
RESEARCH PAPER

Novel surface acoustic wave (SAW)-driven closed PDMS
flow chamber

Lothar Schmid • Achim Wixforth • David A. Weitz •

Thomas Franke

Received: 25 May 2011 / Accepted: 20 July 2011 / Published online: 19 August 2011

� Springer-Verlag 2011

Abstract In this article, we demonstrate a novel micro-

fluidic flow chamber driven by surface acoustic waves. Our

device is a closed loop channel with an integrated acoustic

micropump without external fluidic connections that allows

for the investigation of small fluid samples in a continuous

flow. The fabrication of the channels is particularly simple

and uses standard milling and PDMS molding. The

micropump consists of gold electrodes deposited on a

piezoelectric substrate employing photolithography. We

show that the pump generates a pressure-driven Poiseuille

flow, investigate the acoustic actuation mechanism, char-

acterize the flow profile for different channel geometries,

and evaluate the driving pressure, efficiency and response

time of the acoustic micropump. The fast response time of

our pump permits the generation of non-stationary flows.

To demonstrate the versatility of the device, we have

pumped a red blood cell suspension at a physiological rate

of 60 beats/min.

Keywords Microfluidics � Lab-on-a-chip � Micropump �
Surface acoustic waves (SAW) � Acoustic streaming

1 Introduction

Pumps are among the key components to actuate as well as

control flow in microfluidic systems. There are a multitude

of pumps that have been developed, exploiting various

physical effects (Squires and Quake 2005; Stone et al.

2004). Among these are pumps using electrophoretic or

dielectrophoretic forces, capillarity, magnetic forces or

mechanical techniques creating hydrodynamic pressure

gradients to drive fluid flow. The most widely used are

electrokinetic and mechanical pumps (Laser and Santiago

2004). However, the flow rate of electrokinetic pumps is

relatively low and depends on the electrolyte concentration

of the fluid, while mechanical pumps such as syringe

pumps can create high pressure gradients but need external

fluid tubing and suffer from long response times. Multi-

layered soft lithography systems have fast response times,

however, they also need to be connected to external air

pressure generators (Unger et al. 2000). In this communi-

cation, we present a pumping technique based on the

acoustic streaming effect. This method has the advantages

of both tubeless fluid control without any external fluid

connection and pumping at high flow rates. The acoustic

streaming effect (Eckart 1948; Nyborg et al. 1965) has

been recently applied to enhance mixing (Sritharan et al.

2006; Frommelt et al. 2008), pumping (Schneider et al.

2008), and agitation (Franke and Wixforth 2008;

Guttenberg et al. 2005; Renaudin et al. 2006) in open

microfluidic systems which were chemically modified to

achieve hydrophilic/hydrophobic wetting contrast and to

confine the liquid. In other open device designs, micro-

channels were cut by lasers directly into the substrate to

guide the fluid (Requa et al. 2009). Recently, a microfluidic

device exploiting the acoustic streaming effect indirectly

has been developed to actuate fluid in an array of channels
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(Masini et al. 2010). The actuation principle is based on the

SAW induced counterflow mechanism and the effect of

nebulization anisotropy and relies on the droplet dynamics

at the air–liquid interface (Girardo et al. 2008). Using this

counterflow effect, where SAW propagation and fluid

actuation are oppositely directed (Girardo et al. 2008), the

respective authors were able to draw fluid from a reservoir

into a channel and move the liquid to a position in the

array. In closed systems without a fluid–air interface sur-

face, acoustic waves have proven useful for droplet

direction (Franke et al. 2009a) and cell sorting (Franke

et al. 2010). The actuation principle of acoustic streaming

is independent of pH or electrolyte concentration and uses

low voltages which is important when pumping biological

samples and to avoid electrochemical effects. Moreover,

the method allows the continuous actuation of non-sta-

tionary fluid flow with fast response times. This is impor-

tant for several applications for instance to experimentally

mimic the pulsed beat of blood flow through vessels.

2 Hybrid chip design

Our hybrid technique combines widely used PDMS soft

lithography and full integration of the fluidic pump on a chip.

Soft lithography using the elastomer polydimethysiloxane

(PDMS) enables fabrication of simple and low cost complex

microfluidic channel structures (Whitesides and McDonald

2002). The device pumps the fluid in a circle in a closed

PDMS channel using acoustic streaming excited by an

interdigital transducer (IDT) as shown in the schematic of

Fig. 1 (left). The IDT consist of two gold electrodes on a

piezoelectric substrate, each having a comb-like structure,

which interdigitate at fixed finger repeat distance. The ratio

of the sound velocity in the substrate to twice the finger

distance defines the operating frequency of the IDT. The

chip presented here has a finger spacing of *13 lm and

works at 142 MHz. Its gold electrodes were produced by

vapor deposition and standard lithography. The anisotropic

piezoelectric substrate is a Y-cut of LiNbO3 with the crystal

axis rotated around the X-axis by 128� (128� Y-Cut). The

fingers of the IDT are carefully aligned perpendicular to the

X-axis and the alternating RF frequency therefore excites a

Rayleigh wave propagating in the direction of the X-axis. A

fast alternating electric RF-field generates an oscillating

displacement with an amplitude in the nm-range which

propagates at the velocity of sound on the surface of the

piezoelectric substrate. To apply the high frequency voltage,

we use a GHz-signal generator (Rohde Schwarz, SML01)

and subsequently amplify the signal. To complement the

Fig. 1 (Color online) (left) Schematic of the hybrid PDMS–SAW

chip as seen from above. The basic channel (width = 1 mm,

height = 0.75 mm, loop circumference = 42 mm) consists of a

closed rectangular PDMS channel and is bonded onto a glass

substrate. The IDT is carefully positioned below the channel and

pumps the fluid all around the closed channel without inlets or outlets

(black arrows indicate flow direction). The IDT consists of 42 fingers,

and has an aperture of 624 lm and a length of 1233 lm. It is

positioned in parallel to the fluid channel exactly at the PDMS-fluid

boundary. Enclosed by a green line is the coupling region of the

acoustics to the fluid. A closeup of the coupling is shown in Fig. 2.

We have used different channel designs as indicated by the channel

sections in the schematic below: a narrowing nozzle-like channel, an

oscillating zig-zag channel, and a bifurcated channel. (right) Micro-

graphs of the different channels are superposed with the experimen-

tally measured flow velocity vectors (black arrows) as obtained from

particle tracking with focus in the symmetry plane, i.e., middle of the

channel (see Supplementary Material for the micrograph of the

bifurcated channel)
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device, a microfluidic PDMS channel is assembled and

sealed onto a cover slip through covalent bonding after

ozone plasma treatment (Whitesides and McDonald 2002;

Duffy et al. 1998) and carefully placed on top of the pie-

zoelectric substrate using water as a contact liquid.

When a microfluidic channel is placed on top of the

substrate, the Rayleigh wave generates an acoustic wave

which couples through the intermediate water layer and the

glass bottom of the channel into the fluid, transferring

momentum along the direction of propagation and ulti-

mately inducing fluid streaming, as illustrated in Fig. 2

(top). In the actuation region, the SAW creates several flow

vortices that we have observed using particle image

velocimetry as shown in Fig. 2 (bottom). This complex

flow pattern creates a pressure difference that drives the

flow along the channel as shown in Fig 1. The flow

velocity can be controlled electronically by the SAW

power and works without any time lag. Therefore, a time

dependent hydrodynamic flow field can be either created

by spatially varying the geometry of the channel or alter-

natively by modulation of the SAW amplitude.

The basic PDMS stamped channel is designed in a

rectangular closed loop. To demonstrate the device and its

usefulness for biologically relevant geometries, we have

replaced a part of the channel by specially designed sec-

tions of varying shape. We have used channels with

bifurcations and constrictions to mimic the branched vas-

cular system and stenosis.

3 Flow characterization

For observation, the assembled PDMS–SAW hybrid device

is mounted on the stage of an inverted microscope and

imaged by a fast camera (Photron, Fastcam 1024 PCI). We

visualize the fluid flow field by adding small latex beads of

*1-lm diameter as tracer particles to the microchannel.

These beads are fluorescently labeled and were observed

and tracked either in phase contrast or by epi-fluorescence

as shown in Fig. 1.

To physically characterize the SAW driven flow, we have

compared the experimental flow profile of the simplest

geometry of a straight rectangular channel with the analyt-

ical solution of a pressure driven Stokes flow. With w, h

being width and height of the channel the velocity u depends

on the pressure gradient G and viscosity l (Tabeling 2005):

u y; zð Þ ¼ 4G

lw

ð�1Þnþ1

b3
n

X1

n¼1

1� chbnz

chbn
h
2

 !
cos bny;

where bn ¼ 2n� 1ð Þ p
w

ð1Þ

Both measured and calculated flow profiles are in excellent

agreement as shown in Fig. 3 indicating that the SAW driven

flow behaves as a pressure driven flow. Deviations from this

velocity profile occur only very close to the IDT where

vortices (Franke et al. 2009b) and other complex flow effects

Fig. 2 (Color online) (top) Side view sketch of the path of the acoustic

wave coupling into the channel: A surface acoustic wave is excited by

the IDT and travels along the lithium niobate substrate (1). It is

refracted as a longitudinal wave into the water (2) at a Rayleigh angle

hW = 21.8�, while the surface wave on the substrate is attenuated on a

characteristic length scale of 325 lm. The longitudinal acoustic wave

passes through the 150-lm thick water layer and is subsequently

refracted as a transversal wave into the glass coverslide at a Rayleigh

angle of angle hG = 54.4�. At the top of the glass slide the wave is

refracted again, enters the water-filled channel (4) and transfers

momentum to the liquid, causing acoustic streaming as indicated,

before it couples into the PDMS layer on top where it is further

dampened. (bottom) Flow profile at different z planes at the SAW

actuation region (indicated in Fig. 1 (left) as a green square). The black
rectangle on the left indicates the position of the IDT. The horizontal

vortex (in the z plane) generated by the acoustic wave is clearly visible,

and in addition, two vertical vortices are present and denoted by black
ellipses. They can be inferred when comparing the flow velocities on

the top and bottom planes. The actuation power was 12 dBm
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(Frommelt et al. 2008) take over. However, the flow is

laminar all over the microchannel because the Reynolds

number always obeys Re \ 60 and turbulent flow only occurs

when Reynolds numbers are an order of magnitude higher.

We determine the pumping efficiency of the device by

measuring the pressure dependence on applied electric power

of the IDT electrodes. The pressure was determined from our

experimental flow profiles by fitting Eq. 1 with G as free

parameter. As shown in Fig. 3, this pressure gradient linearly

depends on to the electric power for a wide range of power

values. Hence, we have a continuous control of the flow

velocity from no flow to 4.9 mm/s at 29 dBm electrical

power, which is comparably high, with a corresponding

maximum effective pressure p = 4.8 Pa. The maximum

volume flow rate Q at 4.8 Pa can be calculated from Eq. 1 and

yields Q *0.15 ml/min (Tabeling 2005) which is in the

upper range of dynamic micropumps (Laser and Santiago

2004). As expected for viscosity dominated systems, the

efficiency ratio is comparatively low Q � p/P *10-8. At

higher power, we reach the operating limit of the chip caused

by enhanced vibrations.

4 Acoustic wave coupling

The power of the acoustic wave in the channel can be

determined by calculating the transmission coefficients of

the electromechanical transducer and the acoustic wave

along its path.

Owing to a mismatch of the IDT impedance, 6.2% of the

electrical energy is reflected at the IDT, leading to a trans-

mission coefficient of -0.28 dB. One left- and one right-

traveling SAW is excited on the substrate, leading to an

additional reduction of the actuating power by -3.01 dB,

since only the latter is transmitted into the water. The SAW

is then completely refracted into the liquid with an attenu-

ation length of the surface wave of lSAW = 325 lm, which

is given by (Dransfeld and Salzmann 1970):

a ¼ 1

lSAW

¼ qFvF=qSAWvSAWkSAW ð2Þ

with liquid (subscript F) and substrate (subscript SAW)

densities q, wave velocities v, and wave length k. The

Rayleigh angle hW = 22.1� can be calculated by Snell’s

law from the velocity of the SAW (vSAW = 3989 m/s)

(Slobodnik et al. 1973) and the sound velocity in water

(vF = 1498 m/s) (Rossing 2007).

Hence, when passing through the thin water layer, the

wave is attenuated by -0.53 dB.

At the water–glass interface, the wave is refracted once

again. In general, when a longitudinal wave is refracted

from a liquid into a solid, both a longitudinal and a

transversal wave are excited. However, since the longitu-

dinal sound velocity in glass (5640 m/s) (Rossing 2007) is

much larger than in water, the angle of incidence is larger

than the critical angle hcrit = 15.4� of total reflection for

longitudinal waves. Therefore, only a transversal wave

(c = 3280 m/s) is excited at a Rayleigh angle of

hG = 55.4�. The amplitude ratio of the incident longitu-

dinal wave / and transmitted transversal wave w1

0
can be

calculated from (Brekhovskikh 1980):

w01
/
¼

�2qW

�
qG � Zt sin2 2hG

Zl cos2 2hW þ Zt sin2 2hW þ Z
ð3Þ

with impedances Z for the longitudinal sound wave in

water, the longitudinal (Zl) and transversal (Zt) wave in

glass and the corresponding densities q and Rayleigh

angles h.

Fig. 3 (Color online) (left) Flow profile measured in the PDMS

channel (basic rectangular channel as shown in Fig. 1;

width = 1000 lm, height = 750 lm). The fluid moves in the x-

direction, y is the horizontal, and z is the vertical direction. The origin

of the coordinate system is at the center of the channel. Blue circles
represent the flow velocity measured near the channel center

(z = 20 lm), red triangles show the velocity measured at

z = 170 lm. The black line is a fit of the analytical model to the

measurement at z = 20 lm (blue circles) and yields a pressure

gradient G = 28.5 Pa/m as free fitting parameter. The dashed line
shows the prediction of the analytical model for off-center flow

(z = 170 lm) using G as determined above. This is in good

agreement with measurements (red triangles). (right) Double loga-

rithmic plot of the SAW micropump generated pressure p as

calculated from the flow profile at the channel center against the

electric SAW power P. The pressure is proportional to the electric

power (ratio p/P = (6.78 ± 0.57) mPa/mW). At 29 dBm power, the

SAW generates a pressure of approx. 4.8 Pa
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Exploiting the energy flux density (Landau and Lifshitz

1987):

q ¼ 1

2
cq0A2n ð4Þ

with sound velocity c, medium density q0 and wave

amplitude A and direction of propagation n, the corre-

sponding power transmission coefficient can be calculated

to be T = 0.43, which corresponds to -3.64 dB. At the

upper glass–water interface, the process is reversed, and a

longitudinal sound wave is generated with the same

transmission coefficient.

Therefore, taking into account the dissipation and

reflection in the different media, the total coupling attenu-

ation of the power can be estimated to be DD = -11.1 dB.

5 The origin of streaming

The theoretical background of acoustic streaming has been

thoroughly investigated by Nyborg et al. (1965): a sound

wave traveling through a liquid is damped due to relax-

ational dissipation. Dissipation causes a volume force on

the liquid that is proportional to the frequency-dependent

damping coefficient and acts in the direction of wave

propagation. Considering a plane wave traveling in

x-direction with characteristic attenuation length la and

Amplitude A:

u1 ¼ Ae�x=la cos xt� kxð Þ ð5Þ

This force is given by:

Fx ¼ q0A2e�2x=la=la ð6Þ

The attenuation length at 142 MHz in water is

la = 1.24 mm (Coates 1989; Hagen et al. 2004). The

amplitude of the wave can be calculated from the wave

power P and area S:

P ¼ q � S ¼ 1

2
cq0A2n � S ð7Þ

which yields a volume force

Fx ¼
2P

cSla cos h
e�2x=la ð8Þ

Equation 8 gives a linear relation between acoustic

power and bulk force acting on the fluid. Because both the

relation of electric and acoustic power and the Stokes

equation governing the fluid flow are linear, we expect a

linear relation between electric power and pressure. This

linearity has been observed in our experiments as shown in

Fig. 3 (right).

To assess the pressure that drives the fluid, we employ a

maximum electrical power of 29 dBm corresponding to an

acoustic power P of 17.9 dBm; we estimate the cross

section area S from the IDT aperture b = 624 lm and the

SAW attenuation length as S = b � lSAW cited above. The

volume force at the bottom of the channel then is

Fx = 176 kN/m (Laser and Santiago 2004) at an amplitude

A = 0.66 m/s. By integrating along the direction of prop-

agation from the bottom of the channel (h = 0) to the top

(h = 750 lm), the resulting pressure difference Dp can be

calculated:

Dp ¼
Zh=cos hW

0

dx FxðxÞ � 160 Pa ð9Þ

This pressure difference drives the vortices in the

pumping region and causes an effective pumping

pressure of 4.8 Pa. The significant difference between

these two values is in good agreement with the observed

flow velocities in the vortex, which are one order of

magnitude higher than in the channel.

The driving pressure difference is a direct consequence

of the dissipation in the channel that depends on the fre-

quency. Because dissipation occurs in the contact liquid as

well and does not contribute to the driving pressure in the

channel there is an optimal frequency for a given geometry

(ratio of channel to contact liquid height). For the device

we present here the optimal attenuation length is 0.7 mm

and 90% of that value is still obtained in the range of

0.4–1.2 mm. This corresponds to a frequency range of

*130–240 MHz (Coates 1989).

6 Time-dependent flow

Another important feature of a pump is its ability to

create time dependent flow. Many commonly used pumps

have surprisingly long transients. For example, syringe

pumps have response times that can range from several

tenths of seconds to even minutes. Response times of the

SAW driven device are determined by application of a

square wave modulated HF signal to the electrodes and

the corresponding flow relaxation is measured for differ-

ent channel dimensions (w = 500 lm and w = 1000 lm

at h = 750 lm) as shown in Fig. 4. Because comparison

with a pressure driven flow is useful, as discussed above,

we compare the experimental results with a theoretical

estimation of the relaxation of a non-stationary flow in

response to a pressure jump. For simplification, we con-

sider a resting fluid in a cylinder of radius a and turn on

the pressure gradient G at time t = 0. With no-slip

boundary conditions the velocity yields (Batchelor et al.

2000),
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u r; tð Þ ¼ G

4l
a2 � r2
� �

� 2Ga2

l

X1

n¼1

J0 kn
r
a

� �

k3
nJ1ðknÞ

exp �k2
n

vt

a2

� �

ð10Þ

Jn being the Bessel functions and kn the roots of J0

(k) = 0. The first term n = 1 of the series is the slowest

decaying component and can be used to estimate the

response time. We approximate the rectangular channel of

the experiment by the cylinder symmetric solution of

Eq. 10. Using a ¼ 1
4

ffiffiffiffiffi
bh
p

, we calculate s = 58 ms and

s = 25 ms for the wide and narrow channels, respectively,

in good agreement with the experimental values of 62 and

15 ms.

7 Pumping biofluids

Finally, we demonstrated that the pumping device pre-

sented here is able to pump biologically relevant samples

such as red blood cell solution in 300 mOsm phosphate

buffered saline [Dulbecco’s PBS (19), PAA Laboratories

GmbH, 0.2 g/l KCl, 0.2 g/l K3PO4, 8.0 g/l NaCl, 1.15 g/l

Na2HPO4]. We exploit the fast response time of our device

to simulate blood flow at a frequency of 60 beats/min by

amplitude modulation of the voltage with a square wave

signal of 1 Hz using a frequency generator (Rohde Sch-

warz, SML01) and to pump in the circulatory channel

system (see Movie in Supplementary Material).

In conclusion, we have given a detailed description of

the working principles of the SAW-driven flow chamber.

We have also shown that our SAW hybrid device is a

versatile platform to mimic different stationary and non-

stationary fluid flow fields. The complete system is very

compact with the SAW micropump fully integrated on a

chip without any external fluid tubing preventing cross-

contamination of the sample. This allows exceptional

electronic control of the fluid flow. The circulatory, closed

loop design of the device will enable the integration and

combination of several micropumps and fluid intercon-

nections to perform more complex processes on a single

chip; this could be useful in a variety of applications such

as evolutionary biotechnology or lab-on-a-chip systems.
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