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Abstract

We present an advanced single-particle positioning technique that uses ultrasound-driven microstreaming induced by two
microbubbles to position microparticles across the width of a microchannel or to direct them to desired exits of a Y-shaped
microchannel. An open-loop control algorithm has been devised to facilitate the automatic detection, tracking, and precise
positioning of microparticles in the presence of two microbubbles. Our control system is capable of performing particle
positioning in multiple steps, individually for each microparticle, with arbitrary starting positions without requiring prior
particle focusing or flow conditioning. We have also evaluated the accuracy enhancement of particle positioning using two
microbubbles, in comparison to the system’s results using only one microbubble.
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1 Introduction

Non-contact sorting of microparticles and biological cells
is of great benefit for many fundamental biomedical and
biological applications. Over the past decade, a variety of
functions such as detection, focusing, mixing, counting,
lysis, and analysis of single cells have been successfully
performed using advanced lab-on-a-chip devices (Nilsson
et al. 2009; Nan et al. 2014; Sheng et al. 2014; Mernier et al.
2010; Yang et al. 2006; Zhao et al. 2013). Circulating fetal
cells (CFCs), enrichment of circulating tumor cells (CTCs),
and hematopoietic stem cells (HSCs) (Armstrong et al. 2011,
Wognum et al. 2003; Bischoff et al. 2003; Chen et al. 2014),
as well as single-cell electroporation (Khine et al. 2005) and
single-cell impedance spectroscopy (Han and Frazier 2006;
Cho and Thielecke 2007; Chen et al. 2011; Malleo et al.
2010), are just a few examples of cell isolation that illus-
trate the importance of cell detection, sorting, and removal.
In active cell sorting applications, external fields such as
acoustic, electric, magnetic, and optical fields are typically
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utilized (Shields et al. 2015). However, in some cases, such
as the use of a high-power laser in optical tweezers or a high
electric field in electrokinetic tweezers, the cell membrane
can be seriously damaged or the natural experimental envi-
ronment altered. This highlights the importance of using a
non-invasive and non-destructive force field for non-contact
manipulation at the cellular scale.

As a non-invasive and biocompatible method for position-
ing cells, acoustically actuated microbubbles in microchan-
nels can be used, where the vibration of the bubbles can
generate micro streaming in the form of counter-rotating
vortices (Riley 2001; Marmottant and Hilgenfeldt 2003;
Versluis et al. 2010). The microstreaming can be controlled
by manipulating the frequency and amplitude of the applied
driving force, thus allowing for flexibility in accommodat-
ing various microchannel configurations, including minor
changes in flow rates and channel geometry (Ahmed et al.
2016; Rallabandi et al. 2014; Wang et al. 2013). This level of
control would be challenging to achieve with a binary on-off
approach that relies on unregulated force fields that can only
divert particles away from the main flow towards an out-
let (Chen et al. 2014). Through the utilization of microbub-
ble streaming, micro-particles and biological cells exhibit-
ing varying physical properties, such as size, shape, density,
and compressibility, can be accurately transported to specific
lateral positions within microchannels. This method holds
universal applicability in all microfluidic areas, provided that
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the density of the particles is negligibly different from that
of the main fluid. However, if the Stokes number greatly
exceeds unity, the positioning process may necessitate a
longer period and, in certain circumstances, may fail to yield
desired results. Since the concept is based on oscillating
microbubbles and no moving parts are involved, the posi-
tioning device is robust for long-term operation as there is
no particular need to maintain or clean the integrated parts
on the microchip.

In a recent study, an automated system that uses one
actuated microbubble was developed and qualified to pre-
cisely move single microparticles across the width of a
microchannel to desired locations for their rejections for
instance (Bakhtiari and Kéhler 2022). It has been shown
that in the presence of Poiseuille flow, the effective range of
a microbubble streaming in which the flow can effectively
manipulate the particles is limited by the critical value of
the transducer amplitude and the relatively fast Poiseuille
flow. This limits the single bubble technique to small chan-
nel dimensions.

Multi-step positioning using two microbubbles in oppos-
ing walls could be an alternative approach to improve results
in wider microchannels or at higher flow rates. To explain
this idea, we investigate in this study the effects of two
microbubbles on the accuracy of single-particle positioning
and explained in detail the combined Poiseuille flow with
these two microflows arranged orthogonally in the micro-
channel. To this end, we developed a new control system
compatible with the operation of the system in the pres-
ence of two microbubbles. We have additionally devised an
active methodology to rapidly regulate the dimensions of air
bubbles within the microchannel, with the aim of ensuring
sustained and reproducible outcomes over prolonged peri-
ods of time. This method can be accomplished within a few
seconds (usually 0.5~1 s) and is considered essential for the
efficacy and dependability of the overall process.

2 Experimental setup

This section explains the solution preparation and the experi-
mental setup, which consists of three main parts: a micro-
fluidic system, an optical setup, and the control system,
which are mounted on a vibration-damped table to minimize
experimental errors.

2.1 Solution preparation

In this experimental study, polystyrene microspheres with
a diameter of 2 ym were utilized. These microspheres were
procured from Microparticles GmbH and were suspended
in an aqueous solution containing 23.8 w-w% glycerol.
The suspension was vigorously mixed to ensure uniform
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distribution of the microspheres throughout the solution.
This was done to guarantee that the particles entered the
channel at a random y-position and at a nearly constant rate
of particles per unit of time. The aim of using this solution
was to achieve particles with neutral buoyancy by ensuring
that their density was equivalent to that of the surrounding
medium. To determine the behavior of the particles in the
fluid, we calculated the Stokes number, which was found to
be Stk = 3.9x1073 << 1 based on the experimental param-
eters. As a result, the particles followed the streamlines of
the fluid closely.

2.2 Microfluidic chip

A schematic of the microfluidic experimental setups consist-
ing of microchannels and flow control systems is shown in
figure 1. When a microbubble is subjected to piezo-trans-
ducer excitation within a microchannel, the resulting surface
oscillations of the bubble are transferred to the surrounding
fluid, thereby generating a primary oscillatory flow. This
primary flow, in the presence of the microchannel walls,
induces a secondary flow pattern characterized by counter-
rotating vortices (Marin et al. 2015; Riley 2001; Marmottant
and Hilgenfeldt 2003; Versluis et al. 2010). The microchan-
nel with height H=100 pm, width W=500 um and length
L=20 mm has the side pits with width w=80 um and length
h=200 um spaced 1500 um apart. Following previous stud-
ies (Wang et al. 2013; Rallabandi et al. 2014; Ahmed et al.
2016; Tovar and Lee 2009; Ahmed et al. 2009), the width
of the pits was chosen to be not too wide to avoid signifi-
cant 3D flow phenomena around the bubble and not too
narrow to create a very small bubble with minimal impact
on the flow field. The microchannels were fabricated using
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Fig.1 Schematic of the microfluidic chip and the flow control sys-
tem. The PDMS microchannel of width W, height H, and length L has
two side cavities of width w and length 4 spaced apart (1500 pm in
this work). The cavities in (PDMS) are interconnected through a side
channel that is further linked to the pressure regulator through the
tubing. The microbubbles are excited by a piezoelectric transducer
and generate primary oscillatory flows that lead to secondary flows
in the form of counter-rotating vortices. The flow rate is controlled by
the syringe pump, and the pressure regulator adjusts the pressure of
the liquid and bubbles to stabilize their size
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the standard soft lithography method, analogous to the
approach described by Wang et al. (2012). The flow rate
within the microchannel is regulated using a syringe pump
(neMESYS), which allows for precise control over the vol-
ume of sample solution introduced into the system. To main-
tain a constant bubble size, a pressure regulator (Fluigent-
MFCS” M-EZ, 0-1000 mbar, France) is employed to adjust
the pressure differences between the outlet and interior of
the bubbles.

2.3 Optical setup

The microfluidic chip is placed on the three-dimensional
motorized stage of an upright Zeiss Axiolmager.Z2 micro-
scope equipped with a dichroic filter and a 10X objective
(EC Plan Neouar 10x/0.3 M27) to which an sSCMOS camera
(pco.edge 5.5) is mounted. The proposed system is capable
of being operated in both bright-field and dark-field modes
with a signal-to-noise ratio (SNR) suitable for detecting dif-
ferent types of particles. In bright-field microscopy, the par-
ticles are illuminated from behind, and the camera captures
the shadow of the particles. In epifluorescence microscopy,
fluorescent particles are illuminated by a continuous-wave
laser or a high-power LED through the optical path, and
the camera records the fluorescent light emitted from the
particles. As fluorescent particles were used in this study,
epifluorescence microscopy was preferred over bright-field
microscopy due to its higher SNR. This makes it possible
to detect particles without capturing unwanted features such
as impurities or channel contamination during imaging. The
detection of particles can be achieved by simple thresholding
during processing, which significantly reduces the process-
ing time and error rates as compared to bright-field micros-
copy. In bright-field microscopy, a longer processing process
is required, such as inverting the raw images, removing the
background, and correcting the particle shape.

2.4 Control system setup

Lab-VIEW (National Instrument, USA) is used to perform
and simultaneously control the entire process of image
acquisition, image analysis, and particle positioning in live
mode through a custom-designed feedback system. The
feedback control system consists of a function generator
(GW INSTEK AFG-2225), an amplifier (Krohn Hite 7500),
and an oscilloscope (Teledyne LeCroy HDO6104) to trans-
mit the predefined electrical signal to a piezoelectric trans-
ducer mounted on the microfluidic chip. The function gen-
erator is triggered by a National Instruments USB-6002
DAQmx data acquisition device that receives commands
from Lab-VIEW (see Fig. 2).

Fig.2 The experimental setup consists of a microfluidic system, an
optical setup, and a control system. The optical setup consists of an
upright microscope with a 10x objective (I), a camera (II), and light
sources (IIT). The microfluidic setup consists of the microfluidic chip
and the piezoelectric transducer. The piezoelectric transducer is posi-
tioned at a distance of 12 mm from the first cavity (A) and 13.5 mm
from the second cavity (B) within a microchannel that is 20 mm in
length (IV), a syringe pump (V) that charges the flow into the chan-
nel, and a pressure controller (VI) to control the bubble size. Finally,
the piezoelectric element is activated by a function generator (VII),
an amplifier (VIII), and an oscilloscope (IX) controlled by LabVIEW

2.5 Methods

The principle of particle positioning with two microbub-
bles in this study follows a similar basis as the approach
described in Bakhtiari and Kéhler (2022) for the system with
one microbubble. In this context, the initial position of each
incoming particle is detected, given that all particles possess
random y-positions. If it does not match the intended final
y-position (y,) at the end of the channel, the microbubble
is activated to initiate the streaming with the aim to pull
the particle up or down until it reaches the desired location
¥, (see Fig. 3). At this moment, the piezo element is deac-
tivated so that the particle remains at the same spanwise
location (y-direction) as y, for the rest of its path. The FOV,
or field of view, is set to image the entire area in which
particle positioning takes place. Typically, this area is the
effective microstreaming region, as illustrated in figure 4.
During operation, the FOV may be displayed to the opera-
tor for monitoring purposes or turned off when not in use.
Since it is unnecessary to manipulate particles outside of the
ROIs (regions of interest), only data from within the ROIs of
the raw images are selected for particle positioning process-
ing. This approach enables faster operation in live mode.
The data from the ROIs are processed simultaneously and
the results can be visualized to the operator individually or
together, either before or after processing, such as with raw
or binary images. If desired, the visualization of the results
can be turned off (for more details see Bakhtiari and Kahler
(2022)). However, the use of two microbubbles requires a
more comprehensive, complex, and faster control system and
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transducer

Fig.3 The principle of positioning single particles with the help of
two microbubbles (¥, green > Vo> Yp-white = Vo> Ypyellow < ¥)- Upon the
entry of a particle into the regions of interest (ROIs), the piezoelec-
tric transducer is activated, resulting in the excitation of microbub-
bles and the generation of microstreaming. This phenomenon induces
downward flows and upward flows in the blue and red ROIs, respec-
tively. The excitation persists until the particle is removed from the
ROIs and positioned at the same spanwise location (y-direction) as y,

—(107?) 10-2 100 102
vy, [um/s]

—(10%) —(10%)

Fig.4 The results of tracking 2 um particles in a combined Poi-
seuille flow (from left to right) with the microbubble streaming when
the bubbles are continuously oscillated by an excited piezoelec-
tric transducer with 75 Vpp at (18.9 kHz). The y, value indicates the
y-position of the separatrix streamline at x=0. The region highlighted
in d denotes an area where particles (located between the first and
second separatrix) pass through both bubbles streaming without sig-
nificant alterations in their y-positions
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a more advanced microfluidic system to hold and stabilize
two bubbles than the single microbubble system.

2.5.1 Advanced control system

We have designed and implemented an open-loop control
mechanism that utilizes ultrasound-induced microstreaming
of a pair of microbubbles to direct microparticles toward
predetermined outputs of a Y-shaped microchannel or posi-
tion them across the entire width of a straight microchannel
in live mode. Control algorithms with different function-
alities are integrated into the system to detect the intended
single particle, activate the piezoelectric transducer to initi-
ate the microstreaming, and track the particle to reach the
target position, whether the target is defined manually by
the operator or automatically by moving the mouse pointer
in live mode. The control system has been considerably
enhanced to cover a wider field of view (FOV) and to use
more regions of interest (ROIs) that can be placed in more
regions of upward or downward flow, giving the system
more opportunities to adjust the position of the particles,
resulting in significantly higher positioning accuracy com-
pared to Bakhtiari and Kéhler (2022), which could only
work with one microbubble. In this way, particle position-
ing is performed in multi-steps exclusively for each micro-
particle with an arbitrary starting position that does not rely
on prior particle focusing or any kind of flow conditioning
before the operation. However, as will be discussed in more
detail in the next sections, it should be noted that the tech-
nique is designed for the high-resolution positioning of only
one particle in the FOV at a time. Moreover, for a given flow
velocity, the best results are obtained when the superposition
of Poiseuille flow and microbubble streaming (Summation
of the spans of the vortices of the bubbles) can completely
cover the entire width of the microchannel.

2.5.2 Active size control of two microbubbles

When a fast flow is introduced into a microchannel, quasi-
cylindrical microbubbles become trapped within the lateral
pits. To ensure a relatively similar pattern of microbubble
streaming, a similar protrusion depth (d) of two microbub-
bles should be achieved. In general, the bubbles grow and
shrink unevenly due to gas transport through the porous
PDMS channel walls, which can be passively corrected by
connecting the lateral pits to force pressure equalization
(see in Volk (2020)). However, this can take a very long
time, and in some cases, it may never be compensated for
due to the long, narrow, and uneven channel connection.
To achieve rapid and stable leveling of the bubble surfaces,
the cavities can be connected together or individually to the
pressure regulator so that the size and shape of the bub-
ble can be quickly (usually 0.5~1 s) adjusted by changing
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the gas pressure inside the microbubbles. As illustrated in
Fig. 1, the flow rate within the microchannel was accurately
regulated using a syringe pump, while the pressure differ-
ential between the microbubbles’ interior and outlets was
simultaneously controlled through a pressure regulator. In
our experimental setup, the cavities are interconnected by a
side channel, and a pressure difference of approximately 6-8
mbar is maintained within the microchannels.

3 Results and discussion

In this section, a set of practical experiments was carried out
in two Y-shaped microchannels, each of which accommo-
dated one or two microbubbles. Moreover, statistical experi-
ments were conducted in a straight microchannel made of
polydimethylsiloxane (PDMS), which accommodated two
microbubbles, to analyze the combined Poiseuille flow with
microbubble streaming. Finally, the uncertainty of single-
particle positioning was evaluated in the same microchannel
and compared to the findings of the previous study, which
featured a microchannel containing one microbubble.

In previous work, in the presence of Poiseuille flow, the
effective range of single-microbubble streaming in which
flow can effectively manipulate particles was characterized.
It was found that the lateral flow was limited by the critical
value of the transducer amplitude and the relatively fast Poi-
seuille flow, so particles beyond this range (near the opposite
wall of the bubble) could not be precisely directed. Position-
ing particles in multiple steps using a pair of microbubbles
in opposing walls can improve results in wider microchan-
nels or at faster flow rates. In this work, the effect of using
two microbubbles on the positioning of a single microparti-
cle in a microchannel is investigated.

3.1 Effective streaming domain

To achieve efficient particle displacement through the
shortest path, it is advantageous to utilize vortices that are
minimally complex. Volk and Kihler (2018) demonstrated
that the most rapid microstreaming can be attained when
the protrusion depth of the bubble is equal to one-quarter
of the cavity width (i.e., d = w/4, where w represents the
width of the cavity). In this investigation, we achieved the
same protrusion depth by regulating the pressure differential
between the bubble interior and the outlet. We then system-
atically increased the excitation frequency until the point at
which the strongest vortices were observed. The General
Defocusing Particle Tracking (GDPT) technique was used
to track the trajectory of 2 um tracer particles in a glycerol-
water solution with high particle concentrations when the
particles were exposed to a complex flow field resulting from
the superposition of a Poiseuille flow (from left to right) and

the microstreaming generated by two microbubbles with a
diameter of d = w/4. The flow field was characterized at
different Poiseuille flow velocities, while microbubbles were
excited at f,=18.9 kHz with V, =75V ..

The findings are depicted in figure 4a (V,, = 268, um/s)
demonstrate that the streaming of both bubbles can success-
fully draw all the particles, even those farthest from the bub-
bles, into the core of the vortices. This means that each of
the bubbles is individually capable of positioning the target
particles across the entire width of the microchannel. The
dissimilar pattern observed in the second pair of vortices can
be attributed to variations in inflow conditions. Specifically,
the first bubble streaming experiences a pure Poiseuille flow,
whereas the second pair of vortices is subject to a modified
inflow incorporating both the Poiseuille flow and the first
set of counter-rotating vortices. Increasing the mean flow
velocity (Fig. 4b) results in the formation of an asymptotic
point at the bottom of the upstream vortex, which can be
identified by a corresponding critical streamline or separa-
trix (also see Bakhtiari and Kéhler (2022); Thameem et al.
(2016)). Particles located below this separatrix (y, < y;,
in this case, y, <230 um, where y, is the y-position of the
particle and y, is the y-position of the separatrix) avoid prox-
imity to the bubble and avoid being affected by the upward
flow of the vortices. As a result, the first bubble is unable
to manipulate all of the incoming particles (those located
below the separatrix-green line) individually. In the follow-
ing, the particles that escaped the vortices move directly
to the second pair of vortices with small changes in their
lateral position, while the particles above the separatrix line
are pulled into the vortices and, after some rotations in the
loops near the first bubble surface, leave the vortices with
positive lateral velocity components and are captured by the
vortices of the second bubble. The second pair of vortices
span the entire width of the microchannel and can poten-
tially position any particles leaving the first vortices at any
lateral height. When the mainstream is further increased to
622 um/s (Fig. 4c), the range of incoming particles that
can be manipulated by the first bubble is further limited and
the separatrix moves closer to the bubble (y, = 275 um).
In this case, except for two particles with maximum Vpo the
rest of the particles passing from the first bubble can be
dragged to the second pair of vortices which are expanded
across the width of the channel. The positioning of these
two critical particles can be done in two steps so that the
first streaming can bring them to a lower lateral level (e.g.
Y, <450 um), where the second vortices can easily gather
them and drive them to the target position (y,). However, fig-
ure 4¢ displays the maximum main flow velocity (622 um) in
this configuration, with which the system is able to position
particles with any initial lateral values, while the maximum
flow rate for a single bubble configuration was observed at
536 umls, that even precise positioning was not possible for
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particles far from the microbubble (see Bakhtiari and Kihler
(2022)). A further increase of the flow rate to 1400 um/s
results in a slight increment of the lateral height of the sepa-
ratrix to y, = 285 um. This change, although small com-
pared to Fig. 4(c), has a significant impact on the effective
manipulation area of the second bubble. This reduction in
the manipulation area allows particles with a lateral value
greater than 220 um to escape the second bubble streaming
without controllable manipulations. Consequently, particles
with y, >y cannot reach the lower part of the channel
(orange area), and particles with y, <y, cannot be posi-
tioned in the upper part downstream of the microchannel
(yellow area), rendering the system incapable of exploiting
two microbubbles.

3.2 Single-particle positioning via two
microbubbles

3.2.1 Y-shaped microchannel

In many applications, it is often of interest to remove or
separate rare cells or other impurities from the fluid through
one or more side channels. In this study, we put the tech-
nique into practice and demonstrate the integration of single-
particle positioning in a practical application of a Y-shaped
microchannel to direct all (even for selected particles)
into a specific outlet. To achieve this, a side pit is located
upstream of the intersection of the Y-shaped microchannel
to accommodate a microbubble. Changing the shape and
geometry of the microchannel will significantly affect the
pattern and intensity of microbubble streaming. Therefore,
the bubble and the junction are far enough apart (100 pm in
this study) to avoid any disturbance of the general pattern
of counter-rotating vortices when the bubble is excited by
piezoelectrics. The first set of experiments was performed

in a 500- ym microchannel with one microbubble. The Poi-
seuille flow rate of 220 um/s was driven into the channel
and evenly distributed to the side channels at the end of the
microchannel.

Figure 5 shows the results when the 2 um particles are
directed into the upper (250-500 pm) or lower (0-250 pum)
side-channel (outlet). To deliver the particles into the upper
channel (collect), all particles must be positioned in the
range of 250-500 um before they reach the intersection. As
shown in the previous study, the fast upward flow directly
above the activated microbubble can bring the microparti-
cles close to the opposite side of the microbubble. Therefore,
an ROI is placed above the microbubble extending from the
bubble surface to a height higher than half of the channel
(410 um in this study) so that all the incoming particles
with a lateral position y, <250 um enter this ROI and can
be detected. At this moment, the piezoelectric transducer is
activated until the generated upward flow evicts the parti-
cles from the ROI to the upper half of the channel, where
they can be transported by the incoming laminar flow to the
collect outlet through the upper side channel. In case (b),
the goal is to position all particles in the lower half of the
microchannel. To do this, we use the downward flow that
exists upstream and downstream of the activated microbub-
ble. When the particles with y, > 250 um enter the ROIs,
the piezoelectric transducer is activated, resulting in a down-
ward flow in these regions that pulls the microparticles to a
lower lateral level. Similar to the first case, the piezoelectric
transducer is deactivated when the particles leave the ROIs,
and they follow the laminar flow and eventually exit via the
lower lateral channel.

For case (a), the upward flow is only required to lift
particles above the microchannel center, not its entire
width. Thus, higher Poiseuille flow rates can be used if
the microbubble streaming height is greater than half the

Fig.5 Particle tracking of 2 um particles directed into the collection outlet with one microbubble (a and b) and two microbubbles (¢ and d)
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microchannel height. In contrast, the second case requires
strong microstreaming to pull particles at the farthest dis-
tance from the microbubble. This can be difficult in wider
channels, higher flow velocities, or when particles are close
to the opposite wall. In Fig. 5b, at least one microparticle
was unable to enter the lower half of the microchannel
before exiting through the upper side channel at the intersec-
tion. To overcome this problem and enhance the efficiency
of the technique, a second pit is introduced on the opposite
wall of the first bubble to accommodate the second bubble.
The results of this modification are demonstrated in Fig-
ure 5(c, d), which reveal that the inclusion of the second
bubble substantially enhances the outcome, as all particles
can be successfully directed towards the selected outlet in
both cases. Here, the system takes advantage of both stream-
ing futures of counter-rotating vortices, the relatively wider
dragging streaming upstream and downstream of one bub-
ble and the relatively stronger pushing streaming directly at
the surface of another bubble, in a unified direction. This
approach facilitates the positioning of particles via a multi-
stage process. Specifically, particles in close proximity to
the y = 0 plane, which cannot achieve the desired vertical
positioning through the initial bubble streaming process,
undergo a secondary attempt downstream utilizing a second
microbubble positioned on the opposite side of the channel.
This additional step could potentially advance their trajec-
tory toward the intended outlet. Through this mechanism,
the system can achieve enhanced performance at increased
flow rates, and can even operate within wider microchannels
due to the capacity of microbubble streaming to encompass
a greater lateral area.

3.2.2 Quantifying the positional uncertainty of particles
in a straight microchannel

A series of experiments were performed to determine the
uncertainty in the positioning of single particles (with
random y-positions) via two microbubbles. The objective
was to position individual particles in 5 different areas of
10 um along the width (y direction) of the microchannel
with a width of 500 um and a height of 100 um. In this
microchannel, the lateral pits are spaced 1500 um apart
and the microbubbles (w = 80 um, d = w/4) oscillating at
J, = 18.9 kHz and V, = 70 v, when microparticles are in
the ROIs. For accurate positioning of individual particles
within the field of view, only one particle should be present
at any given time. To achieve this, a low concentration of 2
um particles in the glycerol-water solution (23.8% w/w) was
utilized. Data pertaining to time points with the presence of
more than one particle were excluded from the calculation to
ensure data accuracy. The particle suspension is introduced
into the microchannel via a syringe pump operating at a
flow rate of 0.014 ul/s, and the height of the bubble surface

is kept constant by controlling the outlet pressure with the
Fluigent pressure regulator between 7—8 mbar above atmos-
pheric pressure. For each case, an average of 28 valid par-
ticles were captured during 20 min of live operation (100
frames per second).

Fig. 6 displays a comparative analysis of the median value
and median absolute deviation, as represented by error bars,
for five distinct positioning cases involving 2 um particles.
The particles were positioned using either one microbubble
(indicated by red error bars from figure 10 in Bakhtiari and
Kéhler (2022)) or two microbubbles (indicated by blue error
bars) within the predetermined target range. In the depicted
figure, green rectangles demarcate the target range for each
of the five scenarios. The system aims to achieve particle
positioning within a ten-micron range, and the process ter-
minates upon the attainment of this 10-ym threshold. For the
case one of the experiments with two bubbles (blue error
bars), the control system aims to focus the particles in a
range of 45< y, <55 um near the bottom wall, so there is no
need to move the particles to a higher lateral position. There-
fore, the ROIs are placed downstream and upstream of the
lower bubble (y, =0) and directly below the surface of the
upper bubble (y, = 500 um) in the areas where there is only
downward streaming resulting in positioning with a median
value of Yp, = 52.8 uym and median absolute deviation of
MADf = 3.8 um. In the next steps, in cases two to four, the
particles should be focused by downward and upward flows
of the two bubbles in the range of 145<y, <155 um, 245<y,
<255 pm, and 345< y, <355 um, respectively. For this pur-
pose, ROIs are appropriately placed in the upward flow and
downward flow regions and spanned from the walls to the
target positions (y,), resulting in single-particle positions of
Y, of 160.05, 256.9 and 350.5 um with MAD, of 5.2, 7.15,
and 6.5um for C2, C3, and C4, respectively. In Case 5, the
particles should be positioned near the upper wall in the
region of 445< y, <455 um, so the ROIs are placed only in

500

400 T
=300
>200

100

C1 c2 C3 C4 C5
cases

Fig.6 The median value and median absolute deviation of the 5 cases
of positioning 2 um particles with one microbubble (red error bars)
and two microbubbles (blue error bars) within the target range (green
rectangles show the target range for each case)
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the regions of upward flow (downstream and upstream of the
upper bubble and above the bottom bubble, where the fast
upward flow is present), resulting in positioning with a
median value of jfpf = 442.8 ym and a median absolute devi-
ation of MAD; = 3.9 um.

A comparison of the results of similar cases with dif-
ferent configurations shows that the accuracy of particle
positioning, as well as the deviation from the center of the
target area, improves significantly when the system uses
two microbubbles instead of one. Primarily, during the two-
microbubble procedure, there were no instances in which
the particles could evade the vortices without undergoing
substantial manipulation. In contrast, previous research has
shown that particles situated outside the effective streaming
range and far from the vortex’s core encounter difficulties
in achieving full alignment with the desired target. In some
cases, they may never attain the intended position.

4 Conclusions

In this study, we introduce an automated microfluidic bead
sorter that can accurately position single particles with a
precision of tens of micrometers. Notably, this system does
not require additional structures to precondition the flow
for particle sorting, such as the pre-focusing of particles
using sheath flows. Our technique offers several significant
advancements over previous systems that utilize only one
microbubble, including the use of advanced algorithms that
can operate with two microbubbles, a wider microstream-
ing effective range, and the ability to operate at faster flow
rates and in wider channels. Moreover, our method achieves
higher positioning accuracy and allows for faster control
over bubble size compared to passive techniques. By uti-
lizing controllable microstreaming as a sorting operator,
precise positioning of small particles across the width of
a microchannel can be achieved. The controllability of the
microstreaming is achieved by modulating the frequency
and amplitude of the applied driving force, which enables
adaptability to different configurations of the microchan-
nel, including small changes in flow rates and channel
geometry. The process of sorting is not reliant on particular
attributes of particles such as their size, shape, density, or
compressibility. This methodology is broadly applicable in
all microfluidic domains, provided that the particle density
is insignificantly distinct from that of the primary fluid. As
the concept is not based on moving parts, just an oscillating
bubble, the sorting device is robust and does not require any
special maintenance or cleaning operations. Due to the opti-
cal analysis of the particle position this technology is limited
to transparent fluids. Furthermore, the concept requires low
numbers of particles to guarantee reliable sorting.

@ Springer
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