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Characterization of acoustofluidic geometric traps by means of defocus particle tracking
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ABSTRACT

In this work we used the General Defocusing Particle Tracking method to measure the three-dimensional trajecto-
ries of 10-pm-diameter polystyrene beads moving inside a micro-acoustofluidic d evice. The aim is to measure the
change in acoustic energy density induced by localized modifications of the channel g eometry. T he measurement
were performed in a glass capillary tube with a rectangular cross-section of 2.0x0.2 mm?®. The wall thickness of the
capillary tube is 140 pum and it was locally increased by gluing a glass slide with a thickness of 100 um. The acoustic
energies at five different frequencies around the expected resonant frequency have been estimated for the single-glass
and double-glass region from the measured particle paths. The results showed a down-shift of the resonant frequency
in the double-glass zone, as expected from theoretical predictions. This approach can be used to create multiple

acoustofluidic traps based on simple geometrical modifications of the microchannel.

1. Introduction

Microscale acoustofluidics enables the manipulation of particles or cells by means of acoustic ra-
diation forces that push them to the pressure nodes (or antinodes) created by a resonant standing
wave in a liquid-filled cavity (Bruus, 2012). This approach has important applications in lab-on-
a-chip systems for instance for trapping particles and performing automatized analysis (Evander
et al., 2015; Lim et al., 2021). Velocimetry methods have played a major role in this research field
for understanding the physics of acoustic streaming phenomena and validating numerical pre-
dictions (Muller et al., 2013; Karlsen et al., 2018). The major challenges of flow measurements in
acoustofluidics are the sub-millemetric dimensions of the devices that allow often only a single
optical access through a microscope, and the strongly three-dimensional nature of the flows. For
these reasons, single-camera 3D-PTV methods, such as methods based on defocusing or astigma-
tism (Barnkob et al., 2015; Cierpka et al., 2011), have been particularly successful in this field. In
this work we use the General Defocusing Particle Tracking method (Barnkob et al., 2015) to es-
timate the acoustic energy density inside an acoustofluidic device, in which the thickness of the
microchannel has been locally increased. The local thickness increase is expected to locally modify
the resonant frequency. This approach could be useful for instance to create multiple acoustic traps
in a chip driven by a single piezoelectric transducer.
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2. Material and methods

The microfluidic device is composed by a 50-mm-long glass capillary tube with a 2-mm-wide,
0.2-mm-thick rectangular cross-section (CM scientific). The wall thickness of the capillary tube is
140 pm and it was locally increased by gluing a 1-mm-long, 100-um-thick glass slide, as shown
in the sketch in Fig. 1. A piezoelectric transducer (PZT) disk with diameter of 16 mm and thick-
ness of 0.5 mm (Pz26, Meggit A/S) was glued on the capillary tube with UV glue. The resonant
frequency was determined following the procedure described in Vitali et al. (2019), giving a value
fres = 3.390 MHz. The PZT was driven with a sinusoidal signal at a peak-to-peak voltage amplitude
of 2 V (Digilent Analog Discovery 2).

We used ultra-pure water as working fluid and fluorescent polystyrene spheres with a diameter
of 10 pm (Microparticles GmbH) as probing beads. Digital images of the beads in the fluids were
taken using an epifluorescent microscope system equipped with a 5x objective lens (Zeiss AG)
and a high-sensitivity sCMOS camera (pco.edge 5.5, PCO GmbH). The illumination was provided
by a high-power LED (Solis-525C, Thorlabs Inc). A cylindrical lens with focal length of 500 mm
was placed in front of the camera sensor to introduce an astigmatic aberration that was needed for
the particle tracking method.

The three-dimensional position of the particles was determined using the General Defocusing Par-
ticle tracking method (GDPT) (Barnkob et al., 2015). This method relies on the different shape of
particle images observed through a microscope objective with small depth of field. The different
shapes correspond to defocusing patterns and are directly related to the particle distance from the
focal plane (i.e. the depth position). GDPT uses a pattern recognition approach to match the par-
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Figure 1. Left: Sketch of the acoustofluidic device consisting of a glass capillary tube with internal cross-section of
2.0 x 0.2 mm?. The ultrasound actuation is provided by a piezoelectric transducer glued on the capillary tube. The
thickness of the wall is modified locally by gluing a 0.1-mm-thick glass slide. Right: Defocused particle images taken
with a 5x microscope objective with a cylindrical lens in front of the camera sensor. The double-glass region is
highlighted in orange.
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ticle image shapes with their corresponding depth positions. The pattern recognition method is
calibrated on a set of reference particle images taken at known depth positions. The detection of
the particle image shape is improved by introducing a mild astigmatic aberration in the optical
system (Barnkob et al., 2015; Cierpka et al., 2011). We used the open-source software Defocus-
Tracker (Barnkob & Rossi, 2021) for image analysis and post-processing of the data.

3. Results

The GDPT measurements were carried out at five different operating frequencies, corresponding
to 97%, 98%, 99%, 100%, and 101% of f.s. We chose those frequencies since the larger acoustic
energy density was expected at f = f. in the single-glass zone, and at f < f. in the double-glass
zone. For each experiment we followed the same measurement procedure: First, the microchannel
was loaded with a fresh solution of ultra-pure water and polystyrene beads. Then, a two-way
valve was used to short-circuit the microchannel and stop the flow. Then, we started the image
recording, switched on the ultrasound after 2 seconds, and finally stopped the recording after 20
seconds.

The optical arrangement provided a total measurement depth of 400 pm with a lateral field of view
of 2.8 x 2.0 mm? that was sufficient to observe simultaneously the full depth of the channel, the
double-glass zone and a portion of the single-glass zone. After image analysis, the 3D position
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Figure 2. Example of 3D particle trajectories obtained at different frequencies. Top: particles in the measurement
volume. Particles in the double-glass region are plotted in orange. Bottom: Cross-sectional particle position as a
function of time. After the the ultrasound is switched on the particles move to the nodal plane.
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of the particles was determined with an estimated uncertainty of 0.2 um in the in-plane direction
and 4 um in the out-of-plane direction (Barnkob & Rossi, 2020). The tracking was performed using
a simple nearest-neighbor scheme given the low particle density. A series of 3 experiments was
performed for each frequency giving a total average of 200 valid trajectories for each case.

The 3D particle trajectories obtained for two frequencies are shown in Fig. 2. It should be noted
that the polystyrene beads are slightly heavier than water (pps = 1050 kg/m?®) and sediment with a
sinking velocity v, = 2.9 um/s, therefore are mostly located in the lower part of the microchannel
at the beginning of the experiment. As the ultrasound is switched on, some of the particle move to
the pressure node, which in this configuration corresponds roughly to an horizontal plane located
in the middle of the channel. In case of particles too close to the bottom wall, the radiation force is
probably not strong enough to bring them up and they do not move. This behavior can clearly be
observed in the lower plots of Fig. 2 showing the yz-position of the particles as a function of time.
At the beginning of the experiment, the particles are uniformly distributed in the lower part of the
channel, whereas at the end they are located either in the focal plane or at the bottom wall.

4. Discussion

The main aim of this experimental characterization was to estimate the acoustic energy density
given at the different frequencies in the single-glass and double-glass zone. In order to have an
acoustic trap, we need to achieve a difference in acoustic energy density between the double-glass
and the single-glass zone. A first qualitative estimation of the acoustic energy density can be
shown by plotting the z-position of the particle trajectories as a function of time for the different
frequencies, as shown in Fig. 3. We consider now only particles with a depth position between -45
and 20 um at ¢t = 0 s, highlighted in blue for the single-glass zone, and orange for the double-glass
zone. It can be noticed that for ¢ < 0 the particles are sinking with a constant velocity of approx
2.9 um/s. As the ultrasound is switched on at ¢t = 0 s, the particles start to move toward the nodal
plane, with a velocity proportional to the acoustic energy density. In general, the rising time of the
particles in the single-glass region appears similar for all the frequencies, whereas in the double-
glass region we observe that at f = 3.356 MHz the particles seem to have a much larger rising
velocity, moving at the focal plane immediately after the ultrasound is turned on.

We then computed quantitatively the acoustic energy density F,. by fitting the path z(¢) of each
trajectory to the corresponding analytical expressiony (Bruus, 2012)

1 40 Eac

2(t) = z arctan { tan[kz(0)] exp [?(ka)Q t} }, (1)
n

with £ the wave number, a the particle radius, ® the acoustic contrast factor, n the dynamic viscos-

ity of water. The results are presented in Fig. 4. It can be seen that there is a large variability of

the measured E,., probably due to the fact that E, is not uniformly distributed across the channel.

However, looking at the median values, the trend is very clear in the double-glass region, showing
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Figure 3. Focusing time for the different frequencies. The PZT transducer is switched on at ¢t = 0. For ¢ < 0, the
polystyrene spheres sediment with a velocity of approximately 2.9 um/s. The acoustic energy density is calculated
on trajectories with z-position at ¢ = 0 between -45 and 20 pum, highlighted in blue and orange for particles in the
single-glass and double-glass zone, respectively.
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Figure 4. Left: acoustic energy density as a function of the actuation frequency for single-glass and double-glass
region. Squared markers represent the median values. Right: Normalized differential impedance spectrum with the
channel filled with water and a solution 10%-glycerol/water.

a maximum of F,. ~ 8 J/m? at f = 3.356 MHz. Interestingly, that frequency is slightly lower than
Jres = 3.390 MHz, calculated using the differential impedance spectrum shown in the right plot of
Fig. 4. On the other hand, the trend in the single-glass region is less clear, and the acoustic energy
density is approximately the same for all frequencies around 2 J/m®. A possible explanation could
be that the resonance frequency in this region is above the frequencies investigated.

5. Conclusions

We measured the 3D trajectories of 10-pum-diameter polystyrene beads inside a micro-acoustofluidic
device using the General Defocusing Particle Tracking method. The thickness of the microchannel
was locally modified by a double glass slide glued to the bottom wall, in order to induce a local
change of the acoustic energy density in the device. We used the measured trajectories to estimate
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the acoustic energy density in the single-glass and double-glass region. The results show a clear
difference in the acoustic energy density of the two regions, suggesting that this approach could
be use to realize acoustofluidic traps relying on geometrical modification of the channel.
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