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Preface

This thesis is one of the requirements to fulfill in order to obtain the
Ph.D. degree from the Technical University of Denmark. The work
presented in this thesis has been carried out at MIC – Department
of Micro and Nanotechnology between November 2003 and October
2006. It has been supervised by associate professor Oliver Geschke, and
co-supervised by Leif Højslet Christensen of the Danish Technological
Institute.

The reader is invited to use both the printed and the electronic
version of this document. Many of the illustrations in the thesis are
in color, but an effort has gone into making all illustrations readable
in black and white print nevertheless. Color prints will improve the
reading experience, but a few illustrations – mostly the microscope
images of the structures – are best viewed on-screen. The electronic
version of the thesis is available from the homepage of the Polymeric
Environmental Systems group, www.mic.dtu.dk/English/Research/
BCMS/POEM at the Department of Micro and Nanotechnology, and from
the author’s homepage www.nbi.dk/~bundgard. For easy navigation in
the text, the PDF file has bookmarks, so that the reader can jump to
the different sections of the text by clicking on the link directly in the
index, or by using the bookmark pane in Adobe Reader. Also, all figure
references in the text can be clicked, so that the reader is lead to the
figure cited.
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Abstract

In recent years, the use of polymer materials in the field of microfluidic
systems and so-called ’lab-on-a-chip’ systems has increased. Silicon,
the material traditionally used for the fabrication of such systems, is
not compatible with for instance blood or harsh chemicals, while many
polymers have the desired properties. A number of standard polymers
like poly(methyl methacrylate) and polydimethylsiloxane have been
investigated, but also new polymer types with e.g. superior optical or
chemical properties have emerged in microfluidic research.

The lab-on-a-chip systems integrate fluidic handling and measure-
ment on a single chip, and both optical and electronical components can
be embedded. For polymer microsystems, integration of optical wave-
guides can be achieved by structuring polymers with different refractive
indices.

This thesis treats aspects of prototyping and fabrication of microflu-
idic systems in polymers, mainly in the cyclic olefin copolymer Topas.
This relatively new polymer is resistant to a large number of chemicals
and to strong acids, making it suited for microfluidic systems used e.g.
for long term waste water monitoring. The high refractive index and
other good optical properties makes it suited for integrated optics in
microfluidic systems. Also, the engineerable glass transition temperature
is an advantage, when making single-polymer systems.

During the project existing fabrication methods have been adapted
or improved for use with Topas, so that a number of tools for rapid
prototyping of this polymer is now available. These tools include:

• Micro milling of fluidic channels and optical waveguides with
dimensions down to 25 µm.

• Spin coating of polymer layers on polymer substrates with a thick-
ness from 100 nm to 20 µm. The spin coat layers act as a glue for

ii
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joining the substrate, optical layers and the lid in the microfluidic
systems.

• Thermal bonding of polymer structures, including roll lamination
of foil onto substrates.

• Laser bonding of two polymer layers, including transparent on
black, and transparent on transparent with a particle doped spin
coating.

• Thermal treatment of waveguides to improve the surface roughness
and lower the propagation loss.

The fabrication methods have been characterised, and have been
optimised to minimise parameters like fabrication time, surface roughness
and interface bonding strength.

Using these fabrication methods, microfluidic structures have been
produced. Also, optical waveguides have been produced, exploiting the
difference in refractive index of different Topas grades. Finally, optical
absorption measurements have been carried out in a microfluidic system
with integrated waveguides.

A demonstrator capable of distinguishing between liquids with dif-
ferent refractive index – in our case water and a saturated solution of
sugar in water – was produced using all of the techniques developed
during the studies, and drawing from the knowledge about waveguides
in Topas obtained in the experiments mentioned above.

Finally, in a collaboration with IMTEK in Freiburg, Germany, an
optical detection principle was developed. Using the principle of total
internal reflection of a laser beam incident on a fluidic channel, detection
of air bubbles is possible. The principle was used on a rotating platform
as well as on non-moving systems.
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Resumé

Brugen af polymerer i mikrofluid-systemer, eller s̊akaldte ’lab-on-a-chip’-
systemer, er steget i de seneste år. Silicium, som normalt benyttes til
fremstilling af disse systemer, er inkompatibelt med for eksempel blod og
stærke kemikalier, hvorimod mange polymerer har de ønskede egenskaber.
Flere standard-polymerer, for eksempel poly(methyl-methacrylat) og
polydimethylsiloxan, er blevet undersøgt, men ogs̊a nye polymertyper
med bedre optiske eller kemiske egenskaber er dukket op i mikrofluid-
forskningen.

Lab-on-a-chip-systemer integrerer væskeh̊andtering og målinger p̊a
samme chip, og b̊ade optiske og elektroniske komponenter kan integreres.
I mikrosystemer i polymer kan optiske bølgeledere integreres ved at
strukturere polymerer med forskelligt brydningsindeks.

Denne afhandling omhandler aspekter af prototyping og fabrikation
af mikrofluid-systemer i polymerer, hovedsageligt i den cyclisk olefine
copolymer Topas. Denne relativt nye polymer er modstandsdygtig over
for mange kemikalier, blandt andet stærke syrer. Dette gør den egnet i
mikrofluid-systemer til for eksempel langtidsm̊alinger af spildevand. Et
højt brydningsindex og andre gode optiske egenskaber gør Topas velegnet
til integrerede optiske komponenter i mikrofluid-systemer. Desuden kan
glasovergangstemperaturen ændres, hvilket er en fordel ved fabrikation
af systemer fremstillet i en enkelt type polymer.

I løbet af projektet er eksisterende fabrikationsmetoder blevet tilpas-
set og optimeret til brug p̊a Topas, s̊aledes at der nu er et antal fabrika-
tionsmetoder tilgængelige.

iv
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Disse metoder inkluderer:

• Mikrofræsning af væskekanaler og optiske bølgeledere med dimen-
sioner ned til 25 µm.

• Spin coating af polymer-lag p̊a polymer-substrater med lagtykkelser
far 100 nm til 20µm. Det spin coatede lag bruges som lim til at
sammenføje substrat, optiske lag og l̊ag i mikrofluid-systemerne.

• Termisk bonding af polymer-strukturer, blandt andet rulle-laminering
af folier p̊a substrater.

• Laser bonding af to polymerer, blandt andet transparent p̊a sort,
og transparent p̊a transparent med et spin coated lag partikler.

• Termisk efterbehandling af bølgeledere for at forbedre overfladeruhe-
den og formindske transmissionstabet.

Fremstillingsmetoderne er blevet karakteriseret, og er blevet opti-
meret for at minimere for eksempel fabrikationstid, overfladeruhed og
maksimere eksempelvis bonding-styrke.

Mikrofluid-strukturer er blevet fremstillet ved hjælp af disse metoder.
Ligeledes er optiske bølgeledere blevet fremstillet ved at udnytte forskellen
i brydningsindeks mellem forskellige typer Topas. Endvidere er der lavet
optiske absorptionsmålinger i et mikrofluid-system med integrerede
bøgeledere.

Endelig blev en demonstrator fremstillet med de ovenst̊aende metoder,
og med brug af den opbyggede viden om bølgeleder i Topas. Demonstra-
toren er i stand til at skelne mellem væsker med forskelligt brydnings-
indeks, i dette tilfælde vand og en mættet sukkeropløsning.

I samarbejde med IMTEK i Freiburg, Tyskland, er et optisk detek-
tionsprincip blevet udviklet. Ved hjælp af total intern reflektion kan
en laserstr̊ale detektere luftbobler i en mikrofluid-kanal. Detektions-
princippet er blevet testet b̊ade i roterende og i stationære systemer.
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Chapter 1

Introduction

In the last two decades the field of microfluidics and its applications
have developed at an incredible pace. From the birth of the micro
total analysis or µTAS concept in 1990 [1], to the status at present, a
tremendous advance has been achieved in the field.

Several factors were important in the creation of the µTAS field. In
macroscopic chemical analysis, a chemical sample typically undergoes
many different processes, such as sampling, filtering, reaction, and
separation. The risk of loss and of contamination from the outside world
increases for each step, along with the processing time. The time factor
was also a problem when treating a large number of samples. Methods
to automatise and parallelise sample treatment were requested as a
solution to these problems.

Flow injection analysis was invented in the mid-1970s by Ruzicka
and Hansen [2]. This continuous-flow method for chemical analysis
was an important step for the process of miniaturising and automating
analytical chemistry.

In the 1980s, the total analysis system, or TAS was conceived. The
integration of all necessary processes in a single device would make the
equipment bulky, and attempts to miniaturise the device were a natural
consequence, leading to the coining of the µTAS concept.

Soon, the term lab-on-a-chip emerged as a consequence of the fact
that more than just chemical analysis could be made in such systems.
Also, chemical and bio-chemical processes like synthesis and cell-culturing
could potentially be made in such systems.

Initially, most of the research on miniaturising chemical analysis
was carried out in silicon based systems. This was caused by the fact

1
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that well-established methods were available from the semiconductor
industry, where the miniaturisation of integrated circuits had been an
ongoing process since the 1970s. In the last decade, however, alternative
materials have been entering the µTAS scene, since both the cost and
the lack of compatibility with many analytes and chemical environments
make silicon a poor material choice. The interest in polymers has
increased considerably, since a large variety of polymers with a diversity
of properties (chemical, optical, mechanical etc.) is available at a
cost considerably lower than that of silicon. Also for industrial scale
production, polymers are processable with traditional low-cost methods
like injection molding, which are orders of magnitude cheaper than the
clean room processes used when making silicon structures.

The ongoing miniaturisation in consumer electronics further increases
the urge to miniaturise simple analytical systems for a number of rea-
sons. An increased focus on and demand for the so-called point-of-care
testing systems has evolved in recent years. Medical treatment can be
improved if samples can be taken and analysed on-site, rather than
taken to a laboratory. Since the computing power necessary for mak-
ing even advanced data analysis is present today in a standard laptop
computer, or even in embedded systems in hand-held analytical devices,
the drive to similarly miniaturise the fluidic parts of a system is present.
Miniaturising also decreases the amount of analyte and reagents needed
to perform a given analysis, thus reducing the cost and environmental
effects when disposing of the sample.

1.1 Downscaling

The question that one inevitably poses when looking at the rapid and
constant miniaturisation of microfluidic systems, is: “When is it going
to end?”

A number of very simple practical matters set limits in many areas
of the miniaturisation. The dimensions of the human hand has set a
limitation to the shrinking size of e.g. cellular phones, since the buttons
must have a size comparable to the fingertip of the user for the device
to work as intended.

In microfluidics, many applications can theoretically be downscaled
to nanofluidics, looking at transport of single water molecules through
carbon nanotubes, or similar. Here, the limit to the downscaling is the
molecular scale. For many medical applications, however, the limiting
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1.1 Downscaling 3

Figure 1.1: Scaling of various parameters with the length scale d in a microfluidic
system. A concentration c = 1 nM of the substance to be detected, is assumed,
along with a diffusion coefficient D = 10−5 cm2 s−1. At the length scale of 1 µm,
the reaction volume is 1 femtoliter (1 µm3), which (statistically) contains one single
molecule. The diffusion time is in the order of a millisecond, and the packaging density
of the system is 100 million devices per square centimeter. The length scale best
suited for microfluidic devices is ∼10 – 100 µm, since enough molecules are present to
yield good statistics and signal, and diffusion time is still acceptable, in the order of
10 seconds. Finally, some 10,000 devices per cm2 can still be fitted onto a system.
From [3], adapted from [4].

factor is the size of e.g. human cells, which are in the order of 1 µm in
diameter. Making microfluidic channels smaller than the objects to pass
through them would not be meaningful.

Figure 1.1 shows the scaling of various parameters as a function of
the length scale of the microfluidic system. One can assume a systems
with a concentration of 1 nM of the substance to be detected, and a
diffusion constant D = 10−5 cm2/s, which are typical values for small
molecules, like sugar, in blood. Looking at a cube of 1 mm3 or 1 µl of
liquid, the number of molecules in this volume would be in the order of
one billion. In the other end of the graph, a 1 µm3 cube, with a volume
of 1 femtoliter, or 10−15 l, would – statistically – contain only one single
molecule of the substance to be detected. This single molecule might
even be lost in previous steps, so it is evident that the statistics are
too poor to perform any reliable analysis. Also, the signal of a single
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4 Introduction

molecule in the detector might easily be lost in the noise of the detector
electronics.

The time plotted on the graph is the time it takes for a molecules
to diffuse the given distance. This time is important, since the analysis
result is not reliable, if the concentration unintentionally changes e.g.
from the one side of a channel to the other, due to lack of time for the
molecules to diffuse, and reach an equilibrium concentration throughout
the entire channel width. It is seen that a molecule can diffuse 1 µm in
1 ms, and that diffusion on the largest scale in the graph, 1 mm, takes
in the order of 500 s or 8 minutes.

The optimal size of a microfluidic total analysis system is therefore
determined by a volume big enough to yield statistically correct results,
and with a number of molecules large enough to be detected by the
detector system available, but small enough to make diffusion time,
and thereby the time it takes to perform the analysis, short. Also, the
shrinking of the system allows parallelisation of the analysis, since more
units can be packaged into a given area. By comparing and evaluating
the parameters listed above, the optimal system size can be found for a
given application.

Furthermore, the optimal size for microfluidic systems is also de-
termined by the manufacturing processes. Limits in terms of e.g. size,
accuracy, and cost also influence heavily on the structure size in com-
mercially available systems.

Altogether, system dimensions between 10 and 100 µm seem to be
the best compromise between the factors of Fig. 1.1.

1.2 Prototyping of microfluidic systems

The scope of the work presented in the present thesis has been to
investigate, adapt and improve existing direct prototyping methods for
use with the polymer Topas.

Progress in metallurgy and material science in the last decade has
made miniaturisation of traditional end mills down to 5µm possible.
Using high precision step motors for positioning of high speed air turbines,
micro milling has become a viable method for manufacturing small
quantities of structures with feature sizes down to the micrometer range.

For prototyping of e.g. microfluidic systems, this method has proven
to be an alternative to standard clean room processes, due to its low
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1.2 Prototyping of microfluidic systems 5

equipment costs – typically in the 10,000e range – and the short pro-
duction time.

For many microfluidic systems, a channel width and depth of 100 –
200µm is fully sufficient, and is a reasonable compromise between
miniaturisation and the yield and limits of the prototyping methods.

The limitations of micro milling lie in the serial nature of the manu-
facturing method, which impedes large-scale production, and in the
accuracy and surface roughness of the finished structures. As shown in
the present thesis, methods like thermal treatment, to solve or minimise
these problems, exist.
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Chapter 2

Theoretical aspects –
microfluidics and optics

2.1 Introduction

Prototyping of microfluidic system is in many ways a cross-disciplinary
field. Knowledge about physics like fluid dynamics, optics, and solid
state physics is required, along with chemistry – for instance knowledge
about polymers and solvents – and engineering.

While the design of prototypes and the development and refinement
of manufacturing methods is often based on a combination of previous
knowledge combined with intuition and a trial-and-error approach, it is
still crucial to recognise the underlying physical principles and theories
in play in the systems.

Several theoretical issues must be considered when designing and
manufacturing a microfluidic system with integrated optical waveguides.
If chemical reactions, separation, and/or mixing are to take place, it is
vital that the liquid is properly mixed or separated when measurements
are carried out. If, e.g., a liquid is not sufficiently well mixed when an
absorbance or fluorescence measurement is carried out, erroneous results
are likely to occur, since one might measure a more or less diluted part
of the liquid.

When designing a microfluidic network, care must be taken to ensure
that the fluid is led through the system in the proper manner. If the
cross section of the microfluidic channel is suddenly increased, e.g. by
going from a channel to a larger reservoir, the drop in the pressure may
generate bubbles in the system. Also, geometrical considerations are

7
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8 Theoretical aspects – microfluidics and optics

important when trying to avoid bubbles stuck in the system, or regions
in the liquid, where recirculation takes place.

If channels are split or joined the dimensions of the branches must
be matched so that the right amount of liquid is lead to or from the
right branches, and if a part of the liquid contains e.g. particles that
are supposed to diffuse into the entire liquid, the channel width must be
small enough to allow the diffusion to take place within the length of
the channel.

These design rules and other similar ones are taken into consideration,
even when designing relatively simple structures, sometimes just as an
intuitive part of the process, but sometimes also through simulations. In
this manner, the properties of the structures can be tested and verified.

Similarly, for the optical parts of microfluidic system, one must
recognise the underlying principles governing the system behaviour.
Only then can one fully understand the possibilities and limitations of
the given system.

In the following section, the fluidic and optical basics, and the most
important principles employed in the polymer microfluidic systems will
be presented.

2.2 Fluidics and microfluidics

The downscaling of systems used for transporting and analysing fluids
influences the behaviour of such systems. When designing these fluidic
networks, the scaling of relevant parameters will give an indication of
whether the system will work as desired. Some physical properties
change rapidly when miniaturised, and sometimes in a not so intuitive
way. Therefore, knowing the theoretical framework, and using it when
designing systems is important.

When designing complex systems, the use of computational fluid
dynamics (CFD) is an indispensable tool. Today, numerically solving the
Navier-Stokes equations has become more accessible through software like
ANSYS or COMSOL1, with special packages aimed at e.g. microfluidics.
Also, the use of new methods like topology optimisation for solving
microfluidic problems [5], is an effective way of improving the design of
miniaturised systems.

For simpler systems, however, it is often sufficient to make an estimate
of the key parameters to dimension the system. The parameters to keep

1Until recently, this multiphysics software was know as FEMLAB.
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2.2 Fluidics and microfluidics 9

in mind are listed below, with brief comments on the importance and
influence on microfluidic flows.

• Viscosity. The first parameter to be introduced is the viscosity
η,which is a measure of the internal friction in a liquid. It is defined
as the ratio between the shear stress and the shear rate:

η =
F/A

dv/dy
(2.1)

where F is the applied force, A is the area on which the force is
applied, and dv/dy is the velocity gradient perpendicular to the
shear direction.

The viscosity is usually temperature dependent. Often viscosity
is independent of the applied shear stress, like in the case of e.g.
water. These liquids are called Newtonian. In non-Newtonian
liquids the viscosity changes with the shear stress. Examples of
such liquids are shampoo and paint, which are shear-thinning, or
a mixture of corn starch and water, which is shear-thickening.

• Reynolds number. The second important parameter of a liquid
flow is the dimension-less Reynolds number Re. Is is defined as
the ratio of the inertial forces to the viscous forces, and is defined
as

Re =
ρdv

η
(2.2)

where ρ is the density, d is a length scale of the system (for mi-
crofluidic channels typically the channel cross sectional dimension),
and v is the flow velocity. If the inertial forces dominate, the
Reynolds number is high, and the flow is said to be turbulent. In
this regime, the behavior of the flow is chaotic and stochastic,
meaning that a complete description is difficult, and possible only
on a statistical scale.

If the viscous forces dominate, the Reynolds number is low, and the
flow is called laminar. Streamlines of the flow are regular and can
(mostly) be calculated. Empirical observations (in macroscopic
systems) have yielded a Re value of ∼2000 – 3000 as the transition
between the two flow regimes.
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10 Theoretical aspects – microfluidics and optics

For a typical microfluidic channel filled with water, and with a
cross sectional dimension of 100 µm and a flow speed of 1 cm/s,
the Reynolds number is ∼1 at room temperature. The flow in
microfluidic channels is hence normally highly laminar. To raise
the Reynolds number to the turbulent regime, a fluid velocity of
20 m/s would be needed. This would require a pressure difference
which would probably destroy the system.

• Diffusion. Often, multiple fluids or multiple concentrations of the
same fluid are found in a microfluidic system. As time passes, dif-
fusion will minimize gradients in e.g. concentration, and smoothen
out differences, so that an equilibrium is reached. This equilib-
rium can be a desired effect, for instance if the concentration of a
substance is measured. On the other hand, if the device is sorting
particles by lamination of different fluid layers, the desired state of
the system is as far from equilibrium as possible. The statistical
movement of a single molecule in a liquid is described by the
Einstein–Smoluchowski relation:

x =
√

2Dt ⇔ t =
x2

2D
(2.3)

where x is the distance, D is the diffusion constant, and t is the
time. The diffusion constant depends on the molecular size, and of
the temperature, so that small molecules diffuse faster than large
ones, and the diffusion increases with the temperature.

• Péclet number. The dimension-less Péclet number Pe is defined
as the ratio of mass transport due to directed flow, such as that
caused by a pressure gradient, to mass transport due to diffusion.
It is given by the expression

Pe =
vd

D
(2.4)

where v is the flow velocity, and d is a characteristic length, typi-
cally the channel width. By calculating the Péclet number, one can
estimate whether the directed flow will dominate over the diffusion,
or vice versa. This is important e.g. in separation processes, where
a flow is split in a part with particles and a part without. If
diffusion is too high, or the flow speed is too low, particles would
end up in both parts.
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2.2.1 Mixing in microfluidics

Controlling the behaviour of the fluid in microfluidic systems includes
controlling mixing of different parts of the fluid. If the mixing of a given
system is not understood or well controlled, concentration measurements
might be erroneous, or separation of e.g. particles in a flow might not
work as expected.

As shown above, microfluidics have low Reynolds numbers, so that
turbulence in the system is excluded. The absence of turbulence, like
when e.g. a cocktail is shaken, makes mixing in the system difficult,
since the fluctuations in the fluid particle velocities, which are needed
for turbulent mixing, are largely missing.

As shown in Fig. 1.1, diffusion alone will only be sufficient for systems
with dimensions below a certain scale, typically some 10-100µm, if a
complete mixing of the liquid is to take place within a reasonable time
frame, that is in the order of seconds. For larger systems, with channel
widths of e.g. one millimeter, diffusion time rises to many minutes,
which would be too long for many point-of-care systems, and longer
than when using existing, macroscopic methods.

In order to mix a system efficiently, the different parts of the fluid
must be rearranged. If turbulence is not achievable, as in the case of
microfluidics, the fluid parts can be moved by methods like chaotic
advection [6], where a liquid is mixed by repeatedly laminating and
folding layers of e.g. high and low concentration. In this manner, the
diffusion distance is radically reduced to the order of the single layer
thickness.

The stirring mechanisms used in macro-scale lamination processes can
often only be downscaled with great difficulty to be used in microfluidic
systems. Therefore, other ways of moving liquids on this scale have been
found. Mixing in the systems can be made either actively or passively. A
number of elegant and effective solutions have emerged in the last decade,
like the passive stacked herring-bone mixer [7, 8], where ripples split
and force the flow to spiral, yielding the laminated structure. Recently,
Hardt et al. have made a review of passive micromixers [9].

Active devices like the cross-channel mixer [10, 11] have appeared
in microfluidics, too. Here, the interface of a two-layer fluid stream is
chaotically folded and stretched by a perpendicular oscillatory motion.

The benefit of active mixers is the ability to continually tune the
system to achieve optimal mixing for a variety of flow velocities. For
passive mixers, the mixing efficiency is often constrained to a limited
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12 Theoretical aspects – microfluidics and optics

range in the parameter space. Contrary to the active mixers, however,
no external control or actuation is needed.

2.3 Waveguide optics

In the last couple of decades, the continuing progress in optical wave-
guides research has become a key element in the development of our
present society. Today, optical fibres around the world transport tera-
bytes of information every second between all kinds of communication
devices – computers, phones, faxes, radio and television, often from
continent to continent. All the optical fibres rely on the principle of total
internal reflection, where light propagates inside a dielectric material
with a refractive index n1 surrounded by material with lower refractive
index n2. Typically, optical fibres are made from glass, and the difference
in refractive index between the core, in which the light propagates, and
the cladding, is very small.

Contrary to fibre optics, where the waveguide profile is concentric
circles, with the cladding surrounding the core, the waveguides applied
in microfluidics (and in other microsystems, for that sake) mostly have
a rectangular cross section. Two examples of typical microsystems
waveguides are shown in Fig. 2.1, along with an optical fibre.

Figure 2.1: Different optical waveguides. Left: An optical fibre. The high refractive
index core is surrounded by a cladding with slightly lower refractive index. Middle:
Slab or strip waveguide. The core is placed on a substrate with lower refractive index.
Right: Embedded strip waveguide. The core is buried in the surrounding material.

The cross sectional dimension of a waveguide determines its proper-
ties. Typical fibres used for optical communication have a core diameter
of 8–10µm, and use the near infrared part of the spectrum. Since the
diameter of the core is only a few times larger than the wavelength of
the transmitted light, propagation can not be described by ray optics.
Instead, the structure must be analysed using electromagnetic wave
theory, solving Maxwell’s equations. The small size also restricts the
propagation, so only one or a few electromagnetical modes can propagate
in the structure [12].
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2.3 Waveguide optics 13

For waveguides with a cross section larger than 10 µm the propagation
can be treated using ray optics. Also, a larger number of modes is allowed
simultaneously in the fibre. The waveguides treated in this thesis have
cross sectional dimensions in the 100–200µm range, and are thereby
clearly multi-mode fibres.

2.3.1 Snell’s law

When a beam of light travels from one medium to another with different
refractive index, the light is refracted according to Snell’s law:

n1 sin(θ1) = n2 sin(θ2) (2.5)

where n1 and n2 are the refractive indices of the first and second material,
respectively, and θ1 is the incoming, and θ2 the outgoing angle with
respect to the normal of the interface between the two materials.

When moving from a dense to a less dense medium, meaning that
n1 > n2, it is readily seen that no solution exists to the equation when
θ1 exceeds a critical angle θc defined by

θc = arcsin
n2

n1
(2.6)

θ
2 θ

1

n
2

n
1

Figure 2.2: The principle of total inter-
nal reflection. A light beam incident on
an interface between a medium of refrac-
tive index n1 and a medium of refractive
index n2 < n1, and entering at an an-
gle θ1 smaller than a critical angle θc is
partly refracted and partly reflected. If
the incident angle exceeds the critical an-
gle, no light is refracted. Instead, total
internal reflection occurs.

As illustrated in Fig. 2.2 a beam incident at an angle θ1 < θc the
beam is partly reflected, and partly refracted at the interface. The larger
the incident angle, the larger the part of the light which is reflected. For
a beam entering at an angle θ2 > θc, no light is refracted. Instead all
light undergoes total internal reflection.
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14 Theoretical aspects – microfluidics and optics

2.3.2 Planar waveguides

The planar waveguide principle shown in Fig. 2.3 is simple: If a ray of
light enters the waveguide with an angle larger than the critical angle
θc, the ray will be reflected, and remain in the waveguide. The ray will
propagate, since the incident angle is the same for every reflection, as
long as the waveguide is straight. The ray entering at an angle θ2 smaller
than the critical angle will be partly refracted out of the waveguide, and
partly reflected. The refraction continues at the next point, meaning
that the signal will rapidly decay.

n
2

n
1

θ
1

θ
2

Figure 2.3: The principle of waveguiding in a planar waveguide. The ray entering at
an angle θ1 larger than the critical angle θc undergo total internal reflection, while the
ray entering with an angle θ2 < θc is refracted out of the waveguide. The numerical
aperture NA of the optical fibre coupling the light into the waveguide must be smaller
than that of the waveguide, if light is not to be coupled out at the interface.

For coupling the light in and out of the waveguides, the angle of
the incident ray can not exceed the critical angle. For standard optical
fibres with a numerical aperture NA = 0.22, this yields an exit cone
angle θe of 12.7°, since

NA = n sin θe (2.7)

where n = 1 is the refractive index of air. For the step index waveguide,
the numerical aperture can be defined as a function of the refractive
indices of the core n1 and the cladding n2, respectively:

NA =
√

n 2
1 − n 2

2 (2.8)

As shown in Chapter 5, the critical angle of the Topas system is in
the order of 85°, yielding an acceptance angle of only 5°. This means
that part of the light from the optical fibre is always coupled out of the
system, when butt-coupling standard optical fibres to the waveguides.
The system can be optimised, so that the numeric aperture of fibre
and waveguide match, but this requires a change in the refractive index
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2.3 Waveguide optics 15

of one of the two. An other way of minimising the problem is by
designing waveguide with tapered ends, so that the light is guided into
the structure.

2.3.3 Waveguide bends

Light can propagate in a waveguide for long distances with very limited
loss – for optical fibres the losses are typically measured in dB/km. The
loss will, however, increase if the waveguide changes dimension, e.g. in
the form of a bend. Since the incident angle will no longer be the same
on both sides of the waveguide, the ray could eventually hit the sidewall
at an angle smaller than the critical angle, meaning that it would be
partially refracted out of the waveguide. The loss depends on the ratio
between the radius of the bend R and the half-width ρ of the waveguide.
In practice, the optical losses from a bend are negligible when R/ρ > 103.
For details, the reader is referred to e.g. [12].

n1

n2

R

ρ

Figure 2.4: Planar waveguide bend. The incident angle of the rays on the sidewalls
change because of the bend geometry, meaning that the rays at some point could
have an incident angle below the critical angle. This will lead to refraction out of the
waveguide. In a planar waveguide bend, the ratio between the radius R of the bend
and the half-width of the waveguide ρ is the main determinant of the optical loss in
the bend. In practice, for R/ρ > 103 the losses are negligible. Adapted from [13].

2.3.4 Tapered waveguides

Waveguides can be tapered at the entry to facilitate coupling of the light
into the structure. This can be an advantage in two cases, namely if
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16 Theoretical aspects – microfluidics and optics

the dimensions of the light source is so large that the light needs to be
‘funneled’ into the waveguide, or if the alignment of the light source is
difficult, meaning that a larger acceptance in angle and position of the
source is needed.

When designing a tapered structure for a given application, ray
tracing can be used to ensure that the light is led into the waveguide
from a given initial position. When considering a linear taper, as shown
in Fig. 2.5, it is seen that the incident angle on the sidewalls increase for
every reflection. If the taper is not designed in the proper manner, after
a given number of reflections the incoming angle will no longer exceed
the critical angle θc, and light will be coupled out of the waveguide.

One can consider a beam entering the taper with an angle θ0. The
taper has the length L, a half-width ρ0 at the entry, and a half-width
ρ at the exit. For small taper angles Ω, the minimum length L of the
taper can be approximated:

Lmin '
(ρ0 − ρ)2

θcρ− θ0ρ0
(2.9)

ρ0

Ω

n1

n2

L

ρ

θ0

Figure 2.5: Waveguide taper. The ray of light is coupled into the tapered waveguide
with refractive index n1, surrounded by material with refractive index n2. The side
walls of the taper with length L converge at an angle Ω. The initial width is ρ0, while
the width of the continuing waveguide is ρ. It is seen how the incoming angle of the
ray on the sidewalls increase for every reflection. Adapted from [13].
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2.3.5 Theory and practice

When working with prototyping methods such as micro milling, it
relatively quickly becomes clear that even though all design rules have
been followed, and that all the relevant calculations presented in this
section have been made, the success of an experiment depends on other
things.

In reality, the optical losses stemming from surface roughness of the
milled surfaces, random facets due to poor handling of the device and
small deviations from e.g. parallel top and bottom of the waveguide, are
far more significant than the theoretical losses which is predicted by the
formulas.

Of course, the point is that one should be aware of these principles
and “good prototyping” rules, but at the same time should expect that
the optical losses in the system are caused by other factors. When
designing systems, one should not be afraid of deviating a bit from the
principles, since optimising the manufacturing process rather than the
theoretical framework will probably yield larger improvements in the
results.

Only when the micro manufacturing methods have improved suffi-
ciently, and e.g. surface roughness can be minimised, so that optical
surfaces with an average roughness below some 50 nm can be micro
milled, the theoretical aspects will become an equally important factor
in the design of systems intended for prototyping.

2.4 Optical measurements in microfluidics

A variety of methods exist in analytical chemistry and biochemistry for
detecting whether a given substance is present in a sample, and if so, in
which quantity. Advanced, sensitive and often expensive methods, such
as nuclear magnetic resonance (NMR), and mass spectroscopy (MS),
are constantly developed and refined, and incorporate a broad range of
methods ranging from physics over chemistry to biochemistry.

Among the most commonly used methods in chemical and biochemi-
cal measurements is a group of detection schemes all including optical
sensing. It is estimated that as much as 80% of all chemical concentra-
tion measurements are carried out using these methods [14]. The optical
methods include fluorescence and phosphorescence measurements, and
evanescent-wave sensing. The most commonly used optical method,



i
i

“main” — 2007/1/8 — 19:40 — page 18 — #34 i
i

i
i

i
i

18 Theoretical aspects – microfluidics and optics

I0

I

b

c,ε

Figure 2.6: The working principle of an
optical cuvette. Light with an intensity
I0 is sent through the optical cuvette, con-
taining a solution of the substance with a
molar absorptivity ε and a concentration
c. The light exits on the other side with
an intensity I.

however, is the absorption detection which is carried out in order to
determine the concentration of a substance in a solution. An optical
cuvette is used, as shown in Fig. 2.6. Light from a laser or from a
broadband light source, with intensity I0 is sent through a transparent
container with an optical length b, and filled with the analyte, or a
dilution of it. The solution has a concentration c and the substance has
a molar absorptivity ε.

On the other side, the outgoing light, now with an intensity I, is
captured by an apparatus capable of measuring the intensity of the light,
typically a photodiode, a photomultiplier tube (PMT), or a spectrometer.

The ratio between the incoming and the outgoing intensity is called
the transmittance T, and is defined as

T =
I

I0
(2.10)

The absorbance A is calculated using the relation:

A = −log(T ) = −log
I

I0
(2.11)

When working with optical losses in decibel, or dB, it is useful to
remember the definition:

IdB = 10 log

(
I

I0

)
(2.12)

For comparison with the absorbance A, the factor 10 must be recalled.
Based on the loss in intensity, one can calculate the concentration of

a given solution using the empirical Lambert-Beer law :

A = εbc (2.13)

where A is the absorbance, ε is the molar absorptivity of the substance,
b is the distance, and c is the concentration.
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In practice, to determine the concentration of a given substance in
a sample, different pre-treatment steps like filtering, aliquoting, and
chemical reactions are made, so that one is certain that the readout
from the instrument really stems from the substance, and that it is not
altered by the presence of other substances.

Furthermore, one needs a reference measurement - typically a sample
of the solvent (e.g. water or ethanol) alone, and one or several with
known concentrations of the substance.

In microfluidic systems the reference can be solved in the same ways
as when using macroscopic instruments. Either the same optical cuvette
can measure the references and the samples sequentially, or the system
can be parallelised, so that multiple structures measure on the sample
and references simultaneously.

An elegant, commercially available example of applied optical spec-
troscopy is the Radiometer NPT7 blood gas analyzer [15]. Several values,
like pH and pCO2, are measured on a desktop sized device using single-
use polymer cartridges with integrated optical cuvettes. By making one
side of the cuvettes flexible, several hundred optical measurements in
the infrared part of the spectrum can be made with different absorption
lengths, meaning that the optical loss from the system can be separated
from the loss stemming from the sample. In this manner, no reference
measurements or calibration are needed.

2.4.1 Planar microfluidics

Most microfluidic systems today are two-dimensional or 2.5-dimensional,
which roughly means that the structure can be manufactured from
one side using e.g. clean room processing or micro milling. If more
complicated three-dimensional structures are needed, they are usually
fabricated by stacking layers of 2.5-dimensional structures. For many
applications, the use of systems with a single, fixed channel depth for
the entire system, is sufficient.

Several methods for integrating optical detection in microfluidics
exist. The microfluidic system can either be inserted in a macroscopic
setup, where a light source shines light through a cuvette perpendicular
to the microfluidic substrate. The light is then detected by e.g. a
spectrometer on the other side. Using this approach, the length of
the optical cuvette is defined by the thickness of the substrate, and is
therefore relatively short – typically in the order of 1 mm. By coupling
light into the plane of the substrate, the optical path can be prolonged



i
i

“main” — 2007/1/8 — 19:40 — page 20 — #36 i
i

i
i

i
i

20 Theoretical aspects – microfluidics and optics

significantly. This is an advantage, since the relative error in the length
decreases in this manner, and the errors of the measurements thereby
are minimised accordingly.

When the light is to be coupled in and out of the plane, the optical
waveguides are needed. In this manner the external light source and
spectrometer can be coupled to the structure using optical fibres. The
waveguides then connect the optical cuvette, which can be in almost any
place on the substrate, to the edges, which are accessible to the fibres.

Another approach is the integration of the light source and/or de-
tector in the microfluidic system. If the system is silicon-based, light
sources and detectors can be manufactured as a part of the structure [16].
For polymer structures, the sources and detector must be manufactured
separately and placed in the polymer housing. The miniaturisation of
light emitting diodes (LEDs) and photodiodes in recent years has made
the mesoscopic solutions possible, with standard components around
1 mm in size, attached to the microfluidic system.

2.5 Summary

The relatively few and theoretically simple aspects treated in this chapter
are meant as a basis for the practical manufacturing processes presented
in the following chapters. The theory has been applied as a rough
guideline to correct scaling and dimensioning of the systems. When
going beyond the rapid prototyping phase, or when special effects and
features are desired, one should have a more thorough look at the
theoretical aspects of microfluidics and -optics, by employing simulations
and calculations to find the best solutions for a given system.

For rapid prototyping using methods like micro milling, however, the
single most important factor is still the manufacturing itself.
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Chapter 3

Polymer materials
– mainly Topas

3.1 Introduction

When the concept of micro total analysis systems or µTAS was intro-
duced by Manz et al. in 1990 [1], the predominanant materials used
as substrates in the manufacturing of these systems were silicon and
glass. The reason for this was the existence of well-developed methods
for processing these materials, used in microelectronics. Here, methods
like photolithography and wet etching of silicon and glass had been used
and optimised for several decades. Several disadvantages when using
these materials and methods for microfluidic systems became, however,
increasingly evident. This happened with the ongoing commercialisa-
tion of the technology, following the large number of developments and
discoveries triggered by the introduction of the concept [17]. The search
for alternative substrate materials for lab-on-a-chip systems lead to an
increased focus on polymers because of several factors.

3.1.1 Why polymers?

Firstly, the cost of the silicon and glass is up to two orders of magnitude
larger than the cost of substrates in polymers such as poly(methyl
methacrylate)(PMMA) or polycarbonate (PC).

Secondly, the many steps used in silicon processing, such as cleaning,
wet and dry etching, resist coating, and lithographic structuring, are
applied serially to each structure, thus increasing the fabrication time and

21



i
i

“main” — 2007/1/8 — 19:40 — page 22 — #38 i
i

i
i

i
i

22 Polymer materials – mainly Topas

the cost. Also, even though all the processes for silicon processing have
been used in large-scale production, the risk of damaging the structure
increases for each process step the substrate goes through. Furthermore,
many of the processes involve harmful and potentially dangerous wet
chemistry like HF-etching. Using polymer as a substrate material, the
fabrication cost and complexity can be significantly decreased using
processes like injection moulding or hot embossing.

A third limitation to the traditional processing methods are the
geometrical constrictions which are imposed by the structuring methods
available in standard cleanroom processing. Using isotropic chemical
etching, semicircular channels can be manufactured. Dry etching is
anisotropic, and structures with roughly vertical sidewalls can be cre-
ated. However, the exact dimensions are often difficult to control, and
especially structures with several different levels require many process
steps, making fabrication tedious and difficult.

The fourth limitation cited concerns the surface chemistry, where
biomolecules often bond to the substrate. This is not desired in e.g.
continuous flow systems, and can be avoided by surface coatings. This,
however, implies yet another process step.

In review articles, Becker and Gärtner [17], Soper et al. [18] and de
Mello [19] list a number of properties for the ideal substrate material
for microfluidic and analytical systems, and conclude that although no
single polymer offer all the ideal properties, it is almost always possible
to find a suitable polymer for a given application. The properties listed
include:

• Low cost of the material. This issue is even more important in mi-
crofluidics than in e.g. microelectronics, since physical restrictions
in the former make downscaling impossible without performance
loss. A 2 cm long channel used for electrophoresis cannot be fitted
onto a chip shorter than 2 cm on one side without bending the
channel, and thereby decreasing the performance and the resolu-
tion of the system. Also compatibility with e.g. pipetting robots
when working with microtiter plates could be an issue.

• Appropriate electrical and thermal properties for the system. This
is important especially in systems where electrophoresis is applied.
The material must be able to withstand large electrical fields and
to dissipate the Joule heat generated in the system.
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3.2 Polymer types 23

• Compatibility with the biological chemical substances introduced
in the system, so that the system is not affected by the substances
or vice versa.

• Good machinability by methods such as laser ablation (infrared,
ultraviolet or X-ray) or micro milling, and applicable to mass
replication methods.

• Good optical properties, including transparency in the visible,
infrared and ultraviolet parts of the electromagnetic spectrum, so
that the system can be monitored from the outside. Also, the
autofluorescence of the polymer should be limited, so that the
polymer does not interfere with the light used in measurements.

• Surface modification options, so that the chemical and physical
properties of the polymer can be tailored to match the needs of
specific processes and systems.

The polymers used in microfluidic today all posses several of the proper-
ties listed above, but differ in their characteristics, such as absorption
spectrum and chemical resistance. A few of the most commonly used
polymers are compared in section 3.4.2.

Development of polymer types with specific properties, which are
tailored for specific applications in microfluidics is not common. Con-
trary to industrial scale production of macroscopic objects, the polymer
quantities needed for making even millions of microfluidic structures is
in the order of a few tons. This is by no means enough for a manufac-
turer to cover development costs, so polymers with specific features and
qualities are typically still initially produced with other applications in
mind, and then at a later point introduced in µTAS and microfluidics.

3.2 Polymer types

It is beyond the scope of this thesis to make a general introduction to
polymers and to go into details with subjects such as polymerisation and
polymer chemistry. The reader is referred to e.g. [20]. However, a few
remarks on key concepts relevant for microfluidic systems are presented
in this section.
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Traditionally, polymers are divided into three categories according to
their molecular structure, namely thermoplastics which can be crystalline
or non-crystalline (amorphous), elastomers also known as rubbers, and
thermosets.

3.2.1 Thermoplastics

Thermoplastics such as PMMA, PC, polystyrene (PS), polyethylene
(PE), and polyvinyl chloride (PVC) are materials that are plastic or
deformable. They melt to a liquid when heated and freeze to a solid,
more brittle state when cooled sufficiently. Most thermoplastics are high
molecular weight polymers whose chains associate through intermolecular
forces such as van der Waals or dipole-dipole forces. As the temperature
is raised, these forces are overcome and the polymer chains slide between
each other in the so-called rubbery state. The temperature at which
the change in state happens, the glass transition temperature Tg, is not
sharply defined like the freezing point for entirely crystalline substances
such as water, but rather the middle of a temperature range at which
the rapid change in the Young’s modulus, or elasticity, of the material
happens. On a molecular level, this is the temperature at which the main
polymer backbone initiates molecular motion. The Tg is controlled by
cross-link density and the stiffness of the structure between cross-links.

Thermoplastics can be amorphous or crystalline, or partly both. If
the latter is the case, a second temperature, the melting temperature Tm

is also significant for the material. At this temperature, all crystalline
parts of the material have melted so only the amorphous part remains,
and the polymer chains become randomly interdispersed. As the tem-
perature increases above Tm, viscosity gradually decreases without any
distinct phase change. Generally, the amorphous parts of a polymer
makes the substance more elastic, while the crystalline parts make it
more stiff.

At temperatures above Tg, thermoplastics can be processed by
methods like injection moulding and hot embossing. The glass transition
temperature can be lowered using low-molecular weight additives, or by
varying the ratio between the different monomers in copolymers. In this
manner, a polymer with specific properties, e.g. chemical resistance or
optical properties, can to a certain extent be altered to meet fabrication
requirements.
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3.2.2 Elastomers

As indicated by the name, elastomers are deformable, elastic polymers.
The polymer chains are weakly crosslinked and can be stretched to high
extensions. Subsequently, the structure can revert to its original shape
because of the elasticity of the material.

Poly(dimethylsiloxane)(PDMS) is by far the most commonly used
elastomer in microfluidics. In the crosslinked version, where a curing
agent is added to a base, it has become popular for rapid prototyp-
ing of microfluidic devices and as a stamp material for microcontact
printing. Also, hot embossing using elastomer moulds has become a
popular method, and has been named soft embossing [21, 22]. PDMS is
remarkable in that it can be cast against a mould to reproduce features
smaller than 100 nm. The surface free energy is low, meaning that casts
release easily from moulds. Furthermore, Young’s modulus is tunable,
which has led to the development of valves and pumps in microdevices
using reversible deformations. A standard grade PDMS like Sylgard
184 from Dow Corning is temperature stable up to 250℃, and is opti-
cally transparent well into the ultraviolet range. Some PDMS types are
resistant to temperatures up to 400℃.

The surface properties of PDMS can be altered using oxygen plasma
treatment, which makes the surface hydrophilic. This treatment also
enhances the adhesion of the surface. PDMS adheres naturally to
surfaces like glass, creating non-permanent bonds which can withstand
lower pressures in e.g. microfluidic channels, while irreversible bonds
are created using plasma treatment.

3.2.3 Thermosets

Thermosetting plastics are polymers that are cured and thereby harden.
The curing happens by adding energy through heat or irradiation, or
by a chemical reactions (e.g. epoxy). This leads to cross-linking of the
polymer chains by covalent bonds. These bonds will not break before
the rest of the polymer chain, contrary to thermoplastics where the
bonds between the chains break around the glass transition temperature,
while the chains remain intact.

In microfluidics, the photoresist SU-8 is an example of a thermoset.
Traditionally, it is used in silicon processing as a mask layer, where UV
exposure through a mask crosslinks the SU-8 in the unmasked areas.
The uncured areas are then removed, and the remaining crosslinked
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26 Polymer materials – mainly Topas

parts are used as masks in the following etching of the silicon layer
beneath.

In recent years, SU-8 has been used directly for microfluidic channels
and optical waveguides using multiple layers to create more complex
geometries, and for closing channels [23]. Also, sensors like cantilevers
have been fabricated in SU-8 [24].

3.3 Polymers in microfluidics

An ever-increasing number of polymers of all the three types listed above
are being used in prototyping and manufacturing of microfluidic systems.
The requirements, such as structural stability, chemical resistance, or
optical transparency, for a specific application, will limit the number of
polymers which are applicable in the given situation. A small number
of well-known, cheap and readily available polymer materials are used
in a large number of applications, especially in the prototyping phase.
The advantage of using these polymers is evident: Due to the extensive
documentation and experience, processing of theses polymers is less
time-consuming than working with less known polymers. For a detailed
comparison of these polymers, the reader is referred to [25].

These commonly used polymers include PMMA, which is typically
used in all-polymer-systems, where the entire system is made in the
same material. Also PDMS is widely used [26–29], due to its excellent
properties in the many areas listed above. PDMS systems, however, are
often bonded on top of e.g. glass substrates due to its lack of structural
stability.

3.4 Cyclic Olefin Copolymer (COC)/Topas

A considerable part of this thesis is centered around the cyclic olefin
copolymer Topas, which is a registered trademark of, and manufactured
by, Topas Advanced Polymers GmbH [30]. The reason for this fact is
that Topas possesses many properties which are potentially useful in
prototyping and manufacturing of microfluidic and lab-on-a-chip systems.
In this section these properties will be presented, and a comparison with
standard polymers like PMMA will be made.

Topas is an acronym for Thermoplastic Olefin Polymer of Amorphous
Structure, which is quite descriptive of the polymer in question, since
Topas is an amorphous thermoplastic containing an olefin monomer (a
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monomer with a double carbon-carbon bond, also known as alkene), in
this case ethylene. Topas belongs among the cyclic olefin copolymers,
which is a relatively new class of thermoplastics with good optical prop-
erties [31]. Apart from Topas, cyclic olefin copolymers are commercially
available from a couple of manufacturers: Zeonex (Nippon Zeon, Japan),
Arton (Japan Synthetic and Rubber, Japan) and Apel (Mitsui, Japan).

Topas is synthesised from ethylene and cyclopentadiene, which com-
bine to form norbonene, one of the two monomers in the copolymer,
the other being ethylene. Polymerisation takes place using metallocene
catalysts [32]. The structure formula of Topas is shown in Fig. 3.1.

Figure 3.1: The structure formula of the cyclic olefin copolymer Topas. The two
monomers are ethylene, left, and norbonene, right. The copolymer is synthesised by
metallocene catalysis.

3.4.1 Glass transition temperature and viscosity

By varying the ratio between the two monomers the glass transition tem-
perature can be varied from around 60℃ to above 160℃. The correlation
between the norbonene content and the glass transition temperature is
shown in Fig. 3.2.

The four-digit data labels are the different grades of Topas numbered
after two characteristic properties: The first two digits indicate the
viscosity number VN which is related to the molecular weight, while
the two last digit is an indication of the heat deflection temperature. An
overview of the most common Topas grades is found in Table 3.1.

The viscosity of the polymer is related to the length of the poly-
mer backbone, so that longer chains will yield a higher viscosity of the
substance. Intuitively, this seems right, since longer chains are more
entangled with each other than shorter ones. The viscosity number indi-
cated in the grade number is also referred to as the reduced viscosity, and
is the ratio of the relative viscosity increment to the mass concentration
of the polymer in a solution. It has the unit of inverse density, ml/g
and is defined as:
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Figure 3.2: The glass transition temperature of different grades of Topas as a
function of the norbonene content. A high norbonene content yields a high Tg.

VN =
1

c( t
t0
− 1)

(3.1)

where c is the concentration of the polymer in the solvent and t and
t0 are the flow times of the solution and the solvent alone, respectively.
For Topas, the viscosity number is measured using a solution of 0.02%
Topas in the solvent decaline at 135℃.

The heat deflection temperature is the temperature at which a
polymer rod of a given size is deflected irrerversibly when applying a
load. Due to different test methods, the heat deflection temperature is
not a well-defined parameter, but rather an indication of the highest
temperature at which an injection molded structure can be removed
from the tool with a deformation within some acceptable limit. The

Table 3.1: Overview of the commercially available grades of Topas, their glass
transition temperature Tg and the refractive index at 633 nm. The (small) difference
in n between grade 8007 and the higher Tg grades is exploited for making waveguides,
as described in Chapter 2.3. Data are taken from [31].

Topas grade 9506 8007 5010 5013 6013 6015 6017

Tg(℃) 65 78 108 134 138 158 178
Refr. index n NA 1.5361 NA 1.5319 NA 1.5320 1.5309



i
i

“main” — 2007/1/8 — 19:40 — page 29 — #45 i
i

i
i

i
i

3.4 Cyclic Olefin Copolymer (COC)/Topas 29

heat transition temperature usually lies some 5 – 10℃ below the glass
transition temperature for a given material. The last two digits of the
Topas grade number relate to the heat deflection temperature in the
manner that the latter is approximately 10 times the two digits, meaning
that Topas grade 5013 has a heat deflection temperature of 130℃.

The viscosity number and the heat deflection temperature are (rough-
ly) independent parameters. As stated above, Tg is changed by altering
the norbonene content, while the viscosity – and thus the molecular
weight – is changed in the polymerisation process, so that the average
molecular length is altered.

3.4.2 Optical properties

Topas has a number of attractive optical features compared to PMMA,
PC and PS. The birefringence is low, especially with high Tg grades,
and it has a moderately high refractive index compared to the other
polymers. The transparency is similar to that of PMMA and superior to
PC and PS in the visible range. In the ultraviolet part of the spectrum,
Topas is more transparent than the other polymers, as seen in Fig. 3.3.
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Figure 3.3: Ultraviolet transmission spectrum of Topas grade 8007 compared to
PMMA, PC, PS and two glass types. At around 260 nm, Topas is still half transparent,
contrary to the other polymer types, which are not transparent. Adapted from [33].
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Figure 3.4: The visible and near infrared spectrum of Topas. A linear transmission
is found in the visible wavelength area. The small decrease in transmission with a
peak near 920 nm is found again in the waveguide measurements. Adapted from [33].

The refractive index of Topas changes with the norbonene content and
the glass transition temperature as seen in Fig. 3.1. Pure polyethylene
has a refractive index n = 1.49 at 633 nm and low Tg Topas grade
8007 has n = 1.5361, while high Tg grades have 1.5309 < n < 1.5320.
This difference in refractive index between the 8007 grade and the other
grades is used in the fabrication of all-Topas multilayer microfluidic
systems with integrated waveguides, as described in chapter 5.

The water absorption of Topas is significantly smaller than for the
other standard polymers, as seen in Table 3.2. This fact is also of
importance when regarding the optical properties of the polymers, since
the deformation of a structure is minimised when the water absorption
is small. In this manner, e.g. lens structures will deviate less from the
original, dry state when exposed to water.

3.4.3 Chemical resistance

As stated earlier, one of the problems in fabrication of microfluidic
systems is the lack of compatibility of the structure with chemicals
used in specific chemical reactions. One such incompatibility is that
between ethanol, which is commonly used as solvent for many substances,
and PMMA. Cracks and opacity in the structure occur within short
time, often leading to fluidic leakages, and making optical measurements
impossible.
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Table 3.2: Comparison of key material properties of Topas grade 5013 to those of
commonly used types of PMMA, PC and PS. It is noted that the density of Topas
is 10-20% lower than that of the other polymers, and that the water absorption is
significantly lower. Data are taken from [31].

Value

Property Topas PMMA PC PS

Refractive index n (589 nm) 1.533 1.491 1.586 1.590
Transmission (%), thickness 3 mm >92 >92 >89 >88
Density (g/cm3) 1.02 1.19 1.2 1.1
Heat deflection temperature

120 85 120 80
(℃) at 18.2 bar
Water absorption (% ) <0.01 0.3 0.15 0.2

One of the reasons for investigating Topas as a microsystems material
candidate was its resistance to a large number of chemicals. Due to its
chemical structure, it is resistant to hydrolysis, acids and alkalis, and to
polar solvents such as methanol and ethanol. Also solvents like acetone
and isopropanol, which are often used for cleaning and in cleanroom
processing, do not attack Topas.

Non-polar solvents like long-chain alkanes (hexane, heptane and
octane) and aromatic compounds like toluene attack Topas and can be
used to dissolve the polymer. Also substances like grease and oil, which
contain long carbon chains, attack Topas if exposed over sufficient time.
In Section 4.4 more details about the use of solvents with Topas can be
found.

The low water absorption is also an important issue when deal-
ing with chemical resistance. So-called memory effects in microfluidic
systems are minimised, when the system absorbs less water. If large
quantities of water remain absorbed in the system after use, concentra-
tion measurements can become less accurate. The concentration of the
initial concentration measurements of some substance diluted in water
will show a higher value, since some water has been absorbed by the
system. Subsequent measurements might then show lower concentration,
if water is released again. Also, some substances might be absorbed by
the polymer structure along with the water, and might then be released
at a later stage, thus yielding erroneous measurements.
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3.4.4 Injection molding and extrusion

Since Topas became commercially available in the late 1990s, new grades
have been developed constantly. The different grades shown in Table 3.1
have sub-grades which are optimised for e.g. film extrusion or injection
molding. Also some grades are optimised for higher UV transparency
or higher optical quality than the standard grades. Even though the
scope of this Ph.D. project has not been injection molding or extrusion,
a number of substrates and films made by these methods have been
used for this project. Using optimised process parameters and polished
molds, optical quality wafers with a thickness of 1-2 mm and a surface
roughness Ra of 10 nm have been produced by Teknologisk Institut with
whom the group has collaborated through the µKAP center contract.

3.5 Resistance of COC to Reactive Ion
Etching

In collaboration with the Lab-on-a-chip-lasers and Nanoimprint Litho-
graphy group of MIC, a number of experiments determining the etch
resistance of Topas to two different reactive ion etch processes, an oxygen
plasma and an anisotropic silicon etch, has been carried out [34].

The investigation, revealing some general properties of Topas, was
made with nanoimprint lithography (NIL) in mind, in order to determine
how suited Topas is as a substrate material for the imprint process. It
is beyond the scope of this thesis to go into detail with the NIL part
of the paper [34], but summarising the finding of the article, it is seen
that Topas is well suited as a substrate material for thermal NIL. Silicon
stamps containing nanometer as well as micrometer sized features were
imprinted successfully. Furthermore, Topas was found to form completely
to the stamp due to its suitable rheological properties. Finally, UV-
lithography on top of the Topas film patterned by NIL was demonstrated,
exploiting the chemical resistance of Topas to sodium hydroxide and
acetone.

In the experiments concerning the reactive ion etching process, the
etch resistance of Topas was compared to that of PMMA with a molec-
ular weight of 950k (MicroChem), cross-linked SU-8 (MicroChem), and
standard photoresist AZ5214E (Shipley).
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14

15

Figure 3.5: Comparison of the resistance to reactive ion etching of COC/Topas
to three other commonly used polymer types, namely PMMA, SU-8, and AZ5214E
photoresist. Top: Etch rates using an oxygen plasma. It is seen that the etch rate of
Topas is comparable to that of photoresist, much better than PMMA and lower than
that of crosslinked SU-8. Bottom: Using a SF6/O2 plasma, Topas is more resistant
than the other polymers. The etch rates are listed in Table 3.3.
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Table 3.3: Comparison of the etch rates for the four polymer types, using two
different plasma types. σ is the standard deviation of the measured etch rates.

O2/N2 plasma SF6/O2 plasma
Substance Etch rate σ Etch rate σ

(nm/s) (nm/s) (nm/s) (nm/s)

PMMA 18.4 0.7 1.80 0.04
Photoresist 12.1 0.2 1.00 0.02
SU-8 10.2 0.4 1.04 0.02
Topas 12.6 0.2 0.70 0.04

First, spin coating solutions of the PMMA and Topas were prepared.
A solution of 9 vol% PMMA in anisol and a 15 vol% Topas grade 5013
in toluene were prepared using ultrasonication.

The four different polymer solutions were spin coated onto 4-inch
wafers, and cured by UV exposure and post-baking (SU-8), or by baking
out the solvent from the polymer solutions (photoresist, PMMA, and
Topas). Using a scalpel, a part of the spin coated layer was removed
and the layer thickness was measured using a Tencor P-1 profilometer.

The polymers were etched using two different recipes. The first
recipe gives an oxygen plasma etch and the second an anisotropic silicon
etch based on a SF6/O2 plasma. The etch depth as function of time for
the different polymers using the two RIE recipes are shown in Fig. 3.5.
The etch rates drawn from the graphs are found in Table 3.3.

3.6 Summary

Topas has proven to be an interesting candidate as a material for proto-
typing of microfluidic systems with integrated optical waveguides due to
a number of good material properties, like high chemical resistance, and
good optical properties. Compared with other thermoplastics commonly
used in microfluidics prototyping, such as PMMA and PC, Topas is
superior in most aspects.

The difference in refractive index between the different grades is ex-
ploited for making multi-layer Topas structures with optical waveguides
in the high Tg layer. The different glass transition temperatures are also
used when bonding two Topas layers.
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Chapter 4

Fabrication methods

4.1 Introduction

During this project a number of different fabrication methods for mi-
crofluidic structures have been employed. Some of the methods are
well-known from macroscopic fabrication, and have simply been scaled
down to the micrometer range. Others have come from the world of
silicon processing, and have been developed specifically for micro and
nano scale fabrication. For all the methods, however, one factor is very
important, namely the accuracy.

Micro milling has been investigated by a lot of research groups, and
has been characterised on machines weighing several tons and taking
up a small room, and yet micro milling of structures with feature sizes
down to tens of micrometer is possible because of the overall accuracy
of the entire system. This precision is only possible, if all parts of the
milling machine are produced with very small tolerances. Also, with
bulky equipment, thermal expansion must be taken into consideration,
since a small relative thermal expansion or contraction can result in
large deviations when comparing with the size of the tools used and the
structures that are produced.

When spin coating substances onto substrates, the area is macro-
scopic, typically some 100 cm2. The layer thickness, on the contrary, can
go down to tens of nanometer, with nanometer accuracy. For metals,
sputtering devices even allow deposition of Ångström-thin layers.

In this chapter, a general introduction will be given to the fabrication
and machining methods used in the project. Also, the experiences
achieved through the work will be presented and commented. The

35
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results are the process parameters which have been used to successfully
manufacture the components of the microfluidic and -optical systems
presented in the thesis.

The first section treats mechanical micro milling using a conventional
computer numerical controlled (CNC) desktop sized milling machine
with miniaturised tools.

Secondly, an introduction will be given about spin coating of polymer
solutions as a means of making thin intermittent polymer layers used in
micro fabrication.

Finally, the third part treats bonding of polymer microsystems,
including the general principles, and the two processes thermal bonding
and laser bonding.

4.1.1 A note on methodology and experimental
approach

ooo

Many results in the following section are given in a rather qualitative
and descriptive manner. It should be stressed that the approach used
throughout the present thesis, and throughout the research conducted,
has been based on developing a toolbox of fabrication methods, and to
show whether given methods were reasonable to use in a microfluidics
prototyping context using the Topas polymer. As a consequence, the
investigations presented are by no means exhaustive, but should rather
be perceived as a road map or as guidelines to prototyping of Topas.

A vast number of choices are made during experimental work –
especially regarding which part of the virtually infinite parameter space
that should be investigated. The experience from previous, comparable
work has been paired with machinery limitations in order to decide
which parameters should be considered for given experiments. The use
of statistical planning of experimental series – e.g. using software like
Modde [35] – was initially considered, but it was decided to abandon
this approach, which seemed somewhat overkill for the often modest
number of experiments conducted in the individual series. For further,
more in-depth investigations the use of statistical planning is, however,
highly relevant.

As a consequence of this approach, the optimised results presented
in this chapter should be viewed as the best results achieved within
the chosen parameter space, not necessarily as the globally best ones.
Furthermore, since few specific and absolute requirements in terms of
e.g. dimensions, accuracy or surface roughness did exist for the demon-
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strators produced during the thesis, many optimisation investigations
have focused on deciding whether a given method was a feasible method
for micrometer-scale fabrication or prototyping of Topas. This decision
is – evidently – to some degree subjective, but it should be stressed that
the scope of the thesis is to device prototyping methods applicable, more
than to meticulously quantify the methods and their limitations. This
work should be conducted when needed for a given, specific system with
well-defined system requirements and specifications.

4.2 Micro milling - an introduction

The continuous miniaturisation and integration of electronic circuits
which has taken place during the last decades has brought along the
need for high-accuracy miniaturised components, like housings and
interfaces to the outer world. The demand is growing in industries like
aerospace, biomedical, automotive and communications. Also, in the
area of microsystems and microfluidics, the demand for techniques and
processes to bridge the gap between traditional macro- and mesoscopic
components, and micro- and nanotechnology, is ever-increasing.

Today, most micro-/nanofabrication is based on expensive lithograph-
ical solutions. The miniaturised traditional mechanical methods like
micro-end milling do not have the same accuracy, and can not obtain as
small feature sizes as when using lithography. The mechanical methods
are, however, well-suited for making individual components in small
quantities at a much lower price than using lithography. Contrary to
many cleanroom processes, the mechanical micro-machining methods
can be monitored and altered during the process, and complex three-
dimensional structures, which would be either impossible or extremely
tedious to produce using standard clean room processing, can easily be
manufactured.

For fabrication of microfluidic systems, the end-mill process is be-
coming increasingly popular. It is a well-known, well-established, and
thoroughly investigated manufacturing process in the macroscopic world.
A wide range of materials can be shaped using this method – from the
soft and light foam-like polymers used for rapid prototyping of e.g. cars,
to heavy machinery made in stainless steel.

In a recent review [36], Chae et al. made a survey of the state-of-the-
art in micro-mechanical machining research. They list the issues which
have been or are currently being addressed by the research community,



i
i

“main” — 2007/1/8 — 19:40 — page 38 — #54 i
i

i
i

i
i

38 Fabrication methods

and the challenges connected with the miniaturisation of mechanical
milling processes.

The improvements in the fabrication methods for micro-tools in
tungsten carbide, using e.g. vibration grinding and focused ion beam,
has diminished the minimum tool diameter significantly in the last
decade. End mills with a diameter down to 25 µm are now commercially
available, e.g. by Performance Micro Tool [37] at a price of around 50e.
A reason for this development is the improvement in metallurgy and
the understanding of e.g. grain size and chemical composition on the
hardness and the wear resistance of the tools. Manufacturing of carbide
tools can be made using focused ion beam (FIB) [38].

However, durability and accuracy of the tools is still an issue, espe-
cially because it is still difficult to detect dimensional changes on the
tools. A not uncommon problem in micro milling is to detect whether
the tool is intact, or whether one, indeed, is milling without the flutes,
but simply using the remains of the shaft.

The wear on the tools is to a great extent caused by the fact that
the accuracy of the macroscopic machinery attached to the micro-tool
has not been improved and downscaled accordingly. Using the smallestooo

tools available, it is not uncommon that the run-out, or eccentricity, of
the spindle and the tool combined, is only some 5-10 times smaller than
the diameter of the tool. This causes a far greater stress on the tool,
than if the tool was rotating around its own axis.

One solution to this problem are the so-called micro factories, where
all components are scaled down [39, 40]. In this manner an entire
workshop, containing miniaturised lathe, micro mill and micro press is
contained in a brief case sized housing. Using less much raw material, the
quality and precision of the materials used can be improved, and better
quality machines can be built for the same price. Typically actuation of
the XY stage is piezo-electric rather than spindle-based as on normal
milling machines.

Significantly higher cutting speeds can be obtained, due to the
diminished mass of the movable parts in the spindle. This improves the
quality of the cutting.

An impressive example of a downscaled, custom built system with
extreme accuracy is the 5-axis micro milling machine built by Bang
et al. [41]. Using a high speed spindle and translational stages with
50 nm resolution, micro milled structures are produced in brass, with a
footprint of 50µm × 50µm and a height of more than 500µm, i.e. an
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aspect ratio larger than 10. A cylindrical structure 30µm in diameter
with an aspect ratio of 21.6 was also produced.

The mechanism of micro-scale chip formation is another area which
has not yet been understood fully. A minimum chip thickness exists,
below which the material is not cut, but elastically deformed. In macro-
scale milling, the edge radius of the tool is usually negligible compared
to the chip thickness, but in micro milling, the radius of the tool edge is
often comparable to the chip dimension, and known theoretical models
fail. Therefore, predicting the minimum chip thickness is still difficult
in micro milling. Similarly, measuring the cutting forces is extremely
difficult.

Burr formation and minimisation thereof is another important issue
in micro milling. Lee and Dornfeld have investigated which factors ooo

influence the creation of burrs during micro end-milling, when used as a
drill [42], and have studied surface roughness of micro end-milling [43].
The tool wear, the feed per tooth, and the cutting speed are important
factors in burr as well as surface roughness minimisation.

Generally, most of the micro milling investigations have been carried
out on steel or other metal, while micro milling of polymers is largely
absent in the literature. Furthermore, since material parameters like
elasticity and glass transition temperature vary a lot from polymer to
polymer, all process parameters must be optimised for the single polymer
type.

4.2.1 Experimental setup for micro milling

For the experiments presented in this thesis, a commercially available
desktop milling machine was used. Figure 4.1 shows the Mini-Mill/3PRO
from Minitech [44]. It is a computer controlled three-axis system with
a NSK EM-501 50,000 rpm electrical spindle [45]. The step motors
controlling the stage employ micro-stepping, and a XYZ resolution of
around 1 µm is achieved. The repeatability of the system, including the ooo

spindle run-out, has been experimentally found to be less than 5µm
when working on areas a few centimeters across, which is the dimension
typically used for microfluidic systems.

The structures to be milled were designed using the commercial
CAD software Rhino [46] with the RhinoCAM [47] plug-in. The milling
machine is controlled by Mach3 [48] software.
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a

200 µm

b

Figure 4.1: a. The micro milling machine, Mini.Mill/3 PRO from Minitech Machin-
ery. The 50,000 rpm spindle is electrical. b. Microscope image of micro milling tools
with diameters of 200 µm and 25 µm, respectively.

4.2.2 Experimental results

As stated in Chapter 2, controlling the surface roughness is a crucialooo

challenge, when working with micro milling of optical systems. Figure
4.2 shows two SEM close-up images of channels milled with tools 100 µm
and 200µm in diameter. It is clear that the channel bottom is rough
when compared with the substrate surface, which has optical quality.
In image a the half-circular traces from the mill is clearly seen. When
the tool is not mounted completely perpendicular to the surface, one of
the two flutes of the tool is slightly lower than the other, meaning that
it will remove material at a slightly deeper level than the other, thus
creating a grooved surface. Image b illustrates an important observation:
The surface roughness of the side walls is normally slightly lower than
that of the bottom of the channel. This is important, since measuring
the surface roughness on a vertical wall using a profilometer has shown
not to be trivial. Therefore, we have used the surface roughness as a
reasonable maximum measure for the side wall roughness.

An investigation of milling parameters using a 200µm end mill on
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Figure 4.2: SEM close-ups of microfluidic channel milled in Topas grade 5013. a.
Channel milled using a 200 µm tool. The side channel is milled using a 25 µm tool.
The half circle pattern on the channel bottom stemming from the end mill is clearly
seen. b. 100 µm wide and deep channel and through-hole 500 µm in diameter. The
surface of the channel bottom is slightly more rough than the sidewalls. The sides of
the hole appear more rough than the channel.
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Topas grades 5013 and 8007 was carried out, in order to determine the
feed speed and rotational speed yielding the best surface roughness. A
limited number of feed speeds and rotational speeds was investigated,
based on previous experiences. Fig. 4.3 shows the average surface rough-
ness Ra measured using a Dektak 8 profilometer with a 5µm stylus.
It is seen that Ra on average lies around 100 nm; however, this does
not take into account the waviness of the structure. It is seen that a
higher rotational speed seems to give a lower average roughness. Still,
the wear of the tool and the run-out of the spindle can be much more
important than the factors investigated. The average roughness of the
milled structures is an order of magnitude larger than that of the surface
of the substrates, which has been measured to ∼9 nm.

It should further be noted that the average roughness number Raooo

should only be considered a rough (!) guideline. Measuring sub-
micrometer structures with a stylus tip 5 µm in diameter will evidently
not give the full picture of the surface condition. For optimisation
purposes, and when comparing the different parameters on the same
equipment, this number can, however, be adequate.

During the experiments some empiric knowledge about tool wear
and quality was obtained. Tools from two different manufacturers were
used, namely from Performance Micro Tools (PMT) and from Jabro
Tools BV [49]. Tools from PMT are generally 5-10 times cheaper than
tools from Jabro. Jabro tools do, however, seem to last longer than
PMT tools, but not by a factor so large that the price difference can be
fully justified. The cutting quality seems similar for new, unused tools.

No thorough investigation of tool accuracy, dimensions etc. has been
conducted, since this was beyond the scope of the thesis. The general
impression of the dimensional accuracy of the tools is, however, that tool
dimensions are close (within a few µm) to the dimensions stated by the
manufacturer. For a tool 25 µm in diameter this gives a relatively large
variation of some 10 %, but in most cases this variation can be taken into
consideration by making and measuring on simple test structures before
milling the final structures. Tool wear and run-out is compensated in
the same manner, meaning that such tests must usually be carried out
anyhow.

Other than the surface roughness of the structures, the minimisation
of the creation of burrs was an important issue. Usually, there is
a difference in the amount of burr deposited, depending on whether
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Figure 4.3: Surface roughness Ra of micro milled structures using a 200 µm tool on
Topas grades 5013 and 8007. The surface roughness is plotted as a function of the
feed speed and the rotational speed of the spindle. A higher rotational speed seems
to yield a lower surface roughness.
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Figure 4.4: Example of Dektak profilometer data. The bottom surface profile of a
micro end-milled channel using a tool with a diameter of 200 µm. is compared to the
surface profile of the pristine injection molded substrate. The slope of the top curve
is coincidental, since leveling of the data is performed over a longer distance.



i
i

“main” — 2007/1/8 — 19:40 — page 44 — #60 i
i

i
i

i
i

44 Fabrication methods

conventional or climb milling1, is used. For micro milling it seems to
be more complicated to determine which method is the better, and the
result varies with the material, speeds and tool size.

Micro milled metal structures, and structures in PMMA can be
polished using various commercially available methods like polishing
pastes or fine grain sand paper, and optical surfaces are achievable.
For Topas, mechanical polishing has proven somewhat more difficult.
The reason for this is the relatively soft burrs, especially for the grade
8007. Using ultrasonication, some burrs can be removed, but the result
depends on the burr size. Larger burrs can usually only be removed
mechanically.

For the micro milled waveguide structures presented later in this
thesis, it was also important to minimise the manual polishing and
de-burring, since this would increase the geometrical differences between
the structures. In this manner, when measuring optical losses, it would
be impossible to separate the intrinsic loss of the waveguide from the
extra loss caused by scratches and the like, produced during de-burring.

The optimised milling parameters for the waveguides produced with
500µm end mills, and presented in Chapter 5, are 20,000 rpm and a
feed speed of 110 mm/min using conventional milling. As seen, the
rotational speed is lower than for the 200µm tools, but the feed speed
is higher. An example of a waveguide structure milled with the 50µm
tool using non-optimised and optimised parameters is shown in Fig. 4.5.

The fact that a lower speed yield a better result could a priori seem
contradictive to most results saying that the higher rotational speed, the
better. This assumption, however, mostly relates to milling of metals.
For polymers, the fact that the material can melt relatively easily, if care
is not taken to sufficiently cool the system, will often set a maximum
rotational speed which is far lower than the rotational speed used for
metals.

Figure 4.6 shows various microfluidic structures, all micro milled in
Topas. The channel dimensions vary from 200 µm down to 25µm.

1In conventional milling, the feed direction and the rotational direction at the
cutting site are pointing in the same direction. In climb milling, the feed is opposed
to the rotational direction.
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500 µm

Figure 4.5: The importance of optimising milling parameters. Top. A 200 µm wide
and 250 µm deep waveguide milled in Topas grade 5013 with a 500 µm end mill using
non-optimised parameters. Bottom. The same structure milled with the same tool,
but using optimised parameters. A significant decrease in burr is seen.
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Figure 4.6: Various micro milled structures in Topas. a. Scanning Electron
Microscope (SEM) image of a micro milled meander structure. The channels are
100 µm wide and deep, and the through-holes are 500 µm in diameter. b. Closeup
of the meander. c. SEM image of a micro milled system with 200 µm wide and
deep channels (left) and 25 µm wide and deep channels (middle and right). The
through-holes are 300 µm in diameter. d. Optical microscope image of a similar
structure with 200 µm and 25 µm channels. e. T-junction made with 100 µm wide
and deep channels. A lid has been laser bonded on the structure to seal it. Blue
liquid has been put into the system for visual enhancement. Inset: Closeup of the
junction. f. Two 25 µm meander structures compared to a human hair.
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4.3 Spin coating

A much used method for adding thin layers of material on top of e.g.
silicon wafers is spin coating. Photoresists and other mask materials
can be applied with an accuracy of a few micrometers in thickness, and
with thicknesses spanning many orders of magnitude; from nanometer
to hundreds of micrometer thick layers. Two key parameters can be
varied to obtain the right layer thickness:

The viscosity of the fluid can be varied. Usually, the fluid is a
solution of e.g. a polymer and a solvent, where the latter evaporates,
partly during the spin coating process, and partly during the subsequent
post-baking, or annealing. By varying the ratio between solute and
solvent, the viscosity of the solution is readily changed.

The rotational speed also influences the thickness of the final layer,
so that a higher speed yields a thinner layer.

The substrate to be coated is usually circular and is placed on a chuck
connected to a motor in the spin coating device, so that the substrate can
rotate. Typical rotational speeds lie from 500 rpm 5,000 rpm. Usually,
the substrate is held in place by vacuum. Care must be taken to center
the substrate sufficiently, since an eccentrically placed substrate rotating
at high speed can detach from the vacuum chuck if the forces are
adequately large. Also, the eccentricity can lead to uneven spin coated
layers, caused by vibrations in the substrate when not properly aligned.

The theoretical thickness of a spin coated layer of a given solution
can be calculated using the formula below, taken from [50].

T =
K · Cβ · ηγ

ωα
(4.1)

where T is the thickness of the spin coated layer, C is the concentration
of polymer in g/ml, η is the intrinsic viscosity of the polymer, ω is the
rotational speed in rotations/minute, and K, α, β and γ are constants.

This expression tells that high concentration, high intrinsic viscosity
and low rotational speed will give a thick layer, while low polymer
concentration, low viscosity and high rotational speed will yield a thinner
layer.
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Generally, the spin coating process can be divided into four phases
[51]:

• First, the solution is deposited on the wafer. A nozzle (for perma-
nent systems) or a pipette (when applying the solution manually)
is placed at the center of the substrate, typically some 1-3 cen-
timeters above it. Either the solution as applied on a non-rotating
substrate, or the substrate is set in rotation at a low angular ve-
locity, typically around 500-800 rpm. Then a quantity of solution,
typically a few milliliter, is poured onto the rotating substrate.
Care must be taken to make the process smooth and continuous,
with as few drops and splashes as possible. In this manner, the
quality of the spin coated layer is maximised.

• The substrate is now accelerated to a fixed rotational speed, and
the solution spreads over the entire substrate. A large quantity of
the liquid is ejected from the edge of the disk. Initially, vortices
may form due to the inertia of the top layers of the fluid, but
rapidly, all fluid remaining on the substrate co-rotates.

• In the third phase, the fluid is gradually thinned. This process is
dominated by the viscous forces of the fluid. At the edge, beads
are often seen, and thickness variations are common.

• The fourth phase is dominated by the evaporation of the solvent.
The viscous thinning of the fluid and the evaporation occur simul-
taneously, but the processes dominate at different points during
the spin coating process. When the evaporation becomes the most
important process, the solution will thicken and eventually become
gel-like. For a more in-depth description, the reader is referred
to [52].

4.4 Spin coating Topas

The theoretical considerations are also valid for spin coating of Topas
on silicon substrates, and publications including investigations of spin
coated Topas layers for nanoimprint lithography have been published in
recent years, e.g. [53].

A major issue in the investigations has been the surface roughness
of the spin coated layer. For end processes like nanoimprint lithography,
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the surface roughness must be low, typically below 40 nm. This has
proven to be a problem, and efforts have gone into improving the surface
quality.

When spin coating different solutions of Topas dissolved in toluene
onto substrates, it was seen that it was difficult to get smooth and homo-
geneous layers. The problem seemed to be that the toluene evaporated
too quickly, so that initial inhomogeneities stemming from the process
of pouring the solution onto the substrate did not disappear during the
later processing steps. This can be accounted for by the fact that the
evaporation from thin areas takes place more rapidly than from thicker
areas. The thin areas become gel-like and the liquid can not flow to
level out, leaving the thicker areas confined.

Bilenberg et al. [53] solved the problem of surface roughness by
imprinting an blank silicon wafer onto the spin coated layer to smoothen
out any roughness or defect. In this manner, a surface roughness below
40 nm was achieved. This method is applicable, when the Topas layer
is relatively thin (i.e. maximum a few micrometers), and when the
Topas layer rests on a substrate which is not affected by the nanoimprint
lithography process. Since Topas is a relatively new polymer, only a
small number of investigations have been made so far, and the knowledge
about e.g. which solvents to use is still limited.

Initially, we used toluene as solvent, after trying heptane and cyclo-
hexane, which did not dissolve Topas as rapidly as toluene. However,
for the main part of the experiments, sec-butyl benzene has been used.
This solvent is similar in chemical structure to toluene, as seen in Table
4.1, and in chemical properties, being a benzene ring with an aliphatic

Table 4.1: Key properties comparison of toluene and sec-butyl benzene.

Substance Boiling Vapor pres- Molecular Structure
point sure @ 20℃ formula formula

Toluene 110℃ 5.4 kPa C7H8

Sec-butyl benzene 174℃ 0.133 kPa C10H14
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branch. Sec-butyl benzene has a higher boiling point than toluene, and
a lower vapour pressure, meaning that the spin coated solution will stay
liquid for a longer period on the substrate, thus decreasing the risk of
fingering and creation of ripples on the surface during the evaporation
of the solvent.

4.4.1 Spin coating Topas on Topas

The research presented in the present Ph.D. thesis focuses on all-polymer
microfluidic systems. In this context, the use of silicon substrates in
systems fabrication was deliberately avoided, and the research was
focused on spin coating Topas solutions on Topas substrates. The
research on spin coated layers of Topas had two main scopes:

• Using the layer as a bonding layer. For thermal bonding, a grade
with a low Tg can act as glue between the substrate and the lid of
the structure. When used in laser bonding, the spin coated layer
contains dye particles, which will absorb the infrared light, and
heat the surrounding material sufficiently to melt the substrate
and the lid interfaces, thus welding together the two.

• Using the spin coated layer as waveguides, after suitable structuring,
like direct milling or hot embossing. Exploiting the difference in
refractive index between the different Topas grades, light can
propagate in the high refractive index spin coated layer on a lower
refractive index substrate.

A series of experiments was performed in order to determine the
thickness of spin coated layers of Topas solutions of different concen-
trations and grades on Topas substrates. Initially, the solutions were
spin coated directly onto Topas wafers, which had been partially masked
with aluminium tape. After annealing the spin coated layer, the tape
could be removed, and the difference in height between the coated and
uncovered areas could be measured using a profilometer.

This approach was abandoned after the first experiments for several
reasons. The major problem was that it was very difficult to achieve
a smooth spin coated layer. Since the substrate is made of Topas, the
solvent of the solution attacks the substrate immediately. Therefore, all
of the solution must be applied to the substrate, while it is spinning,
and in a continuous flow, since single, isolated drops will dissolve the
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substrate, thus making spots where the solvent has penetrated deeper
into the substrate. If the substrate is exposed to the solvent in a very
uneven manner, some regions, like single drop impact spots, will have
been in contact with the solvent for a longer period of time than others,
and an uneven evaporation will take place. This can induce local stresses
in the substrates, making it difficult to distinguish the difference in
height caused by the spin coated layer from the topology of the substrate
alone.

When the solution contains colored particles, like the carbon black
used for laser bonding as described in Section 4.8, it is readily seen that
the concentration of particles is larger near the edges of regions where
the solution has had longer contact.

Also, the height variation and waviness of the Topas substrates was
large, compared to the layer thickness of the spin coating, making it
difficult to distinguish the added layer thickness from the substrate
height variations. Finally, the edge of the spin coat would often be
raised beyond the dynamic range of the profilometer, when the masking
aluminium tape was removed from the substrate, thus making gauging
of the step height a problem.

Equation 4.1 used for calculating the layer thickness can not be used
directly when spin coating a Topas substrate, since the equation does not
take into account the swelling of the substrate, when in contact with the
solvent. The solvent’s influence on the surface of the substrate rearranges
the polymer chains, and even after annealing, one can not assume that
all polymer chains are arranged as originally placed, and that all solvent
is indeed evaporated. As shown below, in Fig. 4.9, a large variation
in layer thickness between the Topas-on-Topas and Topas-on-silicon is
observed.

4.4.2 Experimental procedure

Since spin coating directly on Topas substrates was not a viable way of
measuring layer thickness of Topas solutions on Topas, it was decided
to measure the layer thickness by spin coating two layers on top of each
other. First, a layer of Topas grade 8007 with a given concentration
was spin coated on a blank silicon wafer. After annealing, parts of the
polymer layer was removed using a scalpel, leaving grooves in the layer.
Using a Dektak profilometer, the depth of these grooves was measured.

A second layer was then spin coated onto the first one, and the
structure was annealed. Again, grooves were made in the polymer film,
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and the height difference between the surface and the substrate was
found. The thickness of the second layer was then found simply by
subtracting the thickness of the first layer from the total height of both
layers.

4.4.3 Results

Measurements were made with five different solutions of Topas grade
8007 dissolved in sec-butyl benzene: 5 wt%, 10 wt%, 15 wt%, 20 wt%, and
30 wt%. Four different rotational speeds were used: 500 rpm, 1000 rpm,
1500 rpm, and 2000 rpm.

As seen from the graphs in Figs. 4.7 and 4.8, layer thicknesses between
50 nm and 22µm were achieved. The 500 rpm, 30wt% data point for
the Topas-on-Topas graph is missing, since the spin coat did non result
in a smooth layer at this setting. Experiments using a 40 wt% solution
confirmed that spin coating of very viscous Topas solutions on Topas
substrate do not yield smooth coatings.

Fig. 4.9 shows the ratio between the thickness of Topas spin coated
on Topas, and Topas spin coated on silicon substrates. The effect of
the Topas content of the solution is pronounced. The thickness ratio
varies from around 0.34 for the 5wt% solution to 1.92 for the 30wt%
solution, meaning that the more viscous solutions yield thicker layers
when spin coating Topas on Topas, rather than on silicon, while less
viscous solutions give thinner Topas-on-Topas layers than when spin
coating on silicon.

Several explanations are plausible when attempting to determine
the mechanism causing the variations in the layer thickness ratio. One
explanation could be that the more viscous solutions remain longer on
the substrate during spinning. Since the solvent attacks and penetrates
the substrate, the viscosity of the spin coated layer increases further,
increasing the layer thickness. Also the thickness of the second layer
might depend on the first layer, where the less viscous solution yield
thin layers, where the solvent rapidly reaches the silicon, so that no
further absorption of solvent is possible.

4.4.4 A simplified mathematical model

The data of the two spin coating experiments – Topas on Topas, and
Topas on silicon – were fitted to make a simplified expression which can
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Figure 4.7: Layer thickness of a solutions of Topas grade 8007 spin coated on silicon
and annealed, as a function of polymer percentage in the solvent and rotational
speed. The thickness varies between 85 nm and 20 µm. The curves are fitted to the
experimental data points as described in Section 4.4.4.
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Figure 4.8: Layer thickness of Topas grade 8007 spin coated on Topas. The layer
thickness varies from 50 nm to 22 µm. The layer thickness was measured by subtracting
the layer thickness of the first spin coat from the total height of the two layers. The
curves are fitted to the experimental data points as described in Section 4.4.4. The
dashed line above symbolises the fact that no smooth layers thicker than ∼25 µm
have been obtained.
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Figure 4.9: The ratio between the thickness of the layer of Topas spin coated on
Topas, and the thickness of Topas spin coated on a silicon substrate. The thickness
of the layer of spin coated Topas on a Topas substrate varies significantly with
the concentration of polymer in the solution. It is found that thin solutions yield
comparatively thinner layers than when spin coated on silicon, while more viscous
solutions yield thicker layers. The effect of the rotational speed is not clear.

be used as a tool to predict the layer thickness of either Topas grade
8007 spin coated on silicon or Topas grade 8007 spin coated on Topas.

Since the intrinsic viscosity η is constant for all data points, a new
constant K ′ = K · ηγ can be made, so the new expression becomes

T (C,ω) =
K ′ · Cβ

ωα
+ L (4.2)

adding a fitting constant L. When fitting the data using the least-square
method, the following two expressions are found. For Topas spin coated
on silicon, the layer thickness in nm can be found using the expression

TTopas−on−silicon(C,ω) =
3.15 · C3.71

ω0.624
+ 132 (4.3)

For Topas spin coated on Topas, the expression is:

TTopas−on−Topas(C,ω) =
9.88 · C3.78

ω0.740
− 165 (4.4)

The fact that the constant L is negative in this expression, yields an
unphysical negative layer thickness for the 5wt% solution. The fit for
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the other concentrations is, however, in good agreement with the data
points.

The experiments indicate that smooth layers of Topas grade 8007
with a thickness up to around 25 µm are obtained by spin coating.
Thicker layers can be produced using more viscous solution and/or lower
rotational speed, but no smooth coatings are obtained.

The experiments also showed that the goal of producing a spin
coated layer for making optical waveguides by e.g. micro milling, was
not achieved. The only way to reach a layer thickness of above 100 µm,
which was found to be the lower dimensional limit for micro milling
waveguides, was to make multiple spin coatings. Since the manual spin
coating process would often yield errors, as explained above, making
multiple consecutive error-free spin coatings would be extremely difficult.

Therefore, the spin coating was used only as a low-Tg glue layer, or
as a means of evenly distributing carbon black particles on the substrate.

4.5 Bonding and sealing of microfluidic
systems

When designing and producing microfluidic systems, a variety of methods
for sealing the channels exist. Some of the methods are permanent, like
gluing and bonding, while other methods are reversible, like clamping
or the use of adhesive materials like tape or PDMS.

All methods have their advantages and disadvantages, and have
limits of for e.g. chemical resistance, pressure or fabrication speed.
Based on the application, a suitable method for sealing the structure can
be found. Table 4.2 is a short list of techniques for sealing or bonding of
microfluidic structures, with pros and cons indicated. All methods are
compatible with polymers, but while some are applicable to polymers
alone, others can be used on other materials as well.

Also, all of the methods named in the table, except from gluing,
are compatible with an all-Topas approach, meaning that all parts of
the microfluidic system is made of Topas. In this manner, using a
microfluidic system in e.g. a harsh chemical environment could be easier
since only one single material would need to be tested. Also, undesired
effects stemming from the joining of two different materials can be
avoided.
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Table 4.2: Comparison of different techniques for sealing and/or of microfluidic
systems in polymer. Adapted from [54].

Technique Material Pros Cons

Gluing All Universal, cold Add. material,
slow

Thermal bonding Thermo- No solvent Slowplast or glue

Lamination All (pref. High volume Global temp.,
polymer) planar

Laser bonding Thermo- Fast, precise Bi-transparent,
plast limited temp.

Solvent bonding Polymers Simple, cold Solvents, imprecise,
planar

Mech. clamping All Simple, fast Tightnessand cold

4.6 Thermal bonding

A common method for sealing microfluidic structures with a lid is thermal
bonding. The physical properties of the polymer materials (typically
thermoplastics) used in the structure are exploited, so that the structure
can be closed without the use of e.g. glue. This brings a number of
advantages, like significantly reducing the risk of clogging the fluidic
and optical structures, and also eliminates the risk of introducing an
incompatibility between the system and the reagents: The substances
to be analysed and the polymer material could be compatible, but the
glue could affect the samples or vice versa. Also the different physical
properties, like thermal expansion coefficients and Young’s modulus
could differ, and thus cause problems, like stress-induced cracks or
leakages. Finally, it is often difficult to apply glue in a controlled and
reproducible manner if applied to structured surfaces and not to the flat
wafer.

Thermal bonding is conceptually simple. The two parts to be joined
are pressed together while heated to a temperature around the glass
transition temperature of the polymer. Using different surface altering
methods like oxygen plasma treatment, the low surface energy of most
polymer materials can be augmented, so that the bonding strength
is increased. The treatments, which also include methods like corona
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or flame treatment, increase the number of free bonds on the surface,
yielding a higher surface energy, a lower contact angle, and a better
bonding [55].

The two key parameters when doing thermal bonding are the tem-
perature at which the bonding takes place, and the pressure applied to
the structures. If the temperature and/or the pressure is too low, no
bonding occurs since the two parts are only brought into contact in a
limited area, because the structures are not sufficiently deformable. If
the temperature and the pressure is increased, a larger part of the area
will be in contact, since larger parts of the surface can come into contact
with the other part. This happens because Tg is generally a few degrees
lower at the surface than in bulk material, meaning that the surface is
more deformable than the bulk [56].

Raising the temperature further above Tg will eventually make the
entire structure deformable, so that an increased pressure will result in
a warped structure with clogged channels and the like.

An approach which has yielded successful and stable bonding of
PMMA is a two-step method, where high pressure is applied with a
temperature only slightly above Tg. In the second step, the bonds
created in the first step can settle and relax at a low pressure, but at a
temperature which is up to 50℃ higher than Tg.

4.6.1 Thermal bonding experiments and results

A number of thermal bonding experiments have been carried out in
order to investigate bonding of all-Topas systems, and to find process
parameters which will yield bonding strengths that are compatible with
the microfluidic systems to be bonded.

Initially, it was found that very poor bonding was achieved using
two grade 5013 injection molded 2.0 mm thick wafers alone, without any
intermediate layer. The intrinsic bonding strength, or tensile strength, of
the material is 66 MPa according the the Topas data sheets. Compared to
this, a bonding of only ∼1 MPa was achieved by bonding the substrates
directly to each other.

The bonding strength was measured using an Instron 1115 standard
tensile testing machine operated in its lowest load range between 0 kg
and 415 kg. The samples, which were a round disk 16mm in diameter
bonded to a larger square piece, were bonded together, and metal bolts
were glued to each side using epoxy. The bolts could then be fastened in
the tensile testing machine, which pulled the two bolts apart at a pace
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Figure 4.10: Example of a bonding sam-
ple. The bonding strength of thermally
bonded Topas grade 5013 is tested by
bonding of two structures as shown to
the left, below. The bonded side has a
round protrusion defining the bonding
area, while the backside is square. The
bonding is performed used a home-built
press placed in an oven. The sample looks
as shown on the top left. Bolts are glued
on both of the sample sides after bonding,
using epoxy, as shown to the left. The
sample is then inserted in the pulling test
device, where the sample is pulled apart
as indicated by the arrows, while the force
is measured.

of 2 mm/min, until the bonding or glue broke. The maximum force
applied was then read out, and knowing the bonding area, the bonding
strength could then be found.

Using an intermediate layer of spin coated Topas grade 8007, slightly
better results were achieved. Due to its lower Tg, the 8007 layer acts as
a glue layer, since it can melt and reflow, while the grade 5013 substrate
and lid is still completely solid, if the temperature is set below the glass
transition temperature of 134℃ of the 5013 parts.

Subsequent experiments using substrates with an improved surface
roughness Ra of around 10 nm revealed that this parameter had been
inhibiting the bonding quality significantly. Using a temperature of
130℃, and a pressure of 150-200 kPa for two hours, a bonding strength
of 5MPa was achieved between two grade 5013 substrates with no
intermediate layer of 80072. Bonding at a lower pressure or for shorter
time yielded incomplete bonding of the area.

The results obtained are in agreement with the findings of Kim et
al. [57] and Brenner et al. [58].

2This value is a minimum value, since all fully bonded samples broke at the
epoxy–Topas interface, rather than the Topas–Topas interface.
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4.7 Roll lamination

Another approach for bonding two parts is roll lamination. Using a
device similar to those used for laminating plastic coatings onto papers,
two polymer layers can be bonded. The structures pass between two
cylinders which are heated, typically to a temperature slightly above
Tg of the polymer to be bonded. The rotational motion of the cylinders
pull the structure through them, and pressure is applied locally in the
zone between the rolls, thus pressing together the two parts.

Topas grade 8007
T = 75°Cg

Topas grade 9506
T = 65°Cg

Topas grade 5013
T = 134°Cg

130/200 µm
extruded film

5-10 µm spin
coated layer

1.5/2.0 mm
injection molded
substrate

Heated cylinder

p

Figure 4.11: Principle sketch of the roll lamination process. The structured grade
5013 substrate, and a extruded grade 8007 film with a spin coated layer of grade 9506
are laminated by the heated cylinder which locally presses the layers together with a
pressure p. The spin coated layer acts as glue, since it becomes rubbery before the
two other layers. The layer can also be coated on the substrate instead of the film.
In the setup used for the experiments, a second heated roll below the structure was
present, and used to convey the structure between the rolls.

In thermal bonding processes, air bubbles trapped at the bonded
interface is a common problem if the bonding is performed at atmospher-
ical pressure and not in a vacuum chamber. A small dust grain trapped
on the interface will often cause an unbonded area up to a millimeter
in diameter. Using the roll lamination process, the risk of trapping air
bubbles is significantly reduced, sice the air is squeezed out from the
interface. The geometry of a given structure does, however, still affect
the bonding quality.

Contrary to regular thermal bonding, where the two parts to be
joined can have virtually any shape, roll lamination is best suited for
thin foil. The reason why roll lamination is not well suited for thicker
and larger structures is that the interface is only heated locally, in the
zone near the roll. If the heat has to travel too far into the structure,
from the outside to the bonding interface, the latter will often not reach
a sufficiently high temperature, unless the outside is heated so much
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that the structure is deformed. Also, a thin sheet of material used as
one of the parts to be bonded, is flexible, and will thus conform better
to the structure without breaking than a thick layer.

4.7.1 Experiments and experimental results

The roll lamination device used featured two individually heated rolls,
so that pressure and heat can be applied from both sides of a structure.
A Topas grade 5013 substrate, which had been spin coated with a 5 wt%
solution of Topas grade 9506 was placed on an aluminium tray, and
the 200 µm extruded grade 8007 film was placed on top. Finally, a thin
(∼ 300 µm) sheet of steel foil was placed above the film in order to keep
the polymer from sticking to the surface of the roll.

We found that preheating the structures to just below Tg of the
extruded film facilitated bonding, and reduced the number of passes
through the laminator needed to obtain a god bonding quality. This
was probably due to the fact that the surrounding material would lower
the temperature at the bonding interface, if it was not preheated. The
feed of the laminator was typically set to around 3 cm/min, which was
the minimum setting of the machine. A larger feed will result in a lower
energy transfer from the roll to the substrate, thus yielding a poorer
bonding. Typically, the structure was passed through the laminator four
times in order to obtain a complete bonding. The gradual increase in
temperature seemed to yield a better result than preheating at a higher
temperature.

The temperature of the rolls was gradually increased during the
experiments, when it was seen that the resulting bonding was not
satisfying. Only by going above the glass transition temperature of the
both the intermediate 9506 and the extruded film, a good bonding was
achieved. The final settings were at 140℃, which is also above the Tg of
the substrate, but since no deformation of the substrate was observed,
one can presume that this temperature was not reached, most likely due
to the thermal loss to the surrounding material.

The pressure of the laminator was set to 0.5MPa, which is difficult
to translate into an exact pressure on the structure, since this value was
the pressure of the pistons pressing the top roll down on the structure.
The force applied was spread over the elastic roll surface and distributed
through the steel sheet, thus making a qualified estimate difficult. If
one assumes that the pressure is directly transferred, yielding a pressure
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of approximately 0.5MPa on the interface, this is in good agreement
with the bonding pressure of the stationary thermal bonding.

The bonding resulting from the above-mentioned procedure was
comparable to the intrinsic strength of the material. Simple pulling tests
were carried out, where the extruded film was torn manually from the
substrate. In these tests, the film protruding from the substrate would
break at the edge of the latter, while the part bonded to the substrate
would remain bonded. Also, the subsequent micro milling processes, for
which the bonding was intended in the first place, were carried out with
little or no indication of delamination of the film layer.

4.8 Laser bonding

4.8.1 Lasers in microfluidic manufacturing

Laser-based devices play an important role in micro and nanofabrica-
tion. A variety of different laser systems exists, operating at different
wavelengths, from the ultraviolet to the far infrared part of the electro-
magnetic spectrum. The lasing is produced in a number of different ways,
such as solid state lasers, gas lasers or excimer laser. The wavelength
of the lasers also sets the limits of the size of the features which can
be produced using it. The carbon dioxide laser with a wavelength of
10.6µm has been used for prototyping of microfluidic systems in poly-
mers like PMMA [59–62], and it has been seen that structures smaller
than ∼200 µm are not obtainable using this laser type.

The excimer laser emits radiation in the UV region, either at 308 nm,
248 nm or 193 nm, depending on the excimer type. Contrary to the
CO2 laser which ablates away the material by a purely thermal process,
the energy of the excimer laser is sufficiently large to break molecular
bonds and remove material by non-thermal processes. The reduced
wavelength and the non-thermal removal makes the excimer laser capable
of removing material with micrometer accuracy, and with virtually
vertical sidewalls, contrary to the gaussian shaped ablation profile of
the CO2 laser. The precision of the excimer laser, however, comes at
the cost of speed. The excimer laser has been used for microsystems
prototyping in standard materials like PEEK and PMMA [63] and on
COC [64], using a wavelength of 193 nm, since COC is too transparent
to the radiation at 248 nm and 308 nm. Also, Jensen et al. have used
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the excimer laser for making inserts for injection moulding [65], and
casting molds [66].

4.8.2 Laser bonding basics

Both CO2 lasers, Nd:YAG lasers, and near-infrared semiconductor diode
lasers can be used for laser bonding [67], or laser welding, as it is often
nominated when used in macroscopic applications. The conceptually
simple working principle is the absorption of a highly intense and strongly
focussed laser on an interface between two parts to be joined. In order
for the radiation to reach the interface, one of the two parts must be
transparent to the radiation. When the laser beam impinges on the
interface, it is absorbed, either by the non-transparent part, or by a
thin absorbent layer of e.g. carbon black particles on the interface. The
energy from the laser melts the polymer locally, and when the melt
resolidifies, because the heat is transferred to the surrounding material,
bonds have now been created between the polymer chains from the two
parts. The quality of the bonding depends on the energy deposited. If
an insufficient quantity of energy has been deposited at the interface
layer, the quality of the bonding decreases. Either parts of the interface
remain unbonded, or the overall strength of the bonding is not sufficient,
due to lack of bonding on a microscopic scale.

Dealing with the theoretical framework describing the interaction
between the laser light and the material is beyond the scope of this thesis.
The absorption of the laser light at the interface is a simplification, since
the intensity of the laser decreases exponentially with the depth of
penetration. The reader is referred to e.g. [67] for details.

Several different methods exist for bonding larger areas. Either a
high intensity laser can be defocused through a mask, so a large area is
bonded simultaneously, or the focused laser beam can be moved, either
by means of an XY stage moving the laser [68], or by movable optics
refracting the beam, as shown in Fig. 4.12 left. The latter method is
used in the Fisba FLS ironScan [69] laser bonder (shown in Fig. 4.12
right), which has been used for the experiments in this thesis.

When bonding is performed by raster scan, i.e. when the laser
beam moves in adjacent, or partially overlapping, parallel lines, three
parameters can be changed to optimise the bonding: The intensity of the
laser, the speed at which the beam moves, and the distance between the
lines in the raster scan. The energy deposited in the interface per time
and volume is proportional to the intensity, and inversely proportional
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Colored
substrate

Transparent
lid

Diode laserXY mirror

Welding
seam

Figure 4.12: Left: Sketch of the laser bonder working principle. A a diode laser
generates a high-power laser beam, which is focussed strongly through optics, which
can also move the beam spot on the working surface. The energy is deposited on the
interface between the transparent top layer and the absorbent lower layer, melting
the polymer near the interface. When the melt resolidifies, the two parts are welded
together. Right: Photo of the actual laser bonding setup. The laser head with diode
laser and optics sits on top of a black housing, in which a clamp with transparent top
is mounted. The structure to be bonded is placed in the clamp, which is tightened
manually.

to the speed and the raster distance. This means that a given energy
density can be achieved in an infinite number of ways by varying the
parameters.

4.8.3 Experimental results

Generally, a relatively large tolerance in bonding parameters has been
observed. Good bonding results are readily achieved within a large area
of parameter space, and e.g. the uncertainty in pressure resulting from
the manual clamping of the parts to be bonded has not proven to be a
problem.

As shown in Fig. 4.13, the structures can be deformed, if too much
energy is deposited. A channel is micro milled in the substrate with a
spin coated layer of carbon black particles. Milling removes the carbon
black layer, thus minimising the risk of clogging the channel when laser
bonding a lid on top. Only a limited reflow is observed on the lower
channel wall in the right image.
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500 µm 500 µm

Figure 4.13: The beam power, the raster scanning speed and the distance of the
raster lines must be optimised to yield a strong bonding without destroying the
structures to be bonded. The structure shown in this picture consists of a substrate
with a spin coated layer of carbon black particles. A channel is milled in the substrate,
thereby also removing the CB layer. Finally, a lid is bonded onto the structure.
Left. Too much power and/or too slow speed has left clearly visible scan lines on the
structure. Due to the large reflow of material, the channel has almost disappeared.
Right: Using optimised bonding parameters, a good bonding has been achieved,
without deformation of the channel. A limited reflow of material is seen on the lower
channel wall.

100 µm

Carbon particles layers

Extruded film

Injection molded substrate

Figure 4.14: Side view of a laser bonded sandwich structure. A 200 µm thick
film is laser bonded to a substrate using a spin coated layer of carbon black (CB)
particles in Topas. The concentration of particles is variable, and successful laser
bonding has been achieved with a CB concentration between 1 wt% and 10 wt%. The
particles tend to agglomerate in clusters up to 10 µm in diameter. After bonding of
the unstructured layers, the waveguide structure has been micro milled.
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Table 4.3: Optimised laser bonding parameters for bonding two Topas sheets
together using an intermediate layer of grade 8007 with CB particles.

Carbon Laser Raster scan
black scanning Laser Number line
content speed power of distance
(wt %) (mm/s) (W) passes (µm)

10.0 200 1.1 2 250
5.0 105 1.7 2 250
2.5 80 1.9 1 250

Another important factor when laser bonding polymers is the distance
between the raster lines, which must be optimised so that the entire
interface is welded, without melting the surrounding structures. The
size of the beam spot in the Fisba system, measured at half the peak
intensity is 265 µm × 319 µm. Using slightly overlapping raster scan line,
with a distance of 200 – 250µm has proven to yield the best bonding.
Table 4.3 gives an overview of bonding parameters yielding a sufficient
bonding strength for extruded film on injection molded substrates. A
comment on bonding tests for these structures is given in the following
section.

For bonding of thicker structures (i.e. substrate-to-substrate bonding)
the parameters are the same as for the thin film bonding. For these
structures, the regular bonding test described in Section 4.6.1 was used.
A maximum bonding strength of 24.1 MPa was found for the bonding of
two injection molded Topas grade 5013 substrates with an intermittent
spin coated layer of carbon black particles and Topas grade 8007. This
bonding strength is approximately one third of the intrinsic strength of
the material.

4.8.4 A comment on different bonding tests

A number of different ways of testing the bonding quality and strength of
a given welding exist. The pull test method used for testing the thermal
bonding described in Section 4.6.1 is a simple method which focuses on
the global strength of the interface. Other tests are commonly used, like
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wedge tests where a wedge splits the interface, or peel tests where a thin
film is pulled upwards or backwards while measuring the force.

For microfluidic systems, these tests could seem irrelevant to a certain
extent, since the forces acting on the bonded interfaces in real-world
use of such a system are usually not applied in the way which they are
applied in the tests. It is rare in microfluidics that the forces on the two
halves of the system are applied as two large, evenly distributed and
counteracting forces.

Nielsen et al. [70] have tested laser welding seams on thin polymer
films on substrates by making a circular bond, and pressurising the
chamber inside the circle, until the bond yields. They furthermore
compared finite element simulations to the results.

This approach seems more relevant for microfluidic system, since
the force applied is the real force appearing when the system is working.
However, geometrical effects, like sharp corners or thin or/and high
aspect ratio walls make a general and simple prediction of bonding
strength difficult. For more complex part, the best approach would still
seem to experimentally test the bonding strength by e.g. pressurising
the channels of a prototype.

In the case of the multi-layer structures with thin foils presented
in this thesis, it is difficult to make ordinary pull tests, since the free,
unbonded side of the film must be glued to e.g. a bolt in order to attach
it to the pulling test machine. In practice, this attachment has proven
quite difficult during the experiments with Topas. Because the surface
energy of Topas is low, gluing does not yield very good results, meaning
that the glue–Topas interface rather than the Topas–Topas interface is
the rupture point.

Instead, a simple pulling test has been carried out to test the laser
bonding of the 130 µm and 200 µm extruded films used in the experiments.
The thin film protruding from the edge of the substrate is pulled upwards
manually, until the film either peels off, or the film breaks at the edge
of the substrate.

If the subsequent micro milling process is not to delaminate the film,
the bonding must be of a strength equivalent to the intrinsic strength of
the material. The laser bonding parameters presented in this thesis all
yield such a bonding strength.

Beck et al. have investigated IR laser bonding of thin film polymers
[71] by looking a arrays of single 50 µm wide welding seams, and devised
a method for measuring such bonding strengths.
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4.9 Summary

It has been demonstrated that micro milling, using optimised parameters
for milling of Topas is a fast and easy way for prototyping of microfluidic
systems with integrated optics. Microfluidic channels with a cross section
down to 25µm × 25µm have been made with commercially available
tools.

The thickness of spin coated layers of Topas on silicon or Topas has
been measured, and mathematical expressions to be used as a rough
guide is available as a reference for future experiments.

Bonding of sheets of Topas by either thermal bonding or laser bond-
ing, using an intermittent layer of spin coated carbon black particles,
has been achieved with bonding strength comparable to the intrinsic
strength of the extruded film used, and up to one third of the intrinsic
strength for injection molded substrates. The comparatively low thermal
bonding strength achieved is, however, sufficient for many microfluidic
systems, where the pressure does not need to be very high.
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Chapter 5

Optical waveguides in
Topas

An important step on the way to a working all-Topas microfluidic system
was the fabrication, characterisation, and optimisation of micro milled
optical waveguides. Using the general principles and guidelines described
in Chapter 2, a number of simple waveguide structures were fabricated.
Subsequently, the optical losses were measured, and the propagation
loss for two different Topas waveguide types was found. Finally, thermal
treatment of the micro milled waveguides was found to significantly
reduce the propagation loss for the waveguides.

The small difference in refractive index between the different Topas
grades was exploited for the waveguides. The 8007 grade, which is used
as waveguide, has a refractive index of 1.5361, while the 6017 grade
has n = 1.5309, and 5013 has n = 1.5319 [31]. The 5013 was used
in injection molded black substrates containing carbon black particles
(Clariant Omnicolor UN0055 Deep black) [72], while the 6017 was used
as substrate with a spin coated layer of carbon black particles on top.

The critical angle θsubstrate
c of the interface between the waveguide

and the substrate is 85.8° for grade 5013 and 85.3° for grade 6017. This
means that only rays entering the waveguide with an angle deviating
less than approximately 4° from the substrate plane will be guided. On
the three other sides of the waveguide, the waveguide is surrounded by
air, yielding a critical angle θair

c = 41°. Since the critical angle in the
substrate interface is significantly larger, light will still propagate in e.g.
relatively small radius bends.

69
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It was attempted to augment the small difference in refractive by
doping the substrate or the waveguide layer with other substances,
in order to lower or increase the refractive index. This method has
successfully been used in fabrication of e.g. PMMA waveguides doped
with styrene acrylonitrile copolymer (SAN) [73]. For Topas, however, the
miscibility with other substances appeared limited using solvent based
methods. Topas is compoundable with polyethylene and polypropylene
[33], so using a mixture with a small content of one of these polymers as
substrate could prove to be the best way to achieve a larger difference
in refractive index between substrate and waveguide layer.

5.1 Waveguide fabrication

Two different types of strip waveguides were manufactured using the
prototyping methods described in the previous chapter, the main differ-
ence being that one type had a transparent substrate, while the other
type had a black substrate. In both cases the waveguiding layer was a
200µm thick extruded Topas grade 8007 film, which was laser bonded
to the substrate.

5.1.1 Spin coating and laser bonding

The waveguides with a transparent substrate included a spin coating
step, which was not necessary on the black substrates. An injection
molded Topas grade 6017 substrate with a Tg of 178℃ was spin coated
with a solution of Topas grade 5013 and carbon black particles dissolved
in sec-butyl benzene. The weight ratio of Topas to solvent was 1:10, and
the carbon black to Topas ratio was 1:40. The solution was spin coated
on the substrates at 1000 rpm, and annealed at 130℃ for two hours.

The spin coated substrate was placed in the laser bonder with a
sheet of the extruded grade 8007 foil on top, and the two were joined
by laser bonding using raster scan on the entire substrate area. The
distance between the lines was set to 100 µm. The beam speed was 100
mm/s and the power was set to 24W. These parameters yield a very
high energy flux onto the interface, compared to the parameters used
for the bonding on the black substrate. This is attributed to the fact
that most radiation pass through the transparent structure, and only a
small part is absorbed by the carbon black particles.
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It should, however, be noted that the parameters are also higher than
the optimised parameters found in previous investigations [74]. These
parameters are presented in Section 4.8.3. The difference in results
can in part be explained by variations in the carbon black particle size,
and the quality of the suspension. When left for a sufficient period
of time, the carbon black particles tend to agglomerate on the side of
the bottle, thereby lowering the effective concentration of particles in
the solution. A visual comparison of the substrates showed a difference
in the apparent particle concentration. Also, slight variations in the
focus of the laser bonder can change the energy density, and thereby the
bonding efficiency, considerably on the welding spot.

The waveguides on black substrate did not go through the spin
coating process, since the grade 5013 substrate had been doped with 1%
carbon black during the injection molding.

The extruded film was laser bonded onto the black substrate using
a raster distance of 200µm, a speed of 100 mm/s and a power of 3.8
W. Raising the speed to 200 mm/s and the power to 8 W also yielded
a complete bonding with a sufficient bonding strength, as defined in
Sec. 4.8.4.

5.1.2 Micro milling

4-6 straight waveguides with a cross section of 200µm × 200µm were
micro milled in each of the lengths 15, 18, 20, 21, 24, 27, 30, 40, 50, and
60 mm, on transparent as well as black substrates. The structures are
seen in Fig. 5.1.

A waveguide width of 200µm was chosen several reasons. Firstly,
using this width, the aspect ratio of the waveguides would be 1, due
to the thickness of the extruded film. If thinner waveguides were to be
produced, the production yield would decrease significantly, since the
thinner and taller structures are more likely to be bent or otherwise
damaged during processing and handling. Lowering the width much
further when using micro milling, would also complicate removal of burrs
comparable in size to the waveguides.

Initially, milling of the waveguides was performed using a 200µm
tool. The feed speed and rotational speed were optimised to minimise
the creation of burrs on the edge of the waveguides. It was found that
conventional milling with a feed speed of 60-80 mm/min and a rotational
speed of 20,000 rpm were the best parameters.



i
i

“main” — 2007/1/8 — 19:40 — page 72 — #88 i
i

i
i

i
i

72 Optical waveguides in Topas

a
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b
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Figure 5.1: Waveguide (WG) images. a. Milled WGs 20 – 60 mm in length on black
substrate. b. Top view of WGs on black substrate. The half-circle shaped traces of
the milling is seen between the WGs. c. End view of WGs on black substrate. d.
End view of WGs on transparent substrate. The carbon black (CB) layer is clearly
seen on the left WG. The thicker CB layer on the middle WG is an optical artefact.
e. 15-30 mm WG structures on transparent substrate. f. Top view of transparent
substrate WGs. Both CB particles below the waveguiding layer, and milling traces
are seen.
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It was, however, chosen to fabricate the waveguides using a 500 µm
tool, since the milling process was very time consuming with the smaller
tool. Since it is not advisable to mill deeper than 50% of the tool
diameter, milling the waveguides would require three passes to reach the
depth of 250 µm required to be sure that the waveguide layer had been
completely milled through. Using the 500µm tool only one pass was
required. The optimised parameters for this tool size were conventional
milling with a feed speed of 110 mm/min and a rotational speed of
20,000 rpm.

5.2 Propagation loss measurements

Optical propagation losses were carried out on each waveguide using the
following scheme:

First, a reference measurement is obtained. The light from the
Avantes HL-600-S broadband light source is coupled into a fibre through
a neutral filter damping the signal 20 dB, since the intensity of the
reference measurements is much higher than that of the waveguide
measurements. If the intensity is too high, the spectrometer can be
damaged. The other end of the fibre is stripped, so only the core and
cladding remain. This end is butt-coupled to another stripped fibre,
which is connected to the spectrometer (Avantes AvaSpec 2048), and
the two are aligned using the XYZ stages. Data is transferred to a
LabVIEW application handling the data. The measured reference is
valid for all subsequent measurements.

The waveguide structure is placed on the optical bench, and the
optical fibres leading from the light source, and to the spectrometer, are
aligned roughly by hand. Using the XYZ stages, the fibres are aligned
with the waveguides in all three directions. The 20 dB filter is removed
for the measurements, and a spectrum is recorded, when the optical loss
is as small as possible.

Typical spectra are shown in Fig. 5.2. It is seen that one spectrum
has different characteristics, probably due to geometrical effects such as
facets when coupling in or out of the structure.

In the spectra, an absorption peak is found at 920 nm. This peak
is consistent with the peak found on the reference spectrum, Fig. 3.4.
Furthermore, all spectra show a slight decrease of ∼1 dB in the optical
loss from 500 nm to 670 nm. From this wavelength until the peak at
920 nm, the optical loss is constant.
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Figure 5.2: Typical spectra. The propagation loss of six 24 mm long waveguides
was measured. It is seen that one spectrum has a somewhat different shape. This is
caused by geometrical defects like burrs or facets, altering the coupling of light in and
out of the waveguide. The noise below 550 nm is caused by the spectrometer, while
the propagation loss peak near 920 nm is consistent with the spectrum of Fig.3.4.

Relatively large variations in the spectra occur due to the surface
variations especially of the waveguide ends. A small facet milled differ-
ently, or a scratch stemming from the handling of the device can change
(and usually increase) the total optical loss of the waveguide by many
dB.

Figure 5.3 summarises all measurements of the milled waveguides
as a function of the length. Each data point is the average loss of all
the waveguides with the given length, averaged over the wavelengths
600-850 nm. The error bars indicate the standard deviation of the
measurements. A large difference in the propagation loss is found
between the two waveguide types, with a propagation loss of 2.4 dB/cm
for the waveguides on transparent substrate and a loss of 0.76 dB/cm
for the structures on black substrate. Coupling losses were found to be
17 dB and 14 dB, respectively.

No apparent explanation has been found for this large difference
in propagation loss. One possible influence could be changes in the
material structure after the laser bonding. Since the energy density
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Figure 5.3: All optical loss measurements plotted as a function of the waveguide
length. The propagation loss is found as the slope of the linear fit to the measurements,
while the Y-intercept is the coupling loss. A propagation loss of 2.4 dB/cm is found
for the waveguides with transparent substrate, while the black substrate waveguides
have a loss of 0.76 dB/cm. The coupling losses are 17 dB and 14 dB, respectively.
The error bars indicate the standard deviation of the measurements. The reason for
the difference in propagation loss is not clear.

used for bonding the transparent substrate waveguides is an order of
magnitude larger than the one used for the black substrate waveguides,
one could speculate that some annealing effect could be present.

Another uncertainty is introduced by the fact that different orienta-
tions of the extruded foil can have slightly different refractive indices,
potentially leading to different optical losses.

5.3 Thermal treatment of the surface

From the beginning of this project, it was evident that the surface
roughness of micro milled waveguides would have to be improved if
the direct prototyping method should become a viable alternative to
standard cleanroom processing.

Several different methods for improving the surface have been dis-
cussed. Some have been tested, and one method – thermal treatment –
has yielded successful results.
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5.3.1 A note on various methods

Three types of surface enhancement treatments were considered: Physical
treatment (mechanical polishing or similar), chemical treatment (e.g.
the use of solvent), and thermal treatment (for instance annealing).

Knowing how difficult removal of e.g. burrs from the waveguides is,
direct physical methods like the use of sand paper of similar polishing
equipment was discarded, due to the lack of reproducibility. An approach
similar to magnetorheological finishing [75], where magnetic particles in
an oscillatory external field drag non-magnetic abrasive particles along,
was considered. The liquid could be poured into the channel next to
the waveguide in order to polish the waveguide sidewall. However, the
construction of a magnetic driving system would be a too large task for
the purpose.

Another approach was to use solvents that would attack the surface
in a controlled manner, so that the large-scale structures (>5 µm) would
remain, while the surface roughness was smoothed out. This would
require the concentration of the solvent, and the contact time to be
controlled. It was also considered using the Hansen solubility parameter
[76,77] to find solvents that would attack and dissolve the Topas surface,
but at a controllable rate. The difficulties in controlling the exact contact
time of the solvent made this method too difficult to apply in practice.

Next, thermal treatment of the waveguides was tried. Using a CO2

laser at low power settings and/or high scanning speed, an attempt was
made to find parameters at which the surface would be heated sufficiently
to reflow, but without significantly altering the waveguide structures. A
number of experiments were carried out without yielding useful results.
The failure of this method can most likely be attributed to the fact that
the laser energy is not deposited on the surface alone. Instead, it is also
deposited deeper in the substrate, due to the exponentially decreasing
penetration depth of the radiation.

5.3.2 Surface reflow using hot air

Finally, purely thermal treatment was investigated. Using a regular hot
air gun with adjustable temperature, the waveguides were subjected to
a stream of hot air until reflow of the surface was observed. Keeping the
heat gun at a distance of 1 cm from the structure, at a temperature of
200℃ for 3-5 seconds would visibly change the surface of the waveguides.
The rate of change depends on the geometry, since large areas are less
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affected than thin structures like waveguides. Optimising the tempe-
rature and time for the individual waveguide sizes, one can reflow the
surface without destroying the large scale structures. For micrometer
scale waveguides, a similar approach to improve the surface roughness
of microring resonators has been demonstrated by Chao and Guo [78].

It should be stressed that the use of a hot air gun is a far-from-
reproducible method, since the movements of the hand-held gun vary
from experiment to experiment. A more reliable way of carrying out
this process could be the use of e.g. a glowing filament moving over the
substrate at a fixed height and with a fixed speed. In this manner the
process parameters could be optimised in a more reliable way.

The importance of using a thermal source of limited size, rather
than e.g. an oven should also be stressed. Annealing the structure in an
oven would affect the entire surface, including e.g. the backside of the
substrate. The use of a focused heat source at a high temperature and
for short time will only affect the small scale surface structures, while
leaving the larger structures unchanged.

5.3.3 Results

In order to separate the change in propagation loss from the coupling
loss, some waveguide ends were masked using toothpaste1. In this
manner, only the middle part of the waveguides were affected by the
heat treatment. Thereby, only the propagation loss changes. Figure 5.5
shows the spectrum of the same group of waveguides on transparent
substrate before and after heat treatment. A clear improvement in the
signal is seen, with an average improvement of 2.3 dB/cm. Subtracting
this improvement from the propagation loss value of 2.4 dB/cm found
in the previous section, would yield a propagation loss of 0.1 dB/cm.
This value is possible, since it is the same size as the intrinsic optical
loss of Topas, but is should be noted that a more realistic loss would
probably be somewhat larger. The discrepancy is caused by the fact
that the coupling loss and the propagation loss can not be separated in
the single measurements.

On the black substrate waveguides, the propagation loss initially
increased after heat treatment with the same parameters as on the
transparent substrate waveguides. This could be attributed to the fact

1Unodent Kinder-Zahncreme Wilde Waldbeeren Geschmack, which performed
better than Colgate Total Whitening toothpaste, presumably due to the abrasive
particles in the latter, which attacked the substrate surface.
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Figure 5.4: Micro milled waveguides after thermal treatment. a. Top view of a
transparent substrate WG. The surface has reflowed on the WG sides and end. b. End
view of transparent substrate WG with near optimal reflow of the surface. The grade
5013 substrate has not been affected by the thermal treatment. c. WGs on black
substrate. The rightmost WG has not reflowed, while the second and third have had
the right amount of thermal treatment. The surface is smoothed, but the WG has not
drastically changed shape. The two leftmost WGs are clearly deformed from too much
heat. d. Black substrate WGs. The reflow is significant, and the large-scale structures
have been altered, so that the WG has a horseshoe-like cross section. Experiments
showed that the total optical loss could be lower in these structures, compared to
untreated ones. The reproducibility is, however, low. e. Closeup of a reflowed WG
end. The heat gun has blown from the left side.
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Figure 5.5: Spectra of six 27 mm long waveguides on transparent substrate before
and after heat treatment of the middle 25 mm. The waveguide ends were protected
during treatment, so that the coupling loss would not change. The two bold, black
lines are averages for all six structures. The spectra of individual waveguides are
plotted using the same color before and after treatment. An average improvement of
2.3 dB/cm is found. Please see the text for discussion of this value.

that the black substrate absorbs much more heat than the transparent
one, and that the waveguides therefore absorb a larger amount of energy
than the transparent substrate waveguides. By using a number of
shorter heat cycles with intermittent cooling periods, a propagation loss
decrease was obtained, as shown in Fig. 5.6. This decrease can, however,
presumably be attributed to the fact that the waveguide ends, which
were not protected, did also reflow. This decreases the roughness of the
coupling surface, and since the waveguide ends become hemispherical,
as shown in Fig. 5.4 d and e, this has a focusing effect, that can couple
light into the waveguide, which would otherwise have been coupled out
of the rectangular waveguide. After 5-10 heat cycles, an absorption
peak appears around 670 nm, which could indicate degradation of the
polymer.
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Figure 5.6: Spectra of the same 24 mm black substrate waveguide before heat
treatment and after 8, 15, and 19 cycles of heating and cooling. The first 8 cycles
mainly heated the middle part of the waveguides, and only a small decrease in
propagation loss was observed. Heating more, the unprotected waveguide ends
reflowed, and a general decrease in the optical loss was observed. This can be
attributed to the fact that the coupling surface roughness decreases by reflow, and
that the hemisphere-like end acts as a lens, thus gathering light that would otherwise
have been coupled out of the rectangular waveguide. The reflow process using the
heat gun is highly random, as can be seen from the intermittent increase in optical
loss after 15 heat cycles.

5.4 Optical cuvette absorbance measurements

An efficient way of testing the micro milled optical waveguides described
above was to make a simple microfluidic system with an optical cuvette
and waveguides leading to and from the fluidic reservoir. By making
a structure with different optical path lengths, and letting different
concentrations of a given substance flow through the system, it would
be possible to see if satisfactory measurements could be made.

A system was designed, with a reservoir and six waveguide pairs
coupling light in and out of the optical cuvettes. These were made with
lengths from 1 mm to 6 mm. The structure is shown in Fig. 5.7.

It was decided not to apply the heat treatment to the waveguides,
since the repeatability of the treatment is as poor as seen in the previous
section. Also, it was decided not to bond a lid onto the system, but rather
use tape, so that easy access to the cuvette was provided. Finally, the
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a 3 mm b

c

1 mm

3 mm

Figure 5.7: The optical cuvette system consists of six 200 µm wide waveguide pairs
on each side of a fluidic reservoir. The optical paths are 1-6mm long. Absorbance
measurements are carried out with different concentrations of bromthymol blue in
the reservoir. a. Top view of the entire system. b. Top view detail. 1, 2 and 3 mm
cuvettes. c. Perspective view along the optical axes of the system.

pH indicator bromthymol blue was chosen as the substance to measure,
since it has a nice absorption peak at 620 nm, when the solution is acidic.
Concentrations from 10µM to 100µM were chosen, since Lambert-
Beer’s law is valid in this region, and no non-linear effects are present.
Furthermore, measuring concentrations of this size, of a substance with
a similar absorptivity, would be a realistic scenario in a real microfluidic
application.

Initially, measurements were made serially on all cuvettes with a
single solution in the cuvette. In this manner, the constant realignment
of the optical fibres caused large variations in the optical losses. For the
measurements shown in this section, the different concentrations were
pumped through the system while keeping the optical fibres aligned
on the same waveguides. Using this approach, the variation in signal
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Figure 5.8: Absorption spectra of different bromthymol blue solutions in the 5 mm
cuvette. It is seen that only the region from 500 nm to 700 nm is affected, while the
other part of the spectrum remains unchanged.

decreased considerably.

In more advanced systems (and certainly in real-world applications!)
a way of assuring the proper alignment and fastening of the fibres, such
as V-grooves or similar [79], would have been integrated in the structure,
to eliminate this problem.

The spectra recorded for the different concentrations of bromthymol
blue, and with different optical path lengths show that reliable measure-
ments can be made with the present system. Fig. 5.8 shows the spectra
of solutions from 0 µM (water) to 90 µM bromthymol blue measured in
the 5 mm cuvette. The difference in absorption at 620 nm as a function
of the concentration is very clear, while the rest of the spectra remain
unchanged.

The optical losses at 620 nm are plotted as a function of cuvette length
and bromthymol blue concentration in Fig. 5.9. The loss is calculated as
the difference between the signal of water and a given concentration in
the same cuvette. In order to dampen the effect of the signal noise, a
running average was used, setting the signal at a given wavelength to
the averaged value of the 19 nearest measurements. Then, the loss was
found as the difference between the minimum of the smoothed data of
water and the given concentration, respectively.
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Figure 5.9: The optical loss as a function of cuvette length and concentration of
bromthymol blue, plotted in two different ways. Top. The optical loss as a function
of the cuvette length, varying from 2 to 6 mm. Bottom. The optical loss as a function
of the concentration. Most data points can be fitted well using linear regression; only
the 4 mm cuvette has a somewhat higher loss than expected. This is due to fibre
alignment problems during measurement.
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Figure 5.10: Absorbance
as a function of difference
bromthymol blue concentra-
tions, measured in a commer-
cial spectrometer. The slope
of the data can be compared
to the slopes in the lower
graph of Fig. 5.9, normalised
with respect to the length.

The data of the two graphs in Fig. 5.9 show that measuring concen-
trations down to 9 µM is possible using the current system. Most data
point fit reasonably well to the straight lines, only the 4 mm cuvette
measurements deviate a bit (in the order of 1 dB) from what should
be expected from the other measurements. This is due to alignment
problems during the experiments. It should be stressed that all spectra
are single measurements, and that no adjustment of the data, other
than the averaging, has taken place. Also, considering the spread in
the optical propagation losses found in Section 5.2, the spread in this
experiment is quite limited.

Using a Pharmacia Biotech Ultrospec 3000 [80] spectrometer with a
cuvette length b = 1 cm, the absorbance of different concentrations of
bromthymol blue was found, as shown in Fig. 5.10. The molar absorp-
tivity ε can then be calculated as the slope of the graph by rewriting
Lambert-Beer’s law as

ε =
∆A

b ·∆c
= 0.0279 µM−1cm−1 (5.1)

The slopes of the fitted lines in Fig. 5.9 bottom were found. The
slopes were then divided by the length and multiplied by ten, in order to
match the length of the optical cuvette of the commercial spectrometer.
The values were then averaged, yielding a molar absorptivity calculated
from the data. This value was found to be 0.294 dB/(µM cm). Since the
optical losses are measured in decibel, the number must be divided by
10 to be comparable to the absorptivity calculated from the absorbance.
In this manner a value of 0.0294µM−1cm−1 is found. This is a 5.3%
deviation from the value measured using the commercial spectrometer.
Both values lie reasonably close to the molar absorptivity value of
0.23 µM−1cm−1 found in literature [81]. The deviation is likely to stem
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from an error in the concentration of the standard solution used, e.g.
due to evaporation of the solvent.

5.5 A refractive index sensor

From the beginning, the manufacturing of a demonstrator microfluidic
system which integrated all methods developed during the project, was
prioritised. Often, the single manufacturing methods work well alone,
but must be altered, when used in combination with other methods.
By making the demonstrator, the robustness of the methods would be
proven.

Since successful absorption measurements had already been made, it
was decided to incorporate yet another optical aspect into the demon-
strator. Rather than using standard rectangular waveguide ends, it was
decided to try to make skewed ends. In this manner, the light from the
waveguide would be refracted, and sent in different directions depending
on the liquid in the optical cuvette. Using the same principle used in
spectrometers, the system would theoretically be able to distinguish
between liquids with different refractive indices.

5.5.1 Design and fabrication

The demonstrator, shown in Fig. 5.11, was designed with an incoming
waveguide with a skewed end, and two outgoing waveguides, which would
be positioned according to the specific refractive angle of two liquids. It
was chosen to work with water (n = 1.33) and a saturated solution of
sugar (n = 1.49), due to the considerable difference in refractive index.

First, the extruded 200µm thick Topas grade 8007 film serving as
waveguiding layer was laser bonded to a black grade 5013 substrate. The
waveguide dimensions was kept at 200 µm, and the tool size at 500 µm, so
that the optimised milling parameters presented in the previous chapter
would be reused. The two outgoing waveguides were placed 500µm
apart, which is the width of the milling tool.

An end angle of 40° was chosen for the incoming waveguide as a
compromise. Using a smaller angle, the angular difference between the
two liquid would also decrease, and the optical cuvette would have to be
longer, in order for the two beams to be separated by the center-to-center
distance of 700 µm between the two outgoing waveguides. Using a more
skewed angle, the angular difference would be bigger, meaning that
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Figure 5.11: Top. Sketch of the refractive index detector. The light is coupled into
the waveguide to the left and is refracted through the skewed lens with a focal length
matching the chamber length. The chamber is filled with either water (n = 1.33) or
a saturated sugar solution (n = 1.49), meaning that the beam will be coupled into
either the top outgoing waveguide (for water) or the lower waveguide (for the sugar
solution). Bottom. Image of the actual structure. A Topas grade 5013 lid has been
thermally bonded on the structure. Debonding has occurred in the right side of the
chamber due to excessive pressurisation.

a shorter optical chamber could be used, but at the same time, the
scattering of the beam would increase considerably, due to the larger
scattering area on the waveguide end facet. Because of the scattering
and the loss due to the length of the chamber, it was decided to make
tapered ends on the outgoing waveguides, in order to collect as much
light as possible.

Calculations were made, so that the skewed end of the incoming
waveguide would also be curved. The end would then act as a lens with
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a focal length equal to the length of the optical chamber.
The fluidic system would consist of a trapezoid cuvette chamber, and

a channel in each end, connected to through-holes, so that the liquids
could be changed by injection.

Finally, a Topas grade 5013 lid was bonded onto the milled structure,
using the parameters presented in Section 4.6.

5.5.2 Experimental results

Two spectra were recorded for the water, the sugar solution, and a 1:1
mixture of the two, respectively. Theoretically, for a water-filled system,
the light would go to the upper waveguide alone, and in case of a system
filled with sugar solution, only the lower waveguide would get a signal.
For the mixture, both waveguides should receive a fraction of the light.

As seen from the graphs in Fig. 5.12, factors like scattering caused by
the surface roughness, and geometrical errors causes the measurements
to be somewhat distant from the ideal case, where all light is led to one
waveguide, while no signal is detected in the other.

To exclude scattering from the sugar solution as an error source which
could cause a change in the signal from sugar, absorbance measurements
were made with the commercial spectrometer. An absorbance of less
than 0.03 was found, meaning that the optical loss from propagating
through the 7 mm sugar solution is in the order of 0.2 dB, which is
negligible compared to the difference between the signals from the water
and the sugar solutions.

In the upper waveguide, the signals are not ordered, and the loss
from the water-filled system is larger than that of the sugar-solution –
contrary to the theoretical predictions. For the lower waveguide, however,
the signals lie in the right order, and reasonably separated.

It was attempted to visualise the beam in the chamber by adding
fluorescein in the water. No beam was observed, which can be taken
as a clear indication of the fact that the light is scattered. Also, when
looking at the outgoing waveguides, light was coupled out of both with
an intensity indistinguishable to the naked eye.

The high viscosity of the saturated sugar solution was also a problem,
since a high pressure was needed to inject the solution into the system.
The pressure applied eventually lead to a leak in the system. Generally,
the use of such viscous liquids should be avoided in microfluidics, partly
because of the increased pressure, partly because of the increase in
diffusion time and e.g. capillary filling time.
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Figure 5.12: Top. Signals from the upper waveguide. Theoretically, all light should
be directed to the upper waveguide, when water is in the system, and to the lower
waveguide when the sugar solution is in the system. However, the signal from the
sugar solution is better than that of the water-filled system. This fact is attributable
to the fact light is scattered in the system, and that deviations in geometry might
also be present. Bottom. The signal from the lower waveguide shows the right order
or the signals. The sugar-filled system yields a better signal than the signal of the
system filled with water, while the mixture signal lies between the two.
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5.5.3 Improvements

It has been demonstrated that a change in the optical loss in the outgoing
waveguides are detectable using the demonstrator. However, key issues
have to be addressed in order to make the system perform flawlessly.
Due to lack of time, these issues could not be treated as a part of the
present project.

Most importantly, the surface roughness of the lens structure in
particular must be improved. In this manner, the lens will be able
to focus the beam onto the opposing outgoing waveguide. Thermal
treatment does not seem the right approach, since this method yields a
slightly inclined wall, meaning that the beam will be refracted out of
the substrate plane. Alternative approaches are discussed in Chapter 7.

An improvement in surface roughness would also allow a shorter
chamber and thereby a reduced optical loss.

Using a smaller tool than the present one, 500 µm in diameter, to mill
the groove between the two outgoing waveguides would also improve the
signals. A part of the light is lost in the space between the waveguides,
and placing them closer together would improve the system.

Finally, the integration of alignment structures for coupling in the
fibres in a reproducible way would further decrease the errors and
deviation presently observed.

5.6 Summary

It has been demonstrated that fabrication of multi-layer Topas wave-
guides by micro milling is possible, and that optical propagation losses
of 0.76 dB/cm for black substrate waveguides, and 2.4 dB/cm for trans-
parent substrate waveguides are achieved. These are comparable to the
losses found in other polymer waveguides, e.g. [73]. Coupling losses for
the black and transparent substrate waveguides are 14 dB and 17 dB,
respectively. Using thermal treatment with a heat gun, a improvement
in the propagation loss of up to 2.3 dB/cm is found for transparent
substrate waveguides. For black substrate waveguides, the improvement
is smaller. However, an overall decrease in the optical loss of the system
can still be achieved, presumably due to the diminished roughness, and
the lens effect of rounded, reflowed waveguide ends.

A demonstrator system with waveguides and an optical cuvette was
produced, and it has been shown that precise absorption measurements
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with concentrations down to 9µM are possible. The overall accuracy
of the measurements is good, despite the lack of e.g. alignment struc-
tures for the optical fibres, and the difference between the absorptivity
measured with the microfluidic system, and measured with a standard
spectrometer is only 5.3%.

A second demonstrator, designed to distinguish between two liquids
with different refractive index, was fabricated and tested. A difference
in signal between water and a saturated sugar solution was detected,
but the data from one of the two outgoing waveguides was contradictory
to theory. However, too few experiments have been made to discard the
system design.
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Confidential

Chapter 6 is kept confidential until further

notice due to IPR issues, and the chapter has

therefore been removed from the public version

of this document. The chapter will be reinserted

into the thesis as soon as possible.
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Chapter 7

Discussion and outlook

7.1 Discussion

The present thesis has treated a number of issues related to fabrication
and rapid prototyping of polymers, especially the cyclic olefin copolymer
Topas. A number of fundamental properties have been investigated,
and the results presented in this thesis can serve as a basis for others
continuing the research on Topas-related micro fabrication. The key
findings are the etch rates of Topas using reactive ion etch, compared to
other polymers, and the spin coating thicknesses for Topas on silicon
and Topas, respectively.

It has been demonstrated, that micro milling of Topas using minia-
turised end mills is possible, and that structures down to 25 µm in size
are obtainable. Optimised parameters have been found for different
tool sizes, and these can be used as a guideline for further milling
experiments.

Thermal bonding of Topas has been demonstrated, although further
experiments should be carried out to improve the bonding strength from
the current 2 MPa (which is in reality a measure of the Topas-epoxy
bonding strength).

For laser bonding, the results were better, with bonding strengths
comparable to the tensile strength of the material. Also, it was seen
that good bonding was achieved with a large tolerance in the bonding
parameters. Furthermore, reflow into micro milled channels was limited
when using the right parameters.

These manufacturing methods were used to fabricate optical wave-
guides in multi-layer Topas structures. Two types, on black and on

93
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transparent substrate, were categorised, and it was found that the
propagation loss of the black substrate waveguides was around one third
of that of the WGs with transparent substrate, namely 0.76 dB/cm and
2.3ḋB/cm, respectively. Generally, the propagation losses are comparable
to those of similar polymer-based microfluidic systems.

Thermal treatment of the waveguides was found to significantly
lower the propagation loss, by reflowing the surface, thus removing
surface roughnesses. The manual method employed should be optimised,
and considerations should be made about how to make the method
reproducible.

The measurements of bromthymol blue absorbance were successful,
and it was clearly demonstrated that it is possible to make useful and
relatively accurate absorption measurement in micro milled systems.
Even with untreated waveguide sidewalls, clear measurements were
made.

The experiments using the refractive index detector were less suc-
cessful, but mostly so due to the limited time. Optimisation of the
system, and especially of the optical quality of the lens structure, would
probably improve the measurements considerably.

7.2 Outlook

7.2.1 Methods

The findings about prototyping of Topas, which are presented here, lead
to a number of conclusions regarding which way research in the field
could progress.

It is evident that micro milling has limitations in terms of capacity,
due to the serial nature of the process. The strength of the process
lies in the rapidness and the fact that structures can be changed and
individualised at virtually no cost, contrary to lithographic processes.
Also, micro milling as a means of manufacturing rapid and low cost tools
for injection moulding, or for hot and soft embossing, seems as a viable
path. For small and medium scale production, micro milling could still
be useful in e.g. finishing of embossed or injection molded through-holes
or special details which are not achievable using the mass-replication
technologies. For Topas in particular, it seems that the material is
somewhat more difficult to mill than e.g. PMMA, and that this sets a
limit to the structures which can be successfully milled in Topas.
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The strength of micro milling lies in the rapid manufacturing of mold
inserts, or stamps, from which the final systems are then manufactured
by injection molding or hot embossing. The polarity issue (the fact that
for making a stamp of a single micro-channel, a lot of material must
be removed) can be avoided by using the milled structure to cast e.g.
PDMS stamps, which can then be used for soft embossing. These soft
stamps would also be particularly useful for large scale production of
e.g. reel-to-reel embossing of microfluidic systems [82].

Taking the embossing further could also encompass embossing in
multi-layer structures. This has previously been demonstrated by Dahms
et al. [83]. In this manner, the waveguides are made by milling of a
stamp, followed by embossing.

7.2.2 Materials

On the materials side of things, the potential of Topas has not yet
been fully exploited. The two major advantages of this polymer, the
chemical resistance to a large range of harsh chemicals, and the good
optical properties, especially the UV transparency, should be exploited
in microfluidic systems. A lot of solvents can not be used in present-day
systems made in e.g. PMMA, and for optical measurements, measuring
at wavelengths below 300 nm has usually been difficult, and has required
optical windows in e.g. quartz inserted in the polymer system. Topas
solves these issues, and making a system for e.g. phosphate detection
using the so-called “yellow method” where the pH-value is needed to
be very low, should be possible in Topas. Similarly, a large range of
substances have characteristic absorption peaks in the UV part of the
spectrum, and detection of such chemicals using microfluidics would be
an obvious path to follow.

Judging from the increase in the number of scientific publications
on COC available, from the beginning of this thesis until present, an
increased awareness of the benefits of this class of polymers is seen. With
this growing knowledge of the material properties, the full potential
of Topas, like the engineerable glass transition temperature, can be
exploited, and new, advanced microfluidic systems can be developed.
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Igor Mezić, Howard A. Stone, and George M. Whiteside. Chaotic
Mixer for Microchannels. Science, 295:647–651, 2002.

[8] Abraham D. Stroock, Stephan K. Dertinger, George M. White-
sides, and Armand Ajdari. Patterning flows using grooved surfaces.
Analytical Chemistry, 74:5306–5312, 2002.

97



i
i

“main” — 2007/1/8 — 19:40 — page 98 — #114 i
i

i
i

i
i

98 REFERENCES

[9] S. Hardt, K. S. Drese, V. Hessel, and F. Schönfeld. Passive mi-
cromixers for applications in the microreactor and µTAS fields.
Microfluidics and Nanofluidics, 1:108–118, 2005.

[10] P. Tabeling, M. Chabert, A. Dodge, C. Jullien, and F. Okkels.
Spatiotemporal resonances in mixing of open viscous fluids. Physical
Review Letters, 93(3):1–4, 2004.

[11] F. Okkels and P. Tabeling. Chaotic mixing in cross-channel mi-
cromixers. Philosophical Transactions of the Royal Society A: Math-
ematical, Physical and Engineering Sciences, 362:987–1000, 2004.

[12] Allan W. Snyder and John D. Love. Optical Waveguide Theory.
Chapman and Hall Ltd., London, 1. edition, 1983.

[13] Gerardo Perozziello. Packaging of microfluidic systems: A microflu-
idic motherboard integrating fluidic and optical interconnections.
Ph.D. thesis, MIC – Department of Micro and Nanotechnology,
Technical University of Denmark, 2006.

[14] Elo H. Hansen. Lecture notes, Analysis and chromatography course,
spring 2004.

[15] Nicolas Boalth, Jesper Wandrup, Lasse Larsson, Peter A. Frischauf,
Finn C. Lundsgaard, Willy L. Andersen, Niels-Henrik Jensen, Rolf
Singer, Carl P. Troldborg, and Gitte Lunding. Blood gases and
oximetry: calibration-free new dry-chemistry and optical technology
for near-patient testing. Clinica Chimica Acta, 307:225–233, 2001.

[16] Anders M. Jorgensen, Klaus B. Mogensen, Jörg P. Kutter, and
Oliver Geschke. A biochemical microdevice with an integrated
chemiluminescence detector. Sensors and Actuators B, 90:15–21,
2003.

[17] Holger Becker and Claudia Gärtner. Polymer microfabrication
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