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Phononic-Crystal-Based Acoustic Sieve for Tunable Manipulations of Particles
by a Highly Localized Radiation Force
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The ability to manipulate microscale and nanoscale particles is highly desirable for various applications
ranging fromtargeting drug delivery to additive manufacturing. Here we reportan acoustic sieve thatis capable
of aligning, trapping, sorting, and transferring a large number of particles according to their size or mass
density, all in a tunable manner. The concept is based on the highly localized periodic radiation force induced
by the resonance transmission of an acoustic wave across a phononic crystal plate, aphenomenon analogous to
the surface-phonon-enhanced optical force, yet the physical concept has not been explored in acoustics. The
acoustic sieve demonstrates the effective manipulation of massive particles using an artificially engineered
acoustic field by a phononic crystal, and it has potential application for a wide range of applications.
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The ability to sort, sieve, and manipulate microscale and
nanoscale particles, especially in a tunable manner, is
highly desirable for various applications ranging from
targeting drug delivery [1] to additive manufacturing [2].
A conventional sieve uses a mesh of fixed size for
separating smaller particles from the particle mixture of
various sizes, but it cannot sort out different materials of the
same size and is incapable of particle manipulation. Optical
[3—7] and acoustic [8—13] tweezers have been developed to
trap and manipulate nanoparticles [14—16], biomolecules
[17,18], and organisms [19], yet they can capture only a
few particles at a time and are difficult to scale up. Here we
introduce an acoustic sieve that can align, trap, sort, and
transfer a large number of particles in a liquid according to
their size or mass density, all in a tunable manner. This
device not only overcomes the shortfalls of a traditional
sieve and optical or acoustic tweezers, but also fulfills many
more functionalities. Therefore, we call it an acoustic sieve.

The concept is motivated by the highly localized
radiation force induced by the artificially engineered
acoustic field in a phononic crystal plate (PCP), as
suggested by our theoretical and numerical analysis
[20,21]. It is thus distinct from other acoustic techniques
that rely on standing waves or Gaussian beams directly
generated by the acoustic transducer to trap one or several
identical particles [8—13]. By controlling such a radiation
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force, a large number of particles can be manipulated, and
the principle can be understood as follows. The zero-order
antisymmetric A; mode of the Lamb wave is a flexural
mode, which exists intrinsically in a uniform brass plate,
and usually can be excited by an external ultrasound (US)
wave in water at a high frequency. However, at a frequency
S below the so-called “cutoff frequency,” the corresponding
phase velocity of the A mode at f is smaller than that of
US in water, and the consequent mismatch of momentum
makes the coupling between the A, mode and US to
diminish [20]. This A, mode thus becomes a nonleaky
mode and strongly dispersive (the phase velocity is a
function of frequency). However, the periodic stub structure
(grating) of a PCP constructed on the top surface of a flat
plate with a spatial period p [see Fig. 1(a)] equal to the
wavelength of the A; mode makes the effective excitation
of the Ay mode of the plate possible. Physically, the Bragg
scattering by the grating of the PCP folds the dispersion
relation of the Ay mode to the leaky range and therefore the
match of momentum in the direction of the US propagation
takes place [20]. It gives rise to a remarkable ultrasound
transmission peak through the plate at the resonance
frequency of the Ay mode [20]; the measured spatially
averaged acoustic power of the incident US beam trans-
mitted through the plate reaches 60% [see Fig. 1(b)] at the
resonance frequency (1.282 MHz) using a 2-cm-diameter
nonfocusing US transducer. Such a resonance transmission
and highly localized field below the plate surface induce a
large acoustic radiation force that can be utilized to trap and
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FIG. 1. Illustration of an acoustic sieve. (a) The experimental
setup comprises a weakly focusing ultrasound (US) transducer
with a center frequency of 1.22 MHz, a PCP with periodically
distributed stubs (gratings) of rectangular shape (spatial period
p =820 ym, width w = 120 ym, height 4 = 120 ym) con-
structed on the top surface of a flat uniform brass plate (thickness
t = 180 um) by the laser etching technique. Particles randomly
distributed on a plastic specimen holder which is transparent for
both acoustic and electromagnetic (light) waves. (b) The exper-
imentally measured (solid line in red), numerical calculated
(dotted line in red) normalized acoustic power transmissions
and the numerical calculated acoustic radiation force exerted on a
glass sphere of diameter 200 ym with a vertical distance of
30 pm to the flat surface of PCP (in blue) are shown as a function
of frequency when the acoustic beam is normally incident upon
the PCP from the top; the measured transmission peak frequency
agrees well with computational natural frequency (1.282 MHz) of
the A, mode of the plate. (c) An image of the instant acoustic
pressure field near the PCP at the resonance frequency is obtained
by the Schlieren technique.

manipulate particles, a phenomenon analogous to the
surface plasmon enhanced optical force [22], yet the
physical concept has not been explored in acoustics. It is
noted that if the PCP with the grating structure is not
mounted on the flat brass plate of the same thickness, the
acoustic power transmitted through the plate is frequency
independent and less than 10% between 1.1 and 1.5 MHz
due to mismatch of acoustic impedances between water and
brass [23].

We realize aligning, trapping, sieving, transferring, and
releasing of subwavelength-scale (relative to the wave-
length of US in water) particles by using a PCP and
experimental setup (see Supplemental Material [24]) shown
in Fig. 1(a). Figure 1(b) clearly reveals that the magnitude
of a negative z-directional acoustic radiation force reaches
the maximum and changes drastically, causing sharp
gradients near the resonance frequency. The sharp-gradient
pattern repeats periodically in the horizontal (x) direction
near the plates. Furthermore, the image obtained by the
Schlieren technique [25,26] in Fig. 1(c) shows that in the
side view (x-z plane) of the instant spatial distribution of the
acoustic pressure, the transmitted acoustic pressure is
highly localized in the vertical (z) direction and diminishes
rapidly within a short distance (approximately <1 mm)
beyond the plate. All those features indicate that the
transmission that occurred here is caused by the resonance
transmission, fundamentally different from that of the
ordinary mechanisms used by other researchers prior to
this research.

A large number of particles can be simultaneously
trapped by the acoustic sieve, as shown in Fig. 2. When
the PCP bottom surface is placed in close proximity to the
specimen holder, on which glass spheres with diameters of
150-210 pm are randomly located [see Fig. 2(a)], these
spheres are trapped and aligned into a set of parallel lines in
the y direction on the plate (x-y plane) with approximately
0.42p and 0.58p separations, alternately. The trapping is
quite robust; when the plate with the PCP is moved away
from the proximity of the specimen holder, the particles are
still trapped on the plate [see Fig. 2(b)], as the trapping
force combining with the buoyancy counteracts the effect
of the gravity. The trapped particles can be stably trans-
ported together with the transducer-PCP system by the
XYZ stages and can be released at a desired location by
either reducing the incident acoustic power or tuning the
driving frequency away from the resonance frequency. This
process can also be observed clearly in Movie S1 in the
Supplemental Material [24].

A detailed numerical analysis of the acoustic radiation
force field near the PCP is carried out by using the three-
dimensional finite-difference time-domain (FDTD) method
combined with the momentum-flux tensor [27]. The
positions of black arrows in Fig. 2(c) denote the stable
trapping places of the particle under the plane surface of the
PCP, where the magnitude of the x-directional acoustic
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FIG. 2. Aligning, trapping, and releasing particles by PCP. (a) Glass spheres of 150-210 xm diameters are strewn on specimen holder.
(b) The trapping of the glass spheres on the PCP surface is achieved by an incident acoustic wave propagating in the z direction with the
acoustic power of 15.6 W and frequency of 1.282 MHz, matching the resonance frequency of the A, mode. (c) A segment of the brass plane
shows glass spheres with diameter 70—100 um trapped on the surface (the upper figure). The numerical map of x- and z-directional radiation
forces exerted on a glass sphere with diameter 100 xm near the flat bottom side of the PCP at 1.28 MHz (the lower figure; color and arrow
represent the magnitude and the direction, respectively). The positions of black arrows in the bottom figure represent the stable horizontal
places of the particle at the bottom plane surface of the PCP. It is noted that the spacing between the first and second black arrows is about
0.6 p and that between the second and third is about 0.4 p, which agrees well with the alternate intervals of trapping locations in the top figure.

radiation force diminishes and the magnitude of acoustic
radiation trapping force along the negative-z direction
reaches the maximum. It is observed that for this PCP
there are two sets of distinct stable trapping positions; the
spacing between two nearest neighbors is approximately
0.4p or 0.6p, alternately, which agrees well with the
experimental results as shown in Fig. 2(c).
Computational analysis shows that the trapping force is a
function of the particle size, mass density, and the acoustic
power of the incident wave [28], and this function enables
sorting and sieving particles in a tunable manner by using
different levels of acoustic power of the incident acoustic
wave. The forces applied to a particle include gravity,
buoyancy, x-directional, and z-directional acoustic radia-
tion forces. It is noted that the buoyancy and gravity of a
particle are cubic-power functions of its diameter and linear
functions of its mass density, while the radiation force is a
function of both density and size of particles as well, which
was computed numerically by the FDTD method (see
Supplemental Material [24]). The magnitude of the gravity
minus buoyancy for the glass spheres versus diameter is
shown in Fig. 3(a) (black line). When the radiation force
curves corresponding to various acoustic powers are above
the black solid line, particle trapping would take place. It is
evident that, for this PCP structure, the particle with
diameter smaller than 150 ym could be trapped when
the acoustic power is over 5 W. When the acoustic power
is larger than 10 or 20 W, the largest glass spheres to be
trapped also increase to 350 or 550 um, respectively. As
such, we can selectively trap particles of desired sizes in a
tunable manner. For example, if we want to trap particles
between 150 and 350 um, the appropriate acoustic power
should be larger than 5 W but smaller than 10 W. The
narrower the acoustic power range is, the narrower the

size range is, and the targeted size range is tunable. This
concept is confirmed by experimental results shown in
Figs. 3(b)-3(d), which illustrate particle sieving of different
diameters by the PCP using different acoustic power.
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FIG. 3. Sieving particles according to their sizes. (a) The
numerical magnitude of the z-directional acoustic radiation force
as a function of the diameter and input acoustic power (red short
dash dots, blue short dots, magenta short dashes represent input
acoustic powers of 5, 10, and 20 W, respectively). The magnitude
of gravity minus buoyancy for the glass spheres versus different
particle diameters is shown by the solid black line. (b) Initially,
only the glass spheres with diameters of 70—100 um are trapped
and aligned into parallel lines on the PCP at acoustic power of
4 W. (c) With acoustic power increased to 10.2 W, the glass
spheres with diameters of 150-210 ym are also captured.
(d) Finally, the glass spheres with diameters of 425-600 um
are trapped as well at 30.6 W.
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FIG. 4. Sieving particles according to their materials. (a) The
computed magnitude of the acoustic radiation force as a function
of the density of particle and input acoustic power (blue short
dots, magenta short dashes, and dark yellow dash dots represent
input acoustic powers of 10, 20, and 50 W, respectively). The
magnitude of gravity subtracting buoyancy versus particle
diameters is shown by the solid black line. (b) The trapping
for the mixture of glass spheres with diameters of 230-300 um
and tin spheres with diameters of 210-250 um at a frequency of
1.282 MHz and acoustic power of 39 W. The mixing particles are
on the specimen holder before sieving. (c) All of the glass spheres
are captured, and only tin spheres stay on the specimen holder
after sieving.

In addition to sorting particles of different size, the
acoustic sieve is also capable of sieving particles of
different mass density but the same size. Figure 4(a) shows
the numerically calculated magnitude of the acoustic
radiation force as a function of the mass density of particles
and input acoustic power, when the diameter of particle is
200 pm and longitudinal and transverse wave velocities of
particle are the same as glass. The magnitude of gravity
subtracting buoyancy for the glass spheres versus particle
diameters is shown by the solid black line. It suggests that
trapping would take place only if the radiation force curves
of various acoustic powers are above the black solid line,
making it possible to sieve particles of different density
using different acoustic powers. The theoretical prediction
is confirmed by experimental observations as shown in
Fig. 4 (see also Movie S2 in the Supplemental Material
[24]), where glass spheres with diameters of 230-300 ym
and tin spheres with diameters of 210-250 ym are mixed
together on the specimen holder. When the acoustic power
is 39 W, all the glass spheres can be stably trapped on the
surface of the PCP, and only the tin particles stay on the
specimen holder, as shown in Fig. 4(c).

In conclusion, we achieve tunable aligning, trapping,
sieving, and transferring of many particles under a thin
plate by using a PCP driven by a US plane wave. The
acoustic trapping force originates from the sharp acoustic
radiation force gradients based on the nonleaky A, Lamb
mode of an immersed thin plate. The size of these
manipulated particles is smaller than the spatial period
of the stubs (p), and p is the wavelength of the corre-
sponding A, mode which is less than the wavelength of US
in water. Thus, subwavelength particles can be trapped by a
PCP. Furthermore, since the resonance frequency of the
patterned structure is geometrically dependent on the ratio
of the plate thickness to the structural period [20], the
exciting frequency of the trapping force can be controlled
and the sizes of the particles to be sieved could be met by
design. The net trapping force is dependent on the acoustic
power, frequency of US, diameter, and mass density of the
particles, and the PCP structure can be used for sieving
subwavelength particles with different sizes or densities by
tuning the driving acoustic power. Additionally, since the
trapping surface is flat, the patterned structure can be easily
integrated with a conventional microfabrication process
such as microelectromechanical systems technology. This
acoustic sieve demonstrates the effective manipulation of
massive particles using an artificially engineered acoustic
field, and we believe it has potential applications ranging
from biomedical engineering to additive manufacturing.
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