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mechanisms that create both the internal flow and the droplet
deformations. It is generally admitted that the SAW is radi-
ated inside the droplet at a refraction angle !r, analogous to
Snellius-Descartes law in optics,

sin!!r" =
cl

cs
!2"

where cl and cs denote respectively the speed of sound in the
liquid and the solid, and in turn generates acoustic streaming.
The angle !r is around 25° for water and usual piezoelectric
substrates. Regarding droplet dynamics by SAW, a fluid-
dynamics analysis has been recently attempted #15$, but re-
sults are mostly related to atomization occurring at high
acoustic power. At high frequencies, around 100 MHz, a no-
ticeable contribution on the understanding of drop deforma-
tion and displacement, is available in #18$ !however at this
frequency, no oscillations have been observed". It shows that
the flow originates from a carrying force focused in a narrow
region inside the drop, starting at the drop edge hit by the
wave and directed toward the refraction angle.

In the general case, this force is partly due to nonlinear
acoustic streaming #19,20$. The fluid trajectories are de-
scribed qualitatively by the particle tracking snapshot such as
that of Fig. 1!b". In the present frequency range, around 20
MHz, the liquid-air interface is also affected by SAW in
three different ways.

First, the droplet’s left-right symmetry is broken #see Fig.
1!c"$ and the asymmetry is more pronounced for larger

acoustic power. The asymmetry is responsible for the drop
displacement as it makes the front and rear contact angles
becoming, respectively, larger than "a and smaller than "r
#6$. However, the relative contributions of acoustic streaming
and radiation pressure on this asymmetry with respect to the
frequency regime remain unclear.

Second, the periodic creeping-jumping motion #see Fig.
1!a"$ has a well-defined frequency of the order of 50 to 200
Hz for usual droplet size, and comes with a continuous un-
pinning of the contact line. During the deformation cycle, the
droplet is strongly stretched and flattened.

Finally, besides the global deformation, the droplet
surface exhibits small deformations !“trembling”" at a fre-
quency of about of a few thousands Hertz. However, this is
hardly visible on the pictures presented here.

In any case, the periodic deformations of the interface
cannot be attributed to a steady flow. Instead, the acoustic
radiation pressure which affects the shape of the liquid-vapor
interface can be invoked for a possible origin of such defor-
mations. Therefore, the periodic motion could be associated
with dynamical eigenmodes of the droplet, where capillarity
tends to restore a minimal surface energy.

The deep understanding of the involved phenomena is
necessary in order to set up a droplet handling lab on chip
with minimal acoustic power toward an optimization of the
system. Especially interesting is the use of several combined
transducers and short-time pulses in order to reduce heat
!continuous appliance of SAW would cause much heat pro-
duction" and to protect fragile bioparticles. The current avail-
able literature being insufficient for quantitative predictions,
the present study aims to carry out quantitative measure-
ments of the displacement and deformation of the drop. We
present here such a quantitative study by varying parameters
such as the droplet volume, the liquid viscosity and the am-
plitude of the acoustic wave. These results constitute a first
step toward the understanding of the detailed coupled acous-
tic and hydrodynamic mechanisms.

II. EXPERIMENTAL SETUP

The setup is depicted in Fig. 2. We used a substrate with
piezoelectric properties !lithium niobate, LiNbO3", in order
to generate powerful SAW. The transducer is an interdigi-
tated transducer !IDT" which generates transverse-acoustic
waves propagating along the surface. The interconnected fin-
gers of the IDT are made of Titane covered by Gold, and
designed by a lithographic technique detailed elsewhere #14$.
We applied the periodic sinusoidal voltage with a high-
frequency generator !IFR 2023A", amplified with a home-
made amplifier. A SAW is generated providing that the volt-
age frequency is compatible with the space between each
track of the IDT. Considering that the space between fingers
a /2 is 43.75 #m, giving a wavelength $=2a=175 #m, and
that the sound velocity in LiNbO3 is 3485 m.s−1 for trans-
verse waves, the value of the frequency f0 has to be around
19.5 MHz. In practice, we found the best actuation to drop-
lets of any size for f0=20.375 MHz and we kept this value
for all experiments. The properties of the SAW ensure that
the amplitude is not attenuated in its direction of propaga-
tion, and that it is localized near the surface.

(b)

(a)

(c)

FIG. 1. !a" Successive snapshots of a water drop displaced by
SAW, showing a periodic creeping and jumping flow. The arrow
shows the direction of the displacement. !b" Particle tracking inside
a steady drop subjected to SAW waves, obtained by time averaging.
!c" Asymmetric shape of a drop moving under the action of SAW
!W/G mixture 2", without oscillations. For the three images, the
SAW propagates from left to right.
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tinct fine structure as can be seen in Fig. 13. The size,
vibration modes and driving frequency of the transducer
determine the pressure distribution in the fluid above the
transducer surface and therefore also the structure of the
trapped particle clusters in the fluid. The near field limit
(d2/4k) of a d = 0.8 mm diameter circular transducer
radiating in water at 10 MHz is approximately
1.1 mm. The acoustic pressure distribution within the
near field region is complex, as shown in Fig. 8(a), due
to diffraction effects associated with the finite sized
transducer element. The calculated near field pressure
distribution obtained from the ASA model is shown to
agree qualitatively with the structure of the particle clus-
ters. It should be noted that the particles used in the
evaluation due to acoustic properties are collected in
pressure minima, i.e. in regions between the pressure
maxima in Figs. 7 and 8. The results from the light dif-
fraction tomography measurements, Fig. 9(a), are in
good agreement with the calculated pressure distribu-
tion presented in Fig. 9(b), particularly considering the
simplifications associated with the modelled ideal piston
transducer. Beside the possibility of different vibration
modes in the transducer, deviations between tomogra-
phy measurements and the calculated results may be ex-
plained by individual variations in the transducer
elements due to manufacturing and mounting. Some
vibration modes with different resonance frequencies
are seen in the impedance spectrum of the empty device,

Fig. 11. The resonance near 2.4 MHz is identified as the
width resonance of the transducer. The peaks observed
at the upper end of the spectrum are interpreted as
thickness vibrations incorporating a few smaller peaks
that possibly may be explained by the asymmetrical
clamping of the element due to mounting. Also the mul-
tilayer sandwich electrode design illustrated in Fig. 2
probably influences vibration modes in the transducer,
and therefore its acoustical behaviour.

The trapping device was designed to obtain a pres-
sure node located near the middle of the fluid layer by
utilizing layered resonator design principles [15] (cf.
Fig. 1). The presence of a nodal plane is evident in the
calculated pressure distribution, Fig. 8(b), which how-
ever does not take into account multiple reflections
and transmission in the various interfaces. In the exper-
imental set-up with the 72 lm channel, the channel res-
onance in the fluid layer was intended to match the
thickness resonance of the transducer. As it can be ob-
served near 10.6 MHz in the impedance spectra shown
in Fig. 11(b) and (d), the expected resonance at this fre-
quency appear to be moved or split. This is interpreted
as an analogy with the two degree of freedom (DOF)
vibration absorber effect [16,26]. According to this inter-
pretation a vibrating mechanical system consisting of
two coupled parts with coincident individual resonance
frequencies demonstrate a splitting of the resonance into
two separate resonance peaks surrounding the common

Fig. 15. Trapping cycle over transducer element at 11.7 MHz, (a) and (b) corresponding to (c) and (d) in Fig. 14.

Fig. 16. Trapping cycle over transducer element at 9.8 MHz for a 90 lm channel, (a) and (b) corresponding to (c) and (d) in Fig. 14, leaving particles
on the surfaces within the trapping area after release (c). This is an example where particles were trapped near the transducer and/or reflector
surfaces.
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1) Using radiation pressure 

2) Using acoustic streaming 



Context:	digital	microfluidics	
Diluted	droplets	/	bubbles	follow	the	flow	…		
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…	or	induce	traffic	jams	

How	to	use	acoustic	forces	to	control	objects	without	contact?	
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Waves…	

Acoustic	wave	definition:	small	disturbance	around	
equilibrium	of		

•  Pressure,	p=p0+p1(x,t)	

•  Velocity,		v=v0+v1(x,t)	

	

Propagating	at	speed	of	sound:	c=(K/ρ)1/2				

	with	fluid	compressibility	K=ρ(∂p/∂ρ)S=cst		

	



How	can	sound	exert	forces	and	motion?	
	

mechanisms that create both the internal flow and the droplet
deformations. It is generally admitted that the SAW is radi-
ated inside the droplet at a refraction angle !r, analogous to
Snellius-Descartes law in optics,

sin!!r" =
cl

cs
!2"

where cl and cs denote respectively the speed of sound in the
liquid and the solid, and in turn generates acoustic streaming.
The angle !r is around 25° for water and usual piezoelectric
substrates. Regarding droplet dynamics by SAW, a fluid-
dynamics analysis has been recently attempted #15$, but re-
sults are mostly related to atomization occurring at high
acoustic power. At high frequencies, around 100 MHz, a no-
ticeable contribution on the understanding of drop deforma-
tion and displacement, is available in #18$ !however at this
frequency, no oscillations have been observed". It shows that
the flow originates from a carrying force focused in a narrow
region inside the drop, starting at the drop edge hit by the
wave and directed toward the refraction angle.

In the general case, this force is partly due to nonlinear
acoustic streaming #19,20$. The fluid trajectories are de-
scribed qualitatively by the particle tracking snapshot such as
that of Fig. 1!b". In the present frequency range, around 20
MHz, the liquid-air interface is also affected by SAW in
three different ways.

First, the droplet’s left-right symmetry is broken #see Fig.
1!c"$ and the asymmetry is more pronounced for larger

acoustic power. The asymmetry is responsible for the drop
displacement as it makes the front and rear contact angles
becoming, respectively, larger than "a and smaller than "r
#6$. However, the relative contributions of acoustic streaming
and radiation pressure on this asymmetry with respect to the
frequency regime remain unclear.

Second, the periodic creeping-jumping motion #see Fig.
1!a"$ has a well-defined frequency of the order of 50 to 200
Hz for usual droplet size, and comes with a continuous un-
pinning of the contact line. During the deformation cycle, the
droplet is strongly stretched and flattened.

Finally, besides the global deformation, the droplet
surface exhibits small deformations !“trembling”" at a fre-
quency of about of a few thousands Hertz. However, this is
hardly visible on the pictures presented here.

In any case, the periodic deformations of the interface
cannot be attributed to a steady flow. Instead, the acoustic
radiation pressure which affects the shape of the liquid-vapor
interface can be invoked for a possible origin of such defor-
mations. Therefore, the periodic motion could be associated
with dynamical eigenmodes of the droplet, where capillarity
tends to restore a minimal surface energy.

The deep understanding of the involved phenomena is
necessary in order to set up a droplet handling lab on chip
with minimal acoustic power toward an optimization of the
system. Especially interesting is the use of several combined
transducers and short-time pulses in order to reduce heat
!continuous appliance of SAW would cause much heat pro-
duction" and to protect fragile bioparticles. The current avail-
able literature being insufficient for quantitative predictions,
the present study aims to carry out quantitative measure-
ments of the displacement and deformation of the drop. We
present here such a quantitative study by varying parameters
such as the droplet volume, the liquid viscosity and the am-
plitude of the acoustic wave. These results constitute a first
step toward the understanding of the detailed coupled acous-
tic and hydrodynamic mechanisms.

II. EXPERIMENTAL SETUP

The setup is depicted in Fig. 2. We used a substrate with
piezoelectric properties !lithium niobate, LiNbO3", in order
to generate powerful SAW. The transducer is an interdigi-
tated transducer !IDT" which generates transverse-acoustic
waves propagating along the surface. The interconnected fin-
gers of the IDT are made of Titane covered by Gold, and
designed by a lithographic technique detailed elsewhere #14$.
We applied the periodic sinusoidal voltage with a high-
frequency generator !IFR 2023A", amplified with a home-
made amplifier. A SAW is generated providing that the volt-
age frequency is compatible with the space between each
track of the IDT. Considering that the space between fingers
a /2 is 43.75 #m, giving a wavelength $=2a=175 #m, and
that the sound velocity in LiNbO3 is 3485 m.s−1 for trans-
verse waves, the value of the frequency f0 has to be around
19.5 MHz. In practice, we found the best actuation to drop-
lets of any size for f0=20.375 MHz and we kept this value
for all experiments. The properties of the SAW ensure that
the amplitude is not attenuated in its direction of propaga-
tion, and that it is localized near the surface.
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FIG. 1. !a" Successive snapshots of a water drop displaced by
SAW, showing a periodic creeping and jumping flow. The arrow
shows the direction of the displacement. !b" Particle tracking inside
a steady drop subjected to SAW waves, obtained by time averaging.
!c" Asymmetric shape of a drop moving under the action of SAW
!W/G mixture 2", without oscillations. For the three images, the
SAW propagates from left to right.
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tinct fine structure as can be seen in Fig. 13. The size,
vibration modes and driving frequency of the transducer
determine the pressure distribution in the fluid above the
transducer surface and therefore also the structure of the
trapped particle clusters in the fluid. The near field limit
(d2/4k) of a d = 0.8 mm diameter circular transducer
radiating in water at 10 MHz is approximately
1.1 mm. The acoustic pressure distribution within the
near field region is complex, as shown in Fig. 8(a), due
to diffraction effects associated with the finite sized
transducer element. The calculated near field pressure
distribution obtained from the ASA model is shown to
agree qualitatively with the structure of the particle clus-
ters. It should be noted that the particles used in the
evaluation due to acoustic properties are collected in
pressure minima, i.e. in regions between the pressure
maxima in Figs. 7 and 8. The results from the light dif-
fraction tomography measurements, Fig. 9(a), are in
good agreement with the calculated pressure distribu-
tion presented in Fig. 9(b), particularly considering the
simplifications associated with the modelled ideal piston
transducer. Beside the possibility of different vibration
modes in the transducer, deviations between tomogra-
phy measurements and the calculated results may be ex-
plained by individual variations in the transducer
elements due to manufacturing and mounting. Some
vibration modes with different resonance frequencies
are seen in the impedance spectrum of the empty device,

Fig. 11. The resonance near 2.4 MHz is identified as the
width resonance of the transducer. The peaks observed
at the upper end of the spectrum are interpreted as
thickness vibrations incorporating a few smaller peaks
that possibly may be explained by the asymmetrical
clamping of the element due to mounting. Also the mul-
tilayer sandwich electrode design illustrated in Fig. 2
probably influences vibration modes in the transducer,
and therefore its acoustical behaviour.

The trapping device was designed to obtain a pres-
sure node located near the middle of the fluid layer by
utilizing layered resonator design principles [15] (cf.
Fig. 1). The presence of a nodal plane is evident in the
calculated pressure distribution, Fig. 8(b), which how-
ever does not take into account multiple reflections
and transmission in the various interfaces. In the exper-
imental set-up with the 72 lm channel, the channel res-
onance in the fluid layer was intended to match the
thickness resonance of the transducer. As it can be ob-
served near 10.6 MHz in the impedance spectra shown
in Fig. 11(b) and (d), the expected resonance at this fre-
quency appear to be moved or split. This is interpreted
as an analogy with the two degree of freedom (DOF)
vibration absorber effect [16,26]. According to this inter-
pretation a vibrating mechanical system consisting of
two coupled parts with coincident individual resonance
frequencies demonstrate a splitting of the resonance into
two separate resonance peaks surrounding the common

Fig. 15. Trapping cycle over transducer element at 11.7 MHz, (a) and (b) corresponding to (c) and (d) in Fig. 14.

Fig. 16. Trapping cycle over transducer element at 9.8 MHz for a 90 lm channel, (a) and (b) corresponding to (c) and (d) in Fig. 14, leaving particles
on the surfaces within the trapping area after release (c). This is an example where particles were trapped near the transducer and/or reflector
surfaces.
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1)	Radiation	pressure	

	

2)	Acoustic	streaming	

a)  on interfaces 
b)  on particles, tweezers 
c)  on bubbles 

a)  Quartz wind 
b)  near boundaries 
c)  near bubbles 
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1)	Radiation	pressure	

•  Exists	in	acoustics	and	in	optics		
(laser	forces,	as	in	optical	tweezers)	

• Peculiarity	in	acoustics		
radiation	pressure	can	be	negative	
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b)	On	solid	particles:		acousto-phoresis	

Frad = S I/c            with S = πR2 

•  Mie regime, R >> λ 

•  Rayleigh regime, R << λ  (microfluidics) 
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yet it has been known for some time that the mechanism is not
that simple. Indeed, Keolian et al. (1981) showed the appear-
ance of capillary waves in shallow water at subharmonic
frequencies with other ratios of f=i, where i ¼ 2, 4, 12, 14,
16, 18, 20, 22, 24, 28, and 35. This, and more complex wave
patterns [see, e.g., Binks and van de Water (1997)], is made
possible, as shown by Chen and Viñals (1997), by the inter-
action of triad (three-wave) resonant interactions of the waves
on the free surface that does not rely on the quadratic
nonlinearity presumed by the weakly nonlinear form that
results in the Mathieu equation form. Beyond discrete modes
of capillary waves, the appearance of turbulent cascades in
the wave interaction for larger systems where gravity is
relevant has been shown to exist by Falcon, Laroche, and
Fauve (2007). Rather than being made up of waves possess-
ing particular wavelengths, the wave has a broadband
distribution of energy with a characteristic dispersion relation
between the wave amplitude and frequency of ! ¼ f"17=6.

These phenomena all seem to appear in SAW atomization,
shown in Fig. 17. Using laser Doppler vibrometry5 to measure
the vertical velocity of the free surface at a point described by
Friend and Yeo (2010), Qi et al. (2008) found that excitation
of a fluid drop at 20 MHz did not give rise to the Faraday-like
capillary wave at 10 MHz, but did generate broadband cap-
illary wave motion as shown in Fig. 18 from about 10 Hz to
100 kHz. The Faraday wave model, relied upon by many
researchers over the years (Miles, 1984; Miles, 1993; Li,
2004) and presumes the frequency of the capillary wave
will be twice the excitation frequency, fails in this instance.

The combined complexities of nonlinear, two-dimensional
wave interaction, capillary wave turbulence [see, e.g., Holt
and Trinh (1996)]6, and extended subharmonic cascades
across 3 to 6 orders of magnitude all combine to make the
description of SAW atomization a fascinating problem. What
is the mechanism that allows the capillary wave to appear at a
frequency of 103 Hz order from excitation at 107 Hz, and
why should the response be broadband, or turbulent as Holt
et al. described it? Perhaps it is a consequence of turbulence
being induced via Reynolds stresses as a converse Lighthill
aeroacoustic analogy (Lighthill, 1978), because the appear-
ance of streaming has long been known to be tantamount to
the near onset of turbulence in the fluid. Further, if the
thickness of the fluid drop is reduced to the depth of the
Stokesian boundary-layer thickness discussed in Sec. III.F,
the frequency spectrum of the capillary waves changes dra-
matically from the broadband, relatively low-frequency re-
sponse to a linear behavior with a large response spike at
20 MHz, matching the excitation frequency. These remain as

open questions, as do explanations for many of the physical
phenomena observed in acoustic microfluidics. Li et al.
(2008) illustrated other curious phenomena due to capillary
waves appearing in sessile drops at relatively low powers due
to SAW excitation. By using aqueous suspensions of poly-
styrene microparticles, they found (see Fig. 19) the particles
collected at regions defined by either the SAW wavelength
(region A), a combination of the fundamental capillary wave
vibration mode and the SAW wavelength (regions B and C),
or wholesale vorticial flow of the drop induced by fast stream-
ing (region D). The device operated in a time-dependent
blinking (Cross and Hohenberg, 1993) fashion in region C,
with the particles in the drop collecting at positions defined
much as they are in region B, to suddenly be dispersed by
rapid rotation of the drop in either the clockwise or counter-
clockwise direction after a finite but unpredictable amount
of time.

FIG. 17 (color online). (a) The SAW is generated on the substrate
and (b) interacts with a fluid drop, causing the drop to deform into
an asymmetric conic leaning approximately at the Rayleigh angle,
"r # sin"1ðcf=cSAWÞ, where cf and cSAW are the speed of sound in

the fluid and of the SAW in the substrate, respectively. Although
indicated here with a simple monofrequency capillary wave, the
wave is actually far more complex. The Rayleigh SAW’s retrograde
particle motion and the exponential decay (c) are indicated, as are
the effects of acoustic irradiation which causes drop deformation
through first-order effects on the time scale of the acoustic wave and
acoustic streaming-driven bulk fluid recirculation on the hydro-
dynamic time scale. From Qi et al., 2008.

5Laser interferometry is a popular method to measure acoustic
wave propagation, even for GHz-order SAW as described by
Tachizaki et al. (2006); Vanherzeele et al. (2007) illustrated
how laser Doppler vibrometry can also be used as an alternative
to particle image velocimetry in microfluidics, reminiscent of the
original use of such technology in laser Doppler anemometry.

6The concept of turbulence here is generalized beyond its use in
standard fluid dynamics to capillary waves: the length scale of the
capillary wave is chaotic to stochastic, and any such terms chosen to
describe the capillary wave, deformation, acceleration, or wave-
length, possess continuously distributed frequency response spectra.
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In	practice:		
inject	sound	in	a	microsystem	with	surface	acoustic	waves	

planar fabrication techniques, this technology is a natural fit.
Among the many designs available for consideration, the use
of unidirectional electrodes, circulation techniques, and ta-
pered structures are, for the moment, among the most useful
adaptations of that original structure for microfluidics
applications.

Proposed many years ago (Hanma and Hunsinger, 1976;
Hartmann and Abbott, 1989), the single phase unidirectional
transducer [SPUDT; see Fig. 4(b)] only came into popular
usage in telecommunications about a decade ago (Hode
et al., 1995), probably due to the challenges of properly
analyzing the electrical and acoustic fields present in the
piezoelectric substrate (Chen et al., 1992). By providing
internally placed electrodes to reflect the electroacoustic
wave and induce constructive interference, nearly all of the
acoustic energy generated via transduction by the SPUDT
propagates out from the electrode in a single direction.
Because of the complexity of the electromechanical coupling,
new electrode designs continue to be devised which are easier
to fabricate and offer better performance (Martin et al.,
2004). Even so, the current designs are useful for micro-
fluidics as will be discussed.

Although the SPUDT design prevents loss of the acoustic
energy by directing it in the desired direction from the trans-
ducer, it is likely that some of the energy will not be used up
in the application and will propagate to the boundary of the
device and reflect back, causing interference. While introduc-
ing an absorber to eliminate the reflection problem is simple,
it also reduces the overall efficiency of the device. For some
applications in microfluidics, this is unacceptable, and other
techniques to recapture that energy are appropriate. Perhaps
the most interesting approach is the power circulation tech-
nique described by Kurosawa’s group (Asai et al., 1999),
which can be designed to be entirely contained on the sub-
strate surface as an integrated structure. In their extremely
high-power application (with input powers of over 10 W at
10 MHz), the efficiency was increased by a factor of 7.

Another approach to improving the utility of the acoustic
energy generated on a planar surface is to focus the energy

using a tapered design [see Fig. 4(d)] (T. Wu et al., 2005).
Such designs are deceptively simple in that they appear to
function much like lens elements in optics, but are compli-
cated by the presence of anisotropy in the substrate material,
particularly in cuts typically used to obtain large mechanical
displacements in the substrate, such as the 127.68! Y axis
rotated about the X axis, and the X-propagating (128YX LN)
cut of lithium niobate. There are a variety of focusing designs,
including elliptical and circular structures, that give different
focal patterns of acoustic waves, which in itself can be useful
(Shilton et al., 2008). Additionally, Laude et al. (2008),
using interdigital electrodes that are designed from the slow-
ness curves of the piezoelectric substrate (Auld, 1973), show-
ing an ability to increase the fidelity of the mechanism to
focus the acoustic energy to subwavelength scales.

D. Microfluidics

The discipline of microfluidics relies upon the ubiquity of
fluids in performing tasks in chemistry, biology, and materials
science. Working at a scale where the fluid physics is domi-
nated by surface tension and viscosity, surface forces in lieu
of body forces such as gravity, where the flows are nearly
universally laminar, and where mixing is solely defined by
diffusion, scientists have been seeking to provide nearly all of
the functionality of a modern research laboratory on a single
chip, the lab-on-a-chip concept. Besides the features of speed
and small sample sizes that are a consequence of the small
scale, the massively parallel manufacturing techniques of-
fered from integrated circuit photolithography methods,
MEMS or microelectromechanical systems, promise to
greatly reduce the cost of medical diagnostics, drug delivery
systems, and materials fabrication, among other areas upon
application into microfluidics. Because of its importance, the
area has been reviewed by many over the 20 years since the
area was founded by Manz et al. (1990) who described a new
method for liquid chromatography, and so we only briefly
comment on a few review articles here.

FIG. 4. The simplicity of (a) the first interdigital electrode (from White and Voltmer, 1965) remains attractive for many applications despite
the usefulness of more complex designs such as (b) the SPUDT which directs most of the acoustic wave energy in a single direction.
(c) Circulation structure used to return acoustic energy back to the supply transducer (from Asai et al., 2004). (d) Tapered designs for
focusing acoustic energy.

James Friend and Leslie Y. Yeo: Microscale acoustofluidics: Microfluidics . . . 655

Rev. Mod. Phys., Vol. 83, No. 2, April–June 2011

See review by Friend and Yeo 2011 

PDMS	
water	

LiNbO3	

planar fabrication techniques, this technology is a natural fit.
Among the many designs available for consideration, the use
of unidirectional electrodes, circulation techniques, and ta-
pered structures are, for the moment, among the most useful
adaptations of that original structure for microfluidics
applications.

Proposed many years ago (Hanma and Hunsinger, 1976;
Hartmann and Abbott, 1989), the single phase unidirectional
transducer [SPUDT; see Fig. 4(b)] only came into popular
usage in telecommunications about a decade ago (Hode
et al., 1995), probably due to the challenges of properly
analyzing the electrical and acoustic fields present in the
piezoelectric substrate (Chen et al., 1992). By providing
internally placed electrodes to reflect the electroacoustic
wave and induce constructive interference, nearly all of the
acoustic energy generated via transduction by the SPUDT
propagates out from the electrode in a single direction.
Because of the complexity of the electromechanical coupling,
new electrode designs continue to be devised which are easier
to fabricate and offer better performance (Martin et al.,
2004). Even so, the current designs are useful for micro-
fluidics as will be discussed.

Although the SPUDT design prevents loss of the acoustic
energy by directing it in the desired direction from the trans-
ducer, it is likely that some of the energy will not be used up
in the application and will propagate to the boundary of the
device and reflect back, causing interference. While introduc-
ing an absorber to eliminate the reflection problem is simple,
it also reduces the overall efficiency of the device. For some
applications in microfluidics, this is unacceptable, and other
techniques to recapture that energy are appropriate. Perhaps
the most interesting approach is the power circulation tech-
nique described by Kurosawa’s group (Asai et al., 1999),
which can be designed to be entirely contained on the sub-
strate surface as an integrated structure. In their extremely
high-power application (with input powers of over 10 W at
10 MHz), the efficiency was increased by a factor of 7.

Another approach to improving the utility of the acoustic
energy generated on a planar surface is to focus the energy

using a tapered design [see Fig. 4(d)] (T. Wu et al., 2005).
Such designs are deceptively simple in that they appear to
function much like lens elements in optics, but are compli-
cated by the presence of anisotropy in the substrate material,
particularly in cuts typically used to obtain large mechanical
displacements in the substrate, such as the 127.68! Y axis
rotated about the X axis, and the X-propagating (128YX LN)
cut of lithium niobate. There are a variety of focusing designs,
including elliptical and circular structures, that give different
focal patterns of acoustic waves, which in itself can be useful
(Shilton et al., 2008). Additionally, Laude et al. (2008),
using interdigital electrodes that are designed from the slow-
ness curves of the piezoelectric substrate (Auld, 1973), show-
ing an ability to increase the fidelity of the mechanism to
focus the acoustic energy to subwavelength scales.

D. Microfluidics

The discipline of microfluidics relies upon the ubiquity of
fluids in performing tasks in chemistry, biology, and materials
science. Working at a scale where the fluid physics is domi-
nated by surface tension and viscosity, surface forces in lieu
of body forces such as gravity, where the flows are nearly
universally laminar, and where mixing is solely defined by
diffusion, scientists have been seeking to provide nearly all of
the functionality of a modern research laboratory on a single
chip, the lab-on-a-chip concept. Besides the features of speed
and small sample sizes that are a consequence of the small
scale, the massively parallel manufacturing techniques of-
fered from integrated circuit photolithography methods,
MEMS or microelectromechanical systems, promise to
greatly reduce the cost of medical diagnostics, drug delivery
systems, and materials fabrication, among other areas upon
application into microfluidics. Because of its importance, the
area has been reviewed by many over the 20 years since the
area was founded by Manz et al. (1990) who described a new
method for liquid chromatography, and so we only briefly
comment on a few review articles here.

FIG. 4. The simplicity of (a) the first interdigital electrode (from White and Voltmer, 1965) remains attractive for many applications despite
the usefulness of more complex designs such as (b) the SPUDT which directs most of the acoustic wave energy in a single direction.
(c) Circulation structure used to return acoustic energy back to the supply transducer (from Asai et al., 2004). (d) Tapered designs for
focusing acoustic energy.
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standing	waves/propagating	waves	

Propagative: Frad = S I/c 

Propagative:   Frad ~ (R/λ)4 S I/c  

R 

Stationary:    Frad ~  (R/λ)1 S I/c 

•  Mie regime, R >> λ 

•  Rayleigh regime, R << λ  (microfluidics) 



standing	waves,	examples	

wall aspect ratio. It is therefore recommended that conven-

tional anisotropic wet etching is performed when resonator

designs are made that include two opposing reflector walls in

the bulk silicon material, which is the case for systems based on

the Lund-method. Fig. 3 shows three parallel anisotropically

etched microchannels, in an S100T-oriented wafer, with

perfectly flat and parallel side-walls. The side walls also define

slow etch directions, when using KOH as the etchant. The

fundamental processes for performing the microfabrication

and manufacturing of acoustic resonator flow channels are

more extensively outlined in the literature.45

When actuating a well designed resonator channel at its

fundamental resonance frequency the particles will be focused

in a single pressure node, forming a confined streaming band

of concentrated particles in the centre with particle free

medium at the sides. By providing the end of the resonator

channel with a flow splitter, a trifurcation outlet, the focused

particle stream can be collected in the centre outlet and the

clear fluid can be collected at the side outlets of the flow

system. Anisotropic wet etching provides several options in

designing the trifurcation outlet. The most straightforward

approach is to etch the side outlets at 90u to the separation

channel, Fig. 4a, obtaining identical lateral etch conditions as

for the resonator channel. A more optimal flow splitter design

with respect to the fluid dynamics is the Y-design, where the

side channels are at a 45u angle versus the resonator channel,

Fig. 4b. A yet more intriguing flow splitter design obtained by

KOH wet etching is seen in Fig. 4c. This design was realised in

S110T-oriented silicon. Although S110T-silicon is less fre-

quently used this crystal orientation offers a space saving

design if large scale parallelisation on a wafer is to be realised.

Acoustic particle manipulation in microfluidic silicon
devices

Acoustic particle focusing and separation

The Lund-method for acoustic separation of suspended

particles from their medium is based on a laminar flow

microchannel that is ultrasonically actuated from below, using

a piezoelectric ceramic (Fig. 5).37 The width of the channel is

chosen to correspond to half the ultrasonic wavelength,

thereby creating a resonator between the side walls of the

flow channel in which a standing wave can be formed. The

induced standing wave is thus generated orthogonal to

the incident ultrasonic wave front. As suspended particles

with a positive w-factor perfuse the channel they are moved, by

means of the axial PRF, towards the pressure nodal plane

Fig. 3 A SEM showing the ideal vertical and parallel opposing

channel walls when silicon is anisotropically etched. The perfect

vertical walls are ideal for standing wave acoustics.

Fig. 4 a: Silicon flow channel with 90u flow splitters etched on a S100T-oriented silicon wafer. b: Silicon flow channel with 45u flow splitters etched

on a S100T-oriented silicon wafer. c: Silicon flow channel with straight flow splitters etched on a S110T-oriented silicon wafer.

Fig. 5 Schematic cross-section of separation chip utilizing the Lund

method. The silicon separation channel is sealed by a boron silica glass

lid and is actuated from below using a piezoelectric ceramic.

Fig. 2 Fundamental crystal planes of monocrystalline silicon and

their respective Miller indices.

This journal is ! The Royal Society of Chemistry 2007 Chem. Soc. Rev., 2007, 36, 492–506 | 497

in the pressure nodal planes one quarter of the channel width

from each side wall. When switching over to the fundamental

resonance frequency (half wavelength, y2 MHz) the particles

will start to migrate towards the pressure nodal plane in the

centre of the channel (T2). The larger particles move faster

because they are affected by a stronger axial PRF. If the

frequency is switched back at the right moment the larger

particles will be located close to the centre of the channel,

where the axial PRF is at its minimum (T3). The smaller

particles, on the other hand, will have moved only a small

distance and, at time T3, start to move back to their position

seen at time T1. After switching again (T4) the larger particles

will be closer to the centre than at T2 while the smaller ones will be at approximately the same position as at T2. If the

switching continues the larger particles will end up in the

middle of the channel and the smaller ones one quarter of

the channel width from each side wall when they reach the

outlets (Fig. 30 and 31). Using this method, it was demon-

strated that at least 80% of the particles can be collected

in the intended outlets when separating 3 mm polystyrene

(1.05 g cm213) and 8 mm polymethylmethacrylate (1.22 g cm23)

particles. The fundamental resonance and the second

harmonic were typically active for 800 and 200 ms respectively
(total flow rate: 90 ml min21).

Conclusions and outlook

The possibility to spatially control the positioning of

particulate matter in continuously streaming microfluidic

networks utilizing acoustic standing-wave forces opens the

route to develop a whole set of new separation devices for

Fig. 29 Frequency switching separation principle. T0 is the situation

before the frequency switching starts. At T1 and T3 the frequency

corresponds to the first harmonic of the channel (two pressure nodes).

At T2 and T4 it corresponds to the fundamental resonance (one

pressure node). When exiting the system the particles will have reached

stable positions (Tlater).

Fig. 30 Microscope image of the situation when the ultrasound is

turned off. Both 3 mm and 8 mm particles exit through the side outlets.

Fig. 31 Microscope image of the situation when the ultrasound is

turned on. The 8 mm particles are focused in the fundamental

resonance pressure node and exit through the centre outlet while the

3 mm particles are gathered in the first harmonic pressure nodes and

exit through the side outlets.

Fig. 28 Schematic layout for a 3 level acoustic valving set-up for

multi-particle rare event sorting, having 8 outlet categories.

This journal is ! The Royal Society of Chemistry 2007 Chem. Soc. Rev., 2007, 36, 492–506 | 505
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c)	On	compressible	bubbles:		
resonance	and	Bjernes	forces	
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(Philosophical Magazine, 1933) 

bubble = harmonic oscillator 

mass : dispaced liquid 
stiffness : gas compressiility 

f ⇥R ' 3 m/s

Minnaert formula 

3 kHz for 1 mm bubbles 

Illustrations: Olivier Vincent 
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Sound of rain droplet: 
due to a bubble! 

bubble 
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Playing "Ode to Joy" with the bubble piano 

Valentin Leroy, MSC, Paris 7 

The bubble piano 
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•  Contrast agents for ultrasound echography 

Taniyama et al 
Circulation 105 
(2002)  

•  Sonoporation 
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Excitation at large amplitude, f << fres 
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c)	On	compressible	bubbles:		
resonance	and	Bjernes	forces	
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•  Bjerknes force: 
    due to large volume oscillation at resonance,  

in a pressure gradient 
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Example of applications of Bjerknes forces 

 
•  Switch droplets containing a bubble 



•  Sort droplets 
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Secondary acoustic force 
  

attractive at small amplitude Crum 1975 
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Ultrasonic "ballet" at larger amplitudes. 

Bubbles keep their distance… 



…and acoustically-bound crystals are formed. 
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mechanisms that create both the internal flow and the droplet
deformations. It is generally admitted that the SAW is radi-
ated inside the droplet at a refraction angle !r, analogous to
Snellius-Descartes law in optics,

sin!!r" =
cl

cs
!2"

where cl and cs denote respectively the speed of sound in the
liquid and the solid, and in turn generates acoustic streaming.
The angle !r is around 25° for water and usual piezoelectric
substrates. Regarding droplet dynamics by SAW, a fluid-
dynamics analysis has been recently attempted #15$, but re-
sults are mostly related to atomization occurring at high
acoustic power. At high frequencies, around 100 MHz, a no-
ticeable contribution on the understanding of drop deforma-
tion and displacement, is available in #18$ !however at this
frequency, no oscillations have been observed". It shows that
the flow originates from a carrying force focused in a narrow
region inside the drop, starting at the drop edge hit by the
wave and directed toward the refraction angle.

In the general case, this force is partly due to nonlinear
acoustic streaming #19,20$. The fluid trajectories are de-
scribed qualitatively by the particle tracking snapshot such as
that of Fig. 1!b". In the present frequency range, around 20
MHz, the liquid-air interface is also affected by SAW in
three different ways.

First, the droplet’s left-right symmetry is broken #see Fig.
1!c"$ and the asymmetry is more pronounced for larger

acoustic power. The asymmetry is responsible for the drop
displacement as it makes the front and rear contact angles
becoming, respectively, larger than "a and smaller than "r
#6$. However, the relative contributions of acoustic streaming
and radiation pressure on this asymmetry with respect to the
frequency regime remain unclear.

Second, the periodic creeping-jumping motion #see Fig.
1!a"$ has a well-defined frequency of the order of 50 to 200
Hz for usual droplet size, and comes with a continuous un-
pinning of the contact line. During the deformation cycle, the
droplet is strongly stretched and flattened.

Finally, besides the global deformation, the droplet
surface exhibits small deformations !“trembling”" at a fre-
quency of about of a few thousands Hertz. However, this is
hardly visible on the pictures presented here.

In any case, the periodic deformations of the interface
cannot be attributed to a steady flow. Instead, the acoustic
radiation pressure which affects the shape of the liquid-vapor
interface can be invoked for a possible origin of such defor-
mations. Therefore, the periodic motion could be associated
with dynamical eigenmodes of the droplet, where capillarity
tends to restore a minimal surface energy.

The deep understanding of the involved phenomena is
necessary in order to set up a droplet handling lab on chip
with minimal acoustic power toward an optimization of the
system. Especially interesting is the use of several combined
transducers and short-time pulses in order to reduce heat
!continuous appliance of SAW would cause much heat pro-
duction" and to protect fragile bioparticles. The current avail-
able literature being insufficient for quantitative predictions,
the present study aims to carry out quantitative measure-
ments of the displacement and deformation of the drop. We
present here such a quantitative study by varying parameters
such as the droplet volume, the liquid viscosity and the am-
plitude of the acoustic wave. These results constitute a first
step toward the understanding of the detailed coupled acous-
tic and hydrodynamic mechanisms.

II. EXPERIMENTAL SETUP

The setup is depicted in Fig. 2. We used a substrate with
piezoelectric properties !lithium niobate, LiNbO3", in order
to generate powerful SAW. The transducer is an interdigi-
tated transducer !IDT" which generates transverse-acoustic
waves propagating along the surface. The interconnected fin-
gers of the IDT are made of Titane covered by Gold, and
designed by a lithographic technique detailed elsewhere #14$.
We applied the periodic sinusoidal voltage with a high-
frequency generator !IFR 2023A", amplified with a home-
made amplifier. A SAW is generated providing that the volt-
age frequency is compatible with the space between each
track of the IDT. Considering that the space between fingers
a /2 is 43.75 #m, giving a wavelength $=2a=175 #m, and
that the sound velocity in LiNbO3 is 3485 m.s−1 for trans-
verse waves, the value of the frequency f0 has to be around
19.5 MHz. In practice, we found the best actuation to drop-
lets of any size for f0=20.375 MHz and we kept this value
for all experiments. The properties of the SAW ensure that
the amplitude is not attenuated in its direction of propaga-
tion, and that it is localized near the surface.

(b)

(a)

(c)

FIG. 1. !a" Successive snapshots of a water drop displaced by
SAW, showing a periodic creeping and jumping flow. The arrow
shows the direction of the displacement. !b" Particle tracking inside
a steady drop subjected to SAW waves, obtained by time averaging.
!c" Asymmetric shape of a drop moving under the action of SAW
!W/G mixture 2", without oscillations. For the three images, the
SAW propagates from left to right.

BRUNET et al. PHYSICAL REVIEW E 81, 036315 !2010"

036315-2

tinct fine structure as can be seen in Fig. 13. The size,
vibration modes and driving frequency of the transducer
determine the pressure distribution in the fluid above the
transducer surface and therefore also the structure of the
trapped particle clusters in the fluid. The near field limit
(d2/4k) of a d = 0.8 mm diameter circular transducer
radiating in water at 10 MHz is approximately
1.1 mm. The acoustic pressure distribution within the
near field region is complex, as shown in Fig. 8(a), due
to diffraction effects associated with the finite sized
transducer element. The calculated near field pressure
distribution obtained from the ASA model is shown to
agree qualitatively with the structure of the particle clus-
ters. It should be noted that the particles used in the
evaluation due to acoustic properties are collected in
pressure minima, i.e. in regions between the pressure
maxima in Figs. 7 and 8. The results from the light dif-
fraction tomography measurements, Fig. 9(a), are in
good agreement with the calculated pressure distribu-
tion presented in Fig. 9(b), particularly considering the
simplifications associated with the modelled ideal piston
transducer. Beside the possibility of different vibration
modes in the transducer, deviations between tomogra-
phy measurements and the calculated results may be ex-
plained by individual variations in the transducer
elements due to manufacturing and mounting. Some
vibration modes with different resonance frequencies
are seen in the impedance spectrum of the empty device,

Fig. 11. The resonance near 2.4 MHz is identified as the
width resonance of the transducer. The peaks observed
at the upper end of the spectrum are interpreted as
thickness vibrations incorporating a few smaller peaks
that possibly may be explained by the asymmetrical
clamping of the element due to mounting. Also the mul-
tilayer sandwich electrode design illustrated in Fig. 2
probably influences vibration modes in the transducer,
and therefore its acoustical behaviour.

The trapping device was designed to obtain a pres-
sure node located near the middle of the fluid layer by
utilizing layered resonator design principles [15] (cf.
Fig. 1). The presence of a nodal plane is evident in the
calculated pressure distribution, Fig. 8(b), which how-
ever does not take into account multiple reflections
and transmission in the various interfaces. In the exper-
imental set-up with the 72 lm channel, the channel res-
onance in the fluid layer was intended to match the
thickness resonance of the transducer. As it can be ob-
served near 10.6 MHz in the impedance spectra shown
in Fig. 11(b) and (d), the expected resonance at this fre-
quency appear to be moved or split. This is interpreted
as an analogy with the two degree of freedom (DOF)
vibration absorber effect [16,26]. According to this inter-
pretation a vibrating mechanical system consisting of
two coupled parts with coincident individual resonance
frequencies demonstrate a splitting of the resonance into
two separate resonance peaks surrounding the common

Fig. 15. Trapping cycle over transducer element at 11.7 MHz, (a) and (b) corresponding to (c) and (d) in Fig. 14.

Fig. 16. Trapping cycle over transducer element at 9.8 MHz for a 90 lm channel, (a) and (b) corresponding to (c) and (d) in Fig. 14, leaving particles
on the surfaces within the trapping area after release (c). This is an example where particles were trapped near the transducer and/or reflector
surfaces.

T. Lilliehorn et al. / Ultrasonics 43 (2005) 293–303 301
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yet it has been known for some time that the mechanism is not
that simple. Indeed, Keolian et al. (1981) showed the appear-
ance of capillary waves in shallow water at subharmonic
frequencies with other ratios of f=i, where i ¼ 2, 4, 12, 14,
16, 18, 20, 22, 24, 28, and 35. This, and more complex wave
patterns [see, e.g., Binks and van de Water (1997)], is made
possible, as shown by Chen and Viñals (1997), by the inter-
action of triad (three-wave) resonant interactions of the waves
on the free surface that does not rely on the quadratic
nonlinearity presumed by the weakly nonlinear form that
results in the Mathieu equation form. Beyond discrete modes
of capillary waves, the appearance of turbulent cascades in
the wave interaction for larger systems where gravity is
relevant has been shown to exist by Falcon, Laroche, and
Fauve (2007). Rather than being made up of waves possess-
ing particular wavelengths, the wave has a broadband
distribution of energy with a characteristic dispersion relation
between the wave amplitude and frequency of ! ¼ f"17=6.

These phenomena all seem to appear in SAW atomization,
shown in Fig. 17. Using laser Doppler vibrometry5 to measure
the vertical velocity of the free surface at a point described by
Friend and Yeo (2010), Qi et al. (2008) found that excitation
of a fluid drop at 20 MHz did not give rise to the Faraday-like
capillary wave at 10 MHz, but did generate broadband cap-
illary wave motion as shown in Fig. 18 from about 10 Hz to
100 kHz. The Faraday wave model, relied upon by many
researchers over the years (Miles, 1984; Miles, 1993; Li,
2004) and presumes the frequency of the capillary wave
will be twice the excitation frequency, fails in this instance.

The combined complexities of nonlinear, two-dimensional
wave interaction, capillary wave turbulence [see, e.g., Holt
and Trinh (1996)]6, and extended subharmonic cascades
across 3 to 6 orders of magnitude all combine to make the
description of SAW atomization a fascinating problem. What
is the mechanism that allows the capillary wave to appear at a
frequency of 103 Hz order from excitation at 107 Hz, and
why should the response be broadband, or turbulent as Holt
et al. described it? Perhaps it is a consequence of turbulence
being induced via Reynolds stresses as a converse Lighthill
aeroacoustic analogy (Lighthill, 1978), because the appear-
ance of streaming has long been known to be tantamount to
the near onset of turbulence in the fluid. Further, if the
thickness of the fluid drop is reduced to the depth of the
Stokesian boundary-layer thickness discussed in Sec. III.F,
the frequency spectrum of the capillary waves changes dra-
matically from the broadband, relatively low-frequency re-
sponse to a linear behavior with a large response spike at
20 MHz, matching the excitation frequency. These remain as

open questions, as do explanations for many of the physical
phenomena observed in acoustic microfluidics. Li et al.
(2008) illustrated other curious phenomena due to capillary
waves appearing in sessile drops at relatively low powers due
to SAW excitation. By using aqueous suspensions of poly-
styrene microparticles, they found (see Fig. 19) the particles
collected at regions defined by either the SAW wavelength
(region A), a combination of the fundamental capillary wave
vibration mode and the SAW wavelength (regions B and C),
or wholesale vorticial flow of the drop induced by fast stream-
ing (region D). The device operated in a time-dependent
blinking (Cross and Hohenberg, 1993) fashion in region C,
with the particles in the drop collecting at positions defined
much as they are in region B, to suddenly be dispersed by
rapid rotation of the drop in either the clockwise or counter-
clockwise direction after a finite but unpredictable amount
of time.

FIG. 17 (color online). (a) The SAW is generated on the substrate
and (b) interacts with a fluid drop, causing the drop to deform into
an asymmetric conic leaning approximately at the Rayleigh angle,
"r # sin"1ðcf=cSAWÞ, where cf and cSAW are the speed of sound in

the fluid and of the SAW in the substrate, respectively. Although
indicated here with a simple monofrequency capillary wave, the
wave is actually far more complex. The Rayleigh SAW’s retrograde
particle motion and the exponential decay (c) are indicated, as are
the effects of acoustic irradiation which causes drop deformation
through first-order effects on the time scale of the acoustic wave and
acoustic streaming-driven bulk fluid recirculation on the hydro-
dynamic time scale. From Qi et al., 2008.

5Laser interferometry is a popular method to measure acoustic
wave propagation, even for GHz-order SAW as described by
Tachizaki et al. (2006); Vanherzeele et al. (2007) illustrated
how laser Doppler vibrometry can also be used as an alternative
to particle image velocimetry in microfluidics, reminiscent of the
original use of such technology in laser Doppler anemometry.

6The concept of turbulence here is generalized beyond its use in
standard fluid dynamics to capillary waves: the length scale of the
capillary wave is chaotic to stochastic, and any such terms chosen to
describe the capillary wave, deformation, acceleration, or wave-
length, possess continuously distributed frequency response spectra.
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mechanisms that create both the internal flow and the droplet
deformations. It is generally admitted that the SAW is radi-
ated inside the droplet at a refraction angle !r, analogous to
Snellius-Descartes law in optics,

sin!!r" =
cl

cs
!2"

where cl and cs denote respectively the speed of sound in the
liquid and the solid, and in turn generates acoustic streaming.
The angle !r is around 25° for water and usual piezoelectric
substrates. Regarding droplet dynamics by SAW, a fluid-
dynamics analysis has been recently attempted #15$, but re-
sults are mostly related to atomization occurring at high
acoustic power. At high frequencies, around 100 MHz, a no-
ticeable contribution on the understanding of drop deforma-
tion and displacement, is available in #18$ !however at this
frequency, no oscillations have been observed". It shows that
the flow originates from a carrying force focused in a narrow
region inside the drop, starting at the drop edge hit by the
wave and directed toward the refraction angle.

In the general case, this force is partly due to nonlinear
acoustic streaming #19,20$. The fluid trajectories are de-
scribed qualitatively by the particle tracking snapshot such as
that of Fig. 1!b". In the present frequency range, around 20
MHz, the liquid-air interface is also affected by SAW in
three different ways.

First, the droplet’s left-right symmetry is broken #see Fig.
1!c"$ and the asymmetry is more pronounced for larger

acoustic power. The asymmetry is responsible for the drop
displacement as it makes the front and rear contact angles
becoming, respectively, larger than "a and smaller than "r
#6$. However, the relative contributions of acoustic streaming
and radiation pressure on this asymmetry with respect to the
frequency regime remain unclear.

Second, the periodic creeping-jumping motion #see Fig.
1!a"$ has a well-defined frequency of the order of 50 to 200
Hz for usual droplet size, and comes with a continuous un-
pinning of the contact line. During the deformation cycle, the
droplet is strongly stretched and flattened.

Finally, besides the global deformation, the droplet
surface exhibits small deformations !“trembling”" at a fre-
quency of about of a few thousands Hertz. However, this is
hardly visible on the pictures presented here.

In any case, the periodic deformations of the interface
cannot be attributed to a steady flow. Instead, the acoustic
radiation pressure which affects the shape of the liquid-vapor
interface can be invoked for a possible origin of such defor-
mations. Therefore, the periodic motion could be associated
with dynamical eigenmodes of the droplet, where capillarity
tends to restore a minimal surface energy.

The deep understanding of the involved phenomena is
necessary in order to set up a droplet handling lab on chip
with minimal acoustic power toward an optimization of the
system. Especially interesting is the use of several combined
transducers and short-time pulses in order to reduce heat
!continuous appliance of SAW would cause much heat pro-
duction" and to protect fragile bioparticles. The current avail-
able literature being insufficient for quantitative predictions,
the present study aims to carry out quantitative measure-
ments of the displacement and deformation of the drop. We
present here such a quantitative study by varying parameters
such as the droplet volume, the liquid viscosity and the am-
plitude of the acoustic wave. These results constitute a first
step toward the understanding of the detailed coupled acous-
tic and hydrodynamic mechanisms.

II. EXPERIMENTAL SETUP

The setup is depicted in Fig. 2. We used a substrate with
piezoelectric properties !lithium niobate, LiNbO3", in order
to generate powerful SAW. The transducer is an interdigi-
tated transducer !IDT" which generates transverse-acoustic
waves propagating along the surface. The interconnected fin-
gers of the IDT are made of Titane covered by Gold, and
designed by a lithographic technique detailed elsewhere #14$.
We applied the periodic sinusoidal voltage with a high-
frequency generator !IFR 2023A", amplified with a home-
made amplifier. A SAW is generated providing that the volt-
age frequency is compatible with the space between each
track of the IDT. Considering that the space between fingers
a /2 is 43.75 #m, giving a wavelength $=2a=175 #m, and
that the sound velocity in LiNbO3 is 3485 m.s−1 for trans-
verse waves, the value of the frequency f0 has to be around
19.5 MHz. In practice, we found the best actuation to drop-
lets of any size for f0=20.375 MHz and we kept this value
for all experiments. The properties of the SAW ensure that
the amplitude is not attenuated in its direction of propaga-
tion, and that it is localized near the surface.

(b)

(a)

(c)

FIG. 1. !a" Successive snapshots of a water drop displaced by
SAW, showing a periodic creeping and jumping flow. The arrow
shows the direction of the displacement. !b" Particle tracking inside
a steady drop subjected to SAW waves, obtained by time averaging.
!c" Asymmetric shape of a drop moving under the action of SAW
!W/G mixture 2", without oscillations. For the three images, the
SAW propagates from left to right.

BRUNET et al. PHYSICAL REVIEW E 81, 036315 !2010"
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Brunet 2010 



A very well known example of acoustic streaming: the Kundt tube (1866) 
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b)	near	a	wall	



b)	near	a	wall:	vibrating	cylinder	

Tatsuno 1980 



c)	Near	bubbles	

Marmottant 2003 

Gentilles oscillations de la bulle  ε<<1 
•  rayon   r=εa cos(ωt) 
•  centre z=ε'a cos(ωt-φ) 
Streaming 
<u2> ~εε'aω sinφ  

Impossible d'afficher l'image. Votre 
ordinateur manque peut-être de 
mémoire pour ouvrir l'image ou 

ε a 

ε’a



Top view 

Microfluidic set-up: flattened and anchored bubbles 

Flow	 ultrasound 
Cross-section 

PDMS 

PDMS 

anchors: micropits 

Perspective 

Pit method by Dangla et al 2011 



Two	bubbles	vibrating:		passionate	streaming!	



Acoustic	streaming:		

predictions	from	translation+oscillation	vibrations	

ΨL  =  ΨL
bubble 1   +  ΨL

bubble 2



Neighbour 1 

Neighbour 2 

Neighbour 3 

•  Seven	bubbles	

Bubble 0 under scrutinity 
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•  Seven	bubbles	



f	=	110	kHz	
	

•  Microfluidic	"pinball"	
57 



•  Microfluidic	"pinball"	



Applications	
•  Drug	delivery	in	

capillary	vessels	
•  Micromixing	

Artificial microswimmers 

Innerspace, 1987 



f ⇥R ' 3 m/s

Resonance frequency  
given by the Minnaert formula: 

Idea: use a resonant bubble as a motor 

•  Strong amplitude of vibration at resonance 
•  Issue: dissolution of the gas, especially at small scales! 

R 

Acoustic wave 

Load Bubble 
streaming jet 
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How to protect a bubble from dissolving?  
partial encapsulation in 3D microfabricated shells 

FreeCAD	

20 µm 

2	photon	polymerisation	
0.5	µm	in	resolution	

Air 

			Microfabrication	 In water 

•  Interface	is	pinned:	dissolution	is	
prevented	(but	not	condensation)	

•  Large	amplitudes	of	vibration!	

61	

A



ftransd = 320 kHz, Pac = 9.2 kPa, 
slowed down 32x 

Streamlines 

x 
y 

z 

x y 

Observation 

50 µm 

Bertin 2015 



63 
100 µm 

Bertin 2017 

Mixing 



•  Active surfaces: "design" of boundary conditions 

100 µm 
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Swimmer!	

Video Jean-François Louf, f=340 kHz 

piezo 



Cubic	bubbles	

Water-air interfaces

~3.1mm


3D fabrication (SLA)

« Stereolitography »

©Kudo3D

•  Stable 
•  Good resonator! 



Conclusion	

•  Acoustics: easy to implement 

•  Strong radiation forces on objects: 
   I/c when larger than λ  
   I/c (R/λ)4 for objects smaller  
   I/c (R/λ)1 for standing waves

•  Forces on water itself: acoustic streaming   

•  Care has to be taken to focus the energy  
  (use of high frequency, resonances, bubbles) 


