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Abstract— Non-contact manipulation is of great importance
in the actuation of micro-robotics. It is challenging to contactless
manipulate micro-scale objects over large spatial distance in
fluid. Here, we describe a novel approach for the dynamic
position control of microparticles in three-dimensional (3D)
space, based on high-speed acoustic streaming generated by a
micro-fabricated gigahertz transducer. The hydrodynamic force
generated by the streaming flow field has a vertical component
against gravity and a lateral component towards the center, thus
the microparticle is able to be stably trapped at a position far
from the transducer surface, and to be manipulated over
centimeter distance in 3D. Only the hydrodynamic force is
utilized in the system for particle manipulation, making it a
versatile tool regardless the material properties of the trapped
particle. The system shows high reliability and manipulation
velocity, revealing its potentials for the applications in robotics
and automation at small scales.

I. INTRODUCTION
The manipulation of micro-objects is of great interest in
robotics and automation at small scales. Traditional
manipulation methods often require direct contact and can
thus be limited at this scale. Solid contacts can easily induce
deformation or damage soft or biological materials, and the
dominance of surface forces over volume forces makes it
difficult to precisely manipulate and especially to release
micro-objects [1]. To overcome these obstacles, numerous
contactless manipulation approaches have been developed,
such as magnetic tweezers [2], dielectrophoresis [3] and
optical tweezers [4-6]. These methods have been used for
various applications in biology and physics, such as
microparticle or cell trapping and transportation [2, 7],
molecular force measurements [8], and three-dimensional (3D)
assembly [9, 10]. However, these strategies require special
material properties of the manipulated object. For example,
magnetic
tweezers
require
magnetic
materials,
dielectrophoresis depend on the difference in dielectric
properties between the particle and the medium.
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Acoustic tweezers use acoustic radiation forces to
manipulate particles without contact and work with a large
range of materials in various media [11]. Using standing
waves, particles can be trapped at fixed positions [12, 13], and
transportation in one [14] or multiple [15-17] dimensions is
enabled by changing phase [18], driving frequency [19] or
acoustic streaming [20]. Most of these approaches were
restricted to small microfluidic chambers with confined
geometries or very close to the surface of the ultrasonic
transducer [21]. We recently developed the acoustic hologram
technology, and demonstrated that with the phase modulation
of a travelling plane wave can generate a complicated 3D
acoustic field and achieve the particle manipulation in an
arbitrary trajectory [22]. Nevertheless, it is difficult to form a
stable 3D trap with the travelling wave, as the particle is
pushed away in the travelling direction of the wave, and the
trapping force is also dependent on the acoustic contrast
between the particle and the medium.
Hydrodynamic tweezers offer a unique chance to trap
microparticles in fluids in a contactless manner with no
restrictions on the materials properties. It has been shown that
steady streaming vortices can be generated around an
obstruction [23] or a cavity [24-26], or on the edge of an
acoustic field [27] in a microfluidic channel, and trap particles
in the center of the eddies. We showed that the excitation of
bubble resonances can be used to realize a wireless robot arm
at a distance [28, 29], but it requires a transducer area of ~10
mm2. Researchers also demonstrated that the magnetically
actuated rotation of beads [30, 31] or dumbbell structures [32]
can form micro-vortices to trap and manipulate microspheres
and motile microorganisms. However, hydrodynamic
tweezers based on the vortices only work in a very close
distance to the solid boundaries, which limits their application
in the long-range distance in the 3D space.
Here, we demonstrate a novel and simple contactless
microparticle manipulation method based on the acoustic
streaming generated by a micro-fabricated gigahertz
transducer (Fig. 1). In contrast to kHz and MHz frequencies,
which have been used for acoustic manipulation, gigahertz
sound waves attenuate strongly in liquid, leading to a
high-speed jet flow perpendicular to the resonant surface for
the particle levitation. The vertical position of the particle can
be controlled by acoustic power and occurs when the upward
force and the gravitational pull on the particle balance. Its
horizontal trapping position is induced by the pressure
difference generated by the oblique fluid motion on the two
sides of the particle. A stable trap for an individual
microparticle is formed in the bulk fluid and far away from the
transducer surface. We show that the controlled manipulation
of the microparticle can be achieved with the new method over
centimeter distance in all three spatial directions.
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Figure 1. Schematic of the acoustofluidic tweezers for the microparticle
manipulation. The stable 3D trap is generated in water with the acoustic
streaming induced by the gigahertz ultrasonic transducer.

II. MATERIALS AND METHODS
A. Gigahertz ultrasonic transducer
The gigahertz ultrasonic transducer was designed and
fabricated based on MEMS technology. Briefly, a Bragg
reflector composed of alternating layers of silicon dioxide
(SiO2) and molybdenum (Mo) (SiO2 / Mo / SiO2 / Mo / SiO2,
650 / 640 / 650 / 640 / 650 nm thick each) was firstly deposited
on a Si substrate (400 µm thick) to serve as an acoustic
reflector. A 1100 nm thick aluminum nitride (AlN)
piezoelectric layer sandwiched between 2 layers of Mo
electrodes (150 nm and 170 nm thick, respectively) forms the
acoustic generating part of the transducer. Finally, 200 nm
thick AlN and 1000 nm thick SiO2 were used as passivation
layers on the surface to improve device reliability. The
transducer was diced into a die of 1 mm × 1 mm and wire
bonded to the evaluation board (EVB) for the electric
connection, as shown in Fig. 2. The microscope image of the
transducer shows the pentagonal resonant area of 0.01 mm2 in
the center of the device. The resonance frequency of the
transducer was analyzed by a network analyzer (E5061B,
Keysight, USA).

B. Particle manipulation system
The generation of the acoustic streaming was controlled by
a RF (radio frequency) power supply. A sinusoidal gigahertz
signal from a signal generator (SSG-6000RC, Mini-Circuits,
USA) was amplified by a power amplifier (ZHL-15W-422+,
Mini-Circuits, USA), and applied to the transducer. The
transducer and the EVB were immersed in a water tank (14
cm× 11 cm× 11 cm) for particle manipulation. The electrodes
of the transducer and the signal line on the EVB were covered
with epoxy glue for electrical insulation in water. The distance
between the transducer to the water surface was set to be at
least 5 cm to ensure that the microparticle movement occurred
under water. The horizontal position of the transducer in X-Y
plane was controlled by a two-dimensional motorized stage
(PILine, PI, Germany), which was connected to the EVB via a
customized holder. Glass microbeads (Sigma- Aldrich,
425-600 µm in diameter, ~180 µg) were trapped in our
acoustofluidic tweezer. The microparticles’ movement was
recorded by a camera (EOS 600D with an EF 100mm f/2.8L
macro lens, Canon, Japan), and the trajectory was analyzed
using ImageJ (Fiji 1.52p, NIH, USA).
C. Characterization of the acoustic streaming
The acoustic streaming generated by the transducer was
analyzed using particle image velocimetry (PIV). The
transducer was immersed in water filled with fluorescent
polystyrene microspheres (15 µm diameter, FluoSpheres®,
Life technologies, OR, USA). A plane illumination for the
fluorescent excitation (~ 0.5 mm thick and ~10 mm high) was
generated by a green laser (532 nm, 100 mW, LD-WL206,
Changchun New Industries Optoelectronics Tech. Co., China)
and a cylindrical lens. The illumination plane passed through
the center of the transducer, and the tracer particles’
movement was recorded at 20,000 fps with a high-speed
camera (Phantom v7.2, Vision Research, NJ, USA) with a
macro lens (EF-S 60 mm, Canon) and a long pass filter
(OD4-550nm, Edmund Optics, Barrington, NJ, US).
Recorded images were processed by ImageJ, and the
streamlines were drawn by overlapping the moving tracks of
the particles. The fluidic speed was obtained by calculating the
tracer particles’ speed in MATLAB (MathWorks, USA) and
plotted as a pseudo-color image. When observing the fluid
distribution around a glass bead levitated by the acoustic
streaming flow, the same laser was used for illumination.
Hollow glass beads (10 µm diameter, Dantec Dynamics,
Denmark) were added to the water, and the streamlines were
recorded by the Canon camera.
III. RESULTS AND DISCUSSIONS

Figure 2. Picture of the microparticle manipulation system. Enlarged view
is the microscope image of the gigahertz transducer with a pentagonal
resonant area.

A. Acoustic streaming generated by the gigahertz
transducer
Fig. 3(a) shows the streamlines generated by the
transducer. An upward jet flow perpendicular to the resonant
surface is observed. The velocity distribution of the streaming
at 0.5 W power is plotted in Fig. 3(b) using the instantaneous
Z-direction velocity of each tracked particle at each position,
and is shown in the pseudo-color plot. The result shows the
maximal streaming velocity exceeds 0.8 m/s at the position
close to the surface of the resonator. The streaming velocity
decreases gradually along the Z-direction. The relationship
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Figure 3. Characterization of the acoustic streaming induced by the gigahertz ultrasonic transducer by PIV. (a) The streamlines (yellow lines) during acoustic
streaming. Area marked with the white rectangle corresponds to the center of the transducer. The scale bar is 1 mm. (b) Velocity distribution in the acoustic
streaming field. The color indicates the magnitude of the fluidic velocity in Z direction. The transducer is at the position (0, 0). (c) The streaming velocity in the
vertical direction (averaged in the black box area shown in b) versus the input RF power.

between the streaming velocity and the input electrical power
was also measured and shown in Fig. 3(c). The fluid speed is
calculated by averaging the particles’ velocity in a 0.265 × 4
mm2 area near the transducer (marked as the black rectangle in
Fig. 3(b)). It reveals that the speed increases nonlinearly as a
function of input power, and a maximum speed of over 1 m/s
can be realized using this gigahertz transducer.
B. Theoretical analysis of particle trapping in 3D space
The forces acting on the levitated microparticle are shown
in the force diagram in Fig. 4(a). Previous publication has
confirmed that at the gigahertz frequency, the power of the
acoustic wave attenuates to almost zero within hundreds
of micrometers in water [33]. In this study, the distance
between the manipulated particle and the transducer is over
one centimeter, the particle is only affected by the
hydrodynamic force but without the influence of the acoustic
radiation force. In the vertical direction, the acoustic streaming
generated by the transducer provides an upward force to the
bead (FZ). When this force overcomes the gravitational pull on
the bead (FG), the bead levitates. According to the velocity
distribution shown in Fig. 3(b), a higher position in
Z-direction corresponds to a lower fluid velocity, which
corresponds to a smaller lift force for the particle. Thus, the
final stable position for the particle is where the lift force
generated by the streaming (FZ) and the buoyancy of the
particle (FB) balance with the particle’s gravity (FG).
According to our calculation, the gravitational force on the
particle is ~1.8 µN, and its buoyance in water is ~0.6 µN. Thus,
the upward hydrodynamic force exerted on the particle at its
balance position is ~1.2 µN.
In the horizontal direction, there is also a force balance on
the particle to confine it. The flow distribution recorded
around the trapped particle is shown in Fig. 4(b), and most
streamlines at the center with a width of ~1 mm are vertical.
However, due to the low-pressure zone generated by this
high-speed fluid motion in the center, liquid on the outer sides
of the area is forced to move inwards, which results in oblique
flow from the surrounding fluid. As illustrated in Fig. 4(a),
fluid on the left moves towards the upper right, thus providing
a horizontal force component (FX). Similarly, fluid on the right
moves towards the upper left and provides an opposite force

(F-X). Therefore, the particle is centered and also trapped along
the horizontal direction.
C. Position control in the vertical direction
The experimental result of the particle trapping can be seen
in Fig. 5 (see also Supplementary Video). When certain
power is applied to the system, the particle is lifted to the
equilibrium position and stably trapped at the position. We
observed that the particle can be stably trapped for at least 30
minutes when there is no external fluidic disturbance.
Since the upward fluid velocity can be tuned by using
different input powers (Fig. 3(c)), the vertical fluid force
distribution can also be adjusted in the same way. When
increasing the power, the force provided by the streaming flow
increases, thus the particle exhibits a net upward force. With
this feature of the system, dynamic position control of the
particle in the vertical direction can be achieved.

Figure 4. (a) Force diagram of the microparticle at different horizontal
positions. Light-blue arrows indicate the fluid flow direction. Fluid velocity
variation along X-axis is illustrated by background color variation. The
off-center particle (as shown in the left picture) experiences a net horizontal
force pointing towards the center where the forces balance (as shown in the
right picture). (b) Recorded streamlines around the levitated particle.

11394

Figure 5. Control of the particle position in the Z direction by tuning the applied power. (a) From left to right: input power increases from 0.4 W (25.95dbm)
to 0.7 W (28.45 dBm) with a step of 0.25 dB. White arrows indicate the position of the particle in each frame. Scale bar is 4 mm. (b) Enlarged view of the
trapped glass microparticle. Scale bar is 500µm.

Fig. 5 shows the steady-state position of the particle at
several different applied electric powers ranging from 0.4 W
to 0.7 W. With the increase of the applied power, the distance
between particle and the transducer also increases, and the
particle is still under control even when the distance exceeds
25 mm (see also Supplementary Video). The position change
of the particle rapidly follows the change of the power, and the
new location can be stably reached in ~0.5 s. The distance
between particle and the transducer under different applied
power is plotted in Fig. 6. The Z-position of the microparticle
can be linearly controlled by the applied power, and shows
good repeatability in both +Z and -Z moving directions. Since
the levitation force exerted on the particle balances the gravity
of the particle, the trapping position and the stability will be
influenced by the size and density of the particle, as well as the
fluid viscosity. The detailed relationships between these
parameters and the manipulation result will be investigated in
future.

direction by moving the position of the transducer. The
transducer is moved from right to left, and the trace of the
particle is observed from the side and the top view. The results
show a reliable particle transportation along the X-direction
(see Supplementary Video).
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Figure 6. Relationship between the trapping height of the microparticle and
the applied electric power. Error bars represent standard deviations.

D. Dynamic position control in the horizontal direction
According to the theoretical analysis, the horizontal
pressure pushes the particle towards the streaming center.
Thus, when the horizontal position of the jet flow moves, the
particle will leave the streaming center due to inertia, and the
horizontal fluid pressure will push it back towards the
balanced position. Fig. 7(a) and 7(b) shows the experiments
for dynamic particle position control in the horizontal

Figure 7. Control of the horizontal position of the microparticle by moving
the fluidic tweezer. (a) Overlapped image of the side view of moving a
particle at ~0.1 mm/s; (b) Overlapped image of the top view of moving a
particle at ~0.3 mm/s. Arrows show the translational direction of the particle.
(c) Tracking velocity of the particle versus the driving velocity of the
motorized stage. Error bars represent standard deviations.
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These two experiments are carried out by moving the
transducer slowly, and it is observed that the initial
acceleration at the starting point is reflected in a small position
instability of the particle. If the driving velocity of the
transducer is large, i.e. the acceleration is large, then the
particle will no longer follow the movement and escape from
the trap. In order to study the following capability of the
system under high driving speed, motion of the particle is
recorded under different driving velocity, and the tracking
velocity of the particle is shown in Fig. 7(c). The results show
that the system is still stable under a high moving velocity of
up to 6 mm/s. Higher speeds result in the loss of the particle
from the trap.
E. 2D in-plane position control following a complex
trajectory
The manipulation of the microparticle in a 2D plane to
follow a designed trajectory is also achieved with the system.
A 10 mm× 10 mm square-shaped route is designed and input
to the controller of the stage, and the moving speed is set to 0.4
mm/s. The trace of the particle is observed from the top view,
and the real particle position during experiment is extracted
and displayed as an image series (see Fig.8 and
Supplementary Video). The maximum deviation between the
particle center to the intended position is ~ 0.2 mm, indicating
an excellent positional control. With this result, we believe
that complex trajectories in plane can be realized by the
system. Together with the position control of the particle in the
Z-direction by tuning the power, rapid and stable 3D
micro-object manipulation at and over a relatively large
distance can be achieved by the acoustofluidic tweezers.
Accompanied by other unique features of the gigahertz
transducer, such as small volume, low cost, and batch
manufacturing, the reported approach can lead to a
miniaturized integrated system for micro-robot actuation and
untethered micro-manipulation.

IV. CONCLUSIONS
In this paper, we reported a novel manipulation method for
microscale (~500 µm) particles to move centimeter distances
in liquid environments. Our experimental results show stable
particle trapping and rapid particle transportation in 3D.
Complex trajectories of a particle is realized by the system
with a maximal tracking speed of ~6 mm/s and an accuracy of
~0.2 mm. As the manipulation distance is far from the
transducer (larger than 20 times of the particle diameter) and
gigahertz ultrasound attenuates very rapidly in water, the
acoustic radiation force plays no role in the particle trapping.
The method only relies on the hydrodynamic force, which is
not restricted by the particle’s material property. The method
is wireless and permits manipulation without contact to a solid
part. Therefore, it holds great potential for the manipulation of
fragile, soft and biological materials. Further researches will
study the particle manipulation under different fluid viscosity,
and the particle size and density. An analytical model of the
hydrodynamics will be built to provide a deeper understanding
of the trapping mechanism, and shed light to the applications
such as multi-particle 3D robotic manipulation.
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