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Rotational manipulation of massive particles and biological samples is essential for the development of miniaturized
lab-on-a-chip platforms in the fields of chemical, medical, and biological applications. In this paper, a device concept
of a two-dimensional acoustofluidic chamber actuated by multiple nonlinear vibration sources is proposed. The functional
chamber enables the generation of acoustic streaming vortices for potential applications that include strong mixing of multi-
phase flows and rotational manipulation of micro-/nano-scale objects without any rotating component. Using numerical
simulations, we find that diversified acoustofluidic fields can be generated in the chamber under various actuations, and
massive polystyrene beads inside can experience different acoustophoretic motions under the combined effect of an acoustic
radiation force and acoustic streaming. Moreover, we investigate and clarify the effects of structural design on modulation
of the acoustofluidic fields in the chamber. We believe the presented study could not only provide a promising potential
tool for rotational acoustofluidic manipulation, but could also bring this community some useful design insights into the
achievement of desired acoustofluidic fields for assorted microfluidic applications.

Keywords: acoustic streaming, acoustofluidics, ultrasonic vibration, rotational manipulation

PACS: 43.25.Nm, 43.35.—, 47.61.-k, 47.32.—y

1. Introduction

Contactless, non-invasive and label-free manipulation of
micro-/nano-scale particles and biological samples on inte-
grated microfluidic platforms (lab-on-a-chip devices) is ur-
gently needed due to the ever-increasing demands on the ba-
sic modes of manipulation,[!=3! such as rotation,*! capture, %!
separation,[®! and agglomeration,!”) which exhibit fascinating
applications in biochemical reactions,®! total analysis of bi-

Pl the movement mechanism of micro-

ological organisms,
motors, 0] point-of-care diagnosis,[“] and at-home surveil-
lance of chronic health problems.!'?! Different kinds of mi-
crofluidic manipulation methods have been extensively in-
The focal

point of micro and nano manipulation technology is to

vestigated in laboratories all over the world.

achieve sufficient driving forces which are available to over-
come viscous resistance caused by the surrounding microflu-
idic media or adhesion effect on hydrophilic/hydrophobic
fluid—solid interfaces, especially for transformable biological
membranes.!!>!4] Moreover, there are crucial problems in the
existing microfluidic platforms, particularly the difficulties as-
sociated with the lab-on-a-chip interconnection to other auxil-
iary instruments and in the non-invasive and accurate manipu-

15,16] Currently,

lation procedure for living biological samples.!
an overwhelming majority of microfluidic platforms in world-

wide laboratories still require either the assistance of pressure-
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driven pumps or powerful physical (optical/electric/magnetic)
fields, which inevitably leads to a succession of problems
that cannot be ignored, such as accidental loss of valuable
biological samples and irreversible damage to fragile cell
membranes and organelles.!'”) Conventional active manip-
ulation strategies for massive particles or biological sam-
ples include electric/dielectric,!'® magnetic/diamagnetic,!'”!
optical,[? thermal,*!1 and acoustic fields,*?! which have the
advantages of sufficient driving forces and relatively high ma-
nipulation precision. In comparison, existing passive ma-
nipulation techniques involve particle filtration,!?*! inertial

[25] which have the mer-

movement, ¥ and hydraulic driving,
its of simple equipment requirements and relatively high-
throughput detection.

Among the aforementioned manipulation methods,
acoustofluidics-assisted manipulation of micro-/nano-scale
particles and biological samples has undergone rapid develop-
ment and gained widespread attention in recent decades.26-7]
In comparison with other manipulation methods, the
acoustofluidic field (including acoustic radiation force and
acoustic streaming) has already been demonstrated to have
the inherent merits of low power consumption, low phys-
iological harm (biocompatibility), contactless, non-invasive
and label-free manipulation procedures, non-selective to

photoelectromagnetic parameters, and personalized structure
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n, [28-301 making it a fantastic choice for exten-

customizatio
sive applications in a wide range of biomedical/engineering
applications. When the acoustic characteristics of the manip-
ulated particles/biological samples differ from the surround-
ing microfluidic medium, the interaction between the ultra-
sonic field and the immersed or suspended objects can gener-
ate an acoustic radiation force,®!! while an acoustic stream-
ing field commonly originates from the spatial variation of
Reynolds stress caused by the sound energy dissipation in
viscous media.l3?>3* The differences in and applications of
these two acoustic effects have been elaborated in a series of
references.33-37]

In recent years, to obtain sophisticated distributions of
acoustic radiation forces and acoustic streaming fields, im-
mense numbers of concrete research studies of acoustofluidic
fields have been carried out for applications in particle pat-
terning, tissue/organ engineering, and other physico-chemical
and biomedical reactions.[?%-30-3:391 Considering that the spa-
tial variations in sound intensity and Reynolds stress in the
Navier-Stokes equations are the results of time averaging
of the sound field distribution, the acoustic radiation force
and acoustic streaming field are significantly influenced by
the input frequency, oscillation amplitude, and initial phase
differences of multiple vibration sources, the acoustofluidic
characteristics of different media, and the shape and distri-
bution of fluid—solid interfaces.!*! In general, there are two

main types of acoustic streaming: [414?]

one is boundary-layer-
driven streaming, which originates from the sound energy at-
tenuation and dissipation occurring in the acoustic viscous
boundary layer and can be categorized as inner streaming (i.e.,
Schlichting streaming) and outer streaming (i.e., Rayleigh
streaming); the other is bulk-wave-driven acoustic streaming
(i.e., Eckart streaming), which is a time-independent net flow
along the acoustic propagation path formed by the absorption
of sound energy inside the fluidic medium.

In this paper, by referring to the structural design schemes
of shaped surfaces on the acoustofluidic fields in lab-on-a-
chip devices proposed by Lei et al.,[*3] Courtney et al.,!**! and
Karlsen and Bruus,*! a novel method to generate diverse ro-
tational acoustic streaming patterns in an ultrasonic chamber
only through normal vibration of nonlinear vibration sources
is proposed, in which the thickness of the fluidic medium can
be ignored in comparison with other dimensions. Therefore, in
our simulation work, only a two-dimensional (2D) acoustoflu-
idic model needs to be considered in spite of the fact that it
belongs to the bulk-wave-driven acoustic streaming category.
By changing the number of vibration sources with different
initial phases and adding fixed obstacles, a variety of acoustic
streaming vortices can be implemented. The simulated results
of the acoustofluidic field and particle trajectory demonstrate
that the rotational acoustic streaming field can not only accu-

mulate micro-scale particles in the low-flow area, but can also
drive massive particles to rotate clockwise or counterclock-
wise together with the circumferential vortices. More simula-
tion results of the acoustofluidic fields and particle trajectory
patterns at different frequencies are listed in the supplemen-
tary material. The spatial variation of vibration source distri-
bution has a direct influence on the distribution of the sound
field, while the introduction of obstacles can cause reflection,
scattering and diffraction on the propagation path of acous-
tic waves, eventually leading to different modes of acoustoflu-
idic field.[®1 However, since no periodic structures, such as
phononic crystal plates, are introduced in this paper, there are
no manifested band-pass and band-stop frequency points in
the calculation process. Therefore, even if there are fixed ob-
stacles, the distribution of the acoustofluidic field in the ul-
trasonic chamber is continuously influenced by the change in
frequency.

By artificially introducing nonlinear vibration sources
of different shapes and sizes in microchannels or lab-on-
chips and adjusting the excitation conditions of each vibra-
tion source (including the setting of amplitude, frequency and
initial phase, etc.), more sophisticated patterns of acoustoflu-
idic fields can be implemented from the perspective of struc-
tural design. This is available to enable one to overcome
the existing problems of monotonous sound fields caused by
the commercial piezoelectric ceramic plates or interdigital
transducers (IDTs). It also enables the realization of multi-
functional controllable manipulation of micro-/nano-scale par-
ticles and biological samples, such as cells, viruses and ex-
osomes, where manipulated objects can be dragged along
streamlines at specific locations and captured at the stagnation

47491 Also, diversified acous-

points of acoustofluidic fields. !
tic streaming vortices that are generated by adding circular
obstacles of different sizes can potentially be used in the re-
search fields of microfluidic mixing of laminar flow under
low-Reynolds number, the concentration gradient of chemical
reagents, lysis of cellular tissues, enhancement of DNA hy-
bridization, synthesis of organic polymer materials, rotational
actuation of micro robot or biological samples, and improve-

ment of heat or mass transfer, [50-53]

2. Theory and method
2.1. The perturbation theory

The perturbation theory and fundamental governing equa-
tions of the acoustofluidic field generated by acoustically os-
cillating sources in a 2D microfluidic chamber have been pro-

$.19455] The fluid medium needs

posed by other research group
to be considered as homogeneous and isotropic. Therefore,

the continuity and momentum equations of a Newtonian fluid
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in differential forms can be expressed as

%’)+V (pu) =0, (1)

d
p <;+u-Vu) =—Vp+uVu

1
+ (Hb + 3u> VVeu,  (2)

where p, U, and Uy, are the intrinsic density, dynamic and bulk
viscosity coefficients of the fluid, respectively; w and p are the
Eulerian velocity vector and pressure distribution induced by
perturbation.

In the case of slight oscillation, the fluid parameters (den-
sity p, pressure p, and velocity w) can be decomposed into

p=po+p1+pat---, 3)
p=potpi+pr+t--, “4)
u=u;t+ur+---, )

where the subscript characters 0, 1, and 2 represent the
static (unperturbed), first-order (oscillating), and second-order
(steady streaming) components, respectively. By substituting
Egs. (3)-(5) into Egs. (1) and (2), the first-order sound field
can be written as

d

LI ©
du 2

Po—— P :—Vp1+/.LV ur+ | W+ = IJ VV-ui. (7)

By repeating the above-mentioned process and taking the
time average over an oscillation period into consideration, the
second-order acoustic streaming field can also be denoted as

apy
or
ouz 24 Ju L4 pour -V,
Po—5= T P15~ T Poul- VU

+poV-uw+V-pru; =0, (3

1
= —Vpr+uViuz + (ub+ 3u) VV.-a, )

where the operative symbol @(r,t) = (1/T) [ @(r,t)dt, in-
dicating the time average of a physical quantity distribu-
tion function ¢@(r,r) over one oscillation period. Because

the second-order acoustic streaming field is time-independent,

dpy/dt =0 and duy/dt = 0. Therefore, Egs. (8) and (9) can
be simplified as
poV-uz = —V-pruy, (10)

1
Vpr —uVia, — <ub + 3u> VV.-uy

- 0
- <Pou1 Vur *”‘;tl) : (1)

where uy = uy and p; = p;, representing the time-
independent acoustic streaming velocity and pressure that
need to be calculated, respectively. Thus, Egs. (10) and (11)

can be ultimately written as
poV-ur = -V pruy, (12)

1
Vpa—uViuy — (ub + 3u> VV-u,

3
=- (POUI ~Vu1+pla“t1>. (13)

2.2. The simulation method

The computational process of the acoustofluidic field con-
sists of three simulation steps using the commercial finite ele-
ment analysis software COMSOL Multiphysics. 40461

In the first step, combining Eqgs. (6) and (7) with ap-
propriate acoustic boundary conditions, the first-order sound
pressure and velocity field generated by multiple nonlinear vi-
bration sources with different initial phases can be calculated
by the ‘Thermoviscous Acoustics, Frequency Domain’ mod-
ule. The initial settings and boundary conditions of the sound
fields are as follows: the oscillation amplitudes, frequencies
and initial phases of different vibration sources are set manu-
ally; the remaining acoustic boundaries are set to be isothermal
and non-slip.

In the second step, on the basis of the computed vibra-
tion velocity and sound pressure at a given frequency point,
the mass source term —V - pju in Eq. (12) and the volume
force term — (poul -Vu + p18u1/3t) in Eq. (13) can be cal-
culated by adding user-defined variables in COMSOL Multi-
physics, both acting as the driving force of the acoustic stream-
ing field.

In the last step, the time-independent acoustic streaming

field can be solved by the fluidic dynamics module ‘Laminar
Flow’ using Egs. (12) and (13). The inertial force po(uy - V)u,
is usually negligible compared with the mass source term and
the volume force term in a flow field with a small Reynolds
56571 All of the
flow boundaries are defined as non-slip. To ensure the con-

number and is neglected in our simulation.!

vergence of flow field calculation, weak contributions of mass
source and acoustic streaming pressure are also indispensable.

To calculate the movement trajectory of micro-scale parti-
cles in the 2D microfluidic chamber under the combined influ-
ence of an acoustic radiation force Fy,q (acoustophoretic force)
and Stokesian drag force Fy,e (drag force induced by acoustic
streaming), the ‘Particle Tracing for Fluid’ module needs to be

taken into consideration. [40-40]

4 3 -B—= D 2
Ead:_gﬂva 2P0 2P1 *POHMH , (14)
deg = 67‘E/JRp(u2 — up), (15)
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where R}, and u,, are the radius and velocity of simulated par-
ticles, respectively. The parameters 3 and D are expressed as

Pocs
= ; (16)
B poc2
D— 3(Pp*PO)7 (17)
2pp +Po

where pp, and ¢, are the particle density and sound speed, re-
spectively. In the particle trajectory simulation, Newton’s sec-
ond law of motion is used, neglecting the buoyancy force and
gravity force of micro-scale particles*?!

d 4
n (pp3nR§,up> = Frad + Firag. (18)

3. Results and discussion

A 2D shuriken-shaped microfluidic chamber is used
to demonstrate the above-mentioned simulation method, as
shown in Fig. 1(a). The desired microchamber can be con-
structed by adding and subtracting semicircles with a diam-
eter of 35v/2 um on the basis of a red-dashed square frame
with a side length of 701/2 um. All points on the nonlinear vi-
bration sources oscillate with the same amplitude, frequency
and initial phase along the normal direction of each point, that

is, the focal point of the sound radiation surface correspond-
ing to each semicircle is the circle center (shown in Fig. 1(a)),
while the initial phase of each vibration source is manually set
to be 0°, 90°, 180°, and 270°, respectively. The grid subdi-
vision diagram with a locally enlarged view of the boundary
layer is plotted in Fig. 1(b). Most of the computational re-
gions are divided into free triangular grids with a maximum
size of 0.5 wm, which is 1/600 of the acoustic wavelength at
5 MHz (4 = ¢o/f = 1500 m-s~!/5 MHz = 300 um). The
boundary layer number is set to be 5, and the thickness of the
first layer is 0.05 pm, which is 1/5 of the viscous boundary
layer thickness in water when the input vibration frequency
is 5 MHz (8 = \/% - \/moogfg}n}?'is i~ 0-25 pm).
To validate that all the simulation results are convergent and
mesh-independent, the sound field distribution along the x
axis under different mesh sizes is calculated and plotted in
Fig. 1(c). The data deviation among the extremum values
of sound pressure under different mesh sizes is less than 7%.
Therefore, it can be concluded that the calculation results of
the acoustofluidic field and the following particle trajectory
are mesh-independent when the maximum mesh size is set to

be 0.5 um as the mesh generation criteria throughout our sim-
ulation. Unless otherwise specified, structural sizes, material
parameters and working conditions in the simulation are listed
in Table 1.

Table 1. Model parameters in the simulation.

Quantity Abbreviation Value Unit
Side length of dashed square L 70v/2 pm
Diameter of semicircles D 352 pm
Normal vibration amplitude A 1 nm
Input vibration frequency f 5 MHz
Maximum mesh size Lg 0.5 pm
Density of water Po 1000 kg/m?
Speed of sound in water co 1500 m/s
Shear viscosity of water u 0.001 Pa-s
Volume-to-shear viscosity ratio of water Up/ 1 2.79 1
Heat capacity at constant pressure of water Cp 4200 J/(kg-K)
Heat conductivity coefficient of water k 0.6 W/(m-K)
Density of polystyrene bead Pp 1050 kg/m®
Speed of sound in polystyrene bead [ 2400 m/s
Diameter of polystyrene bead dp 1 pm
Spring constant of polystyrene bead ks 25%x107% N/m
(c)
% Lg=0.5um
+ 0.8¢ Lg=2.5um
< —— Lg=4.5 pm
o 0.4} = Lg=6.5um
P2 o ,
SR W
j;l & —0.4f ;—/f
£2 0.8} f
o v
2 —40 =20 0 20 40

Coordinate of x axis (pm)

Fig. 1. The 2D shuriken-shaped model for the acoustofluidic field simulation excited by four nonlinear vibration sources. (a) The computational
model. (b) The meshed model. (c) Simulated sound pressure along the x axis under different mesh scales.
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3.1. Model validation

The sound field and the acoustic streaming distribution
in the 2D shuriken-shaped microfluidic chamber generated by
nonlinear vibration sources are simulated to validate the pro-
posed model and plotted in Figs. 2(a) and 2(b), respectively.
All of the vibration sources have the same input frequency
of 5 MHz and normal amplitude of 1 nm, while the initial
phase distribution increases along the counterclockwise direc-
tion from 0° to 270° (shown in Fig. 1(a)). The color bar in
Fig. 2(a) denotes the sound pressure magnitude. Figure 2(b)
shows the simulated acoustic streaming field induced by the
ultrasonic field, and the color bar represents the magnitude
of the acoustic streaming velocity ||u||. The plotted white
streamlines with arrows are used in Fig. 2(b) to visualize the
flow direction of the acoustic streaming field. In addition to
four small vortices near the vibration sources, the shuriken-
shaped microfluidic chamber contains one main circumfer-
ential vortex. The rotational direction of the main acoustic
streaming vortex is consistent with the increasing direction
of the initial phases of the nonlinear vibration sources.*"!
To ensure the calculation accuracy of the particle trajectory
in Fig. 2(c), the acoustic-streaming-induced drag force and
the acoustic radiation force are both considered in the simu-
lation process of 1-pm-diameter particle (polystyrene bead)
movement at 5 MHz, while the simulated particle trajectory
with comet tails is qualitatively consistent with the stream-

(a)
Sound pressure at f=5 MHz
Color: magnitude (MPa)

1.0
0.5

—-0.5
—1.0

Particle trajectory at t =10 s
Color: magnitude (mm/s)
¥ 2

line of the acoustic streaming field (shown in Fig. 2(b)). The
above simulation results of the distribution of the acoustoflu-
idic field and the motion trajectory of micro-scale particles
can be referred to the existing literature, 344041441 in which
particle aggregation in the center of the ultrasonic chamber
or microfluidic mixing along the circumferential direction can
be realized under the excitation modulation of multiple ring-
shaped vibration sources. The simulated acoustofluidic field
together with the particle motion trajectory demonstrates that
the 2D microchamber actuated by multiple nonlinear vibration
sources with different initial phases can potentially be used for
microfluidic mixing and rotational manipulation of massive
particles or biological samples. Also, the rotational acoustic
streaming vortex can be used for controllable rotary driving of
silver nanowires or living nematodes. %8 To further study
the distribution of the acoustic streaming field, a polar coordi-
nate system is established with the chamber center as the origi-
nal point, and the magnitude of the acoustic streaming velocity
is plotted in Fig. 2(d) at different polar radii. To be consistent
with the initial phase distribution of the vibration sources, the
0° polar angle is manually set to be vertically downward for
the convenience of the following research. Corresponding to
the existence of four vibration sources on the spatial arrange-
ment, the magnitude curves of the acoustic streaming velocity
at different polar radii are all arranged in a four-petal-like

(b) Acoustic streaming field
Color: magnitude (mm/s)

Arrow: direction and magnitude

2
1
0
(d) — 5 um 10 pm 15 pm
20 pm — 25 um —30 um
180°
5 2
k3]
2 7
2L 14
&0 8
£ E b
%w 04270°
S _
x5
28
5 & ]
3 2-
<

Fig. 2. The acoustofluidic field and particle trajectory excited by four nonlinear vibration sources with the same frequency (5 MHz) and
amplitude (1 nm). (a) The pattern of the sound pressure field. (b) The pattern of the acoustic streaming field. (c) The pattern of micro-scale
particle trajectory at a given time (10 s). (d) Curves of acoustic streaming velocity magnitudes at different polar radii.
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distribution. Also, it is found that the closer to the vibration
sources, the larger the deviation is between the maximum and
minimum velocity magnitudes on a circle of the same polar
radius, which can be used to characterize the distortion de-
gree of acoustic streaming vortices or the deformation level
of streamlines in Fig. 2(b). By plotting red-dashed auxiliary
lines in Fig. 2(d), it is measured that the maximum and min-
imum velocity magnitudes approximately appear at the polar
angles of Oy = 14° ~ 28° +n % 90° and O, = 68° +n x 90°
(where n equals 0, 1, 2, and 3), respectively.

3.2. Acoustofluidic fields excited by multiple vibration
sources

The acoustofluidic field and particle trajectory at a given
time (¢ = 10 s) generated by multiple vibration sources (from
five to ten) with different initial phases are simulated, and the
simulation results are shown in Fig. 3, while the input fre-
quency points and the normal oscillation amplitudes of all vi-
bration sources are kept constant (5 MHz and 1 nm, respec-
tively). The radii of the circumscribed circles corresponding
to the dotted polygons in Fig. 3(a) are all set to be 70 pum.
All the sound pressure patterns in Fig. 3(a) are approximately
anti-symmetric with respect to initial phases of 0° and 180° .
Similar to the case with four vibration sources, all of the acous-
tic streaming fields generated by multiple nonlinear vibration
sources (from five to ten) with different initial phases contain
one main circumferential vortex inside the microfluidic cham-
ber. The rotational direction of each main circumferential vor-
tex is consistent with the increasing direction of the initial
phases, and the regions with larger acoustic streaming velocity
magnitude appear around the concave side of each nonlinear
vibration source, as shown in Fig. 3(b). The simulated particle
trajectories of the 1-um-diameter particle (polystyrene bead)
at + = 10 s in Fig. 3(c) are qualitatively consistent with the
white streamlines shown in Fig. 3(b), and it is worth noting
that micro-scale particles can be arranged into the correspond-
ing polygonal patterns in the microfluidic chamber under cir-
cumstances involving five to seven vibration sources, which
can be utilized for patterned arrangement of massive particles.
However, starting from eight vibration sources, micro-scale
particles that have agglomerated in the microchamber center
can no longer be arranged in obvious petal-like distributions.

Table 2. Different types of polar angles.

N Binner Oouter Omax Omin
4 45° 71.57° 14° ~ 28° 68°
5 29.71° 57.08° 6° ~24° 48°
6 22.09° 47.37° 7° ~20° 40°
7 17.6° 40.45° 5%~ 15° 32°
8 14.64° 35.26° 5%~ 15° 30°
9 12.54° 31.25° 3%~ 11° 25°
10 10.98° 28.04° 3°~10° 23°

Eight

‘% 2 { -
j - N o N
7 N S
Five Six Seven
y 4 Y
@ 2y
i) D)
7 e ~ % ~
& & S
Eight Nine Ten

Fig. 3. The acoustofluidic field and particle trajectory excited by multiple
nonlinear vibration sources with the same frequency (5 MHz) and amplitude
(1 nm). (a) The pattern of the sound pressure field. (b) The pattern of the
acoustic streaming field. (c) The pattern of the micro-scale particle trajectory
at a given time (10 s).

To quantitatively describe the above-mentioned phe-
nomenon, the velocity magnitudes of the acoustic streaming
field along polar circles at different radii are analyzed with
different vibration source numbers and plotted in Fig. 4(a).
Corresponding to the existence of multiple vibration sources
on the spatial arrangement, the magnitude curves of acous-
tic streaming velocity at different polar radii are all arranged
in petal-like distributions, and the petal number is consistent
with the number of vibration sources. Similar to Fig. 2(d),
with the increase in the polar radius, the variation between
the maximum and minimum velocity magnitudes on a circle
of the same polar radius becomes larger, which means that the
distortion degree of the acoustic streaming field also increases.
By plotting red-dashed auxiliary lines, the polar angle values
corresponding to the maximum and minimum velocity magni-
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tudes which first appear in the 1st quadrant are obtained and
are shown in Fig. 4(a). Also, the polar angles (Bjper and Ooyter )
of the innermost point of the concave side and the outermost
point of the convex side of the vibration sources which first
appear in the 1st quadrant can be calculated as follows:

tan(180° /N
einner = arctan # ’ (19)
2 —tan(180°/N)
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} , (20

where N is the number of nonlinear vibration sources. To in-

vestigate the relationship among these different types of polar

angles, Oinner> Bouters Omax, and Opin under circumstances in-

volving four to ten vibration sources are recorded in Table 2,

respectively.
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Fig. 4. Acoustic streaming velocity magnitudes under circumstances involving different vibration sources. (a) Curves of acoustic streaming velocity
magnitudes at different polar radii. (b) The averaged acoustic streaming velocity magnitude versus the radius of the polar circle. (c) The averaged

angular velocity magnitude versus the number of vibration sources.
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Intuitively speaking, on the same polar circle, the maxi-
mum velocity is supposed to appear near the concave side of
the nonlinear vibration source that is near the center of the
microfluidic chamber, while the minimum velocity should ap-
pear around the vibration source’s convex side far away from
the chamber center. In other words, the polar angle of the in-
nermost point of the concave side O, 1S supposed to corre-
spond to the polar angle of the outer maximum velocity mag-
nitude O,,x, While the polar angle of the outermost point of
the convex side Byyer should correspond to the polar angle of
the minimum velocity magnitude 6y,;,. It can be found from
Table 2 that the above-mentioned induction is correct from the
perspective of the tendency in data change, except that the dif-
ference between O;,e; and O 1s about 35% in the four vi-
bration sources. This is because the maximum velocity does
not occur exactly at the polar angle of the innermost point of
the concave side, especially for the four vibration sources with
larger radiation surfaces, where the deviation between Oipper
and Oy is larger.

Based on Figs. 2(d) and 4(a), the relationship be-
tween the averaged acoustic streaming velocity magnitude
$r ||uz|| ds/27R along the polar circle and the polar radius R is
calculated with different vibration source numbers (from four
to ten) and plotted in Fig. 4(b). The overall tendency of all
the curves in Fig. 4(b) is that with the increase in the polar

(a)
Sound pressure at f=5 MHz
Color: magnitude (MPa)

(c)
Particle trajectory at t =10 s

Color: magnitude (mm/s)
0.6

0.4

0.2

0

radius R, the averaged acoustic streaming velocity magnitude
increases in an approximate linear form. Therefore, if the os-
cillation of the velocity magnitude on the same polar circle is
not considered, the whole circumferential vortex field can be
approximately recognized as a forced vortex in addition to the
vicinity of the nonlinear vibration sources, which indicates,
from another perspective, that with the increase in the polar ra-
dius, the distortion degree of the acoustic streaming field also
becomes larger. Also, the curve slopes in Fig. 4(b), which can
be used to characterize the averaged angular velocity magni-
tude §p ||ua||ds/27R? of the circumferential vortex field, de-
crease with the increase in the vibration source number, which
is represented by the histogram in Fig. 4(c).
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Fig. 5. Critical major—minor axis ratios of semiellipses versus the number of
vibration sources.

(b) Acoustic streaming field
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Fig. 6. The acoustofluidic field and particle trajectory in the microfluidic chamber containing four nonlinear vibration sources and a circular
obstacle. (a) The pattern of the sound pressure field. (b) The pattern of the acoustic streaming field. (c) The pattern of the micro-scale particle
trajectory at a given time (10 s). (d) Curves of acoustic streaming velocity magnitudes at different polar radii.
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From Figs. 2(b) and 3(b), it can be found that local small
vortices exist near the intersection region of concave and con-
vex sides of each nonlinear vibration source, and these small
vortices are generated due to the curvature of each nonlinear
vibration source constructed by two semicircles. To achieve a
single circumferential vortex field in the microfluidic chamber,
two semiellipses, whose major—minor axis ratios are greater
than 1, can be used to replace the previous semicircles. The
calculated critical major—minor axis ratios versus different vi-
bration source numbers are shown in Fig. 5, and the corre-
sponding acoustic streaming patterns are also labeled in the
figure. It can be clearly seen that, with the increase in the
nonlinear vibration source number, the critical values of the
major—minor axis ratio gradually decrease, which indicates
that adding more vibration sources is beneficial for reducing
the scale of small acoustic streaming vortices. One possible
reason is the reduction of the vibration source size, and an-
other reason for this is the consistency of the initial phase dif-
ferences among neighboring vibration sources.

3.3. Acoustofluidic fields in different microchambers con-
taining fixed obstacles

Based on the case with four vibration sources, a circu-
lar region with a radius of 5 um is removed from the center
of the microfluidic chamber to investigate the change in the
acoustofluidic field and particle trajectory with fixed obstacles,
and the simulated results are shown in Fig. 6. By comparing
with Fig. 2(a), it is found from Fig. 6(a) that the existence of
a circular obstacle has a noticeable effect on the distribution
of the sound field in the form of sound reflection along the
propagation path of acoustic waves, and the acoustic streaming
vortices also change with the scattered sound field in the mi-
crochamber. The circumferential vortex field in the microflu-
idic chamber is destructed by the circular obstacle placed in
the originally low flow rate area, resulting in a dramatic change
in the flow-field distribution and a local maximum value of
the acoustic streaming velocity magnitude around the obsta-
cle. Also, four additional acoustic streaming vortices are gen-
erated between the nonlinear vibration sources and the circular
obstacle, and the number of small vortices corresponds to that
of vibration sources, as shown in Fig. 6(b). Further calculation
of the micro-scale particle trajectory in Fig. 6(c) also indicates
the change in the acoustofluidic field in the microchamber un-
der the influence of the fixed obstacle. Due to the existence
of a large circumferential flow rate, micro particles near the
circular obstacle all move towards the vibration sources under
the action of centrifugal force, thus generating a particle-free
region with a diameter of about 30 um in the microchamber
center. Since the circumferential velocity near the vibration
source surfaces is also relatively large, the agglomeration area
of micro-scale particles can be formed between the vibration

sources and the fixed obstacle, moving slowly under the action
of four small acoustic streaming vortices. The velocity mag-
nitudes of the acoustic streaming field along polar circles at
different radii are also analyzed and plotted in Fig. 6(d), which
further indicates that the acoustic streaming velocity distribu-
tion near the obstacle is a high-speed circulation, while four
small vortices are far away from the obstacle. Therefore, the
inclusion of obstacles in the microfluidic chamber can be used
for local removal and agglomeration of micro-scale particles.

154.2°

Eight

(c)

Seven

Eight Nine Ten

Fig. 7. The acoustofluidic field and particle trajectory in the microfluidic
chamber containing multiple nonlinear vibration sources and a circular ob-
stacle. (a) The pattern of the sound pressure field. (b) The pattern of the
acoustic streaming field. (c) The pattern of the micro-scale particle trajectory
at a given time (10 s).

The acoustofluidic field and particle trajectory at a given
time (+ = 10 s) in the microfluidic chamber composed of
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multiple vibration sources (from five to ten) and a circular ob-
stacle are calculated in Fig. 7. In contrast to Fig. 6(a), all the
sound field distributions in Fig. 7(a) are approximately anti-
symmetric with respect to initial phases of 0° and 180°, which
indicates that the existence of the fixed obstacle has little in-
fluence on the sound field. The possible reason is that, with

(a) s 10 pm === 15 pm

35 um 40 pm

180°

Acoustic streaming velocity
magnitude (mm/s)

0.63
0.42 +
0.21 4

0 -
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(b)
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— Nine - Ten

—+- Four
— Eight

Averaged acoustic streaming
velocity magnitude (mm/s)

Radius of polar circle (um)

20 pm
— 45 um

the increase in the vibration source number, the size of the
microfluidic chamber and the distance between the vibration
sources and the obstacle also increase. Similar to Fig. 6(b), all
of the acoustic streaming fields generated by multiple vibra-
tion sources (from five to ten) contain high-speed circumfer-

ential vortices near the fixed obstacles, as shown in Fig. 7(b).
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= 50 pm
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=
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Fig. 8. Acoustic streaming velocity magnitudes under circumstances involving different vibration sources and circular obstacles. (a) Curves of
acoustic streaming velocity magnitudes at different polar radii. (b) The averaged acoustic streaming velocity magnitude versus the radius of the

polar circle. (c) The inflection point versus the obstacle radius.
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However, with the increase in the vibration source number, the
size of the local small vortices between the vibration sources
and the obstacle gradually decreases, and all local acoustic
streaming vortices eventually disappear. Therefore, in addi-
tion to all the boundaries set to be non-slip, there must be
an annular region between the vibration sources and the ob-
stacle, where the acoustic streaming velocity is almost zero
when the vibration source number is larger than eight. The
above conclusion can also be verified by the movement trajec-
tory of micro-scale particles in Fig. 7(c). Under circumstances
involving five to seven vibration sources, there are polygo-
nal regions without particles and particle agglomeration areas
formed by local small vortices corresponding to the vibration
source number in the microfluidic chamber. However, starting
from eight vibration sources, the particle-free regions are ap-
proximately circular, and all the particles only move along the
whole circumferential vortex field.

the distribution of the
acoustofluidic field generated by the combination of multi-

To quantitatively analyze

ple vibration sources and fixed obstacles, the velocity mag-
nitudes of the acoustic streaming field along polar circles at
different radii are extracted and plotted in Fig. 8(a). With the
increase in the vibration source number, the influence range
of non-petal-like circumferential circulation near the obstacle
gradually increases, while the acoustic streaming velocity at
the same polar radius decreases by degrees. Corresponding to
the spatial distribution of multiple vibration sources, the veloc-
ity magnitudes near the sound radiation surfaces at different
polar radii are all presented to be petal-like curves, and the
petal number coincides with the number of vibration sources.
By plotting red-dashed auxiliary lines, the polar angle values
corresponding to the minimum velocity magnitudes around
the vibration sources which first appear in the 1st quadrant are
also measured and labeled in Fig. 8(a). It is worth noting that,
compared with Fig. 4(a), the polar values corresponding to
these minimum velocity magnitudes do not change; that is to
say, the existence of the circular obstacle in the microchamber
center has little effect on the distribution of the whole circum-
ferential vortices near the vibration sources and only changes
the acoustic streaming velocity magnitude. Based on Fig. 8(a),
the relationship between the averaged acoustic streaming ve-
locity magnitude g ||uz||ds/27R along the polar circle and
the polar radius R is calculated with different vibration source
numbers (from four to ten) and plotted in Fig. 8(b). The over-
all tendency of all the curves in Fig. 8(b) is that, with the
increase in the polar radius R, the averaged acoustic streaming
velocity magnitude decreases first in an approximate quadratic
form and then increases in a nearly linear relation, and the in-
flection points of all curves are at the polar circle radius of
about 24 um, which indicates that no matter how many vi-
bration sources there are, for circular obstacles with the same

radius, the influence range of the averaged acoustic streaming
velocity magnitude is almost the same. The relationship be-
tween the inflection point of the averaged acoustic streaming
velocity magnitude and the size of the fixed obstacle is ob-
tained from Fig. 8(c). It is found that with the increase in the
obstacle radius, the inflection point value increases first in an
approximately linear and then in a quadratic form, indicating
that the increasing rate of the inflection point value is first
close to and then exceeds that of the obstacle radius.

In summary, by placing obstacles of different sizes at
specific locations in a microfluidic chamber, local high-speed
acoustic streaming vortices for particle removal or local low-
speed vortices for particle patterning can be generated near
the fixed obstacles. Although the existence of obstacles has
an impact on the overall distribution of the acoustofluidic field
generated by multiple nonlinear vibration sources, there are
invariant quantities of local acoustic streaming vortices within
the influence range of the obstacle boundaries. In the follow-
ing work, the structural design and topological optimization of
embedded obstacles can be further carried out to obtain more
diversified acoustofluidic fields for potential applications that
include multi-functional controllable manipulation of micro-
/mano-scale objects and efficient mixing of multiphase solu-
tions.

4. Conclusion

In this paper, a novel method to generate diverse acous-
tic streaming vortices in a 2D microfluidic chamber, which
is only actuated by normal vibration of nonlinear vibration
sources with different initial phases, has been proposed and
numerically investigated for potential applications that include
microfluidic mixing and rotational manipulation of massive
particles. It is found that the introduction of nonlinear vibra-
tion sources and fixed obstacles can cause spatial variations
of the acoustofluidic field in the microchamber, which is ben-
eficial to the realization of diversified modulation of acous-
tic streaming vortices in existing lab-on-a-chip devices. Ac-
cording to the simulation results of micro-scale particle tra-
jectories under the combination of acoustic radiation forces
and acoustic-streaming-induced drag forces, it is demonstrated
that the rotational acoustic streaming field can not only ac-
cumulate micro-scale particles in the low-velocity region, but
can also drive massive particles to rotate clockwise or coun-
terclockwise along the circumferential vortices. The intro-
duction of nonlinear vibration sources and obstacles offers the
flexibility to modulate the acoustofluidic field in microfluidic
devices for a variety of biomedical/engineering applications,
which is expected to be a promising platform in the investi-
gation areas of rapid medium/particle mixing on a microflu-
idic chip, local agglomeration/removal of micro-scale parti-
cles, and contactless/non-invasive manipulation of biological
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samples like cells or nematodes in a miniaturized total analy-
sis system.
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