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Abstract. In this paper, a new approach of three-dimensional acoustic particle manipulation (acoustophoresis)
in closed and liquid-filled vessels based on the time reversal technique is discussed. Based on simulation studies,
this work investigates the technical prerequisites to achieve appropriate acoustic radiation forces (ARFs) for the
manipulation of small particles with the time reversal method by utilizing multiple reflections in a closed vessel.
The time-discrete and localized acoustic pressure field required for this purpose is generated by a time reversal
mirror composed of 24 piezoceramic transducers. The paper also gives an outlook on practical evaluation of the

simulation results based on a demonstrator setup.

1 Motivation

The manipulation of cells and particles in fluids has a vari-
ety of applications in medical and biotechnological contexts.
In particular, acoustophoresis, in which particles and cells
are manipulated based on acoustic forces, is becoming in-
creasingly important because it is contactless and biocom-
patible and does not require markers (Lenshoff and Laurell,
2012; Laurell et al., 2007). In the medical field, for example,
acoustophoresis is used to remove lipid droplets from human
blood (Petersson et al., 2004), to produce blood plasma —
plasmapheresis (Lenshoff et al., 2009) — or to extract tumor
cells from blood (Antfolk et al., 2017) for closer examina-
tion. In the context of biotechnology, the focus is on separat-
ing (Simon et al., 2017; Ma et al., 2016), sorting (Chitale et
al., 2017) and accurately positioning (Ding et al., 2012) cells,
particles and liquid droplets in surrounding fluids. Specifi-
cally, in lab-on-a-chip applications in microchannels, separa-
tion and sorting occur during the flowing process of the sus-
pension. In all of the applications and demonstrations men-
tioned above, the necessary acoustic forces are generated
in a stationary manner using bulk acoustic waves (BAWs)
(Leibacher et al., 2015; Dauson et al., 2015), surface acous-

tic waves (SAWSs) (Johansson et al., 2012) or focused acous-
tic fields (acoustic vortices) (Marzo et al., 2018; Riaud et al.,
2015). The so-called acoustic radiation force (ARF) is often
used for the manipulation and can be found analytically un-
der restrictions. For spherical and small particles (r < A/10),
the force can be approximated with the help of the Gor’kov
potential (Gor’kov, 1961). In addition to the size of the ob-
ject, the force effect depends on the acoustic contrast of the
object to the surrounding medium (Augustsson et al., 2010).
If a positive acoustic contrast factor is present, the objects
are transported towards the pressure nodes of the acoustic
wave, while a negative acoustic contrast factor results in a
force effect towards the anti-nodes. However, there are also
applications in which the ARF is combined with the force ef-
fect due to acoustic flows. Especially with focused acoustic
fields, specific force effects on single or multiple objects can
be achieved, which is the reason these acoustic fields are also
called acoustic tweezers. The generation of the focused fields
is currently based on either ultrasonic phased array technol-
ogy (Marzo et al., 2015), passive systems (resonators, Jiang
et al., 2016; phase plates, Terzi et al., 2017; diffraction grat-
ings, Jiménez et al., 2016) or special transducer geometries
(Baudoin et al., 2019). However, all these technical systems
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have limitations when focusing in 3D in closed vessels (cavi-
ties), such as small beakers or Petri dishes, because the reflec-
tion effects that occur interfere with or even completely pre-
vent the focusing effect. In addition, the presented systems,
except the phased array systems, usually do not offer the pos-
sibility to move the objects in space by electronically con-
trollable variation of the acoustic field, which is why often
additional electromechanical traversing systems are needed.

2 Methods

To circumvent the previous limitations, this work will inves-
tigate whether or not the ultrasonic time reversal technique
(Fink, 1992; Wu et al., 1992; Cassereau and Fink, 1992) can
be used to generate a suitable sound field in a fluid-filled
vessel, specifically to take advantage of the previously lim-
iting multiple reflections in favor of focusing. The objective
is to realize a three-dimensional, composited, transient and
localized sound field geometry, with the help of which one
or more particles can be safely captured and displaced in
space. In this application the starting point for time rever-
sal focusing is a fluid-filled vessel to which the time reversal
mirror is non-invasively coupled. The time reversal mirror is
composed of 24 piezoceramic transducers that are attached
to the bottom of the vessel as an annular structure. The basic
methodology of time reversal focusing is based on a calibra-
tion of focal points (Fig. 1). The calibrated focal points can
be variably excited in different combinations after the cali-
bration procedure is completed and allows adjustable sound
field geometries to be constructed. In the first step of the cal-
ibration process, the piezoceramic transducers w are excited
one after the other with a calibration signal u,, (7). At the
desired focal point k, the resulting sound pressure pi(t) is
measured by means of a needle hydrophone and is converted
afterwards into an voltage signal. Based on the calibration
signals Uy, (w) and the corresponding sound pressure curves
Pr(w) in the frequency domain, the transfer function Hj, ()
from each transducer to the desired focal point can be calcu-
lated with Eq. (1).

Hiy(w) = Pr(w)/Uy(w) ey

The inverse Fourier transform of the transfer function
Hjy(w) yields the corresponding impulse response Ay, (1) in
the time domain (Eq. 2).

i (t) = F ™1 (Hy (@) 2

Due to reversing the impulse response signals in the tempo-
ral regime, the so-called time reversal signals figy s () are
calculated with Eq. (3).

Picwg (1) = hjw (T — 1) 3

By re-emitting the time-reversed signals at the associated
transducers, the transfer functions from the transducers to
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the desired focal point are compensated, which results in a
strong focusing effect at the former position of the needle
hydrophone. If this calibration is carried out systematically
for several positions along a 3D-grid within the vessel, it be-
comes possible to focus on different points. By superposition
of the time reversal signals for several focal points, simul-
taneous focusing on various points can also be realized. In
this way, almost arbitrarily composed sound field geometries
can be constructed. However, the complexity of the sound
field is limited by the resolution of the calibration grid, the
bandwidth of the calibration signals and the aperture of the
time reversal mirror. The aperture of the time reversal mir-
ror can be specifically increased by ensuring the best possi-
ble reflection conditions when designing the vessel. Strong
reflections at the edges of the vessel cause multipath propa-
gation of the sound waves. Here, each reflection acts like an
additional sound source, which leads to an artificial enlarge-
ment of the aperture of the time reversal mirror. In order to
use this effect, it is important to record the whole signal in
the calibration step. However, depending on the vessel under
consideration, this sometimes results in high signal lengths
of the time reversal signals. Thus, in practical applications, a
compromise must be found between signal length and mem-
ory requirements in the signal generator.

3 Simulation results

Using the methodology described in Sect. 2, extensive sim-
ulation studies were carried out using COMSOL® Multi-
physics on the feasibility of transient time reversal focusing
and the generation of specific composed sound field geome-
tries. The model that was developed in the scope of the stud-
ies is comprised of a hollow cylinder filled with water (inner
diameter 35.64 mm, height 52 mm, wall thickness A/2, wall
material PMMA) and a time reversal mirror with 24 cylin-
drical piezoceramic transducers (diameter 4.9 mm, height
3 mm, material PIC255, resonance frequency 0.25 MHz) that
is attached to the bottom of the vessel (Fig. 2). The bottom
of the cylinder serves as a A/4 matching layer for low-loss
coupling of the time reversal mirror. In order to be able to
represent the overall behavior of the system as true as pos-
sible, the model takes into account both the transducers as
piezoceramic material (with electric field excitation) and the
properties of the cavity by means of a mechanical simula-
tion. During the calibration process, for example, the piezo-
ceramic transducers are excited with the calibration signal
as a voltage signal u,,(¢). The resulting, mechanical defor-
mation of the transducers is transmitted through the contact-
coupling into the bottom plate of the cavity. The resulting
vibration converts into a propagating acoustic wave in the
water, where fluid acoustics applies. This is then calculated
in the form of an acoustic simulation and subsequently visu-
alized.
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Figure 2. Simulation model of the cylindrical vessel (inner diameter 35.64 mm, height 52 mm, wall thickness A /2, bottom thickness X /4,
wall material PMMA) with a time reversal mirror composed of 24 piezoceramic transducers at the bottom. The integrated focal points are

arranged around an example particle in the shape of the bottle trap.

The selected sound frequency of 0.25 MHz is an essential
parameter for the size of the manipulable particles. Since the
particles should be easily observable in the final setup, a par-
ticle diameter in the range of 0.5-2.0 mm was defined. As
the calculations of Gor’kov (1961) and the investigations in
Glynne-Jones et al. (2013) and COMSOL (2015) show, the
AREF is proportional to the third power of the particle radius.
However, this only applies to particle radii » < A/10. Based
on the comparison of both calculation methods, it becomes
clear that the ARF begins to decrease when the particle ra-
dius exceeds 0.15A. Particles, which are supposed to be ef-
fectively manipulated, must therefore be as large as possible

https://doi.org/10.5194/jsss-11-117-2022

but not larger than 0.15A. For the investigations in this work
and the chosen sound frequency of 0.25 MHz, this means a
maximum particle diameter of 1.8 mm. Further, it should be
noted that sound absorption increases with frequency. Addi-
tionally, it is more difficult to achieve high sound pressures
at high frequencies which makes the kilohertz (kHz) range
more practical than the megahertz (MHz) range. And ulti-
mately, the computation time of the simulation itself is pro-
portional to the fourth power of the frequency (~ f*) due to
a finer mesh in 3D and a finer time resolution. All together,
these limitations make it impractical to use higher working
frequencies in the scope of the presented research.
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Figure 3. Representation of the sound pressure field in the x—y plane of the cavity depending on the calibration signal used. (a) Gaussian
pulse, (b) differentiated Gaussian pulse and (c¢) Gaussian-modulated sinusoidal burst.
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Figure 4. Representation of the sound pressure field in the x—y plane as a function of the signal length of the time reversal signals. Signal

lengths: (a) 300 ps, (b) 105 ps, (¢) 60 s and (d) 45 ps.

For the systematic investigation of sound field focusing in
closed vessels, simulation studies were first carried out that
specifically considered the parameters of sound field geome-
try, calibration signal and length of the time reversal signals.
The studies were carried out on the basis of the simulation
model shown in Fig. 2 but with the difference that the height
of the cavity was reduced to 22.5 mm in order to reduce the
calculation time of the simulation.
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For stable particle trapping, a sound field geometry must
be realized that generates a three-dimensional force effect on
a trapped particle. Current research on the realization of par-
ticle traps using the phased array technique proposes vari-
ous sound field geometries (twin trap, vortex trap, bottle trap)
(Marzo et al., 2015). However, some of these geometries can
only be realized to a limited extent on the basis of the time
reversal technique, and their force effect is sometimes based
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Figure 5. Simulation example at 250 kHz: intensity plot of the acoustic pressure field of the bottle trap (a) in the x—y and (b) in the x—z
plane in a cylindrical vessel with a time reversal mirror composed of 24 piezoceramic transducers attached to the bottom.

on acoustic flow forces. This is mainly due to the fact that
especially the twin trap and the vortex trap use elongated
sound lobes, which are relatively difficult to realize on the
basis of the time reversal technique, where individual focal
points are excited. In addition, these sound field geometries
are not locally limited, which means that they unintention-
ally influence particles in the surrounding. It was found that
a modified version of the bottle trap is the ideal sound field
geometry for the application at hand. In the version of the
bottle trap used here, two focal points exist in each axis of
a Cartesian coordinate system, facing each other at a de-
fined distance — depending on the physical parameters of the
particle and the surrounding medium (Fig. 2). The object to
be manipulated is located between the focal points. In this
way, a three-dimensional force effect based on ARF can be
achieved.

In a further parameter study, the influence of different cal-
ibration signals on the focusing quality was investigated.
As expected, the size of the focal point depends on the
bandwidth of the calibration signal. The wider the band-
width of the calibration signal, the smaller the resulting fo-
cus point becomes. For the studies the Gaussian pulse (band-
width 0.5 MHz), the differentiated Gaussian pulse (band-
width 0.35 MHz) and a Gaussian-modulated sinusoidal burst
(bandwidth 0.0625 MHz) were used as calibration signals.
The center frequencies of the differentiated Gaussian pulse
and of the sinusoidal burst signal were 0.25 MHz. Figure 3
shows an example of a comparison of the focusing quality
with simultaneous generation of several focal points and use
of the excitation signals mentioned above at a focal point dis-
tance of A (5.94 mm). The results of the simulation reveal
that the highest spatial resolution can be achieved when using
a Gaussian pulse because it has the largest bandwidth. One
can see the distinct focal points that occur (Fig. 3a). When
the calibration is performed with a differentiated Gaussian
pulse, the focal points are still apparent, but they are also
slightly enlarged and begin to merge together (Fig. 3b). Once
the Gaussian-modulated sinusoidal pulse is applied, the focal

https://doi.org/10.5194/jsss-11-117-2022

points in their respective phase are not distinct anymore and
blur into one larger accumulation (Fig. 3c). However, it can
also be observed that the achievable spatial resolution with
the Gaussian-modulated sinusoidal burst is sufficient enough
to construct a composite sound field with a pressure node
area in the center that allows particles to be captured safely.

Yet, in real applications, however, the bandwidth of the
calibration signals is limited by the bandwidth of the piezo-
ceramic transducers. By using the Gaussian-modulated sinu-
soidal burst, a practical compromise between focusing qual-
ity and applicability to real transducers can be achieved.

In addition to the calibration signals used, the temporal
length of the time reversal signals has a significant influence
on the focusing quality. In one of the simulation studies, the
signal length was successively reduced in order to investi-
gate, which minimum signal length is required for suitable
focusing. The signal lengths considered were integer mul-
tiples of the transit time of the acoustic waves through the
largest dimension of the cavity (here cavity height). With
the cavity height of 22.5 mm considered here and an average
propagation speed of the waves of 1500 ms™!, this results
in signal lengths that are an integer multiple of 15 ps. Fig-
ure 4 shows examples of the focusing quality for the signal
lengths 300 (20-fold propagation time), 105 (7-fold propa-
gation time), 60 (4-fold propagation time) and 45 ps (3-fold
propagation time). From the results it can be seen that suit-
able focusing qualities are achieved for both the 105 and
300 ps signal lengths. However, if the signal length is shorter
than 5 times the running time of the height of the cavity, there
is a significant reduction in the focusing quality. From a sig-
nal length of 45 s, clear focusing is no longer recognizable.
Furthermore, it is noticeable that the achievable sound pres-
sure is reduced by reducing the signal length. This can be
explained by the fact that the energy contained in the signal
is also reduced by the reduction of the signal length.

The investigations show that with a 24-transducer array a
bottle trap sound field can be realized with the time rever-
sal technique if the time reversal signals are at least as long

J. Sens. Sens. Syst., 11, 117-128, 2022
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that the particle is shifted back to the center of the particle trap.

as a sound wave needs to pass through the largest dimen-
sion of the vessel five times. However, if the signal length is
increased, the number of transducers can be reduced, due to
the presence of a higher number of multiple reflections acting
like additional virtual sound sources. A quantitative investi-
gation of the focusing quality as a function of the number of
transducers in combination with the signal lengths used was
not part of the studies. In practice, a compromise must be
found between the number of channels and the signal length,
i.e., the memory requirement per signal.

J. Sens. Sens. Syst., 11, 117-128, 2022

Furthermore, the parameter studies show that focal points
close to each other with the same phase position merge into
one focal point, which is due to the limited aperture of the
time reversal mirror and the limited bandwidth of the cal-
ibration signals. To avoid merging, it is therefore useful to
choose an inverse amplitude for opposite focal points, which
enables the formation of a pressure node in between the op-
posing focal points of an axis. If opposite focal points have
a spacing of A/2 with inverse amplitude, an acoustic field
is created that corresponds in principle to a locally confined
standing wave in three dimensions and is called bottle trap
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Figure 8. Representation of the sound pressure field in the cavity when generating the bottle trap at three different positions. (a, b) Bottom
left near the wall of the cavity and just above the time reversal mirror, (¢, d) in the middle of the cavity and (e, f) top right near the water—air

transition and near the wall of the cavity.

in this work (Fig. 5). Figure 5 shows the acoustic field in the
cavity that was introduced in Fig. 2. The bottle trap was de-
liberately created off-center (+5.57 mm in positive x and y
direction) and at a height of 37.5 mm to show that the size
of the cavity and the position of the bottle trap in the cav-
ity only have a minor influence on the focusing quality. The
excitation signal is the Gaussian-modulated sinusoidal burst
at a signal length corresponding to 20 times the cycle time
of the height of the cavity. Corresponding multidimensional
standing waves have already been successfully used for par-
ticle manipulation in other research (Ozcelik et al., 2018) but
with the main difference that they are not localized and thus
affect the entire volume. The locally resolved behavior and
the spatial discretization are important advantages of the time
reversal technique.

In this context, it was also investigated whether several
bottle traps can be generated simultaneously in the vessel,
so that several particles can be captured simultaneously and
moved independently from each other. It is shown that the
parallel generation of three bottle traps can be realized by
simple superposition without any noticeable degradation of
the focusing quality. The maximum number of three traps re-
sults from the dimensions of the vessel selected here and the
frequency-dependent size of the sound field geometry. Fig-
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ure 6 shows an example of the coexistence of three bottle
traps at mid-cavity height.

However, by simply emitting the time reversal signals,
only a transient focusing process is generated, the length of
which depends on the type and bandwidth of the calibration
signal. A corresponding transient focusing process can be
taken from Figs. Al and A2 in Appendix A, where the fo-
cusing process is presented in four successive time steps. The
focusing process presented in Figs. Al and A2 covers an en-
tire period of the calibration signal and shows both a positive
half-wave and a negative half-wave signal.

For stable particle trapping, it is necessary that the tran-
sient sound field is transformed into a quasi-stationary state.
This can be realized by repeating the time reversal signals
at high frequency with a deliberate signal overlap, as was al-
ready shown by Sutin et al. (2003). However, the signal over-
lap and signal repetition cause a degradation of the focusing
quality, which can be effectively counteracted by increasing
the signal length of the time reversal signals.

To quantify the force effect on particles, the ARF was de-
termined using the simulated, calculated pressure field and
the mathematical approach according to Glynne-Jones et al.
(2013) and COMSOL (2015) on an exemplary introduced
particle of polystyrene with a diameter of 0.6 mm (A/10).
Levitation of such a particle in water requires a force of at

J. Sens. Sens. Syst., 11, 117-128, 2022
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least 75 nN acting against the weight force. The particle was
pushed out 0.25 mm from the center of the particle trap in
all directions for the study to simulate a trapping process.
The required force effects in all three dimensions (Fp) can al-
ready be achieved with transducer voltages of approximately
20 Vpp (Fig. 7). Furthermore, it is noticeable that the ARF in
the z direction is significantly larger than in the x and y di-
rection, which is a consequence of asymmetries in the acous-
tic pressure field. During the focusing process, temporarily
higher sound pressures occur in the z axis of the cavity than
in the x and y axis, which results in a higher force effect. This
is due to the fact that the direct field (direct radiation direc-
tion of the transducers) with the maximum possible pressure
amplitude acts primarily in the z direction. In all other direc-
tions, on the other hand, signal components resulting from
reflections on the cavity walls are effective for the most part.
The asymmetry of the field thus also varies with the length
of the time reversal signals. The shorter the time reversal sig-
nals, the stronger this effect becomes, since fewer reflection
processes in the cavity are taken into account. With a length-
ening of the time reversal signals, the influence decreases and
finally converges.

The displacement of the particle out of the particle trap
does not result in a force curve symmetrical to O N. Instead,
the force curve is shifted into the negative quadrant. It can be
deduced that the particle is “pushed” back into the center of
the particle trap.

The displaceability of the test particle caused by the con-
trol electronics was checked by successively generating the
sound field geometry at different positions in the vessel. In
this study, a deterioration of the focusing quality near the ves-
sel wall or at the water—air boundary layer was not observed
(Fig. 8). It can therefore be assumed that a trapped particle
can also be transported variably in the vessel.

4 Conclusion and outlook

In the context of this work and on the basis of extensive sim-
ulation studies, it was investigated whether, with the use of
the time reversal technique, an acoustic field can be gener-
ated in a closed and liquid-filled cavity, which enables tran-
sient acoustophoresis. It was explained that ideal sound field
is a special type of a bottle trap, which consists of six in-
dividual focal points and creates a three-dimensional force
effect on an inserted particle. Additionally, it was shown
that such a composite sound field can be realized if the pre-
calibrated time reversal signals have at least a time length
that corresponds to 5 times the transit time of the acoustic
wave through the largest dimension of the cavity. The sim-
ulation and evaluation revealed that the sound field can be
translated in space and therefore exert a force on an inserted
polystyrene test particle that is sufficient for acoustophoresis.
In a final simulation, it was shown that several particle traps
can be generated simultaneously within the cavity, so that, in
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Figure 9. Demonstrator realized on the basis of the simulation re-
sults, composed of the water-filled cavity and the time reversal mir-
ror. The cavity contains a needle hydrophone for the time reversal
calibration.

theory, several particles can be manipulated independently of
each other.

For the experimental validation of the simulation results,
the demonstrator shown in Fig. 9 was realized. Analogous to
the simulation model, the demonstrator consists of a cylindri-
cal vessel filled with water (inner diameter 35.64 mm, height
52 mm, material PMMA). The time reversal mirror com-
posed of 24 cylindrical piezoceramic transducers (diameter
4.9 mm, height 3 mm, material PIC255) is coupled to the bot-
tom of the vessel. The bottom of the cylindrical vessel serves
as a A/4 matching layer to enable the lowest possible loss of
acoustic coupling. A needle hydrophone (Precision Acous-
tics NH0500, frequency range from 0.1 to 20 MHz) is placed
inside the cavity. The hydrophone is used for the calibration
of the focal points and the subsequent validation of the fo-
cused sound field.

The practical realization of the bottle trap particle trap as
well as the demonstration of acoustophoresis will be part of
a further publication.
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Appendix A
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Figure A1. Intensity plot of the acoustic pressure field of the bottle trap during the focusing process in the x—y plane in the cylindrical vessel

during four different times.
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Figure A2. Intensity plot of the acoustic pressure field of the bottle trap during the focusing process in the y—z plane in the cylindrical vessel
during four different times.
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