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Abstract

We demonstrate that the propagation of surface acoustiesyav
arising from the excitation of the acoustic field on a piezoel
tric crystal (lithium niobate) substrate, along the sidisvaf
microchannels (5¢um or 280um wide and 20Qum deep) fabri-
cated in the substrate, can give rise to throughflow withaielo
ties of the order 10 mm/s. This streaming flow in the direction
along which the surface acoustic wave propagates is a m@fsult
the leakage of acoustic radiation from the substrate watts i
the fluid. Good agreement is obtained between these prelim-
inary experimental results with those from numerical sewnul
tions of the classical acoustic streaming model. In any,case
these results show the potential of surface acoustic wave mi
cropumps to be an effective fluid-driving mechanism for mi-
crofluidic devices.

Introduction

Surface acoustic waves (SAWSs) are generated by applying a
high-frequency signal to an interdigital transducer (IBabri-
cated on a lithium niobate (LiNb§)LN) substrate. When cou-
pled with a water droplet, the wave is diffracted into thepded

at the Rayleigh angle and thus imparts an acoustic streaming
force on the fluid [1, 2]. Depending on the power level of the
excitation, a range of responses from the droplet may be ob-
served. As the power is progressively increased, drop tiira
and subsequently translation along the SAW propagati@tsdir
tion [3, 4, 5] gives way to streaming jets [6] and finally atom-
ization [7].

Tseng et al. [8] have experimentally demonstrated a SAW
driven micromixer using a 9.6 MHz SAW device. The width
and height of their microchannel were 2(® and 100um, re-
spectively. This U-shape PDMS microchannel was then bonded
directly on top of the LN substrate that formed the singléaad
tor configuration. For micromixing, the induced streamiog-v
tex in the microchannel is more important than uniform fluid
flow along the channel. Sritharat al. [9], on the other hand,
exploited a hybrid system for SAW induced microchannel mix-
ing by placing a 146 MHz SAW device directly underneath a
substrate which has a microchannel with dimensionspbh0t
height and 75um in width fabricated onto it. The SAW device
was oriented such that the surface waves propagate in the di-
rection transverse to the flow to induce vortices in the ckann
In this paper, we propose a new configuration using a 20 MHz
SAW device that enables the generation of microchannel flow
for micropumping applications. Unlike the previous micigm

ing studies, we wish to avoid the generation of vortices digt
rupt the throughflow; in fact, we show that this is true whea th
aspect ratio of the microchannel is large. In addition, ve al
present a numerical analysis that allows a simplified ptexgfic

of the flow field.

To the best of our knowledge, only two microdevices that em-
ploy acoustic streaming for micropumping have been previ-
ously reported; the flexural plate wave (FPW) actuation raech
nism [10] and the direct coupling of a PZT transducer to a mi-
crochannel for upstream streaming actuation [11]. Whifé-su
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cient flow velocity ¢~ 150um/s) is attainable using the FPW ac-
tuation, the device fabrication is rather complex. Sinljiaghe
direct coupling of the PZT transducer to a microchannel s ab
to generate 1 mm/s order flow velocities but suffers from the
low pressure head<{1 Pa) in high-impedance systems. The ve-
locities generated using SAW reported here is typicallyat

10 mm/s. Moreover, the SAW device we propose is relatively
easy to fabricate.

Experiments

The substrate used was a 5@® thick 128 rotatedY-cut X-
propagating LN substrate. A pair of bidirectional inteithy
transducers were fabricated on the substrate to exciteitfece
wave at 20 MHz frequency. The laser ablated groove type mi-
crochannel has a rectangular cross section, as shown ih(&jg.
and has dimensions 2@6n deep and 10 mm long; two chan-
nel widths, 50um and 280um, were used. A damping ma-
terial (0-gel, Geltec Ltd., Yokohama, Japan) was attached to
the substrate edges to prevent wave reflection. Measurement
of the displacement perpendicular to the substrate sutface
ing a scanning laser doppler viborometer (MSA400, Polytec PI
Waldbrunn, Germany) shows that the vibration amplitudeswe
higher along the edges between the ablated regions andithe su
strate surface in an open channel configuration, i.e. noreove
slip present. Fluorescent microspheres (BioScientifian€y
NSW) of diameter Jum were employed to aid visualisation of
the flow field. The particle motion was recorded using a high
speed video camera (MotionBLITZ HSC-kit, Mikrotron, Ger-
many) at a rate of 500 frames/second connected to a micrescop
(50X magnification) focused on planes at different deptthen t
microchannel (Fig. 1(b)).

Figures 1(c) and 1(d) show the SAW actuated fluid motion in
50 pm and 280um wide microchannels, respectively. The flow
velocities in the 50um groove type channel, approximately
3.5 mm/s, appear to be predominantly unidirectional adtuss
channel width, whereas vortices were observed to form when
the microchannel width was increased to 280; the flow ve-
locity in the case of this larger channel width, neverthglés
much larger, typically about 55 mm/s. The appearances of vor
tices in larger channels is consistent with our numericatljor
tions which we will present in the next section. Along Plane
C—C close to the bottom of the channel, as depicted in Fig, 1(b
particles were observed to assemble along nodal linestdespi
a net albeit weaker throughflow (Fig. 1(e)); typical velwmstat

this channel depth are less than 1 mm/s. This suggests that at
bottom of the channel, streaming velocities are relativedyak

and the waves radiated from the two acoustic waves thatltrave
along the sidewalls superimpose to form a standing acoustic
wave within the channel.

Particle concentration along the nodal lines in a standinmd
field has been demonstrated by Sobaretkil. [12] experi-
mentally. Here, we briefly consider a comparison between the
Rayleigh-type acoustic streaming force and the particif dr
force of Vainshteiret al. [13]. The characteristic streaming ve-
locity is approximatelyus = 35%/8(: ~ 1077 m/s, wherefg is

the amplitude of the fluid particle oscillation ands the speed
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Figure 1: (a) Laser ablated microchannel on a 20 MHz SAW
device. (b) Schematic illustration defining the differerwing
planes on which the microscope lens is focused. (c) Particle
streaklines along Plane B-B in a ih wide channel and (d) in

a 280pm wide channel, and, (e) along Plane C—C in a @80
wide channel.

of sound in water; our estimation for the acoustic velocity o
the fluid particles adjacent to the surfaggwas based on our
numerical results, which we will discuss subsequently. i@n t
other hand, the particle drift velocity is approximately =
3wru%/4c~ 106 m/s for 1um polystyrene particles suspended
in water, wheraw is the angular frequency and= ppd2/18p

is the Stokes particle relaxation timgp, d andu denotes the
particle density, particle diameter and fluid viscosityspec-
tively. Given that the characteristic streaming velociyap-
proximately one order in magnitude smaller than the particl
drift velocity, it then becomes obvious that point aggregaof
the particles should occur under these conditions. Howeuer
to the slenderness of the channel, particles rather ndo+uarly
concentrate along the nodal lines than on the nodal points. A
Plane B-B close to the top of the channel (Fig. 1(b)), paticl
aggregation along nodal lines is not observed since tharatre
ing force is sufficiently strong such that it convects theipkas
along with the moving fluid (Figs. 1(c) and (d)).

Numerical analysis

A rectangular Cartesian coordinate systgn{i=1,2,3) is em-
ployed, withx; defined along the SAW propagation direction,
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Figure 2: SAW propagation on a semi-infinite LN substrate-cou
pled with water. (a) Motion of the solid particle elementgiuf

LN substrate. (b) The radiated acoustic wave in water at the
Rayleigh angle. (c) Vector plot of the particle displaceirian

the solid. Note that the particle displacement amplitud=age
exponentially into the LN substrate.

andxgz defined to be perpendicular to the substrate plane and
positive into the solid. The system may be modelled in the cou
pled fluid-solid half-space domain, Fig. 2(a), with the ddlalf-
space defined bys > 0, and the fluid byxg < 0. The partial
differential equations governing the displacement andtete
field potential in the piezoelectric crystal medium are [14];

Cijui EkJi +&ij® ki = Psj» €y

and

ek ki — EikP ki = O, 2
whereps, ¢, Giju , &ij, andeiy is the crystal mass density, elec-
tric potential, elastic stiffness constant, piezoelectonstant,
and dielectric constant, respectively. An index precedgé b
comma denotes differentiation with respect to the spatiatc
dinates, whereas the dot notation is employed to imply diffe
entiation with respect to time. In the crystal mediuxg £ 0),
the traveling wave has the solutions of the form [15]:

®)

&i = Bi exp—0swx3/Vs| expjw(t — X1 /Vs)],

and
(4)

¢ = Baexp—oswxg/Vs| expljo(t —x1/Vs)],
wherevs is the surface wave velocity.

The solutions are then substituted into the differentialadipns
given by Egs. (1) and (2), giving rise to a linear homogeneous
system of four equations. For the nontrival solution to gxie
determinant of the coefficients must be zero. Upon obtaining
the four appropriate values of;, the corresponding values of
Bi can be found from each value af. The coupled field in
the crystal is expressed as the linear combination of thigapar
fields:

&= §B<'>B§”exp[—aé”wx3/vs] expljw(t—x /%)), (5)
=1

b= ilB(”Bg)exp[ag)mxyvs] expjo(t —x1/vs)];  (6)
=

the amplitude coefficient8¥), B, B®), andB® are deter-
mined by the solid-liquid boundary conditions [15].

The behaviour of the fluid in the domaia < 0, on the other
hand, obeys the following equations governing mass and mo-
mentum conservation:

op¢

5 TH (Pu)=0,

@)



and

A
3

Ju
PfE+Pf(U'DU)

= —Op+pJ2u+ <r1+ ) Od-u, (8)

in which ps, n, pis the fluid density, bulk viscosity, and shear
viscosity, respectively. Assuming a small parameteruy/c <

1, we assume a regular perturbation expansion in the asympto
ically smalle limit:

)

uq is therefore the leading order acoustic velocity ands the
streaming velocity. We note that the higher order correctio
terms involve both the steady and harmonic fields. Neverthe-
less, we seek only the steady terms since we are interested in
the streaming velocity, [16, 17].

(P— Po,P—Po,U) = (P1,P1,U1) +&((P2,P2,U2) + ...

Following [16, 17, 18], we decompose the leading order veloc
ity uq into the sum of contributions from an irrotational lon-
gitudinal uj, i.e. 0 x u; = 0, and an incompressible tranverse
componentu; that satisfied]-u; = 0. The leading order ap-
proximation to Eq. (8) can then be written as

ou, an

or e = (n+ %) P (10)
and 5
pf%:quXDXUt. (11)

In Eq. (10), we have omitted the leading order pressure gradi
entOp; following [15], assuming that the compressional wave
contribution to the leading order field as well as the freqyen
dependent pressure relaxation contribution is negligitried-
dition to the above, we also require the electric potenteddifin
fluid medium, which obey&1%¢ = 0 [15].

Given the decoupling between the velocity and electric pote
tial in the above, we then admit the following solutions floe t
particle displacement (time integral of the leading ordelipe-
ity field) and potential in the fluid phase[15]:

&) = yiexp-aroxs/vi explioft - xi /v, (12)
and
tb(') = C exp—a s wx3/Vs| expljw(t — X1 /Vs)]. (23)
By substituting Eq. (12) into Eq. (10), we obtain
(N +pe/3) —VEps
(N+p/3) 7 ()
and ) 3
j(n+pw/3)ag (15)

Yi= 77— < 5Y3
(N +Hw/3) —psv2
A possible solution to Eq. (11) would then consist of a trans-
verse shear viscous wave which satisfies; = 0 has a velocity
of the form [18]:
Xs} )

inwhichdy = /(21)/(pfw) ~ 108 m is the viscous boundary
layer thickness. We note that only the transverse soluson i
important near the boundary. The amplitude coefficikrih
Eq. (16) is determined by the no-slip boundary conditiorhat t
fluid-solid interface.

(-1

dy

U = Aexp [jui — (16)
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Figure 3: Schematic of the microchannel flow driven by SAW
along the side walls as viewed from above. The calculated ve-
locity vector from the numerical model is shown for a &
width channel.

The boundary conditions employed to find the amplitude co-
efficients for the coupled field are continuity of fluid veltyci

at the interface between the boundary layer and the bulk fluid
medium, continuity of electric potential, continuity ofettmor-
mal component of electric displacement and continuity of no
mal stresses at the fluid-solid interface. Substitutingcine
pled field Egs. (5), (6), (12), (13), and (16) into the boupdar
conditions, we obtain six homogeneous equations with the si
unknown amplitude coefficien&®, B, B3, B@, ¢, andys.

In order to obtainvs, the determinant of the matrix coefficient
must be zero for the nontrivial solution to exist.

The next order correction to Eq. (8) is [16]:

1 ouy
Fo= -5 (P157) —pi((ur-Djuy), 17)
where the body force densiBy is given by
Fo=Opp— b2~ (n+5) 00wz, (19)

The parenthesié:) denotes time-averaging of the inner quan-
tities. The leading order velocity field;, obtained from the
coupled field with piezoelectric crystal, is then subsétlinto
Eq. (17) to obtain the body force distribution, from which
Eq. (18) can then solved for the streaming velocity, To-
gether with the continuity equation describing the corsion

of mass of an incompressible fluid, u, = 0, we then proceed
to rearrange Egs. (17) and (18) such that Eq. (18) is reduced
to an elliptic partial differential equation, which we canhe
numerically using a finite-volume method. To account for the
pressure correction in Eq. (18), the SIMPLER algorithm for a
staggered mesh is used [19].

Figure 3 shows the proposed microchannel configuration com-
mensurate with that employed in the experiments. Numerical
results are presented in Fig. 4; these results are basee as-th
sumption that no waves are reflected from the walls and tleat th
waves on both walls have equal amplitude. The predicted flow
velocities for the 5um channel £ 6 mm/s) the 28@um channel

(~ 50 mm/s) are close to the experimental resul8(5 mm/s

for the 50pm channel and- 55 mm/s for the 28@m channel).
The calculated pressurgs for the 50um and 280um chan-
nels are typically 5-20 Pa and 200-400 Pa, respectively. We
observe from Fig. 4(b) that the the transverse velocitiEn(a
thex, direction) are no longer insignificant, and could give rise
to the onset of the flow vortices observed in the experiments
(Fig. 1(d)). In any case, the results indicate that the rreuigh-

flow along thex;-direction (in the direction parallel to the walls)
for effective micropumping applications is possible pd®d
that the channel aspect ratio is sufficiently large such ttat
transverse velocities are insignificant (Fig. 4(a)).
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Figure 4: Streaming velocities driven by a travelling SAW fo
both (a) 50um and (b) 28Qum channel widths. The solid dark
lines are the-components of the velocity, and, the dashed grey
lines are thexx;-components of the streaming velocity. The pre-
dicted flow velocities are consistent with the experimengal
sults for both channel widths.

Conclusions

A promising scheme using surface acoustic waves to pump flu-
ids in microchannels is demonstrated. Flow velocities ofaip
10 mm/s in a 5um wide microchannel and in excess of this for
larger microchannels were observed with a 20 MHz SAW de-
vice. The flow is unidirectional along the direction of the\8A
propagation for smaller channels where the width is less tha
the SAW wavelength. When the channel width becomes com-
mensurate with the SAW wavelength, the flow, although having
larger velocities, becomes increasingly chaotic with thyeesr-
ance of vortices within the channel. Although this is peghap
unsuitable for micropumping, these flows could have imptrta
consequences for channel micromixing. Close to the bottom o
the channel where the acoustic streaming is weak due to the no
slip condition at the channel floor, the particles are ol=e:ito

drift and hence aggregate along nodal lines. Good agreament
obtained between the numerical predictions and experahent
observations of the flow field.
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