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Abstract 

Scaling down operations and functions into the fascinating micro world not only improve 
performance, lower costs, and enable easier integration, but also opens the door to new 
functionalities. This truly multidisciplinary thesis presents novel solutions to current and 
relevant challenges in the areas of 1) on-chip liquid manipulation which has applications in 
micro total analysis systems, medical diagnostics, and drug discovery and 2) pressure 
sensing which has an established market in the automotive and industrial processes 
industry. Especially in the area of liquid manipulation, the aim was to take advantage of 
forces and properties dominating on the micro scale whenever possible, rather than 
compensating for these effects, and to create solutions with universal appeal and 
application areas. 

In the area of liquid manipulation, this thesis discusses a novel method of passively 
synchronizing liquid movement on-chip based on liquid surface tension and device 
geometry. This technique has potential applications in timing independent processes, 
liquid-liquid interactions, and digitizing liquid movement. A fast and passive discrete 
sample micromixer is also presented based on the same principles. A unique way of direct 
access, bubble tolerant sample interfacing with flow-through microfluidics using a closed-
open-closed channel is also introduced. This method can be used to regulate flow on-chip 
without the need for any moving parts or electrical contact. Moreover, work is presented on 
two types of out-of-plane electrospray ionization mass spectrometry (ESI-MS) emitter tips 
which mimic ideal mass spectrometry tips. Fabrication of these tips is uncomplicated and 
results in robust structures with good performance. 

In the field of pressure sensing, this thesis investigates a form based resonating principle. 
The Q factor of the sensor is improved by low pressure encapsulation and structure design. 
A novel technique for excitation and detection of resonant microsensors using ‘burst’ 
technology is also demonstrated. This method involves temporally separating excitation 
and detection, thereby eliminating crosstalk and the need for electrical feedthroughs. It also 
allows high voltages to be used with sensitive circuitry and a single electrode to be used for 
both excitation and detection. 

 

Keywords: microsystem technology, pressure sensing, liquid manipulation, liquid control, 
micromixing, electrospray ionization mass spectrometry, resonant microsensor, liquid 
interfacing, micro total analysis system. 
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Don’t agonize, it slows you down. 

 Isaac Asimov 
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To the next chapter… 
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1. Objectives and overview 

Inside every large problem is a small problem struggling to get out. 

Hoare’s Law of Large Problems 

 

This thesis presents novel techniques, often realized in the form of a device or component, 
using microsystem technology to address current and relevant challenges in liquid 
manipulation and pressure sensing. The presented methods cover a broad spectrum of 
application areas and where possible, solutions were aimed at being as universal as 
possible. The goal was to take advantage of the forces, relations, and properties which 
dominate at the microscale as much as possible as opposed to attempting to compensate for 
their constrictions, whenever possible. It is with great pleasure that I underline that this 
thesis work is truly multidisciplinary, calling upon knowledge in areas including 
electronics, mechanics, physics, chemistry, fluidics, and material science, just to name a 
few. I believe working on such projects brings science to a new level and opens the path for 
new functionalities and areas of science to be explored. 

 

This thesis is divided into three main sections. The first section introduces the micro-world, 
microsystem technology, and microfluidics as an exciting scientific playground. The 
second section discusses my work pertaining to microfluidic manipulation in subfields of 
fluidic interfacing, fluidic control, fluidic processes, and chemical analysis. A background 
to each subfield is provided which is not meant to be exhaustive, but highlights some of the 
work performed and current challenges faced. The third section deals with my work in the 
area of pressure sensing and highlights resonant sensors in comparison to other pressure 
sensors. 

 

I hope you enjoy this read and that it provides a glimpse into the breadth of possibilities 
using microsystem technology…  
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2. Introduction 

2.1 Microscaled environments – a different perspective 

There’s plenty of room at the bottom. 

The incredible physicist, Richard Feynman 

 

Our everyday surroundings offer quite a different perspective if viewed on the microscale. 
Feynman often played a game with his son where the goal was to identify a macro 
environment described in micro terms, i.e. a forest of somewhat flexible, blue pillars was 
actually a description of the blue carpet. Consider the common spider’s web - not only does 
it inspire artistic and philosophical reflection, but also great scientific fascination. How can 
threads which are so fine that they are hardly visible to the naked eye be strong enough to 
stop projectiles as large as a fly moving at 1 m/s? The answer lays in nature’s amazing 
ability to engineer materials at the microscopic level. Many silks contract drastically (up to 
40%) when in contact with water [1]. Therefore, a dew-covered spider’s web has an 
enormous elastic capacity, see Figure 1. It takes more energy to break spider’s silk than 
steel fibers of comparable thickness. These observations have practical uses. For example, 
three centuries after Robert Hooke’s suggestion to imitate silk by pulling long threads of 
glue, the important material nylon was created. 

 

 
Figure 1. A spider’s web covered by morning dew has surprising strength and elasticity 
[1]. 

 

Many scaling effects are present at the microscale including a linearly increasing surface 
area to volume ratio as feature sizes decrease, decreasingly significant gravitational forces, 
laminar flow, and increasingly dominant surface tension. 
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2.1.1 Defying gravity 

In the famous picture ‘The Waterfall’ by M.C. Escher, he takes advantage of optical 
illusions to defy gravity. However, it has been physically shown that water can run uphill, 
see Figure 2. If a droplet of water is placed onto a flat hydrophilic surface such as glass, it 
will spread out on the surface of the substrate to reduce its total surface energy. However, 
on an inclined surface, if the reduction in surface energy as the water droplet spreads 
exceeds the gain in potential energy as it gets higher, the water droplet will travel up the 
inclined surface. This phenomenon was observed by applying a liquid droplet onto a silicon 
surface coated with a continuously changing thickness of decyltrichlorosilane (DTS), 
resulting in a surface with a graded surface energy. Thus, the water wets the surface more 
easily the higher up it travels. 

 

 
a) 

 

 

 
b) 

Figure 2. a) ‘The Waterfall’ by M.C. Escher challenges the law of gravity [1], and b) a 
droplet of water creeps uphill on a DTS coated silicon substrate [2]. 

 

2.1.2 Surface tension - the invisible barrier 

Surface tension is a phenomenon which resurfaces several times in work done as part of 
this thesis. Surface tension is caused by cohesive forces between liquid molecules. 
Molecules at the surface of a liquid do not have other molecules on all sides due to the 
interface to air or other medium. Therefore, surface liquid molecules cohere more strongly 
to those directly associated with them on the surface resulting in an energy barrier 
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(invisible ‘wall’). Surface tension creates a pressure difference, ∆P, across an air-liquid 
interface which is dependent on the surface tension, γ, and radius of curvature, 1/R, of the 
interface. Surface tension is responsible for the shape of liquid droplets as well as bubbles. 
The tendency is to reduce overall energy, leading to a spherical shape and a pressure 
difference of 

 ∆P =
2 ⋅ γ
R

 (1) 

Surface tension itself can be expressed as a line force. Typical values of surface tension are 
7.28•10-2 N/m for water and 2.23•10-2 N/m for ethyl alcohol at 20°C. Surface tension, in 
combination with adhesion forces between liquid and solid, gives rise to capillary forces. 
Adhesion between liquid and the walls of a narrow channel results in a force, which pulls 
the liquid’s meniscus along the channel path. Since the surface tension acts to keep the 
liquid surface intact, not just the liquid meniscus is dragged along the channel, but the 
entire liquid-gas surface moves along the channel. This phenomenon is called capillary 
motion and this capillary force can be expressed as a line force at the gas-liquid-solid 
interface, 

 Fcap = L ⋅ γ ⋅ cos(θc )  (2) 

where L is the length of the interface line, γ is the surface tension coefficient, and θc is the 
wetting angle of the liquid.  

 

A liquid film caused by surface tension is quite difficult to pierce on the microscale. 
Although mortal man cannot walk on water, the mortal insect such as the pond skater can 
manoeuvre atop the water surface with ease due to surface tension. The following are some 
more common examples of surface tension effects: 

 
• a needle will float if placed on the surface of a liquid and will only sink if the liquid is 

agitated. 
• surface tension of water can be lowered by adding detergents, thereby allowing soapy 

water to soak into pores of clothing fabric. 
• some ‘water-proof’ tent fabric is designed and woven in such a way that water will 

bridge the fabric pores, but not soak through unless the tent is shaken. 

 

In the micro-world, gas bubbles also become a powerful element since they can change the 
internal structure of a device, cause unwanted pressure drops, and stick to microstructure 
surfaces. 

 

2.1.3 Laminar flow 

In the microworld, liquid flow is dominated by laminar flow. Consider a rushing river 
which is interrupted by rocks, boulders, and trees. Here, turbulence and eddies are formed 
in the water behind these obstacles, thus turbulent flow is present. If the river is scaled 
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down drastically in size, the water behaves like molasses and causes a steady stream with 
no turbulence (laminar flow). This is because in small, narrow channels the surface area 
relative to the volume is very large, causing large frictional losses and high viscous forces. 
The dimensionless Reynold’s number, Re, indicates that flow is laminar or turbulent or in 
transition by relating the significance of viscous forces to inertial forces and can be 
expressed as 

 Re =
D ⋅ v ⋅ ρ

µ
 (3) 

where D is the characteristic length, v is the velocity, ρ is the density, and µ is the dynamic 
(absolute) viscosity. Viscous forces dominate in laminar flow resulting in a low Re. 
Laminar flow makes processes such as mixing of two liquids very difficult and will be 
discussed further in section 3.3. 

 

2.2 Microsystem technology - a small world with big potential 

My idea is, we shrink a surgical team, inject it into a patient’s vein, and then operate from 
the inside. 

Comic strip quotation….or not? 

 

Microsystem technology enables tasks which occur in the macro-world to be performed in 
the micro-world. Components, techniques, and devices can be realized and applied to an 
enormous number of application areas ranging from the automotive industry (i.e. sensors 
for airbags, accelerometers, etc.) to health sciences (i.e. blood analyzers, drug production, 
minimally invasive surgical techniques, etc.) to environmental science (i.e. fuel cells, 
chemical sensors, etc.). Microsystem technology lends itself to the development of 
lightweight, portable and highly parallelized devices, which can achieve fast and sensitive 
responses at potentially low costs. This technology stems from fabrication techniques in the 
silicon chip based microelectronics industry. The micro-world is a fascinating place, 
however, it calls for an unusual work environment – the clean-room – a laboratory where 
the air is filtered to reduce the number of dust particles. The microsystem specialist wears a 
bunny suit in yellow light and handles dangerous chemicals, and the only way to 
distinguish one’s colleagues is by their walk, bodily aspect ratio, and occasional guttural 
mutterings. 

 

Using microtechnology as an enabling tool in biotechnology is developing particularly 
quickly in exciting areas such as genomics, proteomics, combinatorial chemistry, analytical 
chemistry, and cell analysis. New cross-disciplinary application areas and fields of 
research, where microsystem technology is instrumental, are emerging including analysis 
of biological material by using physical techniques such as atomic force microscopy 
(AFM). There is also a shift towards using a variety of materials other than those used in 
traditional microfabrication such as polymers (i.e. PDMS, PMMA, etc.), plastics, quartz, 
diamond, biomaterials, and custom engineered materials. Standard silicon and glass 
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processing techniques are giving way to laser ablation, replication, injection molding, and 
hot embossing, for example. New materials provide versatility and the ability to tailor 
surface properties for specific applications and performance. Mechanical complexity of 
microdevices can also often be reduced by using different materials.  

 

Furthermore, microtechnology is becoming more accessible both in terms of research 
availability and economic viability for consumer and industrial applications. There is also a 
drive to go down in size even further and explore the fascinating possibilities on the 
nanoscale, nanotechnology, which demands analysis of dominating phenomenon and 
designing devices using single atoms and molecules as functional elements. 
Nanotechnology also calls for highly sensitive and accurate fabrication and analysis 
instruments along with stringent laboratory requirements.  

 

2.3 Microfluidics at work – ‘let it flow, let it flow, let it 

flow…’ 

Don’t push the river; it flows by itself. 

Barry Stevens 

 

Microfluidics is a subsection of microsystem technology which uses defined fluidic 
pathways along with controlling elements and actuators to perform functions on-chip. One 
of the holy grails, where microfluidics is an enabling technology, is the lab-on-chip (LOC) 
or micro-total-analysis system (µTAS) concept. The goal is to enable fluid to be completely 
analyzed in a portable handheld device instead of using beakers and bulky analyzing 
equipment. This type of device eliminates the need to transport samples to a central 
laboratory and reduces the risk of misplaced samples and sample degradation due to 
improper sample storage. Microfluidic devices also allow small sample volumes to be used, 
high performance analysis, high sample throughput, low costs due to batch fabrication, 
integration with other devices, and automation. One of the first companies to succeed with 
a small analysis system by producing a commercial hand-held blood analyzer is i-STAT 
(Kanata, Canada), see Figure 3.  
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Figure 3. The i-STAT portable clinical analyzer determines a variety of parameters in 
whole blood samples. Results can be viewed on-screen or transmitted to a data 
management system using infrared signals [3]. 

 

Some of the demands on microfluidic systems include precise and accurate handling of 
small liquid volumes, the possibility for volume validation, long term stability, practical 
handling in terms of priming and cleaning, robustness, resistance to organic solvents, acids, 
bases, cost efficiency, suitability for transporting suspensions and biologically active 
substances, and integration to the outside world [4]. Some of these requirements can be 
challenging since many fluids are not conducive for use in small channels (i.e. large 
particles stick to walls), no generic sample pretreatment method exists, and micro-devices 
are often difficult to integrate with conventional bulky electronics or detection 
instrumentation. However, one important factor in designing microfluidic systems, as well 
as other microsystems, is to try to take advantage of instead of battle those phenomena 
which dominate on the microscale. 
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3. On-chip microfluidic manipulation  

Manipulation of liquid can be seen as coaxing liquid to do something that it would not 
otherwise do for the purpose of achieving a specific outcome. Succeeding at this task at the 
macro-level can be relatively uncomplicated, while performing the same tasks at a micro-
level introduces new challenges due to the laws of scaling. Often, manipulation techniques 
used to produce a certain outcome can differ dramatically on the micro-scale compared to 
the macro-scale. Precise microfluidic manipulation is of critical importance in applications 
such as µTAS where very small sample volumes and low concentrations are used. The 
following section discusses on-chip microfluidic manipulation techniques in terms of 1) 
fluidic interfacing, 2) fluidic control, 3) fluidic processes, and 4) chemical analysis.  

 

3.1 Fluidic interfacing 

All you need to know is the interface. 

Anonymous (typical quote among computer scientists) 

 

One important aspect that should be considered early in the design process of a 
microfluidic device is interfacing. How do you bridge the gap between the microdevice and 
the external environment? This could encompass aspects ranging from liquid sample 
application to and removal from the microdevice as well as methods of monitoring and 
detecting the desired output. The following discussion is limited to methods of applying 
liquid to a microdevice. 

 

3.1.1 Closed vs. open microfluidic systems 

Microfluidic devices can be categorized as open or closed systems. Open systems allow the 
liquid to be directly exposed to an ambient or externally controlled environment while a 
closed system usually entails a device which is sealed, thereby creating a contained 
environment. 

 

Microtiter plates are an example of an open fluidic system used in genomic and proteomic 
research. These plates consist of a plastically molded matrix of many small individual wells 
into which liquid samples are pipetted and withdrawn and subsequently analyzed. They 
have evolved and been down-sized into microfabricated equivalents using a substrate with 
etched individual microwells. With any open microfluidic system, evaporation and 
contamination are main concerns. Nano-vials where a ‘liquid lid’ (a volatile liquid such as 
octane) is used to seal the liquid sample has been reported and reduces evaporation even at 
elevated temperatures [5]. The microtiter plate has evolved even further to microarrays. 



14                                                                                           Jessica Melin 

Microarrays, in their most basic form, comprise a flat substrate with an ordered array of 
individual and separate immobilized spots of molecules or liquid (each spot is in the 
micrometer range). Many companies (i.e. Agilent, Affymetrix, etc.) have commercialized 
microarrays in many constellations varying in the type of molecule immobilized, method of 
immobilization, detection method, etc. Figure 4 shows a typical microtiter plate compared 
to a microarray. 

 

 
a) 

 
b) 

Figure 4. Liquid interfaces adapt to smaller and smaller liquid volumes: a) a typical 
microtiter plate (7.5 × 11 cm) with 96 reactor well sites [6], and b) a glass slide (2.5 × 7.5 
cm) with a gene microarray of over 26 000 array spots (left) and a close-up of these 
features (right) [7]. 

 

One type of dispensing technology includes TopSpot, where pneumatically actuated 
microdispensers based on ink-jet printer technology provide a means of applying sample to 
a substrate without direct contact [8]. Interfacing to an open microfluidic system is not 
limited to discrete interaction between liquid from individual dispensers and microarray 
spots. For example, microcontact printing (µCP) is a method of applying samples to a chip 
whereby a chemically ‘inked’ elastomer is stamped to the chip substrate. Patterns can be 
defined either using a structured stamp or structured substrate. Another unique method of 
applying sample to an array of microwells includes temporarily applying a glass coverslide 
with corresponding holes onto the microwell array and aligning the holes over the 
microwells. Liquid is applied to the side interface between the two substrates and fills the 
microwells capillarily while releasing any air bubbles through the holes. Then the glass 
coverslide is shifted to close off the microwells with a defined amount of liquid [9]. If one 
considers extremely small amounts of sample, dip pen lithography can be used to 
immobilize individual or only a few specific molecules onto a substrate. This involves 
dipping a sharp tip into a liquid reservoir, withdrawing a small amount of liquid via 
capillary forces, and subsequently touching the substrate with the tip, thereby depositing a 
small amount of molecules [10]. Also, the company Nanogen produces an active system for 
DNA arrays where a liquid can be applied to the entire array. Individual microelectrodes 
beneath the microarray address individual spots and allows controlled and quick transport 
of desired molecules to and from specific spots depending on the electrical characteristics 
of the liquid, thus enhancing DNA hybridization (which is usually limited by diffusion). 
Strategies used to enhance mixing and increase sensitivity include applying liquid to the 
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entire microarray and using a flexible lid containing pneumatically driven bladders or 
cavitation microstreaming of bubbles on an array surface [11, 12].  

 

Closed microfluidic devices are generally created from a chip containing a network of 
microchannels, control components, and multiple functionalities, sealed by an optically 
transparent cover lid, see Figure 5. The microfluidic chip stack may be single or 
multilayered and sometimes requires an input of discrete amounts of liquid or a continuous 
flow of liquid. In closed systems, molecules may be immobilized in a great variety of ways 
compared to open systems, i.e. magnetic beads, micro contact printing, mechanical barriers, 
etc.  

 

 
a) 

 
b) 

Figure 5. a) A sealed microfluidic chip [13] and b) generic DRIE etched interface couplers 
for interfacing microfluidic chips to the outside world [14]. 

 

No standard method for making fluidic contact to the closed microfluidic chip exists and 
current methods are often expensive and non-batch oriented. The size of the 
interconnecting couplers are often much larger than the functional area of the microdevice, 
thus the interconnect technology determines the overall size of the device. Critical issues 
when deciding on an appropriate fluidic coupling technology include the amount of dead 
volume, leak tightness, mechanical strength, and potential pressure drop. Tubes and 
capillaries have been connected to chips with minimal dead volume using a DRIE etched 
concentric hole structure [15]. Interlocking structures with ‘fins’ for aligning fluidic 
connections including an adhesive gasket to allow high pressure have been reported [16]. 
Multilevel fluidic circuit boards were reported with capillaries connected to the outside 
world via DRIE etched ‘sleeves’ in silicon, or press-fit silicon/plastic couplers [14]. 
However, design of closed microfluidic systems with interconnects must also consider the 
risk of bubble trapping on-chip or off-chip. Table 1 shows a comparison between generic 
open and closed microfluidic systems. 
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Table 1. Comparison of open and closed microfluidic systems 

 Open Microfluidic 
Systems 

Closed Microfluidic 
Systems 

Advantages • direct application 
of/access to samples 

• controllable 
environment 

• flow-through systems 
possible 

Disadvantages • risk of contamination 
• risk of evaporation 
• on-chip fluid control 

potentially difficult to 
integrate 

• tight seal with lid and 
external couplers 
required 

• gas bubbles can be a 
problem 

• fluid control 
components on–chip are 
often complex 

 

3.1.2 Closed-open-closed continuous flow system - ‘best of 

both worlds?’ 

To try to couple the advantages of both open and closed microfluidic systems, a new and 
uncomplicated method of fluidic interfacing to a flow-through microfluidic device using a 
semi-open/semi-closed liquid channel was introduced as part of this thesis work.  

 

Principle of Operation and Summary 
This closed-open-closed flow system is based on a flowing liquid in a closed channel 
system (i.e. buffer, reagent, etc.). Direct sample interfacing is possible by allowing a 
specific area of the system to be exposed to the ambient environment (open). Figure 6 
shows a cross-section and 3D view of the device. The demonstrator is made from a 
hydrophilic glass substrate with a 100 µm thick PDMS film. A channel is cut into the 
PDMS layer (the open part of the channel) and steel tubes (the closed part of the channel) 
are attached to the glass substrate. 
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Figure 6. a) Cross-sectional schematic of closed-open-closed demonstrator depicting the 
source pressure (PS), drain pressure (PD), ambient air pressure (PG) and a liquid sample 
being added, b) 3D view of the demonstrator showing the open and closed sections. 

 

The cross-sectional shape of the flowing liquid in the open channel varies depending on 
pressure at the inlet and outlet as well as the channel’s geometry. Samples can be applied to 
the open part of the flowing liquid by manual pipetting. Due to the constant liquid flow, the 
added sample gets sucked into the outlet channel and a steady state liquid level is achieved 
in the open channel. Problems due to evaporation and contamination are minimized since 
the open channel is constantly being replenished with liquid. Even though this system 
interfaces with a closed microfluidic system, bubbles are inherently removed at the open 
interface. This was observed by introducing bubbles at the fluid inlet and noting that the 
bubbles disappeared as they entered the open channel. Although fluid connectors are still 
required to create the continuous fluid flow, sample addition can easily be achieved 
manually or automatically by dispensing into the open area of the chip. Thus, this 
technique/device combines the advantages of open system sample addition with those of 
upstream and downstream closed system functionality. As will be described in section 
3.2.3.2, this device also shows transistor-like microfluidic behaviour. 
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Future Outlook 
The demonstrated device realizes an uncomplicated, highly integrable technique for sample 
addition and interfacing in microfluidics. Future work regarding this concept should 
include downsizing the channel and incorporating it with a functional flow-through 
microfluidic device. The material properties of the channel edge surface (hydrophobicity) 
and specific channel edge geometry should also be explored to minimize risk of overflow at 
higher flow rates. This concept could be expanded into an array format along with 
automated dispensing units opening the possibility for high-throughput analyses.  

 

3.2 Microfluidic control - ‘droplet go where I send thee…’ 

Don’t force it; get a bigger hammer. 

Anthony’s Law of Force 

 

The ability to control liquid movement on-chip is of fundamental importance, especially in 
complex fluid networks for µTAS where timing of chemical reactions, routing liquids to 
specific chambers, priming of channels, and isolating specific areas during sensitive steps 
to prevent leakage and pressure fluctuations are primary functional requirements. 
Microfluidic control can be seen as an enabling technology within microfluidics which 
utilizes discrete or integrated functional components for micro-pumping, flow sensing, 
switching, valving, etc. Currently, actuating these on-chip components (i.e. 
electrostatically, pneumatically, etc.) in a microfluidic system either requires active external 
user control which is often cumbersome, or automated actuation sequences which can result 
in a large and complex external feedback system. Therefore, a method to passively control 
and synchronize liquids on-chip would be advantageous. One such method is presented in 
this thesis work and will be discussed further at the end of this section.  

 

Traditional on-chip liquid flow generation and liquid control rely on micro components 
with moving parts which require active control and will be discussed in the first part of this 
section. However, recent developments exploit forces dominating on the microscale, 
thereby allowing functional fluidic components without the drawbacks of mechanically 
moving parts. Table 2 categorizes some of the principles used to actively or passively 
create liquid flow (i.e. pumping) or control liquid movement (i.e. valving) assuming liquid 
is already on-chip. This table also identifies which types of components require 
mechanically moving parts and which do not. In this chapter, I have chosen to further 
discuss some of those principles (found in highlighted text in Table 2) which tend to show 
potential for large scale integration. 
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Table 2. One categorization of on-chip liquid flow generation and flow control principles 
in microfluidics. 

 On-chip liquid flow 
generation 

On-chip liquid flow 
control 

Mechanically moving 
parts 

• diffuser pumps 
• rotary pumps 
• peristaltic pumps 
• check-valve pumps 

• membrane valves 
• electrolysis 
• flap valves  

No mechanically moving 
parts 

• electroosmotic flow 
• centrifugal forces (CD-

based) 
• electrowetting 
• electrolysis 

• geometry based passive 
valves 

• surface manipulation 
based passive valves 

 

3.2.1 Mechanical liquid control methods: moving parts 

Many microfluidic control systems have attempted to miniaturize a variety of complex 
valves, switches, flow controllers, and flow sensors most commonly based on in-plane 
actuators. Actuation is most often based on thermal heating [17], electrostatics [18], and 
piezoelectrics [19, 20] upon external command. Even membrane controllers for liquids 
actuated using shape memory alloy have been reported [21]. Common challenges with 
many traditional designs include surface tension effects and bubbles which must either be 
tolerated or eliminated since they can block channels, dampen actuation pressure, and 
change the internal geometry of the system [22]. The movement of microstructures sliding 
past each other also causes high frictional losses. In microfluidic control where reliability is 
critical, traditional mechanically moving control components often have problems with 
particle tolerance, lifetime, robustness, dead volume, leak tightness, etc. 

 

Although a large number of control components based on mechanically moving parts carry 
many challenges, recent developments in microsystem technology enable pressure-driven 
fluidic control techniques which circumvent challenges such as high complexity, difficult 
fabrication, unreliability, and dependence on a very clean environment during 
manufacturing. One good example of microfluidic flow control using mechanically moving 
parts is the integrated fluid circuits developed by Fluidigm Corporation. This system is 
composed of a two-level PDMS channel network where the upper level of channels 
pneumatically control valves which pump and direct fluids in channels on the lower level, 
see Figure 7. The control valves are elegant in their simplicity – the intersection of a 
pneumatic channel with a fluidic channel form an elastiomeric binary membrane valve 
capable of a tight seal and requires no other activation than pneumatic pressure. 
Multiplexers and memory have also been created with this technique. As few as 20 
pneumatic control inputs are needed for individually controlling 1024 fluidic channels, 
thereby allowing microfluidic large scale integration (MLSI) [23]. 
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Figure 7. a) Top view of pneumatic control channel and liquid channel crossing 
perpendicularly to form a PDMS control valve used by Fluidigm [24] b) Microfluidic 
memory storage device [23]. 

 

3.2.2 Non-mechanical liquid control methods: no moving 

parts 

Microfluidic control systems and techniques using components having no moving parts are 
relatively recent developments. These new methods have also gained interest due to their 
ease of fabrication, non-complexity, and ease of integration. The following section 
discusses some of these techniques based on surface modification, device geometry, 
electroosmosis, centrifugal forces, and electrowetting. 

 

Surface modified systems 
Liquid movement on-chip can be controlled by capillary forces and substrate surface 
hydrophobicity/hydrophilicity. By depositing hydrophobic material (i.e. SAMs with closely 
packed alkyl chains; fluorocarbons, hydrocarbons, etc.) on a hydrophilic surface such as 
silicon dioxide and patterning this layer by lift-off or other processing methods, a network 
of channels and chambers which are capillarity filled can be created [25]. If a hydrophobic 
patch is patterned in a liquid channel, the liquid will stop once it reaches the patch. By 
augmenting this technique with external pressure or suction applied to the fluid, stop valves 
can be created, see Figure 8. When the pressure applied across the liquid-air interface 
reaches a certain threshold level, the liquid overflows the patch and proceeds down the 
channel. Liquid metering can also be accomplished using this technique, see Figure 9. A 
DNA analysis chip including amplification, digestion, and gel electrophoresis has been 
reported with integrated hydrophobic patches for liquid metering and mixing [26].  
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                                a)                                             b)                                          c) 

Figure 8. Top view of a basic hydrophobic patch a) liquid enters via capillary filling, b) 
liquid stops at the front of the hydrophobic patch, c) suction is applied at the output, 
thereby causing liquid to proceed over the patch [27].  
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                                           a)                                                                           b) 

Figure 9. Top view of a hydrophobically patterned microchannel network for liquid 
metering, a) liquid enters the channel and stops at the patch. Any excess liquid proceeds to 
the overflow channel to ensure threshold pressure is not reached prematurely, b) pneumatic 
pressure is applied to the hydrophobic vent port, thereby creating a discrete droplet 
[adapted from 28]. 

 

One drawback with this method of surface modification is that many hydrophilic and 
hydrophobic surfaces may have limited stability, depending on surrounding temperature 
and humidity, thus, performance degradation occurs. 

 

Geometry based systems 
Liquid control systems based on geometry rely on liquid surface tension and on a sudden 
change in the cross-sectional channel geometry encountered by the liquid. Man et al. 
demonstrated this by creating capillarity-driven stop valves where a pressure of 1-6 kPa 
was required to overcome the stop valve function [29]. Figure 10 shows the three regimes 
for liquid in such devices. The barrier pressure depends on the angle β. 
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Figure 10. a) Hydrophilic geometric stop-valve, b) three fluidic situations (wick in, 
pivoting, expansion) which occur due to various geometrical designs [29]. 

 

Handling and metering of picoliter liquid samples on a PDMS chip have been achieved by 
hydrophobic multiple microcapillary valves interfaced with a pneumatic channel, see 
Figure 11 [30]. Geometry based systems offer an uncomplicated method for control and are 
highly versatile in terms of the type of fluid used. 

 
Main liquid channel Microcapillary stop-valve

 
Figure 11. A geometric multi-capillary stop-valve based on hydrophobic capillaries [30]. 

 

Electroosmotic based systems 
Electrokinetic, more specifically, electroosmotic pumping is widely used to control flow in 
both micro- and mini-systems. Electroosmotic flow (EOF) is the movement of liquid 
relative to a stationary charged surface. Suppose we have an ionic liquid in a glass or 
polymer microchannel (negatively charged surface). Positive ions will migrate strongly 
towards the negatively charged surface and form a thin layer called the Stern layer. Another 
layer (diffuse layer) having higher mobility and lower charge distribution develops above 
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the Stern layer, closer to the bulk fluid. If an external electric field between the two ends of 
the channel is applied, the ions in the diffuse layer will move, thereby dragging bulk fluid 
with it – hence, electroosmotic flow. Electroosmotically induced hydraulic pumping via a 
T-junction [31] and separation for chemical analysis [32] have been demonstrated. A recent 
powerful device is the ‘flowFET’, a control and switching element for microfluidic 
networks where the magnitude (up to over 150 µm/s) and direction of the EOF is controlled 
by a perpendicular electric field by applying voltage over the channel wall [33], see Figure 
12. The device can be seen as an electronic field effect transistor (FET), where the two ends 
of the main channel and the side channel correspond to the source, drain, and gate, 
respectively. A further review of on-chip analysis using electrokinetically driven fluid has 
been reported [34]. Electroosmotic flow results in a virtually flat velocity profile, compared 
to the parabolic profile in Poiseuille flow, which is particularly advantageous for chemical 
separations (reduces band broadening). Also, electroosmosis only requires electrical contact 
to the liquid, thereby allowing on-chip liquid pumping with an ease of integration not 
possible with mechanical control systems. However, drawbacks of this type of liquid 
control include its sensitivity to liquid ionic concentration and trapped air, demand for high 
voltages, ohmic heating, electrolysis, and adsorption of particles on the channel wall. 

 

 
a) 

SourceDrain
Gate

 
b)                                       c) 

Figure 12. a) SEM of ‘flow-FET’ b) Vgate = -50V, fluid moves towards left, c) Vgate = +50V 
fluid in main channel flows towards each other and out the side channel [33]. 

 

Electrowetting 
Electrowetting on dielectric (EWOD) is a novel principle of microfluidic control based on 
controlling the wettability (contact angle) of liquid on a dielectric surface using electric 
potential. Externally added electrostatic charge modifies capillary forces at the stationary 
solid-liquid interface. Kim et al. have nicely shown this concept using two Teflon coated 
plates separated by a small gap, between which liquid droplets can be controlled. Droplet 
generation, transportation (up to 250 mm/s), splitting, and merging have been demonstrated 
[34], see Figure 13. Combining EWOD with a time-multiplexed electrical driving scheme 
and sensing liquid positions through impedance measurements can lead to a digital 
microfluidic platform [35]. 
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Figure 13. a) Electrowetting causes a change in contact angle resulting in droplet 
movement. b) Various functions can be performed by electrowetting [adapted from 36]. 

 

Electrolysis based systems 
Controlled electrolysis on a microfluidic chip allows controlled manipulation of liquid via 
the electrochemical generation and removal of gas bubbles. The hydrogen and oxygen 
produced pressurize the liquid and results in liquid flow generation. Figure 14 shows the 
function of electrochemically generated liquid flow which has been realized in chip format 
by Böhm et al. [37, 38, 39]. A bi-directional electrochemical micropump has been shown, 
where O2 and H2 gases are produced in separate bubble reservoirs separated by a diffusion 
barrier. Integrated electrodes are used both for bubble generation and conductivity 
measurements to approximate the amount of gas in the bubble reservoir. Bi-directionality is 
achieved by reversing the direction of the electrical current, causing gases which were 
previously generated to react back into water. Using electrolysis as an actuation and control 
principle lends itself to uncomplicated fabrication and integration. 

 
a) 
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b) 

Figure 14. a) Schematic of principle for electrochemical liquid flow generation through 
dissociation of water b) electrochemical liquid flow generation realized on-chip [38]. 

 

Centrifugal systems 
Centrifugal flow control systems are unique in terms of their actuation principle and rely 
heavily on on-chip geometry and surface modifications to function. Instead of discrete 
rectangular chips, conventional CDs or similar substrates with geometrical radial channels 
and chambers are used in conjunction with a specialized ‘CD player’, see Figure 15. When 
the CD rotates, a centrifugal body force is exerted on the liquid causing flow through the 
channels towards the perimeter. Madou reported on an analysis system for ions using 
centrifugal forces and burst valves [40]. Burst valves are small circular chambers connected 
to a channel acting as a geometrical stop valve. By increasing the rotation speed, a 
threshold force can be reached where surface tension is overcome and the liquid proceeds. 
Enhanced micromixing has also been demonstrated by using centrifugal microfluidic 
platforms [41, 42]. Commercial systems exist based on centrifugal forces including the 
GyroLabTM system by Gyros used for MALDI (matrix assisted laser desorption/ionization) 
mass spectrometry. Parallel preparation (concentration, desalted, eluted, and placement into 
MALDI target areas) of 96 parallel samples (1 to several µL each) is enabled. Gyros uses 
hydrophobic patches, as mentioned in a previous section, where the break point depends on 
positional radius of the liquid, liquid plug length, wetting angles, rotational speed, channel 
dimension, and surface tension [43].  
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Figure 15. a) Gyros CD substrate with a close-up of an affinity column for mass 
spectrometry b) without rotation, capillary forces draw liquid into a channel with a 
hydrophobic patch at the neck c) as the CD rotates, upper distribution channels are emptied 
and a liquid volume is defined d) if CD rotation speed is increased, the liquid overflows the 
hydrophobic patch [44]. 

 

Abaxis has commercialized another centrifugal system for human and veterinary point-of-
care blood analysis, see Figure 16. Instead of a CD, a 3-level molded plastic rotor disc was 
used containing all required diluents and reagents. Analysis (metering, separation, and 
mixing) on whole blood, plasma, or serum can be performed within 15 minutes. 

 
a) 

 
b) 

 
c) 

Figure 16. Abaxis blood analysis system a) add your blood sample to the rotor disc, b) 
place the disc in the instrument where it spins and optical analysis is performed, c) read the 
results of the analysis [45]. 

 

3.2.3 Novel microvalving techniques for microfluidic control 

The following two sections discuss the work on two microfluidic control methods 
presented in this thesis work. The objectives of the two different valving techniques were to 
demonstrate new uncomplicated on-chip microfluidic control methods which are highly 
integrable into a system solution and are either bubble-tolerant or eliminates challenges 
arising from bubbles. The first method involves liquid-triggered liquid microvalving, while 
the second is demonstrated by the closed-open-closed microchannel valve introduced in 
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section 3.1.2. Liquid-triggered liquid microvalving provides a means of timed control of 
liquid movements on-chip, while the closed-open-closed microchannel valving 
demonstrates regulation valving in a very uncomplicated structure. Both techniques present 
planar solutions, one using a closed interface and the other using a semi-open interface. 
Some of the important general requirements for valving techniques discussed below 
include: 

 
• easily integrable into a system with various functionalities 
• leak-tight/leak-tolerant valves 
• low dead volume 
• uncomplicated fabrication 
• bubble resistant/ bubble tolerant 
• usable with a variety of liquids 
• robust 
• reliable (especially for variable flow valves) 

 

3.2.3.1 Liquid-triggered microvalve 

Principle of operation and summary 
Precisely timing the initial contact of two liquids at the beginning of a process such as 
mixing is critical, especially if mixing time is of the same order of magnitude as the 
reaction’s time constant. Bubble-free joining of liquids is also important for reducing the 
risk of channel blockage and avoiding an altered internal geometry of the device. Devices 
where two pressure regulated liquids meet at an intersection often trap a pocket of air if 
both liquids to not arrive at the junction simultaneously as is shown in Figure 17.  
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                                                    a)                                      b) 

Figure 17. a) Schematic showing problem of trapped bubbles at the inlet of chamber and b) 
where two liquids evacuated to the same outlet. 
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Liquid-triggered liquid microvalving allows one liquid sample in one microchannel to stop 
at a defined location while waiting for other liquids (i.e. reagents, buffers, etc.) before 
proceeding to subsequent on-chip processes. In other words, this provides a passive means 
of liquid-triggered timing and synchronizing liquids on-chip which (i.e. simply the presence 
of the liquids is the control mechanism).  

 

The microvalve demonstrator for this technique consists of a Y-junction having two inlet 
ports and one outlet port and was fabricated using a single patterning and DRIE etch step 
(50 µm deep) in a silicon substrate, see Figure 18. The key to the liquid-trigger 
functionality lies in the geometry of the junction and the surface tension of the liquid. The 
junction has a geometrical stop-valve function if only one liquid arrives at the junction [29]. 
Assuming a 2D model with a cylindrical liquid front, the pressure, P1, required to overcome 
the stop valve function with a channel opening of w = Rcosβ is 

 P1 =
γ l,a

Rw
cosθSi −

α sinβ
sin(α)

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟  (4) 

where R, c, α, and β are defined in Figure 18 (geometry section), θSi is the contact angle of 
silicon, and γl,a, is the surface energy between the liquid front and air. When a second liquid 
enters the second inlet port and arrives at the junction, physical contact is made between the 
two liquids. This causes both liquids to proceed to the outlet (either by capillary forces or 
externally driven, i.e. suction), see Figure 19. Note that the liquids must be spreading 
wetting for the device to function. 
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Figure 18. Top view schematic of liquid-triggered valve, a = 100 µm, b = 50 µm, w1 = 11 
µm, w2 = 4 µm, β3 = 15°, β1 = β2 > 85°. 
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Figure 19. Photographs of consecutive functional steps of the microvalve a) liquid 1 enters 
the inlet b) liquid 1 stops at the junction c) liquid 2 enters the second inlet d) liquid 1 and 2 
make contact at the junction, and d) the combined liquids proceed to the outlet. 

 

The microvalve was packaged using a simple and inexpensive technique of covering the 
top surface of the device by a layer of PDMS, attaching sharp steel tube syringes to the 
inlet and outlet ports, and fixating the tubes and syringes to a Petri dish using epoxy for 
easy handling, see Figure 20.  
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Figure 20. Cross-section of packaged microvalve chip. 

 

Future Outlook 
As described, this technique is an enhancement of geometrical microfluidic control and can 
be further developed to control components other than simple two-inlet valves. This 
technique could be used in various microfluidic control applications and Figure 21 includes 
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a sample of such potential devices. Instead of timing two liquids to enter a single mixer or 
reaction chamber, the liquids could proceed to separate on-chip downstream processes. In 
this way, synchronization of independent processes could be achieved by incorporating two 
outlets instead of one (Figure 21 d)). To reduce the risk for cross contamination, a third 
outlet for waste could be added. By simply increasing the angle (β3) of the simple 2 inlet/1 
outlet microvalve, the liquids will not proceed to the outlet (Figure 21 b)). However, this 
opens the possibility to precisely define a location for two liquids to mix/react through pure 
diffusion and to be monitored (Figure 21 c)). Another application is digitizing liquid 
movement on-chip without external actuation by creating a fluidic n-1 AND gate (Figure 
21 a)). A digital ‘0’ refers to no liquid present and a digital ‘1’ refers to liquid present. The 
liquids do not proceed to the outlet (output ‘1’) unless all inlets are ‘1’s’. 
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Figure 21. Applications for the liquid-triggered liquid microvalve a) digitized liquid 
movement, b) defined location for liquid-liquid interaction, c) fixed location for monitoring 
diffusive mixing, and d) synchronizing downstream independent processes on-chip. 

 

Future work could include realizing and implementing liquid-triggered components in 
multi-step fluidic processes. The microvalve may have the potential to replace conventional 
Y-junctions in microfluidic networks especially where timed liquid handling is crucial. 
Since microfluidic control using non-mechanical techniques exploiting phenomena on the 
microscale seem to be the most successful approach in the long run, the novel liquid-
triggered technique could have great universal potential as a standard fluidic functional 
component. 
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3.2.3.2 Closed-open-closed channel valve 

Principle of operation and summary 
A closed-open-closed channel described in section 3.1.2 also provides the basis for a 
technique to regulate liquid flow on-chip. By changing the relative pressure between the 
inlet, outlet, and ambient environment pressure, continuous pressure-driven liquid flow can 
be regulated in the channel. In a sense, this fluidic valve similar to a transistor in that fluidic 
flow is modulated by changing the source (PS), drain (PD), and air or gate (PG) pressures 
while a transistor modules electrical current by changing the source, drain, and gate 
voltages, see Figure 22. 
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Figure 22. a) Cross-sectional schematic of the fluidic valve and its behaviour at various 
relative pressures of PS, PD, PG and b) electrical schematic of the fluidic valve’s ‘transistor 
like’ equivalent. 

 

By altering the relative pressures between, PS, PD, and PG, the liquid curvature at the liquid-
air interface in the open channel changes shape (i.e. the liquid wicks out when P(x)>PG and 
the liquid wicks in when P(x)<PG), thus changing the magnitude of liquid flow. As can be 
seen from Figure 22 a), the length-wise profile of the liquid-air interface in the open 
channel is also dependent on the pressure drop along the channel.  

 

If the radius of curvature of the cross-sectional liquid-air interface is below its minimum, 
liquid overflow will occur given α<θc. If α>θc, the overflow will occur due to wetting on 
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the top surface edges of the channel. Reducing w and designing α<θc, decreases the risk for 
overflow. As seen in Figure 23 b), at a certain point, Pdet, the 3-phase line at the channel 
outlet detaches and moves towards the bottom of the channel. Once it reaches the bottom of 
the channel (close to the drain) the fluidic transistor can be said to reach pinch-off, Ppo. At 
this point there is a constant but very small flow, independent of PSD. For a square channel, 
pinch-off flow (or leakage flow of the valve) is a result of liquid flowing along the edges at 
the bottom of the channel as seen in Figure 23 c). This leakage may be minimized, if not 
eliminated by a rounded channel cross-section. Figure 24 shows the theoretical and 
measured flows vs. input pressure for varying output pressure and constant ambient 
pressure.  
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                                 a)                  b)          c) 

Figure 23. Cross-sectional view of open channel near the outlet during a) overflow, b) 
detachment, and c) pinch-off. 
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Figure 24. Theoretical and measured pressure flow characteristic of the valve. 

 

Note that priming occurs if threshold pressure Pt is overcome. If Pt<PG, capillary priming 
takes place, otherwise pressure can be applied to the inlet to force priming. 
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Future Outlook 
This technique for closed-open-closed channel valving is promising and can be developed 
further in terms of fluidic characterization, device development, and applications. Further 
miniaturization and selection of other material for the valve should be explored as well as 
optimizing the cross-sectional shape of the channel i.e. for minimal leakage flow. Further 
characterization of pressure-flow relation and air-liquid interface curvature is of significant 
interest. Concrete integration of the valving technique is also an exciting and necessary 
avenue, i.e. controlling ambient pressure on-chip. 

 

3.3 Fluidic processes 

You can’t cut water, because then the scissors just get wet. 

Sanna Svanberg, 7 years old 

 

On-chip fluidic processes often involve chemically or kinetically manipulating a liquid or 
combination of liquids. The need for complex processes is largely driven by chemical 
process development and drug discovery to create higher quality therapeutics in a shorter 
amount of time. In chemical synthesis, key steps include mixing, heating, and cooling. 
Microfluidic processes for bioanalyses entail sample concentration, mixing, filtering, 
separation, and detection [46]. One central process in these applications as well as specific 
areas such as DNA hybridization, cell activation, enzyme reactions, and protein folding is 
mixing on the micro-scale [47]. When performing chemical synthesis with large volumes, 
mixing creates large concentration gradients resulting in the formation of byproducts and 
leads to overheated areas. However, micro reaction vessels have a larger surface area to 
volume ratio, thereby allowing more effective heat management [48]. In many applications, 
mixing efficiency determines the efficiency of the entire system. 

 

3.3.1 Micromixing - what are the challenges? 

Mixing is an operation which creates homogeneity of all properties in a system [49]. This is 
achieved by first creating a heterogeneous mixture having a finely dispersed structure. 
Subsequently, diffusion occurs between adjacent domains resulting in a homogeneous 
mixture at the molecular level [48]. Macroscopic mixing can be achieved by creating 
turbulence via stirring and agitation of miscible, low viscous liquids with a high Reynolds 
number [48] not unlike mixing milk into your cup of coffee. Mixing in microsystems is not 
quite as simple. Creating turbulence in microsystems would require unfeasibly high 
pressures, flow rates, and volume throughput for most applications. Due to low flow rates 
and narrow channels, fluids in microsystems are dominated by viscous forces rather than 
inertial forces, resulting in a low Reynolds number and laminar flow. In laminar flow 
molecules are restricted from moving across boundaries to neighbouring lamellae except 
via molecular diffusion [48]. Mixing at low Re is comparable to mixing glycerol with 
molasses. Therefore, mixing in microsystems builds upon stretching and folding the liquids 
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to enlarge their interfacial areas. This increases mass and heat transfer as well as chemical 
reactions. Figure 25 illustrates mixing of two miscible fluids. 

 

a) Initial condition b) Stretching & folding c) Diffusion
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Figure 25. Mixing of two miscible fluids a) liquid A and liquid B are initially unmixed, b) 
the flow field changes and the interfacial area is stretched and folded, c) diffusion across 
interfacial areas occurs (adapted from [50]). 

 

Since mixing in laminar flow is dominated by molecular diffusion, let us consider mixing 
an aqueous solution at room temperature. The average diffusion time, τ, over a mixing path, 
d, and diffusion coefficient, D, is  

 τ =
d2

2 ⋅ D
 (5) 

Consider the most simple form of mixer – a Y-junction introducing two liquids into a 
microchannel. From (5) we see that a very narrow channel would be needed for rapid 
mixing. However, narrow channels introduce large pressure drops, limit throughput, and 
may introduce clogging. Using a wider channel requires a longer residence time in the 
channel for mixing, thereby requiring a longer channel which increases the size of the 
mixer. Therefore, other techniques for enhancing mixing on the microscale must be used. 

 

3.3.2 Micromixing techniques - lamination vs. chaotic 

advection 

Two of the main techniques used in microsystems to enhance mixing are lamination 
(parallel or serial) and chaotic advection. Parallel lamination is the separation of liquid 
into narrower channels and reunifying them resulting in shorter diffusion distances. This is 
illustrated clearly by the well known mixer by Manz et al. [51], see Figure 26 a). Mixing 
time decreases at a rate of n2 where n is the number of channels at each stage of the ‘tree’. 
Parallel lamination has also been achieved by countercurrent flow in two high density 
arrays of microchannels [52]. Another variation on parallel lamination is introducing small 
streams of liquid into an already finely laminated liquid or a solid liquid stream in the same 
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direction as the flow [53]. ‘Plume’ mixers could be regarded as a subset of parallel 
lamination mixers. In this technique a plume of one liquid is created, to increase surface 
area, and subsequently introduced into another liquid [54]. Serial lamination entails vertical 
lamination and horizontal splitting (or vice versa) and results in 4(n-1) times faster mixing, 
where n is the number of subsequent split and merge stages (Figure 26 b)), and often 
demands more complex structures [55, 56]. The rate of mixing using parallel lamination 
increases faster (comparing Manz mixer with [55, 56]) for each ‘stage’ compared to serial 
lamination, although a relatively large chip area is needed. 

 
Liquid 1 inlet

Liquid 2
inlets

Outlet  
a) 

 

Liquid 1 inlet
Liquid 2 inlet

Liquid 1 inlet
Liquid 2 inlet

Outlets

Outlets

 
b) 

Figure 26. a) Parallel lamination mixer [adapted from 51] b) serial lamination mixing 
showing lamination and splitting, horizontal lamination (top) and vertical lamination 
(bottom) [56]. 

 

Chaotic advection occurs if 1) a time dependent periodic perturbation is imposed on a 
steady 2D flow field or 2) spatial periodic perturbations occur in the 3D flow field [57]. 
The signature of chaos is a rapid divergence of initial conditions, quantified by the 
Liapunov exponent which is related to the stretching of a filament and is dependent on the 
initial position and orientation of particles [50]. Passive fluidic elements are advected by a 
velocity field and exhibit chaotic trajectories enhancing stretching and folding of fluid and 
deforming fluid-fluid boundaries thereby enhancing mixing [58]. This spatial or temporal 
perturbation can take on many forms in microsystems. Whitesides et al. reported channels 
with diagonal or herringbone shaped ridges on one wall [59] and Beebe et al. demonstrated 
chaotic mixing using a serpentine microchannel [60, 61], see Figure 27 a). Time dependent 
flow patterns have also been achieved by bubble pumps [62] or other pulsatile pumps [63, 
64]. Figure 27 b) shows a device causing electrokinetic instability by using a fluctuating 
electric field [65, 66]. Various types of magnetic mixers using magnetic microtips to create 
a rotating magnetic field [67] or magnetic micro bar stirrers [68] or arrays of embedded 
electrodes to produce a magnetohydrodynamic mixer [69, 70] have been reported. Other 
micromixers based on acoustic transducers [71, 47] and valves creating a peristaltic rotary 
pump [72] are also demonstrated. 
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Figure 27. Chaotic advection created by a) a geometrical perturbation, a serpentine 
microchannel which guides liquid through a C-shaped section in-plane and then turns the 
liquid 90° and repeats [60] b) electrokinetic instability by a fluctuating voltage [66]. 

 

Some micromixing techniques are difficult to categorize into purely lamination or chaotic 
advection. These include the novel technique of electrowetting on dielectric (EWOD), 
where liquid droplets are merged and moved around on-chip to stretch and laminate the 
interfacial area [73]. Hydrodynamic focusing, geometrical focusing, electrohydrodynamic 
convection [74], and a geometrically structured pack bed on-chip [75] also fall outside of 
these two categories. Table 3 shows one possible way to categorize most current methods 
of mixing, note that some principles may belong outside this system. Another important 
aspect of micromixers is whether or not they require energy input, excluding the 
mechanism used to drive the constant fluid flow. Those which do not require active control 
can be classified as passive and those which do require active control, i.e. pneumatic, 
electric, magnetic, etc., are active. This criterion has consequences as to its suitability to 
various applications. Table 4 summarizes the advantages and disadvantages for both types 
of mixers. 
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Table 3. Categorization of current micromixing techniques including the micromixing 
principle upon which it is based, if it has an active or passive principle of operation, and 
example references of each mixer type.  

Mixing Technique Active Passive 

Parallel laminators  Lamination dominates      
[51, 52, 53] 

Serial laminators  Lamination dominates    
[55, 56] 

Plume mixers  Lamination dominates 
[54] 

Geometrical structured 
microchannels 

 Chaotic advection 
dominates                          
[59, 60] 

Pulsatile flow mixers 

     • electrokinetic 

     • pneumatic 

     • magnetic 

Chaotic advection dominates 

• [65, 66] 

• [62, 63, 64] 

• [69, 70] 

 

Rotary pumps 

     • magnetic 

     • pneumatic/peristaltic 

Chaotic advection dominates 

• [67, 68] 

• [72] 

 

Acoustic/Ultrasonic Chaotic advection dominates 
[47, 71] 

 

Electrowetting Lamination dominates [73]  

Focusing (geometrical)  Lamination dominates 

Focusing (hydrodynamic) Lamination dominates [76]  
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Table 4. Summary of Advantages and Disadvantages of Active and Passive Micromixers 

 Active Micromixer Passive Micromixers 

Advantages • can be activated on 
demand 

• activation principle may 
have a double use 

• robust 
• easy to implement 
• often uncomplicated 

fabrication 

Disadvantages • often complicated to 
fabricate 

• often difficult to clean 
• need surrounding 

equipment to operate 
• complicated to integrate 
• often increase in 

temperature -> harmful 
for bio-fluids 

• often requires specific 
liquids to operate 
(electroosmotic flow 
relies on liquid 
conductivity) 

• difficult to control on 
demand 

 

3.3.3 Novel mixing technique based on geometry and surface 

tension 

The following section describes the work in this thesis on a passive, discrete sample 
micromixer. The main objectives for a typical micromixer include: 
• fast mixing 
• efficient mixing 
• easily integrated into larger microfluidic systems (i.e. passive or active?) 
• small device area 
• uncomplicated to fabricate 
• versatile (i.e. usable with a wide variety of liquids) 
• reliable (i.e. if reusable, can it be cleaned easily and effectively?) 

The objectives for our mixer was to reach these goals with particular emphasis on fast and 
efficient mixing and easy integration with other microfluidic components. The mixer is 
intended for a variety of aqueous liquids and ultimately for use in proteomics for studying 
protein-protein interactions. This passive micromixer truly takes advantage of forces which 
dominate on the micro scale instead of simply miniaturizing existing traditional macro-
mixers. 
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Principle of Operation & Summary 
The micromixer uses surface tension effects to create a time dependent flow pattern inside a 
liquid sample plug moving through the geometrical mixing chamber. This planar device 
consists of a main meandering channel with perforated channel walls as can be seen in 
Figure 28. The perforations are of key importance to the mixer since they create tiny 
connecting channels between parallel segments of the main channel. When two discrete 
liquid samples enter the mixing chamber (laminar flow), one side of the first perforated 
wall becomes wetted and liquid enters the perforations. However, the liquid does not exit 
the perforations since surface tension forces are too great. As the liquid in the main channel 
enters the second main channel segment, the perforated wall becomes completely wetted, 
thus allowing liquid to flow freely through the perforations. This phenomenon repeats as 
the liquid samples proceed through the mixing chamber.  

 
Sample 1

main channel

Sample 2

Outlet

perforations

main channel segment 1

liquid path

main channel segment 2

Flow direction of liquid in
main channel segment 1

Liquid stops at the exit
of the perforations

 
Figure 28. Top view of micromixer. The main channel is 50 µm wide, and 50 µm deep. 
The perforated wall is 10 µm thick, perforation channels 7 µm wide, and mixing chamber 
volume is 30 nL. 

 

Now, consider what occurs inside the liquid plug travelling through the mixing chamber 
(Figure 29). As the discrete liquid plug proceeds, its advancing liquid front (ALF) and 
receding liquid front (RLF) chase each other similar to a rabbit chasing a carrot. This 
causes the flow lines (from the ALF to the RLF) inside the liquid plug to constantly change, 
thus redistributing liquid inside the plug resulting in a mixed solution. In this way, a larger 
mass transfer is created compared to many other passive micromixers. Note that the mixer 
can be used for discrete samples of spreading wetting liquids where the volume of the 
combined liquid samples is less than that of the mixing chamber. If purely continuous flow 
of two liquid samples is applied to the device, a laminar flow pattern will occur with 
constant flow lines from the mixer inlet to the mixer outlet and no significant mixing will 
occur. 
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a) 

 
b) 

 
c) 

 
d) 

Figure 29. Schematic of time dependent flow pattern inside a liquid plug travelling through 
the mixer where the black arrow indicate the flow in the liquid plug at a certain moment in 
time. Schematics a) – d) are ordered consecutively in time.  

 

The micromixer was fabricated by one simple patterning and DRIE etch step in a silicon 
substrate. The device was covered by a layer of PDMS and packaged using an identical 
technique to that used for the liquid valve (see Figure 20). Two different coloured liquids 
were injected into the mixer and an area at the output was analyzed. A linear relationship 
between the colour intensity and degree of mixing was assumed. After only 0.4 seconds, 
the standard deviation of the average RGB content was 1.21 for the micromixer, compared 
to 17.27 for an identical meandering channel without perforations, demonstrating a well-
mixed solution in the micromixer. Compare this with the time (2.5 seconds) for pure 
diffusion for a 50 µm wide straight channel (see equation (5)). Figure 30 shows the 
micromixer and area used for colour analysis. 
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Figure 30. Photograph of the micromixer (main picture), a close-up photograph (top right) 
and a 12 × 24 pixel video frame at the mixer outlet (bottom left) used for colour analysis. 

 

Future Outlook 
 

The novel micromixer has been demonstrated to mix quickly, but there is still interesting 
work to be done on this mixer. Is the mixing effect dominated by chaotic advection or 
lamination? Is the mixer truly chaotic? As can be seen in Figure 30, the mixer chamber is 
diamond-shaped as opposed to rectangular. A rectangular chamber has a flow pattern 
periodicity equal to one full meander in the mixing chamber. However, a diamond shaped 
chamber results in a more random, aperiodic flow pattern. Investigations on finding an 
optimal chamber shape, main channel and perforation dimension should also be performed.  

 

3.4 Chemical analysis 

After painstaking and careful analysis of a sample, you are always told that it is the wrong 
sample you are working with. 

4th Law of Revision 

 

Chemical analysis determines structure, composition, mass and many other properties of 
molecules along with their interaction with each other and the environment. To uncover 
these mysteries, ‘tools of the trade’ include techniques such as electrophoresis, gas 
chromatography (GC), high-performance liquid chromatography (HPLC), matrix assisted 
laser desorption/ionization mass spectrometry (MALDI-MS), and fluorescence detection. 
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The need for on-line measurements of small samples with low concentrations has pushed 
these techniques to the forefront. This is especially noticeable in the era of proteomics 
where identification of all proteins within the cell at any time is desired. The demand for 
high throughput in this dizzying amount of molecular information calls for the help of 
microtechnology. Fluorescence detection techniques have had a stronghold, especially in 
DNA analysis and micro-array technology, due to the ability to tag molecules with 
fluorescent markers and follow their actions with high sensitivity and low mass detection. 
Electrospray ionization mass spectrometry (ESI-MS) has also gained considerable 
importance as a powerful tool to determine mass and structure of a wide variety of 
molecules.  

 

3.4.1 What is ESI-MS? 

One could say that electrospray ionization mass spectrometry is one of the most important 
advances in liquid sample analysis. More specifically, it is a method of transferring ions 
from a liquid solution to gas phase, from which they can be analyzed based on their mass-
charge ratio. Mass spectrometry dates back as far as 1913 to J.J. Thompson who analyzed 
low mass gas phase compounds [77]. Since then, mass spectrometry and ESI-MS in 
particular have only increased in impact and importance through technological 
development allowing analysis on single and multiple charged inorganic and organic ions 
ranging from alkaline earth metals to large mass proteins and peptides.  

 

Mass spectrometry relies on the property that charged species in gas phase travelling 
through an electric or magnetic field have different speeds and directions depending on 
their mass and charge [77]. Typical MS equipment consists of an ion source, mass analyzer, 
detector, and data acquisition system where the information on the spectra of ionic species 
can be processed and displayed. MALDI-MS is a closely related cousin to electrospray 
ionization where 1) a sample is mixed with a matrix solution and crystallized onto a 
conductive substrate, 2) the sample is bombarded with a laser pulse whereby energy is 
absorbed 3) micro-explosions occur on the crystallized sample which split off ionic species 
4) the free ionic species enter into a mass detector [78]. However, ESI-MS [79] requires 
minimal off-chip preparation and no crystallization into solid phase. Figure 31 shows a 
schematic of a typical ESI-MS set-up composed of a sample-filled electrospray emitter tip, 
high voltage power supply, and a counter electrode with an opening leading to the mass 
detector. 
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Figure 31. Schematic of ESI-MS set-up [adapted from 80]. 

 

Assuming that a positively charged liquid sample is loaded in the emitter tip, a positive 
voltage is applied to the emitter tip, either via the liquid itself or the electrically conductive 
needle (tip), and a negative voltage is applied to the counter electrode. Positive ions migrate 
towards the needle opening while negative ions move closer to the positive electrode 
surface. As the cations congregate at the meniscus of the emitter tip, liquid protrudes out of 
the needle due to electrostatic repulsion. A Taylor cone forms at the emitter tip – a liquid 
cone with a half angle at the apex of 49.3° [80]. At a certain electric field, the electrostatic 
repulsion between cations overcomes the surface tension at the tip and a spray is initiated. 
As the mist of droplets move through the air towards the counter electrode, they repel each 
other, thereby creating a plume. Simultaneously, each droplet begins to evaporate causing 
an increased charge concentration on the surface of each droplet. This causes the droplets to 
split into smaller droplets (Coulombic fission) and the process repeats itself until the ionic 
species enter the gas phase. Other complementary mechanisms for transformation from the 
liquid to gas phase are described [80]. The ions then enter the mass detector through the 
counter electrode for analysis. Note that the electrospray emitter tip is a key component in 
ESI-MS. 

 

3.4.2 ESI-MS Emitter Tip Technologies 

Emitter tips used for ESI-MS have evolved in the past few years utilizing microtechnology 
as the root for development. Conventional tips include stainless steel capillary tubes, and 
fused silica capillaries (New Objective, Protana) with inner diameters ranging anywhere 
between 200 µm to 2 µm. These pulled glass capillaries are often unopened at the tapered 
end, requiring the user to break open the tip before use, resulting in unpredictable tip 
opening geometries and an increased risk for clogging. Since the finer the electrospray tip, 
the more efficient and stable the spray [81], etching has been performed after opening the 
tips using hydrofluoric acid in attempts to improve the geometry and taper the tip [82]. 
However, questions linger concerning reproducibility, efficient integration to other 



44                                                                                           Jessica Melin 

chemical processes, and high throughput with small sample volumes using this basic 
technology. This is where microtechnology opens the door to possible solutions. The 
electrospray emitter tip lends itself to miniaturization since small dimensions lead to lower 
flow rates, leading to a more stable flow, thus enabling more sensitive analysis. 
Microtechnology allows integration (i.e. with CE or HPCE) with small dead volumes and 
reproducible and precisely defined tip structures. 

 

Various strategies have been explored including micro-channel chip devices with a simple 
hole on the side of the chip as the emitter tip opening [83]. Karger et al. also showed an 
array of channels on a glass chip, each individually addressed, with rates of 100-200 
nL/min. [84]. However, spraying from the side of the chip increases the radius of the 
Taylor cone (making it ill-defined) since liquid wets the side of the chip contributing to 
dead volume, a more inefficient spray, and band broadening if coupled with upstream 
separation techniques, see Figure 32. To avoid this, the side of the chip may be coated with 
a hydrophobic material, or a nebulizing air stream could be used. Figure 33 shows an 
example of such a glass device with preconcentration sample loops, separation channel, and 
two nebulizing air flow channels [85].   
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Figure 32. Liquid exiting a channel on the side of a chip and forming a Taylor cone [83]. 
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Figure 33. On-chip nebulizer for electrospray formation [85]. 
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Another approach is a hybrid solution where conventional emitter tips are fixated to the 
side of the microchannel chip. Karger et al. also developed a microdevice integrating 
capillary electrophoresis (CE) and ESI-MS on a glass substrate with replaceable glass 
electrospray capillaries fixated to the side of the chip [86]. Another device reports a 
multiple inlet chip where samples are directed via electroosmotic flow to a connected 
capillary with minimal cross contamination [87]. Foret et al. demonstrated a multichannel 
device with a linear array of capillary electrospray tips. Microtiter-like samples wells (96 
wells) were connected to each electrospray port with embedded electrodes and a plastic 
cover plate with gas distribution channels used for sequential pressurization. As many as 
720 samples/hour can be analyzed [88], see Figure 34. However, inherent problems 
mentioned above concerning pulled capillary tips remain using this hybrid technique. 

Translation
stage

Gas pressure
nozzle

N2

Gas distribution
channels

High voltage
electrode

96 ESI tips
26um i.d.

MS sampling
orifice extension

 
Figure 34. Exploded schematic of addressable sample well matrix coupled to ESI-MS [88]. 

 

Another strategy is making small in-plane electrospray tips which protrude out the side of 
the chip. Surface micromachined tips made of silicon nitride and phosphosilicate glass 
(inner diameter 1-3 µm) with an on-chip upstream particle filter to prevent clogging have 
been produced, however, this entails a complex fabrication process and problems with 
stress in the nitride films [89]. The concept was further developed to parylene tips (Young’s 
modulus of 3 GPa) with a hole opening of 5 × 10 µm [90]. As can be seen in Figure 35, 
these proved to be much less fragile. 

 

  

Figure 35. Flexible parylene in-plane mass spectrometry emitter tips [90]. 
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Polymers have provided opportunities for other electrospray tips including PMMA 
microchannel chips which are bonded together and the side of the chip is milled to create a 
tip [91] although this requires milling on each individual tip which may create unreliable 
dimensions. Zeonor 1020 devices have been fabricated using embossing techniques where 
CE is coupled with ESI-MS [92] as well as PDMS devices using replica molding [93, 94]. 

 

The aforementioned electrospray emitter strategies all rely on in-plane tips. Out-of-plane 
tips offer possibilities for less complex processing, more compact matrices, and 
automation. Advion Biosciences has developed a fully automated chip-based system based 
on out-of–plane tips [95], see Figure 36. Samples from a standard 96 well plate are placed 
directly into the machine and a conductive pipette (one pipette per well) is used to draw 
sample from the well. The pipette is aligned with an emitter tip from the back side of the 
chip making a tight seal and spraying begins when a voltage is applied to the pipette. 

 

 
Figure 36. Advion system chip with a matrix of ESI-MS emitter tips [96]. 

 

3.4.3 Novel out-of-plane MS emitter tips 

This section describes the development of a new type of ESI-MS emitter tip presented in 
this thesis. The main objectives were to provide an improved technique for creating 2-D 
arrays of tips suitable for automated high throughput analysis with a comparable, if not 
improved, performance compared to conventional tips. The tips must be highly 
reproducible, robust (both physically in terms of handling and chemically in terms of 
providing repeatable measurements), provide a stable and efficient spray (i.e. small and 
well defined Taylor cone) as well as lend itself to integration of other liquid and/or 
chemical functionality, i.e. sample preparation, chemical interactions, and separation. 

 

Emitter tip function 
To create a stable and efficient spray, the geometry and nature of the emitter tip must be 
considered in more detail. A more stable spray is created if smaller droplets are expelled 
from the emitter tip resulting in faster extraction of ions from the droplets. Therefore, low 



Novel Microsystem Techniques for Liquid Manipulation and Pressure Sensing                47 

flow rates (which are produced by a lower potential difference between the counter 
electrode and the emitter tip) are preferable. The potential required to generate a flow, Vc, 
depends on how effective the electric field lines are concentrated at the emitter tip and is 
related according to equation 6, 

 Ec =
2⋅Vc

rc ⋅ ln(4⋅d / rc )
 (6) 

where Ec is the electric field at the tip, rc is the outer radius of the emitter tip, and d is the 
distance between the emitter tip and the counter electrode. If the electric field lines are 
highly concentrated and rc is low, a lower voltage is required to generate a flow. Figure 37 
illustrates three different hydrophilic emitter tip geometries. Since the liquid wets the tip 
perimeter, one should strive to minimize the perimeter thickness as much as possible to 
minimize the Taylor cone size. Two different emitter tip structures were created; 1) a 
silicon emitter tip having a cross section similar to Figure 37 b), and 2) a silicon dioxide 
emitter tip having a cross section similar to Figure 37 c). 
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Figure 37. a) Cross section of a straight flat head emitter tip wetted by the analyte, b) a 
tapered emitter tip with a finite tip perimeter width c) a tapered emitter tip with an 
extremely sharp tip. T1, T2, T3 refer to the Taylor cone diameters for the three different 
designs. 

 

Both types of emitter tips were fabricated by deep reactive ion etching (DRIE) to create 
structures which were ‘self-aligned’, i.e. discrete photolithographic masks were not 
required to define the inner and outer perimeters of the emitter opening, which is a great 
advantage in terms of fabrication reproducibility and precision. Initially, a nitride and 
aluminum mask were patterned onto a silicon substrate and the shaft (70 µm long) was 
defined through isotropic and anisotropic DRIE. The shaft was oxidized, while the tip was 
still protected by the nitride/aluminum mask. The silicon emitter tips were then fabricated 
by anisotropically etching the inner hole through the shaft after removing the 
nitride/aluminum mask. However, the silicon dioxide tips were created by performing an 
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isotropic etch after the nitride/aluminum mask was removed, resulting in a purely silicon 
dioxide shaft wall. As seen in Figure 38, the silicon tip has a tapered, and very sharp outer 
tip wall (in the range of nanometers) with an inner diameter (i.d.), D, of 18 µm. The silicon 
dioxide tips are also tapered, but have a tip perimeter thickness defined by the silicon 
dioxide thickness (1.5 µm, with an i.d. of 10 µm). The silicon dioxide tip has the advantage 
of not relying on a high aspect ratio etch. The inner diameters can be reduced even further 
for both emitter tip versions if desired. However, the robustness of the silicon dioxide tip 
decreases with decreasing wall thickness. 

OR

Silicon emitter tip Silicon dioxide emitter tip

 
Figure 38. Close-up photo of silicon dioxide and silicon tip from an array of tips. 

 

The emitter tips were characterized by inserting and gluing a glass capillary tube to the 
back of the individually diced emitter tip chips (1mm x 1mm). The test devices were 
mounted inside an ESQUIRE ion trap mass spectrometer (Bruker Daltonics) where the 
analyte inserted into the capillary was grounded via a metal connector and a negative 
voltage was applied to the counter electrode in the mass spectrometer. As can be seen in 
Figure 39, a Taylor cone and a stable spray is obtained at flow rates of 100 nL/min. and the 
shaft is not wetted with the analyte. 

 

Capillary
Emitter tip

chip Emitter tip
Taylor cone

Electrospray

 
Figure 39. Assembled silicon dioxide tip with glass capillary on the back and resulting 
electrospray. 
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Comparing mass spectrometry analysis of 10 pM/uL insulin in acetonitrile/acetic acid 
(99/1) using the silicon dioxide and purely silicon tips, the silicon dioxide tips performed 
better in terms of signal-to-noise ratio (SNR) as is seen from Figure 40. This could be 
explained by the larger inner diameter of the silicon tip compared to the silicon dioxide tip. 
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Figure 40. Mass spectra of tips tested using 10pmole/uL insulin in acetonitrile/acetic acid 
(99/1). 

 

The performance of the silicon dioxide tips were also compared to conventional New 
Objective glass capillary tips (i.d. 10 +/- 1 µm). The relative standard deviation of the SNR 
for each tested peptide using the silicon dioxide tips was on average 22% compared to 45% 
for the pulled glass tips. However, an activation voltage of 1.3 kV was required for the 
pulled capillaries compared to 3.8 kV for the silicon dioxide tips. After computer 
simulations, this unexpected result could be explained by the fact that a greater applied 
voltage was needed for the micromachined tips to create the same electric field at the tip as 
for the pulled tips due to the influence of the surrounding base structure of the chip. As 
seen in Figure 41 the electric field is the same (13V/µm) directly at the tip for the 
conventional and micromachined tips. However, the electric field is consistently greater for 
the micromachined tip over the counter tip-electrode separation which may contribute to 
more efficient analysis since the ions travel faster to the mass detector, thereby potentially 
reducing ion path divergence. 
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Figure 41. Simulation (using FEMLAB) of the electric field vs. tip-electrode distance for 
the micromachined tip and a commercial tip. 

 

The silicon dioxide tip was also tested using tryptic digest of 1 pM/uL cytochrome C where 
18 cytochrome C fragments could be identified (82% sequence coverage of the protein). A 
full amino acid sequence, TGPNLHGLFGR, of a cytochrome C fragment was also verified 
with tandem MS/MS demonstrating the ability of the tip to be used in identifying proteins 
in proteome research. Another test showed that the micromachined tip could be used for 
non-covalent complexes which usually requires an aqueous environment, where a spray is 
usually more difficult to achieve due to higher surface tension. These complexes also 
usually require a neutral pH to be stable, while an acidic environment is usually desired 
when performing analysis to obtain efficient protonation. Testing analytes of 20 pM/uL 
RNAse A and 40 pM/uL cytidine 2’-monophosphate in aqueous 5 mM NH4Ac showed that 
the tip can be used to spray aqueous solutions as well as non-covalent protein complexes. 

 

Future outlook 
The most important factors for ESI-MS technology in the future will be analytical 
performance quality, ability to integrate many functions on-chip with the emitter tip, high 
throughput capabilities, and automation. In-plane emitter tips have a promising future in all 
these areas as has been shown by the above work and by companies such as Advion 
Biosciences. However, the question still remains if complete on-chip ESI-MS, where the 
mass detector unit is also integrated on-chip, is a feasible possibility. Time-of-flight 
detectors for example are dependent on time resolution, thus the length of the flight path. 
There may be a limit to the amount of miniaturization which is feasible (i.e. a certain 
number of molecules are required for current detection techniques to be useful). 

 

The emitter tips as well as the liquid micro-valve and micromixer described above provide 
a toolkit of components which could potentially be integrated into a single liquid sample 
analysis device. Figure 42 shows a schematic of such a potential device where liquid 
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sample may be processed on one side of the chip and subsequently sprayed from an emitter 
tip on the other side of the chip into an external mass spectrometry analyzer. 

 
Dosing unit

Sample preparation unit Micromixer

Liquid-controlled
microvalve

Separation unit

Sample 1
inlet

Sample 2
inlet

Fluid
flow

Liquid 1 Liquid 2

Waste

Buffer

Waste

Waste Mass spectrometry
emitter tip

 
Figure 42. Simplified schematic of potentially integrated discrete sample micromixer with 
upstream and downstream functionality. 
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4. Pressure sensing techniques 

4.1 Pressure Sensing 

Things get worse under pressure. 

Murphy’s Law of Thermodynamics  

 

Pressure is a universal and effective means of measuring various physical phenomena, 
either directly (i.e. air pressure in a car tire) or indirectly (i.e. flow rate via differential 
pressure measurements). Pressure sensing techniques have evolved greatly since the time a 
U-tube barometer was the most modern technology available. Microsystem technology has 
played a significant role in this development and we can now say that micro pressure 
sensors have almost reached maturity. Commercial micro pressure sensors are available 
from a number of sources including Motorola, Bosch, and Nova Sensor. Most efforts are 
now spent on optimizing performance, sensitivity, temperature stability, power 
consumption, etc. However, interfacing these sensors to the outside world is still a 
challenge. Environmental requirements are very application specific, i.e. automotive 
monitoring applications vs. cardiovascular measurement applications. Therefore, creating a 
universal pressure sensor having an interface which can be used in all application areas is 
difficult. Main commercial markets for micro pressure sensors include process control, 
industrial control, aerospace and military, automotive, medical, and consumer applications 
[97]. 

 

Three common techniques used when developing micro pressure sensors are based on 
piezoresistance, capacitance, and resonance. The following sections in this chapter discuss 
resonant sensors, important design considerations for such sensors, as well as a comparison 
of these three main types of pressure sensors. In addition, work developed in this thesis 
pertaining to resonant micro pressure sensors will be outlined. 

 

4.1.2 Resonant micro pressure sensors 

Resonant pressure sensors comprise a resonating element such as a cantilever, diaphragm, 
or bridge. Pressure strains or deforms the element and consequently changes its resonance 
frequency. The sensing element must be excited into resonance and its frequency detected. 
Therefore, a feedback circuit is typically used, whereby the sensor is maintained at 
resonance at all times, see Figure 43. 
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Figure 43. Schematic of feedback loop for resonant pressure sensor. 

 

The natural frequency of an undamped system can be expressed as 

ωo =
k
m

, where k is the spring constant and m is the oscillating mass. Resonance occurs 

when the natural frequency of free oscillation of the system, ω0, equals the frequency of the 
external driving force, ω. At this point the amplitude will be greatest, see Figure 44. 
Damping, characterized by the damping factor, ζ, determines the shape of this peak, i.e. 
high damping results in a low amplitude and wide resonance peak. 

 
Figure 44. Nondimensional plot of amplitude (Xk/F0) and phase (φ) vs. ω/ωo and the 
damping factor (ζ). 
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Resonant sensors are characterized by the nondimensional quality factor (Q) which 
provides information about the sensor’s stability and resolution. The Q factor is defined as  

 Q = 2 ⋅ π ⋅
total energy of the system
dissipated  energy  per  cycle

 (7) 

The Q factor can also be formulated as the resonance frequency divided by the span of the 

3dB level of the peak, Q =
fn

fn,−3dB

. If damping is low, the frequency response shows a 

very tall and narrow resonance peak, resulting in a high Q factor and a stable, high 
resolution system. A high Q factor also ensures better rejection of external noise and also 
means that sensor performance is purely dependent on the mechanical properties of the 
resonator [98]. 

 

Resonant pressure sensors are often designed as a bridge structure or a resonating element 
integrated on top of a bulk diaphragm. For example, Greenwood et al. developed a pressure 
sensor consisting of two plates supported at their resonance nodes and coupled by a small 
link, see Figure 45 [99]. The resonating element is connected to a pressure sensing 
diaphragm and excited into an anti-torsional mode of resonance, and the detection is 
performed capacitively. Typical values for such a sensor include a resonance frequency of 
120 kHz, a pressure range of vacuum to 1.2 bar, pressure sensitivity of 15 Hz/mbar and a Q 
of 20 000 in vacuum [99]. Another sensor demonstrates a laterally driven surface 
micromachined resonator on top of a bulk diaphragm [100]. Damping is minimal because 
the mechanical coupling between the diaphragm and resonator is small.  This occurs since 
the movement of the resonator is in-plane, while that of the pressure sensing diaphragm is 
out-of-plane, see Figure 45. Guckel et al. has also done significant work on a surface 
micromachined piezoresistive resonating microbeam encapsulated on top of a diaphragm 
[101].  
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a) 

 
b) 

Figure 45. Schematic of a) a torsionally resonating pressure sensor [99], and b) a laterally 
resonating pressure sensor [100]. 

 

4.1.3 What makes a good resonant pressure sensor? 

As with all sensors, the sensing element of a resonant sensor must be highly selective and 
sensitive to the parameter being measured. Other important design factors discussed in this 
section include material used, Q factor, mode of oscillation, and excitation/detection 
technique. 

 

Material 
Single crystal silicon is an excellent resonator material since it has ultra-low dislocation 
densities and impurities, high intrinsic Q factor, low coefficient of thermal expansion, little 
creep and hysteresis. It is 6 times stronger than quartz (which is a traditional resonator 
material) and has an elastic modulus which is 3 times higher. High resonance frequencies 
can be achieved using silicon, thereby simplifying output signal conditioning and resulting 
in a faster response time [97]. Silicon also allows great versatility in structure geometry 
fabrication. To make extremely small surface micromachined structures, polysilicon is 
often used. However, its material properties are not as ideal as single crystal silicon and 
care must be taken when depositing polysilicon so as not to create compressive stress 
which may cause buckling [98]. Material selection is important not only for the resonating 
element, but also for the packaging. Excessive numbers of material layers should be 
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avoided for the same reason as well as thermal mismatch. Preferably, material used for 
device packaging should have a similar coefficient of thermal expansion. 

 

Q factor 
The Q factor is greatly affected by three sources of damping. The overall Q of the system 
can be represented as  

 
1

Qtotal

=
1

Qa

+
1
Qs

+
1
Qi

 (8) 

where Qa is that due to acoustic and viscous losses, Qs due to structural dissipation, and Qi 
due to intrinsic dissipations in the resonator material. Since the overall Q affects the 
stability and resolution of the sensor, we want to maximize its value. If monocrystalline 
silicon is used, Qi is very high and dissipation due to the resonator material can be 
neglected. Qs can be made as large as possible by a careful resonator design where the 
resonator oscillates in a mass balanced manner and any necessary structural supports only 
occur at node lines. The sum of the forces and moments during oscillation should equal 
zero. For micro pressure sensors, dissipation due to acoustic and viscous losses, Qa, is the 
greatest challenge and determines the overall Q. Figure 46 shows the movement of air 
surrounding an oscillating plate. Viscous losses are caused by air transported laterally to the 
resonating element and lead to squeeze-film damping. Since most micro resonators have a 
moving resonator element close to a stationary wall such as a pressure sensing diaphragm 
or packaging, air molecules find it difficult to escape to allow the free movement of the 
resonator. The distribution of gas pressure between two moving plates is governed by the 
Reynold’s equation for a compressible gas film [102]. If gas pressure is low, the mean free 
path of the molecules may be significant compared to the air gap between the resonator and 
the stationary wall. This results in a pressure dependent effective viscosity [103]. 
Squeezed-film damping can be reduced by increasing the distance between the stationary 
wall and moving resonator, introducing holes in the moving structure so that molecules can 
move more freely, or reducing the pressure surrounding the resonator, thereby reducing the 
number of air molecules [104]. 

 

Viscous dissipationAcoustic dissipation

Stationary wall

Oscillating structure

Oscillation movement
 

a)                                                                   b) 

Figure 46. Movement of air around a) an oscillating plate and b) an oscillating perforated 
plate. 
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Modes of oscillation 
Since resonating elements can be excited into a variety of modes, care should be taken in 
resonator geometry design and mode selection. Structures can be excited into torsional, 
longitudinal, and flexural oscillation. Each mode has a fundamental resonance peak and 
several higher frequency harmonics. Certain modes may be more difficult to excite into 
resonance. Modes may result in different Q factors due to varying degrees of mass balance 
[98, 105]. Designing a resonator with resonance peaks very close to one another can result 
in mode interference and undistinguishable resonance peaks. 

 

Excitation and Detection 
When choosing a method of exciting the resonating structure into oscillation or detecting its 
frequency, one must ensure that it does not unnecessarily hinder resonator movement (i.e. 
increase squeezed-film damping) or decrease the Q factor in other ways. The 
excitation/detection technique must also ensure sufficient selectivity to pressure. Certain 
excitation methods may require extra material layers (i.e. piezoelectric, piezoresistive) on 
the resonating element. Improper selection of a technique may also introduce residual stress 
thermal instability due to thermal mismatches in materials. Table 5 shows several possible 
principles for excitation and detection. 

 

Table 5. Common excitation and detection principles used for resonant pressure sensors. 

Excitation Principles Detection Principles 
• electrostatic  
• optical (heating) 
• resistive (heating) 
• dielectric 
• piezoelectric 
• magnetic 

• capacitive 
• optical (i.e. interferometric, 

amplitude modulation) 
• piezoresistive 
• piezoelectric  
• magnetic 

 

4.1.4 Comparison of micro pressure sensors 

A large variety of pressure sensors exist, mainly due to an equally large variation in 
application dependent requirements including accuracy, sensitivity, pressure range, 
packaging, cost, operating temperature, regulatory compliance, etc. Three main types of 
micro pressure sensors include resonant, non-resonant piezoresistive, and non-resonant 
capacitive. Piezoresistive sensors are usually composed of a diaphragm with integrated or 
diffused piezoresistors which change resistance due to internal stress and strain when the 
diaphragm deflects. These piezoresistors are often connected in a Wheatstone bridge 
configuration, resulting in a voltage output. Capacitive sensors rely on two plates or 
diaphragms separated by air, ceramic, or other dielectric medium. When pressure is 
applied, the distance between the plates changes as well as the capacitance.  
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Unlike voltage output from capacitive and piezoresistive sensors, the resonant sensors 
produce a frequency output which can be seen as a ‘quasi-digital’ signal. Frequency signals 
are insensitive to parasitic electrical effects and are relatively insensitive to electronics 
offset and gain drift due to high Q factors achievable with resonant sensors. No expensive 
A/D converter is needed and frequency output can be measured with great precision 
although excitation/detection may be more complex [106]. Resonant sensors, as described 
in a previous section, are only dependent on mechanical properties of the vibrating element 
and not on junction properties or electrical parameters such as resistance and capacitance. 
Furthermore, resonant pressure sensors have a good long term stability and are less 
sensitive to stress caused by packaging since they respond only to unidirectional stress 
while piezoresistors respond to a 6-D stress vector [97]. However, resonant sensors almost 
always require the resonating element to be encapsulated since it is sensitive to particles 
and humidity (mass loading). Resonant sensors can also be expensive due to their complex 
electronics and complex resonating structure fabrication, and calibration [97]. In most static 
sensors, energy dissipation usually means a change in the operating temperature. However, 
resonant sensors are dynamic, which means a change in resolution can be expected (change 
in Q) [97]. Table 6 shows a comparison of the properties of piezoresistive, capacitive, and 
resonant pressure sensors. 

Table 6. Comparison of piezoresistive, capacitive and resonant pressure sensors (adapted 
from [97]). 

Item Piezoresistive Capacitive Resonant 

Output form Voltage Voltage Frequency 

Pressure sensitivity 
vs. diaphragm 
thickness, t 

t-2 t-3 t-2 

Typical pressure 
ranges 

7 kPa – 100 MPa 1 kPa – 50 MPa 50 kPa – 50 MPa 

Sensitivity to 
moisture 

Low High (between 
electrodes) 

Medium 

Package stress 
sensitivity 

High Low  Medium 

Signal conditioning Uncomplicated More difficult Complex, but 
digital 

Electronics errors 
contribution 

Significant Significant Insignificant,  

reduced by Q 

Parasitic capacitance Low Critical Not important 

Uncompensated 
temperature errors 

Large Small Small 

Microfabrication Uncomplicated Relatively 
uncomplicated 

Complicated 
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4.2 Form based resonant pressure sensor - a different 

principle 

The following section describes work done in this thesis on a resonant pressure sensor 
based on the form-changing principle [107, 108]. The goal was to improve the design by 
batch encapsulating the resonating element, minimizing damping effects, making it smaller 
and more robust, and modifying the measurement technique (i.e. reference pressure outside 
instead of inside the resonating element).  

 

Principle of Operation and Summary 
A suspended silicon structure consisting of two sealed diaphragms is the heart of the 
pressure sensor. The geometric design allows the structure to oscillate in a balanced, anti-
torsion mode which minimizes energy losses, where the maximum amplitude occurs at the 
structure corners, see Figure 47. The capsule-like structure has four hollow support beams 
(at the node lines) which also act as pressure inlet ports. The sensing element is 
encapsulated by two glass substrates forming a low pressure cavity.  

 

Node line

Node line
A

B
A

Pressure inlet ports

B

Elevated corners with anti-damping holes

Dual-diaphragm structure
(sensing element)

Support beam

Support frame

Oscillation movement

 
a) 
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b) 

Figure 47. a) Pressure sensing element and supporting frame, and b) cross-sectional view 
of pressure sensor with integrated electrodes. 

 

When pressure is applied to the inside of the resonating capsule, the structure bulges 
outward (much like a balloon) and its resonance frequency increases due to an increased 
stiffness. If the internal pressure is below the surrounding pressure, the structure becomes 
concave and less stiff, thereby decreasing the resonance frequency. The form-based sensor 
is less sensitive to stresses from packaging or doping than sensors based on strain (i.e. 
piezoresistive) and is purely dependent on the resonator’s form and material properties.  

 

The devices were batch wafer level encapsulated by anodically bonding glass wafers with 
integrated patterned electrodes and recessed cavities to each side of the silicon frame. The 
integrated electrodes were used to electrostatically excite and capacitively detect the 
resonating structure. The sensor itself was fabricated by first patterning and DRIE etching 
two monocrystalline silicon wafers which were then fusion bonded to form the inside of the 
resonating structure. Subsequent patterning, oxidation, and etch steps were performed to 
form the external geometry of the structure. 

 

The main component of damping for this sensor is acoustic and viscous damping 
(squeezed-film damping) at the corners of the oscillating structure. Since the resonator was 
encapsulated at low pressure, the pressure dependence of viscosity of air becomes 

significant and Q can be expressed as Q ∝
1

ηeff

. To reduce squeezed-film damping, the 

encapsulation walls were recessed and holes were introduced at the corners to allow easier 
movement of air molecules around the structure. Measurements showed a clear 
improvement in Q for structures with these anti-damping holes (i.e. 14 000 vs. 2 000). 
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The pressure sensitivity can be expressed as 
1
f0

⋅
∂f0

∂Pd

≈
1
A

⋅
∂A
∂Pd

where A is the cross 

sectional area of the structure and Pd is the differential pressure across the diaphragm walls. 
To increase the pressure sensitivity, the diaphragm wall thicknesses were reduced, and also 
brought closer together to increase the factor δA relative to A. The measured relative 
pressure sensitivity was 15 ppm/mbar and 140 ppm/mbar for a 5 mm and 10 mm wide 
resonating structure, respectively. 

 

As the ambient temperature increases, the air inside the resonating structure will expand, 
thereby pushing the diaphragms outward and increasing the resonance frequency. 
Simultaneously, Young’s Modulus of elasticity, E,  for silicon decreases making the 
structure more flexible and decreasing the resonance frequency. Initially, it was thought 
that temperature compensation was possible by designing a structure where these two 
effects cancel out. However, both the polar area moment of inertia and the perimeter of the 
resonating structure are dependent on E, making it difficult to design a completely 
temperature compensated structure. However, measurements show that the sensor had a 
temperature sensitivity of only –34 ppm/°C. 

 

Table 7. Summary of the qualitative relation between resonator dimension and 
performance. 

High Resonance 
Frequency 

High Pressure Sensitivity High Q Factor 

L = small L = large L = small 

t = small t = small t = small 

d = large d = small d = large 

  h = large 

 

4.3 ‘Burst’ excitation/detection technology 

This section outlines the ‘burst’ excitation/detection technology found in this thesis. The 
objective was to realize a technique for resonant sensors where electrical crosstalk and 
electrical feedthroughs are eliminated and sensitive detection circuitry can be used along 
with high excitation voltages. 

 

Principle of Operation and Summary 
The ‘burst’ technique is a universal method which can be used for resonant, piezoresistive, 
etc. sensors for electrostatic excitation and capacitive detection. The technique is based on 
sending a ‘burst’ of voltage pulses to excite the structure into resonance. The excitation 
voltage is then switched ‘off’ and after a short delay (to eliminate any influence from the 
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excitation signal), the resonance frequency of the freely oscillating structure is detected 
capacitively. In this way, the excitation and detection are completely separated in time. The 
Q factor must be large enough so that the free resonating oscillation does not dampen too 
quickly before being detected. The excitation signal is locked onto the detection signal so 
that the sensor will always be at resonance. Since a series of pulses rather than a single 
pulse is used to excite the sensor, modes other than that which is most easily excited can be 
used by ramping the excitation frequency. Figure 48 shows a block diagram schematic of 
the ‘burst’ technology and Figure 49 shows the excitation/detection signal plotted over 
time. 

Excitation:
burst of
pulses

Silicon resonator

Detection

Frequency
output

Applied pressure

Feedback control

Switch

C1

C4C3

C2

 
Figure 48. Schematic of ‘burst’ excitation/detection principle. 

 
Figure 49. ‘Burst’ excitation and detection voltage over time. 
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Due to the discontinuous nature of this technique, high excitation voltages (up to 150 V) 
can be used at the same time as very sensitive detection circuitry. In addition, electrical 
crosstalk does not exist. This technique is ideal for encapsulated sensors since the use of 
electrical feedthroughs to integrate electrodes between the encapsulation and the resonating 
structure is not required, see Figure 50. Rather, electrodes can be integrated on the outside 
of the encapsulation (i.e. glass) which reduces the risk for air leakage as well as simplifying 
fabrication. Furthermore, the Q factor can be increased since the ability to have the 
electrodes relatively far away from the resonating structure, reduces the effects from 
squeezed-film damping. Separate electrodes are also not required for the excitation and 
detection; the same electrode can be used for both. 

External integrated
 electrodes

Resonating
 structure

Glass encapsulation

Low pressure Feedthrough integrated
 electrodes Risk of leakage

 
Figure 50. Schematic comparison of a) feedthrough device compared to b) one without 
feedthroughs. 

 

To reduce the effect of any localized charging at the dielectric (i.e. glass) surface, the 
polarity of the detection bias voltage is alternated. Both a resonating liquid densitometer 
and the form based pressure sensor described above were successfully tested. For the 
pressure sensor, a duty cycle (t1/t1+t2) of 1% and a ‘burst’ frequency of 115 Hz was 
sufficient for locking onto the resonance frequency (28 042 Hz) resulting in a SNR of 360 
at an excitation voltage of 27 Vpp. 

 

Future Outlook 
 

Both the form based resonant pressure sensor and ‘burst’ excitation/detection technology 
can be developed further in terms of miniaturization and optimization. Application areas 
where the properties and performance of the pressure sensor are most beneficial should also 
be investigated. 
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5. Conclusions 

In my end is the beginning. 

T.S. Eliot 

 

This thesis provides novel techniques for grappling some of the challenges in manipulating 
liquids on-chip and pressure sensing using microsystem technology. These techniques open 
the door for further development and often provide a universal method which may have 
applications in areas yet to be discovered. The following are some of the main contributions 
presented in this thesis: 

 
• a method of passively timing and controlling liquid movement on-chip by utilizing 

liquid surface tension and device geometry. 
 
• a method of passively and quickly mixing two liquids on-chip based on surface tension 

and geometry using an uncomplicated planar device. 
 
• a means of direct access bubble tolerant liquid interfacing integrable with flow-through 

microfluidics. 
 
• a novel method of regulating on-chip liquid flow by using an uncomplicated closed-

open-closed channel. 
 
• a means of mimicking ideal ESI-MS emitter tips using out-of-plane tips with good 

performance compared to commercial products and providing the potential for high 
density tip arrays. 

 
• a new technique for exciting and detecting resonant microsensors without the need for 

feedthroughs, no cross talk, and allowing high voltages to be used with sensitive 
circuitry. 

 
• a means of sensing gas pressure using the form based resonant principle while 

decreasing squeezed-film damping and increasing pressure sensitivity. 
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Summary of appended papers 

Paper 1: A Low-Pressure Encapsulated Deep Reactive Ion Etched Resonant Pressure 
Sensor Electrically Excited and Detected Using ’Burst’ Technology 

 

A purely silicon resonant pressure sensor fabricated using DRIE and encapsulated by two 
glass lids at low pressure is presented. The sensor consists of a vibrating dual-diaphragm 
capsule suspended at four points in a fixed frame. The support beams are hollow and act as 
pressure inlet ports. As the ambient gas pressure changes, the resonator shape changes, 
thereby changing its resonance frequency. The sensor integrates corner holes and is 
encapsulated at low pressure to reduce squeezed-film damping effects between the 
resonating structure and the glass lid. The sensor is electrostatically excited into a balanced 
mode of oscillation and capacitively detected using a novel ’burst’ technology. A pressure 
sensitivity of 15 ppm/mbar (over the range 0.1-1500 mbar) and temperature sensitivity of –
34 ppm/°C was achieved. The sensor’s resonance frequency was 35 078 Hz in atmospheric 
air pressure and had a Q of 14 000 after low-pressure encapsulation. 

 

Paper 2:  ’Burst’ Technology with Feedback-Loop Control for Capacitive Detection 
and Electrostatic Excitation of Resonant Silicon Sensors 

 

A method for excitation and detection of resonant silicon sensors based on discontinuous, 
’burst’ excitation is presented. By temporally separating the electrostatic excitation and 
capacitive detection, electrical crosstalk does not occur between excitation and detection. 
High excitation voltages can be combined with highly sensitive detection electronics. The 
method facilitates the use of large distances between the resonator and electrodes used for 
excitation and detection thereby reducing effects of squeezed-film damping and increasing 
Q. The method was successfully tested with feedback-loop control on silicon resonant 
liquid density and gas pressure sensors. Using a duty cycle of 1% and ‘burst’ frequency of 
115 Hz, the resonance frequency could be tracked, with a signal to noise ratio of 360. 

 

Paper 3: Development of Micromachined Hollow Tips for Protein Analysis Based on 
Nanoelectrospray Ionization Mass Spectrometry 

 

Two novel types of micromachined nanoelectrospray emitter tips have been designed, 
fabricated and tested. The fabrication method of the hollow tips is based on a self-aligning 
deep reactive ion etch process. The tips consist of either silicon dioxide or silicon. The 
geometrical characteristics of both emitter types are favourable for the generation of stable 
electrospray ionization, i.e. wetting of the tip shaft is avoided and the base of the Taylor 
cone is limited to the diameter of the orifice. 
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Paper 4: Characterization of Micromachined Hollow Tips for Two-dimensional 
Nanoelectrospray Mass Spectrometry  

 

Using a peptide sample, six micromachined tips and six commercially pulled silica 
capillary tips were compared employing an ion trap mass spectrometer. At a flow rate of 
100nL/min, the detectibility obtained was approximately the same for the two types of tips. 
The relative standard deviation of the signal-to-noise ratio for the peptides was 22% for the 
micromachined tips and 45% for the conventional tips. The usefulness of the 
micromachined tips for analysis of non-covalent protein-ligand complexes was 
demonstrated by the analysis of a sample of RNase A and cytodine 2’-monophosphate. 
Analyzing a tryptic digest of 1pmol/uL cytochrome C, 18 peptides corresponding to a 82% 
sequence coverage were detected. Using MS/MS, the whole sequence of an 11 amino acid 
cytochrome C fragment was obtained. 

 

Paper 5: A Fast Passive and Planar Liquid Sample Micromixer 

 

A novel microdevice for passively mixing liquid samples based on surface tension and a 
geometrical mixing chamber is presented. Due to the laminar flow regime on a microscale, 
mixing becomes difficult if not impossible. We present a micromixer where a constantly 
changing time dependent flow pattern inside a two sample liquid plug is created as the plug 
simply passes through the planar mixer chamber. The device requires no actuation during 
mixing and is fabricated using a single etch process. The effective mixing of two coloured 
liquid samples is demonstrated. 

 

Paper 6: A Liquid-Triggered Liquid Microvalve for On-chip Flow Control 

 

A novel surface tension and geometry based liquid-triggered liquid microvalve for on-chip 
liquid flow control is presented. The simultaneous presence of two liquid plugs at the 
uncomplicated valve junction triggers the further movement of the liquids and overcomes 
the stop valve function of the device, thereby providing a precise means of timing liquid 
movement on-chip. The generic structure was shown to successfully function and forms the 
basis for several novel and useful functions, including fluidic AND gates, contactless on-
chip liquid sample control, timing of independent processes on the same microchip, bubble-
free joining of liquids, all of which pose great challenges in the area of microfluidics. 
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Paper 7: Pressure Driven Continuous Flow in Closed-Open-Closed Microchannels 

 

Closed-open-closed microchannels were fabricated using PDMS and glass and evaluated 
for behaviour in a hydrostatic measurement set-up. This microchannel interface can be 
useful for direct sample addition and bubble removal which are often a problem in fully 
closed microfluidic systems. With the presented system, liquid can flow to any subsequent 
processes on-chip without significant evaporation as is the case in fully open liquid 
interfaces. Pressure-flow profiles were measured and theoretically obtained as well as an 
analysis of the liquid behaviour. 
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Abbreviations 

AFM atomic force microscopy 

ALF advancing liquid front 

CD compact disc 

CE capillary electrophoresis 

DN deoxyribonucleic acid 

DTS decyltrichlorosilane 

EOF electroosmotic flow 

ESI-MS electrospray ionization mass spectrometry 

EWOD electrowetting on dielectric 

FET field effect transistor 

HPLC high performance liquid chromatography 

GC gas chromatography 

LOC lab-on-chip 

MALDI-MS matrix assisted laser desorption/ionization mass spectrometry 

MLSI microfluidic large scale integration 

PDMS polydimethylsiloxane 

PMMA poly (methyl)methacrylate 

RGB red-green-blue 

RLF receding liquid front 

SAM self assembled monolayer 

SEM scanning electron microscope 

SNR signal-to-noise ratio 

µCP micro contact printing 

µTAS micro-total-analysis-system 
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