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Measuring the effects of a pulsed excitation on the buildup of acoustic streaming
and the acoustic radiation force utilizing an optical tweezer
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Pulsed excitations of piezoelectric transducers affect during the buildup the force contributions from acoustic
streaming (AS) and the acoustic radiation force (ARF) to the total force in a standing pressure wave differently.
We find with an optical tweezer as measuring instrument that during the first 120 000 excitation periods and
across different pulsing frequencies, the AS-induced displacement is on average less than 20% of its nonpulsed
value for a duty cycle of 50%, whereas the ARF-induced displacement is around 50%. These findings show that
a pulsed excitation can be a tool for reducing AS compared to the ARF.
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I. INTRODUCTION

In acoustofluidic devices two main forces lead to a dis-
placement of an immersed object within a pressure wave field:
the drag force from acoustic streaming (AS) and the acoustic
radiation force (ARF). AS typically arises due to viscous
losses. These viscous losses can appear in the fluid itself
(Eckart-type streaming) [1] or in a viscous boundary layer.
This boundary layer can be either at the interface between
the fluid cavity and the surrounding medium (Schlichting and
Rayleigh streaming) [2,3] or even around the object itself (mi-
crostreaming) [4]. Apart from microstreaming, the occurrence
of AS is independent of the immersed object properties.

The other main force is the ARF. As with AS, it is a second-
order time-averaged effect and appears due to scattering of the
acoustic incident field at the object surface [5–7]. In contrast
to AS, the ARF depends also on the ratios of the object and
fluid material. For example, an object of any material but with
an acoustic contrast factor � [6] of zero magnitude is not
displaced due to the ARF because the ARF scales linearly
with �. However, this object will be displaced by the drag
force arising from AS for any value of �.

Besides the material influence, another important differ-
ence is the scaling with the object dimension for the limit of
small particles compared to the acoustic wavelength [6,8]. On
the one hand, the drag force from AS scales for a spherical
object with the radius (FAS ∝ R), and on the other hand, the
ARF scales with the object volume (FARF ∝ R3) [6]. At the
critical radius (R = Rcrit) both forces are equal in magnitude
(FARF = FAS). For a radius smaller than the critical radius
(R < Rcrit) [6,9] the drag force from AS dominates over the
ARF and vice versa. The forces from AS can be neglected if
R � Rcrit .

In many acoustofluidic applications the drag forces from
AS are undesired because they can counteract the ARF
[10,11] and hinder the application’s desired function, e.g., the
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trapping or focusing of particles. Therefore, different tech-
niques for the suppression of AS have been investigated in
recent years. Hoyos and Castro applied a pulsed excitation to
the piezoelectric transducer (PZT) leading to a reduction of
the steady-state streaming flow of up to 50% compared to the
unpulsed flow [12,13]. Karlsen et al. [14] utilized in simula-
tions and experiments inhomogeneities of the density and of
the compressibility within the fluid to reduce AS. Bach and
Bruus [15] optimized the shape of channels with numerical
simulations to reduce AS by two orders of magnitudes while
retaining the same level of acoustic pressure. The same AS
suppression magnitude was achieved by Winckelmann and
Bruus [16]. They investigated analytically and numerically the
usage of acoustic electroosmosis to suppress AS.

The combination of optical tweezer (OT) and the acoustic
trap is relatively new and rare. To the best of the authors’
knowledge, in 2011 Thalhammer et al. [17] were the first
to combine these two kinds of traps to measure the acoustic
forces with the OT. In 2014, Bassindale et al. [18] utilized
an holographic OT to measure acoustic forces in three di-
mensions, and Fury et al. [19] used the fine spatial optical
resolution and the wide range of acoustic trapping for spa-
tially precise manipulation of microbubbles. In 2015 and 2016
Lakämper et al. [20] and Lamprecht et al. [21] used our
single-beam optical trap to measure the acoustic forces in
two and three dimensions on silica microparticles. In 2016
Thalhammer et al. [22] also combined a holographic OT with
an acoustic trap to measure the force for excitation frequencies
above 20 MHz. Lastly, in 2021 Lamprecht et al. [23] used
our setup to measure the resulting final rotational velocity on
microparticles due to the acoustic viscous torque.

In 2021 we [24] used an OT setup to measure for the first
time the buildup of the ARF and AS on a single spherical
particle in a precisely characterized MHz pressure field. We
found that the buildup of AS is much slower than the buildup
of the ARF. Our measurements of the AS buildup revealed ap-
proximately 4 times longer buildup of AS than the theoretical
prediction from the momentum diffusion time approxima-
tion [24,25]. Those experimental results indicated that the
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FIG. 1. Schematic of device and buildup measurement setup.

longer-than-expected AS buildup might be the reason for the
pulsed excitation to successfully suppress AS [12,13].

Here we use our measurement routine, the OT setup, the
acoustofluidic bulk acoustic wave device, and the same acous-
tic excitation frequency from [24] to dynamically measure the
buildup of the ARF and AS for a acoustic excitation with
various pulsing parameter settings.

II. MEASUREMENT PROTOCOL

We will highlight the main points of the measurement pro-
tocol for the buildup measurements (BMs). A more extensive
explanation of each step can be found in Goering and Dual
[24]. We can measure with the OT the buildup of the ARF
and AS separately because we determined our BM locations
such that those two effects are orthogonal to each other; i.e.,
the ARF points in the direction of our y coordinate and the
AS points along z (see Fig. 1). Our setup (see Figs. 2, 3, and
4) has in its back focal plane two quadrant photo detectors
(QPDs) for detecting the movement in each spatial direction
separately [20,21,23,24]. One QPD measures the information
of the x and y coordinate, and the other QPD measures the z
information. Hence, the buildup information of the ARF and
AS is also separated in the data.

Our OT consists of a single laser with a maximal power of
200 mW and a wavelength of λL = 785 nm (Omicron GmbH,
Rodgau, Germany). The laser traps a spherical SiO2particle
with a radius of R = 1.03 μm (Microparticle GmbH, Berlin,
Germany; the same as in [24]) and acts also as the light source
for the displacement signal on the QPDs (see Fig. 4). The
SiO2 particles have the advantage that they are hydrophilic,
which makes handling with our OT easier. As shown in
[24] the critical radius for our experimental settings is
Rcrit ≈ 0.6 μm, which makes the movement of the used par-
ticles ARF dominated. Nevertheless, we can separate the AS-
and ARF-induced movement because the effects are for our
BM locations orthogonal to each other.

In the normal trapping mode it is not possible to measure
the buildup of AS and the ARF because the time constant
of the OT (τOT ≈ 1.59 ms [24]) is much larger than the ones
of interest (τAS ≈ 1.44 ms and τARF ≈ 1.4 μs [24]). τARF is

FIG. 2. Photograph of optical trapping setup with highlighted
important equipment.

defined as the buildup time of the ARF, which is approximated
by the buildup time τ of a single degree of freedom acoustic
resonance mode with quality factor Q ≈ 40 and τAS is the
momentum diffusion time [25]. Therefore, we need to switch
the laser almost completely off such that the formerly stably
trapped particle becomes free-floating. If the particle is free-
floating, there is no influence from the OT characteristics on
the BM.

For stable trapping of our particles the laser power must be
greater than at least 75 mW. However, this laser intensity is
too high for the QPDs in the back focal plane, and they would

FIG. 3. Photograph of acoustofluidic device with highlighted parts.
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FIG. 4. Schematic of optical trapping setup, laser settings (P: laser power), and optical shutter settings (T : transmittance for λL = 785 nm)
before and after the buildup measurement (BM; top) and during the BM (bottom). During the BM the particle is free-floating, the laser power is
reduced as low as possible, the shutter is opened to allow optical position detection on the quadrant photo detectors (QPDs), and the ultrasound
is switched on; hence an acoustic force Fac acts on the particle. Before and after the BM all states are switched to their respective opposite.

be damaged without further modifications. Therefore, an op-
tical shutter (FOS NIR 1100, LC-TEC, BorlÃ¤nge, Sweden)
is installed in the laser path before the QPDs (see Fig. 4). The
shutter transmittance T is proportional to the applied voltage
of the shutter driving signal. In earlier experiments with our
OT the optical shutter was implemented as a fixed set of
neutral density filters that limited the transmitted intensity to
less than 0.1% of the trapping intensity [20,21,23]. Before and
after our BMs the particle is stably trapped.

One single BM follows the sketched process of Fig. 5 (see
also Fig. 4). The particle is free-floating during the BM and
retrapped at the end. The spot size of the OT is not finite,
and retrapping to the exact same location unlikely. Therefore
at the beginning of each BM the Python control software
checks if the offset of the QPDs needs to be adjusted. A QPD
with zero offset is in the middle of the linear regime between
the displacement of the particle and the measured voltage at
the QPDs. Hence, the offset adjustment before a new BM
enables the quantitative comparison between BMs because

Start
measurement

Need QPD
adjustment?Adjust QPD Reduce P

Open shutter t = −25 ms

Ultrasound
on?

t = 0ms

Start USClose shutter
Increase P

t = 55ms

Store
data

yes no

yesno

particle floating

FIG. 5. Process diagram for one measurement cycle. The gray
rectangles represent the processes during the buildup measurement
(BM). During this time the particle is free-floating (orange area). All
other process steps are before or after a BM. The time stamps in
the hatched rounded rectangles represent the times when the process
attached to them is executed. One measurement cycle takes about 2 s
to be executed. The BM itself is less than 100 μs.

all begin with the same offset. If an adjustment is necessary,
an automated incremental offset change is performed and the
QPD values are checked again. If there is no action needed,
the laser changes its power P from 140 mW to 0.4 mW and
the shutter starts to open. The laser power change takes effect
in less than 3 ms, whereas the shutter is specified to open
within 15 ms from fully closed to 90% of its fully open state.
To ensure the shutter is maximally opened we wait another
10 ms before the ultrasound (US) is switched on. In this first
25 ms (t = −25 ms to t = 0 ms) the particle is free-floating
and will therefore start sedimenting. We showed in [24] that
the particle travels less than 0.052 μm ≈ 0.05 R in this time
towards the bottom of the device. This distance is uncritical
for the further BM. At t = 0 ms the US is switched on for
30 ms. The particle is displaced due to the acoustic forces Fac.
At t = 55 ms, the shutter starts closing and the laser power
is increased to its starting power again to retrap the same
free-floating particle. After the output of the data a new BM
starts. The time between two consecutive BMs is more than
2 s. The data for one BM are collected over a timespan of
100 ms where the US is switched on for 30 ms only. The
acoustic excitation frequency fex is set to the same value of
4.015 MHz where we measured 17 standing pressure nodal
planes. With a maximal force amplitude of 1.25 pN for a
4.39 μm diameter particle and a maximal force amplitude of
0.17 pN for a 2.06 μm diameter particle (both measured with
the OT [24]) and the assumption of a one-dimensional pres-
sure wave the acoustic pressure [see Eqs. (30a) through (30c)
in [6]] inside the fluid cavity is about 100 kPa [24]. With this
short time of US excitation and the fast buildup constant for
the ARF (τARF ≈ 1.4 μs) compared to the relatively long time
between BMs, the system has the same starting conditions for
each BM respectively.

One whole measurement series consists of six differ-
ent �yi positions, one fixed pulse frequency fp, and one
fixed duty percentage. Per �yi we perform 75 BMs with
acoustic excitation (on BMs) and 75 BMs without excitation
(off BMs). As result for this combination of pulse frequency
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FIG. 6. Schematic of pulsed acoustic excitation for three differ-
ent duty percentages (50%, 70%, and 100%) over pulsing cycles t fp

with the relation fex = k fp (here k = 10).

fp, position �yi, and duty percentage we take the difference
of the averaged on BMs subtracted from the averaged off BMs
(�Vi = avg.on − avg.off). While the BM is prepared, the first
25 ms are exactly the same between on and off BMs. The rep-
etition per location �yi is necessary to reduce the unwanted
noise from the Brownian motion. As in [24], we measure with
a sampling frequency of 1.25 MHz and average the measured
data over a centered window of 80 μs (101 data points).

Our BMs locations within the standing pressure field are
the same as in [24]. At those locations the forces from AS
and the ARF itself were large enough in our device. All BMs
are in the middle plane between the top and bottom fluid-
device interface of our fluid cavity (�z = 0 μm). Undisturbed
Rayleigh streaming would lead to no streaming velocity in
the middle plane along ez. However, the excitation in our
device is from one side only, which leads to asymmetries
in the AS field. These asymmetries result from the inclu-
sion of the Stokes drift term in the numerical model as
opposed to using a simplified limiting velocity approach for
the AS calculation which does not include Stokes drift and
leads to symmetrical streaming patterns while having an one-
sided acoustic excitation [26]. We have shown in [24] with a
two-dimensional numerical simulation where we model the
device-cavity cross section as it is in the device that for
our BM locations the streaming rolls can be over the whole
channel height. Therefore, we can measure at �z = 0 μm a
streaming velocity in ez direction.

All BMs for a certain pulse frequency fp = f ex/k were per-
formed consecutively starting with a duty percentage of 100%
and going down to 50% (see Fig. 6). Between the different
pulse frequencies fp the device was taken out of the OT setup,
emptied, cleaned, and refilled. This procedure was necessary
to ensure the same experimental conditions at the start and
during the BMs because our device is a simple cavity with a
[product-units = bracket-power]3 × 0.1 cross section etched
in silicon with two open sides of the cavity (see Fig. 1). This
rather wide channel dimension is necessary because of the
large half cone angle of the laser beam (≈72 ◦). The channel
walls are nontransparent for the laser wavelength, and hence
a minimal distance must be kept from the channel walls to
facilitate unhindered measurements.

To prevent evaporation of water during the experiments we
seal both sides with a drop of silicone oil that is less likely to
evaporate due to its higher viscosity. Nevertheless, at the end
of one measurement series some water had left the channel.
This change of water volume in the cavity is less than 5% of
its overall volume. The evaporation occurs at the sides of the
cavity and does not lead to air bubbles within the cavity.

The disadvantage from this procedure is the dis- and re-
connecting of the electric cables to the PZT, as well as the
application of a new immersion layer on top of the device for
the oil immersion lens of our OT. We limited the difference
in immersion layer volume and initial placement, as well as
cable connection between two different pulse frequencies fp

to a minimum to ensure comparability between two different
data sets. Nevertheless, there were small changes, and we
adapted the voltage at the function generator between the
different pulse frequencies to have the same acoustic pressure
pa in the cavity and hence the same magnitude of the ARF and
AS. We did this by comparing and adjusting the time it takes
until the particle displacement is outside of the linear regime
of the QPDs. This is a manual process, and, hence, there are
small differences in the experiments between different BM
series.

The pulse frequencies fp we chose such that the frac-
tion fex/ fp is an integer k. This means that per pulsing cycle
(Tp = 1/ fp ) k excitation periods t0 = 1/ fex are within 1 Tp.
As integer we set k ∈ {1000, 5000, 10 000}. The investigated
duty percentages are 100%, 90%, 80%, 70%, 60%, and 50%.
The percentage value reflects the relative time the excitation
is switched on within 1 Tp (see Fig. 6). The BM with 100%
duty (always on) is the baseline where the excitation is on
for the entire BM. This BM is used for normalizing all other
duty percentages at the same point �yi and pulse frequency
fp. The shortest pulse duration is for k = 1000 and 50% duty
width. With these settings 500 on periods are followed by
500 off periods before starting over. The pressure amplitude
buildup is proportional to ∝ [1 − exp(−t/τARF )] for this linear
oscillating system. After 50/ fex ≈ 12.5 μs (50 excitation pe-
riods) the system is at 99.96% of its steady-state amplitude.
Although our system is subjected to two frequencies ( fex and
fp), there are no influences on the pressure wave frequency
because the buildup is much faster than the shortest pulse.

All in all, compared to [24] these three changes in the
experimental settings are present: (1) 75 instead of 50 repe-
titions, (2) fixed �z to 0 μm, and (3) pulsed excitation signal.

III. RESULTS AND DISCUSSION

Before discussing our results, we want to emphasize that
our experiments are very sensitive to external disturbances as
well as the experimental condition. Because the whole experi-
ment was newly initialized between the different k values and,
therefore, experimental conditions might change slightly, the
results of different k values are not fully quantitatively compa-
rable. However, the trend for different k values is nevertheless
conclusive.

In Figs. 7, 8, and 9 the results of the BMs over time for
�yi = −0.04 mm, �yi = −0.05 mm, and �yi = −0.06 mm
are plotted, respectively. The figures consist of two columns
(left for the ARF buildup and right for the AS buildup) and
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FIG. 7. Evolution of averaged voltage differences �Vy (left col-
umn; ARF associated) and �Vz (right column; AS associated) for
three different pulsing frequencies fp and different duty percentages
at �y = −0.4 mm over excitation periods t/t0 with t0 = 1/ fex . For the
first row fp = fex/1000, for the second fp = fex/5000, and for the last
row fp = fex/10 000. The data per plot are normalized to the maximal
amplitude of the data series with a duty percentage of 100%. The
gray-shaded area of each plot marks the time when the US is off.
Additionally, the vertical solid lines in the bottom left plot mark the
beginning of a new pulsing cycle.

three rows for the three different pulsing frequencies fp: in
the first row fp = fex/1000, in the second row fp = fex/5000, and
in the third row fp = fex/10 000, respectively. For fp = fex/5000

the data for the duty percentages of 70%, 60%, and 50% are
not available. A data series with a duty percentage of 100%
has the same experimental settings as the data from [24].

FIG. 8. Evolution of averaged voltage differences �Vy (left col-
umn; ARF associated) and �Vz (right column; AS associated) for
three different pulsing frequencies fp and different duty percentages
at �y = −0.5 mm over excitation periods t/t0 with t0 = 1/ fex . For the
first row fp = fex/1000, for the second fp = fex/5000, and for the last
row fp = fex/10 000. The data per plot are normalized to the maximal
amplitude of the data series with a duty percentage of 100%. The
gray-shaded area of each plot marks the time when the US is off.
Additionally, the vertical solid lines in the bottom left plot mark the
beginning of a new pulsing cycle.

FIG. 9. Evolution of averaged voltage differences �Vy (left col-
umn; ARF associated) and �Vz (right column; AS associated) for
three different pulsing frequencies fp and different duty percentages
at �y = −0.6 mm over excitation periods t/t0 with t0 = 1/ fex . For the
first row fp = fex/1000, for the second fp = fex/5000, and for the last
row fp = fex/10 000. The data per plot are normalized to the maximal
amplitude of the data series with a duty percentage of 100%. The
gray-shaded area of each plot marks the time when the US is off.
Additionally, the vertical solid lines in the bottom left plot mark the
beginning of a new pulsing cycle.

Hence, the results also show the same behavior: the initial
buildup of the ARF is significantly faster than the buildup
of AS. The data for k = 1000 and 80% duty width show
an unexpected behavior because the magnitude is almost as
strong as for 100%. During the 80% BM series an unknown
external disturbance caused a significant drop in the ambient
room temperature (see also Fig. 10). The measurement itself
is not very sensitive to temperature fluctuations within 1 ◦C.
However, the OT is very sensitive to ambient noise: e.g., fast
movement of a person in the room or careless opening or
closing of the door can be detected by the OT. We attribute
this outlier of k = 1000 and 80% to an external disturbance
that also caused the significant temperature drop.

For the three different pulsing frequencies the time
difference between the ARF and AS of the 100% duty
width measurements for reaching 50% of the maximal value
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FIG. 10. Ambient temperature T at device for k = 1000 BM
series over time. The experiment of 80% occurred between 14:00
and 15:00 (gray-shaded area).
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(horizontal dotted lines in Fig. 8) is 76–57 = 19[×103 t/t0 ],
88–73 = 15[× 103 t/t0 ], and 94–78 = 16[× 103 t/t0 ] for
k = 1000, 5000, and 10 000, respectively. This 50% criterion
is the same measure we used in [24], and, in addition, the time
differences of the ARF and AS have the same magnitudes.
However, the time at which the ARF is over 50% of its
maximal value is varying for the different k values. Even
though we limited the changes of the experimental settings
between measurement series to a minimum, there are slight
differences in the amplitude of the incident acoustic pressure
field which cause these different values of the 50% criteria.
This is also the reason why for increasing values of k the
start time of the AS-induced displacement is at a later point
in time. The results for the three locations �yi = −0.4 mm,
�yi = −0.5 mm, and �yi = −0.6 mm show qualitatively
and quantitatively the same behavior.

For all data series in all three plots, the normalized data
are zero for t/t0 = t fex < 0 (gray-shaded area). This is the
time span where the US excitation is not switched on yet.
Since the difference of the averaged on data subtracted from
the averaged off data is shown and since both have the exact
same protocol before the US is switched on, this behavior
is expected and serves as quality control of a data series.
A value close to zero after t > 0 indicates that there is no
difference in the movement of the particle along this direction
for a switched-on US and a switched-off US. When the US is
switched off, just gravity and the opposite directed buoyancy
force are acting on the particle because the trapping laser is re-
duced to such a low laser power that the trap exerts negligible
forces on the particle.

In addition, for a pulse frequency of fp = fex/10′000 and a
duty cycle of 50% the times where the US is switched on and
off are visible in the data for the ARF (see bottom left plots
in Figs. 7 to 9). This movement resembles an upward going
staircase and matches the times when the US is switched again
on after one pulsing period Tp. This is in line with the previous
results from [24], which showed that the ARF-induced move-
ment starts immediately as the US is switched on and stops as
fast as it started when the US is switched off. No such staircase
is visible for AS.

Additionally, for all positions �yi with a duty percentage
of 50% and a pulse frequency of fp = fex/10 000 the final mea-
sured value for AS is so low and close to zero that it might
just be noise and no motion due to AS. On the other hand, the
ARF data for the same data series shows a clear displacement
of the particle. The reason that we measure for all positions
�yi with 50% duty percentage and with a pulse frequency
of fp = fex/1 000 an AS-induced displacement is attributed to
the slight differences in the experimental settings between BM
series of different values of k.

Even though there are quantitative differences between the
different pulse frequencies, qualitatively they have the same
behavior. In all data series a reduced duty percentage is equiv-
alent to a reduced and delayed buildup of the ARF and AS.
Since lower duty percentages lead to less energy in the system,
this behavior is expected. However, the reduction of the AS
buildup is more than the reduction of the ARF. These different
rates of reduction are more clearly visible in Fig. 11.

There the respective last normalized value of a data series
of one specific duty percentage is plotted versus the duty

FIG. 11. Final normalized position at end of the buildup mea-
surement of �Vy (left column; ARF associated) and �Vz (right
column; AS associated) over duty percentage for the three puls-
ing frequencies fp = fex/k and averaged over the three locations
�yi = {−0.06 mm, −0.05 mm, −0.04 mm}. The outlier for k =
1000 and 80% duty width is attributed to an unknown external
disturbance within the OT laboratory.

percentage itself for each combination of BM point �yi and
pulse frequency fp. Each of these lines show a linear behavior
over all duty percentages. However, the slope for the AS data
is greater than for the ARF. This linear relation of the ARF
for a one-dimensional standing pressure field to the acoustic
energy density Eac is in line with the theory

FARF ∝ Eac ∝ p2
a,

where pa is the pressure of the acoustic field [6,7]. The same
linear relation to the acoustic energy density (FAS ∝ Eac ∝ p2

a)
is theoretically valid for AS [15] and also visible here. Nev-
ertheless, the here depicted transient behavior of the ARF and
AS suggests that the interrupted energy supply to the system
causes an even further delay of the AS buildup compared
to the ARF buildup. The generally lower values for the AS-
induced displacement and also the later start of the AS buildup
for fp = fex/10 000 compared to fp = fex/1000 is attributed to the
slight differences in the experimental settings and not a cause
of the magnitude of fp itself.

IV. CONCLUSION

We extended our previous OT setup to measure the effects
of a pulsed ultrasonic excitation of a microacoustofluidic sys-
tem on the buildup of AS and the ARF, and also on the final
position of a microparticle because of AS and the ARF. We
varied the pulse frequency fp and duty width of the pulsed
acoustic excitation to understand the effects of those param-
eters on the quantities of interest. In addition, we limited
the difference of experimental settings between measurement
series to a minimum for a valid comparison of the data. Our
results show that the decrease in maximal displacement due
to the ARF and the drag force from AS are both linear with
respect to the applied duty percentage and more or less inde-
pendent of the pulse frequency fp. However, the decrease of
AS with lower duty percentage is for all BMs faster than for
the ARF. Even though our BM time span is limited to 120 000
acoustic excitation periods 1/ fex (≈ 96 ms), we still manage to
observe a significant level of streaming suppression, confirm-
ing the experimental results of Hoyos and Castro [12,13], and
laying grounds for new theoretical studies that might improve
our understanding of the AS buildup.
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