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In microfluidic devices, hydrodynamic flow is usually governed by very low Reynold’s numbers.
Under these conditions, only laminar flow is possible. Hence, mixing in microfluidics occurs by
diffusion only. Interaction of small fluid volumes and acoustic waves in a solid leads to pronounced
streaming effects in the fluid inducing mixing and stirring even at low Reynold’s numbers. We
demonstrate the applicability of such acoustically induced mixing in a variety of different
microfluidic geometries, including planar and conventional three-dimensional microfluidic
devices. © 2006 American Institute of Physics. [DOI: 10.1063/1.2171482]

Mixing small amounts of fluids is usually a delicate task.
For liquids confined to small volumes, interaction between
the fluid and the walls of the container become dominant, as
the surface to volume ratio becomes very large. In general,
this increased liquid-wall interaction is parameterized by
Reynold’s number, usually being a small quantity in micro-
fluidic systems. Reynold’s numbers indicate that the inertial
forces are more significant than the viscous forces. Hence, a
low Reynold’s number is to some extend equivalent to an
increase of the apparent viscosity, which significantly influ-
ences the hydrodynamic behavior of a liquid. As turbulent
streaming only occurs at high Reynold’s numbers (>2000),
this in turn leads to insufficient mixing in microfluidic sys-
tems, where only laminar flow processes are possible. There-
fore, the only way for small fluid volumes to mix effectively
is by diffusion. Here, the smallness of the system is in fact in
favor of the diffusion limited time scales, as the respective
length scales are equally small.

However, for many applications, esyecially so-called
biochips or in microarray based assays,z_ a deliberate and
controlled agitation of the fluid under investigation would be
of great importance.

In this letter, we wish to report on a quite novel and
unconventional method to efficiently mix fluids in a micro-
fluidic system. We show that the interaction between surface
acoustic waves (SAWs) and a fluid confined to a microfluidic
device induces pronounced streaming effects which in turn
act as an internal stirrer to the fluid under consideration.

SAWs are easily excited on piezoelectric substrates such
as quartz, or LiNbOj3, employing so-called interdigital trans-
ducers (IDTs).”

As SAWs are confined to a thin layer at the surface of
the substrate, their propagation crucially depends on the
boundary conditions at this surface. Both mechanical as well
as electrical load of the substrate surface significantly influ-
ences the propagation of SAWs. Making use of this fact,
SAW devices can also be employed as sensor elements or to
measure the dynamic conductivity of thin film devices.

Recently, we have demonstrated that SAWs very effi-
ciently interact with small amounts of fluids located at the
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surface of a piezoelectric substrate.®”® Small droplets or thin
capillary fluid layers have been brought into contact with a
SAW, which in turn induces so-called acoustic streaming in
the fluid.! At small SAW amplitudes, the interaction leads to
an internal streaming, which by itself can already be used as
a micro—or even nano mixer. Streaming velocities up to
1 cm/s can be achieved this way, of course strongly depen-
dent on the actual geometry. At larger SAW amplitudes, the
droplets or the fluid layers can even be actuated, leading to a
droplet based transport or streaming of closed fluid layers at
the surface of the substrate. The combination of this SAW
based microfluidic pumps together with a physico-chemical
surface functionalization enabled us to create “programmable
microfluidic ;)rocessors” for various biological and chemical
applications.

The basic mechanism for acoustic streaming is depicted
in Fig. 1. Here, a SAW carrying substrate is shown, partially
covered by a liquid droplet to the right. The SAW entering
the droplet is diffracted under an angle ®; into the fluid,
where it generates a longitudinal pressure wave. For an infi-
nite half space, this diffraction angle is given by the ratio of
the sound velocities in the substrate and in the fluid,
respectively.8

The same concept of acoustical agitation can also be
applied to semiclosed liquid volumes, like a capillary gap,
sandwiched between the substrate and a cover slide on top of
the fluid. Meanwhile, a detailed understanding of the result-
ing vortex formation and internal streaming has been

longitudinal pressure
wave in droplet
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FIG. 1. Sketch of the acoustic streaming acting on a small droplet on the
surface of a piezoelectric substrate. The acoustic energy is radiated into the
fluid under an angle Oy, leading to internal streaming in the small fluid
volume.
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FIG. 2. SAW coupling through the bottom of a microfluidic chip (in this
case polystyrene) into the fluid in the microfluidic channel on top. Depend-
ing on the different sound velocities in the different media, the diffraction
angle changes. In the water, the angle of diffraction has been visualized by
acoustically pumping a small amount of dye, leading to the sharp jet in the
inset photograph.

achieved employing an approximate analytical solution for
the time avera‘%ed velocity and pressure fields developing in
this geometry.

Here, we present the results of an experimental investi-
gation, in which we study the applicability of our SAW based
microagitation for conventional, three-dimensional (3D) mi-
crofluidic systems. Such systems are generally fabricated
from glass, plastic, or silicon, employing deep etching, soft
lithography or hot embossing technologies to create tiny
channels, reactor cavities, and other functional blocks. Most
of these microfluidic systems, however, require external
pumping units and mixing is difficult because of the low
Reynold’s number as pointed out above.

To generate acoustic streaming in 3D microfluidic de-
vices, we acoustically couple them to a piezoelectric sub-
strate (128° rot. Y-cut LiNbOj3) containing a set of interdigi-
tal transducers for SAW generation. The SAW is excited on
this substrate and is again diffracted into the microfluidic
device, which may consist either of glass, plastic, silicon, or
alike (see Fig. 2).

There it generates a sound wave propagating through the
base of the microfluidic device, and finally enters the fluid
filled channels.

To demonstrate this hybrid technique, we choose to per-
form a mixing experiment in a very simple Y-shaped micro-
fluidic channel structure, where two different fluids are in-
jected into a common channel. In Fig. 3, we schematically
depict the layout of this system. The channels were fabri-
cated using an elastomer [poly(dimethyl siloxan) (PDMS)],
which was casted in a mold.'"’ The channel system was
75 pm high and 100 wm wide. The two inlets were filled
with water; to one of the them, we added fluorescent beads
(d=1 um) to visualize the streaming patterns under a fluo-

distance x

FIG. 3. Sketch of the Y-shaped microfluidic device which was used to
investigate the acoustic mixing. The two inlets were flushed with pure water,
to one of them we added fluorescent beads. Close to the junction, a SAW
chip was acoustically coupled to the bottom of the channel structure.
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FIG. 4. (a) Bead distribution at the junction of the two inlets, (b) laminar
flow downstream the channel, when no SAW was present. The white lines
indicating the boundaries and the center of the channel are superimposed to
the camera images as a guide to the eye.

rescent microscope. The PDMS channels were then glued to
a glass slide to hermetically seal the bottom of the channels.
A steady flow velocity of approximately v=250 um/s was
achieved by applying a constant back pressure to the inlets.

The whole system was then coupled to a piezoelectric
substrate with an IDT, generating surface acoustic waves at
f=146 MHz. To ensure good acoustic coupling, the glass
substrate and the mixing chip were pressed together employ-
ing a coupling fluid. A quite low static flow rate was choosen
for the purpose of visualization of the mixing process. Simi-
lar results, however, have been obtained for higher flow rates
up to several millimeters per second.

In Fig. 4, we show the results for the case when no SAW
was present for two different positions along the channel. As
expected, we obtain a completely laminar flow, where no
distribution of the beads across the virtual center line is ob-
served [see Fig. 4(b)].

The SAW transducer on the piezoelectric substrate was
located right under the junction of the two inlets (cf. Fig. 3).
When a high frequency signal was applied to the transducer,
a SAW was generated on the LiNbO; substrate and was dif-
fracted into the microfluidic device. The SAW propagation
direction for the experiments reported here was perpendicu-
lar to the flow direction in the channel. This geometry has
been choosen to avoid an additional SAW pumping effect
along the channel, which would obscure the evaluation of
our data. It should be noted, though, that this represents a
very powerful way to integrate active pumps into such
systems.

Depending on the applied rf power, mixing in the fluid
due to the interaction with the SAW was observed in the
channel (see Fig. 5).

To evaluate the mixing efficiency, we analyzed the time
averaged fluorescence images taken at different positions
downstream of the merging position. We separately mea-
sured the fluorescence intensity in the upper part 7, and in the
lower part of the channel /;, and by calculating their ratio we
end up with the mixing fraction E=1,/I;, which we assign to
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FIG. 5. Snapshot of the acoustically induced mixing in the microfluidic
channel with the fluid flowing from left to right as in Fig. 2. The white lines
are superimposed on the camera image to visualize the boundaries of the
channel. The picture shows a distributed fluorescence signal across the
whole channel width shortly after switching on the SAW at high power. The
image shows the same channel region as the one in Fig. 2(b), approximately
2.5 mm downstream from the mixer chip. Note the occurrence of vortices
along the channel.

be a quantitative measure for the mixing efficiency. [In Fig.
4(b), for example, where no beads are visible in the upper
part of the channel, and all the beads reside in the lower part,
E=1,/1)=0.] Complete mixing and distribution of the fluo-
rescent beads across the whole channel width then results in
1,=1I; and hence E=1.

In Fig. 6, finally, we plot the mixing efficiency E as a
function of distance x from the SAW transducer downstream
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FIG. 6. Experimentally obtained mixing fraction E as a function of the
distance x from the IDT generating the SAW. The different symbols corre-
spond to different SAW amplitudes. Note the logarithmic scale of the x axis.

Appl. Phys. Lett. 88, 054102 (2006)

towards the outlet of the channel for different applied rf
power. For control reasons, one measurement (no SAW) was
performed without the generation of a SAW. In this case,
diffusion along the length of the channel is the only source of
mixing. Here, it takes a distance of about x=25 mm down-
stream before a mixing fraction of only £=0.5 is reached.
This distance can be significantly shortened, if a SAW is
generated underneath the channel. With increasing SAW am-
plitude, the efficient mixing sets in at smaller distances from
the transducer. At the highest SAW amplitude in the figure,
complete mixing (E=1) was achieved already after about x
=2 mm, which is a factor of 10 less than without mixing.
The lines in the figure are guides to the eye, the apparent
steps on the lines are related to vortex generation, leading to
a dynamic accumulation of fluorescent beads along the chan-
nel. This interesting effect, however, is beyond the scope of
this manuscript, and will be discussed elsewhere.

In summary, we have described a very efficient method
to induce mixing in a microfluidic channel. For this purpose,
we employ high frequency surface acoustic waves which are
coupled through the channel material into the fluid. Acoustic
streaming then induces complex material folding lines which
significantly enhance the mixing efficiency in such microflu-
idic devices. The piezoelectric chip generating the SAW is
acoustically coupled to the microfluidic chip. Hence, it need
not necessarily be part of the fluidic system.
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