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ABSTRACT: Poloidal flow is curiously formed in a microliter
sessile water drop over 157−225 MHz because of acoustic
streaming from three-dimensional standing Lamb waves in a
lithium niobate substrate. The flow possesses radial symmetry with
downwelling at the center and upwelling around the periphery of
the drop. Outside this frequency range, the attenuation occurs
over a length scale incompatible with the drop size and the
poloidal flow vanishes. Remarkably, shear-induced migration was
found to drive toroidal particle ring formation with diameters
inversely proportional to the frequency of the acoustic irradiation.

■ INTRODUCTION
The manipulation of fluids by high-frequency, 1−1000 MHz
acoustic waves1,2 has recently produced many spectacular
phenomena, from fluid jetting,3 dynamic spreading, and
fingering instabilities4 to chaotic advection.5 We report the
appearance of poloidal flow in a sessile drop via high-frequency
acoustic excitation, recirculation about a circular locus with a
characteristic length scale defined by the confinement of the
fluid, because it is in toroidal tokamaks intended for plasma
containment in nuclear fusion,6 in the mantle between the solid
core and flexible crust of the earth,7 and in immiscible spherical
drops8 within another fluid and transported because of
acceleration. In every case, the force or acceleration applied
to the fluid has an axis of symmetry perpendicular to and in the
center of the recirculation trajectory. Such flows have not been
observed in microscale sessile drops, let alone in one excited by
vibration: acoustic waves have been known to generate
azimuthal recirculation in fluids but never to form poloidal
flows, as shown in Figure 1.
Rarely used, Lamb wave vibration is actually vital in

generating this flow phenomena, a surprising outcome given
its standing wave and lossy characteristics, with the perception
of being equally or more challenging to form than other
waveforms, and the overwhelming emphasis in the discipline on
Rayleigh surface wave excitation. Rayleigh surface acoustic
waves are prevalent in high-frequency acoustic microfluidic
manipulation, with other forms of vibration very rare by
comparison at any frequency: thickness,9 flexural,10 and Lamb
wave vibration with either piezoelectric thin films11 or mode
conversion12,13 are the few examples known to the authors. In
these cases, the frequencies used are less than 10 MHz and the
fluid flow has been weak (μm/s order), likely the reason for the
few associated publications. In contrast, the higher order, 100
MHz order Lamb waves generated here have not yet been
observed to drive fluid flows, let alone flows sufficient to cause
the unique phenomena reported in this study. Further, we show

that the vibration can be effectively driven using very simple
electrode structures (Figure 1a), eliminating the elaborate
fabrication typical of acoustic microfluidic devices.

■ DEVICE FABRICATION AND EXPERIMENTAL
PROCEDURE

The Lamb wave device in Figures 1a and 2a was fabricated using a
liftoff technique with polyimide tape (Kapton, DuPont, Wilmington,
DE) and the sputtering of 150 nm gold. Our choice of L-shaped
electrodes forms fully three-dimensional standing Lamb waves, with
resonance frequencies defined by the 500 μm thickness of the lithium
niobate (LN, 127.86° Y-rotated, X-propagating cut, Roditi, U.K.)
substrate:14 the fundamental Lamb wave mode appears at 3.5 MHz,
possessing a wavelength of 1 mm, and harmonics consistently appear
at 7 MHz increments to beyond 250 MHz. These details and the
absence of other, spurious waves were verified by measuring the spatial
distribution of the transverse (z-axis oriented) vibration velocity U
across the LN surface with a scanning laser Doppler vibrometer (LDV,
UHF-120, Polytec GmBH, Waldbronn, Germany). Perhaps surpris-
ingly, the resonance frequencies only weakly depend upon the
electrode geometry and the mounting of the substrate.

For the flow experiments, water drops of radii R = 1.5 mm were
placed on the substrate and a signal generator (SML01, Rhode &
Schwarz Pty. Ltd., North Ryde, New South Wales, Australia) and
amplifier (10W1000C, Amplifier Research, Souderton, PA) were used
to provide a continuous sinusoidal electrical input at the defined
frequency f. The drop diameter was chosen as an easily reproducible
size that provides the broad range of phenomena witnessed in this
study. Polystyrene spherical particles a ≈ 5 μm in diameter
(Polysciences, Inc., Warrington, PA) were employed to visually track
the flow in the drop; these particles are below the critical size at which
direct acoustic forces influence their behavior15 and, hence, can be
assumed to describe the characteristics of the flow via Stokes drag until
they reach a sufficient packing density along the streamline, after which
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independent particle shear diffusion dynamics take over. As shown in a
side view in Figure 1b and from the top in panels c−f of Figure 1, the
Lamb wave drives poloidal flow in the sessile drop at 225.3 MHz,
leading to the formation of a toroidal particle ring via shear migration.
To the best of our knowledge, this constitutes the first observation of
shear-induced particle migration in the poloidal direction and
consequent toroidal particle ring formation.

■ LAMB WAVE ATTENUATION
Although the substrate vibration assumes a checkerboard
standing wave pattern in the absence of the drop (Figure
2b), placement of the drop causes absorption of acoustic energy
from the substrate, reducing the standing wave behavior in
favor of traveling waves toward and radially symmetric about
the drop, behavior that may be characterized by the standing
wave ratio, SWR  maxΩ f(Ω)/minΩ f(Ω), where Ω is some
spatiotemporal domain, defined here as one Lamb wavelength
λLamb along any radial line A−B adjacent to the drop (panels a
and c of Figure 2) at a particular instant. The SWR facilitates
the computation of the energy loss to input ratio, η ≡ Eloss/Ein
= 4SWR/(SWR2 + 2SWR + 1),16 where SWR = ∞ for a
lossless device and SWR = 1 for a perfectly lossy device. A SWR
of 4 from Figure 2c indicates an acoustic energy loss of
approximately η = 64% because of mounting of the device in
the absence of the drop. With the drop, the energy loss
increases to η = 89%. Given that the LN is otherwise nearly
lossless, it is reasonable to assume that the increase in energy
loss, 25%, is due to the drop absorbing energy and forming
sound waves in the fluid, which propagate at the Rayleigh angle,
θR = sin−1c/cLamb, with c being the sound speed in the liquid

(1482 m/s for water) and cLamb being the Lamb wave speed.
Lamb waves are inherently dispersive, and therefore, both the
wave speed and Rayleigh angle are dependent upon the
frequency.17 However, for the high-order harmonics used in
this study at 25 MHz and beyond, cLamb → 4000 m/s17 and,
therefore, θR ≈ 22°.
The Lamb wave itself is attenuated in the solid substrate

because of the presence of the drop over a distance α−1, where
α is the attenuation coefficient and, for high-order modes, can
be approximated as20

α ρ
ρ λ

≈− c
c

1

LN Lamb Lamb (1)

where ρ and ρLN are the liquid (998 kg/m3) and LN (4630 kg/
m3) densities, respectively. With cLamb = 4000 m/s, α−1 = 2.5,
0.35, and 0.18 mm for Lamb wave resonances at 25, 157, and
225.3 MHz, respectively. Notably, α−1 falls below R = 1.5 mm
for the higher pair of frequencies: the Lamb wave cannot be
sustained along the substrate to the center of the drop, and
therefore, any energy leakage into the drop occurs over a region

Figure 1. (a) Sessile fluid drop (3 μL) is placed on the 500 μm thick
LN substrate with L-shaped Au electrodes from 3.5 to 225 MHz and
beyond (not to scale). (b) Side view of the sessile drop with
suspended particles undergoing vibration at 225.3 MHz and 0.8 W,
showing a particle-laden torus because of the poloidal flow; its
formation is illustrated in (c−f) a sequence of top-view images for the
same drop. Dotted lines (in panels b and c) indicate the drop edges.
Scale bars ∼ 300 μm.

Figure 2. (a) Top view of the LN substrate showing the L-shaped
electrodes and the sessile drop (scale bar is 1 mm). The small box
represents (b) a LDV scan of the Lamb wave vibration present on the
LN surface at a resonant frequency of 157 MHz without the water
drop (λLamb,157 MHz = 23 μm; scale bar is 10 μm), and A−B represents a
radial line over which the LDV was used to measure (c) the transverse
displacement of the LN substrate surface, useful for determining the
SWR. The SWR decreases from approximately 4 (●) in the absence of
the drop to 2 (○) because of (d) the absorption of acoustic energy
and attenuation of the Lamb wave of the drop and the formation of a
rapidly attenuating sound wave in the drop, each of which occur over
specific length scales: α−1 and β−1 are the attenuation lengths for the
Lamb wave in the LN and sound in the fluid, respectively, while and
R are the recirculation length scale and the drop radius, respectively.
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α−1 radially inward from the edge of the drop. The sound waves
in the fluid, however, propagate in the fluid over an attenuation
length β−1, where

β
π
ρ

μ μ= + ′− ⎜ ⎟⎛
⎝

⎞
⎠

f
c

4 4
3

1
2 2

3 (2)

is generally longer than α−1; β−1 = 80, 1.5, and 1 mm for 25,
157, and 225.3 MHz, respectively. μ and μ′ are the shear and
bulk viscosities. Like the attenuation length in the substrate,
α−1, the fluid attenuation β−1 also decreases below R for the
higher pair of frequencies, implying that the sound is attenuated
in the drop before it can reach the center.

■ POLOIDAL FLOW FORMATION
The attenuation in the substrate and fluid suggests that a
central core of the drop with dimension R − β−1 is not exposed
to any acoustic radiation when β−1 < R. To confirm the
formation mechanism for the central core, we used a very small
drop of diameter 2R = 0.5 mm and observed that the poloidal
flow cannot be formed at even the highest frequency that we
tested (225.3 MHz) because α−1 and β−1 are large compared to
R in this arrangement. Similarly, larger drops of 2R = 6 mm
show no poloidal flow even at a low excitation frequency of 25
MHz.
We note that, despite the Cartesian form of the Lamb wave

in the LN substrate, the radial symmetry of the poloidal flow
indicates that the acoustic excitation is symmetric about the z
axis from the center of the drop: there are no first-order
circumferential variations in the acoustic radiation in the drop,
supported by the observation that nearly 90% of the energy of
the Lamb wave is lost to the drop and the mounting of the
substrate. With acoustic streaming driven by the propagation of
the sound in the drop,21 where it exists about the periphery of
the drop, a poloidal flow is formed. The flow has a characteristic
recirculation length scale that closely corresponds to the
length scale of the acoustic attenuation from the drop edge
inward, ∼ α−1, as shown in panels b−f of Figure 1 and Figure
3.

■ NUMERICS
Numerical simulations of the flow that account for the
attenuated acoustic wave coupling and the resultant acoustic
streaming closely correspond to the experimentally observed
flow phenomena. Finite element analysis (ANSYS CFX 14.5,
Canonsburg, PA) was used with an 850 000 node brick mesh
representing a hemispherical, single-phase water drop with
diameter 2R = 3 mm, a pinned contact line, and a shear-free
boundary for the air−water interface, with a 3 μm node−node
separation to properly treat the wave propagation and its
attenuation. The pinning and fixed hemispherical shape were
justified through the absence of any contact line spreading or
drop shape variations in the experiments. The analyses were
run until the momentum and mass residuals decreased below
10−6. Laminar flow was assumed in the model because of the
low Reynolds number of the flow in the setup and based on
past evidence of the laminarity of the acoustic streaming under
our experimental conditions.22 Because the acoustic streaming
remains laminar, no capillary waves were expected,23 as verified
using the LDV, and the free surface was safely assumed to be
stationary. The fluid−substrate vibration coupling was defined
through an effective slip boundary condition at z = 0,
incorporating the drift flow generated by the waves24
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in which r is the radial coordinate, ur and uz are the radial and

axial drift velocities, respectively, ε ≡ U/c is the acoustic Mach

number, χ ≈ 1 is the ratio between the longitudinal and

transverse velocity components of the wave, φ is the phase

angle between the longitudinal and transverse velocity

components of the wave, ξ ≡ (cos ϕ − sin ϕ), and δ ≡
(4πμ/ρf)1/2 is the characteristic thickness of the viscous

boundary layer.

Figure 3. Plane cross-sectional view comparison of the experimental
particle behavior in (left) the 3 μL, 2R = 3 mm diameter drop and
(right) z-axis fluid velocity predictions of the finite element analysis. At
(a) 25 MHz, the acoustic streaming is present throughout the drop in
both the experiment and analysis, and instead of poloidal flow, bulk
recirculation reminiscent of many acoustic drop manipulation
experiments is present,18 leading to the dispersion of the particles.19

At (b) 157 MHz, however, poloidal flow occurs and a toroidal particle
ring is formed, corresponding to, in the analysis results, a region
possessing vorticity equal to or greater than 0.5 s−1, a simple but
effective means to track the circular vortex at the core of the poloidal
flow. Increasing the excitation frequency to 225.3 MHz (bottom
image) produces a larger particle vortex ring because of the reduced
attenuation lengths α−1 and β−1, placing the vortex core closer to the
edge of the drop.
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■ PARTICLE VORTEX RING FORMATION
The formation of the toroidal particle vortex ring typically
exemplified in panels c−f of Figure 1 can be attributed to the
homogenization of the suspended particles that are swept by
the poloidal flow trajectory into closed streamlines of radius .
Because of the higher velocities along the outer streamlines, a
shear gradient exists that, when the local volume fraction of the
particles along the streamline ϕ exceeds a critical value (usually
corresponding to the maximum packing fraction of 0.68 for
hard spheres), results in cross-streamline particle transport
from the high shear regions along the outer streamlines25 to
populate the low shear interior regions of the poloidal flow, as
illustrated by the schematic in Figure 4. This is verified by the

time taken for the particles to aggregate into the toroidal ring
pattern T, which scales as 1/a2, as shown in Figure 4, as might
be expected given an effective cross-streamline diffusion rate
γϕ̇a2, which translates into a particle diffusion time Tsm ∼ R′2/
γϕ̇a2, where γ ̇ is the shear rate and R′ is the thickness of the
particle ring. Moreover, the slope K ∼ R′2/γϕ̇ ∼ (10−10) with
experimental parameters R′ ∼ 0.1 mm, a ∼ 10 μm, and γ ̇ ∼ V/
R′ ∼ 10−3/10−4 ∼ 10 s−1, wherein V is the characteristic
velocity scale of the poloidal recirculation, is consistent with
Figure 4, equating to particle diffusion times of approximately
10 s. Further, we note the existence of an azimuthally
distributed instability in the toroidal particle ring in Figure 3,
reminiscent of the well-known vortex ring instability26 but
distinct in that the wavelength of the instability appears to be
independent of the poloidal flow speed in the drop.

■ CONCLUSION
In summary, we report the existence of a poloidal flow arising
within a sessile fluid drop vibrated at MHz order frequencies
that correspondingly exhibits unique particle aggregation
because of shear diffusion into an azimuthal vortical ring with
a radius that depends upon the frequency of the underlying
acoustic excitation. The poloidal flow is found to exist only
above a threshold frequency dependent upon the sessile drop

diameter and the attenuation rates of both the acoustic wave in
the substrate and in the fluid such that α/R < 1 and β/R < 1.
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