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Abstract 
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Universitatis Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the 
Faculty of Science and Technology 909. 56 pp. Uppsala. ISBN 91-554-5810-6. 
 
Microfluidics can be used to increase performance, reduce reagent consumption and increase 
throughput in chemical analysis. With the forthcoming development of more advanced 
microfluidic systems, the integration of actuating elements becomes essential, giving the 
ability to control and manipulate fluid flow as well as sample or other components. This thesis 
addresses miniaturisation of piezoceramic actuators, in particular important technological 
issues when actuators are integrated in microfluidic systems. Thick film multilayer fabrication 
technology for piezoceramics has been further developed, e.g. by introducing techniques for 
integration of microfabricated channel structures and via interconnects in multilayer 
components. New building techniques have been incorporated to allow miniaturisation of 
devices. A rapid prototyping technique for advanced multilayer actuators based on 
mechanical machining has also been developed and used in subsequent work. 

When interfacing the macro and the micro world in miniaturised chemical analysis systems, 
non-contact sample dispensing methods such as ink-jet technology are needed. Thus a 
piezoactuated flow-through microdispenser, suitable for high-speed on-line chemical sample 
handling has been investigated. A new miniaturised actuator has been developed and 
integrated in the microdispenser, simplifying assembly and demonstrating an improved 
performance of the device. 

With the prospect of performing automated and highly parallel analysis in reusable 
microarray devices, a new concept for dynamic arraying is presented. Non-contact trapping of 
particle or bead clusters in a microfluidic system is demonstrated utilising acoustic radiation 
forces in standing ultrasonic waves. The integration of piezoceramic microtransducers has 
been shown to render possible localised and spatially controlled trapping of individually 
addressable particle clusters in microfluidics. The importance of the acoustic near field in 
miniaturised devices has been identified and utilised to give strong trapping forces. By 
making use of disposable chemically activated microbead arrays within a flow-through 
device, a flexible system is emerging with e.g. applications in proteomics. 
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1 Introduction 

The scientific work in this thesis is performed within the area of 
microsystems technology (MST). A microsystem can be defined as a system 
with some essential features in the micrometer range, and therefore making 
use of some typical behaviour on a microscale. It can comprise passive 
and/or active functions often embracing several domains, such as electrical, 
mechanical, fluidical, chemical, biological and optical. Sensing and 
actuating capabilities are often fundamental in microsystems since these 
allow the transformation of signals from one domain into another. 
Components performing such transformations are called transducers, and 
include both sensors and actuators. Sensors are used to convert a stimulus 
(physical, chemical etc.) into an electrical signal, and actuators to convert an 
electrical signal into a physical effect. Microsystems are also known under 
the denomination MEMS, being short for microelectromechanical systems, 
implying exactly such transformation between electrical and mechanical 
domains. The common denominator in all of my work is a particular 
piezoelectric ceramic material. This is used due to its ability to transform 
electrical stimuli into mechanical work, generating motion or sound, thus 
working as an actuator.  

Piezoelectric materials can e.g. be found in a variety of applications 
dealing with the emission and detection of acoustic waves, such as medical 
imaging, non-destructive materials testing and underwater sonar systems. 
Piezoelectrics has also made its way into some consumer products and you 
have probably been in direct contact with devices utilising the piezoelectric 
effect, perhaps without knowing it. On your arm, the pace of time in your 
wristwatch is set by a small micromachined quartz tuning fork, and in your 
pocket, surface acoustic wave filters based on piezoelectric materials are 
integrated in your mobile phone. Some ink-jet printers and auto-focusing 
motors in cameras utilise piezoelectrics. Piezoelectric fibres have also been 
integrated in exotic “smart” sportsware, such as vibration damping slalom 
skis and tennis racquets. 
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Figure 1: Ratio of articles in INSPEC containing the abbreviation ”PZT” to the 
total number of available articles in the database for each year 1973-2003. 

The interest in making use of piezoelectric materials in research is still 
increasing. In Fig. 1 you can see the ratio of published work containing the 
term “PZT” to all searchable articles in INSPEC* during the last 30 years. 
PZT is the abbreviation for lead zirconate titanate, being the most widely 
used piezoceramic material today. As can be seen, the research field has 
undergone a fast expansion, in particular since the mid 90s. Thus adding to 
the ongoing development, this thesis introduce new technologies to 
microstructuring of piezoceramics, with an example shown in Fig 2†, and 
new applications of piezoceramic actuators within microfluidic systems.  

 
 

 
Figure 2: Micromachined piezoceramics as compared to a human hair. 

                                                      
* Bibliographic information service for scientific and technical literature.  
† What would a thesis in MST be without the comparison of micromachined structures with a 
strand of human hair? 
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2 Piezoelectric actuators 

2.1 Piezoelectricity 
The piezoelectric effect has been known since 1880, when the two brothers 
Jacques and Pierre‡ Curie discovered that electrical charges appear on the 
surfaces of some particular crystalline materials, such as tourmaline and 
quartz, when subjected to mechanical stress. The phenomenon was named 
“piezoelectricity”, originating from the Greek noun piezein, to press, and is 
traditionally referred to as the direct effect. One year later the Curies also 
confirmed the converse effect, i.e. that the same materials respond with a 
mechanical strain when subjected to an applied electrical field. As the direct 
effect makes it possible to use the material as a sensor, it is the converse 
effect that is used within the scope of this thesis. This effect makes the 
material suitable to be used as an actuator, performing energy conversion 
from electrical to mechanical. 

The first serious application of the phenomenon took place during World 
War I, with the development of ultrasonic submarine detectors. These 
detectors were fabricated out of quartz and were designed to emit acoustic 
signals and to detect reflected echoes from objects situated in front of the 
them, very much like what can be found in nature used by e.g. dolphins and 
bats. The ability of piezoelectric devices to emit high frequency acoustic 
waves is utilised in one part of this thesis to trap microscopic particles in a 
miniaturised fluidic device. 

The piezoelectric effect is originating from the crystalline structure of the 
material. The atoms in the crystal of a dielectric ceramic material can be 
considered more or less ionised, i.e. electrically charged. When subjected to 
an electrical field, the ions are displaced, the positive and negative ions in 
opposite directions. If the crystal, and the bonds between the ions, is 
completely symmetric, the displacement of the negative and positive are 
exactly the same and there is no resulting strain in the material. But if the 
crystal is non-centrosymmetric (with one exception [1]), the displacement of 
                                                      
‡ Married to Marie Curie together with whom he shared the 1903 Nobel prize in Physics for 
their joint researches on radioactivity. 
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the negative ions will be larger than the positive or vice versa, and the 
material will be strained, also on a macroscopic level. Since the utilisation of 
the piezoelectric properties in a single crystalline material, such as quartz, 
depend on (knowing) the orientation of the crystal structure; much effort is 
needed to determine this orientation and to cut the crystal in well-defined 
directions. 

During World War II, researchers from different parts of the world 
discovered a new class of polar ceramic materials, where an applied electric 
field could alter the orientation of the polarisation within crystallites by 
switching the position of the ions. The materials were called ferroelectric in 
analogy with ferromagnetism. The discovery opened up for the possibility of 
making polycrystalline ceramics out of powders by conventional sintering§ 
and then lining up the dipoles within the separate grains. Before alignment 
the individual dipole moments are randomly oriented, giving no net dipole 
moment. The lining up of the dipoles by an applied electric field E is called 
polarisation or “poling” and the process is illustrated in Fig. 3. 

 

 
Figure 3: Polarisation of ferroelectric ceramics by applying an electric field, E. 

The discovered ferroelectric materials were based on the perovskite crystal 
structure ABX3. This crystal structure has ever since been made to produce a 
wide array of phases, with properties ranging from high dielectric constant to 
superconducting [2] and is considered to be one of the most important 
crystal structures in the history of materials design and engineering. In 1954 
the discovery of lead zirconate titanate, or PZT, was presented [3]. This 
ferroelectric material was based on the perovskite structure, Fig. 4, and 
demonstrated an unusually large piezoelectric effect. PZT has since then 
become one of the most commonly used piezoelectric materials, and is the 
actuator material used in the work of this thesis. 

                                                      
§ Sintering is the process of heating the body to a temperature where the ceramic particles 
start to grow together. It has been used since about 20000 B.C. and is today utilised e.g. in 
producing porcelain tableware.  
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Figure 4: The perovskite unit cell of lead zirconate titanate, Pb(ZrxTi1-x)O3 (PZT). 

The symmetric cubic perovskite shown in Fig. 4 is the phase of PZT when it 
is heated over a certain temperature where the material has lost its 
piezoelectric properties. This is called the Curie temperature, where the 
material exhibits a phase transition between the paraelectric and the ferro-
electric phases. The ferroelectric phases are slightly distorted when 
compared to the cubic perovskite unit cell found at higher temperatures. 
Shown in Fig. 5 is a phase diagram of PZT, which can be described as a map 
of the phases in the material by varying the composition and the temperature. 
Since the material is a solid solution of PbZrO3 and PbTiO3 the composition 
can be varied in the form Pb(ZrxTi1-x)O3. Thus at room temperature, the 
material can be made to go from a rombohedral phase for Zr-rich 
compositions to a tetragonal phase for Ti-rich phases, with a change in phase 
near a Zr/Ti ratio of 53/47. This is called the morphotropic phase boundary 
(MPB), and is characterized by a change in phase with composition that is 
nearly independent on temperature [2]. At the MPB the dielectric and 
piezoelectric constants of the material are maximised. This is in part 
explained by a coexistence of different phases surrounding the MPB, 
increasing the possible directions of polarisation due to transformations 
between the phases [4]. 

 

 
Figure 5: Phase diagram of Pb(ZrxTi1-x)O3. (After [4]), indicating the distortion of 
the unit cell in the rombohedral and the tetragonal phases. 
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The properties of PZT can be changed by small modifications of the solid 
solution composition or with the addition of small amounts of dopants, 
taking the place of the lead or the zirconium and titanium. This is the origin 
of so-called “hard” and “soft” PZT materials. These two types of materials 
have different advantages. Hard materials are mechanically stiffer and show 
low dielectric losses, making them suitable for e.g. high power ultrasonic 
applications where losses needs to be minimized to keep temperature down. 
Soft materials have higher dielectric and piezoelectric coefficients and are 
easy to polarise, making them suitable for e.g. quasi-static actuator 
applications where the high piezoelectric coefficients yield large strokes of 
the component. All PZT materials used in the work within this thesis are soft 
materials. One of the origins of the higher strains that are generated in soft 
materials is attributed to domain wall movements. As shown in Fig. 3, 
different polarization directions can exist in different regions within a single 
grain. The boundaries between such regions, or domains, are called domain 
walls. In soft PZT compositions, these walls are moved more easily. This 
leads to that, when applying an electrical field, the domains with a 
favourable polarisation grow on the expense of the other. Since the crystal 
unit cell is elongated in the direction of polarisation, this gives a higher 
macroscopic strain in the material.  

2.2 Piezoactuators for microsystems 
In the issue of designing actuators to be used in microsystems some 
important features are identified. For an actuator to be considered to be a 
microactuator, it should in general occupy less than 1 mm3. The maximum 
strain in a piezoceramic material is typically 1 ‰ (i.e. 0.1 %) and to reach 
this, relatively high electric fields, in the order of some MV/m (or V/µm) are 
needed. For a typical mm-sized component this corresponds to voltages of 
some thousand volts. Handling such high voltages in microsystems is not 
trivial, and thus it is important to use actuators that can be activated by using 
much lower voltages of some tens of volts. This is achieved by supplying the 
lower voltage to thin layers of the piezoceramic material, and stacking 
several such layers into a multilayer structure [1], shown in Fig. 6. The 
integrated electrodes in this structure are also used to polarise the material in 
the direction of the applied electric field. 
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Figure 6: Multilayer actuator with integrated electrode layers (dark). 

The lowering of driving voltage is one of the main reasons why all the 
fabrication processes utilised or developed in the papers aim to making 
multilayer structures. Another reason is that, when using the components as 
ultrasonic transducers, the electrical impedance needs to be matched to the 
drive electronics to be able to couple as much of the electrical energy as 
possible into the component [5]. The electrical impedance is the ratio of 
applied voltage to the resulting electrical current in a circuit or a component, 
and is often a function of frequency. The impedance is usually high for 
miniaturised piezoceramic components, but is decreased with the intro-
duction of the multilayer design. Multilayer transducers are therefore used in 
the papers on ultrasonic particle manipulation (Papers V-VII). The electrical 
impedance spectrum of a piezoelectric component can be used to identify 
mechanical resonances in the structure due to the electromechanical coupling 
in the material. At resonance, the resistance to mechanical vibration is low, 
and relatively large electrical currents are generated upon application of an 
alternating voltage, thus yielding a low electrical impedance.  

Since the dimensions of miniaturised piezoelectric components are in the 
order of 1 mm, a strain of 1 ‰ implies a maximum elongation of about 
1 µm. Various smart designed components have been studied, to get larger 
strokes out of the small intrinsic strain [6-8]. In Paper II, existing designs are 
reviewed and one alternative design is fabricated and evaluated, the 
telescopic actuator shown in Fig. 7. In the telescopic actuator, mechanically 
interconnected concentric tubes with integrated multilayer electrodes are 
made to expand or contract, giving a displacement magnification of about 5 
as compared to an ordinary multilayer actuator of the same height.  
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Figure 7: The telescopic actuator and an illustration of its working principle. 
 
The measured stroke of this actuator was 10.8 µm, as shown in Fig. 8, even 
though one of the tubes was inactive due to a short-circuit. Since piezo-
ceramic materials show some hysteresis, the strain in the material is different 
for increasing and decreasing field strength in an actuation cycle. The 
hysteresis can be thought of as due to an energy barrier in the material when 
switching from one polarisation direction to another or when transforming 
from one phase to another. 

 

 
Figure 8: Stroke of the telescopic actuator, showing the effect of hysteresis. 

Piezoceramic materials can be used to generate large forces even when 
miniaturised. Ideally, a component with a cross-sectional area of 1 mm2 is 
able to generate a force of about 50 N, corresponding to a weight of a 5 kg 



Tobias Lilliehorn 
~ 

 
9 

mass. In reality, the generated force is however limited by mechanical 
breakdown due to stress concentrations in the component and to defects in 
the ceramic material. The telescopic actuator was shown to withstand loads 
up to 25 N and was upon higher loading broken near the region where 
simulations indicated the highest tensile stresses. The integration of leverage 
structures enhance stroke of the component on the expense of generative 
force. Thus, to compare different actuator designs, or actuator materials, a 
good measure of actuator performance is the energy density. This 
corresponds to the work needed to force an actuator from its actuated to its 
unactuated state per volume of the actuator. An actuator with a high energy 
density will in general yield a high performance even when miniaturised. 
The energy density of the telescopic actuator was quite high when compared 
to other designs with intermediate leverage magnification, but still an order 
of magnitude smaller than the ideal value corresponding to a multilayer stack 
due to inactive volume and to deformations in the structure, implying room 
for improvements. 

2.3 Processing 
One of the main scientific contributions in this thesis regards the processing 
of miniaturised components made out of piezoceramic material. As 
mentioned above, layered structures are often advantageous, which is 
reflected in the process technology being used. PZT can be processed into 
thin films [9] i.e. less than 1 µm or into thick films [10], typically thicker 
than 10 µm. Thin films are often deposited atom by atom (or molecule by 
molecule) using e.g. laser ablation, sputtering or CVD, or by chemical 
precipitation from precursors, such as sol-gel processes. Thick films are 
often prepared from micrometer sized ceramic powders, which after 
processing are sintered to a ceramic body. Also thin film processes often 
require some kind of thermal step during or after the deposition of materials, 
to obtain the piezoelectric crystal structure in the film. In order to get good 
piezoelectric properties for actuators, thick films are preferred over thin film 
since the piezoelectric properties degrade when the grains in the material get 
too small [11]. Thick film technology is also suitable for fabrication of 
multilayer structures. All work performed within this thesis is thus based on 
thick film processing. 

2.3.1 Miniature multilayer components 
To fabricate actuators the piezoceramic powder has to be prepared in a form 
that allows processing of the material into multilayer structures. Ceramic 
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slurry, i.e. a suspension of powders in a liquid vehicle, can by quite simple 
means be cast into layers. The preparation of the ceramic powder suspension 
is very similar to what is done when preparing paint from pigments [12]. 
Polymeric binder is introduced in the slurry in order to allow handling and 
processing of the ceramic layers upon drying. In the dry “green” state, the 
material is rigid and very suitable for shaping, using e.g. mechanical 
machining [13]. Green machining can be highly efficient as compared to the 
demanding and time-consuming machining of sintered ceramics. By shaping 
the components in the green state one can also avoid the possible damage of 
inducing cracks in the structures when machining brittle sintered ceramics. 

 

 
Figure 9: Wet building process. 

Most processes used at our laboratory for the fabrication of piezoceramic 
components [13-15] are based on a technique called wet building. Using wet 
building, illustrated in Fig. 9, ceramic slurry is cast in layers some tens of 
micrometers thick using an adjustable device called a doctors blade. On top 
of the dried green ceramic layer, electrode patterns are screen-printed with 
the pattern differing between layers to integrate multilayer electrodes as 
illustrated in Fig. 6 and 9. The casting and printing steps are repeated with 
the height of the doctor blade adjusted between layers until the full 
component height is reached. 
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Ceramic multilayer components can also be prepared using other similar 
techniques, the most common being tape casting and lamination [16]. Using 
the tape casting process, a single layer of green ceramic is cast on a carrier 
tape using a doctor blade. This can be performed on big rolls of carrier tape, 
making the process suitable for industrial scale production. Similarly to the 
wet-building process, electrodes are printed on top of the cast tape. Green 
ceramic tapes are then aligned, stacked and laminated into a multilayer by 
applying heat and pressure. 

The resulting multilayer slab produced by any of these processes is cut 
into components while still in the green state, using e.g. a dicing saw. These 
components are still unusable as actuators, since the ceramic powders are not 
mechanically interconnected other than via the binder. To get a monolithic 
ceramic body, the components are subjected to a thermal treatment, where 
the binder is burned out followed by sintering of the ceramic particles at a 
high temperature (1280°C). To be compatible with the piezoceramic material 
at this temperature the electrode paste is made out of the noble metal 
platinum. Partly due to the cost issues of this material, there is a general 
trend in trying to lower the sintering temperature of the PZT material, being 
able to use other electrode material combinations [17]. 

On the basis of these two processing schemes, we identified some issues 
of particular importance for further development of thick film laboratory-
scale processing of miniaturised actuators. Issue number one was regarding 
the lateral definition and registry of electrodes in different layers. When 
miniaturising multilayer piezoactuators, the inactive volumes at the edges in 
the multilayer design, as shown in Fig. 6, tend to be large when compared 
with the active volumes, decreasing the performance of the component [13]. 
This is because the resolution of electrode patterning is poor. The printing 
resolution of the screen-printing process used at the laboratory was about 
100 µm, and considering microelements less than 500 µm squared, almost 
50 % of the component would become inactive. Issue number two was 
regarding the lead-time of prototyping. Prototyping means that you are 
interested in producing a few components of a certain component design, 
with the possibility to redesign that component with a short turnaround time. 
An alternative to large-scale wet building or tape casting processes was 
therefore wanted. The patterning using screen-printing had to be replaced 
due to the time consuming manufacturing of screens for each new design. 
Also the geometric freedom of machining the green components was sought 
to be improved. Finally, to enable fabrication of some advanced micro-
actuator components an electrical via interconnection technology, creating 
three-dimensional coupling between integrated multilayer electrodes was 
crucial. 
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To deal with these issues, Paper II presented a prototyping technology using 
a wet building/lamination hybrid process. In this process electrode patterning 
and green machining was performed using a computer numerically 
controlled (CNC) desktop micromilling machine. Small chips containing 
only a few layers were laminated to a multilayer from which a few, or even 
one, component was machined, as shown in Fig. 10. A method of forming 
via interconnects was also introduced. Using this method, 600 µm holes 
were drilled throughout the component, coated with electrode paste on the 
interior surface and then machined to allow several electrical phases to be 
connected using the same, split, via. The resolution of electrode patterning 
was found at least as good as for screen printing but with a superior 
flexibility due to the lack of mask changes. The manufacturing time was 
significantly reduced by using this hybrid process scheme. The telescopic 
actuator presented in the paper was the first demonstrator of the new 
prototyping process, which later was utilised in Papers IV-VI. The relatively 
low yield in the processing of the advanced telescopic actuator was very 
much improved in the fabrication of the simpler multilayer components 
utilised in subsequent work. 

 

 
Figure 10: Lamination of chips and machining of the telescopic actuator. 

To further increase the resolution of mechanical machining, a dicing saw 
was utilised to pattern electrode material in the ultrasonic array transducers 
presented in Paper VII. Using a dicing saw it is possible to machine 
structures on a very fine scale, as exemplified in Fig. 11, where a human hair 
is diced into small cubes. Mechanical machining of electrodes was shown to 
resolve electrode lines down to 10 µm, which is much better than ordinary 
screen-printing. In this work a new via interconnection technology was 
developed for multilayer components. It allowed electrical interconnection 
between two individual electrode layers with via dimensions of 20 µm, and 
rendered it possible to produce arrays of miniaturised multilayer transducers. 
In these array transducers it was desirable to design the acoustical behaviour 
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of the array elements. To do this, there was a need for a technique to 
introduce structured voids in the multilayer structure. 

 

 
Figure 11: Human hair, cut with a silicon dicing saw (courtesy of Disco Corp.). 

2.3.2 Microstructuring of PZT 
Microstructuring of piezoceramics could be used to e.g. fabricate ultrasonic 
piezoceramic-polymer composites [4] or acoustic matching layers for 
ultrasonic transducers, improving acoustic matching to water and human 
tissue. Integrated channels or voids in a multilayer component could be used 
to conduct fluid for ejection (inkjet devices), for active or passive cooling 
(micro heat sinks or micro heat exchangers) or for performing chemical 
reactions in a microscale (microreactors). Voids could also be integrated, 
having a mechanical or acoustical function, such as separating vibrating 
devices, reflecting acoustic waves, or allowing the integration of levered 
structures for stroke enhancement. 

In this thesis, two different approaches have been used to address micro-
structuring of piezoceramic components. Paper I, describes the development 
of a soft micromolding technique, related to soft lithography [18]. This 
technique resulted in microstructured green tapes that, by making use of a 
green tape adhesive, also were laminated to allow channel integration. The 
other approach, treated in Paper VII, deals with sacrificial structures that 
were integrated in the multilayer and then removed during binder burnout. 

 

 
Figure 12: Soft micromolding process. 
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(a) (b) 

  
(c) (d) 

Figure 13: Scanning electron microscope (SEM) images of process steps in the soft 
micromolding process; master (a), PDMS mold (b), resulting PZT replica in the 
green (c) and in the sintered state (d). 

Fig. 12 show the process scheme of soft micromolding with some process 
steps imaged in Fig. 13. A master template (A) was fabricated using 
lithographic techniques. This master was replicated by casting a silicon 
rubber, poly(dimethylsiloxane) (PDMS) over the structure (B), which was 
peeled off after hardening (C). This PDMS “soft micromold” was then used 
as a mold for piezoceramic slurry (D), which easily was separated after 
drying (E). The resulting structured green state replica (F) of the master was 
sintered (G) or laminated before sintering. The same PDMS mold could be 
reused several times.  
 

  
(a) (b) 

Figure 14: Micromolded pillars of PZT in green (a) and sintered (b) state. 
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The soft micromolding technique also allowed fabrication of the labyrinth on 
the cover page, and the microscopic pillars shown in Fig. 14. Applying a 
solution that can be referred to as a green tape adhesive made the lamination 
of micromolded tapes possible. Microchannels such as the ones shown in 
Fig. 15 were integrated in between ceramic layers by using this solution and 
applying moderate pressure (less than 1 MPa) in comparison to ordinary 
lamination (typically 20 MPa). The attained aspect ratio of molded 
structures, up to 7:1, is comparable to lost mold techniques, which lack this 
multilayer possibility. 

 

 
Figure 15: Microchannels in a sintered laminate, perhaps suitable for cooling. 

The second technique developed for microstructuring of channels and voids 
in multilayer ceramics utilises the fact that polymer, and other mainly 
carbon-based materials, are removed from the ceramic green body during 
binder burnout. By integrating sacrificial structures of such a material it was 
possible to get well-defined channels and voids throughout the component. 
In Paper VII, screen-printed layers of carbon-based paste was structured 
using a silicon dicing saw before integration in a multilayer.  

 
 

 
Figure 16: Integration of voids using sacrificial material that is deposited (a), 
structured (b), integrated (c) and finally removed during burnout and sintering (d). 
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(a) (b) 

Figure 17: Narrow channels (a) and wide voids (b) made using the sacrificial 
material technique. 

The process of integrating sacrificial structures in a ceramic multilayer is 
shown in Fig. 16. The integrated voids ranged from 10 µm up to some 
hundred micrometers in width as shown in Fig. 17. As stated earlier the 
integration of voids was used to design the acoustic behaviour of ultrasonic 
microtransducer arrays in Paper VII. Due to the difference in acoustic 
impedance between the ceramic material and air, most of the acoustic energy 
transported in an acoustic wave is reflected at this type of boundary. The 
integrated voids, working as acoustic reflectors, therefore allowed the 
excitation of a thickness vibration mode in the multilayer element supported 
over the void. The fabrication technology showed the unique ability to 
producing dense 2-D arrays of individually addressable multilayer micro-
transducers (350 x 350 µm2), with integrated acoustic micromachined 
reflectors. The impedance spectra of two different designs were evaluated 
and thickness modes were detected above 10 MHz, thus indicating that the 
reflectors worked as intended. 
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3 Microfluidics 

3.1 The toolbox 
Microsystem technology once started off by using tools developed in the 
field of microelectronics, but has ever since been developed in its own 
direction [19]. This also means that the materials used in micromachining 
today range from traditional single crystalline silicon, via glass and ceramics 
to diamond and polymer materials. I will not go into the processing of 
silicon, since it is beyond the scope of this thesis, only mention that typical 
processes used for silicon micromachining [20] are photolithography 
followed by wet (chemical) or dry (plasma) etching. Some silicon 
micromachining has been used in Papers III and IV, to form fluidic channels 
and nozzles in biochemical sample microdispensers. Lithographic techniques 
were used to fabricate masters for mold fabrication in the soft micromolding 
process for piezoceramic microstructuring presented in Paper I. The photo-
sensitive material used in this process, SU-8 [21] allows fabrication of thick 
structures with very high aspect ratio, i.e. the ratio of height to width. This is 
often needed in the fabrication of microchannels in fluidic devices. In Papers 
V and VI, SU-8 was used to make the fluidic channels in devices for 
ultrasonic particle manipulation. 

3.2 Microfluidic systems 
By decreasing dimensions in fluidic systems some important parameters for 
the performance of e.g. chemical analysis or synthesis can be improved. 
Chemical reactions are faster on a microscale since the diffusion distances 
decrease. Also the use of expensive reagents can be minimised and by 
making use of the high surface to volume ratio in microchannels, chemical 
analysis can be made very sensitive. The small dimensions together with the 
possibility to perform highly parallel fluidic operations with microfabricated 
devices is expected to increase throughput substantially. In the early 1990s, 
the concept of miniaturised total chemical analysis systems (µTAS) was 
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proposed [22]. Since then, pumps and valves have been developed to control 
fluidic flow in microchannels [23]. Microfluidic technologies are highly 
amenable for automation, making them suitable for e.g. high throughput 
screening (HTS) for drug candidates [24]. Automation has shown it possible 
to make miniaturised laboratories, performing several hundred operations in 
parallel, integrated in what looks like a common music compact disc (CD) 
[25]. The issue of interfacing the macro world and the micro world is very 
important and delicate. In e.g. high throughput screening, substances from 
vast chemical libraries are tested against biological samples (enzymes, 
proteins, etc.) to search for candidates to developing new drugs. To be able 
to inject sample from these chemical libraries to microfluidic analysis 
systems, techniques to handle small amounts of fluids in this interface are 
needed.  

3.3 Microdispensing 
When handling fluids in e.g. chemical analysis or combinatorial chemistry, 
the technique used is depending on the volumes of the dispensed fluid. 
Pipetting, being the by far most widely spread fluid handling technique, is 
limited by physical interaction of the fluid and the pipette tip, i.e. capillary 
forces and wetting (surface tension effects). Also pin or needle techniques, 
where sample is transferred by dipping a solid or split pin in a fluid 
reservoir, are limited by surface tension, particularly since the performance 
depends on the properties of the surface to which sample is transferred. The 
miniaturisation of chemical analysis systems requires the ability to handle 
and dispense small quantities of sample fluid using non-contact methods. 
Therefore ink-jet technologies are advantageous when the amount of 
dispensed fluid is decreased.  

Ink-jet technology [26] is today one of the most important commercial 
applications of MST. Ink-jetting can be of the continuous type, producing a 
continuous stream of droplets by Rayleigh instability, or of the drop-on 
demand type, where single droplets are ejected on demand. The latter has 
ever since the 1980s been the dominating technique that replaced matrix 
printers to conquer low-cost market of the rapidly expanding PC industry. 
Ink-jet printers have become a standard component in both home and small 
office solutions. Thermally or piezoelectrically actuated drop-on-demand 
devices dominate the market today. It has been concluded that the main 
challenging issue of piezoactuated print heads is the miniaturization of the 
integrated actuator [26]. This again shows the importance of developing 
processing techniques for miniaturized piezoactuators. 
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Thermal printing techniques are not suitable for handling sensitive 
biosamples since it involves local heating of the fluid up to 300°C, and thus 
piezoelectric devices are preferred for the dispensing of biofluids. Earlier 
presented devices [27, 28] have been designed to dispense from an enclosed 
volume of liquid, i.e. a reservoir to which fluid is supplied by individual 
fluidic connections or aspired from a sample well. To allow on-line coupling 
of dispensers to e.g. chromatographic systems, a flow-through micro-
dispenser design has been proposed [29]. This allows sample to be ejected 
from a continuous flow of fluid containing e.g. sample gradients from up-
stream separations. It has recently been shown to be possible to dispense 
several samples separated by washing fluid using such a dispenser with an 
in-between sample carry over of less than 1 per 10000 [30]. Sample carry 
over is essential to minimise in flow-through systems since it describes 
limitations of the devices due to cross contamination between subsequent 
performed activities. Another important parameter to minimise in flow-
through devices for chemical analysis is the dispersion of sample, limiting 
the resolution of e.g. separations. It has been concluded [31] that the 
dispersion in the dispenser was decreased by miniaturisation of the device. 
Further miniaturisation was limited by the actuator and the building 
technology, and therefore a novel actuator was developed in Paper III and 
IV. This actuator, named “tripod”, consisted of three electrically separated 
multilayer actuators, fabricated monolithically with a common backing. The 
component was designed to allow for mass-fabrication of miniaturised 
dispensers by simplifying the assembly. The tripod design was shown in the 
overview of the wet building technique, Fig. 9, and an exploded view of a 
tripod-actuated flow-through dispenser is shown in Fig. 18. 

 

 
Figure 18: Flow-through dispenser with fluidic connectors (A), tripod  actuator (B), 
push-bar (C), flow-through channel (D) and nozzle for droplet ejection (E). 
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The tripod actuator was designed to allow push-pull actuation, as illustrated 
in Fig. 19, but the evaluation was performed with only the middle leg 
activated. By supplying an electric pulse, droplets were ejected from the 
nozzle situated along the flow-through channel of the device. Dispensers 
utilising two generations of tripod actuators with slightly different 
fabrication techniques were evaluated. The dispensers showed similar 
performance, with stable droplet generation up to 2-3 kHz, where resonances 
in the system started to influence operation. Reproducible droplet generation 
was possible over this frequency, shown up to 8 kHz, demonstrating 
considerable variations in droplet velocity and volume with frequency. The 
ejected droplet volumes were about 20-70 pl in the examined voltage range. 
A maximum volumetric dispensing rate of 7.8 µl/min (33 V pulse amplitude) 
was reached within the stable dispensing region. Fig. 20 shows a droplet 
ejection sequence together with a stroboscopic image of dispensing at 5 kHz. 
 
 

 
Figure 19: Illustration of push-pull actuation using the tripod actuator. 
 

 

 
 

 
Figure 20: Flow-through dispenser in operation, the upper image showing droplet 
formation at 50 Hz, and the lower high speed dispensing at 5 kHz. 
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Along with the miniaturisation of the device, a building technique for 
miniaturised electrical interconnects [32], based on microstructured flexible 
printed circuits was introduced. This made it possible to miniaturise the 
device further. The smallest tripod-actuated flow-through dispenser 
fabricated, 5 mm long, is shown in Fig. 21, where it can be seen to hover 
above the inlets of a miniaturised CD laboratory. The function of this 
dispenser was shown, but the performance not fully evaluated. 

 

 

 
(a) (b) 

Figure 21: Microdispenser with mounted tripod actuator (a), hovering over a 
miniaturized CD laboratory (Gyros, Uppsala) (b). 

Apart from sample injection in analysis systems, dispensers can be used to 
print e.g. substances onto the solid surface of chemically modified glass 
slides, being able to fabricate microarrays for DNA [33, 34] or protein [35, 
36] analysis. The surface area of the solid phase, and therefore the 
performance of reactions and the sensitivity of analysis, can be increased by 
introducing bead-based methods. Beads are small spherically shaped 
particles made out of e.g. glass or polymer material. Their surface can be 
chemically modified to allow immobilization of antibodies etc. Performing 
e.g. studies of protein interactions in a fluidic environment also help in 
keeping sensitive proteins in natural ambient conditions. Bead handling in 
µTAS is therefore of particular interest. 

3.4 Bead handling in µTAS 
Particles in microfluidic systems are often considered a problem, since once 
they have entered the system they can block fluid flow or otherwise have 
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detrimental effects on the system performance. This can be taken care of by 
integrating filtering in the system to stop particles from entering sensitive 
parts. However in some cases, the particles are inserted on purpose, to take 
advantage of some properties of particulate material. This is e.g. the large 
surface area and thus the high binding capacity of the beads as compared to 
solid flat surfaces. To be able to control the supply of sample and reagents to 
the beads and to be able to detect the reactions, techniques to trap beads at 
well-defined positions in microfluidic systems are needed. Various trapping 
techniques have previously been examined, such as physical barriers or 
filters of different designs [37-39]. These types of physical traps are very 
efficient, letting no beads to pass through if designed correctly. This is often 
an advantage, but the techniques may be limiting in some cases where there 
is a need for more flexible non-contact handling.  

3.5 Dynamic arraying 
Microarrays have become indispensable as research tools, but to fulfil 
requirements of industry applicability, the technology has to be further 
developed. Automated flow-through systems with reusable devices are 
identified to fulfil the requirements of the second generation microarrays for 
bioanalysis [40]. In Paper VI we propose a new concept of dynamic arraying 
for bioanalytical assays** based on beads in microfluidic systems. Bioassays 
often incorporate some kind of antibody-antigen interaction to measure the 
amount, or just detect the presence, of antigen in a sample. This can be used 
e.g. to detect proteins identified as biomarkers in early disease development. 
With the new concept the interactions are performed on arrays of disposable 
chemically activated microbeads. As stated above, bead-based methods can 
be made flexible and sensitive due to the physical and chemical properties of 
beads. By trapping chemically activated beads of different antigen 
specificity in an array pattern (A, B…X) in a flow-through microsystem, one 
can address each bead array with an individual sample stream (1, 2…Y) as 
illustrated in Fig. 22. This means testing all interactions (A, B…X)-(1, 
2…Y) in parallel. By performing the chemical interactions on microbead 
clusters one can dispose the solid phase, i.e. the beads after completed 
analysis. The procedure can be repeated by loading a new set of beads into 
the array before performing the next assay, thus making the device reusable.  

 

                                                      
** An assay is the chemical analysis of a substance to determine its content, historically used 
to describe the quantification of a metal in an ore. 
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(a) 

(b) 

(c) 

Figure 22: Illustrations of the concept of dynamic arraying showing insertion of the 
solid phase of different specificity (a) through inlets (A, B…X), trapping of beads or 
bead clusters (b) and perfusion of sample (c) through inlets (1, 2…Y) followed by 
read-out of fluorescent response. 

To be able to trap beads in an array configuration in a fluidic chamber a non-
contact trapping technique is needed. Optical [41] and magnetic [42, 43] 
trapping methods are possible, i.e. translucent beads can be manipulated with 
laser tweezers, and magnets can be used to trap magnetic or paramagnetic 
particles. Both these techniques however put special demands on the beads, 
and are often associated with bulky systems not particularly suitable for 
array trapping. Trapping by acoustic forces is a another, very attractive 
approach. As discussed earlier, piezoceramic components can be made to 
emit ultrasonic waves, being suitable for performing acoustic manipulation 
of beads in microfluidic devices. The tools presented earlier in this thesis 
make it possible to study miniaturised solutions.  
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4 Ultrasonic trapping 

4.1 Physics of acoustic particle manipulation 
In the 1870s, Kundt and Lehman reported that dust subjected to an acoustic 
standing wave was collected in orthogonal lines separated by one half 
wavelength of sound in the medium. The device used in the experiments is 
nowadays recognised as Kundt’s tube, and consists of dust enclosed in an air 
cylinder that set into longitudinal standing wave vibration. Despite that the 
phenomenon was discovered more than a century ago, acoustic particle 
manipulation has yet not been widely applied and implemented. 

A standing wave is the superposition of two propagating waves of equal 
amplitude, travelling in opposite directions. Extinguishing for a standing 
wave is the formation of stationary nodal planes of minimum velocity or 
pressure amplitudes separated by half a wavelength. Equidistant between the 
nodal planes there are corresponding anti-nodal planes of maximum velocity 
or pressure amplitudes. Velocity nodes correspond to pressure antinodes and 
vice versa. 

 

 
Figure 23: Particles moving under influence of the primary radiation force in an 
acoustic standing wave field. The particles gather at velocity anti-nodal planes 
separated by half a wavelength (λ/2) (After M. Gröschl). 
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The forces acting on particles in a standing wave field are called acoustical 
radiation forces and can be separated into the primary radiation forces in 
axial and transverse direction of sound propagation, and the secondary 
particle-particle interaction forces originating from scattering of the incident 
wave [44-46]. The effect of the primary radiation force is illustrated in 
Fig. 23. The forces can be considered to act to minimize the acoustic 
potential energy φ, i.e. 

  
( )r)r(F vvv
φ−∇=     (1) 

 
The time averaged acoustic potential energy 〈φ〉 of a compressible sphere 
with a radius much smaller than the wavelength in an arbitrary standing 
wave field has been derived to be [47] 
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〈Epot〉 and 〈Ekin〉 are the second order approximations to the time averaged 
kinetic and potential energy densities from the pressure pin and velocity vin of 
the incident wave. The volume of the particle is denoted V, β is the 
compressibility and ρ the density of the fluid medium and the particle 
(subscripts f and p respectively). These properties of the particle in relation 
to the surrounding medium, together with the local acoustic field distribution 
determine the strength and direction of the primary radiation forces acting on 
the particle. For typical polymer particles in water, the force is directed 
towards the velocity anti-nodes, as shown in Fig. 23. This corresponds to the 
circumstances in Paper V and VI. The kinetic and potential energy densities 
in a plane standing wave are 
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The radiation force in the direction of sound propagation can thus be 
calculated to (combining eq. 1, 2 and 4) 
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By introducing the relations 
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the radiation force can be written as 

 

( ) ( )kz2sin
12
251kEVzF 2s ⎟
⎠

⎞
⎜
⎝

⎛
+δ
−δ

−
δσ

−=    (7) 

 
From (eq. 5 and 7) it can be seen that the radiation force is proportional to 
the particle volume V (for particle radii much smaller than the wavelength) 
and to the frequency via the wave number, k. The discussion of radiation 
forces is valid for general acoustic wave propagation, but since the forces 
acting on particles are proportional to the frequency it is desirable to work at 
ultrasonic frequencies. This also makes the technique suitable for 
implementation in microfluidic devices, where the dimensions of the fluidic 
channel can be in the order of the wavelength of sound. Short acoustic path 
lengths are also advantageous from a sound attenuation point of view. 
Another advantage of increasing the frequency up to the megahertz region is 
to avoid cavitation [48]. Cavitation is the nucleation of gas bubbles in a fluid 
due to local pressure drop below the vapour pressure of the fluid, and may be 
detrimental when handling biological material such as cells [49]. 

In the general case the primary radiation force depends on acoustic 
energy gradients both axially and transversally to the sound propagation 
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direction. This means that when the particles have reached their nodal 
positions, the forces acting on them can be utilised for trapping purposes, 
both in the axial and the transversal direction. The existence of secondary 
radiation forces due to scattered waves from surrounding particles was 
studied by Bjerknes [45], and is therefore called Bjerknes forces. The 
orientation of the particles determines if these forces are attractive or 
repulsive. They act to attract particles lined up orthogonal to the sound 
propagation, but the effect is negligible [44] for particle distances of several 
particle radii. 

4.2 Applied acoustic particle manipulation 
Applications of acoustic trapping or separation of particles or biological 
material in fluids are of particular interest to the work performed in this 
thesis. In streaming fluidic devices, standing waves across the passing fluid 
have been used to separate particles [50-53] or cells [54] from the fluid flow 
by using flow splitters, as shown in Fig. 24. This separation technique can be 
used to clarify suspensions or to increase the concentration of particles in a 
sample. It has also been showed to enable separation of fat from blood [55], 
which is useful for blood recirculation during e.g. cardiovascular surgery. 

 

 
Figure 24: Separation of particles (grey) from a continuous flow by applying an 
acoustic standing wave at A and using flow splitters. 

 
For cell culture fermentation of mammalian cells, where the bio-product is 
of high value, ultrasonic cell filters have been developed to boost the cell 
production rate by allowing continuous perfusion of nutrient medium [56, 
57]. Primary radiation forces in the transverse direction trapped cells, 
creating cell aggregates that were returned to the fermentation reactor by 
gravitational sedimentation. By manipulation of standing acoustic waves, 
particle transport has been evaluated in one [58] and two dimensions [59]. 
Two-dimensional trapping of swimming microorganisms has also been used 
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to evaluate their locomotive force [60, 61]. Even large biomolecules, such as 
DNA, have been concentrated by local precipitation in a standing ultrasonic 
field [62], implying applications of the technology beyond particle 
manipulation. 

Some bioanalytical applications making use of ultrasonics and particle 
trapping have been presented. Acoustic particle concentration has been used 
to enhance agglutination of antibody-coated latex microparticles for the 
detection of biomolecules [63]. A combination of ultrasonic trapping and 
capillary electrophoresis has been developed for the detection of trace 
amounts of proteins [46, 64]. In this set-up, ultrasonic evanescent waves 
were coupled into a fused silica capillary using an external focused 
ultrasonic transducer, allowing for size-selective particle separation [65]. 
The method is thought to allow for separation of bead-based immuno-
complexes [66] of low concentration in the sample.  

So far, none of the presented applications allows for individual 
manipulation of beads in arrays in microfluidic systems suitable for 
realisation of dynamic arraying as discussed earlier. Acoustic trapping by 
integrated miniature ultrasonic transducers in a microfluidic chamber is 
therefore investigated in Papers V and VI.  

4.3 Integrated ultrasonic trapping  
Various resonator designs can be used to produce standing waves in a fluidic 
chamber. The resonator design we have implemented for acoustic particle 
manipulation is shown in Fig. 25. In this design, individually controlled 
ultrasonic microtransducers (c) were integrated in the wall (d) of a 
microchannel, with a particle-conducting fluid layer (b) and an acoustic 
reflector (a) on top. 

 

 
Figure 25: Schematic design of investigated trapping device with glass reflector (a), 
particle-conducting fluid layer (c) and microtransducers (c) mounted in a baffle (d) 
with holes for air backing (e). The device was designed to trap particle clusters (f) in 
the middle of the fluid channel. 
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The fabrication of the device is presented in detail in Paper V, and the 
schematic assembly with an array of three ultrasonic transducers positioned 
at crossings in a microfluidic channel network is illustrated in Fig. 26. This 
shows the modular construction with a separate transducer board, a 
fluidic/reflector plate and a lid for clamping them together. An assembled 
device can be seen in Fig. 27, with a close-up on the transducer in Fig. 28. 

 

 
Figure 26: Schematic assembly of a microresonator array for particle trapping 
showing transducer board (a), fluidic/reflector plate (b) and lid (c) for clamping. 
The position of one of the transducer elements is indicated in (d). 

The acoustic behaviour of layered acoustic resonators for particle 
manipulation has been modelled [52, 67-69] based on a layered resonator 
model [70] limited to sound propagation in one dimension. Starting our work 
with miniaturised systems, we found the trapping behaviour of particles to 
be strongly influenced by near field effects, which earlier have been 
identified in some macro scale devices [71]. In analogy with diffraction of 
light passing a rectangular opening, the finite size of a transducer element 
gives rise to a complex acoustic field distribution in the direct vicinity of the 
transducer. These effects are particularly strong when using transducers with 
dimensions approaching the acoustic wavelength in the medium. The 
acoustic wavelength in water at 10 MHz is 150 µm and the transducers used 
were about 800 µm squared. To describe the trapping of particles, 
calculations of the acoustic field in three dimensions were therefore needed. 
The acoustic field in front of a transducer element, radiating into a fluid 
chamber without and with a reflecting plane is shown in Fig. 29. The 
introduction of a reflector half a wavelength from the transducer shows that 
pressure nodes are created in the centre of the channel, but also the existence 
of periodical lateral gradients in the pressure distribution. 
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Figure 27: Assembled device showing the transducer array through the glass 
examination window, electrical connections on the side and tubular fluidic 
connections on the backside. 
 

 

  
Figure 28: Mounted multilayer transducer element (a) with external electrodes (b) 
connected to the printed circuit board (c) with conductive epoxy (d). The board was 
covered with epoxy (e). 
 

 

 
(a)   (b) 

Figure 29: Calculated acoustic field in front of a transducer without (a) and with (b) 
the introduction of a reflector along the dotted line in (a). 
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(a) (b) 

Figure 30: Particle suspension forming clusters above transducer element at 
7.7 MHz (a) and 10.7 MHz (b). 

Experiments on particle trapping were performed by injecting a suspension 
of 16 vol. % polyamide particles (5 µm). When subjected to the acoustic 
field in front of the transducer, the particles formed clusters with a structure 
resembling the near field acoustic pressure distribution, Fig. 30. The 
agreement can be seen in Fig. 31, where the periodicity in calculated 
pressure distribution (X) and in trapped particle clusters is compared. 

 

 
Figure 31: Periodicity the calculated pressure distribution (X) compared with the 
periodicity in the trapped particle clusters (O). 

The acoustic forces acting on particles in the vicinity of the microtransducer 
allowed for highly localised trapping of particles, with the lateral extension 
of the trapping site essentially determined by the corresponding transducer 
dimensions. This is the first evidence that the technique using integrated 
microtransducers allows for trapping of particles in arrays in a microchannel. 
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It was shown that, by tuning the frequency, it was possible to trap particle 
clusters that were kept away from the transducer and reflector surfaces 
within this trapping site. An image series of such particle trapping is shown 
in Fig. 32, where the clusters were trapped at a fluid flow of 4 µl/min 
(approximately 1 mm/s) by the acoustic forces, and released upon 
inactivation of the field (b). Poor tuning of the driving frequency resulted in 
an undesirable condition with particles lingering within the trapping site 
after inactivation of the acoustic field.  

The near field effects described earlier helped in providing strong lateral 
trapping of the particles by the creation of periodic lateral pressure gradients 
within the fluid layer. These near field effects can be seen to confine the 
particles into laterally distributed particle clusters, Fig. 32. The response 
time of trapping was estimated to be 200 ms, gained by the short distances 
for particles to reach nodal positions in the near acoustic field.  
 

 

 
(a) (b) 

Figure 32: Trapping of particle clusters over fluid flow of 4 µl/min to the left (a), 
and releasing of the clusters by inactivating the transducer (b). 
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In Paper VI, the performance of bead trapping was further investigated and 
quantified, using monitoring of fluorescence marked beads. The position of 
the beads, being mainly in the centre of the channel, was confirmed by 
confocal imaging. The stability of the acoustic trap was evaluated by 
imaging the bead loss under increasing fluid flow, shown in Fig. 33. As can 
be seen in Fig. 34, it was found that more than 50 % of the trapped beads 
were still trapped at a flow of 10 µl/min, and that the flow could be increased 
up to about 20 µl/min before all beads were pulled from the trap. This 
corresponds approximately to a linear flow velocity of 4.7 mm/s within the 
channel. From the experiments it was concluded that the integrated miniature 
transducers allowed trapping of microparticles, such as beads, for bioassays 
in microfluidic systems. 
 

   
(a) (b) (c) 

Figure 33: Bead trapping at increasing fluid flow (a) 3 µl/min, (b) 11 µl/min 
and (c) 17 µl/min. 

 

 
Figure 34: Relative bead area of trapped beads versus flow, given with 
standard deviation, showing approximate linear dependence. 
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4.4 Towards dynamic arraying 
A model bioassay, consisting of biotin-coated microbeads and fluorescent 
marked avidin was used to prove the applicability of the particle-trapping 
device in Paper VI. Avidin, and its bacterial counterpart, streptavidin, has 
since the 1970s due to its high affinity for biotin become a standard reagent 
for diverse detection schemes. Avidin is an egg white derived glycoprotein 
and biotin a vitamin essential for growth and well being in animals and some 
microorganisms.  

Biotin-coated microbeads were injected and trapped at one of the three 
trapping sites in the device. A micromolar concentration (µM) solution of 
fluorescent-marked avidin was perfused over the trapped beads via the 
crossing fluidic channel, and the fluorescent response was recorded. After 
washing away unbound avidin solution from the trapping site, the binding of 
avidin to the trapped beads was seen as a significant change in relative 
fluorescent intensity ∆, see Fig. 35. The proof of principle experiments thus 
proved the successful detection of avidin, binding to the acoustically trapped 
bead clusters in the flow-through device. 

 

 

Figure 35: Fluorescent response during the bioassay, showing a change ∆ 
associated with binding of avidin to the biotin on trapped beads. 

Finally, the possibility of moving trapped beads between the three trapping 
sites in the device is shown in Fig. 36. Beads were injected and conducted to 
the first trapping site, where they were trapped. The bead conducting flow 
was maintained throughout the experiment, so when the drive signal was 
switched to activating the second transducer instead of the first, the beads 
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were transported and trapped at the second trapping site. The sequence of 
moving beads between the different trapping sites together with the 
performed bioassay shows the prospect of the technology and are considered 
to be the first steps towards the envisioned dynamic arraying. 

 
 

 
Figure 36: Moving trapped beads from one trapping site to another, by activating 
the transducers in a sequential fashion. Due to long exposure time the beads appear 
to be smeared out when moving. 
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5 Concluding remarks and outlook 

Fabrication techniques for miniaturised advanced multilayer piezoactuators 
by thick film processing have been developed, with the presentation of a new 
rapid prototyping process utilising high resolution electrode patterning, 
electrical via formation and component shaping by means of computer 
controlled mechanical machining. As a first prototype a multilayer telescopic 
actuator, not previously realised, was presented. The telescopic actuator 
demonstrated relatively high energy density and a stroke magnification of 5 
when compared to a multilayer stack of the same height. Soft micromolding 
of PZT was presented for the first time, showing replication of 
microstructures with aspect ratio up to 7:1 with the possibility of green post 
processing, thus allowing integration of channel structures by adhesive 
assisted lamination. Well-defined voids have also been fabricated by the 
integration of sacrificial structures in multilayers, and these voids have been 
utilised as integrated acoustic reflectors in 2-D ultrasonic microtransducer 
arrays. The fabrication of arrays with individually addressable multilayer 
microelements (350 x 350 µm2) was made possible by the introduction of a 
new electrical via interconnection technology with 20 µm wide via trenches. 

A novel multilayer actuator was designed and successfully utilised in a 
flow-through microdispenser for chemical sample handling. The evaluation 
showed it possible to dispense droplets 20-70 pl in the examined voltage 
range, with a maximum volumetric dispensing of 7.8 µl/min within the 
stable region. The actuator was, together with new building techniques, 
designed for mass-fabrication of dispensers and found to allow for further 
miniaturisation of the device. Possibilities to fabricate arrays of flow-through 
dispensers, suitable for parallel sample handling, are also emerging. 

With the new concept of dynamical arraying, arrays of chemically 
functionalised microbead clusters are trapped in reusable flow-through 
microfluidic devices. Two important steps towards dynamic arraying have 
been presented. First, a new technology for acoustic particle trapping was 
developed, utilising piezoceramic microtransducers integrated in a 
microfluidic device. The importance of near field effects on particle trapping 
in miniaturised systems was identified, and near field pressure gradients 
were utilised to get strong lateral particle trapping. The technique was shown 
to allow for bead handling in a three element 1-D array, and the applicability 
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was shown by performing a model bioassay on trapped beads followed by 
fluorescent read-out. Possibilities to increasing the speed of detection are 
identified, and further work will also address the issue of the detection limit. 
The bead-based method is believed detect much lower concentrations of 
biochemical compounds than the ones used in these proof of principle 
experiments. Second, the above described fabrication technology enabled the 
fabrication of 2-D microtransducer arrays suitable for integration in a 
microfluidic array trapping device. 

 

 + =
 

Figure 37: Proposed route to 2-D microbead handling for dynamic arraying. 

The outlook of the work on ultrasonic trapping can thus be summarised with 
the “simple” mathematics proposal in Fig. 37. This illustrates the route 
pointed out in Papers V-VII, bringing the results from the papers together to 
realise 2-D microbead handling suitable for dynamic arraying. To reach this, 
more work is needed on the acoustic characterisation of microtransducer 
arrays and on building techniques for the integration of such arrays in 
microfluidic systems.  
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