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Abstract This paper reports an experimental and
numerical investigation on the scaling effects in the flow
hydrodynamics for confined microdroplets induced by a
surface acoustic wave (SAW). The characteristic parame-
ters of the flow hydrodynamics were studied as a function
of the separation height, H, between the LiNbO; substrate
and a top glass plate, for various droplets volumes and
radio-frequency powers. The ratio of the gap height to
attenuation length of the SAW, H/lgaw, is shown to be an
important parameter affecting the streaming flow induced
in this confined regime. The reported numerical and
experimental results are in good agreement over the range
examined in this study and demonstrate that, at a lower gap
heights of H < 100 pm, a significant decrease in streaming
velocity or Reynolds number is induced, with the velocity
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approaching zero when the gap height is decreased to
~50 um. An increase in the gap height results in an
increased streaming velocity; however, if the gap height
exceeds 70 % of the SAW attenuation length, any further
increase in the gap height induces a drop in the streaming
velocity.
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1 Introduction

Over the past 10 years, surface acoustic wave (SAW)
devices have been developed extensively for microfluidic
applications (Friend and Yeo 2011). A SAW-induced
streaming phenomenon has been used to enhance mixing
and agitation in both microdroplet (digital) and micro-
channel-based microfluidic systems (Franke and Wixforth
2008). Whereas a SAW-induced streaming has been stud-
ied extensively in digital microfluidics (Wixforth 2003;
Alghane et al. 2011), fewer studies have been reported for
SAW microfluidics in confined spaces or microchannels
(Tan et al. 2010).

In some recent work (Tan et al. 2007, 2009, 2010), a
top-open microchannel was fabricated on the substrate
surface of a LiNbO; SAW device using laser microma-
chining. These studies showed that the changes in the SAW
excitation frequencies switch the flow pattern from uniform
(parallel) to mixing (vortical) flow, depending on the ratio
of wavelength to microchannel width. Gu et al. (2009)
studied the performance of a non-contact linear motor
driven by a SAW through a thin liquid layer on which the
slider was suspended. The motor was contained within a
top-open glass cell located at the SAW device surface.
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Results showed that the velocity of the slider is propor-
tional to the power applied to the SAW device, and is also
dependant on the thickness of the liquid layer. For semi-
closed microfluidic systems, Shiokawa et al. (1989a, b)
reported that placing a guide plate on top of a liquid layer is
an effective method to control the flow of liquid in the
propagation path of SAW, but the flow velocities were
slower than that of liquid without top plate, due to the
resultant shear gradient induced at the surface of the top
plate. A similar experimental set up has also been used in
many SAW-mixing studies (Frommelt et al. 2008a, b), and
results showed that the flow patterns in the droplets with a
top plate enhanced the mixing efficiency of the contained
microparticles. For closed microchannels, Schmid et al.
(2011) observed that the scattering of SAW energy which
was leaked through a liquid layer into the upper glass slide
generated an acoustic power, which was able to drive and
pump biological substances in a rectangular polydimeth-
ylsioxane (PDMS) microchannel located on the glass slide.
SAW-induced streaming has been reported to be one of the
more efficient techniques to enhance mixing efficiency in a
continuous microchannel flow (Luong et al. 2011; Zeng
et al. 2011).

Microchannel design (shape and geometry) has also
been reported to influence the flow characteristics inside
the microchannels (Kang et al. 2005). For example,
microchannel height has been reported to have significant
influences on the characteristic flow parameters of
streaming phenomena induced by a flexural plate wave
(FPW) (Nguyen and White 1999; Nam-Trung and White
2000; Tzong-Shyng and Horng-Jiann 2009). Min-Chien
and Tzong-Shyng (2007) showed that, within a micro-
channel with a height <100 um, the induced shear stress
from the side walls causes a significant effect on the

streaming velocity profiles. Guo et al. (2008) theoretically
studied the acoustic streaming generated by a lead zirco-
nium titanate (PZT) piezoelectric ceramic plate attached to
the bottom of micro-machined silicon microchannel. Their
results showed that acoustic streaming velocity was
dependent not only on the acoustic power but also on the
channel height, and a maximum streaming velocity was
increased from 0.16 to 0.2 m/s by increasing the channel
height from 0.5 to 1 mm.

Clearly all these studies exhibit apparent significant
scaling effects of height on the streaming flow induced by
acoustic waves in confined microdroplets or microchan-
nels. However, it should be noted that most studies of
height effects induced by SAW streaming were based on
the microdroplet or open microchannels with no top-plate.
So far, to the best of our knowledge, there have been no
systematic studies of the height scaling effect on SAW
streaming in a confined microdroplet. Clearly, a simple but
an efficient method is needed to evaluate this scaling effect
in confined microfluidics and hence this study presents
experimental and numerical investigations for the height
scaling effects on the characteristic flow hydrodynamics
for confined microdroplets actuated with SAW technology.

2 Experimental and numerical details

The configuration of the experimental set-up includes a
glass slide and a LiNbOj substrate, the latter of which
generates the SAW. The slide and substrate are separated
by a distance H and a water microdroplet placed between
them, as schematically illustrated in Fig. 1. The microflu-
idic experiments were carried out using 128° YX-LiNbO;
SAW devices with an aperture of 1.5 mm, a finger width of
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Fig. 1 Schematic illustration of experimental and numerical setups. a Top view; b cross-sectional view; ¢ captured cross-section image of 4 pl
droplet from side view during the experiment with a gap height (H) of 1,113 pm
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16 um and a wavelength of 64 pm. The measured excita-
tion frequency of the SAW device is ~60 MHz. In this
study, a CYTOP® (Asahi Glass Co., Ltd., Tokyo Japan)
layer was spin-coated on both the top glass slide and
LiNbO; SAW substrate surface to make the surfaces
hydrophobic, as hydrophilic surface has been reported to
suppress the streaming velocity (Shiokawa et al. 1989a, b).
The space between the top glass plate and substrate,
defined in this article as the gap height H, were set to 65,
102, 271, 548 and 1,113 um using specially designed
spacers, and the droplet volumes were adjusted in order to
maintain a constant droplet diameter of either ~2.2 or
~3 mm. In order to determine the streaming velocity,
polystyrene particles with average diameters of 6 um were
placed inside the water droplets and their motions were
recorded using a high speed camera (Kodak Motion Corder
Analyzer-600 frames per second).

For the flow hydrodynamic simulations, the laminar
incompressible Navier—Stokes equation of SAW-liquid
coupling (Alghane et al. 2010), driven by an external body
force, F, was solved numerically in three-dimension using a
finite volume numerical method (Patankar 1980). The
meshing of the confined droplet domain was built using a
curvilinear grid structure with a grid size of 50 x 25 x 50
cell nodes, in x, y and z axis, respectively. As can be
observed from Fig. lc, the interface curvature of the droplet
is small and can be reasonably approximated by a straight
line with a wetting angle of ~90°. Hence in the simulation,
the droplet contact angle at solid surfaces was assumed to be
90° and the small deviation from the actual contact angle
was ignored. In all the experimental tests of this study, no
significant deformation at the droplet/air interface was
observed due to the low SAW power used during the
streaming process, therefore, a slip (stress free) boundary
condition on the droplet/air interface, and a non-slip
boundary condition on the droplet/solid surfaces (glass slide
and substrate surface) were assumed, as indicated in Fig. 1.
The streaming simulations were carried out using a SAW
device with an excitation frequency of 60 MHz. As men-
tioned above, the droplet volumes were set by fixing the
droplet diameter at 2 mm with gap heights of 50, 100, 250,
333, 400, 500, 600, 750 and 1,000 um. RF powers ranging
from 0.5 to 50 mW were applied in the simulations.

3 Results and discussions
3.1 Streaming velocity versus RF power and gap height

Variations of the streaming velocity as a function of the RF
power and gap height were studied both experimentally
and theoretically. From the results, the streaming velocity
is dependent not only on the RF power and liquid volume
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Fig. 2 Experimental measurements of maximum streaming velocity
as a function of RF power for a ~3 mm droplet diameter and
different gap heights using 128° YX-LiNbO; SAW device with
1.5 mm aperture excited by a frequency of 60 MHz

(or droplet diameter, d), but also on the separation between
the top plate and substrate (or gap height, H). Figure 2
shows the experimental results of the streaming velocities
measured at the top centre of the droplets (point A as
shown in Fig. 1) as a function of RF powers for different
droplet volumes and gap heights. These results show that
the streaming velocity increases with increase of the RF
power, because at high powers, a higher acoustic pressure
or momentum will be delivered to the liquid layer due to
the increased SAW energy. A linear relationship between
the streaming velocity and SAW power is observed for
smaller gap heights such as of 271 and 102 pm in Fig. 2.
This linearity is a reasonable, because of higher shear
gradient of flow at the solid walls (e.g. top plate) with such
small gap heights (Kamakura et al. 1995). This is in turn
results in a slower flow motion in the droplet when
Reynolds number value approaches unity. In this study, the
droplet diameter, d, is used as the length scale in calcula-
tion of the Reynolds number. With such a small value of
Reynolds number, inertial effects (hydrodynamics non-
linearity) do not play a significant role in comparison with
viscous effects, or creeping flow (Lighthill 1978). In con-
trast, a non-linear variation of streaming velocity with the
RF power is obtained for a larger gap height of 548 pum.
High speed camera observations revealed that the speed of
polystyrene beads inside the droplets was only of 0.9 mm/s
for a small gap height of 271 pm, whereas it was a 4.6 mm/s
with larger gap height of 548, at the same RF power of
~0.03 W. Results in Fig. 3 clearly show the influence of
gap height on the SAW streaming flow.

Figure 3 shows the variation of streaming velocity data
measured at point A, as shown in Fig. 1, as a function of
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in a decrease in the streaming velocity. As the acoustic
energy loss is the only mechanism for the generation of
acoustic streaming, and acoustic heating is also minimal at
small applied power and fluid viscosity (Kondoh et al.
2005; Luong et al. 2011), this flow phenomenon can only
be explained by the acoustic energy that was leaked into
the liquid layer, a phenomenon which will be explained in
details in Sect. 3.2.

Figure 4 shows numerical simulations of the detailed
flow characteristics at various RF powers and gap heights.
These results show that the streaming velocity (measured at
point A in Fig. 1) increases with the gap height until
reaching a critical value for the gap height, H ., of a
500 pum, above which the streaming velocity decreases.
Considering the uncertainty associated with the experi-
mental measurements, the critical value obtained from the
simulation agrees well with the critical gap height of
~550 pm obtained from the experimental measurements.
However, when H is <500 um, the streaming velocity
decreases as the gap height decreases, which could be
attributed to the increase in the dragging forces at the top
and bottom solid boundaries (e.g. top glass plate) (Kang
et al. 2005). With further reduction in the gap height to
50 pm, the simulated streaming velocity almost approaches
zero, especially with RF powers <0.05 W.

@ Springer

Fig. 4 Numerical results showing the maximum streaming velocity
at the droplet centre as a function of gap height for 2 mm droplet
diameter and different RF power levels, using 128° YX-LiNbO; SAW
device with excitation frequency of 60 MHz

Indeed, our observations using a high speed camera
showed that when the gap height was reduced to ~65 pm,
the velocity of polystyrene particles in the droplets was
almost zero, and the liquid inside the droplet did not show
any apparent flow patterns over the range of RF power used
in this study, as can be observed in Fig. 3b. In general, the
experimental results in Fig. 3 are in good agreement with
those obtained from the numerical simulations shown in
Fig. 4.

3.2 Physical mechanism

In order to explain the observed flow phenomena at various
gap heights, the mechanism of SAW acoustic streaming
and the SAW attenuation in the liquid layer should include
a consideration of flow parameters, such as Reynolds
number. A Rayleigh SAW can be generated by applying an
alternating electric field to the IDT, as shown in Fig. Sa.
The particles motion of Rayleigh SAW has two compo-
nents, one is vertical and one is parallel to the surface
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(Dransfeld and Salzmann 1970). If a liquid layer either in
bulk or a droplet form lies in the propagation path of the
emitted SAW, the normal component of SAW at the
substrate surface causes an emission of longitudinal
waves when it reaches the liquid layer. These waves
propagate into the liquid at Rayleigh angle, as shown in
Fig. 5a, because the velocity of longitudinal waves in the
liquid layer, v, is much smaller than that of Rayleigh
wave in substrate, v, as can be defined by sinfOg = Vf/v
(Arzt et al. 1967). The emission of this compression
(longitudinal) waves leads to an attenuation of SAW,
within an absorption coefficient of oy, which damps
exponentially within an attenuation length of Igaw,
causing a change in its mode to a Leaky SAW (LSAW)
(Shiokawa et al. 1989a, b), as shown in Fig. 5a. This
damping length, Isaw, of the SAW can be estimated using
(Arzt et al. 1967; Dransfeld and Salzmann 1970; Schmid
et al. 2011)

Isaw = L L (1)

[04] prf

where / is the wavelength of Rayleigh SAW, p,and p is the
density of the liquid and substrate material, respectively. In
this study, a wavelength of A = 64 pm and excitation
frequency of f = 60 MHz were used, and the liquid (water)
density is taken as p, = 1,000 kg/m>. The density of SAW
device substrate (128° YX-LiNbO3 material) is 4,630 kg/m3
(Gantner et al. 2007). The calculated velocity of the SAW, v,
is 3,840 m/s, based on v = fA (Berthier 2008), and the sound
velocity in the liquid, vp, is 1,500 m/s. It should be noted that
the parallel component of the particle motion of Rayleigh

Fig. 5 Leaky SAW induces (a)
body force. a Illustration shows
attenuation of leaky SAW by

liquid coupling and the

SAW at substrate surface leads to frictional losses, which can
be calculated using the viscosity of liquid layer as

(paev* /4m) "
s = I R (2)
oV

where o is the absorption coefficient of Rayleigh SAW due
to viscous frictions and u is the liquid viscosity (Arzt et al.
1967). The calculation based on Egs. (1) and (2) shows that
os << oy. Therefore, in comparison with the contribution of
longitudinal wave, the attenuation due to viscous losses can
be neglected in this study (Shiokawa et al. 1989a, b).

Thus, the SAW attenuation length in this study was
calculated using Eq. (1) with a value of Igaw & 750 pm,
i.e., a length required for the acoustic energy to be com-
pletely absorbed by the droplet liquid. The leakage of
acoustic energy by SAW into the liquid droplet results in a
net body force (force per unit volume), which can be written
as (Shiokawa et al. 1990; Sankaranarayanan et al. 2008)

F=p/(1+ oc?)3aA2w2k,- exp 2(kix + ak;y) (3)

where A represents the SAW amplitude at the interaction
point between the SAW and liquid, and o is angular fre-
quency. ki is the leaky SAW wave number which is a
complex number ki, = k; + jk;, and can be calculated by
applying the method of Campbell and Jones (1968, 1970) in
the case of liquid—solid coupling. The imaginary part of the
leaky SAW wave number computes the SAW energy dissi-
pated into the fluid medium. The damping factor is « = jo;

2
where o =1 — (%) , and v is the velocity of leaky

V,

Rayleigh SAW (Shiokawa et al. 1990; Furukawaetal. 1991).
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Both the experimental and numerical results show that,
when the gap height is less than ~500 pum, the streaming
velocity is enhanced with increasing gap height. In this
regime, the acoustic energy absorbed by the liquid layer
due to the emission of longitudinal waves induces an
acoustic streaming flow. If these waves propagate through
a liquid layer of gap heights less than its damping length, a
part of the longitudinal waves will be refracted from the
liquid layer into the upper glass slide, which means that
less energy will be coupled into the liquid layer. Indeed, the
distribution profile of streaming force presented in Fig. 5b
shows that the portion of acoustic momentum delivered to
the liquid by the SAW per unit area (area under curve) at
small gap heights such as 100 pm is smaller than that of
larger heights. Therefore, with a smaller gap, less energy
will be delivered from the SAW. Also the corresponding
increase in the wall shear resistance from the top plate will
contribute to a decrease in the streaming velocity. There-
fore, any increase in the gap height will enhance the SAW
momentum, and hence the streaming velocity.

However, it has been shown earlier in this paper that if
the gap height is increased beyond a critical value of
~500 pm, the streaming velocity will drop gradually, as
shown in Figs. 3 and 4. This reduction in the value of
streaming velocity with gap heights larger than ~ 500 pm
can also be explained from Fig. 5b. An increase in the gap
height beyond a 500 pm will induce a negligible improve
in the SAW momentum delivered to the fluid, where the
most of the acoustic momentum is already coupled into
the fluid. On the other hand, there is a large increase in the
mass inertia of the droplet volume with increased gap
height, which could explain the decrease of the streaming
velocities as the gap heights larger than ~500 pum.

Figure 6 shows simulation results of Reynolds number
(using the value of the streaming velocity at point A,
shown in Fig. 1) as a function of the normalized gap
height, H/lsaw, for a range of acoustic powers (the droplet
diameter is 2 mm). This reveals that if the gap height,
H, exceeds a critical percent of the attenuation length of
Rayleigh SAW Isaw, which has been identified as

(ﬁ) ~ 0.7, the Reynolds number decreases dramatically

with further increases in the gap height, especially at
excitation powers larger than 1 mW, which corresponds to
a critical gap height of H. = 500 pm, in which the
amplitude of the LSAW nearly attenuates to ~1l/e, as
shown by the value of streaming force in Fig. 5b.

For smaller gap heights, as the dimensionless gap height
ratio, H/lsaw 1s <0.067 (equivalent to H < 50 um), the
momentum of the SAW produces a slower flow motion
(with Re < 1) even at the highest power of 0.05 W in
this study (see Fig. 6). From experiments, the motion of
polystyrene particles becomes undetectable when gap
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Fig. 6 Numerical results of Reynolds number as a function of
normalized gap height for 2 mm droplet diameter excited by a range
of powers using 128° YX-LiNbO3 SAW device with 1.5 mm aperture
and excitation frequency of 60 MHz

heights are <100 pm, and the polystyrene particles quickly
adhered to substrate surface due to the large shear gradients
generated near the solid surfaces at small gap heights (Zeng
et al. 2011), as shown in Fig. 6. During the experiments
with gap height of 65 pum, there was no apparent streaming
effect or motion of the polystyrene particles even when the
applied RF power was increased up to 20 W. However,
these higher powers induce a significant heating effect,
causing the severe evaporation of the liquid as shown in
Fig. 7. Weilin et al. (2000) have also reported a similar
significant increase in the viscous friction in the case of
liquid flows in trapezoidal silicon microchannel when the
channel height was changed from 111 to 28 um.

Figure 8 shows the simulated streaming velocity profiles
as a function of distance above the substrate for a range of
gap heights and RF powers measured at the droplet centre
through its height. Figure 9 shows the corresponding
velocity vectors values at a gap height of 1,000 pm and
measured at centre of the droplet through its height.
Figure 8a shows that when the gap height exceeds 500 um
at an excitation RF power of 5 mW, there is a gradual
decrease in the streaming velocity. Below this value, the
velocity also reduces and when the gap height is <100 pum,
the streaming velocity decreases to <20 % of the peak
value. For gap heights of 50 um, the induced streaming is
actually a creeping motion with a very low Reynolds
number of Re < 1. Figure 8b shows results for an RF
power of 100 mW, and similarly the streaming velocity is
strongly suppressed as long as the gap height is <100 pm
(or Hllgaw < 0.13), with a minor difference in velocity
profiles for a gap height of 1,000 um compared with
Fig. 8a. This is mainly due to the significant increase in
velocity at the top of droplet, resulting from increasing the
RF power from 5 to 100 mW. These can be clearly
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Fig. 7 Experimental captured (a)
images of a droplet located on a
128° YX-LiNbOj5 substrate in
line with a SAW device with
1.5 mm aperture and gap height
of 65 pum (fop view). a Before
applying the RF power; b after
application of 20 W RF power
and excitation frequency of

60 MHz, showing the heating
and evaporation
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Fig. 8 Numerical simulation results of the velocity profile for a
2 mm droplet diameter with different gap heights and measured at the
droplet centre through its height; using 128° YX-LiNbOj
SAW device with 1.5 mm aperture excited by a frequency of
60 MHz; a at RF power 5 mW; b at RF power 100 mW

revealed from the differences in the velocity vectors
illustrated in Fig. 9 for the two different SAW powers.
Besides, the results in Fig. 3b show that the flow symmetry
along the gap height is broken (e.g. asymmetry velocity
profile) for gap heights beyond H,, of a 500 pm.

(b)

Fig. 9 Cross-sectional numerical simulation results of velocity
vectors values of 2 mm droplet at gap height of 1,000 pm and
measured at centre of the droplet through its height; using 128°
YX-LiNbO3; SAW device excited by a frequency of 60 MHz; a at RF
power 5 mW; b at RF power of 100 mW. Coloured vectors show flow
direction and velocity value

4 Conclusion

This study presents an experimental and numerical inves-
tigation for the scaling effects on the characteristic flow
hydrodynamics in a confined microdroplet induced by
SAW. The configuration of the study set-up includes a top
glass slide and LiNbOj substrate on the propagation path of
a SAW, between which a liquid microdroplet was placed.
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The microfluidic experiments were carried out using 128°
YX-LiNbO3; SAW devices excited with a frequency of
60 MHz. Analysis from both the experimental and
numerical results showed that, compared with freestanding
droplets, there is a significant scaling effect that influences
the streaming behavior of flow hydrodynamics in the
microdroplets confined between the two plates. For
example, if the gap height, H, is <100 pum, the character-
istic streaming velocity reduces considerably with a
decrease in the gap height, and approaches zero at a gap
height of 50 um. Therefore, the ability of using the SAW
momentum to drive the fluids into confined spaces or mi-
crochannels at smaller gap heights will be problematic, due
to the increased wall shear gradient at smaller gap heights
(Zeng et al. 2011). Furthermore, it has been observed that
there is a critical value for the gap height, above which the
streaming velocity decreases. This critical value have been
characterised by a dimensionless ratio of the gap height,
H, and the attenuation length of the Rayleigh SAW, where
the detailed experimental and numerical results have

~ 0.7.

revealed this critical value to be (1L)
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