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PACS 77.65.Dq — Acoustoelectric effects and surface acoustic waves (SAW) in piezoelectrics
PACS 47.61.-k — Micro- and nano- scale flow phenomena

PACS 43.25.+y — Nonlinear acoustics

Abstract — Very-high-frequency surface acoustic waves, generated and transmitted along single-
crystal lithium niobate, are used to drive homogeneous aqueous suspensions of polystyrene
nanoparticles along microchannels. At a few hundred milliwatts, uniform and mixing flows with
speeds of up to 10mm/s were obtained in centimetres-long rectangular channels with cross-
sectional dimensions of tens to a few hundreds of microns. A transition from uniform to mixing
flow occurs as the channel width grows beyond the wavelength of sound in the fluid at the chosen
excitation frequency. At far lower input powers, the suspension agglomerates into equally spaced,
serpentine lines coincident with nodal lines in the acoustic pressure field. We expose the physics
underlying these disparate phenomena with experimental results aided by numerical models.

Copyright © EPLA, 2009

Introduction. — The dominance of surface tension and
viscous forces at small scales enormously complicates effi-
cient transport and mixing in microfluidic technologies.
In searching for solutions to this problem, we describe
and explain three physical aspects peculiar to very-high-
frequency (VHF) surface acoustic wave (SAW) excita-
tion of fluids in a microchannel: an ability to drive fluids
along the channel at 1-10mm/s [1], the appearance of
vortices and concomitant mixing under specific conditions,
and the collection and transport of particle suspensions.
The first two phenomena offer —by merely changing the
SAW frequency— controlled switching between uniform
flow for fluid delivery and vortex-laden flows for mixing in
the same microchannel, eliminating the complex architec-
tures [2] required to induce mixing. In a similar vein, the
manipulation of particle-laden flows is directly applicable
to sorting or patterning.

The SAW is a Rayleigh wave [3] generated by a
sinusoidal electric potential applied to an interdigital
transducer (IDT) on the surface of a 127.68° y—z cut,
z-propagating lithium niobate (LN) single-crystal piezo-
electric substrate (fig. 1) formed using standard UV
photolithography. While the SAW is confined in its
propagation from the transducer along the anisotropic
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Fig. 1: (Color online) The cut channel, indicating the differ-
ent planes used to obtain experimental images. The dot at the
corner of the channel indicates the origin of the coordinates: x1,
x2, and, z3 point along the channel’s length L.n, width We,
and into the substrate along the channel’s depth Dy, respec-

Z (x,)

(Not to scale)

tively.

substrate’s z-axis at a velocity vsaw =~ 3990 m/s, contact
with a fluid medium atop the substrate causes some
of the SAW’s energy to be radiated into the fluid.
With sufficient intensity, this acoustic energy propa-
gates as finite amplitude sound radiation traveling at
a speed co<vsaw (co~1450m/s in water at room
temperature) in a direction defined by the Rayleigh
angle Osaw = sin~*(co/vsaw). This forms an (Eckart [4])
acoustic streaming force in the fluid due to the nonzero
and temporally phase-shifted distribution of the pressure
and velocity [5] over centimetre-order length scales.
Boundary layer streaming [5] may also arise due to the
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transmission of shear from the substrate to the fluid and
—in contrast to Eckart streaming— is confined to a thin
viscous boundary layer of thickness &, =+/2u/prw [6],
where p and ps are the fluid viscosity and density,
respectively, and w is the angular frequency. Though
this form of streaming exists only in the boundary layer,
its effects extend outside the layer, driving motion in
the bulk of the fluid [7] as Stokes drift [8]. For particles
suspended in such fluids, one must consider the combined
effect of Stokesian drag forces (Fyag) from the adjacent
fluid driven by acoustic streaming and the direct acoustic
forces (Fyaq) on the particles themselves [9].

The acoustic radiation force F,,q on an isolated
small rigid spherical particle (R, < Af) in a standing-
wave acoustic radiation field in an ideal fluid may be
approximated as  Fraq ~ pr(w/co) R3|us | sin (2w /co) F
(pe/pp) [10,11], where R, is the radius of the particle,
pp is the density of the particle, = is the distance,
and wu; is the acoustic particle velocity in the fluid,
essentially the velocity fluctuation produced by the
passage of the wave. The relative density factor is
Flot/pp) = (1+ 51— pi/pp)) / (2+pe/pp) = 0.328  [10]
for pr=1000kg/m?® and p, =1050kg/m? for water and
polystyrene, respectively, used throughout this study. In
stationary waves, the particles with p, > pf must move
to the velocity antinodes at z = i%?TCo/w,:t%TFCO/w e
With the nonlinear velocity correction (acoustic stream-
ing velocity wuqc), the particle is subjected to a drag
force, Farag ~ pmRpuqc [11,12], due to the net motion
of the fluid. The suspended particles therefore follow
the streamlines when Fyrag 2 Flaq is satisfied. Note
that particle compressibility and second-order acoustic
wave forces due to scattering from nearby particles are
insignificant in the regime under study here, as described
by Doinikov’s work [13].

The interaction of SAW with sessile droplets has been
explored [14], thoroughly analysed, and exploited for
droplet transport [15], chaotic convection [16], micropar-
ticle concentration [17], and atomisation [18,19]. Curi-
ously, the same interaction in microchannels remains unex-
plored, where the potential number of applications is
arguably far greater due to the ubiquity of such channels in
microfluidics. Here we examine SAW-fluid interactions in
such channels, combining experimental observations and
numerical modelling to explain the diverse phenomena.

Channel flow induced by SAW. — We cut rectan-
gular microchannels L., =10mm long and D, = 180 um
deep with widths of Wy, =30, 50, 150, 200 and 280 pum
into the LN substrates of devices designed to operate in
the VHF range at 20 and 30 MHz using a KrF 248 nm
exciplex laser (Extech Ltd., Oxford, England) as shown
in fig. 1. The SAW wavelength Agaw is approximately
200 pm and 133 pm, respectively. The microchannel was
then filled with a deionized aqueous, homogeneous suspen-
sion of either ¢, =500 nm or 1 ym diameter spherical fluo-
rescent polystyrene particles (BioScientific, Gymea NSW)

Fig. 2: (Color online) Images (a)-(d) showing typical flow
behavior along plane B-B in W, =50, 150, 200, and 280 pm
wide microchannels while driven by 20 MHz SAW. Note the
transition from (a) uniform flow to (d) mixing flow as the width
of the channel is increased while the frequency and input power
are held constant at 20 MHz and 400 mW, respectively. The
behavior along plane C-C is rather different: 500 nm particles
collect into either one or six lines in a (e) 30 um or (f) 200 pm
wide channel, respectively, under 30 MHz SAW excitation.

both selected to ensure that ¢, < Af and ¢, < Wep: at
room temperature, A\s &= 73 and 48 um for the 20 MHz and
30 MHz sound waves in water, respectively. The differ-
ent planes in fig. 1 are sections along the channel where
experimental observations were made. A damping material
(a-gel, Geltec Ltd., Yokohama, Japan) was used to mini-
mize wave reflection from the ends of the substrate and
thus suppress wave interference throughout. The flow
behaviour in the channel was determined using micro-
scopic flow visualization (BXFM stereomicroscope and
iSpeed camera, Olympus, Japan) at 60 frames/second.

In a 50 um wide channel, the fluid uniformly flows in
the same direction as the SAW radiation at approximately
3.5mm/s along plane B-B (fig. 2(a)) while the SAW
device is driven at 20 MHz and 400 mW (see supplemen-
tary video effectofchannelwidth_1.mov). As the width
of the channel in the 20 MHz device is increased from
Wen = 150, 200, to 280 pum, the flow becomes progressively
irregular in figs. 2(b)—(d) while holding the input power
constant at 400 mW. Similarly, the uniform flow transi-
tions through oscillatory to vortex-rich, mixing flow in
the 30 MHz device when W,y increases beyond 30 ym. In
both cases flow irregularities appear when W, > A¢, indi-
cating a frequency-dependent transition between uniform
and mixing flow that presents interesting possibilities for
mixing through using higher harmonics or a second inter-
digital electrode in a SAW device. At plane C-C and
deeper in the channel, however, the streaming flow veloc-
ity is lower and particles are therefore able to collect along
equally spaced lines roughly parallel to the x-axis as shown
in figs. 2(e), (f).

Numerical model. — To analyse the problem, a
two-dimensional numerical model of the phenomena was
constructed for the (z1, x2)-plane illustrated in figs. 1
and 3, including the linear piezoelectric coupling equa-
tions [20] and hydrodynamic equations [5,6,21].
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Fig. 3: The computation domains in the numerical model;
the solid domain is bounded by a PML to minimize wave
reflections.

Governing equations for the solid. — The time-domain
piezoelectric constitutive relations combined with the
dynamic equations are given by (summation over repeated
subscripts assumed throughout) [20,22]

oD; 0Sp g OEy
ot CiM T TGk (1)
oT;; g OSk OFE},
315] :cijkl—at —ekij—at , and (2)
6’[}]' o 8Tij

psﬁ = oz, (3)

where D; represent the electric displacement components,
eir are the piezoelectric stress (third rank) tensor compo-
nents, Sy; are the mechanical strain (second rank) tensor
components, €5, are the dielectric constant (second rank)
tensor components at constant strain, Fj the electric
field, T;; represent the stress (second rank) tensor compo-
nents, c;Ej 1, the elastic stiffness (fourth rank) tensor compo-
nents at constant electric field, ps the density, and wv;
are the velocity components, with i, j, k,1 € {1,2, 3} corre-
sponding to the orthogonal Cartesian axes x1,z2,x3. To
solve egs. (1)—(3), we invoke the quasi-static approxima-
tion 0D /0t =V x H~a 0, where H is the magnetic field
vector. To complete the description of the basic behav-
ior of acoustic waves in a piezoelectric solid, we use the
infinitesimal strain-displacement relationship 9Sy;/0t =
11(8%&k /0x10t) + (9%, / 0z Ot)] where & is the particle
displacement [20]. Material properties —e;;, €5, and
cgkl— need to be transformed to the correct orienta-
tion. We use the bond transformation principle [20] to
transform these material constants from the crystal’s
principal axes to the 128-YX cut configuration. Equa-
tions (1)—(3), are solved using a finite-difference time-
domain (FDTD) method [22]. For a 2D model (fig. 3),
propagation in the x3-direction is assumed to be zero, thus
0/0x3=0. A split-field perfectly matched layer (PML)
boundary condition is employed to minimize wave reflec-
tion from the boundaries [23]. The wave amplitude decays
quadratically when incident on the PML with a loss func-
tion represented by 0; = Omax[(7; — o) /dpmn)? [23], where
(z; — xo) indicates the location of the nodes within the
PML layer, dpn, is the thickness of the PML, and opax
is a numerical constant. A sinusoidal electric potential,
¢ = Pp-p sin (2mx; /Asaw ) sin (wt), is applied on the surface
of the solid to launch the surface wave.

Governing equations for the fluid. In the fluid
medium, the equations describing mass and momentum
conservation, and equation of state [5,6,12,21] are as

follows:

0
ﬁ+v(pfu):()a

T (4)

ou

ou : - 2 et :
Pty +pr(u-V)u Vp+uV u+<uB+3>VV u,

o2 (5)
1
and p—po = cg(pr — pro) + 3 (3Cpf>s (ot — pro)?,  (6)

where pup is bulk viscosity, p is the pressure, u is the
fluid velocity, and s is the entropy. The subscript “0”
refers to the quantities at equilibrium. The governing
equations given by egs. (4)—(6) are then decomposed
through a perturbation expansion of each of the dependent
variables about a small parameter £ =U /¢y, where U is
the characteristic acoustic particle velocity, to the fluid
velocity, pressure and density field of the form [5,6,21] u=
o +euy +e2uy + O(e?), p=po +ep1 +&%pa + O(e?), and
ps = pro + €ps1 + €2 pea + O(e3). The subscripts “1” and “2”
refer to the first-order and second-order approximations,
respectively. At equilibrium, ug = 0, po ~ 10° Pa, and pg ~
998 kg /m? for water at room temperature. By substituting
these expansions into egs. (4)—(6), we obtain first-order
equations describing the propagation of acoustic waves in
the fluid and second-order equations describing acoustic
streaming.

First-order sound field. — The first-order approxima-
tions to egs. (4)—(6) are [5,6,21]

0
ﬂ‘*‘Pfo (V-uy) =0,

ot @)

Ou; 2 K
pro—, = —Vp1 +pVau; + <,UB + §> VV.u, (8

(9)
respectively. The FDTD method is also used to solve
egs. (7)—(9) [24]. In our numerical model, the distance
between nodes in the discretisation is larger than the vis-
cous boundary layer thickness §,. In order to resolve this
missing viscous dissipation in the boundary layer due to
the numerical discretisation, eq. (7) is decomposed into
an irrotational longitudinal-velocity u; component that
satisfies V xw; =0 [6], pp(dw/0t)=—Vp1+ (up+3p)
VV -u;, capturing the propagation of sound in the bulk
of the fluid, and a transverse velocity u; component
that satisfies V-u;=0 [6]: pro(Ou/0t)=—puV xV xuy,
and describes the behavior of sound in the boundary
layer = <J,. An analytical solution is used to approx-
imate the transverse velocities at the nodes located
directly above the solid-fluid boundary [6]: w1 =
Agrexp {ikixy + (y/0,) (i — 1) —iwt} and ugee = Agokid,
(1 —1)exp {ikix1 + (y/dy)(i — 1) —iwt}/2, where A, and
Ao are the velocity amplitudes on the solid surface in
the x1- and xo-direction, respectively; y is the distance

and  py=cyp1,
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from the solid-fluid boundary, and k;~w/co. At the
solid-fluid interface, continuity between the substrate and
fluid velocities is maintained using linear interpolation
between the meshes while preserving the interface profile.
Since the equations for the solid and fluid are solved
simultaneously, at each time step the fluid pressure is
coupled back into the solid through conservation of force
at the interface; > " p1=> . ° T» at x3 =0 and W,
where ng and ng are the total number of nodes for the
solid and fluid at the interface.

Second-order fluid streaming. In the second-order
system, the fluid motion consists of a superposition of
the steady-state and the time-oscillating harmonic flows.
Substituting expanded variables into egs. (4) and (5),
collecting terms of second-order, and subsequently time
averaging ((a)=1/T fOT a(t)dt) all second-order terms,
the following equations are obtained [5,21]:

uq
Fac = pro— + Vpae — pV>ugc — (MB + E) VV -uq,

ot 3
(10)
where the body force density Fq. (N/m?) is given by

61,11

Fac=- () ol - D)u), ()

wherein the parenthesis (-) refers to time averaging and
the subscript “dc” refers to the steady state. The first-
order fluid velocity u; is then substituted into eq. (11) to
obtain the body force distribution, while the streaming
velocity ugqe, is obtained by solving eq. (10) using the
conventional finite-difference approach [25]. Through the
method of perturbation expansions, the quantities of the
expanded variables in the second-order system are much
smaller than their first-order counterparts, i.e., ug. < uy
and pgc < p1, therefore the second-order system is not
coupled with the solid.

Our numerical model described above is considerably
more detailed than has been considered in the past [26],
capturing fluid-structural coupling, including the effects
of oscillating boundary conditions with temporally vary-
ing phase as required with Rayleigh waves, viscosity and
the concomitant formation of a viscous boundary layer,
and the attenuation of the SAW as it propagates along
the channel due to the presence of the fluid within. That
said, the numerical analysis does not directly include the
particles used in the experimental work to characterise the
flow. Doing so would greatly complicate the analysis for
little benefit, since the particle density in the experiments
is purposely kept low to avoid affecting the fluid’s behav-
iour, i.e., to keep it newtonian, and to allow us to see
what is happening without being overwhelmed with an
excessive number of particles. We do consider, however,
how the particles that are present are affected by the fluid
flow and acoustic field in the following part of the paper.

Underlying physical mechanisms. — We now turn
our attention to understanding the physical mechanisms

Velo?lty magnitude

(m/s)

125 pm

0 2 4 6 8

B

Fig. 4: (Color online) The channel’s fluid velocity magnitude,
viewed top-down, with z; from left to right. Over time —(a)
4 and (b) 10 cycles of 20 MHz signal input, respectively—
the SAW refracts into the channel. At far left, the SAW is
directly transmitted into the fluid from the solid at the end of
the channel, while slightly farther to the right, the radiation
from the end of the channel interferes with the radiation being
emitted from the channel sides at the Rayleigh angle. Farther to
the right, especially at the center in (b), the acoustic radiation
from the channel’s sides dominate because the SAW is far
faster in the solid than the fluid, outrunning the radiation
propagating in the fluid along the channel in the x;-direction.

responsible for three interesting characteristics of the flow
and particle behavior in the microchannel: particle collec-
tion in serpentine lines parallel to the channel walls,
transition between uniform and vortical flow, and parti-
cle motion opposing the SAW propagation. Results from
the numerical model are provided in fig. 4 onward. The
qualitative agreement between analysis and experiment
provides coherent insight into the counterintuitive phys-
ical phenomena. The computed magnitude of the sound
velocity |uy| is shown in fig. 4 after 4 and 10 cycles of
20 MHz signal input in a 280 um wide channel. We observe
the emergence of a transverse standing acoustic wave at
a distance approximately 560 ym (2 x W,p,) downstream
from the leading edge of the channel (z; =0), outside
the domain influenced by direct SAW irradiation from
the channel end at left. Given that the two side walls
of the microchannel at zo =0, W, act as parallel radia-
tors, the transmitted acoustic waves superimpose to form
a transverse standing-wave across the channel width. It is
this standing wave that appears to cause agglomeration of
particles along lines parallel to the walls of the channel.
Numerical and experimental results in fig. 5 indicate
500 nm particles are trapped at the nodes of the pressure
field. A 280 ym wide channel under 20 MHz SAW excita-
tion forms six lines of particles aligned to the quiescent
regions in the pressure field in the fluid. This is consistent
with past results [10-12] since the density of the parti-
cles (pp ~ 1050 kg/m?) is slightly higher than the density
of the fluid, i.e., p, > ps. Figure 5(a) shows the solution
corresponding to fig. 4(b) for the first-order fluid pressure
field, p;, in the 280 um wide channel at the end of the
tenth cycle. Also shown are 500 nm particles as they collect
along lines in plane C-C (fig. 5(b)); the separation between
the particle collection lines is approximately 36 pm for
the 20 MHz device and 24 um for a 30 MHz device (not
shown), corresponding to A¢/2 for both the computation
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Channel wall 6 collection lines 6 pressure nodes

Fig. 5: (Color online) Calculated (a) first-order pressure distrib-
ution, p1, in the fluid in a 280 ym wide channel shows the stand-
ing wave formed by cross-channel interference between waves
propagating from either side of the channel after 10cycles.
Experimental image (b) shows the collection of 500 nm particles
at matching locations across the 280 yum channel along plane
C-C when driven by 20 MHz SAW. Comparison (c) between the
numerical and experimental results indicate that the particles
collect along the nodes of the pressure field.

4 cycles 8 cycles

VelOCityamplitUde (/s) -0.9 -06 -03 0 0.3 06 0.9

Fig. 6: Velocity contour plots (a) and (b) of v; for 4 and 8 cycles,
respectively, of waves propagating in the 128-YX LN when
a sinusoidal electric potential is applied on one interdigital
transducer electrode pair (see fig. 1); the fluid-filled channel
is represented by the white slot at the right of each image.
The motions of the solid elements (v2) along the side walls at
z2 =0, Wen are 180° out of phase.

and experiment. The number of collection lines is always
an integer number of nodal lines with separation \¢/2
that fit within the given channel width, consistent with
past studies [27,28] and our results in fig. 2(e), (f). The
different number of collection lines in these results is due to
the different channel widths. Similar behavior is observed
if 1 um particles are used.

The motion of the solid elements vs along the side
walls at xo =0, W, as shown in fig. 6, are 180° out of
phase. As the sound waves emanate from these side walls,
they form an interference pattern in the fluid, shown
clearly in figs. 4 and 5. Therefore, asymmetry in the
instantaneous transverse velocity, vg, of the standing wave
may occur only if W, > A¢ and W, # nAs where n =
1,2,... . Since the transition from uniform flow in fig. 2(a)
to the oscillatory behavior exhibited in figs. 2(b)—(d) can
be attributed to symmetry breaking of the instantaneous
transverse velocity field, it then becomes clear why the
transition is observed when Wy, > A¢.

These particles counterintuitively move along the lines
in a direction opposing the propagation direction of the
SAW (figs. 7(a)-(d)), though in agreement with the
numerically obtained velocity field shown in fig. 7(e).

channel wall

= SAW

——
25 um

2= SAW

channel wall

(9)
x,~component Water 9 0.25
streaming force (bulk region), _ - F
/| £ x2
é 0.2 F
| < >
T 0.15 «
2
2 0.1
. c
il e
Unpertirbed /' TS | S oos
surface Instantaneous par- £
ticle motion on the 2
128YXAN 700 -500 -300 -100 100 300

Streaming force (MN/m?)

Fig. 7: (Color online) The (a) accumulation of 500 nm particles
at the nodes of the pressure field in a 150 pum wide channel
appear to be moving right to left along the nodal lines in
opposition to the SAW propagating from left to right, as shown
in the magnified sequence (b), (c), (d). A computed vector
plot (e) of the acoustic streaming velocity after 12cycles of
signal input indicates the flow in the 280 pum wide channel
opposes the SAW propagation. The reason for the serpentine
deformation of the nodal lines is (f) illustrated to be a
consequence of the channel wall motion and the vortical flow
in the viscous boundary layer of thickness ¢,, giving rise to
transverse streaming forces (g) calculated in the z1 (°) and
z2 (x) directions at z1 = 1.48 mm.

Figure 7(f) depicts the trajectories of the elements in
the solid wall adjacent to the fluid at xo =0, W,y; note
the retrograde trajectory of the wall to the direction of
SAW propagation [5]. The large acceleration of these
elements gives rise to a large streaming force in the
x1-direction within the viscous boundary layer of thickness
d, ~ 4.9 x 1077 m due to the large dissipative effects there.
Note the sharp increase in F,, near the wall in fig. 7(g).
Consequently, strong clockwise vortical flow arises in the
boundary layer in fig. 7(f). Outside the boundary layer,
the effects of fluid compression become insignificant, and
a net fluid flow develops in opposition to the direction of
the SAW radiation [5]. The clockwise vortices generate a
time-averaged inertial force in the bulk of the fluid. This
can be shown by recasting eq. (11) in terms of the vorticity
Q= %V X uyp:

1 61].1

B _<p18t>_ %<V (u1 1))+ 2p0 (uy x€2).

=2 (12)
0
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The last term on the right-hand side of the equation above
resembles the effective slip [5] or Stokes’ drift [8] boundary
condition at s = 6y, Wen — d,,, and gives rise to flow in the
bulk opposing the propagation direction of the SAW across
the entire width of the channel (fig. 7(e)). This is predicted
by the small but net negative values of F,, in fig. 7(g)
averaged across the channel cross-section, and is further
consistent with the experimentally observed direction in
which the particles move (figs. 7(b)—(d)).

A closer experimental examination of the particle
“lines” exposes serpentine-like undulations of particle
trajectories in figs. 7(b)—(d). This is consistent with the
local variation of the numerically predicted transverse
velocity along xo, illustrated in fig. 7(e). The undulation
of the channel walls as a consequence of the SAW radi-
ation, depicted in fig. 7(f), generates a streaming force
in the transverse direction Fj,. It is much stronger in
this direction than in the axial direction Fy, in fig. 7(f),
suggesting why the serpentine-like particle trajectories
in figs. 7(b)-(d) appear. Essentially, these suspended
particles in aqueous solution are subjected to two domi-
nant forces: Fioq and Fyrae. The particles are driven
by the first-order standing wave field to accumulate
at nodal lines of the pressure field and drawn along
the lines by the acoustic streaming in opposition to the
propagation direction of the SAW. By using the quantities
Rp~5x10""m, f~20x10°Hz, and p~0.789 x 103
kg/(m-s), we find Fraq~1071u? and Fypag ~ 10 %ugc.
We measured u; ~107! m/s on the surface of the
solid substrate using laser Doppler vibrometry (Polytec
MSA-400, Waldbrunn, Germany) and determined the
streaming fluid flow speed for the plane C-C (see fig. 1)
to be ug.~10"*m/s by high-speed microvideography,
giving Farag ~ 10713 N while Fuq ~ 1072 N, suggesting
the particles trapped along the pressure node lines will
tend to stay, though they do experience a drag force
Fyrag as a result of the acoustic streaming responsible
for their motion along these lines. Along plane B-B, on
the other hand, the fluid flow is faster; we measured
Uge ~ 1073 m/s, giving Farag ~ 10~'2N, greater than
F2q ~ 10713 N. The acoustic streaming overwhelms the
acoustic radiation forces on the particles, dragging the
particles out of the nodal lines and into the vortex mixing
flow seen in fig. 2(b)—(d).

With these features, the two-dimensional model offers
sufficient veracity to describe the behavior of the experi-
mentally observed flow even with a free surface along the
top of the fluid channel absent in the numerical treatment.
Capillary waves that may appear as a consequence of VHF
SAW excitation and which are so vital to other configura-
tions for atomisation [18] or droplet motion [29] are weak
here. We speculate the undulating flow patterns appear-
ing in channels of widths larger than the wavelength
of sound, We, > A, in fig. 2(b)—(d) arise from the same
vortical streaming patterns observed in fig. 7(e), since the
configuration and characteristic length scales of these patt-
erns, 50-100 ym, are similar in both the experiments

and numerical results. The reversal in the net flow
direction in plane B-B occurs due to flow conservation
which requires the fluid to recirculate within the closed
microchannel, perhaps extending to closed microchannel
pumps [30].
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