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ABSTRACT: Microparticle manipulation has been widely used in
clinical diagnosis, cell separation, and biochemical analysis via optics,
electronics, magnetics, or acoustic wave driving. Among them, the bulk
acoustic wave (BAW) driving method has been increasingly adopted
because of non-contact, easy control, and precise manipulation.
However, its low manipulation efficiency limits the usage of the BAW
driving in high viscosity solutions. Therefore, in order to obtain larger
driving force and more flexible manipulation of microparticles, both two-
dimensional (2D) and three-dimensional (3D) platforms based on the
BAW and liquid crystal backflow effect (LCBE) driving in liquid crystal
(LC) solutions are proposed. The driving forces applied on the
microparticles allow for the change of microparticle moving direction,
which is also ascertained through theory analysis combined with various
driving methods. Specifically, the maximum moving speed (68.78 μm/s) of the polystyrene particles is obtained by the BAW (13
Vpp) combined with LCBE (30 V) at a low frequency of 7.2 kHz in the 2D platform. Precise position manipulation in 3D is also
fulfilled through a programmable logic control model using polystyrene particles as a demonstration. In addition, red blood cells
mixed with LC solutions are arranged in a line or gathered in the pressure nodes of the BAW forces along with sinusoid signals
generated by various transducer combinations. Therefore, it is approved that the LC solution that induces the LCBE force could
increase the microparticle manipulation efficiency in both 2D and 3D platforms. The proposed method will open up new avenues in
particle manipulation and benefit a variety of applications in cell separation, drug synthesis, analytical chemistry, and others.

1. INTRODUCTION
For decades, microfluidic technologies have drawn significant
attention due to advantages of miniaturization, portability,
integration, automation, low cost, high throughput, and simple
operation. As an interdisciplinary field, it combines the
perspectives of chemistry, physics, life science, microelec-
tronics, materials, computer science, and others and has been
applied for in vitro diagnostic, liquid biopsy, environmental
and biochemical analysis, single cell analysis, and nucleic acid
analysis.1 More specifically, regular analytical analysis steps
such as mixing,2 isolation,3 enrichment,4 manipulation,5

sorting,6 detection,7 synthesis, and cell culture have been
realized in small chips and microfluidic systems.
The ability of microfluidics to separate cells rapidly and

efficiently often relies on external force fields, such as optics,8

electronics,9 magnetics,10 or acoustics.11−13 Among them, bulk
acoustic wave (BAW)14 manipulation based on acoustic
streaming and radiation forces holds a great promise, as
evidenced by its advantages, including versatility, biocompat-
ibility, precision, flexibility, compactness, and cost-effective-

ness, as well as the ease of integration with other microfluidic
technologies. So far, particles with a wide spectrum of size
ranging from nanometers to millimeters in a variety of fluid
media (e.g., air, whole blood, or sputum) are successfully
manipulated using this technology.15−19 Settnes and Bruus had
analyzed the acoustic radiation force in detail on a
compressible, spherical, micrometer-sized particle of radius
suspended in a viscous fluid in an ultrasound field.20 Dai et al.
demonstrated that acoustic radiation forces and streaming
induced by strong microfluidic oscillations at water−air
surfaces of Helmholtz resonant air cavities at the topological
interface capture microparticles, the sizes of which are up to 20
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μm, and make them undergo orbital rotations.21 Moreover, in
the field of regenerative medicine, Yu et al. had prepared
materials containing living cells through microfluidics, an
advanced engineering approach.22 Yang et al. had presented a
perspective of cellular fluidics-based construction of vascular
networks for tissue engineering, with inspirations drawn from a
novel concept of the 3D fluidic control platform based on unit-
cell constructs.23 Red blood cells (6−8 μm in diameter), one of
the key indicators in clinical medicine, are isolated from the
whole blood, which has important real-world implications
because many biological targets span the same size range. For
example, Huang et al. isolated exosomes from whole blood
with a high blood cell removal rate in a microchannel by
integrating high-frequency (39.4 MHz) interdigital transducers
(IDTs).24 Besides, they demonstrated an acoustofluidic
platform that can code droplets by the focused interdigital
transducers (FIDTs) with an optimal actuation frequency of
96.25 MHz.25 Lee et al. optimized the design of the high-
frequency (39.4 MHz) IDT and underlying electronics to
isolate both nanoscale and microscale vesicles from cell culture
media and achieved a high separation yield and resolution.26 In
addition, Huang et al. designed a simple, low-cost nature, and
open fluidic chamber platform utilizing phase modulation
between the two low-frequency (4−6 kHz) piezoelectric
transducers to achieve dynamic particle concentration and
the particle vortex translation.27 This device based on the low-
frequency piezoelectric transducer implemented only a single

direction operation of the particle vortex. However, the
aforementioned particle manipulation methods relied on the
high-frequency interdigital (IDT) driving transducers, which
adopted the complicated fabrication process and high cost to
limit the usage.
A liquid crystal (LC) is an ordered state between the liquid

state and crystal state, which has the fluidity of liquid and
sensitivity to the electric field.28 A liquid crystal backflow effect
(LCBE), owing to the rotation of LC molecules in the electric
field, can drive the movements of liquid crystal molecules and
other microparticles. In recent years, the research on liquid
crystal mechanics has increased gradually, mainly focusing on
the mechanical properties under electric and magnetic fields.
For example, Liu developed a micro-fluidic actuator based on
the liquid crystalline backflow. The velocity of the object is
only 2 μm/s.29 Guan developed a micropump based on a
liquid crystal and piezoelectric transducers, with which the
maximum flow rate achieved was 4.494 μL/min.30 Liu
demonstrated a one-dimensional model for a research of the
control method based on the liquid crystalline backflow. The
high drive quality can be achieved by fixing the rotation range
of the molecules at the center of the cell within 50−80°.31
However, downsides such as low driving force and small
manipulation range limited the usage of the liquid crystal for
particle manipulation.
Recently, there have been a lot of research about

manipulation of particles in fluid media. Zhao et al.

Figure 1. 2D and 3D platforms design and theory analysis of microparticles manipulation. (a,b) Dimensions of the 2D/3D platforms. (c)
Manipulation principle of the microparticles (moving along X or Y directions) driven by one piezoelectric transducer combined with one DC
electric field in the 2D platform. (d) Manipulation principle of microparticles (moving in XOY plane) driven by two adjacent piezoelectric
transducers and two DC electric fields in the 2D platform. (e) Manipulation principle of microparticles (gathering in the pressure nodes in XOY
plane) driven by two counter piezoelectric transducers in the 2D platform. (f) Manipulation principle of microparticles (moving in YOZ plane) by
one transducer in the 3D platform.
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demonstrated the pumping of water droplets based on capillary
force32 and developed and employed structural color micro-
motors (SCMs) that could realize multiplex label-free
detection of ions based on their optical coding capacity and
responsive behaviors.33 As aforementioned, acoustic micro-
fluidic methods can be integrated with other microfluidic
designs for enhanced fluid and particle manipulation perform-
ance.34−36 For example, Huang et al. achieved dynamic
manipulation of micro-objects by combining hydrodynamic
manipulation and acoustic microfluidic manipulation.37−39

They developed acoustic circulating tumor cell (CTC)
separation devices integrating hydrodynamics and IDT and
isolated rare CTCs from peripheral blood in a single
direction;38 Zhou et al. presented a rapid and powerful
method to size dependently control movement of micro-
particles and cells in paper using surface acoustic waves by
combining paper-based microfluidics with acoustics.40 Wang et
al. proposed a generic single cell manipulation tool based on
the integration of optical tweezers and microfluidic chip
technologies for handling small cell population sorting with
high accuracy.41 These methods expanded the application
scope to most types of microparticles but only deal with
particle manipulation in a single direction.
In addition, as a high-viscosity solution, the liquid crystal can

not only provide a weak driving force but also has excellent
properties of dielectric anisotropy, which has a potential
research value. Most of the current research is focused on the
direction of liquid crystal display, and there are few studies on
the driving direction of the liquid crystal microfluid.
Combining the excellent performance of the liquid crystal
with acoustic flow control overcomes the disadvantages (low
driving force) of single actuation mode, manipulates micro-
particle random positions, and becomes more valuable for
research.
In this paper, we presented a novel combined driving

method based on the BAW and the LCBE driving to realize
microparticle manipulation in liquid crystal solution. It uses
low-cost, simple, low-frequency piezoelectric transducers to
achieve flexible operation in 3D. The novel driving method is
expected to achieve a larger displacement of particles (PS
particles as a demonstration) in the LC solution under low
driving voltage and frequency conditions. In addition, the new
method can freely manipulate PS particles in the 2D/3D of the
liquid crystal solution and enrich the red blood cell (RBC)
near the pressure node using two counter transducers or the
four transducers in the 2D platform. The FEA with the 3D
platform under BAW driving has been obtained for the
validation of the results. The results from both the numerical
analysis and experiment show that the combined model is
promising in cell separation, cell patterning, sample enrich-
ment, reagent mixing, and manipulation of model organisms.

2. FABRICATION AND THEORY ANALYSIS
2.1. Design and Fabrication of Microparticle Manip-

ulation Platforms. The rectangular cavity with an inner size
of 8 × 8 × 2 mm was designed as the 2D platform for
microparticle manipulation. The glasses (0.2 mm of thickness)
coated with indium tin oxide (ITO) conductive layer (0.2 μm
of thickness), which will form direct current electric field (DC1
and DC2) between two counter glass sidewalls into the LC
solutions, were selected as four sidewalls of the 2D platform.
The PMMA substrate (45 × 45 × 0.1 mm) was fabricated
using a laser engraving machine. Finally, the prepared sidewalls

and four piezoelectric transducers (T1, T2, T3, and T4) were
bonded together and on the PMMA substrate using epoxy
separately. In order to form the permanent connection and
avoid leakage, the whole model was placed in the vacuum oven
at 20 °C for 24 h. The structures and distribution of the 2D
platform, in which four transducers were installed on the same
substrates with the cavity, is shown in Figure 1a.
In the 3D platform, the piezoelectric transducers (T5 and

T6) were fixed on the sidewalls of PMMA (0.2 mm of
thickness) to form the cube with the size of 12 × 6 × 12 mm
for microparticle manipulation, as shown in Figure 1b.
2.2. Theory Analysis. Different driving mode combina-

tions between BAW and LCBE will have an important
influence on the microparticle. The direction and magnitude
of velocity of microparticle movement will change according to
the combination of BAW and LCBE. Thus, the theory analysis
of microparticle forces include the direct current electric field
(AC1 and AC2) and bulk acoustic wave (T1−T6, generated
by transducer) combination in the 2D/3D platform. The
detailed analysis is shown below.

2.2.1. Microparticle Movement Analysis with Different
Driving Modes in the 2D Platform. 2.2.1.1. Piezoelectric
Transducer (AC1) Combined with LCBE Electric Field (DC1).
In this mode, the microparticles in LC solution are subjected
to two forces, one is the acoustic radiation force (Fr1)
generated by T1, which is mainly generated by traveling
acoustic waves depending on the size and particles and enough
input frequency (7 kHz), which is far lower than the frequency
required by traveling acoustic waves to manipulate particles.42

Another one is the LCBE force (Fb1) generated by DC1, as
shown in Figure 1c. In addition, because of the microparticle
movement, the viscous resistance force (Fv1) generated by the
friction between PS particles and LC solution should be
considered. Here, we neglect the gravity and buoyant force of
PS particles because of their counter direction and similar
magnitudes. Therefore, the moving direction of microparticles
will be simplified and represented by the resultant between Fr1,
Fb1, and Fv1. Note that the acoustic radiation force Fr1 can be
calculated by eq 143
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where p0 is the pressure amplitude, which depends on the
amplitude of the acoustic wave; λ is the acoustic wavelength,
which is constant for the same medium and frequency; Vc is
the volume of the particle; x is the distance from a sidewall in
the X/Y direction.
Here, ϕ(β,ρ) is the acoustic contrast factor that determines

the direction of the acoustic radiation force. It can be
calculated by eq 243
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c

c=
+ (2)

where ρc is density of the LC solution; ρω is density of PS
particles; βω is compressibility of medium; and βcis
compressibility of particles. Related parameters can be found
in Table 1.
Here, ϕ increases with relative density and decreases with

relative compressibility. Due to relatively higher density of PS
than density of the medium, ϕ is positive.39 In this research, six
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piezoelectric transducers are the same, which will generate
identical acoustic waves.
In the literature,29 the liquid crystal solution will generate

the small motion along with the direct current (DC) electric
field direction under liquid crystal backflow effect (LCBE)
force. Therefore, the microparticles mixed into the LC solution
can be manipulated by changing the DC parameters. The
LCBE force Fb1 caused by direct current electric field is
calculated by eq 330

F E n E n E( ( ) )b1 = [ + · · ] (3)

where ∇ is the Hamilton operator; n is the direction vector; E
is the electric field intensity generated by DC1; and εα is the
dielectric anisotropy of the liquid crystal, which can be

expressed as the difference between the dielectric constant of
the liquid crystal in eq 4

= (4)

where ε∥ is parallel to the direction vector n, and the dielectric
constant of the liquid crystal ε⊥ is perpendicular to direction
vector n. The value can be found in Table 1. E is the field
strength of the electric field, which is calculated by eq 5

E U d/= (5)

where U is the voltage applied on DC1or DC2; d is the
distance between two electrodes in the direction of field
strength.
The viscous resistance force Fv1 can be calculated by eq 6

44

F r6v1 = (6)

where η is LC solution viscosity. r is the PS particles radius,
and υ is relative velocity.
Therefore, the total force∑F1applied on the PS micro-

particles driven by T1 and DC1 was calculated in eq 7 and is
shown as follows

F F F F1 r1 b1 v1= + (7)

That can be attributed to ordered arrangement of the PS
particles resulted from rotation of LC molecules in the DC
electric field.31 The LCBE force of LC solution carries PS
particles moving under the DC field. Because the sum of Fr1
and Fb1 is larger than Fv1, thus PS particles move in +X

Table 1. Parameters of the Liquid Crystal and PS Particles

content value

density of PS particles/ρω 1.05 g/cm3

particle radius/r 10 μm
volume of the particle/Vc 41.8 cm3

LC solution viscosity/η 32 Pa·s
LC rotational viscosity/γ1 229 Pa·s
density of LC solution/ρc 1.008 g/cm3

electric permittivity/ε∥ 15.7 × 1011 F/m
and ε⊥ 5.7 × 1011 F/m

temperature/T 300 K

Figure 2.Motion analysis of PS particles with different BAW and LCBE combination driving mode. (a) Time-displacement curve of PS particles in
+X directions with single BAW or/and LCBE driving modes. (b) Motion trajectories of PS particles by LCBE and BAW combined driving.
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direction. The higher the particle velocity (υ), the greater the
viscous force (Fv1). When ∑F1 is equal to zero, the velocity of
the PS particles remains constant. Consequently, the velocity
of microparticles will have different velocity under different
driving voltages according to eqs 1−7.

2.2.1.2. Two Piezoelectric Transducers (AC1 + AC2)
Combined with Two LCBE Electric Field (DC1 + DC2). In
this case, the forces applied on the PS microparticles include
acoustic radiation forces Fr1 and Fr2 generated by piezoelectric
transducers 1 and 2, the LCBE forces Fb1 and Fb2 generated by

Figure 3. Experiment analysis of microparticle manipulation with different T1, T2, E1, and E2 driving combination. (a,b) Time displacement
curves of PS particles in the +X/+Y direction at different driving mode combinations. (c) Motion trajectories of PS particles at T1 = 13 V and T2 =
13 V.
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DC1 and DC2, and the viscous resistance force Fv, as shown in
Figure 1d. Similarly, the total force∑F2 applied on PS particles
can be calculated by eq 8

F F F F F F2 r1 b1 r2 b2 v2= + + + (8)

As acoustic radiation forces Fr1 and Fr2 and LCBE forces Fb1
and Fb2 are all in +X and +Y directions, the total force ∑F2
must be in the +XOY plane as well. Then, the friction force Fv2
should point at the counter direction.

2.2.1.3. Two Counter Piezoelectric Transducers (AC1 +
AC3). As shown in Figure 1e, the forces applied on the PS
microparticles include acoustic radiation forces Fr1 and Fr3
generated by two counter piezoelectric transducers 1 and 3.
Considering the viscous resistance force Fv3, the total force
∑F3 can be calculated by eq 9 and is shown as follows

F F F F F F F For3 r1 r3 v3 3 r3 r1 v3= = (9)

According to eqs 1 and 2, on the left side of the pressure
node, since force Fr1 is greater than force Fr3, the microparticle
moves along the +X direction; on the right side of the pressure
node, since force Fr3 is greater than force Fr1, the particle
moves along in the −X-axis.45 As a consequence, the particles
move and concentrate in nodal positions because the acoustic
radiation force is generated by acoustic potential gradients that
arise from the intersection of counter-propagating wavefronts.

2.2.2. Movement Analysis of Microparticles Driven by
Piezoelectric Transducer (AC5/AC6) in the 3D Platform. As
shown in Figure 6f, the PS particles are subjected to acoustic
radiation force (Fr5) and viscous resistance force (Fv4) along
the +Z/−Z direction (perpendicular to the direction of the
transducer) under single piezoelectric transducer T5 or T6
driving. Herein, the resultant force ∑F4 can be calculated by
eq 10

F F F4 r5 v4= (10)

According to eqs 1 and 3, the PS microparticles travel in the
direction of +Z axis by T5 driving. Similarly, when a voltage is
applied to another transducer, microparticles can move along
the −Z axis.

3. RESULTS AND DISCUSSIONS
3.1. Experimental Analysis of Microparticle Moving

Trajectories under Different Driving Modes. 3.1.1. One
Transducer Combined with One DC Electric Field (T1 + E1).
To investigate the motion of PS particles in LC solutions in
single BAW, single LCBE and combined fields, the driving
voltages of LCBE electric field and BAW acoustic field were set
as 30 V of DC voltage, 7.5 kHz of frequency, and 11 and 13
Vpp of AC voltages, respectively.
The time-displacement motion curves of PS particles are

shown in Figure 2a and Table 1 under different driving modes.
Displacement data versus the time were fitted with linear
equation, which means the average velocity of PS micro-
particles. From Figure 2a, we can find that the particle moves
at a small speed of 4.07 μm/s driven by single LCBE. The
velocity of the particle reached 9.28 and 23.96 μm/s when AC
voltages of 11 and 13 Vpp were applied on the LC solution,
respectively. The results show that the manipulating effect by
single BAW driving was greater than that of the single LCBE
driving. In addition, under the combined BAW (13 Vpp) and
LCBE (30 V) driving mode, the particle velocities can reach

35.60 and 54.82 μm/s, respectively. That was because that the
resultant force between the acoustic radiation and liquid crystal
backflow effect force had a positive effect to the particle
motion toward the same direction (+X), as shown in Figure 1c,
which is consistent with the theory analysis in Section 2.2.1.
The displacement of the PS particles at different times (1.2,
2.4, 3.6, 4.8, 6.0, and 7.2 s) is shown in Figure 2b. The velocity
of 54.821 μm/s can be calculated according to the trajectories
of these images taken by the CCD camera with T1 and E1.
Here, substrate oscillations can actuate the LC fluid when

the piezoelectric transducers were activated at 7.2 kHz, which
will drive the suspended particle movement. This is because
sub-wavelength effects with respect to an acoustic field arising
in the fluid can utilize features smaller than the acoustic
wavelength to modify the acoustic field,46 which explained why
particles can be manipulated using the piezoelectric transducer
which produce acoustic waves larger than the particle’s
diameter.

3.1.2. Two Adjacent Transducers and Two DC Electric
Field Driving (T1 + T2 and E1 + E2). In order to investigate
the influence of two adjacent transducers combined with two
LCBE electric field driving to the PS particles motion in LC
solution, different driving combinations between T1, T2, E1,
and E2 electric fields have been studied here. According to the
theory analysis of Section 2.2, the PS particles should move in
the +XOY plane. The time-displacement curves of +X and +Y
directions are shown in Figure 3a and Figure 3b with different
driving mode combinations. From Figure 3a,b, we can find that
when the AC voltage is equal to 13 Vpp (green line), the
moving velocity of the PS particles in +X and +Y direction is
greater than that of 11 Vpp (brown line). Thus, larger AC
driving voltage will lead to larger velocity of particles in this
direction, as shown in Figure 3a,b. The velocity (purple line) in
+X direction is larger than the red one because the 13 Vpp of
driving voltage/AC1 is higher than 11 Vpp/AC2. On the
contrary, the velocity of +Y direction is higher than that of +X
direction in Figure 3b.
Similarly, E1 and E2 have the same influence on the velocity

of the PS particles. As shown in Figure 3a,b, the applied E1/E2
leads to the higher velocity of the +X/+Y direction. Finally, the
total four electric fields are all turned on, and the velocity of PS
microparticles reaches the highest value of 68.78 μm/s after
calculating the velocity of +X and +Y directions, which point in
the 45° direction in the +XOY plane. Compared to the speed
of 2 μm/s based on a micro-fluidic actuator developed by Liu
et al, the velocity of the microparticles in this experiment has
been greatly increased. The trajectories of PS particles from 0
to 7.2 s is away from the origin point, as shown in Figure 3c, by
T1 and T2 combined driving. There is an increase in velocity
for two similar conditions (T1 = T2 = 13 Vpp; T1 = T2 = 13
Vpp and E1 = E2 = 30 V), which is due to the presence of
acoustic and electronic fields, which collectively cause the
microparticles to move, such as 48.452 μm/s with T1 = T2 =
13 Vpp, E1 = E2 = 30 V driving and 24.369 μm/s with T1 =
T2 = 13 Vpp driving, which represent the velocity magnitude.
The moving displacement in +X and +Y directions increased
along with the increase of time, which is consistent with the
time displacement and theory analysis given in Section 2.2.
3.2. Application of Microparticle Manipulation in the

2D Platform. 3.2.1. Random Position Manipulation of PS
Particles. According to the aforementioned analysis, the
particle can move at any directions in the XOY plane of 2D
platform if we turn on/off T1−T4 in some sequence. A single
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chip microcomputer and four relays were used to control the
switching sequence of four transducers connecting to the four
relays through the programmable logic program. Therefore, the
auto control model was designed and programmed by four
relay controllers (relay 1 to relay 4 control T1 to T4,
respectively), as shown in Figure 4a,b. In addition, the

microparticle moving direction and distance will be manipu-
lated by programmed the relay time and turn on/off in
sequence between T1 and T4. For example, in order to fulfill
the motion of PS particles from P1→ P2→ P3→ P4→ P5→
P6 → P1, the on/off arrangement of T1 to T4 and the relay
time for four controllers were programmed as 2, 1, 2, 2, 1, and
1 s, as shown in Table 2. For example, when PS particles move
from P3 to P4 position, relays 1 and 2 will turn off and relays 3

and 4 will turn on, which will direct the motion of +X and −Y
of the PS particles, as shown in Figure 4d. The relay times
involve the velocity of PS particles; thus longer time (2 s)
should be set when PS particles move along the 45° quadrant
angle rather than along the X/Y axis (1 s).
Therefore, the position of PS particles will be controlled at

any direction and positions by programming the transducers
distributed in the four different directions turn on or off in
subsequence and set the proper the relay time easily. This
platform can be used for the directional movement of cells,
drug delivery precision, and microparticle manipulation fields
potentially.

3.2.2. RBCs Manipulation (T1 + T3). To demonstrate the
capability of the proposed study for cells separation and
gathering and other applications in biochemical field, RBC
manipulation was performed with by two counter and four
transducers driving in LC solution separately using the 2D
platform. It can be seen from Figure 5a that the RBCs moved
toward to the pressure nodes, and more cells would arrange in
the pressure node line in the plane finally, as shown in Figure
5a. RBCs enriched with a line under the actuation of the
resultant acoustic radiation when the driving voltage signals
were loaded onto two counter transducers (T1 + T3 or T2 +
T4), as shown in Figure 5b. On the left of pressure nodes,
since Fr1was greater than Fr3, the particle moved along the +X-
axis. Similarly, on the right of pressure nodes, the particle
moved along the −X-axis, resulting in the accumulation of
particles in nodal positions. The total forces of applied on the
microparticle were equal to zero at the pressure node, as shown
in Figure 1e. As a consequence, the particles were concentrated
near the pressure nodes.
In addition, after applying four BAW signals (T1, T2, T3,

and T4), it can be seen from Figure 5c,d that RBCs were
concentrated at the pressure nodes in LC solution, which is
consistent with the theory analysis and eq 9 in Section 2.2.1.
Therefore, the RBCs and other cells with different radii can be
separated and enriched together easily by BAW and/or LCBE
driven using the proposed 2D platform.
3.3. Microparticle Manipulation in the 3D Platform

(T5 + T6). In the 3D platform, the piezoelectric transducers T5
and T6 were placed on the counter sidewalls, which can obtain
the motion of the microparticle in the Z direction. After T5 is
applied at 13 Vpp voltage with 7.2 kHz driving frequency,
microparticles in the 3D cavity are moving along +Z direction
due to acoustic radiation force generated from the transducer
5. The particle trajectory image taken in the experiment is
consistent with the PS particle trajectory in 2D. The velocity of
the particle reached 26.946 μm/s using the same measure-
ments. Similarly, with T6 driven by the same electrical signal,
we can obtain the trajectory of ps particles moving along the
−Z axis direction. The time-displacement curves of PS
particles along with the +Z axis are shown in Figure 6a with
13 Vpp voltage by T5 driving. The velocity can reach 26.946
μm/s according to Figure 6a. Thus, BAW based on a low
frequency transducer can manipulate the motion of particles
along the direction of the vertical transducer in the 5CB liquid
crystals solution. However, the moving trajectories of PS
particles were complex when T5 and T6 were all turned on
according to multiple attempts.
In order to figure out the moving condition under T5 and

T6 combined driving in the 3D platform, the FEA using
COMSOL software was performed. The parameters of
piezoelectric transducer are shown in Table 3 during FEA.47

Figure 4. Analysis of random position manipulation of PS particles.
(a,b) Arrangement of relay controller and piezoelectric transducer. (c)
Schematic diagram of PS particles motion with a programmable logic
control circuit. The trajectory of microparticle follows P1 → P2 → P3
→ P4 → P5 → P6 → P1. (d) Experimental image showing motion
trajectories of PS particles.

Table 2. Position of PSa

T/s relay 1 relay 2 relay 3 relay 4 position

2 on on off off P1 → P2
1 off off off on P2 → P3
2 off off on on P3 → P4
2 off on on off P4 → P5
1 off on off off P5 → P6
1 on off off off P6 → P1

aParticles vs programmed logic control of relays combination.
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As shown in Figure 6b−d, when a sine signal with 7.2 kHz
driving frequency and 13 Vpp driving voltage was applied on
the piezoelectric transducers T5 and T6, the direction of fluid
stream is not consistent and the vortices will be formed by
liquid crystals flowing, which are shown in Figure 6e−h.
According to the numerical and experimental analysis, the
motion of particles in the 3D plane is not easy to control,
which is hard for particle manipulation. The result of numerical
simulation proved to yield comparable wave patterns to the
experimental results.

4. CONCLUSIONS
In this paper, a novel microparticle manipulation method
based on BAW/LCBE driving is proposed. Basically, both 2D
and 3D platforms with different combined driving methods
were applied to manipulate PS particles and RBCs. When a
single BAW field (13 Vpp voltage) and LCBE (30 V voltage)
driving were applied, the velocity of PS particles can reach up
to the 35.60 and 4.07 μm/s, respectively. On the other hand,
the highest velocity of PS particles can reach 68.78 μm/s in the
2D platform based on a BAW (13 Vpp voltage) field combined

with LCBE (30 V voltage) driving. In addition, the
microparticles in the 3D platform could be manipulated in
the Z-axis direction in the LC solutions. Consequently, PS
particles can be manipulated randomly in the X, Y, and Z
directions through a programmable logic control model in 2D/
3D platforms.
Finally, we demonstrated that RBCs can be enriched in a

line or gathered in the pressure nodes on the actuation of
acoustic waves, which can generate the two counter trans-
ducers or four transducers. Therefore, the combined driving
model which solved the low driving force of single actuation
mode offers new possibilities in the future studies. In the
future, the dielectric anisotropy properties of liquid crystals will
be introduced to manipulate particles or cells owing to
potential photo-induced mechanical actuation of liquid
crystals.

5. MATERIALS AND EXPERIMENT
5.1. Materials. An ultrasonic power amplifier (Nantong

Longyi Electronic Technology Co. Ltd, Nantong, China), a
charge-coupled device, and research-level multifunctional

Figure 5. Manipulation of the RBCs with BAW driving. (a) Moving control of RBCs by two counter piezoelectric transducers driving in the LC
solution. (b) Images of the RBCs arrangement process in the LC solution. (c) Schematic of RBCs gathering in the pressure nodes by four
piezoelectric transducers driving in the LC solution. (d) Images of the gathering process of RBCs in liquid crystal solution.
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Figure 6. PS particles manipulation and vortex analysis in the 3D platform. (a) Time-displacement curves of PS particles in the +Z direction. (b−d)
Vortex analysis of LC solution with two counter piezoelectric transducers in the 3D platform by FEA. (e−h) Vortices analysis observed by 5×
objective magnification of CCD light field at different positions in LC solution.
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intelligent microfluidic microsystem test platform (Leica
Microsystems CMS GmbH) were used; 4-pentyl-4′-cyanobi-
phenyl (5CB) was purchased from Shijiazhuang Huarui
Scientific and Technological Co. Ltd, Shijiazhuang, China);
piezoelectric transducers (FT-12T-7.2A1, Tianyi Electronics,
China), a signal generator (DG1022, Rigol, Zhengzhou,
China), glasses (Shenzhen Micro Nano Electronic Technology
Co., Ltd, China), and green fluorescent microspheres (PS)
were purchased from Tianjin Sailun Technology Co.. A laser
engraving machine (Liaocheng Mingchuang Laser Equipment
Co., Ltd, China), an analytical Balance (Shanghai Puchun
Measuring Instrument Co., Ltd, China), and a DZF-6050
vacuum dryer (Wanyi Technology Co., Ltd., Anhui, China)
were purchased from their respective suppliers and used as
received. Blood was collected from volunteers. All experiments
were approved by the ethical committee in Henan University
of Technology and are performed in compliance with the
ethical policy for use of human subjects according to the
national guideline in China. Informed consent was obtained for
all experimentation with human subjects.
5.2. Experimental Setup. The experimental platform for

microparticle manipulation is shown in Figure 7a, which
mainly consists of a digital imaging computer, Leica micro-
scopes, a power amplifier, a signal generator, and an electronic
ballast switchgear. During experiments, we first connected the
transducers with the output terminal of the power amplifier
according to the specific experimental content. Then the
amplifier was connected with a signal generator. Figure 7b
shows that the 2D structure was used for PS particle

manipulation in liquid crystal flow field. It can also be used
for the RBC enrichment experiment. In addition, it can be seen
from Figure 7c that the 3D platform was used to investigate
the motion trajectories of PS particles along with the Z axis
(direction of the vertical transducers). Besides, vortices from
liquid crystal flow experiments can be implemented in the 3D
device.
Sample preparation: PS + LC sample solution (the mixing

ratio is 1:200) and RBCs + LC sample solution (the mixing
ratio is 1:200). Each experiment set in this paper was repeated
five times (n = 5), and all the experimental data were
calculated based on the mean and standard deviation (SD) and
shown as mean ± SD. Alternating current (AC) with frequency
of 7.2 Hz, 11, 13 peak-to-peak voltage (Vpp) and direct
current (DC) with 30 V were used in all experiments. This is
due to evident microparticle movement trajectory observed by
sweeping the voltages with 1 Vpp increment from 1 to 30 Vpp.
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