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Abstract

Today, the growing and aging population, and the rise of new global
threats on human health puts an increasing demand on the healthcare system
and calls for preventive actions. To make existing medical treatments more
efficient and widely accessible and to prevent the emergence of new threats
such as drug-resistant bacteria, improved diagnostic technologies are needed.
Potential solutions to address these medical challenges could come from the
development of novel lab-on-chip (LoC) for point-of-care (PoC) diagnostics.

At the same time, the increasing demand for sustainable energy calls for
the development of novel approaches for energy conversion and storage sys-
tems (ECS), to which micro- and nanotechnologies could also contribute.

This thesis has for objective to contribute to these developments and
presents the results of interdisciplinary research at the crossing of three dis-
ciplines of physics and engineering: electrokinetic transport in fluids, manu-
facturing of micro- and nanofluidic systems, and surface control and modifi-
cation. By combining knowledge from each of these disciplines, novel solu-
tions and functionalities were developed at the macro-, micro- and nanoscale,
towards applications in PoC diagnostics and ECS systems.

At the macroscale, electrokinetic transport was applied to the develop-
ment of a novel PoC sampler for the efficient capture of exhaled breath aerosol
onto a microfluidic platform.

At the microscale, several methods for polymer micromanufacturing and
surface modification were developed. Using direct photolithography in off-
stoichiometry thiol-ene (OSTE) polymers, a novel manufacturing method for
mold-free rapid prototyping of microfluidic devices was developed. An in-
vestigation of the photolithography of OSTE polymers revealed that a novel
photopatterning mechanism arises from the off-stoichiometric polymer formu-
lation. Using photografting on OSTE surfaces, a novel surface modification
method was developed for the photopatterning of the surface energy. Finally,
a novel method was developed for single-step microstructuring and micro-
patterning of surface energy, using a molecular self-alignment process result-
ing in spontaneous mimicking, in the replica, of the surface energy of the mold.

At the nanoscale, several solutions for the study of electrokinetic transport
toward selective biofiltration and energy conversion were developed. A novel,
comprehensive model was developed for electrostatic gating of the electro-
kinetic transport in nanofluidics. A novel method for the manufacturing of
electrostatically-gated nanofluidic membranes was developed, using atomic
layer deposition (ALD) in deep anodic alumina oxide (AAO) nanopores.
Finally, a preliminary investigation of the nanopatterning of OSTE polymers
was performed for the manufacturing of polymer nanofluidic devices.

Gaspard Pardon, gaspard@ kth. se , Micro and Nanosystems, School of Elec-
trical Engineering, KTH Royal Institute of Technology, Stockholm, Sweden

gaspard@kth.se
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Preface

Before diving deeper into the scientific matter, I would like to give an overview of
the context in which this work was performed. This will explain the motivations
behind some of the subjects in focus in this work. It will also underline some of the
non-scientific knowledge that has been acquired while performing this work, which
I think could be of interest for readers foreign to the academic world.

Research at the Micro and Nanosystems department at KTH is most often
performed in collaboration with other academic groups or industrial partners; and
is mostly financed on a project basis, by external funding. Often, the aims of
the projects are to develop novel devices in view of practical applications, while
the aims of academic research are to generate and share new knowledge with the
community. These aims are not always well aligned, which can sometimes result in
challenging situations for researchers, balancing between: on one hand, the need to
deliver functional devices, for the sake of a project’s progression; and on the other
hand, the wish to study specific scientific phenomena deeper and the need to write
scientific publications, for the sake of research.

However, it is probably in this challenge that the most important learnings are
to be found. The quest for solutions provides a unique chance to identify new op-
portunities for innovation, to meet people with various background and to exchange
knowledge and opinions.

For this work, the sources of funding were the Swedish Research Council (Veten-
skapsrådet) and the European Innovative Medicine Initiative (IMI). These two
types of funding enabled me to work within two different settings: a small aca-
demic collaboration focussed on pure research; and a larger academic and industrial
collaboration focussed on development.

During this work, it has sometimes been difficult to find the right application for
new knowledge or to find ways to generate new knowledge from a given application.
Nevertheless, the main personal learnings have been to understand and manage the
innovation process, to communicate with partners in an efficient way, to plan and
prioritize numerous ideas and projects, and to stay focussed while keeping my eyes
open for interesting side-track opportunities.
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Chapter 1

Introduction

This thesis aims to contribute to the development of improved biomedical point-of-
care (PoC) diagnostics and energy conversion technologies. To realize this, electro-
kinetic transport and surface phenomena are applied at the macro-, micro- and
nanoscale to create novel functionalities. The application of these novel phenomena
calls for a number of advances in micro- and nanomanufacturing, for which solu-
tions are proposed in this work. Through an interdisciplinary approach to science
and engineering, this work aspires to pave the way towards promising applications.

Some readers could be set off by the apparent complexity of this thesis. However,
some manifestation of the phenomena discussed in this work can be observed in
everyday life and can be understood without advanced scientific knowledge. A
typical example can be experienced while reading this thesis and slowly sipping a
cocktail with a straw. Some might have noticed that the liquid surface in the straw
often lies higher than that in the glass; or that the longer or narrower the straw,
or the thicker the cocktail, the more suction is required to enjoy the cocktail’s
taste. These various phenomena can be explained, at least partially, by the matter
discussed in this thesis.

More can also be discovered from reading this work; for instance, how micro
and nanotechnology can help to solve specific problems and find everyday appli-
cations; how electricity can be used to interact with fluids, particles or molecules;
how nanometer thick films and nanoscale structures can be manufactured and what
they can be used for.

I hope that, if not too tipsy yet from your cocktail, you will now keep reading
and gain interest in observing novel phenomena in your life. Hopefully, you will
also gain new knowledge in the narrow but interdisciplinary topics covered in this
thesis. If not, send me the recipes of your cocktails and the brands of your beers.
I definitely gained interest for those during my PhD!

1
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1.1 Global challenges

Several challenges for tomorrow’s society have motivated this work. As the human
population and life expectancy generally increase, demands on the healthcare sys-
tems are growing. People not only wish to live longer, but also better. To address
these demands, improvements are needed in terms of efficiency and cost for exist-
ing medical treatments, and novel solutions are needed for yet incurable conditions.
Cost reduction is also needed to make cutting-edge healthcare technologies acces-
sible to populations of developing countries [1].

In parallel with improving healthcare, prevention against new threats to human
health is needed.

Prevention against the increasing microbial resistance to antibiotics is particu-
larly sought after. The development of antibiotics has been linked to an estimated
five to ten years increase in life expectancy and has saved millions of lives since
the discovery of the first penicillin antibiotics [2]. However, the emergence of drug-
resistant bacteria has already started, and will probably continue to increase. This
could put human lives under serious threat [3] in the near future. To avoid reaching
a critical situation, a serious effort must be set on preventing the spread of bacterial
resistance.

Another domain where preventive measures are needed is that of energy. The
strong dependence of human activities on fossil fuels has several implications on
human health. Consumption of fossil fuels generates large amounts of carbon diox-
ide (CO2) and fine particles, which has been shown to have an impact on climate
and, both directly and indirectly, on human health [4–6]. It is therefore necessary
to reduce our carbon emissions and to consider any ideas for alternative energy
conversion methods.

To address the challenges above, much effort is required, in many fields, over
many years. Today, the convergence of four technologies – nano-bio-info-cognoa–
seems promising for the advent of rapid scientific and social progress [7]. Recent
progress in nano- and microtechnologies could lead to revolutionary improvements
in biomedical sciences and in the development of alternative energy systems. Fur-
ther developing these technologies, which has been the aim of this work, will con-
tribute to address the challenges above.

anano-bio-info-cogno (NBIC) stands for nanoscience and nanotechnologies; biotechnology and
biomedicine; information, computing and communication technologies; and cognitive neuroscience.
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Atome 0.1-0.4 nm
10-10 m = 1 Å

DNA 2 nm wide
10-9 m = 1 nm

Structure for IC transistors ~ 20 nm
10-8 m = 10 nm 

Structure for nano�uidics  < 200 nm
10-7 m = 100 nm

Human cell ~ 10 μm
10-5 m = 10 μm

Bacteria  ~ 1 μm
10-6 m = 1 μm 

Human hair diameter ~ 100 μm
10-4 m = 100 μm

Flea ~ 1 mm
10-3 m = 1 mm

House�y ~ 1 cm
10-2 m = 1 cm

Frog ~ 10 cm
10-1 m = 10 cm

Figure 1.1. From Macro to Nanoscale (Adapted from [8])
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1.2 General introduction to the technology fields

1.2.1 Lab-on-Chip and Point-of-Care Systems

Lab-on-chip (LoC) is a research field focussed on the integration, on a miniatur-
ized platform, of a number of specific biochemical or fluidic operations that are,
today, performed using standard laboratory processes. LoC’s are often developed
for biomedical diagnostics applications, but also as platforms for specific chemical
microreactions, drug-screening, and genetic sequencing, for example. LoC’s com-
bine several technologies, such as microfluidics, for sample handling; microbiology
and microchemistry, for sample conditioning; and biosensors, for transduction [9].

From a medical point of view, the integration and miniaturization of these LoC
technologies enable the design of point-of-care (PoC) tests, capable of analysing
relevant physiological parameters at close proximity to the patients, instead of
remotely in a centralized laboratory. Such PoC tests are promising resources for
clinicians to provide more rapid, accurate and helpful diagnostics [10, 11].

Other advantages of LoC technologies are the potential for cost reduction and
for improved sensitivity. The latter is important for detection of dilute biomarkers
for example, and is enabled by the use of microfluidics technologies. The former is
potentially achieved by reducing the need for human operators through automation.

Because of these advantages, LoC and PoC technologies are promising to address
the need for improved healthcare and preventive testing.

1.2.2 Energy Conversion Systems

Energy conversion is a broad concept covering all technologies capable of converting
a source of energy, such as fuel, pressure or radiation, into a useful output such as
mechanical work, electrical power, or lighting. Better energy storage and energy
conversion technologies, such as more efficient solar panels or electric-car batteries,
are needed to help reduce the dependence of human activities on fossil fuels.

At the same time, an increasing demand exists for light autonomous systems,
such as mobile devices, remote sensors, and robotic systems. These battery-driven
systems require ever increasing energy storage capacity and represent another driv-
ing force for the the improvement of energy storage and energy conversion tech-
nologies. Developments in this domain will also be key to the development of the
so-called internet-of-things, where more and more objects will be interconnected
[12, 13].

Micro- and nanotechnologies have both shown potential for the development of
novel energy conversion and storage systems at the macro-, micro- and nanoscale.
Today, microsystems have been developed for harvesting energy using vibration,
thermal gradients or chemical reaction in micro fuel cells, for example; and nano-
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technologies are being increasingly used in larger-scale systems, such as dye-sensitized
solar cells (DSSC) [14] or fast-charging batteries [15].

1.2.3 Micro- and Nanotechnologies
As introduced above, lab-on-chip and energy conversion systems can both benefit
from micro- and nanotechnologies. Micro- and nanotechnologies are broad con-
cepts that refers to the study of phenomena and to the engineering of systems
for which at least one of the functional dimensions is in the micro- or nanoscale.
For this, micro- and nanotechnologies utilize knowledge from several fields, such as
electrical engineering, material science, and mechanical engineering. The field of
micro-electromechanical system (MEMS) is the discipline specifically dedicated to
the engineering and manufacturing of micro- and nanosystems.

Micro-Electro-Mechanical System (MEMS)

Historically, the rapid development of microelectronics drove the development of a
complete range of new tools for thin film microfabrication. These tools were rapidly
adapted to 2.5-dimensional microstructuring, which led to the development of the
micro-electromechanical system (MEMS) field. These developments enabled the
miniaturization and integration of new types of sensors, such as accelerometers,
which are found in most smartphones nowadays. One key advantage of MEMS
technologies is the batch manufacturing capability, which reduces the production
cost of individual devices, extending their market attractiveness. Additionally,
miniaturization enables the design of compact and low-power systems suitable for
mobile and remote applications.

Microfluidics emerged as a spin-off from the MEMS field, as researchers realized
that the downscaling possibilities offered by these manufacturing techniques were
useful for a number of applications dealing with fluids.

Microfluidics

Microfluidics is a field dedicated to the study and application of phenomena occur-
ring at small scales in liquids. Using MEMS and other related technologies, it is
possible to manufacture microfluidic systems, in which minute amounts of liquid
can be manipulated and specific analysis can be performed. Microfluidic systems
often constitute lab-on-chip systems when integrating biochemical sensors, and are
also sometimes called BioMEMS [16].

In microfluidics, the small dimensions and volumes provide a number of advan-
tages. Laminar flow conditions occurring at the microscale enables gaining control
of tiny amounts of liquids. The increased surface-to-volume ratio enables improv-
ing the sensitivity of biochemical sensors. The small volumes also enable saving on
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precious reagents and samples. Microfluidics is also well suited to manipulate living
cells, typically measuring a few µm, and enables performing advanced operations,
such as cell-sorting, droplet-based or digital microfluidics [17].

Typical subcomponents of microfluidic devices are microchannels, microfluidics
interconnects, microvalves, micropumps, microelectrodes, microheaters, etc. [11]
An example of typical operations performed with microfluidics for LoC applica-
tions are: introduction of a biological sample; mixing with a number of reagents;
processing of the sample, for example by selective filtration, phase extraction, or
polymerize chain reaction (PCR) amplification; and transduction of a specific bio-
chemical information into a useful signal, such as electricity or light for read-out.

The application of microfluidic in LoC’s often calls for low-cost disposable de-
vices, which has implications on the choice of materials and manufacturing methods.
Polymer microfabrication is therefore often preferred to conventional MEMS fabri-
cation technologies. More details on these aspects are given later in section 4.1.1.

Microfluidics has become a large field of research and commercial developments
are already emerging. The market for microfluidic devices is estimated at US $1.8
billion today and is expected to grow to US $6 billion during the next five years
[18].

Nanofluidics

Nanofluidics has emerged as a subfield of microfluidics, in which researchers study
fluidic phenomena at the nanoscale. At this length scale, the surface phenomena
start to dominate over the bulk properties of the fluids, enabling a new range of ap-
plications [19–21]. In nanofluidic devices, at least one of the functional dimensions
is in the hundreds of nanometers or smaller. Such dimensions becomes comparable
to the size of viruses and macromolecules such as DNA, making manipulations of
such tiny objects possible.

Several aspects make research in nanofluidics particularly challenging. First,
because of the smaller dimensions, the manufacturing of nanofluidic devices often
requires more advanced manufacturing technologies than those for microfluidics,
and require a higher control of the cleanliness. Second, because of the importance
of the surface phenomena, a good understanding of surface chemistry is necessary.
Third, the decrease in dimension often translates to a decrease of measurable phy-
sical signal intensities, which complicates measurements.

Nevertheless, exciting perspectives exist within this field [22, 23]. Nanofluidics is
still in its infancy but trends show promising developments towards DNA sequenc-
ing and proteomics studies [24–27]; and towards energy applications, for example,
as ion exchange membranes for fuel cells [28–31], or for reverse osmosis [32–34].
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Figure 1.2. Distribution of the publications included in this thesis with respect to
the three underlying interdisciplinary fields of science and engineering.



1.3. Objectives of this Thesis 9

1.3 Objectives of this Thesis

In this thesis, three overlapping disciplines of science and engineering are applied
to the development of new tools and solutions for point-of-care (PoC) diagnostics
and energy conversion (ECS) applications. These disciplines are:

• Electrokinetics: encompassing the various phenomena occurring in electrically
charged fluids, also called electrohydrodynamics [35–38].

• Manufacturing of micro- and nanofluidic systems: encompassing the manu-
facturing methods enabling the study and application of fluidic phenomena
at the micro- and nanoscale.

• Surface control and modification: encompassing the various technologies and
science involved in the study and modification of surface properties.

These three disciplines overlap with each other as shown in Figure 1.2. For
example, specific surface properties can give rise to specific electrokinetic transport
regimes. Such transport regimes often occur at the micro- or nanoscale and their
useful application requires performant micro- and nanomanufacturing technologies.

Together, these three complementary disciplines enable the design of advanced
functionalities for fluid control.

Based on this, three objectives were formulated for this thesis.

1. Development of novel manufacturing technologies for micro- and
nanofluidics: The recent development, at the KTH Micro and Nanosystems
department, of a novel polymer system for the fabrication of lab-on-chip (LoC)
devices triggered many exciting ideas and discoveries.
Pursuing this effort will enable novel and improved micro- and nanofluidic
applications for LoC systems.

2. Development of minimally-invasive point-of-care test technologies:
interfacing the human-scale world and the micro- and nanoworld remains a
general challenge. In particular, sample collection is often invasive and manual
sample injection is required.
Improving sample collection and interfacing will contribute to a wider accep-
tance of PoC testing.

3. Improving the understanding of nanofluidics phenomena: a deeper
understanding of nanofluidic transport phenomena could enable the develop-
ment of novel applications in energy conversion and biosensors.
Developing improved model and nanomanufacturing technologies will provide
useful platforms for the study and application of nanofluidic transport phe-
nomena.
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1.4 Summary of the Contributions Presented in this Thesis

This thesis presents a number of contributions towards the realization of the afore-
mentioned objectives (Fig. 1.2).

1. Innovative manufacturing methods using thiol-ene polymers:
A novel rapid-prototyping method was developed in Paper 3 for the manu-
facturing of microfluidic devices in off-stoichiometry thiol-ene (OSTE) poly-
mer. This method relies on direct photolithography of OSTE polymers.
Lithography of OSTE polymers was further investigated in Paper 4 and the
novel results show that the off-stoichiometric mixing of OSTE polymers en-
ables interesting features in terms of pattern fidelity and material properties.
Preliminary tests have been also been performed to investigate the nanostruc-
turing of OSTE polymers for manufacturing of nanofluidic channels.

2. Innovative surface properties modification methods for OSTE poly-
mers surface:
An improved post-process was developed in Paper 3 for the photopatterning
of surface energy modifications using photografting. This was demonstrated
by functionalizing an OSTE microfluidic device.
A novel single-step manufacturing method was developed in Paper 6 that al-
lows for simultaneous microfluidic chip structuring and surface energy micro-
patterning. The method relies on a molecular self-alignment process leading
to a mimicking of the surface energy of a mold.
A preliminary study of the surface biocompatibility of OSTE polymers with
respect to cell growth has also been performed.

3. Interfacing the micro- and nano world:
A device was designed and developed in Paper 5 to interface aerosol samples
to microfluidics, for environmental and medical monitoring. The device uses
a corona-discharge electrostatic precipitator, for direct and efficient capture
of exhaled-breath aerosols onto a microfluidic air-liquid interface.

4. Better understanding of nanofluidics phenomena:
A novel model for the electrostatic gating of nanofluidic transport is proposed
in Paper 1. This novel comprehensive model accounts for dynamic surface
charging and was used to study the electrostatic gating of the ionic current
through a nanopore.
In a parallel effort, a novel gated nanofluidic membrane was developed in
Paper 2, which consists of billions of parallel electrostatically gateable nanopores,
and for which atomic layer deposition was used to deposit two extra layers to
create a buried gate electrode inside the 40nm diameter nanopores.
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1.5 Thesis Structure

As illustrated in Figure 1.2, this thesis results from an interdisciplinary research,
and, for the sake of coherence, the text is organized using the general structure:
physical phenomena – micro- and nanomanufacturing – functional applications; as
detailed below.

In Chapter 2, the necessary theoretical background is introduced and is discussed
in the context of macro-, micro- and nanofluidics. Two types of physical phenomena
are described: electrokinetic transport and surface phenomena in fluids. These two
types of phenomena are often intricately coupled with each other, which can be
used to develop interesting applications at the macro-, micro- and nanoscale.

In Chapter 3, the main couplings between the above phenomena are introduced
and two specific cases are discussed: the electrical double layer and the corona
discharge phenomena. Theoretical study of these couplings often requires modeling
using numerical methods, whose underlying concepts are presented.

In Chapter 4, the basic principles for the manufacturing of micro- and nano-
fluidic devices are introduced, as well as a number of advances in micro- and nano-
structuring, and in surface property micropatterning.

In Chapter 5, the application of electrokinetic transport towards the develop-
ment of novel functionalities at the macro- and nanoscale is introduced and two
novel applications are presented. Electrokinetic transport was first applied to inter-
face the macro- to the microworld using electrostatic precipitation. Electrokinetic
transport was then applied at the nanoscale to study the electrostatic gating of the
nanofluidic transport.

In Chapter 6, some of the ethical aspects related to this work and to research
in nano- and biomedical engineering are examined in a general discussion.

Finally, Chapter 7 concludes this work.

Figure 1.3. Some of the most frequent words in this thesis





Chapter 2

Physical Phenomena in Fluids and at the
Interface: Theoretical Background

This chapter presents an overview of the various physical phenomena related to
electrokinetic transport and surfaces at the macro-, micro- and nanoscale. First,
fluid mechanics is introduced, followed by electrostatics and electrokinetic trans-
port. Finally, a section is dedicated to surface phenomena.

2.1 Fluid mechanics

Some people might have observed that a liquid flows on an inclined surface and
some comprehend that it is the gravitational force that causes the flow. Less people
question what a fluid really is. This section introduces the necessary definitions and
fundamental concepts for the description of fluid mechanics. Special consideration
is given to scaling laws and their implications in micro and nanofluidics.

Multiple definitions for a ‘fluid’ exist:
“having particles that easily move and change their relative position without a

separation of the mass and that easily yield to pressure”[39],
or
“a continuous, amorphous substance whose molecules move freely past one an-

other and that has the tendency to assume the shape of its container; a liquid or
gas” [40],

or also
“a substance, such as a liquid or gas, that can flow, has no fixed shape, and

offers little resistance to an external stress” [41].
These rather different and vague definitions seem to show that the concept of

‘fluid’ is complex. Nevertheless, in an attempt to bring more clarity, we could
rephrase with: “a fluid is a substance made of particles or molecules that move
relatively freely under little stress or pressure, and adapts its shape to minimize

13
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energy. Liquids, gas and plasma are fluids made of different material phases”.

The mathematical description of fluid physics has been developed as the theory
of fluid mechanics. This theory relies on a number of assumptions that are detailed
below.

2.1.1 Concepts and assumptions

Four main assumptions are generally made in fluid mechanics.

• The continuum hypothesis
• The conservation of mass
• The conservation of energy
• The conservation of momentum

The continuum hypothesis is of major importance when considering fluids at
the nanoscale or in rarefied phases, such as gas at low pressure. This hypothesis
assumes that the fluid can be described using field variables with properties, e.g. the
viscosity, that are maintained at any scale. However, when the scale of observation
becomes comparable to that of the discrete elements that compose the fluid, the
validity of this assumption must be questioned.

At the atomic-scale, strong local fluctuations of the continuum properties are
encountered because of the individual molecules and the intermolecular interac-
tions. For example, in a nanochannel of 10 nm width, the equivalent of 35 water
molecules can be placed side by side, making the continuum assumption question-
able. However, the continuum assumption has been shown to hold true down to a
few nm [42] in water, at normal conditions.

In rarefied phases, such as gas at low pressure, the mean free path of the
molecules becomes comparable to the typical dimension of the problem, and it
becomes impossible to define continuum properties for the gas. In such cases, clas-
sic fluid mechanics fails to describe the gas flow and Knudsen flow theory, discussed
in section 2.1.4, must be used instead.

The other three assumptions are classical laws of physics, for which much litera-
ture can be found. Readers are referred to the following references that constitute
a complete and interesting source of information regarding fluid mechanics at small
length scales [43–45].

Under the assumptions presented above, fluid mechanics can be described mathe-
matically, by considering all the forces, internal and external, acting on a fluidic
element. This can be expressed with the hydrodynamics equations, also called
Navier-Stokes equations.
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2.1.2 Navier-Stokes Equations
Fluid mechanics represents, in itself, a complete field of physics. In the scope of
this thesis, we restrict our discussion to the particular case of Newtonian fluids, for
which the viscosity directly relates the mechanical stress to the velocity gradients.

In the particular case of incompressible fluid, the flow velocity u can be described
with the Navier-Stokes equations, expressed as a:

ρl

(
δu

δt
+ u·∇u

)
︸ ︷︷ ︸
Time and Advective

acceleration

= −∇ph︸ ︷︷ ︸
Isotropic pressure

stress

+∇· [ηl(∇u+ (∇u)T ]︸ ︷︷ ︸
Anisotropic viscous stress

+ F︸︷︷︸
Volume force

(2.1)

with the two following expressions for incompressible fluids and for laminar flow
conditions:

∇·u = 0 , and u·∇u = 0 (2.2)

where ρl is the fluid density, ph the hydrostatic pressure, ηl the fluid dynamic
viscosity and F accounts for any volume force independent of the fluid flow, such
as gravity, electrostatic forces or osmotic pressure gradients.

Equation 2.1 expresses the conservation of momentum, or Newton’s second law,
where the variation of velocity, on the left-hand side of the equation, is proportional
to sum of the difference of pressure, of the viscous forces, and of any external
forces, on the right hand-side. Equations 2.2 express the conservation of mass for
incompressible fluids, on the left, and, on the right, a possible simplification for
laminar flow conditions, in which the inertial acceleration can be neglected. The
latter simplification leads to the so-called Stokes flow or creeping flow regime, which
is often applicable in microfluidic systems.

2.1.3 Scaling Laws and Simplifications
With respect to the above mentioned laminar flow conditions, the concept of
Reynold’s number should be introduced. The Reynold’s number is the ratio of
the fluid velocity to its viscosity for a given length scale and it is expressed mathe-
matically as [45]:

Re = ρl ¯|u|l
ηl

(2.3)

where ¯|u| and l are the mean velocity and the characteristic system dimension,
respectively.

abold symbols are used for vectors and tensors and this notation is conserved throughout the
document
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The value of the Reynold’s number determines whether a fluid will follow a la-
minar (Re� 1), or turbulent flow regime (Re ≥ 105). Assuming isometric scaling
of the dimensions and speed b, this number scales with the square of the character-
istic dimension, ∼ l2. This means that very low Reynold’s numbers are expected
in microfluidics because of the small dimensions and limited flow velocities. Hence,
the microfluid flow can often be considered laminar, which enables precise and pre-
dictable control of the fluid.

However, one drawback of downscaling is that the fluidic resistance scales in-
versely to the cube of the characteristic dimension. This means that it will be
increasingly difficult to drive a flow through pressure differences, in nanochannels
for example. The fluidic resistance for a rectangular channel can be defined as [44]:

Rfluidic = ηlL

ρlC(χ)h3w
,which scales with ∼ l−3 (2.4)

where L, w and h are the length, the width and the height, respectively, and
C is a dimensionless friction factor, dependent on the aspect ratio χ = w/h, and
tends towards the limit 1/12 for wide and shallow channels. This scaling law shows
that the flow resistance of a nanochannel will be immense and that pressure driven
flow is not going to be an efficient transport mechanism at such dimensions. Hence,
other transport mechanisms, such as electrokinetic transport, discussed in section
2.3, should be considered in nanofluidics.

2.1.4 Knudsen flow regime

The assumption of continuous viscous fluid introduced above does not always hold
true, e.g. for rarefied gas. To test the continuum assumption, the dimensionless
Knudsen number is helpful. It is defined as the ratio of the fluid elements mean
free path, λ, to the characteristic dimension of the system [44, 45]:

Kn = λm
l

(2.5)

where l is the characteristic dimension of the problem.
The Knudsen number determines if the continuum assumption is applicable or

not. For Kn >> 1, Knudsen flow regime occurs, for which statistical mechanics
must be used instead of the continuum Navier-Stokes equations. For example, in
ideal gas at 1 atm and 25℃, the mean free path is ∼ 70nm, meaning that a gas
flow through a nanoporous membrane will probably follow a Knudsen flow regime.
In gas, the mean free path is proportional to the temperature and inversely pro-
portional to the pressure, hence, at higher temperature or lower pressure, Knudsen
flow will also occur in larger systems.

bThe isometric scaling assumption is used throughout the document
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2.2 Electrostatics

In this section, the fundamentals of electrostatics will be shortly introduced and
discussed.

A very common manifestation of electrostatics can be observed when someone’s
hair stands up straight after removing a woolen sweater. The friction between the
wool and the hair results in charge transfer from the wool to the hair. Negative
charges are left in the hair, which makes individual hairs rise and repel each other,
due to the repulsive electric force between similarly charged items.

The origin of these charges is found at the atomic level with the fundamental
unit of charge e. Electrons have a -e charge and protons a +e charge, experimentally
linked to the unit of charge Coulomb as:

e ≈ 1.60218 · 10−19C (2.6)

2.2.1 Electrostatic Potential Energy
The law of conservation of charge states that no charge can be created without
leaving behind the same amount of opposite charge. This was the case in the
example above, where the negative charges left in the hair must be compensated
by a similar amount of positive charges left in the woolen sweater.

Generating free electric charges requires energy, the electrostatic energy. This
energy is equal to the work necessary to separate two electric charges, and is equi-
valent to the sum of conservative electric force, Fi0 applied on a test charge q0 over
an infinitesimal displacement d` [46].

Uelectrostatic = −
∑
i

Fi0 · d` = −
∑
i

|qiqo|
4πε0r2

iP

riP︸ ︷︷ ︸
Coulomb′sforce

· d` = −q0

∫ rP

rref→∞

EP · d`

(2.7)
where EP is the electric field at a point P, q0 is a test charge whose vector position
with respect to the other charge qi is riP , and ε0 is the electric permittivity of free
space. We can then define the potential energy per unit charge, the Coulomb or
electric potential:

φ = U/q0 = −
∫ rP

rref→∞

EP · d` (2.8)

The unit for the potential is the Volt: 1V = 1 J C−1.

2.2.2 Poisson Equation
When the charge distribution, i, is large and more complex than a distribution of a
few single point-like objects, the charge density, ρe in Cm−3, can be used to express
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the charge distribution as a continuum scalar field. Using the charge density, the
electric potential can be expressed as a Poisson’s equation [46]:

εrε0∇2φ︸ ︷︷ ︸
Variation of the
electric field
in space

= −ρe︸︷︷︸
Space charge
distribution

(2.9)

where ∇2 is the Laplace differential operator, which expresses the divergence of
the gradient of the potential or, in other words, the second partial derivative of the
potential with respect to the independent space variables; and where εr and ε0 are
the relative permittivity of the medium and the vacuum permittivity, respectively.

In a system of free moving charges, statistical mechanics can be used and the
charge density ρe can be assumed to follow a Boltzmann distribution, which leads
to the Poisson-Boltzmann equation:

εrε0∇2φ = −103 ·NAe
∑
i

c0,izi · exp
(
−zie·φ

kBT

)
(2.10)

where zi and ci are, respectively, the signed number of charge and the bulk
concentration, in mol l−1, of a charge i, NA = 6.022 · 1023 mol−1 is the Avogadro
number, kB = 1.38065 · 10−23 J K is the Boltzmann constant and T is the tem-
perature.

This equation can be solved analytically for uncomplicated model systems, e.g.
a charge system made of a symmetrical electrolyte at low potentials in a simple
geometry, but requires numerical computation otherwise. Moreover, a Boltzmann
distribution assumes negligible interaction between the charges, such as ion-ion or
ion-solvent interactions; and assumes point-charges with a negligible dimension in
a structureless continuum of constant permittivity. Such assumptions often restrict
its application and, therefore, there is a need for a more general description of the
charge distribution.

2.3 Electrokinetic transport

In this section, the fundamentals of electrokinetic transport in dilute solution sys-
tems are introduced. This theory applies to the transport of charged species and is
an important tool to accurately describe the charge distribution and the concentra-
tion profile in semi-conductor or electrolyte for example. Electrokinetic transport
is also sometimes referred to as theory of mass transport, as it allows describing
mass fluxes.

Mass flux and electrokinetic transport are abstract concepts. However, they
occur around us all the time and are useful to us on a daily basis, such as in car
batteries, in electronic devices or in a cup of tea. In the latter case, diffusion and
advection are responsible for diluting the tea flavor in the warm water. In a car
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battery, diffusion and migration is necessary to supply chemicals to the electrodes
to convert the chemicals into electrical energy.

The theory of electrokinetic transport enables the mathematical description of
these physical phenomena. It accounts for the effect of diffusion, electro-migration
and advection, as well as any other external force leading to the transport species in
a continuum medium. This theory also accounts for any event that would consume
or create a species at a given place and time, such as a chemical reaction. The
species can be electrons, molecules, viruses, particles; and can bear any number of
charges. The medium can be an electrical conductor, a liquid solution, an ionic
liquid, or a gas, as long as the length scale considered respects the concept of con-
tinuum introduced in fluid mechanics in section 2.1.1.

In this thesis, this theory is applied, on one hand, to the study of the transport
of charged aerosol particles in air (see section 5.2), and, on the other hand, to the
study of the molecular and ion transport in nanofluidics (see section 5.3).

2.3.1 Electrochemical Energy

Electrokinetic transport occurs because of the electrochemical energy of the species.
The concept of electrochemical energy, which results from the law of thermodyna-
mics, is described below.

When a salt crystal is introduced in a polar solvent, such as water, it dissociates
into cations and anions because of the reduced inter-ionic attraction force at higher
electric permittivity and because of the solvation force applied by the solvent. The
resulting cations and anions, i, bear a net number, z, of elementary charge, of
opposite sign, and have each gained energy in the solvation process [47]. The energy
of the ion is composed of its chemical potential in a hypothetical, ideally dilute,
solution and of a term accounting for the solvation energy. The molar chemical
potential energy of an ion can be expressed as:

µi = µ0†
i +RTln(ai) (2.11)

where µ0†
i is the chemical potential at unit activity, ai the activity of the re-

spective ion, R = 8.31447J K−1 mol−1 the gas constant and T the temperature.
As the dissolved ions bear a net charge, they possess in addition to their chemical

energy, an electrical potential energy, according to the concept of electric potential
energy of a unit charge above (c.f. Equ. 2.8). This term must be added and the
molar electrochemical energy of an ion can be reformulated as:

µ̃i = µ0†
i +RTln(ai) + ziFφ+ µexi (r, c1...j , φ) (2.12)

where F = NAe = 6.022 · 105 Cmol−1 is the Faraday constant and where µexi
is an additional term that can be used to account for any excess of electrochemical
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potential relative to the dilute solution, for example due to the ion-ion interactions
or ion crowding [48–50].

If a gradient of the electrochemical potential exists, there will be a driving
force on the ions until equilibration of the energy of the system. For µexi = 0 and
ai = γc,i

ci

c	
γc,i=1= ci

c	 , with γc,i the activity coefficient, c the concentration of the ion
i and c	 a standard concentration of 1mol l−1 , the gradient of the electrochemical
potential can be expressed as:

∇µ̃i = ziNAe∇φ+NAkBT
∇ci
ci

(2.13)

From Equation 2.13, one can derive an expression for the steady flux of a specie
with respect to the medium:

Ni = µm,ici
NA

∇µ̃i = zieµm,ici∇φ+Di∇ci (2.14)

where Di is the diffusivity coefficient of the species i and is linked to the electric
mobility via the Einstein equation Di = kBTµm,i.

2.3.2 Nernst-Planck Equations
The divergence of the flux (Equ. 2.14) enables to describe a system evolving from
an initial condition towards equilibrium. The variation of the concentration over
time is equal to the divergence of the flux and must include additional terms to
account for the advective flux and any chemical reaction. This results in the so-
called Nernst-Planck equation [35, 38, 51]:

dci
dt

= −∇ · (ciu) + ∇ ·Ni +Ri (2.15)

dci
dt

= −∇ · (ciu)︸ ︷︷ ︸
Advection

+∇ · (zieµm,ici∇φ︸ ︷︷ ︸
Migration

+ Di∇ci)︸ ︷︷ ︸
Diffusion

+ Ri︸︷︷︸
Reaction

(2.16)

This equation can be simplified for a number of systems as explained briefly
below.

2.3.3 Scaling laws and simplifications
As in fluid mechanics, one can define a dimensionless number, the Peclet number,
to estimate the importance of diffusion over advection [44, 45]:

Pe =
¯|u|l
D

,which scales with ∼ l2 (2.17)

If the Peclet number is large, advective transport will dominate, if it is small
diffusive transport will dominate. The Peclet number is often small in micro- and
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nanofluidics, which enables to simplify equation 2.15 by omitting the advective
term. However, whenever the charge transport and the fluid flow are interacting,
such as in electrokinetic batteries [52], this approximation cannot be made.

2.4 Surface phenomena

In the sections above, three physics – fluid mechanics, electrostatics and electrokine-
tic transport– that describe phenomena occurring inside the continuum domains
were discussed.

At the interface between different domains and at the external boundaries of the
continuum, specific phenomena sometime exists, which posses their own physics.
Phenomena at the interfaces are often important for micro- and nanosystems, as
the ratio between surface area, A, to the volume, V , increases inversely with the
square of the dimensions: A/V ∼ l−1

2.4.1 Surface Energy

To separate a phase in two parts, energy is required to form an interface. This
interfacial energy, also called surface-tension, is necessary to keep the atoms at the
interface in cohesion with the bulk phase they belong to. One could compare it to
the energy that is required to regroup people for a group picture, where the persons
at the extremities have to keep pushing themselves in to fit in the picture frame,
as the group tends to eject them to the side.

Mathematically, one can define the surface energy as [44]:

Es = 2γsA (2.18)

where γs is the surface tension in J m−2, and where the factor two comes from
the assumption that two surfaces are created when separating a solid or liquid body.

In the case of a liquid droplet on a solid surface, a triple-point interface between
the solid, the liquid and the gas is formed. The surface energy between the three
phases will determine the contact angle at equilibrium, according to the Young’s
equation:

γs,solid−gas − γs,solid−liquid = γs,air−liquid cos(θ) (2.19)

where θ is the wetting angle between the solid surface and the air-liquid interface
measured inside the liquid phase. For θ ≤ 90◦, the solid surface is said to be
hydrophilic, and for θ > 90◦, the surface is said to be hydrophobic.

This useful relation can be applied to the characterization of the hydrophilicity of
a surface. This characteristic is important for microfluidic systems. For example, it
determines if a channel will spontaneously fill with a solution due to capillary action.
The latter is described by the Young-Laplace equation, which, for a cylindrical
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channel of radius r, links the capillary pressure to the surface tension and wetting
angle:

∆ph = 2 γs,air−liquid cos(θ)
r

(2.20)

Depending on the sign of ∆ph, a liquid will flow forward or backward in a
channel until equilibration of the pressures occurs.

The surface tension of a substrate is very sensitive to the environmental, che-
mical and physical conditions it experiences. This is also true for other surface
properties, such as surface chemical reactivity, and hence, understanding of the
surface physical-chemistry is important. Reducing the surface sensitivity to detri-
mental environmental actions is also necessary for a better control of the surface
properties in micro- and nanofluidic applications, and for this, robust surface prop-
erty modification protocols are needed.

2.4.2 Surface Chemistry
Surface chemistry is a large field. In the scope of this thesis, two specific aspects
of surfaces are considered: surface charging of oxide surfaces in contact with a
solutions; and surface modification of polymers via grafting reactions.

Surface charge of oxide surfaces in contact with water

Most surface will exhibit a surface charge when in contact with water because of
dissociation of surface groups [53]. For oxide surfaces, which are commonly found
in microfluidic devices, surface charging results from the hydroxylation of the sur-
face oxide groups through a reaction with water molecules. The surface charge on
the oxide depends on the pH of the solution at the surface and may vary due to
(de-)protonation of the hydroxy groups. The reaction at the oxide surface can be
described with the site-dissociation model developed by Yates et al. [54] or with
the MUSIC model developed by Hiemstra et al. [55]. Both were discussed by van
Hal et al. [56]. In this work, the MUSIC model was used and is described below.

At a silicon dioxide electrolyte interface the following reactions take place:

SiOH Ka−−⇀↽−− SiO− + H+
s (2.21)

SiOH+
2

Kb−−⇀↽−− SiOH + H+
s (2.22)

Si2OH+ Kd−−⇀↽−− Si2O + H+
s (2.23)

where Kd = −16.9 and Kb = −1.9, meaning that the two corresponding re-
actions are negligible in the normal pH range and that the surface charge σs is
essentially determined by the reaction 2.21, i.e. by the (de-)protonation of the
Si-hydroxy groups.
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The MUSIC model can be formulated as:

σs = eNS
−Ka

Ka + aH+
s

(2.24)

where σs is the surface charge density, Ns is the surface density of available binding
sites, aH+

s
is the activity of the proton at the surface and:

pKa = 7.5 = −log10

(
νSiO− − aH+

s

νSiOH

)
(2.25)

with νi the surface activity of the the species i.

At an aluminum oxide electrolyte interface the following reactions take place:

AlOH1/2
2

Ke−−⇀↽−− AlOH−1/2 + H+
s (2.26)

Al2OH
Kf−−⇀↽−− Al2O− + H+

s (2.27)

Al2OH+
2

Kg−−⇀↽−− Al2OH + H+
s (2.28)

where Kf = 12.3 and Kg = −1.5, meaning that the two corresponding reactions
are negligible in the normal pH range, leading to the formulation of the MUSIC
model, with pKe = 8.5:

σs = eNS

(
aH+

S

Ke + aH+
s

− Ke

Ke + aH+
s

)
(2.29)

The MUSIC model is different for each oxide since it accounts for specific phy-
sical parameters of the surface, such as the metal valence or the type of reactive
groups [55, 56].

Surface Grafting Reactions

In the context of microfluidics, polymers are often used for device fabrication be-
cause of cost efficiency and ease of fabrication (see section 4.1.3). For the fabrication
of useful and fully functional devices, control and modification of the polymer sur-
face properties is important.

In that respect, grafting of a surface modifying monomer to a polymer surface is
a useful process [57]. To be able to graft, the polymer must possess reactive surface
sites, which can be generated by surface chemical or physical treatment, or provided
intrinsically by the polymer system (see section 4.1.3). The graft monomers are
diluted in a solvent and put in contact with the polymer surface for the grafting
reaction.

Grafting reactions rarely occur spontaneously and external energy is usually re-
quired to trigger the reaction. UV illumination of a photosensitive initiator, added
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to the reagents, is often used for that purpose. UV illumination through a pho-
tomask can be used to photopattern the surface modifications (see section 4.4.1).

In this thesis, the photografting of functional methacrylates monomers on thiol
and ene monomers was used [58]. On thiols, photografting from the surface is
possible by radical activation of the surface thiol groups using benzophenone as
photoinitiator. On enes and thiols, grafting from the solution is possible by radical
activation of the methacrylates, which will eventually react with the ene, or thiol,
groups at the surface [59, 60]. In the latter grafting scheme, chain-transfer will also
trigger homopolymerization of the methacrylates. Figure 2.1A shows the reaction
steps for the photografting from the surface on thiol groups, using benzophenone
as photoinitiator, and Figure 2.1B show the reaction steps for the photografting to
the surface on enes groups, where any radical-creating photoinitiator can be used.
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Figure 2.1. Schematic of photografting reaction of a hydroxyethyl methacrylate.
A: Grafting from the surface on thiol groups, where BP refers to the photoinitiator
BenzoPhenone. B: Grafting from the solution on ene groups, where i stands for any
readical-creating initiator, such as TPO-l. This scheme also works to graft on thiol
groups



Chapter 3

Couplings Between Phenomena and
Mass Transport in Fluids

In the previous section, the theoretical descriptions of several physical phenomena
were introduced. These phenomena are often intricately coupled with each other.

In this thesis, several important coupling of phenomena are encountered and
should be introduced. The electrokinetic equation system resulting from the cou-
plings of fluid mechanics, electrostatics and electrokinetic transport is first described
in section 3.1. This system can also possess additional couplings at the interface
and two are specifically relevant for this thesis.

One important surface coupling is the surface charge at a solid-liquid interface
described in section 3.2, which results in the formation of an electrical double layer
(EDL) in the solution.

Another surface coupling concerns phenomena at electrode surfaces. Here, the
particular case of corona discharge is described in section 3.3.

Such coupled and non-linear phenomena need to be solved numerically if no
simplification is possible. Numerical solutions can be obtained using finite-element
(FE) methods and analysis, introduced in section 3.1.

3.1 The Electrokinetic Equation System

In electrokinetic transport, the Nernst-Plank equation (Equ. 2.15), the Poisson
equation (Equ. 2.9) and the Navier-Stokes equation (Equ. 2.2) must often be
coupled together to fully describe a system.

This is often the case in nanofluidics, for example when the EDL’s overlap and a
non-symmetrical electrolyte is used, and the Poisson–Nernst-Planck equation sys-
tem must be used instead of the simpler Poisson–Boltzmann relation. When con-
sidering the interactions between the fluid and the transport of charged species, the
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Poisson Equation
for the electric potential Ф

Nernst-Planck Equations
for the ion concentrations ci

Navier-Stokes Equations
for the �uid velocity u

Electric migration f(ΔФ)

Electric force 
Fel(ΔФ)

Convective
transport f(u)Electric force 

Fel(ci)

Space charge
density ρ(ci)

Figure 3.1. Schematic of the coupling between the electrokinetic equations.

Navier-Stokes equations for fluid mechanics must also be used, which results in the
Poisson–Nernst-Planck–Navier-Stokes (P–NP–NS) equation system.

In this system, several couplings between the equations exist, as shown in Figure
3.1. The transport of charged species, describes by the Nernst-Planck equation,
is dependent on the electric field and on the fluid flow. The electrostatic field,
described by the Poisson equation, is dependent on the space charge density, which
is the sum of the charge contribution from each ion species, i, in the system:

ρe = 103 ·NA
∑
i

ezici (3.1)

in which the concentrations ci are provided by Nernst-Planck equations, or, for
a simple case, can be described with a Boltzman distribution (c.f. Equ. 2.10).
Finally, the fluid flow, described by the Navier-Stokes equations, is dependent on
the electric force acting on fluidic elements, which is a function of the electric field
and of the space charge density:

Fel = 103 ·NA
∑
i

ezici · ∇φ (3.2)

These couplings form a system of non-linear, partial differential equations, that
must be solved numerically, which can be done using finite element methods dis-
cussed in section 3.1.
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Moreover, additional couplings can occur at a boundary of the system. Such
boundary couplings can reveal intricate boundary phenomena, such as the EDL
discussed below.

3.2 The Electrical Double Layer

An interesting boundary coupling exists between the Poisson and the Nernst-Planck
equations in the case of a reactive charged surface in contact with an electrolyte.
The presence of surface charges results in the formation in the electrolyte of the
so-called electrical double (EDL) layer (Fig. 3.2).

The surface charge generates an electric field on either side of the interface.
This electric field induces a force on the charged ions in the solution. The counter-
ions, bearing a charge of opposite sign to that of the surface, will accumulate in
close proximity to the interface until the total accumulated charge compensates
for those on the interface. The co-ions, bearing a charge of the same sign, will be
simultaneously repelled from the wall.

In very close proximity to the surface, some of the counter-ions will have enough
energy to break, at least partially, their solvation sheet, and to approach the surface
very closely. This results in the formation of a dense stagnant layer, the Stern layer.
The other counter-ions cannot break their solvation sheet and remain mobile in the
solution, forming a second layer, the diffuse layer. This model is call the Gouy-
Chapman-Stern model.

The Stern layer can be divided in two further layers, inner and outer, separated
by the inner (IHP) and outer (OHP) Helmholtz plane. The IHP is defined as the
average center-of-charge position of strongly adsorbed ions, while the OHP is that
of the solvated ions at closest approach to the surface. Finally, a slip plane can be
defined, just outside of the OHP, as the average position where the bulk fluid starts
to have a velocity different to that of the surface.

The EDL typical dimension is called the Debye length, which is defined as:

λD =
(

103 ·NAe
2∑

i z
2
i c0,i

εrε0kBT

)−1/2

(3.3)

The Debye length is a function of the electrolyte concentration, also called ionic
strength, and varies from a few nanometer at high concentrations, such as that of
physiological conditions, to hundreds of nanometer at very low concentrations, and
theoretically extends up to one micron in perfectly pure water.

Often, the surface electric potential or the so-called zeta-potential, i.e. the
potential at the slip plane, is used instead of the surface charge density to describe
the interface. The zeta-potential is easily accessible experimentally [36], and is
practical to calculate the electroosmotic flow.
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Figure 3.2. Schematic of the EDL structure as defined with the Gouy-Chapman-
Stern model. The potential distribution profile is shown from a point in a metal, φm,
to the electrolyte bulk, φbulk, passing through a dielectric material with a surface
charge σs at the oxide-electrolyte interface. The inner and outer Stern layer and
the diffuse layer with their corresponding surface, the inner and outer Helmholtz
potential, φs, φIHP , φOHP are also shown. The slip plane is also shown with its
so-called zeta potential, ζ, which is used for describing the electroosmotic flow and
often approximated equal φOHP .
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The electroosmotic flow is an example of coupling between the surface charge
and the fluidic flow, via the electrostatic field and electrokinetic transport. Forma-
tion of the EDL leads to an accumulation of mobile ions in the diffuse layer near the
charged wall of a channel. In the presence of an electric field parallel to the wall,
these ions move because of the electric force. As they move, water molecules in
and around the solvation sheet are dragged along with the ions and, due to viscous
forces, the bulk of the liquid in the channel will follow. Such electroosmotic flow
can be used as a pumping mechanism in microfluidics [61].

As such, the presence of fixed surface charges constitutes a one way boundary
coupling between the Poisson equation and the Nernst-Planck equations. However,
if the surface charge is dependent on the ion concentration at the surface, it becomes
a two-way boundary coupling. This is the case for oxide-electrolyte interfaces, where
the surface charge density is dependent on the surface pH (see section 2.4.2).

Electrical Double Layer Overlap in Nanofluidic Channels

When the distance between two channel walls is decreased to a distance compa-
rable to the Debye length, such as in a nanochannel, the EDL generated by each
wall will overlap. As a result, the effective ion population in the channel is differ-
ent compared to that of the bulk solution. The counter-ions and the co-ions are,
respectively, enriched and depleted from the nanochannel. This surface-controlled
enrichment-depletion effect constitutes one of the specificities of nanofluidics, and
is one manifestation of the scaling laws, where surface phenomena dominate over
the bulk properties[19, 62].

EDL overlap can be used to obtain a selective transport of molecules based on
their net charge [63–67]. For example, DNA molecules or protein usually bear a
net charge at a given pH. This will determine how much energy is required for
them to enter in a nanochannel [27]. Such selective transport can also enable the
development of ion selective membranes for energy applications [68, 69], such as
fuel cells [28–30] or electrokinetic batteries [52].

3.3 Corona Discharge at High Voltage and High Curvature
Electrodes

The coupled electrokinetic equation system is also valid to describe the transport
of charged species in gas, for example, in ionized air or plasma systems.

In this thesis, electrokinetic transport in gas was studied in applications using
corona discharge for electrostatic precipitation. Corona discharge occurs in am-
bient air when a high-curvature electrode is set at high voltage compared to a
low-curvature counter-electrode. In such conditions, sustained corona ionization
occurs at the high-curvature corona electrode. Depending on the sign of the high



30 Chapter 3. Couplings Between Phenomena and Mass Transport in Fluids

negative corona.pdf

Figure 3.3. Schematics of reaction for a negative corona discharge [72]

voltage applied to that electrode, positive or negative corona discharge will occur
[70, 71].

In negative corona discharge (Fig. 3.3), electrons gain enough energy to escape
from the metal electrode and ionize the nearby air molecules, causing an electron
avalanche [73]. The free electrons rapidly combine with neutral air molecules and
ionize them to form anions. Ionization occurs in the region close to the corona
electrode and stops at the outer ionization boundary. This region can extend 300
to 500% of the electrode radius of curvature [72]. Outside of the corona ionization
region, only anions subsist, and is therefore called the unipolar ion region. These
anions are transported by the electric force towards the positive counter-electrode,
where they recombine, closing the electric loop.

The transport of ions from the corona electrode to the counter electrode can be
described using the coupled electrokinetic equation system in section 3.1

Models exist for the complete description of corona discharge and ionization
phenomena at the corona electrode. However, for electrostatic precipitation appli-
cations, such complex modeling is not necessary and the following semi-empirical
model is sufficient to describe the coupling between the space charge density and
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the electric field at the outer ionization boundary.

The required condition for initiation of negative corona discharge, known as the
Kaptzov’s assumption, is that the electric field strength must exceed a threshold
value at the outer ionization boundary, the Peek’s critical field:

EPeek = 3.23 · 106 V m−1 [74].
Above this value, a sustained corona discharge occurs with an almost linear

current-voltage characteristic. If the field strength strongly exceeds the Peek’s
value, electrical breakdown occurs, resulting an electric arcing or sparks.

To model the electrokinetic transport in corona discharge using the electrokine-
tic equation system, adequate boundary conditions must be applied [75]. At the
outer ionization zone, the Kaptzov’s assumption is used. The potential is approxi-
mately that of the corona electrode and the Peek’s critical field should be verified at
that boundary. For this, the space charge density, here the anion concentration, at
the outer ionization boundary must be adjusted to obtain the Peek’s critical field.
We recall that the electric field and the space charge density are linked through
the Poisson equation. This constitutes a boundary coupling between the Nernst-
Planck equation and the Poisson equation, analogous to the surface coupling in
nanofluidics.

3.4 Finite Elements Analysis

In this section, finite element (FE) analysis is concisely introduced. FE analysis is a
practical application of FE mathematical methods, and constitutes a useful tool to
find approximate solutions to problems described by partial differential equations.

Unlike analytical methods, FE methods return a numerical solution for a given
set of initial conditions, boundary conditions and parameters, and cannot return
analytical expressions as a solution to a general problem.

FE methods rely on dividing a continuous domain into multiple sub-domains,
called finite elements, for which the problem can be simplified and solved. This is
called mesh discretization.

Without going into details, which would extend well beyond the scope of this
thesis, the procedure is as follows. For each element, a local solution can be found
through the minimization of an error function. The use of such an error function
enables simplifying the local non-linear problem and solving it using numerical lin-
ear algebra.

FE analysis is popular in engineering, as it enables solving coupled problems in
complex geometries and attractive visualization of the numerical solutions.

However, the solutions are only approximate, can vary strongly if insufficient
fine mesh discretization is used, and highly depend on a correct formulation of
the boundary conditions. Moreover, since no unique solution to a problem exists
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with FE methods, the model implementation should be verified against analytical
solutions for simplified cases, and the validity of the solution should be carefully
examined and, potentially, experimentally verified.

A range of different FE analysis softwares are available, and in this thesis,
COMSOL Multiphysics was used because of its flexibility and good capability for
solving coupled non-linear problems.

Boundary conditions and couplings

Boundary conditions must be specified at the limits of the system domains, such
as the walls of a microchannel, the inlets and outlets, and the electrodes. Bound-
ary conditions can be of the Dirichlet type, which specifies a fixed solution of the
problem at a boundary, or of the Neumann type, which specifies a value for the
derivative of the solution at a boundary.

When a boundary condition is dependent on the value provided by another equa-
tion of the system, this boundary constitutes an additional boundary coupling, such
as for the EDL (see section 3.2).

For the case of a microfluidic chip made of glass, the surface will be silicon
dioxide SiO2. In such a case, the MUSIC model for the surface charge of oxide
surfaces (Equ. 2.24) will be applied as a Neumann boundary condition for the
Poisson equation (Equ. 2.9). In the MUSIC model, the surface charge density is
a function of the concentrations of the OH− and H3O+ ions, whose concentration
profile is described by the Nernst-Planck equation (Equ. 2.15). This results in
an additional coupling at a boundary between the Poisson and the Nernst-Planck
equations, as shown in Figure 3.4.

Mesh discretization

To ensure a correct approximation of the solution, the mesh element density must be
sufficiently high. This is necessary to avoid spurious oscillation of the FE numerical
solver. Such oscillations often results in erroneous solutions, with a non-physical
local maximum, or in the non-convergence of the solution.

Most FE analysis softwares provide packages for automatic mesh generation.
However, for problems in which large length scale differences between the phenom-
ena exist, for example for an EDL of 10nm Debye length in a micrometers-wide
microchannel, manual meshing is often preferred to obtain a denser mesh density
in these regions. Since it is not always easy to foresee where high mesh density is
required, manual mesh design can become time consuming. This especially true if
the problem requires several hours of computation and fails because of an insuffi-
ciently dense mesh. Moreover, the mesh density is one factor that determines the
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Figure 3.4. Schematic of the coupling between the electrokinetic equations with
the additional boundary coupling.

computational requirement in terms of memory and time: the finer the mesh, the
longer and more memory demanding the computation.

Finally, an important aspect of FE analysis lies in the correct implementation of
the problem and in the knowledge of correct physical values. Despite the ‘beautiful’
visualization offered by FE analysis, the analysis does not always provide useful
numerical solutions. This can happen for two reasons.

First, one could be tempted to use FE analysis to learn about a problem and
avoid pen and paper work. However, a good a priori understanding of the physical
problem is necessary for a correct implementation in the FE software. Moreover,
one should a priori know what exact information one is looking for and should
carefully consider if a FE analysis will be able to provide it. This leads us to the
second reason.

All the necessary physical values are not always available in the literature. As
a consequence, even if a model can be implemented using approximations, the FE
solution might not have much numerical relevance without accurate and correct
physical values. FE analysis can however be useful to obtain qualitative data to
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determine design guidelines, such as in Paper 5, but ‘back-of-the-envelop’ analytic
calculations should not be avoided and sometimes should even be preferred if a
numerical estimation is needed.



Chapter 4

Advances in Micro- and Nanofluidic Device
Manufacturing

As discussed in the introduction, both PoC diagnostics and energy conversion tech-
nologies can benefit from micro- and nanofluidic technologies.

In the first section 4.1, a short overview of relevant micro- and nanomanufactu-
ring technologies is presented, before introducing the novel solutions developed in
this thesis.

Advances are introduced in three domains: micro- and nanostructuring using
OSTE polymers, described in sections 4.3; atomic layer deposition (ALD) for the
functionalization of nanopores, described in section 4.2; and surface properties
micropatterning of OSTE surfaces, described in section 4.4.

4.1 Introduction of Micro- and Nanofluidic Device
Manufacturing

Micro and nanomanufacturing involves the fabrication of micro- and nanometer
sized structures to fulfill a given function. One can distinguish two main stages
during the manufacturing of micro- and nanodevices: micro- and nanostructuring
and back-end processing.

The micro- and nanostructures can be fabricated using either MEMS manu-
facturing or polymer microfluidic manufacturing technologies, both of which are
shortly introduced below.

Back-end processing includes any additional processing steps, such as encap-
sulation or surface modifications, required to finalize the devices and make them
functional.

In this thesis, both MEMS manufacturing and polymer microfluidic manufactu-
ring technologies have been used. MEMS manufacturing has been used to create
molds for subsequent polymer microfluidic manufacturing (see section 4.3.1) and

35



36 Chapter 4. Advances in Micro- and Nanofluidic Device Manufacturing

to create a support structure for a novel functional nanoporous membrane (see
section 4.2). Lithography has been used in a novel method for mold-free polymer
microfluidic device manufacturing (see section 4.3.2 & 4.3.3).

4.1.1 MEMS Micro- and Nanostructuring
MEMS micro- and nanostructuring uses tools, initially developed for the microelec-
tronic industry, to create out-of-plane micro- and nanostructures, also called 2.5D
or 3D structures. Such micro- and nanostructures can constitute sensors, actuators
or other micro- and nanofluidic devices, and are often fabricated using silicon or
glass substrates because of their attractive mechanical, electrical and optical pro-
perties. A short introduction to MEMS microfabrication is given below and the
reader is referred to the literature for more details [76]. The concepts are explained
for microstructuring and similar methods can be used for nanostructuring.

The microstructuring processes relies on cyclic repetition of two steps:

• lithography: the step through which a pattern is written or transferred on
a substrate.

• structuring: the step through which the pattern is transformed into mi-
crostructures in or on the substrate.

Using these two steps sequentially, it is possible to manufacture complex 3D micro-
and nanostructures.

Lithography

Lithography can be performed using parallel or serial lithographic processes. Paral-
lel processes are able to transfer a large number of patterns at once on a large area,
while serial processes transfer features one at the time through direct writing. The
disadvantage of time-consuming serial processing is often counter-balanced by its
increased design flexibility and patterning resolution, necessary for nanopatterning.

The most common parallel lithographic process is UV-based photolithography,
and is detailed below. Examples of other parallel lithography processes include
other types of radiation-based photolithography, stencil lithography, stamping, em-
bossing, nano-imprint lithography (NIL) and soft-lithography.

Common serial lithography processes include electron or ion beam lithogra-
phy, two-photon polymerization direct laser writing, and direct mechanical micro-
machining.

UV-based photolithography is a method in which UV light is used to expose,
i.e. illuminate, a photosensitive polymer, called photoresist, through a photomask.
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Through this process, the patterns on the photomask are transferred into the pho-
toresist [77]. Two types of photoresists exist: positive and negative tones; in which
the polymer solubility is, respectively, decreased or increased in the illuminated
regions.

Following UV exposure, the photoresist undergoes chemical development, through
which it is selectively dissolved in regions where the solubility is lower. As a re-
sult, the photomask patterns are transferred into a solid photoresist pattern on the
substrate.

The photoresist patterns are used to momentarily protect areas of the substrate,
during the subsequent processing steps.

The term soft-lithography is often used to refer to techniques using elastomeric
masters to replicate a microstructure or micropattern. Soft-lithography techniques
include stamping, soft-molding, and sometimes imprinting. ‘Soft-molding’ uses an
elastomer ‘stamp’-mold to momentarily protect specific areas of the substrate to
pattern. The mold cavities are filled with a liquid material, such as a polymer, which
is cured and remains on the substrate in the area non-protected by the temporary
mold [78]. In this work, this technique has been used to create a master mold with
surface energy micro patterns (see section 4.4.2)

Structuring

The fabrication of a microstructures can be done either by adding material onto
the substrate or by removing material.

To add material, deposition techniques such as chemical vapor deposition (CVD),
evaporation or sputtering can be used. Atomic layer deposition (ALD) is also possi-
ble, which is introduced in more detail in the next subsection. Additionally, epitaxy,
oxidation and high temperature processing enables growth, modification and an-
nealing of the substrate and of the added material layers. Finally, polymers can
also be added by spraying or dispensing in a liquid state followed by centrifugal
spinning. The latter technique is often used for photoresists and for functional
polymers, such as SU8.

To remove material, etching processes, such as chemical or electrochemically-
assisted wet etching, and physical or chemical dry etching using gas plasma, are
commonly used.

Together, these techniques enable adding and etching a large number of mate-
rials, such as amorphous silicon, metals, silicides, nitrides, and polymers, to give
specific shapes and functions to the resulting microstructures.

After processing, the substrates are often diced into individual microdevices,
which undergo the necessary back-end processes and tests.
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Atomic layer deposition (ALD)

Atomic layer deposition (ALD) is a specific implementation of chemical vapor de-
position, in which the reacting gases are pulsed and purged sequentially, restrict-
ing the reaction at the surface of the substrate through a cyclic adsorption- or
chemisorption-reaction. Through this process, a material can be deposited one
atomic layer at a time for each gas-pulsing cycle. ALD allows for very conformal
deposition and well-controlled deposition thicknesses. The conformal deposition of
ALD can, however, also be a drawback, as the material is deposited everywhere,
which is not always desirable. Despite this drawback, ALD enables depositing ma-
terial in nano-interstices, such as nanopores, with a level of control that no other
method can offer.

ALD was used in this work for the manufacturing of an electrostatically gateable
nanochannel array membrane, presented in section 4.2.

Manufacturing of Nanoporous Membranes

Most micro- and nanomanufacturing technologies are dedicated to planar 2.5D
manufacturing, and therefore, micro- and nanochannels are generally manufactured
on a single plane. This often limits the total fluidic throughput because of the high
fluidic resistance of individual channels, which can become very problematic at the
nanoscale due to scaling laws (see section 2.1.3).

To decrease to total fluidic resistance, one solution is to massively parallelize
the planar fluidic channels. An even better option is to create out-of-plane fluidic
structures allowing for much higher parallelization. Such an out-of-plane configu-
ration is possible through manufacturing of nanoporous membranes, consisting of
vertically aligned nanopores.

To manufacture nanoporous membranes, several technologies exist [79–82]. One
such technology relies on electrochemical etching of aluminum, in which an alu-
minum film is anodized in oxalic acid. By controlling the voltage and current
density, the anodization results in the spontaneous formation of vertically aligned
nanopores. The resulting nanoporous film is often called anodic aluminum oxide
(AAO) [81–85]. After anodization, the AAO pores must subsequently be opened
from the backside using dry or wet chemical etching.

This AAO manufacturing process can be performed on large surfaces, making
it very cost-competitive compared to other nanopore manufacturing technologies,
such as those relying on electron-beam lithography. AAO membranes have been
used in many nanofluidic applications [86–89, 89, 90].

In this work, a novel functional nanoporous membrane is presented in section
4.2, for which AAO nanopores and ALD were used.
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Polymer Microfluidic Manufacturing for LoC Systems

In the context of LoC systems, it is often preferable, and sometimes required by
regulatory bodies, to use disposable microfluidic cartridges to avoid sample cross-
contamination. These disposable cartridges must be cheap to manufacture and, for
this reason, polymer microfabrication is often the prime choice [9, 91].

Polymer microfabrication generally consists in using a master mold to shape a
polymer by casting or forming [92–94]. The master mold is often prepared using
MEMS microstructuring techniques (see section 4.1.1) and can be reused for the
production of a large number of polymer replica. Reusing the master mold sim-
plifies the overall process and decreases the manufacturing cost at large volume
production. However, polymer microfabrication often requires an extensive num-
ber of back-end operations, whose complexity and robustness often depends on the
choice of polymer material (see 4.1.2).

In the industry, and for large-volume manufacturing, thermoplastic polymers,
such as cyclic olefin copolymer (COC) and poly(methyl methacrylate) (PMMA), are
common materials, and injection molding or hot embossing often are the preferred
structuring methods [9].

In academia, and for low-volume manufacturing, thermoset polymers, such as
SU8 and polydimethylsiloxane (PDMS), which can be spun or casted and subse-
quently cured, are traditionally preferred, as the cost and complexity of injection
molding machinery is often too high.

On one hand, SU8 has an advantage over PDMS by allowing for photolitho-
graphic patterning [95]. On the other hand, PDMS allows for manufacturing of
thicker layers, its elastomeric properties enable the implementation of valves, and
its optical and gas permeability properties are interesting for microscopy and when
working with living cells. However, PDMS has a low resistance to solvents, easily
absorb molecules, and has poor properties with respect to surface modification and
bonding, which strongly limits its applications.

Recently, a new thermoset polymer system, based on off-stoichiometry thiol-enes
(OSTE), has gained interest because of its manufacturing versatility and relative
similarity to thermoplastic material [96–99]. This particular polymer system has
been used in this thesis to develop novel solutions for LoC manufacturing and is
introduced in section 4.1.3.

4.1.2 Back-end Processing for Microfluidic Devices

MEMS or polymer microstructuring does not generally produce finished and func-
tional devices. A number of back-end processes are required to complete the manu-
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facturing of the devices, such as electrical interfacing or encapsulation.

In microfluidics, important back-end processes include encapsulation of mi-
crostructures to seal the microchannels, modification of the surface properties to
add specific surface functionalities, and, if required, integration of electrodes or of
other heterogenous components, such as biosensors.

Back-end processes often add complexity to the overall manufacturing process,
which can generate more than half of the total manufacturing cost and is often
the prime source of functional failure in microdevices. Back-end processes are also
often specific to each material involved. Improving these back-end processes could
significantly benefit the field of LoC. An introduction to back-end processes for
polymer microfluidics can be found in reference [92] and a short summary is given
below.

To seal the microstructures forming the micro- or nanofluidic channels, several
solutions exist. Most often, a lid is attached using adhesives, thermal or chemical
bonding, or ultrasonic or laser welding. Chemically or thermally driven bonding
methods are often preferred, but often are incompatible with surface modifications,
such as bio-functionalization.

To integrate electrodes, thin-film or thick-film deposition technologies, such as
evaporation or screen printing, can be used, but care must be taken with respect
to potential thermal expansion mismatch between the materials, which could ruin
the functionality.

Finally, to modify the surface properties many methods exist and are shortly
introduced below.

Surface Modification for Microfluidic Devices

Surface modifications are important with respect to fluidic and electrokinetic trans-
port, as discussed in section 2.4 and 3.2. Surface modifications are also needed for
control of the surface energy, for attachment of biomolecular probes and for passi-
vation of the surface against unspecific molecular bindings.

They are, in particular, important with respect to control and manipulation of
the liquid sample. For example, the implementation of capillary pumps or passive
valve systems, such as hydrophobic stops, requires hydrophilic and hydrophobic sur-
faces, respectively. The implementation of electroosmostic flows or efficient on-chip
capillary electrophoresis systems also requires well-controlled surface properties.
The possibility to integrate such functions on a single chip will therefore depend on
the ability to control and modify the surface properties.

Several methods exist for surface modification, such as nanostructuring, screen
printing or spotting, but most often chemical surface modification is preferred,
as being more robust. Several surface chemistries can be used depending on the
material, such as photografting on polymers [100].
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For most polymers, surface activation with chemical or plasma treatments is
necessary to enable subsequent chemical surface modification. Similarly to thermal
and chemical bonding, surface activation is not always compatible with other sur-
face modifications, such as bio-functionalization.

Recently, OSTE polymers have enabled a range of improvements in terms of
back-end processing by not requiring surface activation for bonding or for surface
modification. These interesting features of OSTE polymers are discussed in the
next section.

4.1.3 Off-Stoichiometry Thiol-Ene (OSTE) Polymers for Micro- and
Nanofluidic Devices

Thiol-ene polymers are a type of alternating copolymers. Thiol-ene reactions have
been known for a long time [101], and are used today in many applications ranging
from protective polymers to biomolecular modifications [58, 59]. Thiol and ene
monomers can react in a 1:1 fashion through a ‘click’ reaction, when electron-rich
enes and low homopolymerizing thiols and enes are used [59]. The thiol-ene ‘click’
reaction has a high yield and little side reaction products, and results in a highly
ordered network with little shrinkage stress because of delayed gelation. No solvent
is needed in the liquid pre-polymer, which is beneficial as no solvent must evaporate
from the polymer during cross-linking.

Off-stoichiometry thiol-ene (OSTE) polymers are thiol-ene polymers containing
an intentional excess of one of the two monomers, hence the name prefix ‘off-
stoichiometry’ [96]. The off-stoichiometric ratio can be defined as:

Sν = mx

ny
− 1 (4.1)

where m and n are the thiol and allyl monomer functionality and x and y are
the amount of thiol and allyl monomers.

Because of this off-stoichiometric formulation, the cross-linked polymer contains
a controlled amount of residual unreacted functional groups, or excess groups (Fig.
4.1 A). These residual groups can be used for subsequent reactions, such as bonding
on another reactive surface (Fig. 4.1 B and C) or surface modifications via grafting
(Fig. 4.1 D & section 2.4.2). Hence, no physical or chemical activation is required
prior to bonding or surface modification. Moreover, the ‘click’ reaction can be ac-
tivated with UV light at room temperature (see section 4.4.1). These two features
make the back-end processing of OSTE devices compatible with heat or chemically
sensitive bio-functionalization [102–106]. Finally, the chemical bond between thiols
and enes is covalent, leading to robust reaction products.
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The off-stoichiometric mixing, and the choice of monomer backbones and func-
tionalities, enable tuning of the mechanical, thermal and optical properties. More-
over, because of the dense cross-linking in thiol-enes, OSTE polymers are gas im-
permeable and exhibit a low molecular absorption [96, 107].

However, for large off-stoichiometry ratios, leaching of unreacted monomer can
occur. For 90% off-stoichiometry, leaching has been previously measured to be up
to 8% after 24 hours in chloroform, although no leaching could be detected in water
[96].

Microstructuring in OSTE is typically performed by casting the prepolymer on
a mold and subsequent curing. Reaction injection molding is potentially applicable,
too. Curing of OSTE polymers can be done using UV illumination (see sections
4.3.2 & 4.3.3) or thermal curing, making processing of these polymers similar to
SU8 and PDMS. The structured channels can then be surface modified (see section
4.4) and bonded to another layer or substrate for encapsulation (see sections 4.3.1
& 4.3.3).

OSTE+, a tertiary polymer system has also been developed by my colleagues
at KTH [104, 106, 108–110], in parallel to this work.

OSTE+ is based on the OSTE polymer system to which a third monomer is
added, for instance an epoxy. Curing of OSTE+ can be done in two separate
steps. The first curing step enables the intermediate formation of a solid phase, in
which only two of the three monomers have reacted. During the second curing step,
the third monomer can react with the residual excess groups to form a final fully-
cross-linked polymer. This two-step curing process enables surface modification or
bonding as an intermediate operation, while retaining secondary surface reactivity
for the second and final curing step. The latter also enables complete curing of all
the functional group in the final polymer, which is expected to prevent leaching of
monomers.

Most of the developments presented in this thesis using OSTE can potentially
be applied to OSTE+ polymers.

A number of applications of thiol-enes, OSTE and OSTE+ have been reported
in the literature, ranging from lab-on-chip [97–99, 105, 110–116] to photonics ap-
plications [108, 117, 118].

In this work, novel solutions have been developed for both the structuring and
the surface modification of OSTE polymers, as described in sections 4.3 and 4.4.

4.2 Fabrication of an Electrostatically Gateable Nanochannel
Array Membrane

In nanofluidics, transport phenomena are governed by the surface properties and,
specifically, by the resulting EDL overlap. Controlling the surface properties enables
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Figure 4.2. Fabrication flow and SEM images of the AAO substrate at different
process steps. (a), (b) The AAO film is formed on a Si substrate. Cavities are
etched in the substrate from the bottom and the grid is patterned on spray coated
photoresist. (c), (d) The grid is etched from the backside in the Si until it reaches
the buried SiO2 layer. The AAO surface is protected with a photoresist layer before
dicing. The inset shows the closed end of the AAO pores. (e), (f) After dicing, the
buried SiO2 and the Al2O3 barrier layer are etched on chip level to open the AAO
membrane. The inset shows the pores now open at the bottom. Paper 2

optimizing the nanofluidic functional performance. However, the surface properties
are generally fixed after fabrication, making nanofluidic channels passive fluidic
elements.

The possibility to externally control surface properties during operation could
open a completly new range of applications. For this, one solution is to imple-
ment a gate electrode to electrostatically modulate the surface charge density and,
consequently, the molecular transport through the nanochannel. This principle
was studied with a novel model presented in section 5.3. Such gated-nanofluidic
transport has been demonstrated in planar nanochannels, which have been called
nanofluidic transistors, in analogy to their electronic counterpart [141].

Adding a gate electrode inside the nanopores of an AAO membrane could there-
fore enable external tuning of the nanofluidic transport for high throughput appli-
cations, such as for biomolecule separation, filtration, and up-concentration [21, 64–
67, 142, 143], as well as for energy conversion as a tunable proton exchange mem-
branes for fuel cells [28–30], electrokinetic battery [52], or reverse-osmosis for water
purification [33].

In this thesis, the possibility to manufacture such a gateable membrane by using
an AAO membrane was demonstrated.
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For this, ALD was used to deposit two layers in the AAO nanopores. First, a
platinum layer was deposited to form the metal gate electrode. Second, an amor-
phous aluminum oxide was deposited to isolate the platinum electrode from the
electrolyte in the nanopores. Details of the fabrication can be found in Paper 2
and are summarized in Fig. 4.3.

The resulting nanopores are shown in Fig. 4.3, in which scanning electron mi-
croscope (SEM) and tunneling electron microscope (TEM) images show the buried
platinum gate electrode. The nanopores are ∼ 40nm in diameter and 1.36µm in
length. The gate electrode consist of ∼ 9nm thick Pt and the gate oxide consist of
∼ 11nm thick Al2O3.

The deposition of the platinum and aluminum oxide inside the AAO pores has
been optimized and characterized, for the first time. The study showed that ALD
is a suitable method for partial or complete functionalization of the pore length.
ALD enables the fabrication of both nanofluidic diodes, such as those presented by
Wu et al. [144], or completely symmetrical tunable nanopores, and it enables very
precise control of the final pore size.

Using this technique, a massively parallel configuration is obtained with the
vertical positioning of billions, ∼ 100 · 106 poresmm−2, of electrostatically tun-
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able nanopores, allowing for high throughput applications.

Future work should focus on characterizing the electrokinetic transport through
this membrane, similarly to Wu et al., who, soon after our work and in a discon-
nected effort, developed a similar device using another manufacturing approach.

Finally, the ALD deposition on the AAO layer of platinum only, without the
additional layer of aluminum oxide, enables the manufacturing of large-area porous
electrodes, for which many potential applications exist, such as gas sensing [30, 88],
supercapacitors [145] or electrochemical cells [146].

4.3 Novel Micro- and Nanostructuring Methods using OSTE
Polymers

In this thesis, the unique capabilities offered by the OSTE polymer system have
been investigated and exploited for novel micro- and nanostructuring methods.

A preliminary investigation of the nanostructuring in OSTE polymer is pre-
sented in section 4.3.1. Direct photolithography in OSTE polymer has been inves-
tigated and is presented in section 4.3.2. Using direct lithography in OSTE, a novel
method for mold-free rapid-prototyping of microfluidic devices has been developed
and is presented in section 4.3.3.

In this work, several OSTE formulations have been studied, some for the first
time in microfluidics, as summarized in Table 4.1.

Table 4.1. Various OSTE polymer formulations studied in this thesis.

Thiols Allyls

TATATO TAOE

TMPEIC − Paper 3∗ & Prel. tests

PETMA Paper 4 & Prel. tests Paper 6∗

PETMP Prel. tests
∗used for the first time in this thesis for LoC applications

Acronyms Full names

TMPEIC Tris[2-(3-mercaptopropionyloxy) ethyl]Isocyanurate

PETMA Pentaerythritol tetrakis(2-mercaptoacetate)

PETMP pentaerythritol tetrakis (3-mercaptopropionate)

TATATO 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione

TAOE Tetraallyloxyethane
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4.3.1 Nanostructuring of OSTE Polymers

Nanofluidic devices are often manufactured in materials such as silicon and glass,
because of their inertness, allowing for stable measurements over extended periods
[119]. Moreover, glass is transparent, which allows for fluorescence measurements.
Manufacturing using silicon or glass often requires complex and lengthy processes
and, for that reason, alternative manufacturing methods for nanofluidic devices
have been proposed in the literature.

An attractive alternative is to adapt the polymer microfluidic manufacturing
concepts, introduced in section 4.1.1, to the manufacturing of nanofluidic devices.
Using nanoreplication, such as nano imprint lithography (NIL) or casting, nano-
fluidic devices were successfully fabricated using materials such as PDMS, Parylene,
or PMMA [120].

However, polymer microfluidic fabrication possess intrinsic drawbacks, such as
cumbersome encapsulation process, molecular absorption and gas permeability,
which are even more problematic in nanofluidics. The molecular absorption and
gas permeability of PDMS is incompatible with long-lasting experiments requiring
a controlled electrolyte concentration. The sealing of the channels is often problem-
atic, as sagging of the lid often occurs during bonding, or after filling the channel
with a solution [121].

Such sagging is especially problematic for the fabrication of nanoslits. Nanoslits
are wide but very shallow, i.e. 1-dimensional, nanofluidic channels, in which EDL
overlap occurs, due to the nanometric proximity of the bottom and top walls.
Nanoslit geometries are useful for applications requiring larger fluidic or molecular
throughput, as they exhibit lower flow resistance compared to multiple rectangu-
lar channels in parallel, with the same total cross-section. Using PMMA, 10µm
wide and 80nm high nanoslits could be successfully manufactured [122]. Using
PDMS, spontaneous sagging was observed for 90% of the cases for aspect ratio
width/(height)2 ≥ 0.2 [123].

Finally, surface modification protocols of polymers often requires a surface acti-
vation using UV or plasma, which has been shown to alter the surface morphology.
This can be problematic for nanofluidics.

In this thesis,a preliminary investigation of the potential for manufacturing of
nanoslits using OSTE polymers was performed [124]. The manufacturing was per-
formed using replica molding in OSTE and room-temperature covalent bonding to
an isocyanate-silanized glass substrate (Fig. 4.4). A 40µm wide and 180nm high
nanoslit – resulting in a width to height ratio of 220:1 and width/(height)2 = 1.23 –
was fabricated successfully, without the aforementioned problem of sagging. In com-
parison, using glass-glass thermal bonding, 50µm wide and 25nm high nanoslits
could be fabricated previously [125].
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The use of OSTE polymers has the advantage over other polymer nanofabrica-
tion schemes to enable room-temperature encapsulation. This feature offers three
benefits: no temperature-softening of the polymer occurs, as in thermal bonding;
no intense bonding pressure is required; and covalent bonds are formed between
the OSTE and the lid. This highly reduces the risk of sagging during encapsulation
and results in a strong bond interface. Moreover, the Young modulus of an OSTE
polymer is significantly larger than that of PDMS. This explains how the large
width to height ratio could be obtained.

Other advantages include: the possibility to use residual reactive groups at the
surface for surface modifications (see section 4.4); a good transparency for fluores-
cence measurements (see section 4.3.2); a good resistance to solvent; a low molecular
intake; and rapid and low-cost fabrication – UV-curing in seconds –, which enables
envisaging the production of disposable nanofluidic devices. Finally, this method
enables the rapid prototyping of various nanofluidic devices in a research lab setting.

One drawbacks is the aforementioned risk of leaching of monomers, due to the
off-stoichiometric excess, and the low glass transition temperature. A potential
solution could be to use OSTE+ polymers, where the third monomer enables full
cross-linking, which is expected to prevent leaching, and which enables reaching of
higher glass transition temperatures.

4.3.2 Lithography of OSTE Polymers
OSTE polymers can be UV-cured when they contain a UV-sensitive photoinitia-
tor, which enables photolithographic patterning [126–129], and under such circum-
stances, OSTE polymers behave like negative tone photoresists, such as SU-8. How-
ever, until now, photopatterning of stoichiometric thiol-ene formulations required
a high radical inhibitor concentration to prevent propagation of the polymerization
under the dark-field mask patterns [99].

In contrast, patterning using off-stoichiometric thiol-ene (OSTE) formulations
resulted in well defined features without needing any inhibitor [110, 130].

In this thesis, this surprising gain in lithographic performance was investigated
in more detail. An OSTE formulation was photopatterned and subsequently inves-
tigated using Raman confocal microscopy (see Paper 4 for details).

Results revealed the formation of a narrow and densely cross-linked polymer
zone in the illuminated region adjacent to a photopattern interface and the depletion
of the deficient monomer in the dark region. Figure 4.5 shows Raman images for the
unreacted thiol and allyl groups, after photopatterning of 50 µm diameter dark field
patterns using (A) stoichiometric and (B) off-stoichiometric thiol-ene formulations.

In the stoichiometric case (Fig. 4.5 A), the polymerization is uniform and
broadening occurs under the dark-field mask patterns.

In the off-stoichiometric case however (Fig. 4.5 B), the polymerization is not
uniform and results in well defined structures. ‘Darker’ rings, in the illuminated re-
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gion directly adjacent to the photopattern interface, indicate a higher cross-linking
density, while the ‘brighter’ region, under the dark-field pattern, indicate a high
concentration of unreacted groups, i.e. no or limited polymerization and no feature
broadening. This represented the first observation of this phenomenon to date and
could have important applications.

In Paper 4, an explanation for the underlying phenomena is discussed. The main
conclusion is that diffusion of monomer species generates an enrichment-depletion
effect at the photopattern interface due to the off-stoichiometric formulation, cre-
ating an imbalance in the number of monomers.

Several implications of this phenomena exist.
First, broadening is hindered in the dark region because of depletion of the

deficient monomer. As the depletion is expected to scale inversely with the pattern
dimensions, this constitutes a novel photolithography mechanism that could enable
high-resolution patterning in thiol-ene polymer systems.

Second, the replenishment effect creates a densely cross-linked ‘wall’ adjacent
to the photopattern interface (the dark rings in Fig. 4.5 B), which prevents broad-
ening, and which could prove useful for mechanically stabilizing high-aspect ratio
structures, e.g. narrow pillars.

A third consequence of this enrichment-depletion effect is the formation of gra-
dients in polymer composition. Such gradients have been linked to changes in
refractive index, which could be used for holographic data recording and photonics
applications. Hence, promising developments in these directions are possible based
on the observations above.

Finally, understanding of the underlying mechanism is likely to enable better
control of the resulting surface properties. Further work is needed in this direction.

4.3.3 Rapid Mold-free Manufacturing of Microfluidic Devices by
Direct Lithography in OSTE Polymers

As introduced in section 4.1.1, most polymer microfluidic manufacturing technolo-
gies rely on shaping polymer microstructures using a mold [92–94]. Mold-free manu-
facturing schemes do exist, such as lamination [131, 132], SU8-photolithography
[133–135], and stereolithography [136, 137]. However, these techniques suffer from
the general drawback of most polymer microfabrication, i.e. complicated and un-
reliable back-end processing, such as for surface properties modification or bonding.

In this thesis, direct photolithography in OSTE has been used for the devel-
opment of a novel method for the rapid prototyping of microfluidic devices. The
method does not require a mold, which has the advantage of speeding-up proto-
typing and testing of microfluidic device designs and concepts, while retaining the
interesting feature of OSTE polymers with respect to back-end processing.

The method enables rapid manufacturing of functional microfluidic devices
comprising of microchannels, access holes and robust, room-temperature, covalent
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bonding of an OSTE sealing layer (Paper 3 ). Figure 4.6 shows the fabrication
process used in this method, and details can be found in Paper 3.

For the development of this method, an OSTE formulation has been tailor-made
for optimal photolithography by choosing monomers that can easily be removed af-
ter photopatterning, and that optimize transparency. For this work, TAOE and
TMPEIC (see table 4.1) monomers were selected after investigation.

Figure 4.7 shows SEM images of the manufactured microchannels and demon-
strates very good photopatterning. The microchannels were patterned in a 200 µm
thick layer, in which aspect ratios up to 1:4 were achieved without difficulty.

The bonding strength was assessed and the fabricated microfluidic device could
withstand a pressure up to 4 bar.

The applicability of this manufacturing technique with biofluorescence measure-
ments was also assessed (Fig. 4.8 B). The autofluorescence of OSTE was comparable
to other commonly used polymers for commonly used wavelengths, such as Cy3 and
Cy5.

The process was demonstrated on chip level but could be transposed to wafer-
scale patterning or to roll-to-roll techniques [138–140].

A surface modification scheme that is compatible with this manufacturing method
was developed and tested, and is presented in section 4.4.1.

4.4 Novel Methods for Surface Property Micropatterning

In this section, advances made in this thesis with respect to the micropatterning of
surface property are presented.

The necessity to control and modify surface properties in micro- and nanofluidic
devices was discussed above. Often however, it is also necessary to pattern areas
with different surface properties to achieve a given function, for example to create
hydrophobic valves or biomolecular reaction areas.

Here, two methods for patterning of the surface energy of OSTE polymer de-
vices have been developed.

First, a back-end process based on photografting on OSTE polymers is described
in section 4.4.1.

Second, a novel method for simultaneous microstructuring and surface property
micropatterning is described in section 4.4.2. In this method, a novel polymer that
mimics the surface energy of the mold surface through a molecular self-assembly
process has been developed.

Finally, a preliminary study of cell-growth biocompatibility of OSTE polymer
surfaces is presented in section 4.4.3.
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Figure 4.6. Manufacturing process flow. A. Fabrication of the bottom layer in
OSTE-Thiol 40. B. Fabrication of the microfluidic channel layer by photolithog-
raphy in OSTE-Allyl 20. C. Fabrication of the sealing layer with access holes by
photolithography in OSTE-Thiol 40 on a separate substrate. D. Bonding of the
sealing layer by photoinitiated ‘Click’ covalent bonding between the thiol and allyl
surface excess groups. F. Final chip with a top view. Paper 3
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Figure 4.7. Microfluidic chip manufactured by direct lithography in OSTE poly-
mer. A. SEM images of the microchannels defined by photolithography before seal-
ing. B. Picture of the fabricated chip showing the KTH’s logo in transparency. Paper
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Figure 4.8. A. Epifluorescence microscopy image of the microfluidic channel filled
with a fluorescent dye, showing no leakage at the bond interface. B. Autofluorescence
measurement at several wavelengths of interest for fluorescence microscopy analysis.
Paper 3
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Figure 4.9. Surface modification process flow. A solution of hydrophobic methacry-
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free radicals that initiate the covalent grafting reaction between the methacrylate
and the thiol surface excess groups. The procedure is repeated with a hydrophilic
methacrylate solution for hydrophilic surface modifications. Paper 3

4.4.1 Patterned Surface Modification by Photografting

In this thesis, grafting (see section 2.4.2) has been applied to modify the surface
energy of OSTE polymers. Such surface grafting is used in a back-end process for
micropatterning of the surface energy in the microfluidic device presented in section
4.3.3.

This back-end process, illustrated in Figure 4.9, consists of introducing a so-
lution of hydrophobic methacrylate monomers in toluene, illuminating the micro-
fluidic chip through a photomask with UV light to only locally initiate the pho-
tografting reaction, and rinsing the microchannels to remove all non-covalently
bonded molecules. The use of a photomask enables patterning of the surface mod-
ification.
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Figure 4.10. Filling of the sealed microfluidic device presented in section 4.3.3.
The channel where hydrophobic methacrylate molecules have been grafted on the
surfaces does not allow the solution to enter, effectively creating an hydrophobic
stop. Paper 3

By repeating the process steps above, it is also possible to make hydrophilic
regions by replacing the hydrophobic methacrylate monomer with a hydrophilic
monomer, enabling dual-surface-energy micropatterning.

Such a dual-surface-energy patterned modification has been demonstrated using
the microfluidic chip presented in section 4.3.3.

In Figure 4.10, a film strip shows how such a modification can be used to pro-
duce a hydrophobic stop and only fill the channel that was made hydrophilic. In
Fig. 4.10 frame #4 and #5, the dye solution does not enter the other channel that
was made hydrophobic.

The surface modification was characterized using contact angle measurements
(Fig. 4.11). These results demonstrate the possibility to obtain hydrophobic and
hydrophilic OSTE surfaces after photografting.

The minimum and maximum achievable contact angle was 43 ° and 106 °, re-
spectively. Such values enable the successful fabrication of a hydrophobic stop
valve, but could be insufficient for some applications, therefore improvements are
still needed. One such improvement could be to increase the amount of grafting
surface groups or to use methacrylate monomers having a longer backbone chain
and a larger number of functional groups. Increasing the amount of grafting sur-
face groups could be done by using larger off-stoichiometric mixing of the thiol-ene,
although this would have an impact on the material bulk properties.

One limiting factor for this surface property patterning process is found in the
photografting-from-the-solution type of scheme (see section 4.3.3). In this scheme,
radicals are formed on the methacrylates in the solution. These activated methacry-
lates can diffuse in the solution and react covalently at the surface, in any region,
even on non-illuminated areas. Moreover, these methacrylates can homopolymer-
ize to form longer chains. These longer chains are likely to undergo non-specific
adsorption and can be difficult to rinse. These two aspects limits the resolution of
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Figure 4.11. Contact angle measurements on the native OSTE polymer surface
and on the hydrophobic and hydrophilic modified OSTE surfaces. Paper 3

the photopatterning to hundreds of micrometers.

Despite these limiting factors, photografting from a solution is useful to modify
OSTE surfaces possessing an allyl excess. For example, the middle layer of the
microfluidic device developed in section 4.3.3, and used here for demonstration, is
composed of such allyl-excess OSTE. For optimal performance of the hydrophobic
stop, it is necessary to modify the sidewalls of the microchannels and photografting
from the solution is therefore needed.

This method enables the successful patterning of the surface energy on all of the
microchannel walls. This is an advantage, in comparison with the surface modifi-
cation of other types of microfluidic devices, made of heterogeneous materials, such
as PDMS bonded to glass, which often requires using specific surface modification
protocols for each of the materials used.

Moreover, the method is easy-to-use and robust, and does not require plasma or
chemical activation of the surface, often required for most other polymers, which is
often a source of unreliability, and is often incompatible with biofunctionalization
[147–151].

4.4.2 Mimicking of Surface Energy Micropattern by Molecular
Self-Assembly

One major drawback of most back-end processes is that they constitute additional
processes required after microstructuring, which are cumbersome and costly. There-
fore, one should possibly try to reduce their complexity and their number.



58 Chapter 4. Advances in Micro- and Nanofluidic Device Manufacturing

In this work, a method was developed that enables micropatterning of the sur-
face energy and the microstructuring of the microfluidic channels in one single step.
It allows to integrate surface modification, which normally constitutes a back-end
process, with the microstructuring.

This method uses an OSTE polymer as a base material, and relies on a molec-
ular self-assembly process, in which the polymer mimics the surface energy of the
master mold during polymerization. For this, a new composite OSTE material has
been developed.

This material uses OSTE polymer as a matrix, to which two functional monomers
are added; a hydrophobic and a hydrophilic methacrylate. These functional monomers
can diffuse freely in the OSTE matrix until polymerization occurs, at which point
they are incorporated into the polymer network. When the material is casted
against a master surface, or mold, the mobile methacrylates spontaneously align
against the surface that has a similar surface energy: the hydrophobic methacrylate
against a hydrophobic surface area, and the hydrophilic methacrylate against a hy-
drophilic surface area. The molecules are locked into place during polymerization,
which, as a result, replicates the surface energy of the mold surface. If the mold
contains a pattern with different surface energies, the pattern will be reproduced
in the replica material.

The surface modification was characterized by contact angle measurements.
This unique material can intrinsically change its surface energy from a contact
angle of 64° up to 110° depending on the local surface energy of the master mold.
The native contact angle of the OSTE matrix varies between 70° and 80°.

In Paper 6, this process is demonstrated by the manufacturing of a device, on
which an array of hydrophilic patches was patterned using this mimicking process
(Fig. 4.12).

When the device surface is immerse in liquid and the liquid recedes, through cap-
illary suction for example, liquid droplets self-assemble on the hydrophilic patches.
Such a self-assembly process could be useful for the manufacturing of platforms
for high-throughput screening of bimolecular interactions, which requires highly
parallel and controlled spotting for example.

The robustness over time was tested and the microdroplet self-assembly still
worked after three months storage in ambient conditions. These good performances
are attributed to the covalent cross-linking in the OSTE matrix, and between the
OSTE matrix and the methacrylates.

This method could also be used to produce a similar device, as in section 4.4.1,
but in one single step instead of using a back-end photografting process.

Future work should include verifying if the advantageous properties of OSTE
material with respect to bonding and surface modifications are retained, improving
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the hydrophilicity, and investigating of the patterning resolution limits. Finally,
this method has been preliminary tested with the OSTE+ polymer system and
promising results where obtained for the surface modification. However, subsequent
bonding proved difficult and must be further investigated.

4.4.3 Cell-growth Biocompatibility of OSTE Surface
Many lab-on-chip devices are designed to study biological cells. Using microfluidics,
single cells can be manipulated individually or in parallel, and the creation of micro-
environments enables the observation of cell-cell or cell-drug interactions [152].

For cell studies, PDMS has an advantage over other polymers to be gas perme-
able, which is favorable to the cell development. However, molecular absorption into
PDMS is a problem for applications requiring strict control of the cell environment,
such as the study of cell-drug interactions. Moreover, surface biofunctionalization
of PDMS is unreliable, which is problematic.

An alternative could be to use OSTE polymers, given their interesting features
for lab-on-chip applications, and an assessment of the biocompatibility of this ma-
terial, with respect to cell growth,§ is important.

In a preliminary study, the viability of human kidney and human hepatocellular
carcinoma cells were assessed by cell growth experiments on OSTE surface [153].
Several OSTE formulations were tested. The results are shortly summarized here.

Cells were cultured on polystyrene petri-dish surfaces and on an OSTE surface
using TMPEIC and TAOE monomers. After six days incubation, similar viability
was observed on this OSTE formulation, in comparison with polystyrene. However,
the growth rate was lower on OSTE and the viability was generally better on OSTE
with a lower thiol excess (50% compared with 70% excess). For the OSTE formu-
lation using PETMP and TATATO, cell growth was similar to that on polystyrene
for off-stoichiometry mixing up to 60% after five days incubation. Low viability
was observed on other formulations using PETMA and TATATO.

These results indicate that leaching of cytotoxic thiol monomers are probably
the cause of cell death, although acceptable cell viability could be obtained on
some OSTE surfaces. This opens new possibilities for applying OSTE polymers to
cell-based microfluidic applications, but requires further investigation.

With respect to leaching of cytotoxic monomers, the OSTE+ polymer system
could be better, as the third monomer can be used to prevent leaching by reacting
with any residual excess groups in the bulk polymer. Further investigation is needed
here, as well.



Chapter 5

Application of Electrokinetic Transport
Towards Novel Functionalities
at the Macro- and Nanoscale

In this chapter, mass transport phenomena are applied at the macro- and nanoscale
to create and study novel functionalities.

An introduction to common applications of mass transport is first given in
section 5.1, before introducing novel applications at macroscale and nanoscale.

At the macroscale, described in section 5.2, electrokinetic transport is used
to interface the macroscale human world to the microfluidic domain. A method
was developed to efficiently capture airborne aerosols onto a microfluidic air-liquid
interface.

At the nanoscale, described in section 5.3, a novel and comprehensive model
of nanofluidic phenomena was developed, and is used to study complex physical
interactions occurring in an electrostatically-gated nanofluidic devices, so-called
nanofluidic transistors.

5.1 Overview of Applications of Electrokinetic Transport in
Fluids

Transport of charged species generally occurs via three transport phenomena: diffu-
sion, advection and migration. Manifestations of the first two transport phenomena
are everywhere around us. Diffusion transport occurs in your tequila-sunrise cock-
tail between the grenadine syrup and the orange juice (Fig. 5.1). When stirring
with a straw, advection transport enhance the mixing.

For the third transport phenomena, migration, direct manifestations are less
obvious, although it occurs in every battery driven device, in which the charged
molecules are moving under the influence of an electric field.

61
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Figure 5.1. A Tequila-sunrise cocktail

Together, these three phenomena constitute the underlying mechanisms in electro-
kinetic transport, discussed in chapter 2 and 3, for which a number of applications
are introduced below.

In micro- and nanofluidics applications, the combination of these transport phe-
nomena enable controlling and manipulating the motion of fluids within fluidic
channels and of the motion of particles or molecules within the fluid. The electro-
kinetic equation system, introduced in section 3.1, describes these mechanisms and
enables the design of functional systems.

In the Navier-Stokes equations describes the motion of the fluid as a function of
the pressure differences, the internal stress and the body forces (see 2.1.2). Hence,
fluid motion can be controlled externally by generating pressure differences, or
mechanical stress, or by using volume forces. For example:

• Pressure gradients can be generated with a pump, leading to pressure driven
flows; or using capillary forces, leading to capillary flows [154].
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• External stress can be generated through wall-induced shear stress, resulting
in a so-called Couette flow, which is used in rotational viscometer.

• Body forces can be generated through centrifugal acceleration, e.g. used in
lab-on-CD applications [91]; or through a potential field, such as electric field,
e.g. used in electroosmotic pumps.

In the Nernst-Plank equation, the flux of charged particles or molecules is a
function of the advection of the fluid medium, of the diffusive forces due to concen-
tration gradients, and of the electric forces due to the presence of an electric field.
Consequently, this flux can be controlled through the fluid advection, the chemical
species concentrations and the electric field. For example:

• Advection of the fluidic medium can be generated, as explained above, through
the pressure, external stress or body forces.

• Concentration gradients can be used to generate controlled molecular diffusion
over a membrane, e.g. used for drug delivery [155], or to generate electrical
power, e.g. in a electrochemical concentration battery [156].

• The electric field, described with the Poisson equation can be used to gener-
ate molecular motion e.g. in capillary electrophoresis [138, 157, 158], or to
attract or repel a charged molecule from a surface, e.g. charging of the elec-
trical double layer. The magnetic force can also be used, such as in magneto-
electrophoresis [159].

Electrokinetic transport can also be used at the macroscale, such as in electro-
static precipitators [160], in differential mobility analyzers, or in mass spectroscopy
for compound analysis [161, 162].

In this thesis, electrokinetic transport was applied to generate novel functio-
nalities towards two applications: the capture of exhaled-breath aerosol onto a
microfluidic device using electrostatic precipitation; and the control of molecular
transport in a nanofluidic transistor. Each are presented in the next two sections.

5.2 Interfacing the Macro- with the Micro-world using
Electrostatic Precipitation

Miniaturized LoC systems would make little sense if they would not be able to
interact with the macroscale human-world. Interaction can occur through sensing
of a physical signal, such as a biosensor indicating whether a patient has a given
infection; or through performing an action in the human environment, such as a
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drug delivery system releasing a given drug on demand.

In the case of PoC test for medical diagnostics, a human sample must often
be provided to the LoC biosensor. The most common human samples are blood,
urine or nasal swabs. These samples are easy to manipulate and to standardize,
which is important for the development of reliable tests. However, blood samples
and nasal swabs require invasive sampling procedures on the patients. Moreover,
these samples are not always useful for the diagnostics of certain conditions, such as
lower respiratory tract infection (LRTI). For this type of infection, a bronchoalve-
olar lavage (BAL) is often necessary, which generates even greater discomfort for
patients.

In this thesis, exhaled breath was investigated as an alternative human sample
for low-invasive diagnostics of LRTI infection. Exhaled breath has long been used
in medicine [163, 164], but since the advent of machine-assisted diagnostics, more
standardized samples, such as blood, have been preferred. However, exhaled breath
has been shown to carry a large number of biomarkers, ranging from volatile com-
pounds to aerosols particles [165–170]. Notably, exhaled breath has been shown to
contain intact influenza viruses in infected persons [166, 171–178].

Because of its non-invasive nature, exhaled breath is attractive for PoC diag-
nostics. Several systems have been proposed for the collection of bioaerosols, using
impingers or filters [177, 179, 180], but their use in a PoC test is not optimal
because of the large sampling volume and of the solid sampling phase of filters,
respectively. Others have proposed using electrostatic precipitators [181–183] and
obtained promising results. However, none of these attempts were optimized for the
sampling of exhaled breath. One difficulty with exhaled breath samples is the very
low amount of biomarkers per liter of exhaled breath, requiring very high collection
efficiencies and an up-concentration of the sample.

To address this challenge, a low-invasive PoC sampling technology has been de-
veloped, in this thesis, for the efficient capture of exhaled-breath aerosols, (Fig. 5.2).
This technology enables interfacing the macroscale human-world with microscale
lab-on-chip systems.

For this technology, electrokinetic transport theory was used to design an elec-
trostatic precipitation system for the direct capture of aerosol particles onto a
microfluidic air-liquid interface. The aerosol particles, dispersed in tens of liters
of exhaled breath, are collected into a microfluidic system, with a volume in tens
of microliters. In this way, the sampler does not only capture exhaled aerosols, but
simultaneously achieves a promising up-concentration. The development of this
exhaled-aerosol sampler is presented below.
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Figure 5.2. Concept of exhaled breath PoC diagnostic test. A patient is breathing
into an instrument that collects biomarkers contained in exhaled-breath aerosols.
The instrument proceeds with the analysis of the sample and returns useful infor-
mation to guide the physician’s diagnostics. Paper 5

Electrostatic Precipitator for Breath Sampling

The developed sampler is based on an electrostatic precipitator (ESP). In this
technology, electrokinetic transport in air is used to transport and capture airborne
particles. The airborne particles, moving in an air stream, are first electrically
charged. When entering in a region of high electric field, an electric force is in-
duced on the charged particles. The direction of this force can be controlled by
the geometry of the electrodes generating the electric field. With this force, the
particles can be deviated from their initial trajectory in the flow stream and are
eventually captured after impacting on the oppositely charged electrode.

Electric charging of the particles can be done with several technologies, such as a
radioactive source, UV-illumination, or ionization. Here, ionization through corona
discharge, introduced in section 3.3, was chosen as the charging mechanism. This
mechanism enables efficient charging of small particles and can be used to generate
the high electric field required for high capture efficiency electrostatic precipitation
[184, 185]. This concept has been tested by others [181–183], however, little effort
was put on using this technique to directly interface breath to microfluidics.

The ESP sampler designed in this thesis is shown in Figure 5.3. Three sharp
corona needles are placed around the exhaled-aerosol inlet and are set at a high
negative voltage (< −2kV ). A counter electrode is placed a few (< 10) centimeters
below the needles and is set at ground potential to form a needle to plane corona
discharge configuration.
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Figure 5.3. Close-up view and cross-section of the ESP device developed and tested
in this thesis. Paper 5
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Figure 5.4. Photograph and SEM images of the microfluidic air-liquid interface.
The lab-on-chip cartridge contains a perforated silicon diaphragm that creates an
air-liquid interface, onto which the exhaled aerosol can be directly collected. Paper 5

Here, instead of the conventional choice of a metal counter electrode, a micro-
fluidic air-liquid interface is used (Fig. 5.4). This air-liquid interface has been
designed to capture the aerosol directly into a liquid sample, which can be used for
subsequent analysis in the lab-on-chip system. The air-liquid interface consists of
a perforated silicon diaphragm, in which the surface tension is used to confine the
liquid sample in a reservoir beneath the diaphragm [186].

The design of the sampler was studied and optimized using finite elements (FE)
simulations. The model was implemented by using the electrokinetic equation sys-
tem (see section 3.1), combined with corona discharge theory (see section 3.3)
[71, 187, 188] and particle trajectory calculations. More details can be found in
Paper 5.

One special feature, in the implementation of this model, was the use of an
automatic adjustment of the charge density at the outer corona boundary to respect
the Peek’s electric field value, which was, until now, performed by manual iterations.

Figure 5.5 shows an example of results obtained with the simulations, based
on which several design guidelines could be defined. It was possible to visualize
the electric field and air velocity distribution to optimize the design in terms of
dimensions, voltages and flow rate for an optimal particle capture.

A prototype of this sampler was manufactured and characterized in terms of
collection efficiency for breath-like aerosol capture. Details can be found in Paper 5.

Absolute capture efficiency > 20% could be obtained (Fig. 5.6). For com-
parison, a state of the art bioimpinger was used, for which similar efficiency was
obtained. The advantage of our sampler over this state-of-the-art impinger is the
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collection volume, which is only 300µl in our sampler compared to 4ml for the
bioimpinger, enabling collecting sample that are ten times less diluted. Moreover,
in our sampler, the collection volume could potentially be decreased to as little as
few microliters, which could provide up to 100-fold improvement in terms of sample
dilution reduction.

Recently, the capture efficiency of real influenza viruses was investigated using
an improved sampler design, implementing a three-electrode configuration instead
of the two-electrode configuration shown in Figure 5.3. The use of a third elec-
trode enables improving the electric field distribution and optimizing the collection
efficiency.

Viable influenza viruses were aerosolized, captured, and quantified using real-
time polymerase chain reaction (qPRC). This method allows for sensitive measure-
ments at very low concentrations (down to 104 virusml−1), which was not possible
with the method used in Paper 5 and which is closer to real breath conditions. Pre-
liminary results indicated that low concentrations (< 105.5 virusml−1) of viruses
could be captured and detected after aerosolization, which is promising for the im-
plementation of this technology as companion diagnostics for influenza infection.
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Figure 5.6. Capture efficiency of the ESP breath sampler versus the corona current
for several corona electrode to collector distance. Paper 5

Further work should include tests using real exhaled-breath in infected patients
and integration of a biosensor to obtain a complete PoC test system.

5.3 Electrostatic Gating of Electrokinetic Transport in
Nanofluidics

In this section, the application of the electrokinetic transport theory is considered
at the nanoscale. Despite the length scale being a million times smaller than in the
previous section, the electrokinetic equations are still valid (see section 3.1). How-
ever, careful consideration must be taken, as the limit of continuum is approached.
Moreover, surface phenomena become predominant at this length scale and it is
necessary to model them adequately.

The formation of an electrical double layer (EDL) was described in section 3.2.
In nanochannels and nanopores, such as in the device introduced in section 4.2,
EDL overlap occurs. Such EDL overlap has been shown useful for a number of
applications, such as selective macromolecular sieves [64–67], electrokinetic batter-
ies [52], perm-selective nanochannels [68, 69] and molecular pre-concentrators [189].
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The idea of controlling the surface charge density using a gate electrode has
emerged with the FlowFET concept [190–193], and one of the first demonstrations
of this concept at the nanoscale was presented by Karnik et al.[141] and later Fan
et al.[194]. Nishizawa et al.[64] had presented a similar idea but the approach was
slightly different, in that no gate oxide was used. The usage of a gate electrode
to modulate the surface charge at an oxide-electrolyte interface is conceptually
similar to the configuration found in field-effect electronic transistors. Hence, the
name ‘nanofluidic transistor’ was given to the application of electrostatic gating in
nanochannels.

Besides applications in nanofluidics, electrostatic gating of surfaces has found
an application in electrowetting and digital microfluidics [17], in which the surface
tension is manipulated by applying a voltage across the solid-liquid interface to
move individual droplets.

Models for the electrostatic gating of solid-liquid interfaces have been proposed
for simplified cases, for which analytical solutions can be derived and can sometimes
be used directly for the design of simple nanofluidic systems [195]. However, until
now, no model was proposed to describe comprehensively both the electrostatic
gating of oxide-electrolyte interfaces and the nanofluidic electrokinetic transport.
The closest attempt was suggested by Yeh et al.,[196], but their model cannot be
applied to the study of nanochannels with EDL overlap. Others have proposed
models that either do not consider gating effects [195, 197, 198], or assume a known
change of the surface charge [199, 200], or only consider the gating of flat surfaces
and not the gating of complete nanofluidic structures with EDL overlap [201].

In this thesis, a model is proposed (Paper 1) that uses the combined electro-
kinetic equations (see section 3.1), together with the MUSIC model (see section
2.4.2), proposed by Yate et al. [54], for the surface charge at the oxide-electrolyte
interface (see section 2.4.2). Here, the overall approach is similar to that of Yeh
et al. [196], but is more general and enables the study of nanofluidic gating in the
case of EDL overlap. This model was used to study the electrostatic gating of the
ion transport in nanopores.

The model was implemented in FE simulations and was validated both against
an analytical solution for a simplified case, and against previous experimental work
[141]. A parametric study was performed for varying pH, bulk concentration, bias
voltage, and gate voltages. The studied geometry is shown in Figure 5.7 and the
details related to the implementation of the model can be found in Paper 1. An
example of visualization of the results is presented in Figure 5.8 and a few speci-
ficities of the model implementation are described below.

• The axial symmetry is used advantageously to reduce the problem size (Bound-
ary #1 in Fig. 5.7).
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• The ion species considered are: Na+ and Cl−, and H3O+ and OH−, as the
latter two determine the pH and always exist in water, because of partial
dissociation of water into these two ions [47]. Any additional charges species
could easily be considered.

• The pH of the solution is accounted for, which enables determining the surface
charge density through the MUSIC model.

• TheMUSIC model is applied as boundary condition (BC) at all oxide-electrolyte
interfaces (BC #4) to calculate the surface charge density dynamically, cre-
ating a boundary coupling (see section 3.4 and Fig. 3.4).

5.3.1 Surface Charge and Surface Potential Variations with pH and
Ion Concentration

Using this model, the effects of the bulk pH and ion concentration, on both the
surface potential and the surface charge density at the oxide-electrolyte interface,
were studied and the main results are discussed below.

First, the effects of the bulk pH and ion concentration on the surface electric
potential were studied for a fixed surface charge density and for a surface charge
density computed with the MUSIC model (Fig. 5.9 A).

Under the assumption of a fixed surface charge density, a strong dependence
of the surface charge on the bulk ion concentration is observed, while the bulk pH
only has a significant impact at very low concentrations.

When using the MUSIC model, both the bulk pH and ion concentration influ-
ence the surface potential. The MUSIC model is therefore important to properly
describe the surface charge density, for which it is inaccurate to assume a constant
value. Moreover, local variations of the surface charge density are expected, for
instance near the nanopore entrance, as the electric field density will be stronger
due to corner effect. Such variations can only be captured with a local calculation
of the surface charge density, such as with the MUSIC model.

Second, the effects of the bulk pH and ion concentration on the surface charge
density was studied and is plotted in Figure 5.9 B.

For SiO2 surfaces, the surface charge density becomes strongly negative at higher
pH or larger ion concentrations. This strong variation stresses the importance of
accounting for varying surface charge density, such as enabled by theMUSIC model,
and to account for the pH of the solution.

5.3.2 Electrostatic Gating of Nanofluidic Current
Below, the effects of electrostatic gating on the I-V characteristics and on the
conductance of a nanochannel structure are discussed shortly, and the main learning
points are summarized. A detailed discussion can be found in Paper 1.
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Figure 5.7. Geometry of the nanopore studied with FE simulation. Paper 1
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Figure 5.8. FE element simulation of an electrostatically gated nanochannel. The
wire mesh represents the position of the finite elements, for which the color shows the
cation concentration and the height shows the electric potential. A very high mesh
density is required inside the nanochannel to obtain a convergence of the solution
with a correct computation of the EDL and of the surface charge density.
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The effects of gating were studied for several parameter values: three pH values:
5, 7 and 9; three bulk concentrations: 10−6, 10−4 and 10−2M ; and a range of gate
voltages (VG) and drain-source voltages (VDS) between −1→ +1V . For each pH,
the ‘bulk equivalent’ I-V characteristics, i.e. that of a nanonchannel that would
not have any surface charge and gate electrode, is computed for comparison.

The I-V characteristics are plotted in Figure 5.10 A, B and C, for bulk ion
concentrations of 10−6, 10−4 and 10−2M , respectively and for pH = 5. At this pH,
the surface charge density is low and the electrostatic gating, i.e. change of VG,
was most efficient.

The conductance of the nanochannel versus the bulk concentration is plotted
in Figure 5.10 D, for a VDS of 1V , and varying gate voltage and pH. At low con-
centrations, i.e. 10−6M , the conductance of the nanochannel is larger than the
"bulk equivalent" conductance, as expected from the strong EDL overlap occur-
ring at such a concentration. In this case, the electrostatic gating modulates the
conductance by about one order of magnitude.

For more concentrated solutions, the electrostatic gating is less efficient because
of the weaker EDL overlap, as a consequence of both the higher ionic strength and
the lower surface charge. For solutions of higher pH, the gating effect is limited by
the larger surface charge, which corresponds to experimental observations [141, 194].

In addition to the study of the electrostatic gating, several additional relevant
phenomena were considered that could enable a more accurate modeling of the
electrokinetic transport in nanochannels. The following phenomena were consid-
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and pH, and a fixed VDS = 1V . Paper 1

ered: variation of the electrochemical potential due to ion-crowding; and variations
under high electric field of the viscosity, of the mobility and diffusion, and of the
autoprotolysis of water.

Simulations, in which these phenomena were implemented, showed negligible
effects on the overall nanofluidic current at low concentration. However, these phe-
nomena could have a larger impact for very small nanochannels, i.e. less than 10
nm, for very large gate voltages, or for concentrated solutions. However, mod-
ifications of the continuum equations to account for non-idealities at very small
length-scales are questionable, and molecular simulations could be more appropri-
ate [202].
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To summarize, electrostatic gating of nanofluidic transport was described with
a novel model that accounts for the surface charging chemistry and for the solution
pH, and was studied using FE simulations. The main learnings are:

• Electrostatic gating appears to be most efficient at a low pH, closer to the pH
of zero charge, and at lower bulk ion concentrations, where a stronger EDL
overlap occurs.

• Gating at physiological salt concentration with specific pH or high conduc-
tivity does not seem efficient for the dimensions studied.

• It is crucial to account for the pH and the surface chemistry to accurately
describe nanofluidic gating phenomena.

A strategy to improve the effects of electrostatic gating could be to reduce
the amount of charge on the oxide surface by using specific chemistries or using a
material with a low intrinsic surface charge. Some of the complex behavior observed
in the paper, and not discussed in detail here, should also be further investigated.



Chapter 6

Ethical Considerations: a Personal
Reflection

Ethics and science are intertwined and a number of questions can arise around
the exciting promises of novel discoveries [203]: why do we perform research in this
particular field, for whom and what for? Many far more brilliant people than I have
put their mind at it, so in this chapter, I will not attempt to make a contribution
to the field of ethics and science as such; rather, I would like to synthesize some of
the aspects that I found relevant to this work and share some ‘food for thought’.

In this work, micro- and nanotechnologies have been used to contribute to the
development of biomedical and energy applications. The societal impact and ethical
aspects should be considered and, even if ethics often leaves us with more questions
than answers, the discussion process matters usually more than the conclusions.

6.1 Compassion, Moral and Ethics: Five Considerations

At the World Health Assembly in 2005, Bill Gates said [1]:
‘There is no bigger test for humanity than the crisis of global health.
Solving it will require the full commitment of our hearts and minds. We
need both. Without compassion, we won’t do anything. Without science,
we can’t do anything. So far, we have not applied all we have of either.”

Fighting health inequalities in the world was at the center of his speech, with
the following underlying questions: Is a life in a rich country worth more than a
life in a poor country? Will we develop and use the right technologies to solve this
moral issue? Following Gate’s opinion, compassion seems essential to scientists and
engineers to best direct their actions.

It is however not uncommon to hear the following doubtful question from engi-
neers: ‘What does ethics have to do with what we are doing here?’ This is often
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true with respect to everyday work, when no animal or human experiments are
being performed. However, engineers have a social accountability with respect to
the emergence and identification of potential risks and with respect to the societal
shifts that could follow.

As U. Beck [204] suggested, our progress society is changing towards a global
risk society. Today, the public is increasingly concerned about preventing and man-
aging the risk that the progress society has produced or is producing, for example
regarding global warming. As a consequence, people’s faith in institutions and in
progress is eroding. Engineers are among the people whose responsibility it is to
promote the promises of new technology as a way to begin anew, instead of being
perceived as the source of new threats.

At the KTH Royal Institute of Technology, the global vision states that “KTH
is a custodian of the role of technology in society and takes responsibility for its im-
pact: creating innovative solutions to global challenges [...] Society changes through
technical development and through new conditions such as growing environmental
change and dwindling natural resources. [...] KTH works for a brighter tomorrow.”
[205] and that “Future engineers must be able to develop new products, services
and systems that contribute to sustainable development. Technological development
alone is not sufficient, technical solutions must be applied so that sustainability
potential is fully utilised” [206]. Hence, it is the responsibility of each and every
engineer at KTH to ensure that this mission is accomplish by following a “holistic
approach in which [technology] use is integrated into a life cycle mindset” [206].

In that respect, it is the responsibility of the scientists and engineers to raise
the many important questions regarding novel technological developments. In a
discussion about unavoidable dilemmas in biosciences, Margaret R. McLean [203]
suggested to examine the five following aspects of a technological development: 1)
the short- and long-term utility, 2) the rights and duties of the key actors involved,
3) the fair and just treatment of the recipients, 4) the legacy to the community
as common good, 5) the adequacy with the moral values of the developers. Let’s
consider these aspects with respect to this thesis.

1. Short- and long-term utility: A technological development that is benefi-
cial today might have disastrous consequences in the future. Good examples are
the nuclear energy production with its risks and waste disposal issues, or the over-
consumption of fossil fuels and its impact on the climate and human health.

In the context of this thesis, micro- and nanomanufacturing is, to some extend,
resource and energy intensive, as it relies extensively on chemicals, solvents and
de-ionized water, for the manufacturing of semi-disposable devices. The embodied
energy of microdevices can therefore be important.
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Another interesting aspect is the future usage of companion diagnostics devices.
Can the information they provide become a future source of discrimination in coun-
tries where public health insurance does not exist? For example, could someone be
tested for a condition today that could disqualify him/her for the reimbursement of
expensive medications for another health problem in the future? Can the techno-
logy be diverted, like the world wide web is today, to spy or monitor people? Or
for example to test people’s health genetic profile before granting them access to a
country?

2. Rights and duties: Accurate information about the technology should be
disseminated and open debates should surround technological developments to give
every actor a voice and a chance to understand and to contribute. Ideally, a proper
framework should be organized by an independent and global institutional body,
with a balanced representation of all the sectors concerned, e.g. financial, political,
spiritual, social or scientific sectors.

In this thesis, the consideration of rights and duties aspects is relevant to the
development of nanofluidic applications. For example, the public could not be well
informed about what nanotechnologies are and could vote a general un-targeted ban
on nano-related research. Since the pioneering talk of Richard Feymann, There’s
plenty of room at the bottom [207], nanotechnology has been the subject of all
kinds of fears and fantasies. The origin of these fears probably results from a
general misunderstanding of what nanotechnology is. For example, many people
only think of nanotechnology as carcinogenic nanoparticles and some even think
that genetically modified organisms are nanotechnologies. Another cause could be
scary science-fiction scenarii, such as that of the ‘grey goo’, where self-replicating
nanorobots consume all matter on Earth (Drexler, 1996 [208]).

However, nanotechnologies could revolutionize many domains, from energy to
healthcare and several organizations have tried to determine roadmaps for the re-
sponsible development of nanotechnology applications [209–211]. It is therefore
important to disseminate these documents and to educate the general public about
the nanotechnologies in order to limit unjustified mistrust.

3. Justice & 4. Legacy of a common good: These two points are related
to each other. One should think about the potential barriers that could prevent
the creation of a common good during the technological and commercial develop-
ment. For example, will a medical test equally serve poor and rich people or will it
discriminate a given population? Is the patenting framework compatible with hu-
manitarian necessities? It is central to science that knowledge is commonly owned
and this knowledge should be made available to everyone.
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In this thesis, one of the projects has the objective to fight the over-prescription
of antibiotics, which accelerates the occurrence of bacterial resistance and could
result in superbug pandemic outbursts. This project must target several lower
respiratory tract and blood infection conditions, each targeted in a specific work
stream. This makes this project very ambitious, given the available time and fi-
nancial resources and it is therefore only understandable if competition for budget
between the work streams occurs.

One work stream focusses on tuberculosis, for which improved diagnostics is
needed. Tuberculosis mostly occurs in resource-poor countries and, hence, calls for
cheap and uncomplicated solutions, which is challenging. The other work streams
focus on pneumonia and influenza infections, for which more complicated, but po-
tentially technically less-challenging, and more costly solutions are acceptable, as
they are also needed in resource-rich countries.

Therefore, one question is how a project manager should distribute the available
resources. Should he/she favor the latter work streams over that for tuberculosis
to increase the chances to obtain potent results within the project framework, even
though, the developed solution might be too costly, at least initially, for resource-
poor countries?

A potential consequence of such a decision could be that poor populations would
not benefit from such solutions until the cost is lowered or until they become wealth-
ier. Would that be fair or would that potentially contribute to the rising inequalities
in the world? How to make sure that the project legacy is going to be a common
good to the community that can be made available fairly to the largest number?
The following questions are: What could be the decision factors? Can it be be-
cause of the pressure from project deliverables and deadlines? Can it be an indirect
pressure from industrial partners? Can it be the ‘publish-or-perish’ dilemma of
academic research? Can it be due to the funding procedures, requiring to form a
consortium and to choose technological partners before the complete identification
of the required technologies? Can it be a failure of the funding bodies, that could,
or should, have set more targeted requirements?

The list of questions is long, but a sure answer is that one does not always
have an a priori knowledge of the future benefits of a new technology and that one
could, and probably should, devote more resources to solve each of these important
medical conditions.

5. Moral values: In this respect, one should make sure that no one is ever forced
to perform or to not perform research or development work that would go against
his/her moral values, for example, because of corruption or any kind of pressure.

In this thesis, one should consider the above-mentioned dilemma ‘publish-or-
perish’. Couldn’t this pressure be an incentive for scientists and researchers to
report incomplete and dishonest scientific work? Could the peer-reviewed process,
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a quality insurance for scientific publications, suffer from this pressure by reducing
the time available to competent reviewers, who could be more concerned with pub-
lishing their own work?

I believe that we should trust that scientists and researchers have good intentions
and are conscious of their responsibility with respect to the development of new
technologies. However, each of us should critically think through the ethical aspects
surrounding our work and should not capitulate to the biased conclusions of others.
It requires considering all aspects and solutions with a lot of open-mindedness.

Today, many efforts are laid towards creating the right ethical and critical mind-
set among scientists and engineers. A short list of references to interesting docu-
ments and sources of information is proposed here:

• KTH ethics policy [212]
• Several documents and webpages of the European commission, [213–217]
• The universal declaration of human rights, article 25 and 29, [218]
• La charte d’éthique de l’EPFL, [219]
• The Uppsala Code of Ethics for Scientists,[220]
• The IEEE ethic chart. [221]

6.2 Food for Thought: the Future Transhumans

Finally, I would like to raise a dilemma related to the development of exciting
upcoming technologies related to nanotechnology and biomedical research. This
example lays at the border between science-fiction and reality.

Recently, the first patient to undergo an artificial heart ‘transplant’ died after
seventy-five days. At the same time, revolutionary 3D-printing technologies can,
today, be applied to the printing furniture or nano-objects, and very soon, to print-
ing of fully functional organs from stem cells [222]. These developments, together
with a number of other applications of bioscience, bioelectronics and nanotechno-
logies, have made people suggest that the era of cyborgs has begun [223]. These
developments are promising for revolutionizing the life of the disabled (see the in-
teresting initiative for the Cybathlon championship [224]). However, as promising
as they are, they could also results in unwanted consequences if wrongly applied.
In that respect, the following perspective from Purohit et al. is interesting [225]:

“If nanotechnology in medicine makes it possible for us to enhance our-
selves physically, is that ethical? In theory, medical nanotechnology
could make us smarter, stronger and give us other abilities ranging from
rapid healing to night vision. Should we pursue such goals? Could we
continue to call ourselves human, or would we become transhuman –
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the next step on man’s evolutionary path? Since almost every techno-
logy starts off as very expensive, would this mean we’d create two races
of people – a wealthy race of modified humans and a poorer population of
unaltered people? We don’t have answers to these questions, but several
organizations are urging nanoscientists to consider these implications
now, before it becomes too late.”

As the controversial Michel Houellebecq questions in his book Atomized; are
we, researchers and scientists, contributing today to the development of cloning,
artificial intelligence and biomedical technologies, contributing towards the creation
of an immortal species, as a replacement for the sexual reproduction dependence
of the mortal human race?

As extreme and crazy as the above may sound, the American National Science
Foundation (NSF) and Department of Commerce (DOC) sponsored a document
– with a front-page disclaimer for not officially representing the US government’s
opinion – entitled: “Converging Technologies for Improving Human Performance:
Nanotechnology, Biotechnology, Information Technology and Cognitive Science”, in
which improving human performance is not necessarily seen as a goal, but as an
ineluctable, and readily occurring, transformation of our civilization.

To my opinion, the subject of this latter document is a good example of the
importance and relevance of ethics in nano- and biotechnologies at every level, i.e.
personal and institutional. Even if the most §extreme pictures drawn in this chapter
might remain in the science-fiction domain, I do believe that no researcher should
ignore and underestimate the need to think far ahead and question the future.



Chapter 7

Conclusion and Outlook

This thesis presented the results of interdisciplinary research, at the crossing of
three disciplines of physics and engineering. Electrokinetic transport and surface
phenomena in fluids have been applied towards the development of novel functio-
nalities at the macro-, micro- and nanoscale. The application of these phenomena
has driven the development of innovative solutions for the manufacturing of micro-
and nanofluidic devices and for the micropatterning of the surface properties.

For application at the macroscale, electrokinetic transport has been applied
to the development of a novel PoC test ESP sampler, for the efficient capture of
exhaled breath aerosol onto a microfluidic platform. This platform will be used,
in future studies, for diagnostics of influenza using real breath samples, and to the
detection of norovirus in ambient air.

For manufacturing at the microscale, novel microfabrication and surface
modification methods have been developed using OSTE polymers.

First, a novel method for mold-free manufacturing of OSTE microfluidic devices
has been developed, and enables rapid-prototyping of devices in a material that has
the potential for larger scale production. This method enables building prototypes
with characteristics closer to that of commercial devices. It also demonstrated the
possibility to obtain very good photolithographic patterning in OSTE polymers,
which widens the range of applications for OSTE polymers.

Second, the photopatterning of OSTE polymers has been investigated, and re-
vealed a novel photopatterning mechanism. This mechanism indicates that high-
resolution photopatterning should be possible using OSTE polymers, which must
be investigated further. Novel applications in the field of photonics and surface
modification are also potentially enabled by this discovery and could be the subject
of further studies.

Third, an improved photografting micropatterning method for the modification
of the surface energy of microchannels has been developed. This method enables
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robust and spatially-directed modifications, using an uncomplicated and reliable
process, and will contribute to increasing the adoption of OSTE polymer as a
material for LoC applications. Further improvements could consist of extending
the range of surface energy modification, and adapting the protocol to biomolecular
attachment.

Fourth, a novel method has been developed for the single-step micropatterning
of the surface energy during the microstructuring. This method is based on a
molecular self-alignment process resulting in the mimicking of the surface energy of
the mold. This method enables faster, more robust, and less complicated polymer
microfluidic manufacturing, and its application could be extended to other areas,
such as biopatterning for microarray fabrication. This should be the focus of fur-
ther studies.

To create new functional components at the nanoscale, several solutions
for the study of electrokinetic transport have been developed.

First, the electrostatic gating of the electrokinetic transport in a so-called nano-
fluidic transistor structure has been studied with a novel comprehensive model. The
model accounts for dynamic surface charging at the oxide-electrolyte interface and
will enable the design of more advanced and complex applications of nanofluidic
gating. Further work could consist of experimental implementation and character-
ization.

Second, a novel, electrostatically-gated nanofluidic membrane has been deve-
loped. For this, ALD was used to deposit a platinum and an aluminum oxide layer
inside sub-100-nm AAO pores, to form the buried gate electrode. The resulting
membrane constitutes a nanofluidic transistor structure, in which billions of paral-
lel nanopores can be electrostatically gated at once, allowing for large throughput
applications in biofiltration, and for potentially improved energy conversion appli-
cations. Experimental characterization of the molecular transport should be the
subject of future studies.

A third achievement was the nanopatterning of OSTE polymers for the manu-
facturing of in-plane nanoslits. The preliminary results were successful, which opens
new possibilities for the application of OSTE polymers at the nanofluidic level.
Further experimental characterization is needed to complete this preliminary work.
Promising possibilities can be foreseen in the manufacturing of disposable nano-
fluidic devices for biomedical applications.

Together, these achievements provide useful solutions for the development of
improved LoC and ECS applications; and will hopefully contribute to addressing
the need for improved healthcare and for the prevention against new threats on
human health.



Summary of Appended Papers

Paper 1: Modeling and simulation of electrostatically gated nanochannels
The paper presents a theoretical study and proposes a model for the electro-
static gating of ion and molecular transport in nanochannels. In addition to
the classical electrokinetic equations, which are reviewed in this work, several
relevant phenomena are considered and combined to describe gating effects
on nanofluidic properties more accurately. Dynamic surface charging is ac-
counted for and is shown to be an essential element for electrostatic gating.
The autoprotolysis of water is also considered to allow for accurate com-
puting of the surface charge. Modifications of the Nernst-Planck equations
are considered for more accurate computing of the concentration profiles at
higher surface potentials by accounting for ion crowding near charge walls.
The sensitivity of several parameters to the electric field and ion crowding is
also studied. Each of these models is described separately before their imple-
mentation in a finite element model. The model is verified against previous
experimental work. Finally, the model is used to simulate the tuning of the
ionic current through the nanochannel via electrostatic gating. The influ-
ence of the additional models on these results is discussed. Guidelines for
potentially better gating efficiencies are finally proposed.

Paper 2: Pt−Al2O3 dual-layer atomic layer deposition coating in high aspect
ratio nanopores
The paper reports the functionalization of nanoporous membranes using atomic
layer deposition (ALD). ALD is used to conformally deposit platinum (Pt)
and aluminum oxide (Al2O3) on Pt in nanopores to form a metal-insulator
stack inside the nanopore. Deposition of these materials inside nanopores
allows the addition of extra functionalities to nanoporous materials such as
anodic aluminum oxide (AAO) membranes. Conformal deposition of Pt on
such materials enables increased performances for electrochemical sensing ap-
plications or fuel cell electrodes. An additional conformal Al2O3 layer on
such a Pt film forms a metal-insulator-electrolyte system, enabling field ef-
fect control of the nanofluidic properties of the membrane. This opens novel
possibilities in electrically controlled biofiltration. In this work, the deposi-
tion of these two materials on AAO membranes is investigated theoretically
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and experimentally. Successful process parameters are proposed for a reliable
and cost-effective conformal deposition on high aspect ratio three-dimensional
nanostructures. A device consisting of a silicon chip supporting an AAOmem-
brane of 6mm diameter and 1.3µm thickness with 80nm diameter pores is
fabricated. The pore diameter is reduced to 40nm by a conformal deposition
of 11nm Pt and 9nm Al2O3 using ALD.

Paper 3: Rapid mold-free manufacturing of microfluidic devices with robust and
spatially directed surface modifications
The paper presents a new and easy-to-use method that allows for mold-free
rapid prototyping of microfluidic devices, comprising channels, access holes,
and surface-modified patterns. The innovative method is based on direct pho-
tolithographic patterning of an off-stoichiometry thiol-ene (OSTE) polymer
formulation, tailor-made for photolithography, which offers unprecedented
spatial resolution and allows for efficient, robust and reliable, room tempera-
ture surface modification and glue-free, covalent room temperature bonding.
This mold-free process does not require clean room equipment and therefore
allows for rapid, i.e., less than one hour, design-fabricate-test cycles, using a
material suited for larger-scale production. The excellent photolithographic
properties of this new OSTE formulation allow patterning with unprecedented
resolution, for thiol-ene polymer systems, in hundreds of micrometers thick
layers, 200µm thick in this work. Moreover, we demonstrated robust, cova-
lent and spatially controlled modification of the microchannel surfaces with
an initial contact angle of 76◦ by patterning hydrophobic/hydrophilic areas
with contact angles of 102◦ and 43◦, respectively.

Paper 4: Off-stoichiometry in thiol-enes gives rise to a novel photopatterning
mechanism
The paper presents an investigation of the photopatterning of thiol-ene poly-
mers. Here, ‘click’ chemistry photopatterning in off-stoichiometric thiol-enes
is shown to induce microscale polymer composition gradients due to species
diffusion between dark and illuminated regions, creating two narrow zones
with distinct composition on either side of the photopattern interface: a
densely cross-linked zone in the illuminated region and a zone with an unpoly-
merized highly off-stoichiometric monomer composition in the dark region.
We explain how species diffusion creates such intricate changes in polymer
properties and enables reduced pattern broadening in photolithography. In-
creasing off-stoichiometry and decreasing feature sizes amplify the induced
gradients, which is highly interesting for nanomanufacturing and photonic
applications where ever smaller features are desired.
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Paper 5: Aerosol capture onto a microfluidic chip using an integrated electrostatic
precipitator for breath sampling
The paper presents the development of a novel, point-of-care (PoC) prototype
to capture aerosol from litres of breath directly onto a microfluidic lab-on-
chip for subsequent analysis. Such a system combines an electrostatic pre-
cipitator, involving a corona discharge to charge the aerosol droplets from
breath and electrophoretic transport to precipitate the aerosol droplets; with
a micro-perforated diaphragm that functions as an air-to-liquid interface onto
which the aerosol droplet are captured for further microfluidic analysis. We
present a study of the governing geometric and operational parameters of an
electrostatic precipitator and its interactions with aerosol droplets. We also
fabricated and experimentally tested a PoC prototype using a breath aerosol
model. By varying the inter-electrode distance and corona current, collection
efficiencies comparable to those of a state-of-the-art Biosampler impinger were
obtained, with the significant advantage of providing samples that are at least
10 times more concentrated.

Paper 6: Surface energy micropattern inheritance from mold to replica
The paper reports a novel surface-energy patterning phenomenon, in which
a novel polymer composition inherits the surface energy of the medium it
is in contact with during polymerization. This surface property mimicking
process occurs via spontaneous selective molecular alignment of hydrophilic
and hydrophobic monomers mixed into an off-stoichiometry thiol-ene (OSTE)
formulation. This single-step method for simultaneous structuring and sur-
face energy micropatterning of polymer structures is potentially more robust
and lower cost than state-of-the-art processes requiring post-processing sur-
face modification steps. We further demonstrate the self-assembly of a liquid
droplet array on the replicated polymer surfaces.
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