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years, chip-based cell biology research has been 
closely accompanied by the development of microflu-
idic devices for cell processing (Haeberle et  al. 2012; 
Salieb-Beugelaar et  al. 2010; West et  al. 2008; White-
sides 2006), where the physics at the microscale has 
been leveraged for functionality regarding cell, particle, 
and fluid handling.

More specific, microfluidic particle trapping experiences 
an increasing interest in the lab-on-a-chip community. 
The trapping of cells and particles (Johann 2006; Nilsson 
et  al. 2009) out of a suspension onto distinct locations is 
an important unit operation for cell capturing, cultivation, 
and analysis in diagnostics and research. Trapping provides 
well-defined chemical thermal microenvironments for 
experimental cell response studies, cell–cell interactions, 
cell enrichment, biosensors, perfused 3D cell culturing, 
exchange of cell’s suspending medium, cell washing, and 
screening of the cells (Christakou et al. 2013; Evander et al. 
2007; Li et al. 2014). The spatial control of the cells is piv-
otal in these applications.

Existing methods for microfluidic cell and particle 
trapping (Johann 2006; Nilsson et  al. 2009) are dielectro-
phoretic trapping (DEP) (Voldman 2006), hydrodynamic 
trapping (Karimi et  al. 2013), and optical tweezers (Grier 
2003), furthermore magnetic trapping, and patch clamping. 
Compared to these methods, acoustic methods (Christakou 
et al. 2013; Evander et al. 2007; Evander and Nilsson 2012; 
Gralinski et  al. 2014; Hammarström et  al. 2010; Li et  al. 
2014; Manneberg et  al. 2008; Vanherberghen et  al. 2010) 
show several benefits: They can easily be integrated on chip 
level (unlike optical tweezers), they are simple to fabri-
cate (no structured in-chip electrodes needed as for DEP), 
and they work on most cell and particle types (no depend-
ency on magnetic/dielectric particle properties, acoustic 
properties are typically suitable). Furthermore they are 
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1  Introduction
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cells and particles from a new perspective. In recent 
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contact-less, label-free, and biocompatible also in long-
term studies (Vanherberghen et al. 2010).

In the paper at hand, a novel acoustic cell trapping 
mechanism is proposed, based on acoustic radiation 
forces. The method allows to attract cells  (suspended in 
water) to oscillating sharp edge  structures which protrude 
in a microfluidic channel (Leibacher and Dual 2014a, b). 
Besides the common characteristics of acoustic methods, 
this method has specific advantages: It does not need a 
reflector-bounded cavity to form a standing wave field as in 
the common design (Christakou et al. 2013; Evander et al. 
2007; Evander and Nilsson 2012; Gralinski et  al. 2014; 
Hammarström et al. 2010; Li et al. 2014; Manneberg et al. 
2008; Vanherberghen et al. 2010), it allows to trap cells on 
an arbitrary position in a microfluidic channel, and it does 
not require a precise tuning of a fluid resonance frequency. 
Hence, the proposed method allows stable and robust trap-
ping of cells and particles.

In literature, particle attraction to oscillating structures 
has previously been observed in centimeter-scaled setups: 
The attraction of ∼1 mm particles to oscillating sharp edges 
(Hu et al. 2004), rods (Liu and Hu 2009), and needles (Hu 
et al. 2007) was reported in the kHz range. In these cases, 
the described physical effects were also based on acoustic 
radiation forces, yet with a different structural setup and 
physical modeling. Compared to this previous work, the 
paper at hand aims at the microfluidic exploitation of simi-
lar effects for cell handling.

Besides particle trapping, oscillating sharp edges have 
further been reported for fluid mixing (Huang et al. 2013; 
Oberti et  al. 2009) and pumping (Huang et  al. 2014) by 
acoustic streaming. Due to the wealth of acoustofluidic 
phenomena around oscillating sharp edges, they hold 
promise to become a powerful actuation mechanism for 
various microfluidic tasks, similar to the success of oscillat-
ing bubbles (Hashmi et al. 2012; Marmottant and Hilgen-
feldt 2004) as a microfluidic driving mechanism.

2 � Methods and materials

The experiments were conducted in a microfluidic chip as 
illustrated in Fig.  1. The chip consisted of a 30µm deep 
microfluidic channel, where 24 sharp edges were protrud-
ing in the fluid domain. The sharp edges had a length of 
125 or 250µm and a varying width of 10–80µm. The 
silicon chip was covered by a glass plate, and it was filled 
manually by placing fluid drops with suspended cells on 
one of the two fluid ports. In z-direction, the edges ranged 
from the channel bottom up to the glass lid.

The ultrasound transducer consisted of a piezoelectric 
element, mounted underneath the device. Upon a harmonic 
electrical excitation, the transducer vibrated and thereby 

excited the whole device. The piezoelectric transducer was 
polarized in the z-direction, yet it induced vibrations in 
all three directions due to the direct and transverse piezo-
electric effect, as experienced in transversal acoustofluidic 
devices (Lenshof et  al. 2012). This vibration of the sharp 
edge caused the acoustofluidic effects which will be pre-
sented in the results chapter. In detail, the materials and 
methods are specified in the following:

Excitation: To excite a mechanical vibration, a piezo-
electric transducer was cut to a size of 9mm× 2mm out 
of a 1-mm-thick plate of Ferroperm piezoceramics (Fer-
roperm piezoceramics a/s) Pz26. This piezoelectric block 
was glued on the bottom of the device with conductive 
epoxy (Epo-Tek H20E). The glue layer provided a plane 
electrode on the top side of the piezoelectric block. Par-
allel to this electrode, a second plane electrode was pro-
vided by a thin conductive layer on the bottom side of the 
block (with normal in z-direction).

For electrical excitation, the top and bottom planar 
electrodes of the piezoelectric block were connected to a 
function generator (Tektronix AFG 3022B) with a power 
amplifier (ENI, 2100L) in between. The applied excitation 
voltages were in the range of ∼5–15 Vrms.
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Fig. 1   a Photograph of the microfluidic silicon device front side with 
centimeter scales; b and c sketches of the microfluidic device. Sharp 
edges are protruding in the fluidic channel of 30µm depth
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Microfabrication: The microdevices based on a 24  mm 
× 8  mm silicon plate (wafer thickness 425µm). A 1-mm-
wide fluidic channel was dry etched 30µm deep by an induc-
tively coupled plasma system, sparing the edge geometries 
by a patterned photoresist. A glass plate (thickness 500µm) 
was bonded anodically on top of the silicon. As confirmed by 
visual inspection, this glass plate also bonded to the top sur-
face of the sharp edges, so they were clamped on the bottom 
as well as the top. The fluidic inlet and outlet were provided 
by several parallel cuts through the glass lid with a wafer saw.

Cells and particles: Yeast cell suspensions were pre-
pared by diluting baker’s yeast in DI water. The material 
properties of particles, the suspending water, and silicon 
are listed in Table 1 as modeled in the following numerical 
simulations.

Image acquisition: Videos and images were recorded 
with a high-speed camera (HiSpec 1 Mono, Fastec Imag-
ing). The silicon devices were illuminated from above as 
in bright-field microscopy: The light of a LED lamp was 
introduced parallel to the optical axis by a half-transpar-
ent mirror. Because of the high reflectivity of silicon, this 
lighting setup resulted in bright illumination as required 
for high-speed imaging. For video analysis such as feature 
tracking (see later in Figs. 2d, 4d) as well as for the particle 
image velocimetry (PIV, in Fig.  6b), the software Xcitex 
ProAnalyst was employed.

3 � Results and discussion

3.1 � Experimental results

3.1.1 � Trapping and repulsion of particles by acoustic 
radiation forces

The subject of this paper is the attraction and trapping of 
yeast cells on a microfluidic sharp edge, as it is shown in 
Fig.  2a–c. The image series shows the quick buildup of 
several hundreds of yeast cells on the tip of a silicon sharp 
edge, which protrudes in a microfluidic channel filled with 
suspending water. The driving force was an ultrasound 
transducer that was turned on at the start t = 0 of the image 
series. The trapping occurred at an actuation frequency of 
924 kHz with 15 Vrms in this image series, yet the effect 
was observed at several other frequencies too, mostly in the 
range of 850–1000 kHz in our setup as it will be discussed 
in Sect. 3.1.2.

Before a physical explanation of the effect is proposed in 
the following Sect. 3.2, more experimental results are pre-
sented to study the underlying physical effects. Figure 2d 
shows an experiment at 897 kHz excitation with 12Vrms, 
where copolymer particles of 11µm size were used instead 
of yeast cells. Copolymer particles behave qualitatively like 
the cells and get attracted to the edge structure. Several sec-
onds after the start of the ultrasonic excitation, the shown 
steady state occurred with stably trapped particles on the 
tip of the edge. The shadowy band around the edges and at 
walls resulted as the channel bottom is not completely even 
in this region, so the illumination light is not reflected into 
the camera.

With a video analysis, a dozen particle paths were 
tracked to visualize the kinematics of the particles by the 
red lines in the image. These particle paths are a fingerprint 
of the underlying force field, which is modeled numerically 
in Sect. 3.2. Particle speeds of 100–1000 µm/s were meas-
ured by image analysis. The particle speed results from a 
balance of forces between the Stokes’ drag and the acoustic 
forces (Barnkob et al. 2010), which can thereby be calcu-
lated as 1e-11–1e-10 N in the experiment of Fig. 2d. This is 
a typical value compared to acoustophoresis with ultrasonic 
standing waves (Barnkob et al. 2010). However, the forces 
were increasing strongly in close proximity to the tip of 
the edge, as it can also be seen in the supplementary video 
where particles are accelerating quickly toward this equi-
librium position. In contrary, the acoustic radiation forces 
in common ultrasonic standing wave traps are decreasing 
to zero toward the equilibrium position in a pressure node. 
Therefore, once a particle is trapped on a sharp edge, it is 
held back much stronger than in ultrasonic standing wave 
traps.

Table 1   Modeled material properties

Copolymer particles (Oberti et al. 2007) (Duke scientific)

Density ρco = 1050 kg/m3

Speed of sound cco = 3000m/s

Diameter 2rco = 11µm

f1, f2 0.76, 0.034

Hollow glass particles (Leibacher et al. 2014) (Kisker PBGH-18)

Averaged density ρ̄ho = 600 kg/m3

Diameter 2rho = 13.9µm

f1, f2 0.602, -0.362

Glass particles (Bruus 2012) (Pyrex, simulated)

Density ρpy = 2230 kg/m3

Young’s modulus Epy = 63GPa

Poisson’s ratio νpy = 0.22

Diameter 2rpy = 10µm

f1, f2 0.94, 0.45

Water (Bruus 2012) (at 25◦ C)

Density ρ0 = 998 kg/m3

Speed of sound c0 = 1497m/s

Silicon

Density (Bruus 2012) ρsi = 2331 kg/m3

Speed of sound, [110] direction (McSkimin and 
Andreatch 1964)

csi = 9133m/s
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In Fig. 3, two more sharp edge designs were placed free-
standing in a channel of 16mm× 3mm× 30µm. Here, 
best trapping was found at 676 kHz in (a) and 678  kHz in 
(b). These frequencies are lower than before due to a larger 
transducer size of 10mm× 3mm with different transducer 
resonance frequency, as outlined in Sect. 3.1.2. Notably, for 
the triangle shape in Fig. 3b, trapping was only observed at 
the corner on the right side with a small angle.

After these similar observations on yeast cells and co-
polymer particles, Fig.  4 reports the behavior of hollow 
glass particles in the same experiment. From an acous-
tic viewpoint, their main difference to the yeast cells and 
copolymer particles is their low density which is even lower 
than the density of water (see Table 1). Contrary to copoly-
mer and yeast, these hollow particles were not attracted but 
repelled from the oscillating sharp edge.

For the physical explanation of this phenomenon, sev-
eral acoustofluidic effects were considered. From the video 
analysis, it is clear that the vibration of the chip structure 
imposed a force field on the particles. The force field acted 
selectively on the particles. It is plausible that the observed 
trapping forces were not caused by hydrodynamic drag of 
a flowing fluid. This follows because a force field on the 
fluid would result in closed streamlines, and it would act 
the same way on the hollow as on the full particles. There-
fore, we believe the force field on the particles was caused 
by acoustic radiation forces as in “acoustophoresis.” The 
model in Sect. 3.2 bases on this insight.

Regarding the viability of cells, acoustophoresis is 
known to be a gentle method. Viability-related effects 
such as cavitation, thermal stress, and acoustic stream-
ing are well studied and have been discussed in a 
recent review (Wiklund 2012). Several research groups 
reported on acoustophoretic cell handling with no 
adverse effects on their viability, whereas the cells were 
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Fig. 2   a–c Time series of yeast cell trapping. Yeast cells (seen as 
dark dots) were suspended in a microfluidic channel. Upon mechani-
cal excitation of 924 kHz at time t > 0, the yeast cells were attracted 
to the sharp edge of size y× x = 125µm× 20µm (Video 1 available 
online in the supporting electronic documents). d Trapping of 11µm 
copolymer particles on an edge structure of 250µm× 10µm at 
897 kHz. Red lines mark the tracked particle paths which correspond 
to the simulated streamlines in Fig. 8a (color figure online)
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Fig. 3   a Yeast cell trapping on both sides of a sharp edge (size 
125µm× 10µm) 0.6 s after ultrasound was turned on (Video 1 avail-
able online in the supporting electronic documents). b On a triangle 
(325µm height in x-direction, 100µm width in y-direction), cell trap-
ping occurred only at the sharp angle of the right corner
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Fig. 4   Time series of the repulsion of hollow particles from an oscil-
lating edge (125µm× 40µm) at 890 kHz. The 14µm particles were 
lighter than the suspending water. Red lines mark the tracked parti-
cle path (Video 2 available online in the supporting electronic docu-
ments).
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exposed up to 72 h of ultrasound in microfluidic devices 
(Evander and Nilsson 2012; Vanherberghen et al. 2010). 
Nevertheless, viability considerations are justified, since 
ultrasound can harm cells, depending on the amplitude 
and frequency. In summary, this trapping mechanism can 
supposably be realized with amplitudes that are suffi-
ciently low and frequencies that are sufficiently high not 
to damage cells.

3.1.2 � Vibrometry measurements

To investigate the occurence of the trapping, further experi-
mental characterization of the acoustofluidic device was 
considered. Figure  5a shows the frequency spectrum of a 
vibration analysis by laser vibrometry (Polytec OFV 505 
and OFV 3001), Fig. 5b is an impedance measurement of 
the piezoelectric transducer (SinePhase Impedance Ana-
lyzer 16777k). These experimental characterization meth-
ods have been described in detail in our former work (Dual 
et al. 2012).

For the measurement of the transfer function between 
applied voltage on the transducer and device vibration in 
Fig. 5a, five randomly distributed points on the surface of 
the silicon device were measured with a laser vibrometer. 
A frequency sweep on the transducer voltage led to an 
excitation of all frequencies in the plotted range. The angle 
between the device and the incident laser was adjusted for 
a perfect back reflection on the silicon surface. This led to 
an excellent estimate of the coherence function, γ̂ 2

(f ) ∼ 1 
[detailed in Dual et  al. (2012)] for the shown transfer 
function.

The plot denotes the highest mechanical vibration ampli-
tudes in the range of 850–1000 kHz due to electro-mechan-
ical resonances of the system in this frequency range. This 
assumption is supported by the impedance measurement in 
Fig. 5b, where the positive and negative peaks also denote 
an electro-mechanical resonance in this range, as described 
in literature (Dual et al. 2012).

The frequency range of 850–1000  kHz with maxi-
mal measured vibration coincides with the range where 
the highest particle attraction/repulsion on the edges 
was observed in the experiments of the last section. This 
means there is a link between maximal device/sharp edge 
vibration and the acoustofluidic trapping/repulsion effect. 
Consequently, the trapping depends mainly on an electro-
mechanical resonance of the transducer and the attached 
structure. This is a difference to the common acoustopho-
retic trap design (Evander and Nilsson 2012) where the 
particle manipulation is primarily based on a resonance 
of the fluidic domain with a sharp bandwidth. In these 
devices, an ultrasonic standing wave is formed between 
sound-reflecting channel or cavity walls (Lenshof et  al. 
2012) which causes cells to align on pressure nodal lines 

along the channel, whereby the resonance frequency has to 
be matched to the fluid channel width and fluid properties. 
Differently, the trapping on the sharp edge is not bound to 
such fluidic resonance conditions, as it will also be dis-
cussed on the numerical model in Sect. 3.2.

To explain the trapping effect, also structural resonances of 
the edge structure itself have to be considered; however, these 
eigenmodes are expected to occur at higher frequencies than 
applied here. Furthermore, temperature-dependent effects 
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Fig. 5   a Transfer function between applied voltage on the piezoelec-
tric element and the device velocity, averaged on five points on the 
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trapping performance was observed in this device. b Corresponding 
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Fig. 6   a Acoustic streaming at an edge of 250µm× 10µm. The 
yeast cells are moved by two counter-rotating vortices of the fluid 
at the tip of the sharp edge (Video 3 available online in the support-
ing electronic documents). b Velocity field of the acoustic streaming 
around the edge structure in a. The plot was calculated by particle 
image velocimetry (PIV)
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(Augustsson et al. 2011) might shift the resonance frequency 
for some kilohertz during some experiments, since the piezo-
electric transducer acts as a heat source on the device.

3.1.3 � Acoustic streaming

Besides trapping and repulsion of particles by radiation 
forces, a further phenomenon was observed on some of the 
24 sharp edges on a chip. Figure 6a shows yeast cells that 
are rotating fast in two counter-rotating vortices at the tip of 
the edge at 15Vrms excitation. In Fig. 6b, a particle image 
velocimetry over 1636 images, recorded over a time span 
of 4.1 s, further outlines the observed velocity field.

Comparing this effect with the work in literature (Huang 
et al. 2013; Lieu et al. 2012), this phenomenon can be iden-
tified as acoustic streaming. Acoustic streaming is a steady 
fluid flow driven by acoustic oscillations (Lighthill 1978; 
Sadhal 2012). The nonlinear, time-averaged effect can be 
categorized in boundary-layer-driven and bulk-attenua-
tion-driven streaming. Boundary-layer-driven streaming 
is localized in areas of acoustic absorption in the viscous 
boundary layer, e.g., at vibrating walls, bubbles, or sharp 
edges. Acoustic streaming has typically closed streamlines 
of the fluid flow and is visible as a vortex or couples of 
counter-rotating vortices. Drag forces (Stokes’ drag) cause 
suspended particles in the fluid to follow the streamlines. 
The acoustic streaming is not a subject of this paper; how-
ever, it is mentioned here for completeness and in order to 
distinguish it from the cell trapping mechanism.

Similar acoustic streaming around sharp edges has 
been reported for microfluidic mixing (Huang et al. 2013) 
and pumping (Huang et  al. 2014), and also particle trap-
ping (Lieu et al. 2012) (named “hydrodynamic tweezers”). 
Acoustic streaming can also occur as cavitation micros-
treaming around stably oscillating microbubbles (Wiklund 
et al. 2012) and around air bubbles in general (Ahmed et al. 
2009; Marin et al. 2015; Sadhal 2012; Wiklund et al. 2012), 
which might also be considered as a cause of observed 
streaming. However, we did not observe bubbles in our 
experiments, which would cause the streaming to be less 
stable. Numerical models of acoustic streaming will be dis-
cussed in Sect. 3.2.

On the sharp edges of our microfluidic device, we experi-
enced mostly the trapping/repulsion behavior by acoustic radi-
ation forces. The acoustic streaming occurred less frequently 
but predominantly with more dilute suspensions on sharper, 
thin edge structures with small particles. Sometimes both 
radiation and streaming effects were visible, as in the first part 
of the supplementary Video 1. However, currently we cannot 
claim to be able to predict or control whether the radiation 
force or the streaming dominates the particle dynamics on a 
specific sharp edge in our devices. Presumably it depends on 
the position of a sharp edge with respect to the transducer and 

on the exact geometry of the edge. With the shown excitation 
by a relatively large piezoelectric block, acoustofluidic devices 
are known to have quite a nonuniform displacement field over 
a channel (Dual and Möller 2012). This might influence the 
complex acoustic streaming behavior, since it depends on 
the vibration direction of the sharp edge (Nama et al. 2014). 
Further, the balance between streaming and radiation forces 
depends on the particle size, the contrast factor, the frequency, 
and the fluid properties (Rogers and Neild 2011). Future work 
might address a more defined excitation method to study the 
competition between radiation and streaming forces, as also 
discussed in the next section.

3.2 � Numerical modeling

Based on the insights from the last chapter, here a model is 
discussed for the acoustic radiation force around an oscil-
lating sharp edge.

Before the model of the sharp edge is discussed, the 
theory of acoustic radiation forces is recapitulated in short. 
The acoustic radiation force on particles F = −∇∇∇U can be 
approximated by the gradient of the Gor’kov potential U. 
The Gor’kov potential (Gor’kov 1962) is valid for particles 
with a radius much smaller than the acoustic wavelength, 
r ≪ �. In the acoustic domain, the potential U reads (Bruus 
2012; Gor’kov 1962):

with the density ρ0 and the speed of sound c0 of the fluid 
(here water), the first-order pressure field p1(x, y, z), 
the first-order velocity (magnitude) field v1(x, y, z) and 
the material-dependent factors f1, f2. Time averaging is 
denoted by 〈.〉.

The first factor f1 is given by

with the compressibility κ and the indices p of the particle 
material and 0 of the surrounding water. The compressibili-
ties of the suspending fluid and a fluidic or solid particle 
are calculated as

with the bulk modulus K, Young’s modulus E, and Pois-
son’s ratio ν of the elastic solid.

The second factor f2 determines the influence of the 
velocity field in the Gor’kov potential. It is given as

(1)U = 2πr3ρ0

(

〈

p2
1

〉

3ρ
2

0
c2
0

f1 −

〈

v2
1

〉

2

f2

)

(2)f1 = 1−
κp

κ0

(3)κ0 =
1

ρ0c
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=
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E

(4)f2 =
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(

ρp − ρ0

)
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According to these equations, particles in the acoustic 
domain are attracted to the minimum of the Gor’kov poten-
tial U. Generally speaking, as outlined in earlier work (Lei-
bacher et al. 2014), a positive/negative factor f1 contributes 
forces toward the minima/maxima of the 

〈

p2
1

〉

 field (pres-
sure nodes/antinodes), respectively. A positive/negative fac-
tor f2 contributes forces toward the maxima/minima of the 
〈

v2
1

〉

 field (velocity antinodes/nodes), respectively.
A common value to characterize the particle behavior is 

the acoustophoretic contrast factor (Yosioka and Kawasima 
1955) � =

f1
3
+

f2
2
. However, � is mostly significant for the 

fields of one-dimensional ultrasonic standing waves. There-
fore, in our case of two-dimensional fields, the factors f1 
and f2 rather than � are relevant.

To model the force field around the edge structures, a 
3D simulation was built with the numerical software Com-
sol Multiphysics. Figure  7a illustrates the model which 
consisted of a linear acoustic domain (fluid, sketched 
blue) and a linear elastic domain modeling the silicon 
sharp edge. In the time-harmonic simulation, the oscilla-
tion of the edge structure was imposed with an accelera-
tion boundary condition on the top and bottom surface of 
the edge (in the xy plane, sketched red in Fig.  7a, with 
harmonic displacement field ux and amplitude A0). This 
modeling was chosen since the top surface of the silicon 
edge was anodically bonded to the glass lid. Even though 
the sharp edge is believed to vibrate in all directions 

experimentally, here it was modeled to vibrate only in 
x-direction, since additional vibration in y- and z-direction 
was not significantly changing the fields and effects in this 
simulation.

Water–silicon and water–glass interfaces at the chan-
nel top and bottom surfaces (in the xy plane) were mod-
eled as hard-wall conditions (Bruus 2012; Leibacher et al. 
2014) due to their high difference in characteristic acous-
tic impedance. To represent an infinite fluidic domain, it 
was surrounded by perfectly matched layers (PML) which 
absorb the majority of the outgoing waves. The depth in 
z-direction was set to 30µm as in the experiments.

The chosen nonviscous model is clearly a simplification, 
for now neglecting acoustic streaming effects. The chosen 
vibration boundary condition is also only a first approxi-
mation, neglecting the influence of the wave propagation 
problem from the transducer to the channel. However, the 
simple model can describe principal working mechanisms 
of the cell trapping phenomenon.

Figure  7b reports a simulation result at an excitation 
frequency of f = ω/(2π) = 900  kHz. The time-averaged 
squared first-order pressure field 

〈

p2
1

〉

(x, y) is plotted, as it 
appears in the Gor’kov potential, Eq.    1. The maxima in 
this plot lie on the left and right side of the edge. These 
maxima are comprehensible from the chosen excitation ux, 
which leads to harmonically alternating maxima/minima of 
the instantaneous pressure field p1 on the left and right side 
of the sharp edge. At the outermost point of the edge, p1 
and accordingly 

〈

p2
1

〉

 remain zero.
In linear acoustics with phasor notation, the veloc-

ity field in Fig.  7c follows from a gradient of the pres-
sure field (Bruus 2012), as also implemented in Comsol 
Multiphysics.

The time-averaged squared first-order velocity field 
〈

v2
1

〉

(x, y) has its maximum at the tip of the sharp edge, 
since the movement ux of the sharp edge causes the fluid to 
move around this tip from the left side to the right side of 
the sharp edge and vice versa.

To reduce singularity issues, the tip of the sharp edge 
was rounded (with radius 10µm) in our model, which 
results in numerically and probably also experimentally 
different results compared to a distinct corner with corner 
radius → 0.

The fields in Fig.  7b, c lead to an explanation of the 
yeast cell attraction to the edge: As most common parti-
cles (e.g., copolymer, glass, polystyrene), most cells such 
as yeast exhibit f1 > 0, f2 > 0 because they are less com-
pressible and heavier than the suspending water. Therefore, 
these cells are attracted to a minimum of 

〈

p2
1

〉

 and a maxi-
mum of 

〈

v2
1

〉

, as described by Gorkov’s equation, Eq.    1. 
This pressure minimum and the velocity maximum are both 
located on the outermost point of the edge, which explains 
the yeast cell attraction to this point.
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Fig. 7   a Sketch of the simulated 3D model with a harmonically 
oscillating edge in a fluid domain surrounded by perfectly matched 
layers (PML) and hard-wall boundary conditions at the top and bot-
tom. Results of the simulated acoustic fields around the vibrating 
edge (250µm× 20µm, 900 kHz) are in b the time-averaged squared 
pressure 

〈

p2
1

〉

 and in c the time-averaged squared velocity 
〈

v2
1

〉
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The parameters f1, f2 of the yeast cells in our experiment 
are not precisely known, yet a quantitative estimation can 
be calculated from density and compressibility values in lit-
erature (Gherardini et al. 2005). Qualitatively, the behavior 
of yeast cells is similar to copolymer particles as discussed 
above and as experimentally confirmed in Fig. 2. Copoly-
mer particles exhibit well-defined material properties (see 
Table 1) with known parameters f1 = 0.76 and f2 = 0.034. 
With these parameters for copolymer, the Gor’kov potential 
U and the force field F are plotted in Fig. 8a. The force field 
illustrates the pressure minimum and velocity maximum 
attraction as discussed before. The streamlines of the force 
field were also plotted for a comparison with the tracked 
particle paths in Fig.  2d. The qualitative match between 
the modeled streamlines and the tracked particle paths is 
believed to confirm our model assumptions in this case. As 
discussed in Sect. 3.1.1, also the numerical model shows a 
strong increase in the acoustic radiation force toward the 
tip of the edge. Notably, the effect as modeled here occurs 
in a wide frequency range and is not depending on a sharp 
resonance frequency as common acoustophoretic traps with 
standing waves.

Furthermore, Fig.  8b shows the Gor’kov potential and 
force field which follow for the hollow particles with 
f1 = 0.602, f2 = −0.362 (Leibacher et al. 2014). Because 

of f2 < 0, the model predicts a strong particle repulsion 
from the tip of the sharp edge, as clearly experienced in the 
experiments. However, the acoustic radiation force model 
cannot explain the experimentally observed attraction of 
some hollow particles to the two points on the left and right 
side at the base of the edge (marked with a P). This dis-
crepancy might result from superposed acoustic stream-
ing effects (as discussed in the next paragraph), near-field 
effects from the corner geometry, or effects which were 
missed by the simplification of the model.

Regarding acoustic streaming, numerical modeling 
approaches have been presented in literature (Möller 
2013; Muller et al. 2012). Recently, studies on the acoustic 
streaming around oscillating sharp edge geometries have 
been published for frequencies of 461 Hz (Ovchinnikov 
et al. 2014) and 4.75 kHz (Nama et al. 2014), also in com-
bination with acoustic radiation forces. The results of these 
studies show that the complex streaming pattern depends 
on boundary conditions (Nama et  al. 2014) as the geom-
etry, the direction of vibration of the sharp edge, and the 
radius of curvature at the tip of the sharp edge, while the 
driving mechanism of the streaming is the rushing of the 
fluid from one side of the sharp edge to the other (Ovchin-
nikov et  al. 2014). We implemented an analog numerical 
approach in Comsol Multiphysics to obtain an exemplary 
streaming pattern in Fig.  8c, which shows the acoustic 
streaming (Lagrangian velocity) for a sharp edge oscilla-
tion with amplitude A in y-direction and amplitude 0.2A in 
x-direction, so the shape and sense of rotation of the two 
strong upper vortices resemble the experimental results 
of Fig.  6. The observed asymmetry of the vortices in the 
model and experiment might be attributed to an edge vibra-
tion in both x- and y-direction. The sensitive dependence on 
various boundary conditions might explain why some sharp 
edges showed experimentally a dominating radiation force 
and others a dominating streaming force, depending on the 
position-dependent vibration field magnitude and direction 
on the chip, and depending on manufacturing variations 
of the sharp edge. Further modeling is necessary for a full 
understanding and control of the phenomenon and the bal-
ance between acoustic radiation and streaming forces.

Furthermore, a transition from radiation-dominated to 
streaming-dominated particle kinetics has been reported 
(Barnkob et al. 2012) depending on the particle size. This 
transition determines whether the shown acoustophoretic 
trapping works also on particles smaller than yeast cells, 
e.g., bacteria and viruses.

Gor’kov’s theory is actually only valid in an infinite 
acoustic domain far away from walls and other struc-
tures, which influence the acoustic radiation force (Wang 
and Dual 2012). This condition must be considered in the 
modeled situation, since the particles are close to a sharp 
edge. Gor’kov theory does not account for the reflections 
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Fig. 8   a Color plot of the Gor’kov potential U with vector and 
streamline plot of the force field F for copolymer particles, following 
from the simulation of Fig. 7. The streamlines correspond well to the 
tracked particle paths in Fig. 2d. b Color plot of the Gor’kov potential 
U with vector and streamline plot of the force field F for hollow par-
ticles as in the experiment of Fig. 4d. c Acoustic streaming: color plot 
of the Lagrangian velocity magnitude with streamlines, correspond-
ing to Fig. 6
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of the scattered waves from the particle on the sharp edge, 
which might influence the acoustic radiation force, simi-
lar as two particles interact with each other by secondary 
acoustic forces (e. g. Bjerknes forces) (Laurell et al. 2007; 
Silva et  al. 2014). Therefore, a validation of the Gor’kov 
approximation by the following more fundamental equa-
tion is reasonable. Neglecting fluid viscosity, the time-
averaged acoustic radiation force vector F =

(

Fx,Fy,Fz

)

 
can be calculated for a compressible particle of any shape 
as derived by Yosioka and Kawasima (Bruus 2012; Yosioka 
and Kawasima 1955):

where the integration takes place over an arbitrary fixed 
surface S enclosing the particle and the surface normal unit 
vector n. The numerical accuracy and applicability of this 
approach are described in literature (Glynne-Jones et  al. 
2013). When the backscattering effects of walls are incor-
porated in p1 and v1, the above equation also includes the 
influence of these effects on the acoustic radiation force. 
Fig.  9 shows a comparison between this equation and 
Gor’kov’s approximation at an excitation frequency of 900 
kHz. Whereas Gor’kov’s approximation allows the conven-
ient calculation of the force field directly from an acoustic 
background field (without simulated particle), the evalua-
tion of Eq. 5 is more complex: For every (x, y) point in the 
plot, a solid glass particle of radius r = 5µm was placed at 
(x, y) within the 3D acoustic domain and the above equa-
tion was evaluated on the resulting field at the particle 

(5)
F = −

∫

S

[(

1

2ρ0c
2

0

〈

p2
1

〉

−
1

2

ρ0�v1 · v1�

)

n

+ρ0�(n · v1)v1�]dS

surface. The material glass was chosen here since it results 
in both a high f1 and f2, see Table 1. The numerical mesh 
size was down to 1.5µm near the particle surface.

Figure 9 signifies that Gor’kov’s theory is a good model 
with negligible error for particles which are ∼10µm or 
more away from the sharp edge, yet for closer particles, 
additional attractive forces come into play. Furthermore, it 
has to be noted that the above discussion was only an invis-
cid approximation. When the particle approaches the sharp 
edge as close as the acoustic (Stokes) boundary layer thick-
ness δ ≈ 0.6µm (Muller et al. 2012; Nama et al. 2014) (at 
900 kHz in water), additional viscous effects arise which 
are not considered in the above model.

4 � Conclusion

Acoustofluidic cell and particle trapping on oscillating 
sharp edges in microfluidic domains have been observed. 
An oscillating sharp edge generates an acoustic field 
around its tip which is suitable to attract suspended parti-
cles by acoustic radiation forces. The acoustic radiation 
forces were described in experiments and numerical mod-
els, together with the earlier reported acoustic streaming on 
sharp edges.

Unlike common acoustofluidic traps, the method pre-
sented here offers geometric freedom with respect to the 
trapping location, which was found to be on the tip of a 
freely placeable sharp edge. Apart from the sharp edge struc-
ture, no further modifications are necessary right within the 
fluidic domain, which allows various designs of the micro-
fluidic cavity. Since the effect is not based on a fluid reso-
nance with an ultrasonic standing wave (as common acou-
stofluidic traps), reflecting channel walls and precise fluidic 
resonance frequency tuning are not required. The transducer 
can also be placed freely on any location on the chip.

Compared to other methods like DEP, magnetic, or opti-
cal tweezers, the presented approach is relatively simple 
to implement in a device and can be miniaturized to fit the 
lab-on-a-chip concept.

A numerical simulation of acoustic radiation forces was 
found to match qualitatively with the experiments. Further 
numerical work aims at a more precise modeling of the 
complex interplay between radiation and streaming forces. 
A model including the mechanics of silicon and the piezo-
electric transducer would further resolve the time-harmonic 
motion of the sharp edge. This might explain whether the 
acoustic radiation or streaming forces dominate on a spe-
cific sharp edge, depending on the mode of vibration, 
geometry, and material properties. Further numerical work 
might also address the influence of clusters of agglomer-
ated particles (as in Fig. 2c) on the acoustic field and radia-
tion forces.
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Future work can address the acoustofluidics and cell 
trapping around free-standing posts or tips (rather than 
sharp edges). Acoustic tweezers might be realized with a 
moveable tip, whose particle attraction can be turned on/
off by ultrasonic excitation for pick and place operations 
of particles. From a biological perspective, miniaturization 
for trapping of single cells is interesting as well as applied 
studies with cell trapping and perfusion.

Furthermore, future experimental work can approach 
particle separations by edge attraction/repulsion (depend-
ing on the particle properties) and a more defined excita-
tion of the sharp edges, since the large bulk piezoelectric 
transducer as shown here resulted in a nonuniform and not 
well-defined vibration field on the chip.

Finally, the acoustofluidic phenomena of acoustic radia-
tion and streaming forces around oscillating sharp edges 
are believed to offer promising capabilities for cell and par-
ticle handling at the microscale.
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