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Generally, the pattern formed by individual particles trapped
inside a microfluidic chamber by a two-dimensional standing
acoustic wave field has been considered only the result of the
acoustic radiation force. Previous studies showed that particles
can be trapped at the local minima and maxima of the first-order
pressure and velocity fields. Thus, either a rectangular or a
diamond pattern can be formed solely depending on the particle
size, when the acoustic field is unchanged, and the material
properties of the particles and the fluid are fixed. In this paper,
we report about the co-existence of different patterns with
particles of the same size. The actual shape of the patterns
depends mainly on the ratio between particle diameter and
wavelength. In addition, particles were found to be trapped at
locations that coincide with the position of antinodes, even
though the particles have a positive acoustic contrast factor.
These phenomena imply that the trapping of individual particles
cannot be described by the acoustic radiation force solely.
Hence, further research is required, taking the viscous drag force
caused by the fluid flow induced by the acoustic streaming effect
into account.

1 Introduction

The concept of aligning small objects into regular,
equidistant patterns by means of surface acoustic waves
(SAW) has gained a growing interest in the past few years.
Studies concerning a variety of perspectives were carried out.
The patterning either in 1D lines or 2D arrays can be realized
by using a 1D traveling SAW," 1D standing surface acoustic
wave (sSAW)*> or 2DsSAW.® Either living matters like
microorganisms, cells and tissues,* or objects like immiscible
droplets,® glass fibers,® and carbon nanotubes’ have been

patterned. They were either gathered as clusters® or separated

“ Institute of Thermodynamics and Fluid Mechanics, Technische Universitiit
Ilmenau, Ilmenau, Germany. E-mail: joerg.koenig@tu-ilmenau.de

b Leibniz Institute for Solid State and Materials Research Dresden, SAWLab Saxony,
Dresden, Germany. E-mail: h.schmidt@ifw-dresden.de

2154 | Lab Chip, 2023, 23, 2154-2160

microfluidic acoustic tweezers

Zhichao Deng, @?2 Vijay V. Kondalkar,® Christian Cierpka, @2
Hagen Schmidt @ *° and Jorg Konig @ *2

individually,” depending on the application. This concept
brought great benefits to different disciplines, including flow
cytometry,”® cell culture,"" and tissue engineering,'> among
others. One application scenario is the patterning of
individual cells by means of a 2DsSAW field, with which a
high throughput analysis on single cell level is possible.” The
mechanism behind this technique was well-studied in the
discipline of acoustofluidics."®'" Generally speaking, if a
spherical particle can be considered as a model of the cell,
two types of forces exert on the particle. One is the acoustic
radiation force (ARF) caused by the interaction between the
incident and the scattered acoustic wave field. The other is
the viscous drag force caused by the acoustically induced
fluid flow, i.e. acoustic streaming (AS). Despite the existence
of many complex effects in reality, the most fundamental
principle hidden behind the regular, equidistant pattern is
the spatially periodically repeating nature of the harmonic
acoustic field.

The formation of most of the particle patterns in a
2DsSAW-field can be well explained based on a theoretical
framework proposed by Oberti et al. considering only the
effect of the ARF."” The ARF can be regarded as the gradient
of the Gor'kov potential Fyrp = -V(U),*® where (U) has the
expression of:

(U) = wdy’py 1<p1 >f1 _ 1<v12>f2}. (1)

4 [3p2e 2

Kp 2 (pp —pf)
Here, the two constants f;, =1-— and f, = ——% are
Kt 2pp +py

the monopole and dipole scattering coefficients related to
the compressibilities «,, x, and densities p, and p¢ of the
particle and the fluid, respectively. The two scalar fields (p,>)
and (v;?) are the mean square fluctuation of the first-order
pressure and velocity field, which give rise to the monopole
and dipole scattering.

Assuming an ideal 2DsSAW with the wavelength /Jgaw,
speed of sound ¢ and amplitude p, in two orthogonal
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Fig. 1 Contour plot of the normalized Gor'kov potential (U)/(U)
determined with scattering coefficients f; = 0.7684 and f, = 0.034
adopted from Oberti et al,' in an ideal 2D standing acoustic wave
field. Markers represent possible particle trapping locations, namely
the pressure nodes (black diamond marker), the antinodes (pink
diamond marker) and the midpoints (square marker).

directions x and y, the resulting Gor'kov potential (U) in
normalized form is depicted in Fig. 1, illustrating the
acoustic landscape. From eqn (1), one can tell that the
Gor'kov potential is the linear combination of (p;* and (v,*).
Thus, as depicted in Fig. 1, the particles shall be trapped at
those potential minima coinciding with either the local
minima of (p,?) i.e. nodes and antinodes (in the case of a
negative acoustic contrast factor), or local minima of —(v,%),
denoted as midpoints in Fig. 1. This analysis is valid only
with the assumption of a particle size smaller than the
Rayleigh limit."* Recently, the discussion of patterning was
extended to larger particle sizes. The inter-particle secondary
acoustic radiation force was considered and the limitation of
Rayleigh scattering was unleashed, both for a 2D standing
bulk acoustic wave (BAW) driven system'” and for a 2DsSAW
driven system.'® In both systems, it was presented that
particles could be trapped at nodes, antinodes or midpoints,
which implied that all three patterns depicted in Fig. 1 as
black diamond, pink diamond and square markers could be
formed. The key factors determining the trapping locations are
the ratio of particle diameter to SAW wavelength ¢ = dp,//saw
and the two constants f; and f,. In theory, a transformation of
the patterns is possible only with varying the above-mentioned
three parameters. The transformation of patterns with respect
to ¢ was reported in several recent experimental studies. For
instance, with a very small ¢ < 1, clusters of particles were
trapped at the nodal lines denoted as solid lines in Fig. 1 and
formed a net-like grid.*'® With a slightly larger ratio of & =
0.083, individual particles were collected in the oval-shaped
potential wells located at the midpoints and formed a
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rectangular pattern.® Further increasing ¢ to about 0.3,
individual particles were trapped at the pressure nodes and
formed a diamond pattern.’ To our best knowledge, a diamond
patterning of small objects trapped at antinodes with a positive
acoustic contrast factor was not shown so far. Besides, the
formation of the patterns was still limited to 2D in the
theoretical framework and the pattern formation in 3D
remained unexplored.

Therefore, the effect of ¢ on the 3D pattern formation and
transformation was studied experimentally, employing two
SAW devices with two different wavelengths Agaw, in which
particles of different diameters dj, were trapped. To measure
the three-dimensional trapping locations of the particles and
to characterize the geometrical features of the patterns
formed within the micro chambers, astigmatism particle
tracking velocimetry  (APTV)*"** was applied. The
experimental setup, measurement procedures and obtained
results will be described in detail as follows.

2 Experimental

For the experiments, two SAW devices of different sizes and
acoustic wavelengths, but with the same design configuration
and materials, were used. Both consist of a SAW chip and a
microfluidic chamber bonded on top, as shown in Fig. 2. The
SAW chips are made of 128° rotated Y-cut of lithium niobate
(LiNbO;). Two pairs of uniform interdigital transducers
(IDTs) are arranged along the X + 0° and X + 90° orientations
of the crystal, which correspond to the y- and x-directions of
the chosen coordinate system, respectively. To excite four
SAWs with comparable surface displacement amplitude at a
common resonant frequency fz, the number of IDT finger
electrodes and the wavelengths in the two orientations
slightly differ from each other due to the different coupling
coefficients and phase velocities in both directions. The
resonant frequencies were designed to be 32.40 MHz and
115.25 MHz for the SAW devices with large and small
dimensions, respectively. The design parameters of both SAW
devices are listed in Table 1.

Fig. 2 Photograph of the SAW device hold in a mounting frame with
view port from the bottom side for optical observation of the 3D particle
locations using APTV and sketch of the layout of the SAW devices with
illustration of IDT structures and the microfluidic chamber.

Lab Chip, 2023, 23, 2154-2160 | 2155
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Table 1 Resonant frequency fr and design wavelengths in both devices.
The wavelengths correspond to the periodicity of the solid finger
electrodes of the uniform IDTs used here. Details regarding propagation
properties for both directions can be found in literature®

fr in MHz Asaw, in um /ISAWy in um
Large device 32.40 112 120
Small device 115.25 31 34

The microfluidic chambers have the dimensions of 1200 x
1200 x 88 um® (large device) and 340 x 340 x 50 pm® (small
device). They were made of polydimethylsiloxane (PDMS,
Sylgard 184, Dow Corning) by mold-assisted casting using a
silicon master. To improve the adhesion of the chamber to
the chips, the bonding was supported by a surface activation
with UV/ozone plasma. The bonding was carried out
manually under a microscope to ensure precise alignhment
between the IDT structure and the PDMS chamber. Detailed
information regarding the designing concepts and the
manufacturing process can be found in previous studies.****
To excite a characteristic 2DsSAW-field at the region of the
PDMS chamber, a signal generator with an integrated power
amplifier (PowerSAW, SAW Generator BSG-F20, BelektroniG)
was used.

Each of both channels was connected to one pair of
opposing IDTs with a splitter (SYPS-2-52HP+, Mini-Circuits).
The operating frequency of the signal generator was fixed to
the resonant frequency of the corresponding SAW device. In
addition, to account for the different sizes and frequencies, the
applied electrical power was set to 0.1 W and 1.6 W for the
small and large SAW device, respectively. During excitation of
the 2DsSAW, the signal generator ensured very comparable
surface displacements of the SAWs in both directions, by using
two phase- and frequency-coupled output channels with
individually adjustable power levels. Particles made of
polystyrene (1.05 g cm™) and labeled with a fluorescent dye
(PS-FluoRed, EX530 nm/EM607 nm, microParticles GmbH)
with five different diameters were used as objects to be
trapped. The diameter of the particles d,, and the resulting ¢
depending on the SAW device used are listed in Table 2. The
particle-size-to-wavelength ratio discussed here is determined
by the wavelength Asaw, of the SAW in y-direction. These
particles were suspended in DI-water containing polysorbate 80
of 0.2% v/v, and introduced into the microfluidic chamber with
a syringe pump (neMESYS 290 N, Cetoni).

For the 3D characterization of the trapping locations of
the particles inside the chambers, the SAW devices were
placed on top of an inverse microscope (Axio Observer 7,

Table 2 The diameter of the particles and the corresponding particle
size-to-wavelength ratio ¢ determined with the wavelength in y-direction
in the two SAW devices

dp in um 2.5 5 10 19 33
¢ in large device — — 0.083 0.158 0.275
¢ in small device 0.074 0.147 0.294 — —
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Zeiss GmbH) equipped with a high-power LED at a central
wavelength of 525 nm (Solis525C, Thorlabs Inc.) for
illumination and an sCMOS camera (LaVision GmbH) for
detection. Details regarding microscope objective, optical
filters and cylindrical lens used to induce astigmatism can be
found in our previous publication.*

To characterize the patterns of individual trapped
particles, only a low concentration of particles was used to
avoid particle agglomerations. Therefore, measurements were
repeated several times under identical conditions for each
SAW device and each specific particle size. Before every
measurement run, the particle suspension was aspirated into
the chamber, and then the in/outlets of the micro chamber
were closed. At each measurement run, 15 minutes were
waited to let the particles be sedimented on the substrate
surface at random positions before 100 images were captured
with a frame rate of 10 Hz. With this image sequence, the
initial height of the particles was used to determine the
baseline height and correct a slight tilting angle between the
substrate and the horizontal measurement plane. Then the
SAW device was turned on, and the particles were trapped.
The 3D trapping locations of all individual particles detected
within each measurement run were determined and
ensemble averaged afterwards, to obtain a more complete
particle pattern. An example of particle images detected with
APTV in the microfluidic chamber of the small device is
shown in Fig. 3. According to the principle of APTV, the
particle images appear elliptically shaped depending on the
height position of the particles. Considering the shape of the
particle images, the particles were trapped obviously in two
different heights with different pattern formation. For details
about particle image detection and subsequent evaluation of
the 3D particle locations as well as particle position
uncertainty applying APTV, we refer to previous
publications.>*™°

800

1000 1200 1400

X in pixel

1600

Fig. 3 Detected particle images obtained for spherical particles of d
= 5 um in size trapped inside the microfluidic chamber of the small
SAW device. Please note, the particle images occur elliptically distorted
according to the principle of APTV. The two different shapes of ellipses
indicate two different particle height positions.

This journal is © The Royal Society of Chemistry 2023
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To better visualize the measurement data, trapping
locations detected in different time steps and different
measurement runs were clustered and averaged based on
their 3D coordinates by applying Ward's method integrated
in the builtin linkage and cluster functions offered in
MATLAB.”” An example of a three-dimensional measurement
result is depicted in Fig. 4, obtained with particles of dj, = 5
pm in size trapped within the microfluidic chamber of the
small SAW device. At this configuration, the height of the
chamber is almost four times larger than the bulk acoustic
wavelength, which is why particles were trapped within a
bottom and a top level close to the substrate surface and
ceiling of the microfluidic chamber, respectively. The
different height levels result from the three-dimensional
acoustic pressure field within the fluid, with local pressure
minima close to the substrate surface as well as pressure
nodes and antinodes above.’® Here, 107 and 108 trapping
locations were detected at the bottom and top level,
respectively. Although not all possible trapping locations were
occupied by a particle, it is already obvious that particles
were arranged differently in both height levels, i.e. different
particle patterns obviously coexist. The result will be
discussed more in detail later on.

Since the standard deviations of trapping locations after
the ensemble average are around a few micrometers and
much smaller than the distances between trapping locations,
only the mean values of the trapping locations will be
discussed. The periodicity of the pattern was estimated by
computing the distances matrix between every trapping
location to all other trapping locations and applying a
Gaussian fit to the histogram of the distance matrix.

3 Results and discussion

The measured particle trapping locations in the large and the
small SAW device with different sizes of particles are shown in

® Bottom level
e Top level

150

y in um x in um

-150

-150

Fig. 4 Measured 3D particle trapping locations obtained for particles
of d, = 5 pm in size trapped inside the microfluidic chamber of the
small SAW device. Two particle patterns coexist, not only at different
heights but also with different lateral orientations.
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Fig. 5. In all subfigures, the scatter points represent the
averaged lateral locations of the trapped particles. Depending
on the particle-size-to-wavelength ratio ¢ and the actual SAW
device used, particles were trapped at different height
positions. However, at most two particle levels in height were
determined in each configuration. To discriminate between
them also in Fig. 5, the corresponding markers are either
empty or filled. Here, filled markers indicate particle trapping
locations at the bottom level (close to the SAW chip), while
empty markers indicate particle trapping locations at the top
level (levitated, either floating in the fluid or close to the
ceiling). For better recognition of the patterns, particle trapping
locations at which particles were not detected during the
experiments are filled in with markers colored light gray.

In the first row, patterns formed in the large device are
depicted with increasing particle-size-to-wavelength ratio ¢
from left to right. As shown in Fig. 5a, at a ratio ¢ of 0.083 (d,
=10 um), two rectangular patterns were found in both height
levels. The measured height positions for the bottom and top
level amount to z = 4.9 + 1.6 pm and z = 19.9 + 2.6 um,f
respectively. The distance in height is close to the half of the
bulk acoustic wavelength in the fluid of ~22.5 um. The
spatial periodicities of the lateral particle trapping locations
are d, = 57 um and dy = 60 um, matching quite well to the
half of the SAW wavelengths in x- and y-direction,
respectively. Therefore, it is reasonable to normalize the
coordinates by Asaw, as done in all sub-figures. Besides, both
patterns overlapped well with each other, indicating no phase
shift between both height levels and confirming previous
results.>® Considering the rectangular shape and the spatial
periodicity, these trapping locations correspond to the
midpoints of the acoustic force potential field depicted in
Fig. 1.

At an intermediate particle-size-to-wavelength ratio of ¢ =
0.158 (d, = 19 pm), depicted in Fig. 5b, a rectangular pattern
was found for the bottom level at z = 9.6 + 2.6 um. However,
unlike in the former case, at which the top level was located
within a distance close to the half of the bulk acoustic
wavelength, the second pattern was levitated close to the
ceiling of the micro chamber at z = 62.9 + 2.4 um. Besides,
the pattern formed at the top level is of a diamond shape,
even though particles of the same size were trapped. The
shortest distance between two trapping locations aligns along
the diagonal direction with an average spacing of ~84 um,
close to \/5/2 times of the Agaw. The coexistence of both
patterns in the same device for the same parameters (¢, f
and f,) can only be partly explained by the model proposed
by Baasch and Dual."® According to their analysis considering
the influence of the ARF only, particles with a positive
contrast factor can be trapped either at nodal positions or at
the midpoints depending on ¢. By tuning this characteristic
parameter, either a diamond or rectangular pattern can be
obtained. However, according to the result depicted in
Fig. 5b, particles with a constant ¢ can be trapped in a
rectangular and diamond particle pattern at the same time,
but at different height levels. Obviously, the explanations

Lab Chip, 2023, 23, 2154-2160 | 2157
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Fig. 5 Patterns formed by the resultant particle trapping locations in the SAW devices with different wavelengths /saw and different particle
diameters d,, and the corresponding size ratio ¢. The upper row, (a)-(c): the measured locations of 10 um, 19 um and 33 um particles trapped in
the SAW device with the SAW wavelength ~120 pm. The lower row, (d)-(f): the measured locations of 2.5 um, 5 um and 10 um particles trapped in
the SAW device with the SAW wavelength ~34 um. The shape of the markers indicates the type of the pattern formed by them: square markers
indicate rectangular patterns and diamond markers indicate a diamond pattern. The blue filled markers represent the trapping location at the
bottom level close to the substrate surface whilst the red empty ones represent trapping locations in the top level close to the ceiling. Note that
all gray markers in these figures, either filled or empty, square or diamond, are complemented to enhance the visual perceptibility of the patterns.

given to date, considering the influence of the ARF solely, do
not hold generally. Meanwhile, in several numerical and
experimental investigations of the acoustic streaming effect,
a fluid flow with a considerable velocity was reported,*>°
which may allow particles to be displaced from their
predicted trapping locations. However, measurements of the
fluid flow will be required to verify it finally.

In this context, the patterns obtained at the largest ratio
of £=0.275 (d, = 33 um) can neither be adequately explained
by the currently existing models. As shown in Fig. 5c, two
diamond patterns were formed, not only at the top level (z =
45.6 + 12.6 um), but also at the bottom level (z = 16.8 + 2.7
um). Interestingly, they are out of phase, meaning that they
are shifted to each other about half of the Agaw in x- and
y-direction. Although the acoustic landscape depicted in
Fig. 1 is only on the lateral plane, several numerical
studies®*?'? showed that the relative location of the nodes,

2158 | Lab Chip, 2023, 23, 2154-2160

antinodes and midpoints would not vary with height. Hence,
either the particle trapping locations at the bottom or at the
top level shall coincide with the lateral locations of the
antinodes, according to Fig. 1. To determine the relationship
between both patterns and the acoustic pressure distribution,
a reference point is needed, which may be obtained by in situ
measurements of the acoustic wave field.”>**

Similar results were observed at a comparable particle-
size-to-wavelength ratio ¢ in the small SAW device, as
depicted in the figures in the second row. In Fig. 5d, only
one pattern formed at the bottom level was found (z = 0.9 +
2.2 um) for the smallest ratio of ¢ = 0.074 (d, = 2.5 pm). In
the case of an intermediate ratio & = 0.147 (d, = 5 um), again,
the particle trapping positions formed a rectangular pattern
at the bottom level (z = 2.2 + 0.8 um) and a diamond pattern
at the top level (z = 45.7 + 1.0 um), see Fig. 5e. As for the
largest ratio ¢ = 0.294 (d, = 10 pm), particles were mostly

This journal is © The Royal Society of Chemistry 2023
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trapped in the top level close to the ceiling of the chamber (z
=43.5 + 1.4 ym) and formed a diamond pattern, see Fig. 5f.
Although the pattern formed at the top level in Fig. 5d and
the pattern formed at the bottom level in Fig. 5f are missing,
a transformation of the rectangular pattern to the diamond
pattern with an increasing particle-size-to-wavelength ratio &
can be confirmed by the measurement results in the small
SAW device.

4 Conclusions

In this article, we report the measured 3D locations of the
particles trapped in 2D standing SAW devices and discuss
the different patterns formed. A transformation from the
rectangular pattern to the diamond pattern with an
increasing ratio between the particle diameter and the SAW
wavelength was found, which matches theoretical
predictions. However, in the case of an intermediate particle-
size-to-wavelength ratio of ¢ about 0.15, both types of
patterns can be found simultaneously at different heights
with identical acoustic settings and material properties of the
particles and the fluid. Moreover, the patterns formed with a
comparably large particle-size-to-wavelength ratio ¢ of almost
0.3 in the large SAW device indicated the trapping of
particles both on the pressure nodes and antinodes, while
the contrast factor unchanged. These
phenomena cannot be explained by the analytical models
published to date. From the perspective of a fundamental
understanding of the patterning mechanism, the results
reported herein imply that further research is required,
including the in situ measurement of the acoustic wave field
for relating particle patterns to the distribution of the
acoustic force potential, and the influence of the viscous drag
force caused by the fluid flow induced by the acoustic
streaming effect. For this, measurements of the particle
trapping locations and the three-dimensional fluid flow
inside the microfluidic chamber need to be supported by
numerical simulations. In that way, fundamental
understanding is gained regarding not only the interplay
between the acoustic radiation force, drag force, buoyancy as
well as inter-particle forces but also of designing parameters
like the height of the microfluidic chamber. Here, the ratio
between height of the microfluidic chamber and bulk
acoustic wavelength is about two and four in the large and
small device, respectively. Regardless of this difference, the
same behavior regarding the formation and the transition of
the particle patterns was found in the experiments. However,
a reliable numerical model would allow a rapid and a more
detailed investigation of those parameters as also of
importance from the application side. From the perspective
of applications, the discovered phenomena can be helpful for
many disciplines ranging from separation processes to cell
screening. For instance, the simultaneous trapping of cells in
different patterns at different heights promises an improved
single-cell analysis with high throughput as well as a size-
and species-selective patterning in individual virtual wells,

acoustic was
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which may speed up the isolation and analysis of phenomena
affecting only a very small fraction of a cell population.
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