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Abstract

We are investigating means of handling microparticles in microfluidic systems, in particular localized acoustic trapping of micro-
particles in a flow-through device. Standing ultrasonic waves were generated across a microfluidic channel by ultrasonic microtrans-
ducers integrated in one of the channel walls. Particles in a fluid passing a transducer were drawn to pressure minima in the acoustic
field, thereby being trapped and confined at the lateral position of the transducer. The spatial distribution of trapped particles was
evaluated and compared with calculated acoustic intensity distributions. The particle trapping was found to be strongly affected by
near field pressure variations due to diffraction effects associated with the finite sized transducer element. Since laterally confining
radiation forces are proportional to gradients in the acoustic energy density, these near field pressure variations may be used to get
strong trapping forces, thus increasing the lateral trapping efficiency of the device. In the experiments, particles were successfully
trapped in linear fluid flow rates up to 1 mm/s. It is anticipated that acoustic trapping using integrated transducers can be exploited
in miniaturised total chemical analysis systems (uTAS), where e.g. microbeads with immobilised antibodies can be trapped in arrays

and subjected to minute amounts of sample followed by a reaction, detected using fluorescence.
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1. Introduction

Particle handling in miniaturised total chemical anal-
ysis systems (LTAS) has begun to receive attention due
to the prospect of using particles or beads with a large
surface area and tailored surface chemistry for perform-
ing bioassays. Physical barriers may be utilized to trap
particles during reaction and analysis [1-3] but to allow
for a more flexible trapping of particles in biospecific
arrays in a fluidic chamber, an alternative trapping
technique is desired. In this paper we thus evaluate
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acoustically controlled trapping of microparticles within
a microchannel using integrated ultrasonic microtrans-
ducers. The integration of microtransducers is expected
to create opportunities for novel applications that are
not possible to reach with conventional macro scale
components, such as arrays of distributed and individu-
ally addressable particle trapping positions in microflui-
dic systems.

Particles subjected to acoustic waves are influenced
by acoustic radiation forces, which are particularly
strong in standing wave fields [4]. The forces can be di-
vided into axial and transverse components of the pri-
mary radiation force, and secondary particle-particle
interactions due to scattering of incident waves [5].
The acoustic properties of the particulate material as


mailto:tobias.lilliehorn@angstrom.uu.se 

294 T. Lilliehorn et al. | Ultrasonics 43 (2005) 293-303

compared to the surrounding medium determine
whether the primary radiation force is directed towards
the pressure nodes or antinodes in a standing wave. Typ-
ical polymer particles gather at pressure nodes when
subjected to an acoustic standing wave in water. The
magnitude of the radiation force is proportional to the
acoustic frequency [5] and for particle manipulation it
is therefore advantageous to increase the frequency to
the ultrasonic region. Consequently ultrasonics has suc-
cessfully been used to manipulate particles or biological
material, e.g. as acoustic tweezers [6] and for particle
separation from continuous fluid flow in macro- [7]
and microscale devices [§8]. Two-dimensional trapping
and manipulation of microorganisms has been per-
formed using orthogonal standing waves [9]. Sizeselec-
tive ultrasonic trapping of microbeads in capillaries
has also been investigated [10,11] in order to allow sep-
aration of immunocomplexes for trace-amount protein
detection. Other bio-related applications making use of
acoustic forces include separation of fat from blood dur-
ing cardiovascular surgery [12] and the retention of
mammalian cells in cell culture fermentations [13]. None
of these papers however address the issue of trapping
particles in microfluidic systems with the prospect of
performing bioassays in a bead-based array format.

When performing bead-based bioanalytic assays
within a trapping device, it is desirable to keep the par-
ticles away from the interior surfaces during trapping.
This is thought to minimise carry over between assays
when new beads are introduced in the trap. By designing
an acoustic resonator to position a pressure node within
the fluid, particles can be collected within this nodal
plane. The acoustic field in resonators for ultrasonic
particle manipulation has been investigated and mod-
elled previously [7,14-16]. The modelling includes the
thickness and acoustic properties of the resonator layers
(transducer, matching, fluid and reflector) but is re-
stricted to the one-dimensional case with propagation
of the sound wave in one direction only.

In this paper we present a novel microfluidic device
based on a microresonator that employs integrated
microtransducers for particle trapping. To improve elec-
trical matching of the piezoceramic microtransducers to
the driving electronics [17], the transducers are con-
structed with integrated multilayer sandwich electrodes.
Considering that the lateral dimensions of the transduc-
ers are in the same order of magnitude as the acoustic
wavelength in the resonator, three-dimensional effects
such as near field pressure variations [18] are expected.
This has previously been noted to allow stable off-axis
positioning of specimens in a macroscale acoustic levita-
tor radiating in air [19]. The possibility to use near field
effects for lateral particle trapping in a microfluidic de-
vice is evaluated experimentally and the results com-
pared with calculations of the three-dimensional
acoustic field within the resonator.

2. Experimental
2.1. Design

The design of the microresonator is shown schemati-
cally in Fig. 1. The //2 wavelength fluid layer (b), con-
ducting the particle suspension was enclosed by an
air-backed miniature transducer (c) with a thickness of
M2 and a reflector (a) with a thickness of (2n + 1)A/4.
The transducer was thus positioned in direct contact
with the fluid.

2.2. Transducer manufacturing

The lead zirconate titanate (PZT) transducers were
batch-wise fabricated in the green state using multilayer
wet building of PZT ! slurry and computer numerically
controlled (CNC) machining of screen-printed platinum
electrodes according to previously published work [20].
Transducer elements were manufactured with green
dimensions 1.0 mm square. The elements were com-
posed of a total of three active PZT layers sandwiched
between inactive layers. After sintering, external Ag
electrodes were applied for electrical connection to the
internal electrodes. The sintered transducer elements
were measured to be 0.80 x 0.83 mm? with a layer thick-
ness of active layers being 36 um. The transducer ele-
ments were thinned by polishing, tuning the element
thickness resonance to near 10.6 MHz. Finally, the
PZT material was polarised by applying 50 V over the
external electrodes for 2 min at room temperature.

2.3. Device manufacturing and assembly

Printed circuit boards (PCBs), 26 x 26 mm?, supply-
ing electrical connection to the transducer elements were
CNC machined from copper—epoxy laminate. Holes
were drilled through the boards for fluidic connections
and in the positions of the transducer elements for air
backing. On each board, three transducer elements cov-
ering the drilled holes were mounted and electrically
connected using conductive Ag epoxy > as shown in
Fig. 2. Epoxy * was thereafter cast over the boards,
hardened and polished down to the upper surface of
the transducer elements. Silicon rubber connectors were
attached to the backside of the PCBs for fluidic connec-
tion (inlets and outlets) via the drilled holes and through
the epoxy layer.

Channels were microfabricated using SU-8 # thick
photoresist on 1.55 mm thick soda-lime glass substrates.
The channels were designed to be 1.0 mm wide and to fit

' EDO EC-76, EDO Ceramics, USA.

2 Circuit Works 2400, Chemtronics, USA.
* Epotek 353ND, Epoxy Technology, USA.
4 SU8-50, MicroChem, USA.
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Resonator

.l

Fig. 1. Resonator build-up showing reflector (a), fluid layer conduct-
ing particle suspension (b), multilayer transducer element (c) baffle (d)
and air backing (e). The transducer was driven by a function generator
(f) to generate ultrasonic waves. An arrow indicates the flow direction
within the fluid layer.

Fig. 2. Multilayer transducer element (a) with the external Ag
electrodes (b) connected to the circuitry on the PCB (c) with
conductive Ag epoxy (d). The board was covered with epoxy (e).

the fluidic connections on the PCBs with one inlet for
particle suspension, one for water and a common outlet,
as shown in Fig. 3. Excess fluid connections, forming
crosses at the transducer positions, were added for fu-
ture use and to avoid lateral channel resonances. SU-8
was applied by spin coating, forming an approximately
80 pum thick layer that was patterned using photolitho-
graphic techniques [21]. The substrate was finally diced
into 19 x 19 mm? chips, the SU-8 thickness was mea-
sured and in some cases it was adjusted by polishing.
The device was assembled as illustrated in Fig. 4 and
clamped to seal the channel to the transducer board
and to assure for correct channel height.

Fig. 3. Channel configuration with inlets for water (a) and particle
suspension (b), and a common outlet (c). Excess fluid connections were
sealed during evaluation (X).

Fig. 4. Assembly of device showing the transducer board (a),
supplying fluidic and electrical connections, and the glass/SU-8
microchannel plate (b), which are clamped together using a brass lid
(c) with an examination window. In the close-up the position of a
transducer element (d) is shown in the channel crossing.

In order to use the soda-lime glass plate (thickness
1.55 mm, sound velocity vs = 6000 m/s [22]) as a A/4
reflector, the frequency should be tuned in relation to
the plate thickness: 8.7 MHz corresponds to 94/4,
10.6 MHz to 114/4 and 12.6 MHz to 13/4. Between
these frequencies the plate have eigenfrequencies corre-
sponding to (2n+ 1)4/2 at 9.7 MHz and 11.6 MHz.
Reflector plates with SU-8 channel heights of 59 um
and 72 pm, corresponding to A/2 resonance in water at
12.7 MHz and 10.4 MHz respectively, were chosen for
the device assembly. These frequencies do not exactly
match the frequencies yielding 1/4 in the reflector, but
was the closest match feasible. The epoxy-covered trans-
ducer board and final assembled device are shown in
Fig. 5.

(a)

(b)

Fig. 5. Finished epoxy-covered transducer board (a) and assembled
and connected device for evaluation (b) with a close-up (c) of the
examination window.
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2.4. Acoustic field distribution

The acoustic field distribution inside the resonator
was calculated using the angular spectrum approach
(ASA). ASA is based on the fact that if the complex sca-
lar field distribution of a monochromatic wave is Fou-
rier-transformed across any plane the resulting spatial
Fourier components can be identified as plane waves
travelling in different directions away from that plane
[23]. When this plane contains the source field, under-
stood as the field immediately in front of the source, it
is designated the source decomposition plane. The field
amplitude at any other point in the medium (or across
any other parallel plane) can be calculated by adding
the contributions of these plane waves, taking into ac-
count the phase shifts they have undergone during prop-
agation. ASA ecnables an efficient analysis of the
transmission and reflection from planar interfaces be-
tween different media since it formulates scalar diffrac-
tion theory in a framework similar to that used in the
theory of linear, time invariant systems.

ASA appeared to be a very suitable tool for the anal-
ysis of an acoustic field inside the resonator filled with
liquid. First, the field emitted by the transducer was ex-
pressed as a sum of planar waves with different angles
using a two-dimensional fast Fourier transform (2D
FFT). As a first approximation it was assumed that
the particle velocity vector at the surface was normal
to the surface and uniformly distributed, i.e. originating
from an ideal piston transducer. Then, the field at the
reflector plane was calculated and the wave reflected
from the rigid reflector was constructed using principles
of geometrical optics. The field inside the resonator was
obtained as a superposition of the field emitted by the
transducer element and that reflected from the reflector.
Thus, two further approximations were made: the sec-
ond that the internal reflections in the reflector were ne-
glected in the calculations, and the third that the results
presented were obtained for one reflection only. Due to
the second approximation the resonances resulting from
the finite reflector thickness are not modelled. The third
approximation was introduced since only approximate
pressure patterns were needed for qualitative compari-
sons with the experiments.

An ASA software package developed for the analysis
of elastic fields in solid immersed in water was used for
the calculations [24]. First, the distribution of an acous-
tic field emitted by the transducer element, excited with
continuous wave in water (without reflector), was calcu-
lated in the parallel and normal planes to the transducer
surface. Then, similar calculations were performed for
the resonator with the reflector placed at the distance
A2 from the transducer.

For measurements of the acoustic field distribution,
single transducer elements were mounted on 5 mm
diameter round PCBs using similar mounting as de-

scribed above. Measurements were performed using
light diffraction tomography with the transducer sub-
merged in water, without the reflector. This technique
is an optical measurement method utilizing diffraction
of light in a medium with periodical pressure variations
due to the propagating ultrasonic wave. The measure-
ment system [25] combines light intensity measurements
with tomography algorithms. Compared to hydrophone
measurements the method has some important advanta-
ges for the applications in this paper. The method is
non-perturbing, i.e. no mechanical probe is inserted into
the field, making it possible to measure the near field of
a miniature ultrasonic transducer. It also offers high-res-
olution measurements, which is important to be able to
resolve the near field pattern of the used transducer ele-
ments. The light diffraction tomography system used is
schematically pictured in Fig. 6. The transducer was
scanned along an axis perpendicular to the laser beam.
Once the scan was completed the transducer was re-
turned to its origin, rotated and scanned again. The pro-
cedure was repeated until the transducer had been
rotated 180° and the results were presented as a pressure
map of a plane parallel to the transducer element sur-
face. All measurements in this investigation were per-
formed using 201 samples with a sample distance of
0.01 mm and 50 projections per 180°.

2.5. Device evaluation

The resonant behaviour of mounted transducer ele-
ments connected with a coaxial cable was evaluated
using a spectrum analyser ° equipped with a reflection
test kit. ® The magnitude and phase angle of the com-
plex impedance were plotted for transducers facing air,
as well as for assembled and fluid filled microfluidic de-
vices to obtain information on the system resonances.

To evaluate particle trapping, Teflon tubing con-
nected the inlets of the assembled device to a syringe
pump delivering water and to a manually operated syr-
inge delivering particle suspension. The particle suspen-
sion ’ was a blood phantom, mimicking human blood,
consisting of 5 um Orgasol ® (polyamide) particles dis-
persed in water with additional glycerol and dextran.
According to the manufacturer the speed of sound in
the suspension was 1550 £ 15 m/s. The suspension was
diluted with distilled water to a particle volume fraction
of 16% as measured from sedimented sample. The device
was waterfilled and the excess fluid connections were
sealed according to Fig. 3 before injection of particles.

5 Agilent 4395A, Agilent, USA.

6 Agilent 87512A Transmission/reflection test kit, Agilent, USA.
7 EU-DFS-BMF-ver.1, Danish Phantom Service, Denmark.

8 Orgasol, Atofina, France.
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Fig. 6. Experimental set-up of the light diffraction tomography system used for near field acoustic pressure distribution measurements.
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Fig. 7. Calculated acoustic pressure distribution in the water layer above the element surface of a 0.8 mm square piston transducer driven at 10 MHz.
The results were calculated for a distance /4 from the transducer surface without (a) and with (b) a reflector positioned /2 =75 um from the

transducer surface.
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Fig. 8. Calculated acoustic pressure distribution in a plane normal to the surface of a square transducer driven at 10 MHz in water without (a) and
with (b) a reflector positioned at 4/2 = 75 pm from the transducer surface, indicated by A. The transducer position is at the upper side of the plots and
the reflector is situated in the lower side of plot (b). B indicates the plane of calculated pressure distribution in Fig. 9.

The transducer element used for trapping was con-
nected to a function generator ? that delivered a 10 V
p—p sine voltage signal when connected to a 50 Q load.
Since the impedance of the transducer element varied
with frequency, the peak-to-peak voltage over the ele-
ment was depending on the experimental conditions.
Frequencies where the acoustic influences were stronger
were qualitatively identified by scanning the frequency

° HP 33120A, Hewlet Packard, USA.

in steps of 100 kHz, from 100 kHz to 15 MHz. The trap-
ping behaviour of particles in the fluid suspension over
the transducer element was observed and recorded
through the glass examination window of the device
using an optical microscope '° connected to a computer-
ised frame grabber system. The trapping sequence was
also recorded using a digital video camera connected

19 Nikon SMZ 800, Nikon, Japan.
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Fig. 9. Measured (a) and calculated (b) pressure distribution at 10 MHz, 0.3 mm from the transducer front surface, corresponding to B in Fig. 8 (a).
Dark pixels correspond to high local acoustic pressures. The size and approximate position of the transducer in (a) is outlined together with arrows

indicating the sides used for electrical connection.

to the microscope and the trapping speed was evaluated
in frame-by-frame playback.

3. Results
3.1. Acoustic field distribution

The calculated acoustic field distributions in a plane
parallel to the transducer surface at the distance A/4
are shown in Fig. 7(a) and (b). The plots show the pres-
sure distributions for 10 MHz without and with a
reflecting surface '! located at the distance A/2 = 75 um
from the transducer surface. The normal particle veloc-
ity at the transducer surface was set to 1.0 m/s and the
calculated pressure was normalized with the acoustic
impedance of water (1.5 x 10° kg/(m?s)). The calculated
pressure distributions in a plane normal to the element
at its centre without and with reflector are shown in
Fig. 8(a) and (b), respectively.

The results from light diffraction tomography mea-
surements performed 0.3 mm (21) from the transducer
surface at 10 MHz are shown in Fig. 9 together with a
calculated pressure distribution in the corresponding
plane. Dark pixels in the images indicate high local
acoustic pressure.

3.2. Device evaluation

A typical impedance plot of a mounted transducer
facing air is shown in Fig. 10. At 10 MHz the impedance
is in the order of 10 Q. The resonance spectra of empty
respective water filled devices are shown in Fig. 11. The
graphs show the magnitude and phase angle of the com-
plex impedance.

"' The glass was assumed to have a density of 2240 kg/m® and
longitudinal and transversal wave velocities of 5640 and 3280 m/s,
respectively.
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Fig. 10. Plotted impedance magnitude, Z (solid line), and phase
(dotted line) of mounted transducer element facing air.

Particle suspension was injected in assembled and
water filled devices for the evaluation of particle cluster
formation as a function of frequency. During the evalu-
ation there was no externally induced flow in the chan-
nel. Fig. 12 shows the trapping area as seen through
the examination window for a water-filled device before
particle injection. The structure in the particle clusters
was studied at operation frequencies from 100 kHz to
15 MHz in steps of 100 kHz. Results received for the
59 pum high channel at some frequencies with apparently
strong effect on the particle suspension are pictured in
Fig. 13. The trapping speed, i.e. the time for the homo-
geneous particle suspension to fully develop trapped
clusters, was estimated to 200 ms by studying individual
frames in the captured video sequences (25 frames/s).
The slight asymmetry in particle density over the ele-
ment in e.g. Fig. 13(b) and (c) is due to the existence
of a weak flow of particle suspension from the left to
the right in the images.

The trapping of particles was evaluated using a chan-
nel height of 72 pm, corresponding to Fig. 11(b) and (d).
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Fig. 11. Magnitude (a-b) and phase (c-d) of impedance for system with empty (dotted line) respectively water filled (solid line) channel of height
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(a)

(d)

Fig. 12. Particle trapping area, corresponding to Fig. 2, as seen
through the examination window showing transducer element (a)
mounted using conductive epoxy (d) on PCB with copper layer (b) and
milled insulation tracks (c). The pictured element is surrounded by cast
and polished epoxy, which covers the copper tracks. The SU-8 (e),
forming the 1.0 mm wide channel crossing on the reflector glass plate,
can be seen in the corners of the images. An arrow indicates the
direction of applied fluid flow.

The evaluation was performed using frequencies near
the calculated A/2 resonance of the fluid layer, and trap-
ping cycles were captured for frequencies where the ef-
fect on particles was found to be strong. A complete

trapping cycle is shown in Fig. 14 for 9.7 MHz, includ-
ing filling channel with particle suspension, activation
of transducer, washing away excessive particles at a flow
rate of 4 pl/min and finally release of the trapped particle
cluster. The next trapping cycle shown in Fig. 15 was
captured at 11.7 MHz using a flow rate of 3 ul/min. At
10.7 MHz, corresponding to the calculated /2 reso-
nance in the fluid layer, the particles were apparently or-
dered in a plane structure over the transducer but were
not trapped at a flow rate of 2 pl/min. The particle clus-
ter formed at this frequency was in correspondence with
the result shown in Fig. 13(c), received at 12.5 MHz
for the 59 um channel. Finally, a trapping sequence
showing the behaviour upon release when particles are
trapped near the interior surfaces of the channel wall
is shown in Fig. 16. The sequence is captured for a
90 pm channel at 9.8 MHz.

4. Discussion
Particles passing over the transducer are found to be

efficiently trapped by activation of a proper acoustic
field. In general, a strong effect on particles is correlated
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Fig. 13. Particle clusters above transducer element in a 59 um channel with no externally induced flow captured at: (a) 2.4 MHz; (b) 7.7 MHz,
(c) 10.7 MHz and (d) 12.5 MHz.

Fig. 14. Trapping cycle over transducer element at 9.7 MHz. The microchannel was filled with particle suspension (a) and the transducer was
activated (b). Water was flown at 4 pl/min from the right to the left in the channel, removing excess particles (c). Particles over the transducer element
were held until the transducer was inactivated (d) when they were displaced by the continuous flow to the left.

to the resonances in the device, with the trapping influ- that such effects can be utilized in miniaturised systems
enced by the transducers acoustical near field. The lat- to increase trapping efficiency.
eral pressure gradients in the near field help in getting When subjected to the acoustic field in the vicinity of

a strong lateral trapping of particle clusters, indicating the transducer the particles form clusters showing a dis-
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Fig. 15. Trapping cycle over transducer element at 11.7 MHz, (a) and (b) corresponding to (c) and (d) in Fig. 14.

Fig. 16. Trapping cycle over transducer element at 9.8 MHz for a 90 pm channel, (a) and (b) corresponding to (c) and (d) in Fig. 14, leaving particles
on the surfaces within the trapping area after release (c). This is an example where particles were trapped near the transducer and/or reflector

surfaces.

tinct fine structure as can be seen in Fig. 13. The size,
vibration modes and driving frequency of the transducer
determine the pressure distribution in the fluid above the
transducer surface and therefore also the structure of the
trapped particle clusters in the fluid. The near field limit
(d142) of a d=0.8mm diameter circular transducer
radiating in water at 10 MHz is approximately
1.1 mm. The acoustic pressure distribution within the
near field region is complex, as shown in Fig. 8(a), due
to diffraction effects associated with the finite sized
transducer element. The calculated near field pressure
distribution obtained from the ASA model is shown to
agree qualitatively with the structure of the particle clus-
ters. It should be noted that the particles used in the
evaluation due to acoustic properties are collected in
pressure minima, i.e. in regions between the pressure
maxima in Figs. 7 and 8. The results from the light dif-
fraction tomography measurements, Fig. 9(a), are in
good agreement with the calculated pressure distribu-
tion presented in Fig. 9(b), particularly considering the
simplifications associated with the modelled ideal piston
transducer. Beside the possibility of different vibration
modes in the transducer, deviations between tomogra-
phy measurements and the calculated results may be ex-
plained by individual variations in the transducer
elements due to manufacturing and mounting. Some
vibration modes with different resonance frequencies
are seen in the impedance spectrum of the empty device,

Fig. 11. The resonance near 2.4 MHz is identified as the
width resonance of the transducer. The peaks observed
at the upper end of the spectrum are interpreted as
thickness vibrations incorporating a few smaller peaks
that possibly may be explained by the asymmetrical
clamping of the element due to mounting. Also the mul-
tilayer sandwich electrode design illustrated in Fig. 2
probably influences vibration modes in the transducer,
and therefore its acoustical behaviour.

The trapping device was designed to obtain a pres-
sure node located near the middle of the fluid layer by
utilizing layered resonator design principles [15] (cf.
Fig. 1). The presence of a nodal plane is evident in the
calculated pressure distribution, Fig. 8(b), which how-
ever does not take into account multiple reflections
and transmission in the various interfaces. In the exper-
imental set-up with the 72 um channel, the channel res-
onance in the fluid layer was intended to match the
thickness resonance of the transducer. As it can be ob-
served near 10.6 MHz in the impedance spectra shown
in Fig. 11(b) and (d), the expected resonance at this fre-
quency appear to be moved or split. This is interpreted
as an analogy with the two degree of freedom (DOF)
vibration absorber effect [16,26]. According to this inter-
pretation a vibrating mechanical system consisting of
two coupled parts with coincident individual resonance
frequencies demonstrate a splitting of the resonance into
two separate resonance peaks surrounding the common
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resonance frequency. The splitting of resonances has
earlier been observed in ultrasonic spectroscopy analysis
of laminate structures with different layers resonating at
the same frequency [27]. The measured impedance spec-
trum of the resonator is complicated, Fig. 11(b) and (d),
making it difficult to analyse in detail, but the obtained
appearance agrees reasonably well with the 2 DOF
vibration absorber effect. Particle trapping using this
set-up is stronger at 9.7 and 11.7 MHz as shown in Figs.
14 and 15, possibly due to such a splitting in the system
resonance. Another explanation would be that the near-
field pattern gets attenuated due to multiple reflections
at a frequency corresponding to the resonance in the
fluid layer. Further work is needed in order to analyse
the behaviour in detail. Trapping and subsequent release
of particles was studied to qualitatively evaluate the po-
sition of trapped particle clusters in the fluid. If the par-
ticle clusters are not kept from the interior surfaces
during trapping, particles are still present within the
trapping area after release by inactivation of the trans-
ducer, as exemplified in Fig. 16. This is an undesirable
condition in the future application of the device. In
the trapping cycles presented in Figs. 14 and 15 the re-
leased cluster leaves no traces of particles. Thus it is con-
cluded that the particles are kept away from the channel
walls by the presence of pressure minima between the
transducer and the reflector.

The trapping of particle clusters in the device relies on
primary transverse radiation forces, which are propor-
tional to the gradient in the acoustic energy density
[5]- The results from calculations with the inserted reflec-
tor Figs. 7(b) and 8(b) show the existence of periodic lat-
eral pressure gradients in the middle of the channel and
in the trapping sequences shown in Figs. 14 and 15 the
particles are trapped in a periodic pattern corresponding
to the near field pattern. Thus it is concluded that in the
evaluated device the periodic variations in the near field
pressure constrain the particles laterally. The forces pull-
ing particles together laterally in a standing wave with-
out lateral pressure gradients are weak and originate
from scattering of the incident acoustic waves by sur-
rounding particles [5]. The trapping of particle clusters,
shown in Fig. 14, is performed at a volumetric flow of
4 wl/min. For a fully developed parabolic flow profile be-
tween two parallel plates the local flow rate in the chan-
nel centre is 1.5 times higher than the average flow rate
as calculated from volumetric flow. In the presented set-
up the flow is however widened at the channel crossing
over the transducer element with a decrease in average
flow rate. It is reasonable to believe that these effects
can, as a first approximation, be considered to cancel
each other. Thus the volumetric flow of 4 pul/min used
in the trapping experiments then corresponds to a linear
flow rate of about 1 mm/s in the centre of the channel
above the transducer element, where particles should
be trapped. Since neither absolute measurements nor

quantitative simulations of local pressure amplitudes
in the resonator were performed, numerical values of
the acoustic radiation forces acting on particles could
not be calculated. The response speed of the trap, mea-
sured as the time to establish a fully developed particle
cluster, depends on the strength of forces acting on the
particles and the distances needed for the particles to
reach a nodal position. Since the distances between no-
dal positions are small due to both the small dimensions
of the microchannel, and to the presence of local pres-
sure minima in the near field of the transducer, the par-
ticle trapping is expected to be fast, as proved by the
estimated response time of 200 ms.

The particles show some tendency to agglomerate un-
der influence of the ultrasonic field, which can be seen
when they move away from the trapping area upon re-
lease. This is also evident when supplying a continuous
flow of particles; agglomerates of particles can break
loose from the trapped cluster. The agglomeration is
thought to increase the efficiency of the ultrasonic trap-
ping as compared to single particles since the ultrasonic
forces are proportional to the agglomerate volume,
while viscous drag increase as a function of the exposed
surface area [5]. The acoustically induced influence on
particles is not limited to the area directly above the
transducer element, but reaches out laterally in the chan-
nel, as shown in e.g. Fig. 14(b). However, the forces act-
ing on particles decrease when the distance from the
transducer element increases, and particles outside the
main trapping area are washed away when applying
fluid flow of about 1 pl/min. Thus by introducing mini-
ature transducer elements it is possible to perform highly
localized trapping of particle clusters giving way for ar-
rays of individually controllable trapping sites within a
microchannel for microbead handling.

5. Conclusions and outlook

Particle clusters consisting of 5 um polyamide parti-
cles were successfully trapped at linear flow rates up to
I mm/s within a microfluidic channel using acoustic
forces. The trapping was performed using miniature
PZT multilayer transducer elements integrated in the
channel wall, and was making use of ultrasonic standing
waves with near field pressure gradients for lateral con-
finement of the particles. The near field pressure gradi-
ents were shown to provide strong lateral trapping,
and the particles were kept away from the transducer
and reflector surfaces by designing the device to obtain
a pressure node near the middle of the channel. The re-
sponse time of particle trapping was very short; in the
order of 200 ms. The integration of miniaturised trans-
ducers opens up the possibility to trap particles in an ar-
ray configuration within a microfluidic chamber, with
each trapping site controlled by an individual transducer
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element. Microbead handling in such an array format
may provide an increase in parallelism and throughput
of miniaturised biochemical analysis. Thus, devices for
biochemical analysis based on the presented trapping
method will be investigated in future work. As a first
step a bead-based bioassay will be performed using the
fabricated devices. The trapping of beads and their posi-
tion in the channel will be quantified using fluorescent
particles and confocal imaging. Also processing meth-
ods that would allow integration and miniaturisation
of multilayered transducer elements in two-dimensional
arrays will be investigated.
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