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We report on a wave-driven microfluidic ultrasonic shaker that can stably trap and oscillate micropar-
ticles in water in a microchannel. The microfluidic ultrasonic shaking system mainly consists of a
microfluidic chip and two orthogonally excited piezoelectric transducers: one for creating radiation force
potential wells for three-dimensional trapping of microparticles and the other for generating sound desta-
bilization to shake the trapped microparticles. It is shown that two standing waves of different but close
frequencies provide a shaking force [approximately F0cos(2π�ft), with F0 and �f being the force ampli-
tude and the frequency difference, respectively] that can repeatedly perturb a trapped microparticle and
cause it to execute spontaneous oscillations. The dynamic behavior of microparticle oscillation driven by
two sound waves is found to be equivalent to a forced harmonic oscillator (i.e., a mass on a spring) that
has been extensively described in the literature. Specifically, experiments at various ultrasonic excitations
show that the oscillating frequency of a stably trapped microparticle is determined by the frequency differ-
ence between the two sound waves, and the shaking amplitude scales inversely to the frequency difference
and is affected by pressure amplitudes of both sound waves. We foresee that the illustrative microfluidic
ultrasonic shaker presented here opens perspectives for dynamic manipulation of single microparticles or
clusters in microscale acoustofluidic systems.
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I. INTRODUCTION

Noncontact manipulation of particles using resonant
ultrasonic fields is a rapidly growing research field that is
receiving increasing attention in fields of physics, biology,
medicine, and chemistry [1–4]. When a resonant ultra-
sonic field is established in an acoustofluidic device, the
movements of particles suspended in the fluid medium
are determined by two main acoustic forces, i.e., the
acoustic radiation force (ARF) and the acoustic stream-
ing (AS) induced drag force. In many cases, the ARF is
the main engine for particle manipulation while the AS
effect is regarded as a disturbance as it usually places a
lower limit on the particle size that can be manipulated
by the ARFs [5]. Diverse particle manipulations includ-
ing patterning [6–9], focusing [10–13], separation [14–16],
and transportation [17–20] enabled by ARFs have been
demonstrated.

In ultrasonic particle manipulation devices where reso-
nant ultrasonic fields are established, particles are driven
towards positions where the radiation force potential is a
minimum [21]. In general, solid or liquid particles that
contribute to a positive acoustic contrast factor experience
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net ARF towards the pressure nodes, where they become
trapped. Meanwhile, it is also known that a trapped particle
could execute spontaneous oscillations around its equilib-
rium position when the cavity is detuned by exciting at a
frequency that is just off resonance. The oscillation motion,
in contrast to stable levitation, is referred to as oscilla-
tional instability [22], which has been frequently observed
in midair single-axis acoustic levitators. Plenty of studies
[23–27] have shown that, when a midair single-axis acous-
tic levitator is detuned at a certain off-resonance frequency,
the oscillatory motion of a stably trapped particle is equiva-
lent to a damped harmonic oscillator where the ARFs (and
a drag force from the air) continuously drag the particle
towards its equilibrium position.

While acoustic levitation of millimetric particles and
their dynamics in midair acoustic levitators have been
widely studied in the literature [28–30], little work has
yet been conducted on ultrasonic oscillation of microscale
objects in a microfluidic channel. To build a microfluidic
ultrasonic shaker, an important first step is to realize stable
three-dimensional (3D) acoustic trapping of microparti-
cles. A number of papers have demonstrated 3D acoustic
trapping of microparticles using different methods, such
as single-beam acoustical trap [31] and standing waves
[32], to create 3D force potential wells. Compared with
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the standing wave configuration, the single-beam acousti-
cal trap has a selectivity of a high spatial resolution down
to the cell scale [33,34]. However, introducing sound insta-
bilities in such systems for the investigation of ultrasonic
microparticle oscillations is not trivial.

In this article, we propose and demonstrate an ultra-
sonic shaker enabled by acoustic microfluidics. 3D acous-
tic trapping and oscillation of single microparticles in
a microchannel under various ultrasonic excitations are
demonstrated and characterized. The dynamics of particle
oscillation in this microfluidic ultrasonic shaker is found to
be equivalent to a driven damped harmonic oscillator.

II. EXPERIMENTAL MEASUREMENTS

The acoustomicrofluidic device, shown schematically
in Fig. 1(a), mainly consists of a glass capillary (Quartz,
ZCQ), whose cross section is circular (diameter 0.9 mm)
inside and square (1.5 × 1.5 mm2) outside, and two piezo-
electric transducers (PZTs, 40 × 1.4 × 1 mm3). See also
Fig. S1 in the Supplemental Material [35] for the lay-
out of the cross section of the acoustofluidic device. In a
fluid channel of circular cross section, large microparticles
can be focused to the channel center under the combin-
ing effects of ARF and AS-induced drag force when a (1,
0) mode is generated in the cross section of the channel
[36]. Based on this principle, Lei et al. [11] demon-
strated a highly efficient two-dimensional concentration of
microparticles in a continuous flow in a similar acoustoflu-
idic system to that shown in Fig. 1. Here, in a static fluid,
as depicted in Fig. 1(a), microparticles are stably trapped
in the channel, which is also in the z direction, by lat-
eral resonances established along the channel, enabling 3D
trapping. Merits of the geometric design can also be found
from the Supplemental Material [35]. Owing to device
symmetry, the 3D acoustic trapping can be achieved from
an actuation of either of the PZTs. The performance of
microparticles in the microchannel is imaged by a fluores-
cent microscope. Measurements of the microparticle oscil-
lations are performed using the experimental arrangement
that is schematically presented in Fig. 1(b). As shown, two
67.5° right triangular prims are placed between the chip
and the objective lens, which can provide simultaneous
imaging of the x-z and y-z planes of the channel and keep
their real sizes, as also demonstrated previously by Lei
et al. [37]. The acoustofluidic device and the prisms are
compressed in a well-designed chip holder.

The whole experimental procedure is as follows. (i) Dis-
tilled water containing fluorescent spherical polystyrene
particles (Fluoresbrite® microspheres, Polysciences) of
25 μm diameter with a deviation of ±2.5 μm (manufac-
turer information) is introduced into the glass capillary by
a 20-ml syringe pump. (ii) The focus planes of the micro-
scope are adjusted to simultaneously image x = 0 and y =
0 (where microparticles are supposed to be trapped) by

(a) (b)

Glass capillary

micropartic
le

FIG. 1. Schematic of a microfluidic ultrasonic shaker. (a) The
acoustic microfluidic system, which mainly consists of a glass
capillary and two piezoelectric transducers (PZTs), one for three-
dimensional trapping and the other for shaking of microparticles;
(b) principle of simultaneous imaging of ultrasonic microparticle
oscillations in x-z and y-z planes of the microchannel.

positioning horizontal and vertical stages. (iii) 3D acoustic
trapping of single microparticles (diluted) is achieved by
actuating one of the PZTs at frequency f. (iv) The trapped
microparticle is then exposed to another sound wave at
frequency f + Δf that is actuated from the other PZT.
Interference between the two sound waves creates a shak-
ing force field for the trapped microparticle and causes
it to oscillate at driving-dependent frequencies, Δf , and
with amplitudes, A. (v) The shaking of single micropar-
ticles under various ultrasonic actuations is recorded for
further analysis. Here, both PZTs (Pz4, COSSON) are
driven by sinusoidal signals, which are generated by a
functional generator (AFG1062, Tektronix), amplified by
a dual-channel power amplifier (DPA2698, JUNTEK), and
monitored by an oscilloscope (TBS1102B, Tektronix). The
microparticle’s position in each video frame is monitored
using a Huawei P40 Pro cell phone (equipped with Leica
Quad Camera) at 60 frames/s and processed by Zootracer
[38].

The 3D acoustic trapping, shown in Fig. 2(a), is
achieved with an actuation of one PZT at f = 1.044 MHz;
at this frequency, microparticles in the microchannel are
firstly focused to the channel axis by acoustic forces under
the effects of the cross-section (1, 0) resonant mode and
then trapped to their nearest acoustic kinematic energy
density maxima by lateral acoustic forces in the z direc-
tion of the channel (see also a video in the Supplemental
Material [35]). The trapped microparticles are forced into
spontaneous oscillations when the second PZT is actuated
at f + Δf (with 0.01 <�f < 20 Hz here). It is found that
the microparticles are oscillating in 3D space [owing to the
imaging method described in Fig. 1(b)], which is different
to the case seen in a typical midair single-axis acous-
tic levitator where a trapped particle generally oscillates
only in the standing wave direction [39]. The trajectory
of a 3D trapped microparticle for a detuning frequency
Δf = 0.6 Hz is shown in Figs. 2(b)–2(d), where the x and
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y oscillations are plotted. It can be seen that the oscillating
trajectory of the trapped microparticle in the y direction
is not strictly a harmonic motion, but presents a slightly
distorted pattern, which may be attributed to the more com-
plicated force distribution in the presented system than
in a single-axis acoustic levitator. A discrepancy between
the amplitudes of these two oscillations is observed, due
to different strengths of the two PZTs. For the oscilla-
tions presented in Fig. 2(b), it can be seen that ξx and ξy
are approximately π /2 out of phase, and the microparti-
cle traces out a pearlike trajectory in the cross section of
the channel, as plotted in Fig. 2(d). Experiments in various
acoustofluidic devices and of various ultrasonic excitations
show that the trajectory of microparticle oscillation in the
x-y plane is not related to Δf but is affected to some
extent by the combination of driving voltages of the two
transducers. It is worth noting that, in the experiments, sta-
ble oscillations (with no decay) are observed immediately
after the second PZT is detuned (with �f �= 0), indicating
that the transient time that a trapped microparticle takes to
reach stable oscillation from rest is negligible.

To show the performance of microfluidic ultrasonic
shaking in more detail, we further investigate how the
microparticle oscillations are related to the key parame-
ters (including mainly the detuning frequencies �f and
the driving voltages Vp.p.) of the ultrasonic actuations. The
periodicity of microparticle oscillation is measured at var-
ious driving conditions. It can be seen from Fig. 3(a) that
the measured frequency ( ) that a trapped microparticle
oscillates at scales linearly with the detuning frequency
�f , while the driving amplitudes seem to have no influ-
ence on the oscillating frequency [see Fig. S4(a) in the
Supplemental Material [35] ]. However, all the ultrasonic
parameters mentioned previously are shown to affect the
oscillating amplitude of a trapped microparticle. With
an increase of �f , the oscillating amplitude decreases
rapidly (close to a negative power function) and can hardly
be distinguished when �f > 15 Hz, as plotted in Fig.
3(b). Meanwhile, as expected, higher driving voltages can
induce stronger ARFs on microparticles, which can not
only achieve faster trapping, but can also enable larger
amplitude oscillations. Examples with varying peak-to-
peak voltages ranging from 6 to 26 V can be found from
Fig. S4 in the Supplemental Material [35].

III. THEORETICAL MODEL

The 3D trapped microparticle’s oscillating displacement
from its rest or equilibrium position in any direction, e.g.,
ξ(t), may be solved from the equation of motion for a
damped harmonic oscillator driven by a harmonic force
field, that is,

m′
p

d2ξ

dt2
+ c

dξ

dt
+ sξ = Feiωt, (1)

(a) (b)

(c)

(d)

FIG. 2. Ultrasonic trapping and oscillation of a single
microparticle in a microchannel. (a) Three-dimensional acoustic
trapping of a spherical polystyrene particle 25 μm in diameter,
where d = 0.9 mm indicates the channel diameter; (b) oscillat-
ing displacements (ξ) of a trapped microparticle at a detuning
frequency �f = 0.6 Hz, where both x and y oscillations (ξx and
ξy , respectively) are plotted; (c) consecutive images showing the
microparticle oscillation in the x direction; and (d) plot of the
trajectory of the microparticle shaking in the cross section of the
channel. A video showing the acoustic trapping and oscillation of
a single microparticle in this microfluidic ultrasonic shaker can
be found from the Supplemental Material [35].

where m′
p = mp + mp(ρf /2ρp) represents the “virtual

mass” of a microparticle with mp , ρf , and ρp being the
particle mass, fluid density, and particle density, respec-
tively; c is the mechanical resistance, s is the stiffness, and
F is the amplitude of the driving force for oscillation. Here,
the damping mainly comes from the viscous drag during
microparticle oscillation. s and F, derived in the following,
may be determined from the ARF field. The AS-induced
drag force is ignored here as it is generally much smaller
than the ARF on a microparticle of 25 μm in diameter in
such a system [36].

For a small spherical microparticle in an acoustical field
in a viscous fluid, the Reynolds number in the system may
be considered sufficiently low that the viscous drag on the
particle can be assumed as a linear force (following Stokes’
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(a)

(b)

FIG. 3. Characterizations of the microparticle shaking at var-
ious detuning frequencies, �f . (a) The measured oscillating
frequency, ; and (b) the measured oscillating amplitude ξa,
where ξax and ξay indicate the x and y components, and the error
bars indicate the discrepancies observed in multiple measure-
ments. Both driving voltages remain unchanged. The solid lines
in (b) show the values calculated from Eq. (7).

law [40]), Fd = −6πμrv, where μ is the dynamic viscos-
ity of the fluid, r is the particle radius, and v is the particle
velocity. The mechanical resistance in Eq. (1) is then
c = −6πμr, which is applicable for small Reynolds num-
bers (Re = 2ρf r|v|/μ) and assumes that history forces are
negligible.

Methods for calculating the ARF acting on a spherical
particle have been described by various authors [41–46].
Here, in standing wave fields, the ARF vector field is
well approximated by the Gorkov potential [43] (assuming
the particle is small compared to the acoustic wavelength,
valid for the cases considered in this work),

Frad = −∇U, (2)

U = 4πr3

3

[(
1 − ρf c2

f

ρpc2
p

)
Epot − 3(ρp − ρf )

2ρp + ρf
Ekin

]
,

(3)

where cp and cf are the sound speed in particle and fluid,
Ekin = ρf |u1|2/4 (u1 is the first-order acoustic velocity in
fluid) and Epot = |p1|2/(4ρf c2

f ) (p1 is the first-order acous-
tic pressure) are the time-averaged kinematic and potential
energy density. Here, the total acoustic pressure is the sum

of the two sound waves, that is, p1 = p tr
1 + pos

1 , with each
component being given by p tr

1 = p tr
0 sin (ktry)eiωtrt and

pos
1 = pos

0 sin(kosx)eiωost, where p0 is the pressure ampli-
tude, k is the wavenumber, ω is the angular frequency, the
superscripts tr and os represent trapping and oscillating,
respectively, and ωos − ωtr = �ω = 2π�f . The relation-
ship between the first-order acoustic velocity and pres-
sure satisfies the linearized Euler’s equation, ρ0∂u1/∂t +
∇p1 = 0, which gives u1 = i∇p1/ρf ω.

Substituting the acoustic pressure and velocity fields
into the Gorkov equation, the resulting ARF components
become (see Supplemental Material [35] for more infor-
mation)

Frad,x = − πr3

3ρf c2
f

kospos
0 cos(kosx)[pos

0 sin (kosx)

+ p tr
0 sin(ktry) cos(2π�ft)], (4)

Frad,y = − πr3

3ρf c2
f

ktrp tr
0 sin(ktry)[p tr

0 cos(ktry)

+ pos
0 sin(kosx) cos(2π�ft)]. (5)

It can be seen that, in this wave-driven microfluidic ultra-
sonic shaking system, both the second terms in the x and
y components of the ARF contain a time-dependent term
cos(2π�ft), which is the main engine for shaking and
can cause a microparticle to execute spontaneous oscilla-
tion in both directions at frequency �f , as observed in the
experiments [e.g., Fig. 2(b)]. Without the time-dependent
term, the stable part of the ARF can only result in sta-
ble microparticle trapping. It can be known from Eqs.
(1), (4), and (5) that the first terms in the ARF equations
contribute to the stiffness of the system, which gives s =
πr3k2p2

0 /(3ρf c2
f ) (using sin(kξ) ≈ kξ for a small shak-

ing displacement, i.e., kξ � 1). It is worth noting that, as
shown in Fig. 2 and the video in the Supplemental Mate-
rial [35], the demonstrated microparticle oscillations in the
z direction are far weaker than the oscillations in the other
directions, and thus only the x and y components of the
ARF are of interest here.

The complex expressions for ARFs (i.e., the restoring
or driving force for oscillation) make it difficult to find
an analytical solution of Eq. (1), which, however, could
be simplified at certain circumstances. Assuming that a
microparticle oscillates with a small displacement ξ (e.g., x
and y), where cos(kξ) ≈ 1 and sin(kξ) ≈ kξ , and the coor-
dinate of the microparticle in the other direction can be
considered constant when calculating its oscillation in one
direction, the equation of motion of a trapped microparti-
cle in the ξ direction can further be approximated to the
following form,

d2ξ

dt2
+ γ

dξ

dt
+ ω2

0ξ = F0 cos(2π�ft). (6)
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In this classical equation, according to the proper-
ties of water (ρf = 1000 kg/m3, cf = 1500 m/s) and
polystyrene particles (ρp = 1050 kg/m3, cp = 1962 m/s),
the key parameters are determined: γ = c/m′

p ≈ 4.1 ×
103 is the damping coefficient; ω0, the natural fre-
quency of the particle in the detuned trap, is found by

ω0 = 2π f0 = √
s/m′

p ≈
√

1.2 × 10−6p2
0 , which depends

on the amplitude of the driving pressure; and F0, =
−kosktrpos

0 p tr
0 ξ0/(6ρpρf c2

f ) is a part of the ARF with ξ0
being the initial or equilibrium position of the micropar-
ticle, which is related to the pressure amplitudes of both
sound waves. In the absence of gravity, the ARF tends to
locate a microparticle at the channel axis (without detuning
frequency). Taking gravity into account, a microparticle
could be stably trapped at a slightly lower position (see
also Fig. S2 in the Supplemental Material [35]), where a
balance between the ARF and gravity is obtained. It is
worth noting that expressions for ω0 and F0, described
previously, hold true for oscillations in both x and y
directions.

Equation (6) describes the approximated equation of
motion for a 3D trapped microparticle in this microflu-
idic ultrasonic shaker, which is equivalent to a mass on
a spring driven by a harmonic force that has been exten-
sively described in the literature. The steady oscillation has
a general solution, i.e., ξ(t) = ξa cos(ωt − θ), where ω =
�ω = 2π�f [which can explain the detuning frequency-
dependent oscillation frequency (i.e., = �f ) observed in
experiments, as shown in Fig. 3(a)] and

ξa = F0√
(�ω)2γ 2 + [(�ω)2 − ω2

0]
2

. (7)

Figure 4 plots the relationship between the dimension-
less oscillation amplitude, ξa = ξa/ξa0 (with ξa0 = F0/ω

2
0

being the oscillation amplitude at �ω = 0), and the dimen-
sionless detuning frequency, f̄ = �ω/ω0 = �f /f0, at var-
ious acoustic pressure amplitudes p0 (assuming that p tr

0 =
pos

0 = p0). It can be seen that the response of oscillation
amplitude to the detuning frequency varies at different
acoustic pressure amplitudes. At low pressure levels, ξa
monotonically decreases with the increase of �f . When
the acoustic pressure amplitude rises to above around
5 MPa, the oscillation amplitude tends to firstly grow
with �f and then fall with a further increase of �f after
reaching its maximum at �f /f0 ≈ 1. Thus, for a normal
acoustic pressure amplitude of 0.05–0.5 MPa in a typi-
cal acoustic microfluidic device such as presented here,
ξa tends to monotonically decrease with increasing �f ,
which is consistent with the experimental measurements.
In Fig. 3(b) we see that the measured oscillating ampli-
tudes compare well with the theoretical values calculated
from Eq. (7) [parameters (with units) used for calcu-
lations: ξax, F0 = 2.4 N and ω0 = 111.4 rad/s; ξay , F0 =

FIG. 4. Relationship between the dimensionless oscillating
amplitude, ξa, and the dimensionless detuning frequency, f̄ , at
different acoustic pressure amplitudes, p0.

1.1 N and ω0 = 78.7 rad/s]. The agreement between the
experimental measurements and the theoretical values
proves that the linear model is a good approximation
of this wave-driven microfluidic ultrasonic shaker. How-
ever, when analyzing large-amplitude oscillations at high
pressure amplitudes, the nonlinearity may have to be
considered and a nonlinear model might be necessary [47].

IV. CONCLUDING DISCUSSION

In summary, we propose here a microfluidic ultrasonic
shaker enabled by acoustofluidics. It is shown that two
standing waves of different but close frequencies can gen-
erate a periodic shaking force that can stably oscillate a
3D trapped microparticle in a microfluidic channel at a
frequency equal to their frequency difference �f and at
a constant amplitude without decay, determined by �f
and the acoustic pressure amplitudes p0. The microparticle
oscillation is not limited to a one-dimensional motion that
is usually seen in midair acoustic levitators. In a regular
acoustofluidic microparticle and cell manipulation device
where the acoustic pressure amplitude is typically p0 <

1 MPa [48], the oscillating amplitude tends to monoton-
ically decrease with the increase of �f . At much higher
pressure amplitudes, where the nonlinear acoustic effect
should be involved, the linear model presented in Eq. (1)
might not be enough to characterize the accurate motion of
microparticles in such a microfluidic ultrasonic shaker and
a full solution of the microparticle acoustophoresis may be
required.

It is anticipated that more diverse microfluidic ultrasonic
shakers could be built up from different configurations of
ultrasonic excitations (e.g., single vortex beam systems
[33]) and designs of microfluidic chips. Upon a deeper
understanding of particle dynamics in microfluidic ultra-
sonic shakers, the reported system opens up the practical
dynamic manipulation of single microparticles or clus-
ters in microacoustofluidic systems. Frequency-detuning-
induced single-axis oscillation has been demonstrated to
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have influences on the organization of multiparticle sys-
tems [49,50]; the presented microfluidic ultrasonic shaker
introduces a new mechanism for controlling interparti-
cle interactions in a microfluidic environment, which may
also create opportunities for the assembly of colloids with
desired micro- or nanostructures [51]. Controlled oscilla-
tion of microparticle clusters also has potential in biologi-
cal applications, e.g., tissue engineering, where oscillatory
fluid shear forces have been shown to be advantageous for
the culture of cell aggregates [52].
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