted that Dshort = D(t0) is reduced by a factor of three from about 0.03 µm2 s−1 (dilute)
to approximately 0.009 µm2 s−1 (dense). Hence, this effect can be attributed just due to the
high area fraction. Unlike in dilute probes, 100% laser potential induces an increase in short
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Figure 5.14: Anomaly parameter µ versus t.

time diffusion, however, here is no difference evident.

As the associated anomalous exponent mu versus time in Fig. 5.14 shows, a sizable distinc-
tion appears in the long term diffusion of caged droplets exposed to maximum laser power
(blue line). For trajectory times larger than 10 s, these reach their sub-diffusion plateau earlier
and somewhat less pronounced than their companions that are exposed to low laser intensi-
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ties. In fact, these droplets even seem to recover towards normal diffusion when influenced
by the rPEL. As the images imply, at 100% power droplets seem to get pushed out of the x-y
plane (see Fig. 5.15). Thus, some explore the third dimension (the MSD then scales with
6D(t) instead of 4D(t), see Eq. 4.7), while others have more free space for two-dimensional
diffusion.

Figure 5.15: Sketch of a dense droplet probe in a sample cell (side view). No field is applied
in a), while b) shows the same density probe with 100% rPEL.

Provided the optical axis runs opposite to the particles creaming/ sedimentation direction, a
rPEL’s radiation pressure definitely reduces wall/droplet interactions. Furthermore, it is able
to visibly push droplets into another layer, so in dense populations it reduces sub-diffusion
instead of promoting it. Figure 5.15 visualizes how an increased particle diffusion can be
explained. In sketch a) no field is applied, while in b) the green/blue structure, which is laid
on top of the sample, symbolizes an rPEL (compare with 5.6). Both cases a) and b) feature the
exact same density of creamed droplets (30 objects). Due to the field induced displacement
of single droplets into another layer, all objects have more space for diffusion and feel less
constrained. Moreover, be it with or without rPEL power, one can generally claim that in
dense configurations, droplet interactions are remarkably stronger than laser effects. The
characteristic diffusion parameters 〈r2〉 and D both fall about an order of magnitude below
those of the previous section (dilute case).
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Chapter 6

Conclusion and outlook

In this work, it is shown that two-phase droplet emulsions that can be produced within a
microfluidic chip, are sufficiently small for optical tweezers to be applied upon and present a
model system for Brownian motion equally-suited as that of colloidal dispersions. Tuned by
refractive index using sucrose, these droplets obey laser tweezer manipulation.

On the way to an ideal emulsion, the physics of controlled droplet formation within mi-
crofluidics devices and how to design channel geometries according to the resistance’s elec-
tric circuit analogy was elaborated. To be capable of generating uniform emulsions in the
first place, a step-by-step demonstration of how to construct a microfluidic platform for on-
demand droplet formation, was given. Not least, the phase composition plays a major role in
order to avoid emulsion breakdown. Thus, 008-fluorosurfactant proved compatible with the
continuous oil phase and confers an emulsion stability of at least a month.

Droplet and particle dynamics were compared using mean-squared-displacement, diffusion
coefficient and the anomaly exponent. Hence, interesting surfactant effects for intermedi-
ate diffusion time-spans (contrasting droplets and generic colloids) were found. However,
emulsions seems well-suited for experiments requiring a wider dispersity distribution than
commercially sold dispersions. Moreover, a dense droplet population forming regular two-
dimensional colloidal crystals was observed and characterized.

Rough energy potentials even offer the opportunity to apply a force field on droplet probes,
constraining its particles’ Brownian dynamics. However, one saw that the potential’s radia-
tion pressure increases the short time diffusion coefficient of creamed droplets since it pushes
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them off the cell’s top wall. Here, dense configuration interactions dominate over laser field
induced effects. For future studies, droplet-droplet interactions and according surfactant in-
fluences need to be further considered, especially when generating higher density droplet
probes. Laser potentials gave the possibility to tweeze freshly generated droplets from a
stream in order to get an estimate of their trap’s stiffness. Ultimately, the tweezer could be
characterized even better by computation of its spring constant using the various droplet sizes
the built chip is capable of producing.

Moreover, it is conceivable to swap the tubing on a microfluidic chip’s inlet phases to generate
oil droplets in sucrose, enabling a system whose outer medium’s refractive index is larger
than the one of its dispersed particles. Consequently, objects would then be repelled by
optical forces.

An interesting application and further prospect of droplet microfluidics in combination with
optical forces are microreactors. The tiny femtoliter volume droplets can be composed of
any polar solvent. Thus, laser tweezers could induce micro-reaction by forcing droplets to
coalesce. Though it is not yet included in this work, holographic laser tweezers are tested
in the attempt of sorting droplets from a generated stream right within the microfluidic chip.
Data on the efficiency of this process is a subject to be acquired at present.
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