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Microsystems technology has become an established field with a rapidly increasing number of
commercially available products. Most of the applications are in the automotive, the
biomedical/pharmaceutical and the information technology industries. Furthermore, microsystems
technology is of great interest for specialised areas in which its advantages justify the high costs
incurred for development and fabrication for a small number of devices.

This project contributes to the area of microfluidics and BioMEMS (Micro-Electro-Mechanical-
Systems) by developing and improving discrete fluidic devices, realising an interconnection method
to obtain entire microfluidic systems and by combining microfluidics with BioMEMS.

Bubbles severely degrade most micropumps and gases cannot be pumped at all in many cases.
A novel self-aligning micropump, which is able to pump gas and liquid was developed. It is also
tolerant to gas bubbles of up to three times the pump chamber volume. The pump rate for ethanol
is 1500 pl/min with a maximum backpressure of 1000 Pa and the pump rate for air is 700 pl/min.

To realise fluidic systems a flow sensor measuring and controlling the output of the micropump
was most desirable. Technical problems experienced with a previous attempt are specified and
solutions for obtaining a working flow sensor are presented. Initial experiments for water are
described where flow rates of up to 30 ul/min were measured.

With the novel approach of a microfiuidic circuitboard the aspect of interconnection by adapting
the principle of the printed electrical circuitboard has been addressed. The concept has been
proven functional with tests comprising a micropump and by a system consisting of various
devices.

A system combining biotechnology with microfluidics results in a micromachined chip for the
polymerase chain reaction (PCR). Integrated aspects of this device are incorporated heaters,
temperature sensors and novel optical detection approaches. Optical fibres and pn-diodes have
been included in the design for light input and fluorescent detection rendering the system immune
from ambient light and eliminating the need for bulk optical components. Experiments show that
the water filled chip with 1 pl volume can be cycled 30 times stepping through three temperature
levels in 2.2 min. This makes it the smallest and fastest silicon micromachined PCR chip presented
so far. Furthermore, this device could be used in connection with a system formed by the earlier
described micromachined devices realised on the fluidic circuitboard, e.g. mixing the various
chemicals for the PCR.
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CHAPTER 1

Introduction

Research into silicon micromachining started in the 1960's when researchers realised that silicon
could be used to fabricate not only discrete and integrated electronic circuits, but also transducers
and other devices with new properties due to the materials used and their miniature size. The
resulting devices are often referred to as MEMS, for micro-electro-mechanical-systems, although
the term is misleading since many micromachined devices are not mechanical in any sense.

The first micromachined devices were pressure sensors [Tufté2]. The palette of MEMS devices
nowadays is rather large including applications in micromechanics, microoptics (MOEMS:
microoptical-electromechanical systems), microfluidics, biology (BioMEMS), chemistry and
aerospace, to name but a few. However, integration is not as far advanced. Owing to the
diversification of microtechnology, no standard libraries as in microelectronics have been created

so far.

MEMS is now an established field and more and more commercially available products can be
seen on the market. The main drives for the developments and commercialisation of
micromachined products are the automotive, the biomedical/pharmaceutical and the information
technology industries. In new car models many a micromachined sensor is incorporated in the
engine compartment and for safety issues. The best-known sensor in a car is the accelerometer
used in the airbag system, often a suspended mass with piezoresistive readout.

Drug development, DNA analysis and many other applications with numerous advantages such
as speed, safety and the use of fewer chemicals have awoken the interest and the money from the
biomedical and pharmaceutical industries.

Within the information technology industry the need for optical switching led to great research
interest, where the main focus at present seems to be on movable micromirrors. Nevertheless,
there are many other research areas such as microlenses, waveguides, etc.

Also the entertainment industry is becoming increasingly interested in cheap, mass-producible
micromachined devices, where one of the keywords is virtual reality, with accelerometers and
gyroscopes determining positions for playing games in the third dimension.
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However, MEMS technology is as well of great interest for specialised areas where the
advantages far exceed the high costs for development and fabrication. Such advantages are low
power consumption, fewer reagents for chemical analysis and lower mass. This is especially true
where lifetime, size and weight play an important role as it would be the case in aerospace or in
long-term data collection, e.g. in oceanography, where devices are sealed in pressure
compartments and left, inaccessible for a long periods of time in the open water.

The research in microfluidics started in the late 1970’s. At Stanford University the research
involved a gas chromatograph [Terr79], and at IBM ink jet printer nozzles were developed
[Bass77, Pete79]. The follow-up on these early devices has been modest for a long time, but
within the last 10 years a dramatic increase in research activities has taken place, and microfiuidics
has developed into a very interesting research topic with many an application.

Scientists miniaturised devices known from the ‘macro’ world, e.g. pumps, valves,
chromatographs, particle counters and sorters, filters, reaction chambers and many more.
However, apart from ink jet nozzles there were very few commercially available microfluidic
products.

Only in recent years have many companies become interested in commercialising devices,
mainly in the BioMEMS area. A keyword in the field is ‘lab on a chip’ or ‘uTAS’ (micro total analysis
systems), where macroscopic analysis methods are being miniaturised. DNA analysis is one of the
strongest fields in the BioMEMS area. It comprises the polymerase chain reaction (PCR) for the
DNA amplification, DNA size analysis and DNA sequencing.

Whereas in the early years articles dealing with microfluidics published in conference
proceedings and journals were only few, now entire conferences are dedicated to this topic, e.g.
KTAS, BioMEMS, and leading MEMS journals have their own microfluidic sections, e.g. Sensors and
Actuators B.

Although, as the above mentioned keywords ‘lab on a chip’ and ‘uTAS" would suggest, complete
microfluidic systems are still rare and very specific in their application, most of the developed
devices are discrete.

To realise versatile microfiuidic systems, some ‘basic’ components like pumps and flow sensors
are necessary. Furthermore, in accordance to the printed circuitboard used in electronics, a similar
approach for fluidic devices is desirable. Such a microfluidic circuitboard should allow discrete
fluidic devices to be mounted in various and independent configurations forming complete
systems.

To this ‘basic’ system, specific components can be added, e.g. a mixing/reacting chamber or a
PCR chip, to form new and more complex integrated systems. During the development of the
devices it is important to keep the focus on the integrated aspect, which means that the discrete
components could have heaters, temperature sensors, optical readouts, etc.
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In previous years, the Micorelectronics group at Southampton University has developed some
discrete microfluidic devices. However, integration did not take place. To enhance and continue
this work, devices have been used, improved and newly developed. Although, the devices have
been characterised on their oWn, all of them were designed under the previously mentioned
criteria of integration. Therefore, the aims of the work can be highlighted as:

o developing a microfluidic pump for liquids and gases

o developing a microfiuidic flow sensor

o finding a method of interconnecting different fluidic devices

s assemble and characterise a fluidic system

o developing a micro PCR chip — biotechnology combined with microfluidics

At the beginning of this thesis an overview of microsystem technology, microfluidcs and
BioMEMS is given with the focus on devices forming parts of the thesis and on integrated systems
described in the literature.

In chapter three, a novel self-aligning micropump, which is able to pump gas and liquid is
described. It is also tolerant to gas bubbles of up to three times the pump chamber volume.
Chapter four explains the improvement of a micromachined flow sensor. Technical problems
experienced with the previous fabrication are described and solutions for obtaining a working flow
sensor are presented.

The aspect of integration and interconnection by adapting the principle of the printed electrical
circuitboard is addressed in chapter five. The novel approach towards an integrated microfluidic
system is given with an example of a chemical reaction system consisting of two pumps, two flow
sensors and a micromixer/-reactor realised on the new microfluidic circuitboard.

A system combining biotechnology with microfluidics results in @ micromachined chip for the
polymerase chain reaction (PCR), which is explained in chapter six. This chip is intended to be
used to amplify DNA. Integrated aspects of this device are incorporated heaters, temperature
sensors and novel optical detection approaches. Furthermore, this device could be used in
connection with a system formed by the earlier described micromachined devices realised on the
fluidic circuitboard, e.g. mixing the various chemicals for the PCR.

The thesis concludes with a discussion on results and performances of the devices and systems
and gives an outlook towards future developments.



CHAPTER 2

Microfluidics and BIoMEMS — A Review

2.1 Introduction to MEMS- Micro Electro Mechanical
Systems

The area of MEMS — micro electro mechanical systems or, as named in Europe, MST — micro
system technology, is an established field similar to microelectronics, although the turnover in
microelectronics is still significantly higher than in the MST field. According to a study by the
System Planning Corporation the market forecast for the year 2000 was a total of 13.9 B$ for
MEMS products, whereas for comparison the world semiconductor market in 1996 was already
144 B$ [Lang99].

Several books have been published explaining the processes and technologies used in
micromachining and giving numerous examples of the many devices realised to date [KochQO,
Malu00, Kova98, Elwe98, Menz97, Buet94]. In figure 2.1, the basic principle of patterning a
wafer, which is employed in the vast majority of micromachining processes, is depicted. A
photoresist layer is spun on and soft-baked (figure 2.1a) and then exposed to ultraviolet light
through a mask, normally a quartz plate with patterned chromium (figure 2.1b). The exposed
photoresist (positive resist shown) is then dissolved in a developer solution, leaving only the
non-exposed regions behind and then hard-baked (figure 2.1c). Now using the photoresist as a
mask, the wafer can be patterned by a dry or wet etching method (figure 2.1d).
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Figure 2.1: Schematic of a basic photolithography and etch process.

Many processes are used to create micromachined devices, most of which are derived from
microelectronics fabrication. However, as micromachining has grown in popularity, several
specific processes have been developed. Silicon is still the substrate material used most often
due to the large variety of standard processes available and because of its outstanding material
properties. It has a Young’s modulus, hardness and tensile yield strength that approach those
of many commonly used metals such as stainless steel (table 2.1). However, other materials
have entered the MEMS area. Glasses like pyrex, quartz and borosilicate are used. They are
especially popular in the BioMEMS field because of their transparency and electrical insulation
properties, e.g. high voltages applied in capillary electophoresis or a large variety of surface
modifications are possible [Baba99]. Such surface modifications are for example immobilisation
layers made of antibodies to catch cells or immobilised single stranded DNA fragments to catch
DNA fragments with complementary sequence out of solution. Transparency is a very useful
property for fluorescent detection methods, e.g. labelling of DNA with fluorescein or rhodamine
B [Manz97].

Other devices are based on polymers as described by Schomburg [Scho94], Urban
[Urba99], Rong [Rong99], Barker [Bark00], Ekstrand [Ekst00] and Boone [Boon00] or made by
electroplated metal [Doep97]. Gallium-Arsenide (GaAs) is often used in micro optics but only a
few micromachined devices have been created in it [Buri98, Lali00]. One reference to
germanium was found. This was used as a substrate in the creation of a micromachined
pressure sensor, a thermistor and a capacitive microphone [Li99].



2. Microfluidics and BioMEMS — A Review

Material Yield Knoop Young’s Density Thermal Thermal
Strength Hardness | Modulus (g/cm®) | Conductivity Expansion
(10° N/m?) | (kg/mm?) (GPa) (W/cm-K) Coefficient
(110) (10%K)
Silicon 7 850 190 2.3 1.57 2.33
Stainless 21 660 200 7.9 0.329 17.3
Steel

Table 2.1: Mechanical properties of silicon and stainless steel. From [Kova98].

The two major types of processing are subtractive, e.g. etching, laser machining or milling
and additive, e.g. deposition of dielectrics or metals. Table 2.2 gives an overview of processes
and lists examples used for MEMS microfabrication. The list does not claim to be exhaustive as
new processes are continually being developed.

| Process Type

Example

common (from microelectronics fabrication) }

lithography

photolithography, electron-beam lithography, ion-lithography

thin-film deposition

chemical vapour deposition (CVD), plasma-enhanced chemical
vapour deposition (PECVD), epitaxy, sputtering, evaporation,
puised laser deposition

etching plasma etching, reactive-ion etching (RIE), wet chemical
etching, laser-assisted chemical etching (LACE)

annealing thermal annealing, laser annealing

implantation ion implantation

MEMS specific

lithography x-ray lithography, liquid-phase photopolymerisation

thick-film deposition

screen printing, spin-on application, electroplating

etching

wet bulk etching, deep reactive ion etching (DRIE),
electrochemical etching

machining drilling, milling, electric discharge machining (EMD), diamond
turning, sawing, powder blasting
bonding fusion bonding, anodic bonding, eutectic bonding

surface modification

wet chemical modification, plasma modification

Table 2.2: Example processes used in micromachining.

In most cases MEMS fabrication falls into one of two categories, bulk or surface
micromachining. In figure 2.2 the difference between the two is depicted. In bulk
micromachining, part of the ‘bulk’ substrate is removed, i.e. large pits or holes are formed in
the front or back of the wafer. Whereas surface micromachining is processing above the
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substrate, i.e. the substrate is mainly used as a base to build upon. It often involves the
removal of a sacrificial layer to create free standing structures.

) sacrificial layer
thin-film layer removed

etched pit

substrate substrate

Figure 2.2: Schematic of bulk (left) and surface (right) micromachining.

2.2 Microfluidics and BioMEMS

Micromachining has numerous applications in fluidics, and its use in this area has become even
more important as people strive to create complete fluidic systems in miniaturised formats. A
broad variety of materials are available for fabricating the systems or their components,
including glasses, plastics/polymers, metals, ceramics and semiconductors. Thus techniques
currently exist for generating a wide variety of structures and functions, and system concepts

are evolving.

The number and variety of microfluidic devices is so extensive, that only devices and
concepts relevant to this thesis are reviewed. A broad range of devices and systems can be
found in the recently published books ‘Micromachined Transducers Sourcebook’ [Kova98] and
‘Microfluidic Technology and Applications’ [Koch00] and in various review articles published
[Dari00, Harr99, Abra99, Shoj94, Grav93].

2.2.1 Gas/Liquid Micropumps

To date, a large number of reports on micropumps have been published with many different
actuation principles, such as electrostatic [Zeng94, Zeng95], shape memory alloy [Bena97],
thermopneumatic [Gros99, Scho94], piezoelectric [Koch98a, Koch98b, Olss95], pneumatic
[Zeng94], bimetallic [Zhan96], electromagnetic [Gong99] and peristaltic [Veen00, Gros99].
Usually, the pumps are mechanical and of the membrane type. Alternative actuation principles
are electrohydrodynamic [Rich91la, Bart90], electroosmotic [Guen99, Jaco94, Manz91],
magnetohydrodynamic [Lemo00, Lemo99], ultrasonic [Blac99], electrochemical [Boeh99a] or
by using micro gears [Doep97, Dewa97].

A detailed description of the different principles can be found in ‘Microfluidics Technology
and Applications’ [Koch00]. However, only a few of the micropumps published until now are
suitable for pumping gas or are self-priming. Nevertheless, these issues are very important as
gas bubbles severely deteriorate the performance of most pumps. The main difference in
pumping gases compared to liquids is that to create the necessary pressures, the fluid has to
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be compressed. Hence, the membrane micropump must secure a certain compression ratio,
i.e., volume displacement induced by the membrane over mean pump chamber volume.

Two very similar attempts at fabricating a piezoelectrically driven gas/liquid micropump
realised in silicon have been made by Gerlach [Gerl97] and Linnemann [Linn98]. One approach
uses passive dynamic valves, the other passive cantilever valves (figure 2.3). In both cases,
the silicon membrane wafer is micromachined so that the pump chamber volume is minimised.
Both designs were able to pump air in the low ml/min range. Liquid pumping and tolerance
towards gas bubbles has also been presented by Linnemann, with very high backpressures for
liquid (100 kPa) and gas (60 kPa). Both pumps are unsuitable for mass production as the PZT
needs to be manually glued on each pump, which can lead also to differences in performance
due to miss-alignment or glue thickness variation.

pump chamber pump diaphragm pump chamber pump diaphragm
piezo disc piezo disc
\ / / \\
outlet inlet

Figure 2.3: Schematic of silicon micromachined gas/liquid micropumps;
left: [Linn98], right: [Gerl97].

Another piezoelectrically driven silicon/plastic pump named VAMP (Valve And Micro Pump)
has been presented by [Steh96]. It can be used either as an active microvalve or as a forward
and reverse working micropump. The layout of the device can be seen in figure 2.4a. The
VAMP consists of a base plate containing two fluid ports, a diaphragm fabricated by
micromachining silicon, and a piezo actuator driving the diaphragm. By applying a DC-voltage,
the device operates in the valve mode and by applying a square wave voltage, the device
operates in the pump mode. The direction of fluid transport can be changed by the driving
frequency due to a dynamic effect of fluid oscillation in the tubing. The pump had a maximum
water pump rate of 1.6 ml/min in forward direction (200 V, 190 Hz) with a maximum
backpressure of 17 kPa and a pump rate of 1.2 mi/min in reverse direction (200 V, -). The air
pump rate was 8 mi/min in both directions (100 V, 1650 Hz forward, 1150 Hz backward), but
no backpressure has been measured.

Boehm [Boeh99b] (figure 2.4b) and Kaemper [Kaem98] (figure 2.4c) used injection
moulding of polymers for the creation of their micropumps. Both can be actuated
piezoelectrically and in addition Boehm developed an electromagnetic actuator consisting of a
magnet placed in a coil on top of the membrane. In both cases the pump membrane and the
passive valve membranes were also made from thin polymers by injection moulding. The
mould for Boehm’s pump is made of aluminium by conventional workshop equipment. Kaemper
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used a mould made by LIGA technology and the through holes in the plastic parts were drilled
by a Nd:YAG laser. Kaemper achieved a water pump rate of 400 pl/min with a very high
backpressure of 210 kPa and air pumping with a rate of 3.5 ml/min and high backpressure of
50 kPa. The pump by Boehm had a water pump rate for both actuation types of around 2
ml/min with a maximum backpressure of around 10 kPa. An air pump rate was only given for
the electromagnetically actuated membrane, which was 40 ml/min.

In contrast to that, Rapp [Rapp94] developed a LIGA based micropump covered by a glass
plate (figure 2.4d). The titanium membrane is actuated by an external pneumatic drive. The
passive valves are made of polyimide sitting on the titanium membrane. Due to the different
stiffness in the materials the polyimide bends more under pressure than the titanium and
therefore the valve opens. The same principle is true for closing the valve. The membrane
pump had a pump rate for air of 86 pl/min with a maximum backpressure of 4.7 kPa. No liquid
pump rate or backpressure has been given. The pump was assembled out of many parts,
which would make mass fabrication not attractive.

actuated pump
membrane

silicon piezo-beam
a) diaphragm

port 1 port 2 base plate ' 1
Tl valve seat valve outiet
membrane
pump . —_
membrane____——mmm ~: veror polyimide ——
| Valve membrane grive titanium
mem- d) membrane
C) brane LIGA structure
inlet r | outlet L 4 from gold
port | port — \T’[ — \j\{ J— glass cover
inlet valve| bottom part valve chamber pumping valve chamber

3 for inlet membrane for outlet
outlet valve

Figure 2.4: Schematic of micromachined pumps;
a) [Steh96], b) [Boeh99b], c) [Kaem98], d) [Rapp94].

A rather different pump principle has been published by Doepper [Doep97]. He used LIGA
fabricated nickel-iron gear wheels driven externally by electromagnetic stepping motors (figure
2.5a). This technique allowed him to pump even high viscosity fluids such as oil. Another gear
pump has been presented by Dewa [Dewa97]. The magnetically actuated two-gear plastic
pump was formed by LIGA processing. One of the gears, the driving gear, has a central
permalloy bar (Ni/Fe). The magnetic drive mechanism was fabricated in carbon steel to which
the permanent magnets were bonded. The outside diameter of the pump is 3.2 mm, including
the two 24 tooth gears, each gear with a diameter of 1.4 mm. Both gear pumps are self-filling
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and bubble tolerant, but no gas pump rates were given. Doepper stated a maximum
backpressure for air of 2.5 kPa.

A self-priming and bubble-tolerant peristaltic micropump has been presented by Veenstra
[Veen00]. The device was created by powder jet micromachining a silicon base wafer and the
anodic bonding of a pyrex membrane wafer with glued on piezo discs (figure 2.5b). This semi-
silicon pump could sustain a high backpressure of 50 kPa (ethanol), however, the pump rate of
9 pl/min (ethanol) was very small. Measurement results for pumping air have not been

presented.
The above described gas/liquid micropumps are listed in table 2.3.

flow channel
Piezos
b |
a) o ) L - Pyrex
\ f Y ‘ T \ B Silicon
nickel-iron stainless i 7
gear wheels steel shafts et outle

Figure 2.5: Schematic of a) gear-wheel pump [Doep97], [Dewa97]
and b) peristaltic micropump [Veen00].
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chip size [mm®]

Author pump max. pump rate max. backpressure
mechanism; liquid; liquid;
valve type gas gas self-filling
Rapp pneumatic (ext.) - - pump membrane
1994 titanium membrane; air: 86 w/min at 50 | air: 4.7 kPa at 50 kPa, | diameter 5 mm
passive polyimide kPa, 5 Hz 5 Hz
membrane yes
Stehr piezo water: 1.6 ml/min water: 17 kPa -
1996 silicon membrane; at 200 Vv, 190 Hz; -
passive dynamic air: 8 ml/min at yes
100V, 1.15/1.65
kHz
Doepper electromagnetic motor oil: 1 mi/min oil: 120 kPa 10x10x 30
1997 (ext.) water: 55 ul/min at water: 7 kPa
gear wheels; 296 rpm; air: 2.5 kPa yes
- air: -
Gerlach piezo - - membrane 11 x
1997 silicon membrane; air: 7.5 mi/min air: 2.8 kPa at 12 kHz 11
passive dynamic at 12 kHz mm?
Dewa magnetic water: 350 pl/min water: 13.7 kPa; @ 3.2 mm
1997 - at 5000 rpm; -
- yes
Kaemper piezo water: 400 pl/min, water: 210 kPa, 70 12x12x 3.5
1998 polycarbonate 70 Hz; Hz;
membrane; air: 3.5 ml/min air: 50 kPa yes
passive polycarbonate
membrane
Linnemann piezo water: 1.4 ml/min | water: 100 kPa at 220 7x7x1.1
1998 silicon membrane; at 220 Hz, *; Hz, *;
passive cantilever air: 3 ml/min at air: 60 kPa at 220 Hz, yes
220 Hz, * *
Boehm electromagnetic water: 2.1 ml/min | water: 10 kPa at 100 10x10x8
1999 (b) polymer membrane; at 100 mA, 50 Hz; mA, 50 Hz;
passive polymer air: 40 mi/min at air: - yes
membrane 400 Hz
Boehm piezo water: 2 ml/min at water: 12.5 kPa at 12x12x2
1999 (b) polymer membrane; 350 Vpp, 50 Hz; 350 Vpp, 50 Hz;
passive polymer air: - air: - yes
membrane
Veenstra piezo ethanol: 9 pl/min, ethanol: 50 kPa -
2000 pyrex membrane; >300 Hz; -
- - yes

(* asymmetrical rectangular signal from — 40 Volts to 120 Volts)
(ext. = external, max. = maximum)

Table 2.3: Gas/liquid micropumps published up to date.
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Several materials for the creation of the pumps have been used. Silicon, silicon combined
with plastic or pyrex, plastic or plated metal was used. Six out of the ten presented pumps
were actuated piezoelectrically. PZT is a powerful and easy to apply actuator. Eight pumps
used a membrane as the active moving part and two in-line gear wheel pumps were
fabricated. This shows that for micromachined devices the membrane pump is easiest to
realise.

The pump rate for air was below 8 ml/min where it was measured apart from the pump by
Boehm, which had a pump rate of 40 ml/min for the electromagnetically actuated membrane.
The pump rates for air as fluid were always higher for a given pump than the liquid pump rate.
Very high backpressures for air were measured by Kaemper (50 kPa) and Linnemann (60 kPa).
The rest of the measured backpressures for air were below 5 kPa.

The highest pump rate for liquid (water: 2 mi/min) was achieved by the pumps presented
by Boehm and the lowest pump rate was measured by Veenstra (ethanol: 9 pl/min). The
highest backpressure for liquid (water: 210 kPa) was measured by Kaemper, with the rest of
the measured backpressures ranging between 7 kPa and 120 kPa.

Ali of the above listed pumps were self-priming. Therefore, even if no air pump rate was
given for some of the pumps, they were still considered as being gas pumps. Some of the
pumps are difficult to manufacture as for example LIGA technology uses synchrotron radiation
for the lithography step, which is available only at very few specialised places in Europe. The
plastic pumps were made by injection moulding. Those moulding machines are not present in
most cleanrooms for microfabrication. Therefore, one has to choose to most appropriate pump
for a given application and also the possibility of fabrication needs to be considered.

2.2.2 Micromachined Flow Sensors

Several principles of flow measurement using micromachined sensors have been described so
far. In the following the various principles are listed and examples are given.

e Pressure difference: This flow sensing principle relies on the measurement of the
differential pressure in a flowing liquid. Pressure sensors can be used to measure fiow by
sampling the pressure drop along a flow channel with known fiuidic resistance, Rr, and

calculating the flow from the fluidic equivalent to Ohm’s law: Q=-AR—’Q. The sensor
f

presented by Cho [Cho91] uses a fixed membrane with capacitive readout (figure 2.6a).
The measurement window is between 0.001 and 4 Torr with a sensitivity of 200 ppm per
mTorr. Capacitive Pressure sensors are also used by the device presented by Oosterbroek

[Oost97, Oost99] (figure 2.6b). Flow rates between 0 and 270 pl/min have been measured
with a capacitance change from 2.63 to 2.67 pF.

e Drag force (figure 2.6¢): This type of flow sensor consists of a cantilever beam with an
integrated strain gauge resistor. When the cantilever is immersed in a flowing fluid, a drag-
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force is exerted on the beam resulting in a deflection of the cantilever, which can be
detected by piezoresistive elements incorporated in the beam. The sensor from Gass
[Gass93a] measures water flow rates of 5 to 500 pl/min at a sensitivity of 4.3 pv V/ul
min!. Other drag force based flow sensors have been presented by Nishimoto [Nish94]
and Su [Su96].

e FElectrohydrodynamic (figure 2.6d): The principle of such a sensor is the injection of charge
at one electrode grid and the subsequent detection of a charge pulse at a second grid. This
charge is carried along by the ionic species. The publications from Richter [Rich91a,
Rich91b] state measured flow rates for DI water from 8 — 1700 pl/min and flow rates for

ethanol from 8 — 50 pl/min.

e High-speed x-ray micro imaging: This technique uses high-speed x-ray micro imaging of
the steady state flow in micro pipes [Leu97]. The setup for the measurement consists of a
x-ray monochromator and a high frame rate CCD camera. Flow images of vortices are
collected and the flow pattern is reconstructed with the help of a flow recovery algorithm.

s Lift force (figure 2.6e): The device presented by Svedin [Sved97] consists of a pair of bulk
micromachined torsionai airfoils, mounted at an angle in a flow channel. In operation, the
torque on the upstream airfoil plate is greater than that on the downstream plate, and
signals from piezoresistive strain gauges on each airfoil are measured. With this device a
flow sensitivity of 7.4 uV/V/(m/s)’> has been measured in both flow directions. The
measured flow velocity range was between 0 and 7 m/s.

e Thermal flow (figure 2.6f): Most micro flow sensors described so far work in the thermal
domain. Convection cools a heater and disturbs the temperature distribution close to the
heater. There are three main flow sensing techniques:

- Constant power mode: In the constant power mode, the temperature difference
T2-T1 is measured for the flow. The device presented by Lammerink [Lamm93]
measures water flow in the range 0 — 2 - 10° m s and 0 — 60 pl/min. A very
similar device has been presented by Kohl [Kohi94].

- Constant temperature mode: The temperature of the heater is directly measured
and kept constant. The electrical power needed to maintain a constant
temperature is a measure of the flow. In this mode, the flow sensor is very fast.
Stemme [Stem86] reported a flowsensor based on this principle with a
measurement window of 0.8 — 30 m/s, a response time of 0.45 s and a sensitivity
of 0.01 = 0.5 mW (mwW)Y/ ms™.

- Time of flight mode [Elwe94]: The heater is continually pulsed with a certain
amount of electrical energy. Downstream of the heater, a temperature sensor is
used to measure the time delay between heat source and heat detection.
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Figure 2.6: Different measurement principles for measuring fluid flow; a) and b) pressure
difference, c) drag force, d) electrohydrodynamic, e) lift force and f) thermal.

2.2.3 Microchips for the Polymerase Chain Reaction (PCR)

As the reader might not be familiar with DNA amplification using PCR, a short introduction is

given in Appendix A.

Several microchips for the polymerase chain reaction based on two distinct principles have
been presented so far. In one principle, the PCR reaction is carried out in a chamber, which is
heated and cooled in cycles (figure 2.7a). In the other principle, the PCR solution is led within a
channel over three distinct temperature zones (figure 2.7b).

7

heaters/temperature sensors

flow channel

inlet
|

outlet

95°C 55°C 72°C

Figure 2.7: Principles of PCR-chips; a) reaction chamber, b) continuous flow.
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2.2.3.1 Chamber PCR chips

The first micromachined PCR chip was presented by Northrup [Nort93] in 1993. It used a
relatively large reagent volume of 25 — 50 pl and it needed the use of silicone adhesive for
sealing the chambers. Polyethylene tubing was used for the inlet and outlet and the heaters
were polysilicon on a nitride membrane underneath the reaction chamber. Another device
developed by this group used two bonded silicon wafers with matching, anisotropically etched
grooves to form a tunnel into which a plastic reaction tube was inserted [Wool96]. The plastic
tube was heated via polysilicon resistors deposited onto the silicon. This setup was fixed on a
glass board and connected to a capillary electrophoresis (CE) chip. Another PCR chip connected
to capillary electrophoretic separation channels has been presented by Lagally [Laga00].

Poser [Pose97] proposed a silicon based PCR chip with very fast temperature rise and fall
times. The chip was covered alternatively with a pyrex or silicon plate. The chip was heated by
integrated thin film (NiCr, Pt) resistors and cooled by forced air (fan). The device comprises
thermal insulation gaps and was connected to a copper heat sink. However, test series showed
biocompatibility problems inhibiting the PCR by all materials used. Only covering the surfaces
with polydimethylsiloxane (PDMS) led to successful DNA amplification.

Also very fast heating and cooling rates where achieved by Daniel [Dani98]. The silicon chip
had integrated thin film heaters and was cooled via a heat sink. The reaction chamber was
suspended on beams for thermal insulation. A significant disadvantage of this chip was the use
of oil to seal the chamber, hence preventing evaporation of the PCR sample but also
preventing the use of optical detection for evaluation purposes.

Other PCR chips have recently been presented by Kondo [Kond99], Lin [Lin00a, Lin00b],
Lao [Lao00] and Nagai [Naga99], all based on the micromachining of silicon with glass covers.
The PCR chambers by Nagai were arranged in an array. The smallest chambers had a capacity
of 23 pl in a density of 10* chambers/cm?®. However, PCR was only successful in chambers
whose volume was greater than 86 pl. Another array of 8 x 12 PCR wells was presented by
Akahori [Akah00], but no DNA amplification has been performed.

Kellog [Kell00] and Eckersten [Ecke00] made PCR chambers on plastic compact discs,
where the liquid was moved by rotating the disc. Around one hundred assays can be done in
parallel.

Table 2.4 lists the different PCR-chips described above.
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Author chip size; temperature rise; DNA amplified; total time; device
chamber temperature fali number of base number of | material;
volume pairs cycles power
consumed
Northrup - resistive: 13 to 35 GAG gene of HIV 20 min; silicon;
1993 25 and 50 ul °C/sec; virus; 20 2.25W
passive: 13 to 35 °C/sec 142 bp
Northrup - resistive: 5 °C/sec; B - globin; - silicon;
1995 - forced air: 2.5 °C/sec 268 bp 31 1.2W
Woolley tube: length resistive {ext.): 10 a) B - globin; a) 15 min; poly-
1996 2cm, 2 °C/sec; 268 bp 30 propylene
mm; passive: 2.5 °C/sec b) genomic b) —; tube;
20 pl Salmonella DNA; 35 -
Poser 20 mm x 18 resistive: 80 °C/sec; genomic yeast; - silicon;
1997 mm; forced air: 40 °C/sec 500 bp 30 2.5W
5-104
Daniel - resistive: 90 °C/sec; plasmid p- - silicon;
1998 1.5ul passive heat sink: 74 Bluescript; 30 20w
°C/sec -
Kondo 30 mm x 16 resistive: 20 °C/sec; A DNA; 35 min; silicon;
1999 mm; passive: 2 °C/sec 500 bp 40 (two -
30 ul step)*
Nagai - - GFP gene; - silicon;
1999 86 pl - 200 bp 99 (two -
step)*
Lagaily - external: - - 10 min; glass;
2000 280 nl forced air: 10 °C/sec - 20 -
Lin 32 mmx 32 thermoelectric (ext.): 4 hepatitis C virus; 30 min; silicon;
2000 (a) mm; °C/sec; 500 pb 30 -
50 ul heat sink: 2.2 °C/sec
Lao 18 mm x 12 resistive: 5 °C/sec; Fritillaria cirrhosa; - silicon;
2000 mm; -1 3.5 °C/sec 600 bp 35 15w
8 ul
Kellogg - external: 2 °C/sec; Escherichia coli; - plastics;
2000 25 ul heat sink : 2 °C/sec - 35 -
Akahori - - - - silicon;
2000 1.4 4l - - - -
Eckersten - - whole blood; 7 min; plastics;
2000 100 - 500 ni - 160 bp 30 -
Yu - resistive (ext.): 2.4 Escherichia coli; - plastics;
2000 1.5 ul °C/sec; 346 bp - 0.12W

thermoelectric: 2 °C/sec

(* only two temperature steps: 94 °C and 68 °C)

Table 2.4: Different chips for the polymerase chain reaction (PCR).
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A number of PCR-chips for DNA amplification has been developed. The volume of the micro-
chambers is below 50 pl, with three devices presented in the nano-litre range. The longest
presented DNA amplified was 600 base pairs and the number of temperature cycles was with
most devices 30 to 35.

A catchword for micromachined PCR chips is rapid temperature cycling and hence
shortening the time for DNA amplification. Most of the presented heating and cooling rates are
very small in the order of 2-5 degC/sec for heating and 2-4 degC/sec for cooling. Very fast
heating and cooling of the reaction chamber has been only presented by Poser (heating: 80
degC/sec, cooling: 40 degC/sec) and Daniel (heating: 90 degC/sec, cooling: 74 degC/sec). The
drawbacks of those devices are the large size of the chip presented by Poser (20 mm x 18
mm), which allows no high density of chips on a wafer during fabrication, and the -non-
compatibility of the chip by Daniel to optical detection of the reaction product. Optical detection
of the DNA amplification products is a rapidly developing field and it is most advantageous to
have an optical window within a PCR chip. An overview of optical detection methods for real-
time quantitative PCR is given in Appendix B.

2.2.3.2 Continuous flow PCR chips

Instead of a micro-chamber, Kopp [Kopp98] and Koehler [Koeh98] employed capillaries on
a glass or silicon chip, respectively, to construct a ‘continuous flow PCR’ device. Both showed
that different DNA samples can be spatially separated by introducing a buffer solution or oil
drops, respectively. Koehler did not carry out any specific DNA amplification, whereas Kopp
amplified 176-base pair fragments from the DNA gyrase gene of Neisseria gonorrhoeae at
different flow speeds ranging from 18.7 minutes to 90 seconds for 20 cycles. Results show that
the fluorescent signals and hence the amount of amplified DNA is very weak at flow through
times below 4 minutes. Table 2.5 summarises the data on the flow-through PCR-chips
described. A potential problem with flow through devices is the contamination of the sample
reaction with products of a previous reaction (product carryover) due to the capacity of the
PCR to synthesise millions of DNA copies. For industrial applications single-shot PCR (chamber
PCR chips) devices are still preferred.

Author channel flow rate DNA amplified; total time; device material;

diameter number base number cycles | power consumed

pairs
Koehler - 0.1 — 20 pl/min - - silicon;
1998 16 146 - 16.6 W
Kopp 40 x 90 um; 5.8-72.9 DNA gyrase 90 sec — 18.7 glass;
1998 2.2 mlong ni/sec gene; min; 5wW
176 bp 20

Table 2.5: Flow-through devices for the polymerase chain reaction (PCR).
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2.2.4 Interconnects

Several types of interconnection for microfluidic devices have been published in the literature.
This is an important part for the creation of microfluidic systems. In this section, the various
types are described.

e vertical system integration: Here, different layers were mounted on top of each other as
presented by van der Schoot [Scho93]. The layers were made of pyrex, silicon or plastic in
which holes for the connections were drilled or etched.

¢ moulded connections: The demonstrator using this technique consisted of an epoxy
printed circuit board containing the channels and through holes. This was attached to a
transparent polycarbonate substrate and individual components were glued onto the PCB
[Flui94, Lamm96].

e interlocking (figure 2.8): These Lego® like connectors use interlocking fins made by
sawing silicon [Gonz98a, Gonz98b]. When two opposite sets of the structure are pushed
into each other, the fingers on each structure tend to separate by a small distance to
accommodate the insertion of the fins on the opposite structure. The friction between the
side walls in contact, and the restoring force of the displaced fins, create a locking
mechanism where both structures are held in place. The system proved to be water-tight
up to pressures of 138 kPa.

etched recess

K
LU

Figure 2.8: Schematic of a finger micro joint [Gonz98a, Gonz98b].

t \ | I l l sawn trenches

e silicon tubing (figure 2.9): The connection interface consists of two silicon wafers that
were fusion bonded together. The wafers were etched so that a tube can be plugged
horizontally in the chip or alternatively, two matching silicon tubes could be plugged into
each other [Gonz98a, Gonz98b].

5 silicon wafers
bonded together

flow channel

Figure 2.9: Schematic of a silicon tube connector [Gonz98a, Gonz98b].
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e plug-in connection: Tubes were plugged vertically or horizontally into etched holes or
trenches, respectively and held in place by epoxy glue. Often, two or more bonded layers
of wafers were used [Gray99].

e pyrex/silicon circuitboard: Flow channels were etched anisotropically into silicon to
connect the microfluidic devices and the microchannels were sealed with a pyrex cover by
anodic bonding. The fluidic devices were glued onto the silicon [Rich97].

2.2.5 Integrated Microfluidic Systems

The area of integrated microfluidic systems has become a very extensive research field with
numerous applications. Rather than presenting an exhaustive review of all of these applications
for this review chapter, an overview on the basis of selected papers is given. Chapters on
integrated microfluidic systems can be found in Koch [Koch00] and Kovacs [Kova98] and also
in review articles [Harr00, Dari00, Shoj94]. The following classification of the various fluidic
systems has been adapted from Koch [Koch00].

2.2.5.1 Dosing systems and drug delivery

In most cases, a dosing system consists of a micropump or an active valve in connection with a
flowsensor. A monolithically assembled system has been presented by Elwenspoek [Elwe94].
The pump and the flow sensor were fabricated on the same silicon wafer sandwiched between
two pyrex wafers and the operation of each device is based on a thermal principle (figure
2.10). The membrane of the pump is displaced by heating air in an enclosed chamber above
the membrane and the flow sensor works by heating a resistor and measuring the temperature
difference on resistors placed upstream and downstream. The net dose of the dosing system at
0.5 Hz and 5 W power input to the pump is about 0.7 pl/cycle. However, the pump output was
not controlled by the output from the flowsensor.

Heater resistor
Air chamber F|0/W sensor

Glass A

Glass T{ \ / B 3\,, e 1
Valve1 Pump Valve 2

Inlet chamber Outlet

Figure 2.10: Schematic of monolithically assembled dosing system [Elwe94].

Other published dosing systems are hybrid assemblies. Nguyen [Nguy98] used a pump (9
mm X 9 mm) actuated either by a piezodisc or an alternating electrostatic force and a thermal
flow sensor (6 mm x 12 mm). The pump and flow sensor were mounted on a perspex plate
that contained milled connection channels and fluidic ports. The system is bidirectional and was

tested for water within a flow range of —40 pl/min to 80 pl/min. Another example of a hybrid






