Microfluidics and Nanofluidics (2022) 26:59
https://doi.org/10.1007/510404-022-02566-8

RESEARCH PAPER

=

Check for
updates

Automated monitoring and positioning of single microparticle
via ultrasound-driven microbubble streaming

Amirabas Bakhtiari'© - Christian J. Kahler'

Received: 23 December 2021 / Accepted: 24 June 2022 / Published online: 14 July 2022

© The Author(s) 2022

Abstract

We present a novel technique that uses ultrasound-driven microbubble streaming for automated positioning of single micro-
particles of arbitrary size and physical properties in microchannels. We have developed algorithms for automatic detection,
tracking, and precise positioning of target particles with arbitrary initial positions across the entire width of microchannels
in a live mode that does not require additional structures to precondition the flow for particle positioning. This approach is
universally applicable in all areas of microfluidics, regardless of particle size, shape, density, and compressibility. In this
study, experiments were performed to position particles of different sizes (2, 5, 10, 15 pm) in 5 lateral regions in a 500 pm
microchannel, resulting in valid positioning accuracy for single particles (up to MAD; = 2.3 pm in a 500 pm).

Keywords Microfluidics - Microbubble - Single particle analysis - Particle positioning

1 Introduction

The manipulation of microparticles and cells plays an impor-
tant role in numerous medical and biological applications.
Over the last decade, advances in microfluidics have ena-
bled wide range of functions such as the recognition, focus-
ing, mixing, counting, lysis, and analysis to be performed
on individual cells utilising 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). The enrichment
of circulating tumor cells (CTCs), hematopoietic stem cells
(HSCs), and circulating fetal cells (CFCs) (Armstrong et al.
2011; Wognum et al. 2003; Bischoff et al. 2003; Chen et al.
2014), along with single-cell impedance spectroscopy (Han
and Frazier 2006; Cho and Thielecke 2007; Chen et al. 2011;
Malleo et al. 2010), and single-cell electroporation (Khine
et al. 2005) are only a few examples of cell isolation, which
underlines the importance of biological cell and single par-
ticle manipulation.
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Active cell manipulating applications typically use
external fields such as acoustic, electric, magnetic, or
optical fields to apply forces to displace cells (Shields
et al. 2015). In acoustofluidics, particle manipulation
in a microchannel is typically performed by using bulk
acoustic standing waves (Augustsson et al. 2016), sur-
face acoustic waves (Collins et al. 2015), and acousti-
cally actuated microbubbles whereby the bubble oscilla-
tion can generate counter-rotating vortices (Riley 2001;
Marmottant and Hilgenfeldt 2003; Versluis et al. 2010).
Acoustically actuated microbubbles in microchannels are
a biocompatible method for cell manipulating where the
change in frequency and amplitude of actuation can easily
control the streaming flow, resulting in precise control of
the particle manipulation (Ahmed et al. 2016; Rallabandi
et al. 2014; Wang et al. 2013), whereas this would be a
challenging task in applications using an on-off method of
the uncontrolled force fields that can only deflect particles
from mainstream to the waste (e.g. using highly focused
high-frequency traveling SAW (Collins et al. 2016) or
cavitation a bubble in PLACS (Chen et al. 2014)). In our
previous studies, extensive investigations of microbub-
ble streaming showed that it can be effectively used to
mix microparticles. As a next step, we wanted to tackle
another important goal of our project, namely to find out
whether this non-invasive streaming can also be used
to position particles instead of mixing them. Although
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in some studies particle manipulation via microbubble
streaming has been discussed in some studies (Patel et al.
2012; Thameem et al. 2016) and streaming of microbub-
bles by continuously actuating the piezo element has been
used for particle separation of size-dependent particles,
here we activate or deactivate the piezo element based
on the current particle position independently of particle
size or compressibility. So that an operator can effectively
specify the single particle positions at the preferred time
in the live mode, which would be essential when isolating
rare cells or removing unwanted contaminants in a flow. In
this way, positioning does not depend on specific particle
properties such as size, shape, density, compressibility,
etc., making this approach universally applicable in all
areas of microfluidics. Since the concept is not based on
moving parts but only on an oscillating bubble, the posi-
tioning device is robust and does not require any special
maintenance or cleaning, and can be easily integrated into
various applications. However, the precise and rapid oper-
ations on lab-on-a-chip devices, which integrate various
functions on a miniature chip, highlight the essential need
for an advanced control system and a reliable, fast control
system that can improve the accuracy and speed of cell
manipulating in microfluidic applications.

In this study, we present a novel autonomous technique
for precisely positioning single particles across the width
of the microchannel by ultrasound-driven microbubble
streaming. To achieve this, we integrate open-loop control
algorithms into the operation and demonstrate precise active
cell positioning. Using our control system, particle position-
ing is performed for each microparticle individually with
an arbitrary starting position, without the need for prelimi-
nary focusing or flow conditioning before positioning. This
technique incorporates the control algorithms and various
functionalities to detect the initial position of a target single
particle, apply the microstreaming at the right time by trig-
gering the piezoelectric input, and track the target to reach
its final position with an accuracy of up to tens of microm-
eters, whether the final position is manually set by the opera-
tor or automatically defined by the movement of the mouse
pointer in live mode.

This technique can be used to remove unwanted con-
taminants from flow or to isolate single biological cells
or other contaminants based on their physical properties,
which requires a single-cell suspension. Therefore, bio-
logical cell samples must be processed into a single-cell
suspension prior to flow cytometric analysis. There are a
number of protocols that involve mechanical dissociation
or enzymatic digestion of the sample, but these are beyond
the scope of this work. However, the analysis of bacteria is
not only important for blood analysis but also crucial for
other microbiological studies, such as wastewater treat-
ment and analysis, the formation of bio-barriers to prevent
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groundwater contamination, etc (Vrouwenvelder et al. 2009;
Klapper and Dockery 2010; Flemming 1997; Creber et al.
2010; Tchbanoglous et al. 2003).

2 Experimental setup

This section describes the experimental setup, which gener-
ally consists of three main parts: a microfluidic system, an
optical setup, and the control system. To reduce measure-
ment errors, the entire setup is mounted on an anti-vibration
table.

2.1 Microfluidic chip

A schematic of the microchannel and flow control system
is displayed in Fig. 1. In this work, experiments are per-
formed in a PDMS microchannel containing a side pit to
trap a cylindrical microbubble by Poiseuille flow (Toghraie
Semiromi and Azimian 2010; Rahmati et al. 2018). The
microchannel of height H = 100 pm, width W = 500 pm,
and length L = 20 mm has a side pit of width w = 80 pm
and length 4 =200 pm (Fig. 2). Following the 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 cavity was chosen so that it is not too wide in order
to avoid significant 3D flow phenomena around the bubble,
and not so narrow that it creates a very small bubble with a
minimal effect on the flow field. The microfluidic chip was
fabricated by the standard soft-lithography method, analo-
gously to the approach described by Wang et al. (2012). For
the experimental study, the microchannel was filled with an
aqueous glycerol solution containing fluorescent polystyrene
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Fig. 1 Schematic of the microchannel and flow control system.
PDMS microchannel of width W, height H, and length L has a side
pit of width w and length 4. The microbubble is excited by a piezo
transducer and generates a primary oscillating flow that leads to a
secondary flow in the form of counter-rotating vortices. The flow rate
is adjusted by the syringe pump, and the pressure regulator tunes the
pressure of the liquid to stabilize the bubble
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Fig.2 The devices of the experimental setup are divided into three
main parts: a microfluidic system, an optical setup, and the setup for
the control system. The optical setup consists of an upright micro-
scope with a 10X objective (I), a camera (II), and light sources (III).
The microfluidic setup includes the microfluidic chip, which consists
of a piezoelectric element placed at a distance of 14 mm from the

particles with a diameter of 2.24 pm (Fluored Particles,
Microparticles GmbH, Germany). The glycerol content of
23.8 % (w-w) in the aqueous glycerol solution was used in
this work to obtain buoyant particles for particle positioning.
The sample flow is driven into the channel in a controlled
manner by means of a syringe pump (neMESYS) and a pres-
sure controller (FluigentMFCS™-EZ, 0-1000 mbar, France).

2.2 Optical setup

The microfluidic chip is located on the three-axis motor-
ized stage of an upright Zeiss Axiolmager.Z2 microscope
equipped with a 10x objective (EC Plan Neouar 10x
/0.3 M27) to which an sCMOS camera (pco.edge 5.5) is
mounted (see Fig. 2). A continuous laser, high-power LED,
or halogen light can be used to illuminate the particles in
the flow so that an optical recording with the camera can be
possible (see Fig. 3).

2.3 Control system setup

Lab-VIEW (National Instrument, USA) is used to simul-
taneously control image acquisition, image analysis, and
particle positioning in live mode with a custom-made
feedback system. The feedback control system consists
of a function generator (GW INSTEK AFG-2225), an
amplifier (Krohn Hite 7500), and an oscilloscope (Tel-
edyne LeCroy HDO6104) to send a predefined electrical
signal to the piezoelectric transducer which is mounted to

cavity in the center of the 20 mm long microchannel (IV), a syringe
pump (V) that drives the flow into the channel, and a pressure regu-
lator (VI) to control the bubble size. Finally, the piezo transducer is
actuated using a function generator (VII), an amplifier (VIII), and an
oscilloscope (IX) controlled by LabVIEW
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Fig.3 The optical setup includes an upright Zeiss Axiolmager.Z2
microscope equipped with a 10x objective (EC Plan Neouar 10x
/0.3 M27) and a CMOS camera (pco.edge 5.5), using continuous
laser and high-power LED for fluorescence microscope

the microfluidic chip (see Fig. 2). The function generator
is triggered by a National Instruments USB-6002 DAQmx
data acquisition device that receives commands from Lab-
VIEW (Fig. 5). When the program is started, the predefined
camera settings (FOV size, exposure time, frame rate,...) are
sent to the camera, and image acquisition starts (see Fig. 4).

The next step is the segmentation of the images into
ROIs. The origin, width and height of the ROIs are cal-
culated based on the channel dimensions, bubble position
and the target position, which can be defined manually in
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Fig.4 Flow chart of the particle
positioning algorithm (Lab-
VIEW). ROIs are defined based
on test setup parameters: y,
represents the width of the
channel, y, target position, x;
center of bubble, 2a width of
the cavity, and e gap between
upward and downward flow (in
this study e, = e, = 100 pm
based on flow characterization
Fig. 6)

Fig.5 Schematic of the
control system for position-
ing individual particles with
different positions ( Y, green >
Yo yp-while =Y yp-yellow < yl)'
The microbubble is activated
by the piezo transducer when a
particle is detected in the ROIs
(red rectangles), which are
extended to the entire width of
the channel, except at the target
level. The generated streaming
evicts the particles from the
ROISs to reach the same level

as y
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LabVIEW or automatically by reading the target position
(y,) of a mouse pointer as it moves (up and down) on the
FOV display. After this step, the reduced data is converted
into binary data by applying an appropriate threshold and
inversion, in the case of bright field imaging. The proper
threshold can also be set manually or automatically in the
presence of a sample particle in the FOV. Then, the par-
ticles are detected, analyzed and tracked by different sub-
algorithms (such as a particle finder or circle finder,...) and
important parameters such as dimensions and positions...
are extracted to be used for further processing. e.g. send-
ing digital signals (triggering) to the function generator
to send the predefined signal (resonance frequency of the
microbubble) to the piezoelectric. For monitoring pur-
poses, the original images of the FOV and binary images
of the ROIs are displayed on the control panel. These
images can be stored temporarily in the camera’s RAM
or permanently on a hard disk for further data analysis.

3 Methods

The investigation of single particle positioning using a
feedback control system represents the most important
part of this work. In this section, the bubble stabilization
in a steady-state flow, particle detection, and positioning
methods are discussed.

3.1 Stabilized bubble in steady-state flow

The presentation of a steady-state flow together with a sta-
bilized microbubble is intended to examine the proposed
technique in detail. Rapid filling of the microchannel with
liquid causes an air pocket to be trapped in the side pit
that creates a quasi-hemicylindrical microbubble. PDMS
as a porous medium is highly permeable to gases (Xia
and Whitesides 1998). Depending on the relative pressure
difference between the bubble and the external environ-
ment, the inflow or outflow can cause the bubble to grow
or shrink (Volk and Kihler 2018). Volk et al.(Volk et al.
2015) could overcome this issue in a stationary fluid by
developing a proportional—integral-derivative (PID) con-
troller that controls the equilibrium of gas transport. To
adapt their approach to stabilize the micro-bubble for com-
bined Poiseuille flow with bubble streaming, the syringe
driver was added to the system to control the flow rate,
while the hydrostatic pressure was kept constant by the
pressure controller. In this fashion, any desired Poiseuille
flow rate is achieved with a syringe pump, and at the same
time, the pressure regulator can tune the pressure in the
channel (Fig. 1).

3.2 Particle detection

Particle detection and recognition processing is the first
task in particle positioning. This provides feedback to
the control system and consequently to the actuator for
positioning the particles throughout the entire operating
time. To achieve high resolution and interactive particle
positioning, the frame rate of the sCMOS camera in the
live mode is set to 100 Hz for the flow velocity studied
here. To obtain a smooth data computation in live mode,
image processing is applied only to small regions of inter-
est (ROI) inside the FOV, as indicated in Fig. 5. Depend-
ing on the size, shape, and content of the particles and the
basis of the method (machine learning-based, predefined
control algorithms, etc), different approaches can be used
to identify the target particles. In this study, the control
algorithms are developed independently of each other so
that any other particle detection method can be easily inte-
grated into the control system.

Depending on the application, different types of light
sources can be used with different particles. It is our under-
standing that there is a great interest in the detection and
processing of biological cells larger than 2 pm (2.24 pm),
such as yeast cells (typically 3—4 pm), due to their mor-
phological characteristics. The particle size of 2 pm/s was
chosen as the lower interval of a range to ensure successful
particle detection for larger particles. In our laboratory for
epifluorescence microscopy, we have different illumination
light sources available, such as high-power LED, green laser,
and filtered light of a mercury lamp (green light). However,
due to the high light fluctuation rate of a mercury lamp (300
Hz), the use of laser or LED light is preferred. The illumi-
nation of fluorescent particles provides a high SNR where
the emitted particle appears in the dark background field of
view. In this case, most unwanted features, be it impurities
in the fluid or channel contamination, are automatically fil-
tered out in the very first steps and do not find their way into
the processing algorithms, which significantly reduces the
processing time and errors.

However, this technique is not always applicable, for
example when the cells of interest are not fluorescent or a
higher imaging rate with a significantly shorter exposure
time is required, using higher light intensity might be too
strong for the microscope optics or the cells. To over-
come this limitation, shadowgraphy using background
illumination can be used as an alternative method when
epifluorescence is not practical (e.g. Volk et al. (2019)).
The recorded images are later inverted to use the same
image processing as with epifluorescence. In this way,
using a 100 W halogen lamp can significantly increase
the brightness of the recorded images. This allows us to
reduce the exposure time from 1 ms to 3.8 ps, so that the
camera can record at higher frame rates. The same bright
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field processing also performed for particles of different
sizes (2, 5, 10, and 15 pm), resulting in a valid signal-to-
noise ratio (at least 5 for 2 pm particles).

Whether in darkfield or brightfield mode, the parti-
cles are either brighter or darker than the background and
there should be no problem as long as the objects in the
flow do not perfectly match the index of refraction of the
flow medium. Therefore the target particles can be always
identified reliably by thresholding, background removal,
and binarizing the ROIs of the recorded images.

4 Results and discussion
4.1 Effective streamingrange

In the technique we propose, the secondary microstream-
ing flow caused by resonant ultrasonic actuation of micro-
bubbles is considered to be the operator that mobilizes
the target particles to the desired lateral position across
the width of the microchannel. To achieve fast particle
displacement by the shortest path, the strangest vortices
with minimal complexity are preferred. Volk and Kéahler
(2018) showed that the fastest streaming occurs in the
first resonance mode when the protrusion depth of the
bubble equals a quarter of the width of the cavity (d =
0.5 a, a is half of the width of the cavity).

To determine the effective range in which the flow can
significantly mobilize the particles, the combined Poi-
seuille flow with the bubble streaming was characterized
for the first resonance mode under steady-state conditions
for different voltage amplitudes of the piezo transducer.
The experimental conditions were considered similar to
those used for particle positioning. General Defocusing
Particle Tracking (GDPT) Barnkob et al. (2015) was used
to track the 2 pm tracer particles in the combined Poi-
seuille flow (from left to right) with the streaming flow
when the microbubble (d = 0.5 a) oscillated by applying
v, = 75 V,,, at its first resonance mode f. = 18.9 kHz
(Fig. 6). Results show that the flow field is separated into
two main regions by a separatrix (shown in red). Particles
above the separatrix can not reach the streaming loops
near the bubble and return downstream of the microchan-
nel to almost the same initial lateral level as upstream (see
Fig. 6). It was observed that as the peak-to-peak voltage
on the piezoelectric element increases, the separatrix line
moves towards the center of the channel until a critical
value is reached, beyond which the bubble detaches from
the cavity - resulting in loss of bubble streaming. There-
fore, the peak-to-peak value was chosen here just below

the critical value (75 V).
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Fig.6 Tracking of 2 pm particles in a combined Poiseuille flow (left
to right) with the streaming flow when the microbubble (d = 0.5 a)
oscillated by applying 75 V , at (18.9 kHz). Particles above the sepa-
ratrix (red line) cannot reach the loops and then return downstream of
the microchannel to nearly the same initial lateral level, unlike parti-
cles below the separatrix, which can be trapped in the counter-rotat-
ing vortices and reach any lateral position in these loops. The green
dashed line is the path of the last trapped particle (y; ,,,) by the coun-
terrotating vortices in the y-direction where the particles below this
line can be mobilized and released at any point (e.g. red crosses) and
maintain their y-position for the rest of the way (black dashed arrows)

4.2 Operating principle

As shown in Fig. 5, the center of the microbubble is con-
sidered the center of the coordinate system, with the x-axis
defining the streamwise direction, and the y-axis defining
the spanwise direction. In this schematic y, stands for the
lateral position of an incoming particle and y, stands for the
final position where the particle should be located in the
y-direction. The main goal is to laterally transfer the particle
from y,, to y, within the effective streaming range. To address
this issue, the transducer remains off (passive mode) and is
only turned on (active mode) if an incoming particle with a
yp other than y, is present in any of the ROISs. If y, is different
from y,, the microbubble is activated to create the streaming
for the movement of the particle up or down until it reaches
the same level as y,. At this moment the microbubble should
be turned off so that the particle remains in the y, level for
the rest of its path (see e.g. Fig. 8).

Particles with Stokes number smaller than one (Stk<1)
closely follow the streamlines of the fluid and exit the ROI
on the horizontal side, which is aligned with the y, level (see
Fig. 5). However, it takes longer for particles with Stk>1
and in some cases with Stk >>1 and faster Poiseuille flow
(insufficient operating time), the particle may not fully reach
the y, level and exit the ROI on the vertical side.

The exact dimensions and positions of the ROIs are highly
dependent on flow rate, microbubble streaming, particle size,
target position, etc. In general, a measurement of streaming
flow (Fig. 7) can identify the area with upward or downward
flow features that help to accurately arrange the optimal con-
figuration of ROIs for a particular target location. Generally,
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Fig.7 Measured combined poiseuille flow with streaming flows of
cylindrical microbubbles at an actuation frequency f, = 18.9 kHz
with V, =75 V.. Fast upward streaming is located in a narrow region
(=100 < xypwarg < 100pm) above the microbubble (red rectan-
gle). Relevantly slow downward streaming regions are determined
upstream and downstream of the microbubble

500

400
"£7300:
3

=200

100 :

-600 -400 -200 7200 400 600 800

X [um]

Fig.8 Case 1, two ROIs (red rectangles) are used to detect and focus
the particles near the wall within the range of 0 <y, < 100 pm (yel-
low band). Red arrows in the ROIs show the y-direction of the flow
when the bubble is actuated. In the green area the piezo is off. The
blue paths show particle focusing paths. Two particles (red crosses)
could not be directed because of the long distance from the bubble

the area upstream and downstream of the bubble with suffi-
cient distance between the loops (depending on the flow
velocity, in this work e; = e, = 100 pm) is suitable to bring
the particles down, with the flow directed downward. The
downward flow upstream of the bubble is focused on the
center of the bubble, which is faster with a higher gradient
than the downward flow downstream of the bubble and can
also carry the particle to the level up to the surface of the
bubble, while the same level cannot be reached by the down-
ward flow downstream of the bubble. Strong upwards stream-
ing right above the actuated bubble is considered to push the
particle out of the bubble in the positive y-direction. Due to
the fast flow in this area, the positioning takes less time than
in the other regions, therefore the width of the ROI can be
chosen as relatively small to avoid unwanted trapping of the
particles in the counter-rotating vortices. Thus individual
ROIs, acting as virtual sensors, span the entire width of the
microchannel in the effective streaming region (see Fig. 4),

starting from the top wall to the y-level in the downward flow
regions (0 < Hyoy, < y,) and from the y-level to the bottom
wall in the upward flow region (y; < Hgey, =~ < Ymay)- The y;
-level itself is defined as a narrow region (10 pm in this
study), so particles entering this region are considered cor-
rectly positioned and the system is deactivated. The target
itself can be defined manually by entering the y-position in
the front panel of LabVIEW or getting the coordinates of the
mouse pointer when it is moved within the FOV in live mode.
In this case, the ROIs are set automatically to bring the par-
ticles to the same lateral level as the mouse pointer in live
mode.

However, adding an ROI downstream of the bubble to
bring down the particle may increase accuracy in a case
where the particle could not successfully reach the target
level by passing from the first ROI (see Fig. 8). In any case,
if a particle cannot reach the target within one or more ROIs,
the algorithm deactivates the operation as soon as the par-
ticle leaves the ROI.

4.3 Active particle positioning
4.3.1 Experiments

This technique was developed using one microbubble that
aims to position a single particle or isolate one rare cell
at a time (one particle at a time in the FOV). For this rea-
son, a low concentration of 2 pm particles in the solution
(glycerol-water 23.8% w/w) was used in this study, and data
with the presence of more than one particle at a time were
excluded from the calculation. Experiments were performed
to determine the uncertainty of positioning the single par-
ticles within 5 distinct regions of 100 pm along the width
(y-direction) of the microchannel with a width of 500 pm,
and height of 100 pm. This could be a good estimate for
practical applications with a 500 pm microchannel, where
an operator can freely direct a single particle into one of
the 5 outlet channels. Experiments were carried out using
a microbubble (w = 80 pm, d = 0.5 a) oscillating at its first
resonant mode f;, = 18.9 kHz and V., =70 V.. The particle
solution is propelled into the channel by the syringe pump
(0.014 pl/s) and the bubble surface height is controlled by
regulating the outlet pressure between 6 and 8 mbar above
atmospheric pressure. On average, each run took about 20
min at 100 frames per second, so an average of 24 valid
individual particles were captured in each case.

In case one (C1), the particles are focused near the wall
within a range of 0 <y, < 100 pm downstream of the
channel by placing one ROI upstream and another down-
stream (Fig. 8), resulting in a focusing with a median
value of j, = l4pm and median absolute deviation of
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MAD; = 2.3 pm. In this case, since it is not necessary to
push the particles against the opposite side of the bubble,
both ROIs are in the region where the only downward flow
is present, with ROI1’ being taller to converge the particles
more near the wall. As can be seen from the tracked par-
ticles (blue paths), ROI1’ significantly supports focusing
the particles that did not fully reach the target level when
passing through ROII. It can also be seen that the two par-
ticles with y, > 400 pm (red crosses) could not be directed
because they are far from the bubble, where the streaming
is relatively slower than at the lower levels, which are closer
to the bubble.

In the next step, in case two (C2), the particles are
brought down and up by ROI1 and ROI2, respectively, to
position them in a range of 100< y, <200 pm. The same
procedure is performed for case three and case four for the
ranges 200< y, <300 pm and 300< y, <400 pm (resulting
¥y, of 150.14, 253 and 364.7 pm with MAD;y of 14.7, 24.6,
and 30.5 pm for C2, C3, and C4 respectively). In these three
cases, ROI2 is located just above the bubble, i.e., in the
region where there is an upward flow that lifts the particle
to the target level. In case 5, particles are positioned in the
range of 400< y, <500 pm, near the wall in front of the
bubble. Since no downward flow is used in this case, only a
single ROl is placed near the center of the bubble where the
fastest upward flow is available to bring the particle to the
farthest lateral plane of the microchannel, resulting in posi-
tioning with a median value of j,, = 429.4 pm and median
absolute deviation of MAD; = 29.4 pm.

The results for all cases are shown in Fig. 9. The use
of two ROIs in case 1 (0 <y, < 100pum) shows that the
use of downward streaming upstream and downstream of
the microbubble can significantly increase the positioning
accuracy. Besides, the large range of downward flow (ROIs
in Fig. 8) provides more time to bring the particles down
(negative y-direction) which provides the highest accuracy
among all the cases. In cases 2, 3, and 4, the combination

500

400 — 1ROI l

— 2ROIs I =

—300
1S
>200

100

C1 C2 C3 C4 C5
cases

Fig. 9 The median value and median absolute deviation of the 5 cases
(blue error bars). Green rectangles show the target range for each
case. Red error bars show the improved results when using additional
ROI downstream of the bubble
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of downward and upward streaming is used and the results
show that particles are properly located in the target ranges.
Unlike case 1, where more space, time, and a slower down-
ward flow were available, correspondingly fast upward flow
in this narrow region above the microbubble limits the time
to accurately lift the particles to the target level. Therefore
with small movements back and forth from the center of the
bubble (x, = 0), slower upward streaming can be provided
for positioning the particle in the lower level of the micro-
channel. However, the size and location of ROI2 should be
tuned within a range of =100 < Xy, < 100 pm where the
upward streaming is present. Since in case 2, most incoming
particles should still be brought down rather than up, just
as in the first case, downward streaming can provide decent
accuracy in this case. In case 3, the chance of bringing the
incoming particles up and down to the center of the channel
is almost equal. In this range, the upward flow is still fast and
the effect of skipping the fast-rising particles from the target
area may slightly reduce the positioning accuracy compared
to the other cases. To overcome this problem, ROI2 shifts
slightly (to the left or right) from the center of the bubble
where the upward flow is slower. Although more particles
should move up than down in case 4 compared to the previ-
ous case, the slower upward streaming for this range (farther
than the bubble) causes higher accuracy than in case 3.

4.3.2 Additional ROIs

To further increase the positioning accuracy (in cases 2, 3,
and 4), similar to the first case, another ROI (ROI1’) was
added to the region of downward flow downstream of the
bubble. This allows the particles that could not be accurately
positioned by the previous ROIs to have another chance to
approach the target. The red error bars show the improved
results in cases 2, 3 and 4 (Fig. 9). And finally, case 5
(400 <y, < 500 pm) where all particles should be located
near the front wall of the bubble. To use the full capacity of
upward streaming the ROI is located exactly at the center of
the bubble (Xzo = X;), where the fastest streaming exists.

500

— 2 pum :[II
— 5um
400 — 10 pm 5
15 pm I
—300
€ T =
= I
>200
III
100
I
0 =
C1 C2 C3 C4 C5

cases

Fig. 10 The median value and the mean absolute deviation of the 5
cases for the particles with different sizes (2, 5, 10, 15 pm)
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The results of case 5 also show the limit of particle position-
ing in this work to determine how accurately and far away
from the bubble particles can be localized.

4.3.3 Larger particles

As mentioned earlier, positioning can take longer for larger
particles with a higher Stokes number. Figure 10 shows the
comparison between the results of 2 pm particles with the
results of a series of experiments that were performed with
5, 10, and 15 pm particles at V,,.,, = 268 pm/s (the quantita-
tive values can be found in the supplementary). As can be
seen, in each case, although the positioning accuracy differs
slightly, no dramatic changes in MAD; for larger particles
are observed compared to the results of positioning 2 pm
particles, and the particles with a valid accuracy were suc-
cessfully positioned in the target areas (green area). The dif-
ferences in median values can be optimized and aligned to
the center of the target area by moving the ROIs slightly up
or down so that more particles are placed in the desired area.
In general, positioning of larger particles is not a problem as
long as sufficient operating time (duration of particle present
in the ROI) is available, which can be limited by increasing
the flow rate.

4.3.4 Different flow rates

Although the system must be tuned at the beginning of each
new test condition (new flow rate), the previous experiment
was repeated for two higher flow rates, keeping all control
parameters (positions and dimensions of the ROIs) constant
and increasing only the flow rate to see how increasing
the flow rate affects the results. The comparison between
the three conditions (V,,.,, =268 pm/s, 1.5 X V..., and
2 XV, ean> the syringe pump is set to 0.014, 0.021, and
0.0315 pl/s) is shown in Fig. 11. As can be seen, the devia-
tions in C1 results are significantly higher at faster flow rates
(= 2.33,20.88 and 13.92 pum for 268, 402 and 536 pm/s

500
—  268pm/s
400 — 402pm/s _ l T I
— 536 pm/s - T
—300
€ =
= T
>200
TTx
100
_IxT
0
C1 c2 C3 C4 C5

cases

Fig. 11 The median value and the mean absolute deviation of the
5 cases for three conditions (V,,.,, =268p m/s, 1.5 X V, and
2%V,

mean)

nean?®

respectively), due to insufficient operating time to pull down
the incoming particles with higher y values, since in this
case, the particles leave the ROI at the vertical side before
reaching the horizontal side (y,). In contrast to the minor
increase in deviations in C2—C4, we find that the particles
are positioned at lower levels compared to the results at 268
pm/s.

By increasing the Poiseuille flow/microstreaming ratio,
the topology of the flow changes, and the lateral streaming
is reduced, so the ROIs should be positioned slightly higher
to compensate for this deficiency. This shows the importance
of tuning the system for different flow rates at the beginning
of the operation. Unlike previous cases where the devia-
tions were still within the green target range (even with some
changes in their amount), the particles of C5 could not be
successfully positioned and the deviation exceeded the tar-
get range when the flow rate was increased. As expected,
increasing the flow rate restricts the area far from the bubble
where upward flow could enter at lower flow rates. Using
multiple microbubbles on the opposite side of the micro-
channel could be an alternative approach to extend the range
of lateral positioning (wider channel) and improve results at
higher flow rates, where positioning occurs in multiple steps.

5 Conclusion

Here we presented an automated microfluidic bead sorter
with an accuracy of up to tens of micrometers in single parti-
cle positioning, which does not require additional structures
to precondition the flow for particle positioning (e.g., pre-
focusing of particles using sheath flows). Using the con-
trolled microstreaming as a positioning operator, a variety
of small particles can be precisely sorted across the width of
the microchannel, which cannot be readily achieved in appli-
cations using an external on-off force. The positioning does
not rely on particle-specific properties such as size, shape,
density, compressibility, etc. so this approach is universally
applicable in all areas of microfluidics. As the concept is
not based on moving parts, just an oscillating bubble, the
positioning device is robust and does not require any spe-
cial maintenance or cleaning operations. Due to the optical
analysis of the particle position this technology is limited
to transparent fluids. Furthermore, the concept requires low
numbers of particles to guarantee reliable positioning.

The following are some of our new findings in this work:

e We used non-invasive and non-destructive microbub-
ble streaming in our positioning technique which is
essential for biological cell application. The use of a
high-power laser in optical tweezers, a large heat sink
in plasmonic tweezers, and a high electric field in elec-
trokinetic tweezers could seriously damage the cell
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membrane or alter the natural experimental environ-
ment. Furthermore, these approaches are more complex
compared to the microbubble streaming approach.

e Single particle positioning accuracies as high as high
as MAD; =2.3pm in a 500 pm microchannel were
achieved.

e A fast and highly tunable control system has been
developed that operates effectively in live mode, allow-
ing an operator to use it at the desired time to localize
the particles, which is crucial when isolating rare cells
or removing unwanted impurities in a flow.

e The technique is also applicable to non-fluorescent par-
ticles (no labeling required as long as the objects in the
flow do not perfectly match the index of refraction of
the flow medium).

e Compared to other methods, which are usually appli-
cable for particles with a size of 1-10 pm, the use of a
relatively strong microstreaming makes this technique
suitable for a wider range of particle sizes with higher
Stokes numbers.
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