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Started in 2003 and originally called USWNet, the Acoustofluidics conference series offers an annual 

international meeting place for researchers interested in all aspects of ultrasound in microfluidics. It 

covers topics including ultrasonic standing wave technology and surface acoustic wave devices for 

particle, bubble and fluid manipulation, and ranges from fundamental theory and physics to 

biomedical and industrial applications. In 2014 there will be attendees from Australia, Denmark, 

England, France, Germany, Italy, Japan, the Netherlands, Scotland, Spain, Sweden, Switzerland and 

the United States of America.  
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Conference Program 

Venue: Monash University Prato Centre, Palazzo Vaj, Via Pugliesi 26, Prato 
 
Presentations will be held in the Sala Veneziana (Room 6), poster sessions will be in Rooms 4 and 5.   

 

Time Thursday 11th September 

10.30 USWnet  Management Meeting (open to all who are interested) – Room 15 

 13.00 Conference Opening 

13.05 - 13.45 Keynote Lecture – Jonathan Cooper 
Fluidic microcircuits using Phononic Lattices and Surface Acoustic Waves 
 

University of Glasgow 
  Session 1: Biological Applications 
13.50 - 14.10 3D Cell Culture Using a Temperature Controlled Ultrasound Actuated Multi-Well Chip 

Device 
 

Mathias Ohlin, Athanasia E. Christakou, Björn Önfelt, Martin Wiklund 
Royal Institute of Technology (KTH) 

14.10 - 14.30 Removal of proteins from blood using acoustophoresis 
 

Andreas Lenshof, Maria Tenje, Maria N. Lundgren, Ann-Margret Svärd-Nilsson, Jens 
Kjeldsen-Kragh, Lena Åberg and Thomas Laurell 
Lund University 

14.30 - 14.50 Engineering composite tissue sheets with acoustic levitation 
 

Angela Tait, Peter Glynne-Jones, Emily Swindle, Adam Fisher, Martin Grossel, Martyn Hill, 
and Donna Davies 
University of Southampton 

14.50 - 15.10 On-Chip Ultrasonic Sample Preparation For DNA-Based Diagnostics 
 

Ida Iranmanesh, Harisha Ramachandriah, Mathias Ohlin, Aman Russom, and Martin 
Wiklund 
Royal Institute of Technology (KTH) 



15.10 - 15.30 Coffee and Posters 

 Session 2: Modelling and Numerical Analysis 
15.30 – 15.50 Thermoviscous theory of ultrasound scattering on microparticles and droplets 

 

Jonas T. Karlsen, Mads J. H. Jensen, and Henrik Bruus 
Technical University of Denmark 

15.50 - 16.10 Effects of surface profile on a boundary-driven acoustic streaming field 
 

Junjun Lei, Martyn Hill, and Peter Glynne-Jones 
University of Southampton 

16.10 - 16.30 Numerical analysis of particles undergoing acoustophoresis in a PDMS channel driven 
by surface acoustic waves 
 

Nitesh Nama, R. Barnkob, C. J. Kähler, F. Costanzo, and T. J. Huang 
The Pennsylvania State University 

16.30 - 16.50 Hydrodynamic interactions in microfluidic acoustophoresis at high particle 
concentrations 
 

Mikkel W. H. Ley and Henrik Bruus 
Technical University of Denmark 

16.50 - 17.00 Coffee Break 

 Session 3: Acoustic Microbubbles 
17.00 – 17.25 Invited Lecture – Michel Versluis 

StemBells: a novel stem cell delivery platform using microbubbles and acoustic 
radiation force 
 

University of Twente 

17.25- 17.45 Sono-optical tweezers: an instrument for microbubble characterisation  
 

Gianluca Memoli, Chris Fury 
National Physical Laboratory, University College London 

17.45 - 18.05 Acoustic bubble sorting for ultrasound contrast agent enrichment 
 

Tim Segers, Michel Versluis, 
University of Twente 

  18.05 – 18.25 Live demonstration:  
Some acoustic properties of cooked spaghetti 
 

Jeremy J Hawkes, Jorge A Yescas Hernandez, Sara Baldock, Kenji Yasuda 
University of Manchester, Tokyo Medical and Dental University 

  19.00 Conference Banquet, Ristorante Tonio 

 

  



Time Friday 12th September 

  Session 4: Droplets 
9.00 - 9.20 On-Chip Biochemistry: Droplet Generation and Merging 

 

Adrian Neild,  
Monash University 

9.20 – 9.40 Ultrasonic Atomization of sessile drop in an Acoustic levitator 
 

Marina Reissenweber, Gerhard Lindner 
Coburg University 

9.40 – 10.00 Droplet handling with acoustophoresis in bulk acoustic wave devices 
 

Peter Reichert, Ivo Leibacher, and Jürg Dual  
ETH Zurich 

10.00 – 10.30 Coffee and Posters 

10.30 – 11.10 Keynote Lecture – James Friend 
Beyond SAW in Acoustic Microfluidics 
 

RMIT University 
  Session 5: SAW Technologies 
11.10 - 11.30 Towards high efficient SAW-based microfluidic actuators 

 

Raimund Brünig, Andreas Winkler, Florian Kiebert, and Hagen Schmidt 
IFW Dresden 

11.30 - 11.50 Interaction-free phononic crystal droplet sensing for portable surface acoustic-wave 
driven microfluidic devices 
 

M. Agostini, M. Travagliati, G. De Simoni, R. J. Shilton, V. Piazza, M. Cecchini 
Scuola Normale Superiore and Istituto, Istituto Italiano di Tecnologia 

11.50 - 12.10 SAW-based fluid atomization using mass-producible chip devices 
 

Andreas Winkler, Stefan Harazim, and David J. Collins 
IFW Dresden, Monash University 

12.10 - 12.55 Lunch 

 Session 6: SAW Devices 
12.55 – 13.20 Invited Lecture – Richie Shilton 

Ultra high frequency surface acoustic wave driven microfluidics 
 

Istituto Italiano di Tecnologia 
13.20 – 13.40 Acoustic and dielectrophoretic particle sorting using virtual deterministic lateral 

displacement (vDLD) 
 

David J Collins, Tuncay Alan and Adrian Neild 
Monash University 

13.40 - 14.00 Combined acoustic torques and forces on spherical particles obtained by the leakage of 
two standing orthogonal surface acoustic waves 
 

Ianis Bernard, Philippe Marmottant, David Rabaud, Cédric Poulain, and Pierre Thibault 
Univ. Grenoble Alpes 

14.20 - 14.40 Cell and droplet sorting with surface acoustic waves  
 

Thomas Franke 
University of Glasgow 

14.40 - 15.10 Coffee Break 

  



 Session 7: Particle Manipulation 
15.10 - 15.30 Cell trapping on acoustofluidic edge structures 

 

Ivo Leibacher and Jürg Dual 
ETH Zurich 

15.30 - 15.50 Engineering single-vortex acoustic streaming for sub-micrometer particle handling 
 

P. B. Muller, M. Antfolk, P. Augustsson, T. Laurell, and H. Bruus 
Technical University of Denmark, Lund University 

15.50 - 16.10 Efficiency Assessment of Acoustic Solid-Particle Separation in Gases 
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The development of point of care systems is often constrained by the integration of different 

technologies involved in sample preparation, amplification and detection. Surface acoustic 

wave (SAW) devices have previously shown some promise in sample manipulation, 

although designing complex fluid manipulations involves using mixed acoustic signals with 

multiple transducers. 

 

We now demonstrate a new and simple interface between a low cost SAW device and a 

disposable chip, involving a new concept in microfluidics using phononic metamaterial as 

acoustic holograms.  Further, we demonstrate the application of this new technology in a 

number of analytical procedures, including e.g., the implementation of digital microfluidics. 

We show how to create a "tool-box" of different diagnostic functions each of which requires a 

different phononic structure, and demonstrate the concept of using these methods to deliver 

integrated Nucleic Acid Testing using PCR amplification for malaria in blood and STI 

diagnosis from swabs. 

 

Just as in electronics, where discrete components are combined to create a circuit, so we 

will use different combinations of phononic lattices to create fluidic microcircuits, each of 

which provides a unique diagnostic function. 
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Introduction 
3D cell culture systems are an important part of both organs-on-chips and human-on-chips [1]. Both 
of these on-chips solutions have potential to revolutionize the drug testing industry and eventually 
replace animal testing altogether. Furthermore, 3D culture of solid tumors can be particularly 
important for cancer drug screening [2] and potentially for cancer diagnosis. In this paper we 
present a novel method to form many 3D spheroids in parallel using ultrasound. 
 
Experiment 
The multi-well chip device [3-5] was placed inside a small tabletop cell incubator for maintaining 
the correct CO2 and humidity levels. The temperature in the multi-well device was regulated using 
an in-house built liquid heat exchanger capable of both cooling and heating, see Fig. 1. Human 
hepatocellular carcinoma (HCC) HepG2 cells as well as fibroblasts were used as cell models. 3D 
solid spheroids were formed with both cell models using the ultrasound actuated multi-well device, 
see Fig. 2B dashed circle. Two different microscope systems were employed: confocal and bright 
field. The resulting images were analyzed using MATLAB to calculate tumor size (projected area) 
and fluorescence intensity of the viability probe calcein-AM (from the surface towards the center). 
Furthermore, experiments without ultrasound actuation were performed for both cell models with 
the multi-well device.   
 

 
Fig. 1. (A) Photo of the experimental setup with the cell incubator to the left and the temperature control and liquid heat exchanger to 
the right. (B) Sketch showing the different parts of the setup. The multi-well device can be seen in the dashed circle. The temperature 
inside the multi-well device is regulated by controlling the temperature on the pink-colored plate inside the incubator. Heat is 
conducted away from the multi-well device via the plate to the liquid heat exchanger. The device is driven using a signal generator 
and an RF amplifier here shown in gold color. The driving frequency is 1.96 MHz with frequency modulation (span 100 kHz, rate 1 
kHz) and with an amplitude exciding 100 V. (C) Shows the difference between temperature regulation ON and OFF. The regulation 
set-value was set to 36.4 °C. The temperature is measured on the multi-well chip using a thermocouple T-type probe. 
 
 
 
 



 
Results 
We show that 3D spheroids of HepG2 cells and fibroblasts were successfully formed during 
continuous ultrasound actuation, Fig. 2 (A and C). On the contrary, the same cells grow into 
monolayers (2D) without ultrasound actuation (Fig. 2B and D). Figure 2E show the multi-well chip 
and its 100 wells containing calcein-AM stained HepG2 cell aggregates after 7 days of continuous 
ultrasound exposure. Furthermore, Fig. 2F show the correlation between the penetration depths of 
the viability dye calcein-AM and three different manually sorted cell aggregate categories (data 
from Fig. 2E): Spheroids (59%), inconclusive (26%), and no spheroids (14%). Here, the length of 
each curve (up to 120 μm) corresponds approx. to the radius of the spheroid. When there are tight 
contacts formed between cells calcein cannot penetrate far into the spheroid, which we use as a 
spheroid formation indicator. The spheroid formation efficiency, i.e. how many spheroids out of the 
100 wells that are formed, depends on which type of cells we use. For HepG2 cells we have a 
formation efficiency of 59% and for fibroblasts the efficiency is decreased to 22 % under the same 
approx. level of ultrasonic actuation. It is clear that fibroblasts are more difficult to persuade to form 
spheroids than HepG2 cells. One reason could be the different set of adhesion proteins fibroblasts 
have compared to HepG2 cells.  
   

                     
Fig. 2. (A) A typical example of a solid 3D spheroid of fibroblasts formed under the effect of ultrasound. (B) The same spheroid in 
(A) but 20 hours later without ultrasound actuation, the spheroid starts to grow in 2D. (C) When the ultrasound is turned ON the 
HepG2 cells form a solid tumor spheroid. (D) HepG2 cells grow in a 2D layer when the ultrasound is turned OFF. (E)  Calcein-AM 
stained HepG2 cell aggregates after 7 days of continuous ultrasound exposure (average projected area of spheroids: 3∙104 ± 5∙103 
μm2). (F) Calcein-AM fluorescence intensity variations from the surface towards the center of each of the aggregates seen in (E). 
 
Conclusion 
We have demonstrated our temperature controlled multi-well device and the effective 3D growth of 
HepG2 cells and fibroblasts into cell spheroids, in parallel. These spheroids can be important in 
cancer research for example drug screening. Moreover, in the future our system could be a valuable 
part in the organ-on-chips and ultimately human-on-chips platforms.  
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This work presents the development of a miniaturised system developed for removing plasma proteins 

and other low-molecular-weight compounds from erythrocyte concentrate in a simple one-step-

process using ultrasound in a microfluidic system. 

 

Introduction 

IgA is the dominating immunoglobulin in human external secretion with the role to protect us from 

bacterial and viral infections in the mucous lining of the mouth, eyes, airways, gastrointestinal tract 

and urinary tract. Individuals lacking IgA have a tendency to develop antibodies against IgA even 

without previous exposure to plasma IgA.1 The presence of these antibodies is connected with high 

risk of severe, potentially life-threatening, anaphylactic transfusion reactions upon treatment with 

blood components containing IgA. There is therefore a need within the health care system to have 

access to IgA free blood components quickly and in abundance, especially to accommodate blood 

transfusions in acute situations when it is not possible to test for IgA deficiency of the patient. 

Currently used technique of washing red blood cells consists of repeated dilutions and centrifugation 

steps. It is a very time-consuming and labour intensive process. This work presents a lab-on-a-chip 

system utilizing integrated acoustophoresis to prepare IgA-free red blood cells in an efficient manner. 

 

Experiment 

A standard silicon wash chip with two inlets and two outlets was used (Figure 1).2 Erythrocyte 

concentrate diluted 1:20 in NaCl entered through the side inlets at a flow rate of 100 µL/min and 

clean SAGMAN solution used as wash buffer was injected through the centre inlet at 300 µL/min. 

The washed erythrocytes were recovered at 100 µL/min through the centre outlet and the original 

plasma containing solution and additional SAGMAN solution was eluted at 300 µL/min through the 

side outlets as waste. All fluid flows were controlled via a custom-made pressure driven system based 

on Sensirion flow sensors and a pressure control feedback loop. Besides the measuring of IgA protein, 

albumin was also measured as it is the most abundant protein in blood plasma. 

 

 
Figure 1. Picture of the wash chip. Wash buffer (SAGMAN solution) enters through the center inlet while 

blood sample enters through the side inlets. The acoustic standing wave transfers the RBCs from the original 

medium into the wash buffer in the center of the channel. The washed RBCs exit through the center outlet 

while the original medium with solved proteins exit through side outlets. 
 



 

Results 

The processed erythrocyte fractions were analysed by a Coulter Counter, and an erythrocyte recovery 

of 98% was achieved. This should be compared with the manual wash recovery which is about 92%. 

Further, the wash efficiency for albumin was 100% which can be seen in Figure 2. Also, the wash 

efficiency of IgA was shown to be in the same range as the manual wash (96% or higher). Preliminary 

data indicates that the wash efficiency of IgA is at a sufficient level from a clinical perspective and 

thus comparable to the manual centrifugal wash. 

 

 

 
Figure 2. The wash efficiency of albumin. 

 

 

Conclusion 

Both the recovery of erythrocytes and the preliminary data on the wash efficiency of Albumin and 

IgA protein indicates the potential of acoustophoresis based cell wash for IgA depletion of blood 

samples. Previous findings also states that the use of acoustophoresis for cell manipulation does not 

harm the cells and show that it is a viable way of processing clinical samples.3 
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Introduction 

Creating layered constructs of human cells that mimic those found in-vivo in epithelial structures is 

challenging. Cell culture models are important in understanding the fundamentals of diseases as 

well as normal cellular physiology. We aim to create a multi-layered cell culture model to 

investigate the interactions of the different cells in the airways for a better insight into asthma.  

 

Using thermo-responsive polymers to grow then subsequently release cell sheets for layering has 

previously been demonstrated with cardiomyocytes
1
 [ref], however the process of detaching the 

layers has several drawback including the difficulty of detaching the more adherent epithelial cells, 

and the stresses induced in cells through this mechanical handling.  

 

We demonstrate a new technique that takes advantage of the propensity of cells in a planar 

resonator to form sheets that are one cell in thickness, and investigate the progress of junctional 

formation, and the factors that cause cells to preserve their layered structure once they have been 

deposited on underlying cell layers. Previous studies2 have shown that levitating sheets of PZ-PHV-7 

prostate epithelial cells for 1 hour allows formation of their adherens junctions, which is important for 

preserving morphological structure. 
 

 

   
Figure 1: 6-well plate mounted planar resonator, with a resonant (half-wave) cavity of 0.3mm 

height. 

Experiments and Results 

The device shown in figure 1 was created to allow levitation within a conventional 6-well plate. It 

incorporates magnets to enable easy mounting, and a mirror to create a dark background during 

fluorescent imaging.  We investigated the formation of adherens junctions between levitated 

16HBE cells, staining for F-actin and E-cadherin at regular intervals over 24 hours.  Figure 2 shows 

results at 2 hours.  We find that initially cells do not form a perfect monolayer (the layer is often 

two cells thick), but re-arrange themselves so that by 2-hours the layer has single cell thickness. At 

around 6-hours, the cell aggregate is seen to begin to contract becoming pellet shaped.   

mailto:P.Glynne-Jones@soton.ac.uk


 

We will report on detailed investigations into the junction formation, and demonstrate that this 

contraction results from F-actin filaments creating tension in the monolayer. 

 

We will show that seeding 16HBE cells, on a confluent layer of MRC5 cells does not lead to a 

layered structure (figure 3a), and that through suitable initial levitation (details not yet published) a 

sheet of 16HBE cells can form a sheet that preserves its morphology when deposited on confluent 

MRC5 cells to form the structure seen in figure 3b. 

 

 
Figure 2: Immunofluorescent staining of 16HBE cells after 2 hours of levitation.  Localisation of E-

cadherin and F-actin at cell membranes indicates an early stage of adherens juntion formation. 

 

Figure 3: Composite strucutres of cells 24 hours after seeding using three different methods: 

(A)16HBE and MRC5 cells added together (B) 16HBE cells added onto a confluent MRC5 layer; 

(C) 16HBE cells allowed to form junctions during acoustic levitation prior to deposition onto a 

confluent MRC5 layer.  Top and RHS of each image show cross sectional views along the white 

lines. 
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28 kHz 

Fig.2. (A) Separation of cancer cells (C=270×104 cells/mL) from low concentration of RBCs (106 times diluted from whole blood). (B) Separation of 

cancer cells (C=95×104 cells/mL) from high concentration of RBCs (103 times diluted from whole blood).   
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Introduction 

Sample preparation is a crucial step in many analytical and diagnostic methods. In particular, there 

is a growing need for fast and simple methods for isolating and up-concentrating a certain pathogen 

or cell from a complex sample containing a mixture of different cell types for further analysis. In 

addition, molecular detection methods, such as DNA-detection by PCR, are typically based on 

analysis of a lysed cell sample. Therefore, an automated, on-chip sample preparation method 

combining cell isolation/purification, up-concentration and lysis would be an attractive alternative 

to conventional procedures involving several steps and manual handling. 

 

In the present paper we combine for the first time kHz- and MHz-frequency ultrasonic actuation for 

on-chip size-based isolation, up-concentration and lysis of cells. As proof of concept, we 

demonstrate MHz-frequency ultrasonic isolation and trapping of ~10-µm (4H4b) breast cancer cells 

from ~5-µm RBCs, and we investigate the kHz-frequency ultrasonic lysis effect on isolated cancer 

cells. 

 

Experiments 

Ultrasonic cell isolation: A modified design of the acoustofluidic chip described in Ref. 1 was 

fabricated and is shown in Fig. 1. A. mixture of 4H4b breast cancer cells and red blood cells 

(RBCs) was acoustophoretically pre-aligned into two nodes at 4.43-MHz actuation, followed by 

size-selective focusing of the larger breast cancer cells into the main channel using a second 

transducer operating at 1.40 MHz, while guiding the RBCs into the side channels (cf. Fig. 2A).  
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Fig.1. (A) Illustration of the glass-silicon-glass microchip with 

ultrasonic transducers. The yellow circle around the expansion 

chamber shows the position of the tip of the ultrasonic horn that is 

used for cell lysis. (B) Ultrasonic horn operating at 28 kHz.   
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Ultrasonic cell lysis: After the isolation and trapping procedure, a 28-kHz transducer was attached 

to the chip and operated for 80 seconds at 100 W for lysing the trapped cell aggregates. For 

quantifying lysis we used the viability probe calcein-AM (green) and the DNA probe Hoechst 

(blue). During the lysis operation, the temperature on the chip increased from 22.5
°
C

 
to 38

°
C, which 

indicates that acoustic cavitation and not heating is the most likely reason for the cell disruption. 

 

Results 

The separation efficiency is quantified in Fig. 3 and compared with the corresponding efficiency 

when separating polystyrene beads with similar sizes. In Fig.4 the cell separation efficiency at 

different flow rates are compared. Fig. 5 shows the trapping efficiency for isolated cancer cells that 

were trapped up-streams and concentrated in an expansion chamber with 93.1% efficiency (at the 

flow rate 1 µm/min for all of the two middle outlets, 0.5 µl/min of the end outlet) and ultrasound 

actuation at 2.78 MHz and 10 Vpp). Finally the cells were lysed in the chamber using kHz-frequency 

horn transducer (cf. Fig. 6). 

                      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

Our experiment demonstrates that an acoustofluidic chip operated with five different ultrasonic 

transducers (from kHz to MHz) can be used for on-chip sample preparation, by performing in a 

sequence the following cell manipulation functions: Pre-alignment, size-selective separation, 

isolation, up-concentration and lysis. 
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Fig.3. Quantification of the separation efficiency 

(percentage of captured and lost cells). Comparison 

between separating cancer cells from RBCs (blue), and 

separating 10-µm polystyrene beads from 5-µm 

polystyrene beads (green). Each experiment was 

repeated 3 times, and the selected concentrations were 

the same for the cells and the beads (using the 

concentrations in Fig. 2A).  

 

Fig.4. Quantification of the separation 

efficiency (percentage of captured and lost 

cells). Comparison between different flow 

rates from the end outlet. Error bars 

correspond to 3 times repetition of the same 

experiment. 

 

Fig.6. Quantification of the lysis 

experiment. The diagram shows the 

fraction of lysed cells as a function of 

ultrasonic exposure time (28 kHz 

operation). During the 80 seconds, the 

temperature on the chip increased from 

22.5°C to 38°C. In this quantification, the 

bright field microscopy mode was turned 

off which facilitated the classification of 

live and lysed cells (green and blue, 

respectively). 

Fig.5. Trapping efficiency of 

the 4H4b-cancer cells inside 

the trapping element.  
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Introduction
The acoustic radiation force is the time-averaged force experienced by a particle in an acous-
tic field due to scattering of the acoustic waves on the particle. It depends on the scattering
coefficients particular to the given particle and fluid. For particles of radius a much smaller
than the acoustic wavelength λ, only the monopole and dipole scattering coefficients f0 and
f1, respectively, are necessary to evaluate the force. These scattering coefficients are known for
compressible spheres in ideal [1] and viscous [2] fluids, but not in general for thermoviscous flu-
ids. In this work we apply the mode method developed for acoustic attenuation in emulsions [3]
and suspensions [4], and we derive a general analytical theory of scattering from microparticles
and droplets suspended in a real fluid including both viscous and thermal dissipation.

Theory
The physical mechanisms responsible for scattering of acoustic waves on a microparticle in
a thermoviscous fluid are sketched in Fig. 1, indicating the relevant parameters, namely com-
pressibility κs, thermal expansion coefficient αp, specific heat capacity Cp, heat capacity ratio γ,
thermal conductivity kth, density ρ0, and viscosity η0. The scattering depends on the particle-
to-fluid ratios of the material parameters, and these ratios are denoted by a tilde. For example,
a contrast α̃p = αparticle

p /αfluid
p 6= 1 in thermal expansion, combined with the oscillatory thermal

field, leads to a ”breathing mode” as the particle contracts and expands relative to the fluid,
thus contributing to the monopole scattering coefficient f0. This scattering problem is solved
using linear scattering theory, where all physical fields are expressed in terms of the compres-
sional scalar potential φc, the thermal scalar potential φt, and the shear-viscous vector potential
Ψs, each a solution to a wave equation with corresponding wavenumbers kc, kt, and ks,

∇2φc + k2
cφc = 0, ∇2φt + k2

tφt = 0, ∇2Ψs + k2
s Ψs = 0, (1)

kc '
ω

c

[
1 +

i

2
[Γs + (γ − 1)Γt]

]
, kt '

(1 + i)

δt

[
1 +

i

2
(γ − 1)(Γs − Γt)

]
, ks =

(1 + i)

δs

. (2)
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Figure 1: Sketch of acoustic scat-
tering mechanisms. (a) Monopole
scattering due to contrast in com-
pressibility between fluid and par-
ticle. (b) Monopole scattering and
thermal boundary layer (pink) due to
contrast in thermal properties (e.g.
thermal expansion). (c) Dipole scat-
tering and viscous boundary layer
(blue) due to contrast in density (in-
ertia). (d) Multipole scattering due
to shape changes for large particles
(not studied in this work).
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Here, ω is the angular frequency, c the speed of sound, while the characteristic viscous and
thermal lengths δs =

√
2ν0/ω and δt =

√
2Dth/ω are given in terms of the momentum and

thermal diffusivities ν0 = η0/ρ0 and Dth = kth/ρ0Cp, respectively. The dimensionless viscous

and thermal damping factors Γs = (1+β)ν0ω/c
2 and Γt = Dthω/c

2 are much smaller than unity.

Analytical results
In brief, the above wave equations are solved analytically using a partial-wave expansion ap-
plying the appropriate boundary conditions at the fluid-particle interface (continuous velocity,
stress, temperature, and heat-fluxes) as well as imposing outgoing scattered waves. For the
case of a small fluid droplet (a� λ), we find the scattering coefficients f0 and f1 to be

f0 = 1− κ̃s + 3(γ − 1)

[
1−

α̃p

ρ̃0 C̃p

]2

H, f1 =
2(ρ̃0 − 1)(1 + F −G)

(2ρ̃0 + 1) (1 + F )− 3G
, (3)

where H, F , and G are known analytical functions of the droplet radius a as well as the
wavenumbers, viscosity and thermal conductivity of the fluid and the droplet. We note that
an additional term corresponding to the thermal mechanism of Fig. 1(b) is added to the usual
expression f0 = 1 − κ̃s [1,2]. Moreover, in the limit of small boundary layers, δs, δt � a and
δt � a, we recover the known results for f0 and f1 in Refs. [1] and [2], respectively.

For a horizontal standing wave, we have the acoustic contrast factor Φac = 1
3
Re[f0]+ 1

2
Re[f1],

which in Fig. 2 is calculated using ideal, viscous, and thermoviscous theory, respectively. We
note that for small particles, the thermal effects are significant and can even cause a tunable
sign change in Φac, which may be used in size-based particle sorting.

Figure 2: (a) Analytical results (Ideal, Visoucs, and Thermoviscous) for the acoustic contrast factor Φac in
a halfwave standing wave field versus the viscous boundary layer thickness δs in units of the droplet radius a,
using realistic parameter ratios corresponding to a droplet in water. κ̃s = 0.8 was chosen to illustrate that Φac
may change sign at a critical value of δs/a due to the thermal correction term. (b) Relative deviation of Φac for
the thermoviscous theory from that of the viscous theory for the case of a vegetable oil droplet in water. The
thermoviscous theory introduces corrections of more than 100% compared to the viscous theory.

Conclusion and outlook
We have developed a complete analytical thermoviscous theory of ultrasound scattering on
microparticles and droplets. We find that for small droplets with a radius comparable to the
thickness of the thermal and viscous boundary layer, respectively 0.2 µm and 0.4 µm in water
at 2 MHz, the corrections due to thermal effects may be as large as 100%. Under properly
tuned conditions, this means that submicrometer particles with the same acoustical properties,
may be separated according to size at nodes and anti-nodes, a feature relevant for the design
of devices for sorting bacteria and vira. We are currently establishing numerical validation of
the thermoviscous theory by extending our prior numerical analysis of the acoustic radiation
force using COMSOL Multiphysics from the viscous to the thermoviscous case.
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Introduction 

Control of boundary-driven streaming in acoustofluidic systems is vital for various microfluidic 

applications either to generate it as a positive mechanism (e.g. microfluidic mixing, heat/mass 

transfer and fluid pumping) or suppressing it as an undesired disturbance (e.g. particle/cell 

focusing). It has been shown that two-dimensional (2D) and three-dimensional (3D) boundary-

driven streaming can be solved from the limiting velocity method as long as the curvature of the 

surface is small compared to the viscous penetration depth, δv.[1, 2] In this work, acoustic streaming 

fields in 2D rectangular enclosures that have structured textures, which do not satisfy this condition 

are numerically studied by full modelling of Reynolds stresses and the effects of surface profile 

amplitude on a boundary-driven acoustic streaming field are investigated. Specifically, a sine-wave 

shaped profile on a boundary parallel to the particle oscillations is considered, which is found to 

have large influences on both the magnitude of acoustic streaming velocities and streaming patterns.  
 

Model description 

Fig. 1(a) & (b) show respectively the model and a magnified view of A on the top wall of the fluid 

chamber, where a sine wave shaped boundary is considered. It is determined by two parameters, h0 

and λs, which are respectively the amplitude and wavelength of this sine-wave. The standing wave 

field in this chamber is generated by the vibration of its left wall, which is driven at f = 1 MHz and a 

half-wavelength resonance in the x  direction of fluid chamber is established. Only half of the 

chamber is modelled for the numerical efficiency so in both steps the bottom wall of the fluid 

chamber is considered as a symmetric boundary. The results presented here are for λs = 3.3 μm. 

 

Fig. 1 Illustration of the model: (a) excitation, coordinates and dimensions of the model; (b) showing a magnified view of A in (a), 

where λs and h0 represent respectively its wavelength and amplitude. 

 

Results 

In the first step the linear wave equation is solved in the frequency domain. Then, the Reynolds 

stress force can be calculated and with it the driving force for the second step, creeping flow, solved 

by the stationary solution. A series of surface profiles with diverse h0 ranging from 0.1 nm to 20 μm 

were studied. The modelled results in two cases respectively with h0 = 0.1 nm and h0 = 0.53 μm are 

shown and compared in Fig. 2, where acoustic pressure field, acoustic streaming field and a 

magnification of acoustic streaming field near the viscous boundary are presented. It can be seen 

from Fig. 2 (a) & (c) that half wavelength resonances are formed in the x  direction of the fluid 

chamber for both cases and the pressure magnitudes of them are similar, which means that the 



 

amplitude of the surface profile has little effect on the first-order acoustic pressure field. However, a 

significant difference is found for these cases in both magnitudes of acoustic streaming velocities 

and streaming patterns. It is found that in cases where h0 are extremely small, e.g. Fig. 2 (b), the 

modelled streaming fields are the classical boundary-driven streaming patterns. When h0 reaches to 

a certain value (around 10 nm), the number of inner vortices is found to be dependent on λs such 

that there are two inner streaming vortices within each wavelength, Fig. 2 (f). However, there is less 

impact on the pattern of outer streaming, Fig. 2 (d). With a further increase of h0, some interesting 

phenomena are observed (graphs not shown): (1) a global growth trend is obtained for the 

maximum inner streaming velocity, which grows less quickly after h0 exceeds δv; (2) the maximum 

outer streaming velocities firstly increase rapidly to its peak when h0 is approximately half of δv and 

then decreases to the maximum streaming velocity in an enclosure with flat boundaries when h0 

reaches close to δv. With a further increase of h0, the maximum outer streaming velocity further 

decrease and then reverses in direction. 

 

Fig. 2 Modelled acoustic pressure and acoustic streaming fields: (a) acoustic pressure field in an enclosure with h0 = 0.1 nm; (b) 

acoustic streaming field in an enclosure with h0 = 0.1nm; (c) acoustic pressure field in an enclosure with h0 = 0.53 μm; (d) acoustic 

streaming field in an enclosure with h0 = 0.53 μm; (e) magnification of A in (b) with arrow plot of streaming velocity field; (f) 

magnification of B in (d) with arrow plot of streaming velocity field, where A and B are local areas close to the boundary. 

 

Conclusions 
The effects of surface profile on a boundary-driven acoustic streaming field have been numerically 

investigated for the case of a sine wave shaped profile on the boundary that is parallel to the 

direction of acoustic oscillations in rectangular enclosures. It was found that this kind of surface has 

significant influence not only on the magnitude of streaming velocities, but also on the streaming 

patterns. The dramatic increase of the number of inner vortices and magnitude of streaming velocity 

could significantly enhance mass transfer in acoustofluidic devices, which is of potential use in 

applications where acoustic streaming has a positive effect, such as microfluidic mixing, fluid-

pumping and battery systems that are diffusion limited. 
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Introduction
Surface Acoustic Wave (SAW) based systems have gained prominence in recent years for various
applications including particle and fluid manipulation. However, the theoretical and numerical
work is rather limited and so is the full understanding of the fundamental physical mechanisms,
e.g. what is the mechanisms behind the vertical focusing of particles in PDMS channels driven
by SAW1 and what is the critical particle size for the transition between radiation-dominated
and streaming-dominated acoustophoresis in these systems? The latter has been extensively
studied for Bulk Acoustic Wave (BAW) driven systems numerically by Muller et al.2 and
experimentally by Barnkob et al.3 In this work, we present a numerical analysis along the
lines of that by Muller et al., but where the model differs in the actuation mechanism and the
wall conditions.

Figure 1: (a) Cross-sectional sketch of the SAW device with a microfluidic PDMS channel of width w = 600 µm
and height h = 150 µm. (b) Two-dimensional computational domain subject to impedance boundary conditions
(water/PDMS interfaces) and actuation condition (water/substrate inteface).

Numerical analysis
Figure 1 shows a schematic of a typical device for SAW separation in a PDMS microchannel1.
We model the fluid using compressible Navier-Stokes equations without making any a priori
assumptions about specific flow regimes. We employ a perturbation approach where the so-
lution of the first-order equations is used to calculate the source terms in the time-averaged
second-order equations, which are then solved to obtain the acoustic streaming field. Com-
bining information from these two solutions, it is possible to estimate the mean trajectory of
particles in the flow. The particle motion inside the flow is governed by two forces: acoustic
radiation force, Frad, and the hydrodynamic drag force from the acoustic streaming. In many
acoustofluidics problems the inertia of the bead can be neglected and thus, the velocity of the
particles can be obtained using Newton’s second law as: vbead = 〈v2〉+Frad/(6πµa). We apply
impedance boundary conditions to model the PDMS channel walls, while the bottom surface
of the channel is subjected to a standing SAW. This actuation displacement is obtained via su-
perposition of two SAWs traveling in opposite directions using the traveling SAW displacement



profile as used by Köster5. The numerical solution was obtained via an in-house finite element
code based on the deal.II finite element library.

Results
Figure 2 shows the plots of the first-order and second-order pressure and velocity fields. These
fields are significantly different from those obtained by Muller et al. for BAW systems, which
can be attributed to the large differences in acoustic impedance of the channel wall material
(PDMS for SAW systems versus typically glass or silicon for BAW systems).

Figure 2: (a) First-order pressure p1 (from blue -5.7 kPa to red 5.7 kPa). (b) First-order velocity v1 (magnitude
from blue 0 to red 8.4 mm/s). (c) Second-order time-averaged pressure

〈
p2
〉

(from blue -16.4 mPa to red 18.8

mPa). (d) Second-order time-average velocity
〈
v2
〉

(magnitude from blue 0 to red 2.5 µm/s).

Figure 3: Plot of trajectories of polystyrene beads of diameter (a) 3 µm, and (b) 12 µm. The dots indicate the
final position of the beads. Streaming-induced drag force dominates the motion of the smaller beads resulting in
their advection along streaming flow patterns while the motion of the bigger beads is dominated by the acoustic
radiation force which moves them to the pressure node.

Figure 3 shows the trajectories of polystyrene particles of diameter (a) 3 µm, and (b) 12 µm.
It can be seen that while the motion of the smaller particles is dominated by the hydrodynamic
drag force, the motion of the large particles is radiation force driven and large particles are
moved to the pressure node by the acoustic radiation force. The critical size for transition from
streaming dominated motion to radiation force dominated motion obtained from our numerical
model is similar to those reported by experiments which have shown the ability of SAW devices
to separate particles of size around 9 µm due to the radiation force. We also observe vertical
focusing of larger beads, which in combination with gravity (neglected in this work), may ex-
plain the results obtained by Shi et al.1 Future investigations will aim at more comprehensive
validation of our numerical model using 3D astigmatic particle tracking measurements to gain
a better understanding of the acoustophoretic phenomena in SAW devices.
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Introduction
For many biological applications of acoustophoresis, the particles or cells to be handled are at so
high concentrations that hydrodynamic interactions are significant. However, in the majority
of theoretical studies, these interactions are neglected to allow for a simplified single-particle
approach. In this work we present a theoretical and numerical analysis of the interaction ef-
fects in terms of an effective particle mobility and an effective viscosity of the entire suspension.

Theory
We consider hard monodisperse spherical particles of radius a suspended in a Newtonian liquid
with viscosity η. At position r at time t, we introduce the local number concentration c(r, t) of
particles and the local particle-to-liquid volume fraction φ(r, t) = (4π/3) a3 c(r, t). As φ(r, t)
increases, so does the viscous stress in the liquid between the particles. This hydrodynamic in-
teraction results in an increase of both the effective viscosity ηeff = ψ(φ)η of the suspension, and
the particle mobility (force-to-velocity ratio) µ = −6πηa/χ(φ). Brenner proposed analytical
models for the non-dimensional pre-factors ψ(φ) and χ(φ) [1], which we use in the conservation
equations for the particle concentration, fluid momentum (Navier–Stokes), and mass

∂tc = −∇ ·
[
−D∇c+v c+

χ(φ)

6πηa
Fac c

]
, ρ∂tv = −∇p+ψ(φ) η∇2v + cFac, 0 = ∇ ·v, (1)

where D is the effective particle diffusion constant, Fac is the acoustic radiation force on a
single particle, while ρ, p and v is the density, pressure and velocity of the liquid, respectively.

Model and numerical simulation
We consider the standard situation of a standing halfwave resonance in a microchannel with
hard walls [2], see Fig. 1(a). The analytical expression for the acoustic radiation force Fac on a
single particle is known [3]. It is inserted into the governing equations Eq. (1), which then are
solved numerically using the COMSOL Multiphysics implementation, described in Ref. [3], for
an initial uniform particle distribution with volume fraction φ0.

Figure 1: (a) Top view of the microchannel with hard (horizontal gray) walls and periodic (vertical dashed)
boundaries. Initially, the suspended particles (circles) are uniformly distributed with volume fraction φ0 (from
0.001 to 0.1). (b) The number of particles at time t in the center region of width 0.2W is denoted Ncen(t).

www.fysik.dtu.dk/microfluidics


Figure 2: (a) Numerical simulation of the ratio of focused particles Ncen(t)/N defined in Fig. 1(b) versus
time t scaled by the single-particle migration time t∗. The four combinations of with/without advection and
with/without hydrodynamic interaction effects are presented, see legends. (b) Same as (a) but re-scaling time
by the interacting-particle migration time τ∗, resulting in a near-collapse of the curves on a single curve.

Results
It is of practical relevance to study how quickly the suspended particles can be focused near the
center of the channel. We therefore calculate numerically the ratio Ncen(t)/N of particles, which
at time t are collected in the center region defined in Fig. 1(b), relative to the total number
of particles. In Fig. 2(a) we plot Ncen(t)/N versus t/t∗, where t∗ is the timescale set by the
non-interacting migration time from the edge to the center of the channel for a single particle
subject to an external force Fac and no interaction effects, v = 0 and χ = ψ = 1. To study the
role of the effective mobility χ and viscosity ψ, four cases are shown in Fig. 2(a): (i) Neglecting
both advection and hydrodynamic interaction effects (v = 0, χ = ψ = 1). (ii) Neglecting
advection but including effective mobility (v = 0 and χ < 1). (iii) Including advection but
neglecting interaction effects (v 6= 0, χ = ψ = 1). (iv) Including both advection and interaction
effects (v 6= 0, χ < 1, ψ > 1).

The main result extracted from Fig. 2(a) is that the effective mobility χ dominates and
slows down the particle focusing significantly (blue and magenta curves). Clearly, t∗ is not
the relevant timescale, and we therefore introduce the new timescale τ ∗ = t∗/χ(φ0), which is
a simple rescaling of t∗ taking the effective mobility χ (at the initial particle concentration)
into account. In Fig. 2(b) we re-plot Ncen(t)/N now versus t/τ ∗, which (nearly) leads to a col-
lapse of the four curves. In the specific example we have used φ0 = 0.1 which implies τ ∗ = 3.1 t∗.

Conclusion and Outlook
The above analysis of hydrodynamic interaction effects shows that the effective mobility χ is
an important parameter. For high particle concentrations we have shown that the characteris-
tic migration time in acoustophoresis increases significantly for volume fractions φ above 0.01.
For φ0 = 0.01 and φ0 = 0.10 we obtain τ ∗ = 1.5t∗ and τ ∗ = 3.1t∗, respectively. This have
consequences for high-concentration experiments. In Fig. 3 we show a promising, qualitative
comparison between our numerical simulations and preliminary acoustophoretic focusing ex-
periments on polystyrene microparticle suspensions at low and high initial concentration.

Figure 3: Comparison between preliminary acoustophoretic experiments (micrographs courtesy K. Cushing
and T. Laurell, Lund University) and numerical simulations (color-plots). (a) Partially focused, fluorescent
5-µm-diameter polystyrene particles at time 20t∗ for φ0 = 0.001 (dilute suspension). (b) Numerical simulation
of panel (a). (c) Same as (a) but for φ = 0.1 (concentrated suspension). (d) Numerical simulation of panel (c).
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Introduction 
Cardiac regenerative therapy is currently hampered by the low number of stem cells that are 
delivered at the site of infarction [1]. To improve the homing of stem cells, we are currently 
investigating a novel delivery platform in which stem cells are conjugated with targeted 
microbubbles (tMBs), creating echogenic complexes dubbed StemBells. In this study we investigate 
the feasibility of manipulating the position of StemBells within the blood vessels of a chicken 
embryo (150–400 µm in diameter) using acoustic radiation force (ARF). Translational dynamics 
were measured for different saturation grades (i.e. bare stem cells, unsaturated StemBells with < 
5 tMBs/cell and saturated StemBells with > 30 tMBs/cell) and peak acoustic pressures (P_ = 
200 kPa and P_ = 450 kPa). 
 
Experiment 
Stem cells were cultured in platelet lysate enriched medium. Next, cells were fluorescently labeled 
(Hoechst), trypsinized, washed and mixed with CD90-targeted microbubbles for 30 min under 
continuous rotation at room temperature to create StemBells. The mixing ratios (stem cell : tMBs) 
used to get unsaturated and saturated StemBells were 1:10 and 1:200 respectively. For the 
experiment, the embryo (5 days old) was taken out of the eggshell, transferred to a cup and 
embedded in a heated water bath which was connected to a microscope equipped with a color 
camera. The water tank was also holding the 1 MHz ultrasound (US) transducer. Samples were 
infused into one of the vitelline veins upstream from the optical field of view. The radial 
displacement of the fluorescent stem cells following acoustic forcing (1 MHz, P_= 200 kPa or P_= 
450 kPa, 10 seconds, 10% duty cycle) was studied using intravital time-lapse fluorescence 
microscopy. 
 

  
Fig. 1. (left) Coated bubbles are targeted to stemcells through biotinylated CD90 antibody binding. (right) The stemcell/bubble 
complex are injected into one of the vitelline veins of a 5-day old chicken-egg embryo model. 
 



 
 
 
Results 
StemBells were found to be highly susceptible to acoustic radiation force; this acoustic force can 
then be used after injection to deliver the StemBells locally at the treatment site. The dynamics of 
StemBells during ultrasound insonification was characterized using high-speed optical imaging in 
an in-vitro setup (see panel Fig. 2(left)). Using a simple hydrodynamic model the resonant radial 
dynamics of the complexes could then be used to predict the acoustic radiation forces to manipulate 
the StemBells.  Stembells were also injected in a chicken embryo model, allowing for the real-time 
optical observation of the effects of acoustic radiation force on the StemBells in vivo. Bare stem 
cells (n = 21) or unsaturated StemBells (n = 11) did not respond to US application. However, 
saturated StemBells (n = 12) could be propelled toward and arrested at the vessel wall. The mean 
translational velocities measured are 61 µm/s and 177 µm/s for P_ = 200 kPa and P_ = 450 kPa 
respectively. Fig. 2 (right) shows a typical radial displacement-time curve of a saturated StemBell in 
response to US (200 kPa, black); the curve of a non-responding bare stem cell (red) is also shown. 
The StemBell- technique offers potential to increase the homing of stem cells to their target tissue in 
a well-controlled and minimally invasive manner. 
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Fig. 2. (left) The Stembells resonate to the driving ultrasound field at a much lower resonance frequency than those known for single 
bubbles. A simple Rayleigh-Plesset type equation predicts the resonance behaviour of the stemcell/bubbles complex. (right) Typical 
radial displacement-time curves obtained for responders (black) and non-responders (red), both obtained using P− = 200kPa. The 
blue bar indicates the time window of ultrasound (US) application. 
 
Conclusion 
 
We have developed a new method for localized stem cell delivery using ultrasound radiation force 
and StemBells: stem cells decorated with targeted microbubbles. As proof of concept, StemBells 
were successfully delivered at the endothelium of microvessels in a chicken embryo. This 
ultrasound-mediated stem cell delivery technique therefore offers potential to increase the homing 
of stem cells to their target tissue in a minimally invasive manner. 
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Introduction 

Bubbles are ubiquitous in many modern technologies, which eventually rely on their size 

distribution and volume concentration. Diagnostic applications using lipid-coated microbubbles 

already require in addition a good knowledge of the acoustic emission of a single bubble, controlled 

by the shell parameters, but precise characterization of the coating becomes key for therapeutic 

developments as drug delivery and targeted microbubbles. If the acoustic emission is well known, 

bubbles’ non-linear response to environmental changes makes them potentially extremely sensitive 

sensors, eventually used to stratify treatments. A team of researchers led by the National Physical 

Laboratory has been building a facility for bubble characterisation: NPL’s sono-optical tweezers. 

Based on the simultaneous use of optical and acoustical tweezers, offering respectively a fine and a 

coarser manipulation tool, the instrument comprises of a microfluidic manifold designed to excite 

bubbles in a controlled metrological environment, where their acoustical emission can be fully 

characterised. This work summarises the recent results of this research, ending in December 2014. 

Experiment 

For optical tweezing we used a holographic set-up to impose a doughnut shape on the Nd:YAG 

trapping beam, and incorporated the microfluidic chip in a custom inverted microscope. The 

acoustic field in the glass chip was created using a PZT transducer bonded on its top surface. We 

used polymeric-coated bubbles (ExpancelTM, i.e. negligible volume oscillations) for calibrating the 

system and lipid-coated bubbles (resonant at a few MHz) to explore bubble dynamics [1].  

During calibration, we scanned the top surface of the glass chip with a laser vibrometer (Polytec), 

allowing a preliminary identification of the presence of standing waves [2]. We then inserted the 

chip (with its holder) in the inverted microscope set-up and injected polymeric-coated bubbles (6-

20 µm diam.) in the main microchannel. We trapped one bubble in the dark core of the laser beam 

(Fig 1a) and we observed its dynamics in the optical potential using an 80 fps camera. The acoustic 

field was then switched on: its frequency was changed until stable aggregation in the centre of the 

manifold was observed (163-165 kHz). Trajectories of free bubbles for different transducer voltages 

(Fig. 1b) were recorded using a 25 fps camera and the Particle Tracker plugin in ImageJ.  

An exponential horn (<300 µm tip), designed to have its main emission at 1MHz and characterised 

using hydrophone scans and acousto-optic vibrometry [3], was inserted in the channel to pilot the 

dynamics of lipid-coated bubbles closer to their acoustic resonance. In this case, we used the 

scattering of a probe He-Ne beam and an ultra-high speed camera (10 Mfps) to monitor dynamics. 

Results 

During calibration, we compared the acoustical pressure measured in the channel in three different 

ways. Detailed comparison of laser vibrometry data with FEM model (not presented in [2]) gave a 

first estimate of the pressure distribution and amplitude in the channel. We analysed the trajectories 

of isolated and optically-free Expancel bubbles to get a second, independent estimate of the acoustic 

pressure, using classical acoustophoresis theory [4]. 



 

  
(a) (b) 

Fig. 1. (a) Bubble trapped in the optical tweezers. (b) Bubble trajectories after switching on the acoustic tweezers. 

Finally, thanks to a full calibration of the optical tweezers set-up [5], we measured the acoustical 

forces acting on optically trapped bubbles by recording the average displacement in the trap for 

different transducer voltages (Fig. 2a) and assuming a harmonic potential. Repeating this 

measurement at different positions in the acoustic field (under classical acoustophoresis 

assumptions) gave a third independent estimate of pressure in the channel. The three methods 

showed good agreement, but different uncertainties.  

  

(a) (b) 

Fig. 2. (a) Position of the bubble in the optical trap for different values of the driving voltage (in mV): the centroid of each cloud 

gives the displacement used for force measurements. (b) Displacement on the top surface of the channel (RMS value) as determined 

by laser vibrometry during excitation with the horn (1.2 MHz). This plot shows that the field reaches the central area of the chip. 

Calibration methods where tested later on lipid-coated microbubbles, in presence of 1.2 MHz 

excitation (Fig 2b). We found that, even with the low exciting pressures used, the validity of 

Gorkov’s assumptions were put to test. We also found that optical tweezers could be used to 

measure forces only off resonance, so it was necessary to rely on much quicker measurement 

methods (i.e. light scattering and high-speed cinematography) to measure the forces on the bubbles.  

Conclusion 

We presented a microfluidic chip designed for simultaneous acoustic and optic manipulation of 

microbubbles. During calibration, we have compared three different techniques to measure acoustic 

forces (i.e. optical tweezers, particle tracking, and laser vibrometry); in this work, we discussed 

advantages and challenges for each of them. Finally, we modified the set-up to allow for the 

acoustical excitation of lipid-coated microbubbles and discussed some preliminary results on 

methods to investigate bubble dynamics. Future studies will see other techniques for bubble 

characterisation tested in our environment, feeding results into standardisation (e.g. ISO-TC281). 
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Introduction 
An ultrasound contrast agent (UCA) suspension contains encapsulated microbubbles with radii 
ranging from 1 to 10 µm. Clinical ultrasound systems typically operate at a single frequency, 
therefore only a small fraction of the bubbles will resonate to the driving ultrasound pulse. Thus the 
sensitivity in diagnostic imaging can be improved by narrowing down the size distribution. 
Moreover, a fully resonant bubble population of drug-loaded agents will be much more efficient in 
the local delivery to target cells. Finally, for the use of targeted molecular imaging with ultrasound 
it would be highly beneficial to discriminate adherent bubbles from freely floating ones, which can 
be achieved through spectral differences through a resonance shift of the adherent bubbles of a 
single size. For all these reasons it is of great interest to devise a method to inject only the resonant 
bubbles [1].  
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US wave
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Fig. 1. Acoustic bubble sorter for the sorting of UCAs. (A) Shows the design. A microbubble suspension is hydrodynamically 
focused in between two liquid co-flows (B) forming a bubble train (C). A traveling acoustic wave pushes the bubbles in vertical 
direction downstream of the channel (D). Note: the channel lengths are not drawn to scale. 

On-chip acoustic bubble sorting 
Here, we present a simple lab on-a-chip method to sort a population of microbubbles on-chip using 
a traveling ultrasound wave. A bubble in a traveling pressure wave experiences a net acoustic 
radiation force that pushes the bubble in the direction of wave propagation [2]. The magnitude of 
the radiation force is bubble size-dependent through resonance; bubbles close to resonance 
experience the largest force. We use the radiation force to sort bubbles in a microfluidic channel 
made in polydimethylsiloxane (PDMS) with an embedded piezo transducer. The use of a low-
pressure travelling continuous ultrasound wave allows for a finite net displacement of the bubbles 
during multiple cycles, whereas the ultrasound frequency allows for size-selectivity through 
resonance. We quantify the physical parameter space of the bubble-sorting device first by scaling 
up the problem by one order of magnitude to minimize the effects of diffraction and Mie scattering 
typically experienced in contrast bubble sizing. We do this by connecting a flow focusing geometry 
to the sorting channel to produce and sort bubbles in a 12 – 25 µm size range.  Next, we connect a 
smaller flow focusing geometry to the inlet of the sorting channel and show that sorting of bubbles 

 

 
 

 
 



 
with sizes similar to those of UCA is feasible. Finally, we show that UCA bubbles can be sorted 
with this novel sorting strategy. We focus them hydrodynamically between two co-flows to produce 
a bubble train with large enough spacing between the bubbles to minimize bubble-bubble 
interactions. The acoustic pressure employed during the experiments was measured by subdividing 
the sorting chip in two pieces along the sorting channel. A calibrated hydrophone measured the 
acoustic pressure along the sorting channel, which served as input for the displacement model.  
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Fig. 2. The acoustic bubble sorter in operation for bubbles produced in the flow focusing geometries. Bubbles with a resonance 
frequency higher (A) and bubbles with a resonance frequency lower (C) than the ultrasound frequency are displaced less than 
bubbles driven at resonance (B). Figure D shows the measured displacement as a function of the bubble radius (dots) for bubbles 
displaced in a 185 kHz wave. The solid red line shows the modeled displacement. Figure E shows the measured displacement as a 
function of bubble radius (dots) for bubbles displaced by a 1 MHz wave. (F) Experimentally obtained displacement of UCA bubbles 
as a function of the bubble size (dots). The red line shows the modeled displacement of coated bubbles with an initial surface tension 
of 6×10−3 N/m and the blue line shows the modeled displacement for a initial surface tension of 2×10−3 N/m. Varying the initial 
surface tension between these two values (gray area) show excellent agreement with the measured displacement. 

Results 
Figure 2D and 2E show the measured displacement (dots) of bubbles produced in a flow focusing 
geometry sorted in a 1 MHz and a 2 MHz ultrasound wave, respectively. Figure 2F shows the 
measured displacement for contrast agent bubbles (BR-14) of different sizes sorted in a 2 MHz 
traveling ultrasound wave. The solid lines show the displacement modeled by a Rayleigh-Plesset 
type model [3] coupled to a translation model incorporating the instantaneous radiation force, the 
drag force and the added mass force.  
 
Conclusions 
The modeled displacements are in good agreement with the experimental data for typical shell 
parameters adapted from literature. The bubbles are sorted by their acoustic property rather than to 
their size, which can be directly observed from the scatter of data in the figure 2F; two bubbles 
having the same size can have a different surface phospholipid concentration resulting in a very 
different acoustical behavior. The proposed sorting strategy is highly efficient for the injection of a 
smaller dose, yet highly resonant, enriched bubble suspension for preclinical small animal imaging, 
for targeted molecular imaging using ultrasound, and for drug and gene delivery applications. 
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Introduction 

This abstract describes some experiments which show that high water content materials such as gels (and 

pasta): 75-97.5 % water, are suitable for forming resonant chambers and acting as waveguides. The 

motivation is to show that these chambers can be used for manipulating particles in ultrasound-standing-

waves. Compared to traditional chambers for particle manipulation many aqueous gels are low cost, 

biodegradable, non-toxic and easily formed into microfluidic chambers using casting or laser cutting 

technologies. 

Silent resonance 

Some freely suspended materials such as metal, glass and even polystyrene emit sound when they 

resonate. Emitting sound causes the resonance to die away. Multiple wave modes produce destructive 

interference which also removes energy from resonances in the form of heat. Liquids must be held in a 

container and this leads to further destructive interference between reflections at the inner and outer 

vessel walls. Streaming also attenuates sound in liquids. Sound attenuation in the bulk material is often 

very low and may have little influence on the time for a resonance to die. For example sonar and whale 

songs transmit over long distances in water but longitudinal waves attenuation is even less in other 

materials: Attenuation in water is 10,000 times greater than aluminium and 7 times greater than 

polystyrene. Both freely suspended, aluminium and polystyrene resonate audibly when tapped. Water 

remains silent (in the absence of a splash). 

Gels; like water, do not emit sound, and their shear modes are minimal. Gels; unlike water, do not need a 

container and do not support streaming. 

 Vibration transfer 

Vibration energy for a resonant chamber must be transferred to the fluid from a drive source (e.g. from a 

pzt through a chamber wall). In systems where the wall and fluid materials are different: The impedance 

difference determines transfer of longitudinal waves; the wave-length difference determines leakage from 

plate waves.  

Gels are similar to water, and so we expect an efficient transfer of longitudinal and plate wave vibrations. 
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Experiments and results 

Materials tested for aqueous gel chambers: 2.5 % Agar, Pasta: boiled for 20 min final cross section 2.5 x 5 
mm (not shown, 4 % gelatine and rice noodles boiled for 10 min).  (All dyed red with Amaranth to enhance 
view of the near-white yeast suspension).  
Suspension: 0.5 % wt/vol dried yeast suspended in water. 
 

    

Figure 1. Agar gel block 20 x 70 mm 6 mm thick. Moulded shape: oval 10 x 30 mm, square section 1 x 1 mm. 

Frequency 1.5 MHz. a) Agar gel block held between pzt (left) and clamping plate(right). b-d) Corner of duct, 

close up. b) Sound off, c) Sound on 1 s, d) Sound on 10 s.  c and d) Two particle collection formations are 

present, here we consider only the highly concentrated lines, the upper diffuse clouds are related to the 

upper air interface.  

In figure 1 c and d the nodal lines do not follow the curve parallel to the duct walls instead, at the top left 

and bottom right of the pictures nodal lines indicate that the resonance is along the axis pzt - clamping 

plate. Elsewhere the curved gel does appear to deform the nodal planes. Conclusion: the resonance is 

mainly governed by the outer planes of the Agar gel, the interface between the water and duct walls does 

not interrupt the sound path enough to form a resonance bounded by the walls.  

  
Figure 2.Thread of pasta carrying 1 MHz sound 90 mm from a pzt to yeast suspension on a microscope slide. 

a) Sound off. b) Close view sound on. Yeast clumps make the nodal lines visible.  

In figure 2, pasta is used as a wave guide, sufficient 1 MHz sound passed through pasta thread to form 

standing-waves in the yeast suspension where a complex pattern of clumps along nodal lines is seen.  

Conclusion 

These preliminary experiments show that high-water-content materials such as pasta are low-loss sound 

conductors. Water and gels conduct sound silently; most of the energy appears to be transmitted as a form 

of plate wave which travel more slowly than compression waves in air, resulting in evanescent waves which 

do not leak to the air.  

In contact with water, gels and pasta form leaky waves transferring their energy to the water: where it can 

be used for manipulating particles.  
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Introduction 

Digital microfluidics involves the use of small sample droplets in oil filled channels, offers exciting 

possibilities in biochemistry. With the ability to form nano or picolitre droplets, there is potential 

for massive miniaturisation of high throughput screening (HTS) processes, where the full 

functionality of microtitre plate technology is replicated on a single chip for improved efficiency 

and substantially reduced costs. To implement such a system, the ability to create reagent mixtures 

on-chip in multiple permutations is required. We have previously examined the use of surface 

acoustic wave (SAW) excitation as a method to generate single droplets on-demand, in this work 

we show control their subsequent behaviour, specifically in the merging of two droplets on-demand, 

such that a platform for on-chip HTS can be developed. 

 

Results 

In order to enable the reaction of one library of chemicals with another, we have demonstrated the 

ability to produce single droplets, hence control can be obtained in the sequencing of droplets 

passing along a channel (not all droplets need be the same as occurs in continuous production 

methods)
1
. However, it is also necessary to be able to merge selected droplets in order to initiate the 

reactions; this capability is now examined, again by use of SAW actuation so that integration of the 

capabilities into a single chip becomes straightforward.  

 

In the device presented
2
 focused IDTs (FIDTs) of 80 µm wavelength deposited on lithium niobate 

are also used. The PDMS defined channel consists of enlargement fluid expansion zone at the 

location of the focal point of the IDTS. It is in this zone that droplets can be held against the 

flowing oil stream. The channel expansion results in lower local flow velocity for a given 

volumetric flow rate, yielding a slower moving droplet as well. The application of acoustic radiation 

forces by excitation of SAW then provide enough acoustic radiation force to retain the droplet from 

this slowed state. When a subsequent droplet arrives, it will merge with the held droplet; due to the 

volume increase the drag of the oil will then carry the combined droplet downstream. This process 

is show in Figure 1.  

 

  
Fig. 1: Droplet merging is shown using a time series of images. The first droplet is held in the expansion chamber, t = 1.2s, which is 

opposite the focussed IDTS (the last fingers of which are seen at the upper part of the images). When the next droplet arrives, t = 

2.2s, they merge, t = 2.4s, at which point the drag caused by the oil flowing around the large volume in such a confined space causes 

the droplet to flow downstream, t = 2.8s5. 
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Figure 2 shows the power required to capture droplets of different sizes, by use of sufficiently small 

initial droplets, the number of droplets that can be merged into the same volume is also tunable, 

with the merger of up to four droplets demonstrated here. Consider the critical volume/power ratio, 

at which the minimum ARF condition is met to retain a droplet in the focal point of the acoustic 

beam. When the next incoming droplet arrives this critical ratio is exceeded, resulting in the release 

of a merged droplet with a volume equal to that of the contributing droplets. If three droplets are to 

be merged, then the initial droplet volume must be less than half of this critical volume, such that 

the first merging event renders a volume which can still be held by the acoustic forces, prior to the 

second merging event causing the departure of the three now-merged droplets. This consideration 

was used to fix the location of the blue transition line (two to three droplets) with respect to the 

block dotted line (maximum volume for a single merging event). The blue line is fitted using the 

drag force relationships based on a stationary sphere confined in a circular pipe as formulated 

analytically by Haberman and Sayre
3
. Here, the drag force is related to the acoustic radiation force 

that can be generated, this being proportional to the power applied. Though it should be noted that 

Haberman and Sayre’s assumptions do not match perfectly with the proposed system, it is 

nevertheless useful here to understand the obtained results, especially with regard to the non-linear  

increase in the drag force. 

 
Fig. 2: Data points for the minimum required actuation power to trap droplets are shown2.  Black data points (asterisks) represent the 

merging of two droplets of the shown volume, whereas the blue data points (circle) are for merging three consecutive droplets of the 

shown volume.  Droplet volumes are calculated via video analysis for a minimum of three times, standard deviations shown.  Curve 

fits based on Haberman and Sayre’s3 analytical drag coefficient for a sphere confined in a circular tube are also plotted as 

approximating curves for merging of two (dash-dot) and three (solid line) consecutive droplets, thus, regions where merging of none, 

two or three droplets will occur are predicted. 

 

CONCLUSION 

Focussed SAW has been demonstrated here for the on-demand merging of droplets using an 

acoustic trap. The volume of the trapped droplet and the number of droplets to be merged prior to 

release dictates the minimum actuation power required. Combined with SAW induced droplet 

formation, these techniques represent a promising new paradigm for controlled biochemistry 

reactions on-chip, vital for the testing of chemical libraries for HTS. 
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Introduction 

An effective atomization of a sessile drop can be accomplished by an acoustic agitation of the 

substrate, on which the liquid droplet is deposited. [1] The atomization process results in fine spray 

droplets with a rather narrow size distribution [2] and is accompanied by the formation of capillary 

waves on the liquid surface [3-5]  

Besides, another mechanism has been observed: spray droplets are released near isolated bulges on 

the sessile drop by oscillation and collapse of cavitation bubbles formed at condensation nuclei by 

the agitating acoustic wave field [6]. 

In previous investigations the coagulation of such spray droplets in an acoustic levitator has been 

studied, in which the spray droplets were trapped in the nodes of a standing wave field [7].  

In order to obtain information about the kinetic energies of the spray droplets ejected by the 

different processes described above, the same acoustic levitator was employed for the trapping of 

droplets of different water-glycerol mixtures allowing the study of the influence of viscosity on the 

prevailing atomization mechanism and the resulting energy distribution of the spray droplets. 
 

Experiment 

The experimental setup consists of a 24 kHz ultrasonic processor (Hielscher UP200S) and a plane 

glass reflector forming together an acoustic levitator in air [7]. The ultrasonic horn reaches the 

maximal oscillation amplitude of 12 µm and can be regulated continuously by the input power. The 

oscillation itself is monitored by piezoelectric sensors attached to the horn and the reflector, 

respectively.  

A droplet with a volume of 20 µl was deposited in the centre of the ultrasonic horn before switching 

on the processor. The acoustic power was gradually increased and the sessile droplet atomized 

continuously and completely due to its vibrations. In order to investigate the influence of the 

viscosity on the atomization process droplets from water-glycerol-solutions with different glycerol 

concentrations were used. The processes were recorded by a high-speed microscope (Keyence VW-

9000) and subsequently analysed. 

 

Results 

Two different coexisting mechanisms were observed in the atomization process attributed to the 

glycerol concentration and thereby to the viscosity of the droplet: at low glycerol concentrations, 

the pinch-off of the spray droplets predominantly seems to be caused by capillary waves on the 

surface of the sessile drop (fig. 1a). They were trapped in the pressure nodes of the standing wave 

field of the levitator (fig. 2). At high glycerol concentrations spray droplets were predominantly 

erupted from isolated bulges resulting from the generation, oscillation and collapse of cavitation 

bubbles (fig 1b). These spray droplets were less homogeneous in their velocity and size distribution 

and they were less effectively trapped in the levitator indicating higher kinetic energies.  
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Fig. 1. (a) Vibration induced atomization of a sessile droplet of water by generation of capillary waves on its surface (switch-on-

impulse) (b) Atomization of a sessile drop of 98% glycerol. Different atomization mechanisms – capillary waves and the oscillation 

of a cavitation void – can be observed. (c) Atomization of 98% glycerol caused by the collapse of a cavitation bubble.  

                      

 

 

Fig. 2. Recoagulation of spray droplets in an acoustic 

levitator after vibration induced atomization. According to 

their kinetic energy the droplets are trapped in the 

concerning pressure nodes of the standing wave field.  

 

Conclusion 

The spray droplets resulting from cavitation bubble atomization seems to possess higher kinetic 

energy than those from capillary wave pinch off, since they were less effectively trapped in the 

levitator. This allows a simple and fast fractionation of the spray droplets according to their kinetic 

energy. In that respect, the levitator acts as an energy analyser, in which gravitational and acoustic 

forces balances the momentum of the spray droplet in the corresponding level. This approach 

promises to provide further information about the energy transfer from a vibrating plate to the 

sessile drop and to the released spray droplets.    
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Introduction 

In the field of “droplet microfluidics” biological-chemical laboratory procedures have been 

miniaturized over the last years. Droplet-based applications require unit operations such as droplet 

fusion, sorting and storage [1]. In the following, we present a new method to handle these unit 

operations. We show that with acoustophoresis in bulk acoustic wave (BAW) devices [2] water 

droplets that are dispersed into silicone oil can be manipulated. 
 

Experiment 

As illustrated in Fig. 1(a), the experimental setup consists of a silicon/glass chip with microfluidic 

channels for both droplet generation and subsequent acoustophoretic manipulations. Up to 5 syringe 

pumps were connected to generate water-in-oil droplets (silicone oil, Dow Corning 200) with 

diameters ranging from 50 μm to 250 μm with T-junction and flow focusing geometries. A laminar 

oil flow was set in the main channel with oil flow rates between 15 to 40 μl/min. For 

acoustophoresis, a piezoelectric transducer for the excitation of harmonic bulk acoustic waves was 

glued on the back side of the device. The transducer was excited by a function generator and 

amplifier at a channel resonance frequency of 470 kHz with 35 Vrms amplitude. For experiments 

with fluorescent droplets and particles the setup in Fig. 1(b) was used. The experiments were 

monitored by a high speed camera. 

 

              

                 
Fig. 1. (a) Silicon/glass chip contains a main channel of length l > 8 mm, width w = 1 mm, and height h ~ 200 μm. The formation and 

main channels are etched down into the silicon chip of thickness hsi = 425 μm and are covered by a glass lid of thickness hglass = 500 

μm. The devices have a dimension of typically 8 mm x 24 mm. A piezoelectric transducer Pz26 (Ferroperm) of typically 8 mm x 1 

mm x 1 mm is mounted on the device. (b) An illustration of the experimental fluorescent microscopy setup with an excitation 

(470±20 nm) and emission filter (525±25 nm) is shown. 

 

Results 

Two droplets with different sizes are generated temporally synchronized in two parallel T-junctions 

in Fig. 2(a). The one-to-one fusion of droplets in a continuous flow is induced by focusing them on 

the channel centerline with acoustophoresis and a spatial self Synchronization due to different 

droplet flow velocities. A resonance mode with a standing pressure wave of λ/2 across the channel 

width is tuned. In Fig. 2(b) the mixing of a dark water and a white fluorescein droplet in a laminar 

oil flow is shown. The white fluorescein is diffused homogeneously inside the water droplet after 

~1 s due to vortices inside the merged droplet. The shown active droplet fusion method allows fluid 

(b) 

 

(a) 
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sample handling operations such as reaction initiation, droplet dilution and reagent dosing. 

Moreover, the fusion of a white fluorescent droplet and a dark water droplet with a fluorescent 

particle inside is presented in Fig. 2(c). The experiment with the cell-surrogating fluorescent 

particle shows the possibility of the acoustophoretic fusion method to perform biological analyses.  

                        

         

 

 
 

 
Fig. 2. (a) Fusion of synchronized droplet pairs by acoustic focusing to the channel middle. (b) Mixing of a dark water and a white 

fluorescein droplet. (c) Fusion of a fluorescein droplet and a water droplet containing a cell-surrogating fluorescent particle. 

 

Droplets can be sorted and simultaneously the suspending continuous phase can be changed. In 

Fig. 3, droplets experience an exchange of their suspending continuous phase from the dyed oil 

(center) to the oil in the lower third of the channel. This is feasible because the acoustic radiation 

force acts selectively on the dispersed water due to its spherical shape and its acoustically 

contrasting fluid. At the same time, droplets can be guided into different channel outlets by turning 

the acoustophoretic transducer on/off or by frequency switching. In Fig. 3(b) droplets are forced to 

the pressure nodal line of the λ resonance mode. Combined with e.g. an upstream optical droplet 

sensor, this technique enables droplet sorting tasks. 

 

                                     
 

Fig. 3. (a) A water droplet in dyed oil (centre) leaves the centre outlet as the piezoelectric transducer is switched off. (b) Droplets 

change their surrounding medium and are guided to the bottom outlet. 

 

These and further methods, like storage of droplets, were analysed experimentally, numerically and 

analytically. 
 

Conclusion 

The presented acoustophoretic droplet handling in BAW devices enables a range of unit operations 

for droplet microfluidics, such as droplet fusion, sorting and the exchange of the continuous phase. 

Compared to the alternative surface acoustic wave (SAW) method, the BAW method has a simpler 

setup and its lower operation frequency allows the handling of larger droplets up to ~500 μm size 

[3]. Therefore, the method is ideally suited for droplet handling tasks in portable lab-on-a-chip 

systems. The shown contactless fluid sample handling by sound offers significant benefits for 

applications e.g. in laboratory diagnostics/analytics and biochemical research. 
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In the past decade, surface acoustic wave (SAW) devices have found a new life as a means 

to drive a diversity of microfluidics phenomena, from particle manipulation to digital 

microfluidics, microcentrifugation, jetting for rheology, and drug delivery. It has long been 

known that there are other methods for generating and transmitting waves in solid media, yet 

the assumption has long been that SAW would prove to be the most efficient and useful 

means of providing acoustic energy to do work in microfluidics, particularly at the high MHz-

order frequencies demanded at these small dimensions.  

In fact, bulk Lamb waves are proving to be a far superior choice in accomplishing all the 

same aims of SAW microfluidics, with a simplicity in construction, integration, and operation 

that belies the efficiency and precision possible with such waves at up to 100 MHz order 

resonances. However, the choice of Lamb waves introduces a collection of new problems to 

be aware of, particularly the necessity to form traveling waves by providing a energy sink 

that is as important as the energy source. This is illustrated through a unique flow 

phenomena—poloidal flow—present only due to the rapid attenuation of the Lamb wave. We 

close with some ideas for the future in non-SAW acoustic microfluidics. 
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Introduction 

Surface acoustic wave (SAW) devices provide a promising way for liquid actuation inside 

microfluidic devices or vessels. However, as SAW devices are mainly used in high frequency 

telecommunication, they are only marginally optimized for microfluidic actuators, where high 

input power, local fluid contact and functional top layers are obligatory. Here, the main 

difficulties are electric and acoustic losses resulting in a relatively large self-heating as well as 

an efficient acoustical coupling of the transducers to the microfluidic part. In order to extend 

the applicability and performance, we present several approaches for optimizing the power 

efficiency of SAW fluid actuators, especially considering an ongoing miniaturization towards 

mobile usage. 
 

Considerations towards higher efficiency 

We investigated and optimized several components which are of importance for SAW-based 

agitation of liquids. For improving the energy efficiency we propose five approaches:  

(1) A task specific selection of the SAW wavelength to concentrate as much energy into the 

fluid as possible. In case of agitating liquids inside a microfluidic channel, the acoustic wave 

is usually generated outside and must pass the channel material which leads to some energy 

losses (Fig. 1). The energy efficiency then depends on the ratio of the acoustic waves coupled 

into the fluid (c) and coupled into the channel material (b, d, e).  

(2) Optimizing the acoustic coupling into the microfluidic flow by designing the channel 

geometry to provide an air gap in the acoustic path to reduce energy losses, while still 

maintaining enough mechanical stability and tightness against leakage. 

(3) Special unidirectional transducer designs (TF-SPUDT, Fig. 1 (Right image)) [2], with 

preferred SAW towards the channel position. 

High frequency devices should be matched electrically to the system impedance of 50  to 

achieve good energy conversion from the electric signal into the mechanical vibration. 

Considering the ongoing miniaturization towards mobile usage electrically matched devices 

also allow more cost efficient electronics for generating the required power in actuator 

applications. Therefore we present two further approaches: 

(4) Electrical optimization by design of SAW-exciting interdigital transducers (IDT) 

including SiO2 top layer to work in air as well as for direct contact with water.  

 

 
 

b 

a 

c 
  

 

 

b 

a 
  

Fig. 1: (Left) Cross section of SAW-based acoustic coupling in a microfluidic channel. Energy losses of a bi-directional SAW-transducer  
occur at the channel material (b,d,e) and through the second wave (f) which travels away from the channel position. 
(Right) Unidirectional SAW excitation towards the channel position using TF-SPUDTs (a) and reduced energy losses in the acoustic path by 
providing an air gap above the IDT and parts of the channel material (b). 
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In cases where impedance-matched transducers design for liquid loading is not reasonable, we 

demonstrate 

(5) Miniaturized wavelength- and device-specific matching circuits (Fig. 2.1).  
 

Experiment 

For evaluation of matching circuits, SAW-devices with a SiO2 top layer were glued to a small 

PC-board and electrically connected with wire-bonds, whereby the bondpads were 

encapsulated in epoxy resin. This setup was immersed in deionized water and streaming 

velocities were measured using particle image velocimetry (PIV). High-frequency input 

signals were provided by a PowerSAW Signal Generator (BelektroniG, Germany) SAW 

driving unit [1]. Measurements of |S11| for electrical device characterization were performed 

using an E5071C network analyzer (Agilent). 

The properties of optimized SAW-transducers and the effect of matching circuits were 

analyzed in terms of the reflection coefficient |S11| (Fig. 2.2) as well as by particle image 

velocity (PIV, Fig. 3). An increase in power efficiency of up to 40% was observed. 

Conclusion 

We present several approaches for improving the energy efficiency of SAW-based acoustic 

actuators which help to overcome current limitations in their usage for microfluidic devices. 

Achieved improvements in energy efficiency compared to standard bi-directional transducers 

are about 30% through the usage of SPUDTs and up to 40% through matching circuits. Of 

course, depending on the type of setup, several of our presented approaches can be combined 

to further optimize energy efficiency. 
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Fig. 2.1: Usage of a matching circuit to reduce electric 
reflection of the IDT when immersed in water.  

Fig. 2.2: Reflection coefficient |S11| of a 90µm (43MHz) SAW-transducer 
immersed in water. The minima represent the optimal excitation 
frequencies. The reflected power is reduced from 41.7% (blue 
curve|S11|=0.646) to almost zero (0.06% corr. to |S11|=0.0245 red curve). 

  
90µm SAW-
transducer 

90µm SAW-transducer with matching 

Fig. 3: Particle image velocimetry (PIV) of an immersed 90µm (43MHz) SAW-transducer without (left) and with matching circuit (right) at the 
same excitation power. The two lobes at top and bottom result from the two excited acoustic beams of a bi-directional transducer. The right 
image shows an increase in streaming velocity due to the matching circuit which matches the expectations from the measurement in Fig. 2.2.  
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Introduction 

Over the last two decades the microfluidic community has devoted efforts towards the development 

of portable micro total analysis systems. Surface acoustic wave (SAW) microfluidics represents one 

of the most attractive fluid actuation methods for this aim, driving a variety of functional operations 

such as droplet translation and atomization, particle concentration and separation, and fluid 

pumping in microchannels, to mention a few [1]. In view of portable applications, blind automation 

of these processes is of paramount importance. Here we show the first scheme allowing automated 

on-chip SAW droplet routing without any additional external controllers [2,3]. This relies on the 

SAW interaction-free sensing of fluid based on the resonant coupling between travelling SAWs—

actuating the fluids—and the eigenmodes of a SAW phononic crystal—addressing the target 

position. Exploiting this principle, we demonstrated in the realm of SAW digital microfluidics the 

automatic, feedback-free, blind positioning of fluids. Application in routing of fluids in 

microchannels, integrated logic gates, sequencers and SAW phononic crystal biosensors in 

completely portable lab-on-a-chip devices are discussed. 

 
 

Fig. 1. Schematic of the device working principle. The device consists of a 128° XY lithium niobate substrate with two 15-finger 

pair, single-electrode IDTs for SAW excitation and detection, and a PnC comprising two 80-fingers shorted-reflectors separated by 

475 μm. Acoustic aperture is 750 μm. The device metal deposition comprises 15 nm of Ti adhesion layer and 100 nm of gold. 

 

Experiment 

Devices geometry (Figure 1) has been simulated by finite element methods to tune a single mode 

phononic crystal (PnC) cavity with the single-electrode-interdigital transducers (IDTs) centered at 

160 MHz. Within the phononic crystal bandwidth, when a travelling SAW impinges on the cavity 

there are two possibilities: 1) its frequency matches an eigenfrequency of the PnC, it couples to an 

eigenmode and is fully transmitted (resonant condition), or, 2) its frequency doesn’t match the 

eigenfrequency, it doesn’t penetrate in the PnC and is fully reflected (non-resonant condition). If 
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the device is designed such that the SAW exiting the actuating IDT and the cavity along the SAW 

propagation direction are resonantly coupled: 1) if a droplet is between the actuator and the PnC, it 

is moved toward the cavity due to droplet-SAW interactions 2) if a droplet is in between the cavity 

reflectors, the droplet itself changes the PnC eigenmode’s spectrum, therefore the actuator and 

cavity will be in the non-resonant condition. In this case the droplet-SAW interaction will be 

suppressed and the droplet remains in the PnC even if the actuator is turned on. The SAW will be 

reflected back to the actuating IDT enabling interaction-free detection of the droplet position. This 

behaviour has been tested on devices fabricated with standard lithography techniques. Acoustic 

transmission properties have been characterized both with network analyzer and laser Doppler 

vibrometer. Automatic routing capabilities have been tested using 1 µL drops of deionized water.  

 

Results 

Figure 2a reports the transmission spectrum of a representative device: the spectral region with a 

reduced transmitted power corresponds to the PnC bandwidth (light blue area). The peak at fc = 

159.17 MHz corresponds to a PnC eigenmode. In Fig. 2b, a laser Doppler vibrometer (LDV) scan 

of the surface displacement amplitude is depicted at fc. As expected, the majority of the wave 

energy at the resonant frequency is confined in the  PnC eigenmode. Figures 2c and 2d report a 

sequence of frames of a representative droplet actuation experiment, recorded at 100 fps. A 

continuous-wave RF signal at the resonance frequency fc was applied to the left IDT (Fig. 2c). Once 

the droplet entered into the cavity, it remained there as the PnC became detuned. Fig. 2d reports a 

sequence of frames for a representative droplet actuation experiment at fo = 157.55 MHz, out of the  
PnC bandwidth. In this condition we observe that the droplet crosses the cavity without any velocity 

reduction in between the reflectors. Therefore we conclude that the droplet positioning at the resonant 

frequency is due to the interaction-free principle. 

 
                     
Fig. 2. (a) Free delay line transmission spectrum. (b) LDV measurement of the resonant cavity mode at fc = 159.17 MHz, (c) and (d) 

Recorded frames of droplet trapping at resonant frequency and droplet crossing at fo =157.55 MHz (out of resonance), respectively. 

 

Conclusion 

We demonstrated the first scheme for high-precision, automatic, feedback-free fluid positioning 

based on interaction-free principle in SAW microfluidic platforms. This is based on the resonant 

coupling between a traveling wave and the stationary modes of a PnC that are altered when a 

droplet is placed within the cavity. We believe this result is a useful building block for integrated 

logic gates based on instantaneous fluid distribution on-chip, either in the form of droplets, or fluid-

filled channels by applying its working principle to SAW counterflow pumping[4]. 
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Introduction 
Surface Acoustic Wave (SAW) fluid atomizers generate droplets between 1 and 30 µm diameter without the 
need for moving parts or nozzles, which makes them interesting for medical inhalators [1], devices for particle 
synthesis [2], as well as for thin film and particle deposition via aerosol condensation [3]. The interaction 
between SAW and a fluid meniscus placed in the acoustic propagation path leads to the development and 
stabilization of a fluid film with several 10 µm thickness [4,5]. At increased SAW amplitude, droplets are 
ejected out of this thin fluid film forming an aerosol mist. The fluid supply technique plays a crucial role in 
the aerosol formation process and influences the droplet size distribution. Conventionally, droplets [6] or 
wetted fabrics [4,7] are placed on the chip surface in the center of the acoustic path. However, these techniques 
are limited in their practical application, especially with regard to the variability in droplet size distribution 
due to the acoustic excitation of a meniscus and subsequent secondary effects including mixing, capillary wave 
excitation and Rayleigh-Taylor instabilities (“Jetting”). Here we show a fluid supply at the boundary of the 
acoustic beam which (I) narrows the droplet size distribution, (II) leads to more defined aerosol streams and 
(III) permits use of microfluidic channels for fluid supply. Furthermore, we demonstrate a simple, reliable and 
highly accurate method of producing appropriate microchannels suitable for wafer-scale manufacturing.  
 
Experiment 
Common procedure: Interdigital transducers (65 MHz, 1 mm aperture, impedance matched) were prepared 
via electron-beam evaporation of Ti and Al on a photoresist mask on 128°YX-LiNbO3 substrate and 
subsequent lift-off patterning. Then, a 1000 nm thick SiO2 layer was sputter-deposited on the chip surface. 
High frequency signals were supplied via SMA cables from a PowerSAW3 signal source (BelektroniG GbR) 
to spring pin contact plates contacting the SAW chip. Analysis of fluid supply position: Deionized water was 
delivered via a glass capillary with attached tissue in the middle between the IDTs, either directly onto the 
center line (sketch in Fig. 1a) or at the outer boundary of the SAW beam (sketch in Fig. 1b). High-speed 
micrographs were taken of the atomization zone. Microchannel fabrication: For channel preparation, layers 
of Ti (50 nm) and SU8 photoresist (100 µm) were deposited and structured, forming triangular blocks (side 
length 3 to 4 mm) with integrated microchannels of (200x80) µm² cross section area (Fig. 2c). To connect the 
fluid source, two PMMA tubes were glued on top of the SU8 using Vitralit 7041 resin (Panacol-Elosol GmbH). 
Fluid (DI-H2O) supply was carried out by a Nemesys syringe pump (Cetoni GmbH) with a flowrate of 5µl/min. 
 
Results 
Analysis of fluid supply position: When a fluid is supplied on a chip surface via paper or as a droplet, it forms 
a meniscus of several pl to µl volume, according to the local wetting and fluid supply conditions. The 
interaction of SAW with a fluid meniscus in the acoustic path causes longitudinal pressure wave excitation in 
the meniscus and leads to effects like mixing, jetting, capillary wave excitation and atomization (see video 
image in Fig. 1a). The latter occurs solely at regions, where a thin fluid film is stabilized by the SAW [4], 
while the other effects occur inside the meniscus volume. In contrast to previously demonstrated techniques, 
we supplied fluid at the boundary of the SAW path – i.e. at the side regions, where the wavefield is dominated 
by diffraction effects, causing an amplitude gradient towards the beam center line (see sketch in Fig. 1b). When 
a fluid is placed into this region, a lateral separation of meniscus position, fluid thin film elongation and fluid 
atomization zone can be achieved. As only a thin fluid film is present in the “atomization zone”, no jetting 
occurs and, thus, no large droplets (>30 µm) are observed in the aerosol (compare video images in Fig. 1) and 
the aerosol stream is more consistent. Microchannel fluid supply: In order to make use of this effect for 



 
reliable and cheap production of devices with integrated fluid supply, we created triangular SU8-blocks with 
microchannels on the substrate surface (Fig. 2a). The channels have a rectangular cross-section with SU8 
walls/ceiling and SiO2 bottom. They possess an opening directed towards the center of the acoustic beam. The 
interaction of the SAW with the fluid meniscus at the channel outlet generates and stabilizes a thin fluid film, 
which is laterally spreading into the aperture center due to the amplitude gradient, where atomization takes 
place due to higher SAW amplitude. This unique approach makes SAW fluid atomization continuous and 
highly reproducible. 

a) , b)  
Fig. 1. Aerosol generation for different fluid supply positions (standing SAW, 60µm wavelength): Fluid supplied via glass capillary, 
(a) in the center and (b) at the outer boundary of the acoustic beam; top left: Sketch of fluid supply position with indicated acoustic 
path (orange), right: Image of aerosol formation zone from recorded high-speed video of SAW-based atomization, bottom left: Detail 
of video image showing the glass capillary, the produced aerosol and either (a) the developed fluid meniscus or (b) the thin fluid film  
 

a)    b) 3  
Fig. 2. The SAW atomization chip with two IDTs (1 mm aperture, 65 MHz) and SU8-structures with integrated microchannels (200 µm 
wide x 80 µm high) for fluid supply towards the acoustic propagation path (indicated by arrows; outlets located 500 µm from aperture 
boundary). For lab testing, the SU8-structures were connected to the fluid supply via PMMA fittings; (b) Experimental setup with the 
SAW atomization chip, two high frequency signal spring pin-connectors (orange) and a fluid supply tube on a custom chip holder 
(blue) (Atomization at approx. 2x 2 W SAW power, 1 µl/s water flowrate) 
 

Conclusion 
In SAW-based fluid atomization, the method of fluid supply is of crucial importance for the aerosol formation 
process, the aerosol properties and, finally, the usability of the chip devices. We combined two new techniques 
to improve the SAW atomization devices: On the one hand, a fluid supply at the boundary of the acoustic 
propagation path improves the droplet size distribution, the aerosol stream stability and the reproducibility of 
experiments. On the other hand, integrated SU8 microchannels enable a precise wafer-scale production of 
SAW atomization devices and a continuous fluid supply. We also demonstrate the lateral separation of fluid 
delivery, fluid thin film elongation and atomization, which suppresses secondary fluid actuation effects like 
jetting and mixing. Using the demonstrated technique, SAW fluid atomizers for integrated therapeutic and 
industrial applications come into reach.  
(Financial support by German Research Council (Grant No. WI 4140/2-1) is gratefully acknowledged.) 
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Introduction 
Portable lab-on-a-chip devices require fine control over internal fluid flows for processes such as 
fluid mixing and particle manipulations in miniaturized bioreactors and biosensors. There is in 
general a lower limit—on the order of microliters—to which interesting and controllable internal 
flows have been demonstrated within digital microfluidics. Surface acoustic waves (SAWs) have 
been shown to be a fast, efficient, and truly portable method for generating these flows and patterns 
[1-3]. Within SAW microfluidics, the lower size limitation is in part due to the typical frequencies 
of operation being on the order of 250 MHz or below. Here we demonstrate for the use of ultra high 
frequency (UHF) SAW—up to over 1 GHz—allowing further miniaturized device design and 
microfluidic capabilities [4]. 
 
Experiment 
We fabricated SAW devices at a range of frequencies to investigate frequency effects on droplet 
patterning, acoustic streaming, heating, and channel pumping via acoustic counterflow. Each SAW 
device (Fig. 1a) consisted of a 128º Y-cut, X-propagating lithium niobate (LN) substrate, patterned 
with a 100 nm gold IDT and a 10 nm titanium adhesion layer. The nominally 50, 100, 200, and 400 
MHz transducers were patterned via standard optical lithography, with designed finger widths of 
20, 10, 5, and 2.5 µm respectively. The 833 MHz and 1.25 GHz transducers were patterned via 
electron beam lithography (EBL), owing to the reduced finger widths of 1.2 µm and 0.8 µm. Each 
IDT had an aperture of 700 µm, and was aligned such that a Rayleigh wave was induced along the 
substrate surface. After metallization and patterning, each chip was silanized according to the 
experimental requirements, eg, for the droplet experiments hydrophobic wells were patterned to 
restrain the droplets. Each device was connected to an RF signal generator and amplifier and 
operated at its resonant frequency, and SAW amplitudes were calibrated against input powers using 
a laser Doppler vibrometer (LDV; UHF-120 Ultra High Frequency Vibrometer, Polytec, Germany). 
Droplet patterning, streaming, and mixing were recorded with a high speed camera mounted on an 
inverted microscope, and thermal measurements were made with a thermal camera. 

 
Results 
Figure 1b demonstrates acoustic patterning and streaming in nanoliter order droplets, controlled by 
the choice of operational frequency. When operated at typical SAW-microfluidic frequencies and 
constant amplitude—here ~ 50 MHz—we see particle patterning in concentric circles within the 
droplet. Conversely, as the frequency is increased significantly—here to ~ 1.1 GHz—we see 
acoustic streaming occurring in the miniaturised droplets, useful for microfluidic mixing. We can 
describe the two schemes in terms of the SAW damping length, xs = 0.45 λs (ρscs)/(ρf cf ) where λs is 
the SAW wavelength, ρi and ci are the densities and speeds of the wave, and subscripts s and f 
represent the substrate and fluid respectively. We see in our experiments that acoustic streaming 
was generated when d/xs ≫ 1, (where d is the droplet diameter) while particle accumulation 



 
patterning occurred when d/xs ≪ 1. We applied the GHz order SAW to nanoliter droplet sized fluid 
mixing, and showed a dramatic reduction of mixing time as compared to mixing driven by diffusion 
alone [4]. We also characterized for the first time frequency effects on microfluidic droplet heating, 
and discuss the relevant length scales for thermal control and application for bio-systems. In 
addition to the digital microfluidic studies, we investigated the use of increasing the SAW 
frequency to the UHF range with the acoustic counterflow pumping device, and demonstrated 
further miniaturization of the channels, the fluid flows, and the completed devices themselves. 
 

 
 

Fig. 1. (a) Schematic of a typical device (multiple droplet sizes shown). (b) Acoustic patterning and streaming in nanoliter-order free-
droplets can be controlled by increasing the frequency of operation of the SAW device to the ultra high frequency regime. Here the 

droplets show comparison between ~ 50 MHz (left) and ~ 1.1 GHz devices (right). 
 
Conclusion 
Depending on the frequency of operation, we show nanoparticle patterning and mixing type flows 
in a range of droplet sizes (nano- to micro-liter), and demonstrate the principles used to tailor these 
internal flows. We also discuss frequency impact on microfluidic heating and microchannel channel 
flows. This new class of ultra high frequency SAW microfluidic device is suited to integration in 
portable lab-on-a-chip biosensor and bioreactor systems owing to the reduced size and increased 
flexibility of fluid manipulations.  
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Introduction 

The separation of cells and particles based on their physical properties is a necessary pre-

conditioning step in a variety of microfluidic applications, increasing detection efficiency or for on-

chip cell culturing. To address this need, a number of methods have been developed that make use 

of passive or active force gradients, generated by hydrodynamic, acoustic, dielectrophoretic (DEP), 

magnetic or optical means. The most significant drawback of methods demonstrated to date, 

however, has been the relatively poor sensitivity by which these separations can be performed in 

microfluidic systems, the exception here being hydrodynamic deterministic lateral displacement 

(DLD), whereby particles in angle pillar array take discrete paths as a function of their size relative 

to a critical dimension threshold [1]. Size sensitivity is important for applications such as detection 

of circulating tumour cells, which may vary in size from other circulating blood cells by only a few 

microns [2]. The widespread use of even this method, however, is limited by the potential for 

clogging, the small angle of separation (and therefore relatively long path lengths required) and the 

range of particle sizes that can be separated. Here we present a system design for the deterministic 

separation of particles in a microfluidic system, where either acoustic and DEP forces can be used. 

This method is termed virtual deterministic lateral displacement (vDLD), a reference to both the 

deterministic way in which particles can be separated and the means by which the critical diameter 

is determined, where a force field acts through a fluid media, as opposed to the physical pillars in a 

DLD array. 

  
Fig. 1. (a) Diagram of the vDLD concept: particles larger than some critical diameter follow the force field (either acoustic or DEP) 

minima created by a series of IDT finger-pairs arrayed on a LN substrate. A multichannel version of the concept is shown here. The 

dominance of the acoustic or DEP force is a function of height above the substrate, where (b) the acoustic force is dominant in the far 

field, with particle alignment in the acoustic nodes in between finger-pars and (c) the DEP force is dominant closer to the substrate, 

with alignment in the DEP nodes on top of the electrodes.  

 

Concept 

The vDLD system can make use of potentially any patternable force field where the axis of this 

field is oriented at an angle to the fluid flow. Here, we demonstrate the concept using both acoustic 

and DEP forces. To make use of both forces in the same device, a series of interdigital transducers 

(IDTs) are arrayed on a lithium niobate (LN) substrate. The IDTs produce an electric field in a fluid 

media in their immediate vicinity, while LN is used for its piezoelectric properties; when an electric 

potential is applied across the IDTs at a frequency such that the mechanical displacements 

a b 

c 

mailto:Rune.Barnkob@nanotech.dtu.dk
http://www.nanotech.dtu.dk/microfluidics


 

emanating from a set if IDT finger-pairs is reinforced by the adjoining set, a surface acoustic wave 

(SAW) is produced on the substrate [3]. Particles are separated deterministically based on their 

dimensions by virtue of the fact that larger particles will experience greater 'virtual' forces acting in 

opposition to drag forces. When the acoustic/DEP force (where Faco/DEP ~ R
3
)  is greater than the 

induced drag force (with FD ~ R), particles follow the force field lines; otherwise, particles will 

continue in the direction of the fluid flow. A multichannel version of the vDLD system concept is 

shown in Fig. 1(a), where multiple particle sizes can be deterministically sorted by increasing the 

field strength in the direction of fluid flow. 

Because the decay constant is significantly greater for DEP than the acoustic field assessed 

vertically from the substrate, DEP is dominant in the vicinity of the IDTS, where the acoustic force 

is dominant in the far field. In the system demonstrated, where both forces act (repulsively) on the 

particles, the chamber height determines the dominant force and therefore the position of particles 

when trapped in a force field node (at the minimum FDEP, Faco), above the IDTs in the case of DEP 

and between them in the case of acoustic forces, as shown in Fig. 1(b,c). 

 

Experiment 

The vDLD device demonstrated consists of a series of 18 finger-pair 5/250 nm chrome/aluminium 

IDTs arrayed on a 0.5 mm thick, double side polished 128° Y-cut, X-propagating LN substrate 

operated at 49 MHz. A polydimethylsiloxane (PDMS) chamber was bonded on top of the substrate 

such that the flow is angled at ~45° to the long axis of the IDTs. DEP-dominant particle separation 

is demonstrated in a chamber 15 µm high, while acoustic particle separation is demonstrated in a 

chamber 45 µm in height. 

 

Results 

Fig 2. shows the experimental particle trajectories for a mixture of 5.0 µm and 6.6 µm particles in 

the case of a 15 µm high DEP-dominant (Fig. 2[a]) and a 45 µm high acoustic-dominant chamber 

(Fig. 2[b]). While the dominant force differs, the results are qualitatively similar, with ≳98 

separation efficiency.                    

 

 

Fig. 2. Particle trajectories of a mixture of 5.0 µm (blue) and 6.6 µm (red) particles in the vDLD system, here in the (a) DEP 

dominant (chamber height = 15 µm) and (b) acoustic dominant (height = 45 µm) cases. 

 

Conclusion 

We have demonstrated the deterministic separation of particles in a microfluidic system by size, 

where the critical particle volume can be determined by acoustic or DEP forces. The ability to 

deterministically separate particle and cell populations in a tunable, pillar-free system will increase 

both the number of applications to which microfluidic processes can be applied and the efficiency 

by which they are performed. 
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Introduction 
We study the rotation of axisymmetric particles obtained by two phase-shifted orthogonal standing 
waves, due to a viscous effect in the external fluid. Depending on the particle density and 
compressibility relative to the ambient fluid, we predict different acoustic torques [1] in the acoustic 
potential wells in which the particles are trapped. We observe that the viscous torque is 
“degenerated”, either clockwise or anti clockwise. A preferred sense of rotation exists with a spatial 
period that is not that of the standing wave (λ/2) but λ instead. The benefits for the control of both 
the position and the orientation of particles are illustrated by single biological cell manipulation. 
 
Predictions and experiment 
The Gor’kov radiation force potential [2] we expect for a spherical particle is represented on 
Fig. 1(a), together with the viscous torque obtained from the approach by Busse et al.[1]. Fig. 1 (a) 
has been plotted assuming small elastic particles denser and less compressible than the surrounding 
fluid. It appears that potential wells, in which particles are trapped, coincide with the maximum 
absolute torque, but with a sense of rotation alternating from a well to the other. The absolute torque 
is proportional to sin(ϕ) where ϕ is the time phase shift between the two standing waves.  The 
experimental setup is based on the acoustic platform described in Ref. [3] and depicted on Fig. 1(b). 
Four interdigitated transducers (IDTs) generate two orthogonal phase shifted waves, leaking in a 
1mm×1mm×160µm silicone (PDMS) square microcavity. The overall excitation frequency 
corresponding to the electrodes pitch (λ=100 µm) is set to 36.3 MHz.  
 

  
  

Fig. 1. (a) 2D simulation of the acoustic potentials in a λ×λ region (top, red barriers and blue wells) and of the acoustic torques 
(bottom, red clockwise and blue counter clockwise) exerted on a small spherical particle (radius a << λ) in the acoustic cavity 
submitted to two orthogonal phase shifted standing waves. From left to right, the phase differences are respectively ϕ = 0°, 90°, 180° 
and 270°. (b) Scheme of the acoustic device for particle manipulation, after the assembly of a transparent PDMS microfluidic device 
and a LiNbO3 piezoelectric substrate.  

(a) (b) 



 

 

Results 
Measurements are performed on Ø10 µm Janus latex beads (half-metallized particles). As predicted 
by theory, Fig. 2 (a) shows that the bead are spaced with λ/2   in terms of equilibrium positions and 
are rotating in opposite directions.  Moreover, we observed that cells such as white blood cells, 
slightly less compressible than water, were also rotating, as shown on Fig. 2 (b). In addition, 
micron-sized latex particles agglomerated in potential wells, forming roughly 10 µm clusters. Those 
clusters, pictured on Fig. 3 (a) were seen to be trapped in a nearly λ/2 step width square lattice, 
coinciding with the maximum absolute torque, which sign is alternating from a well to the other, in 
good agreement with the theory pictured on Fig. 1(a).  However, for droplets that are less dense and 
more compressible than the surrounding fluid the potential map is inverted, and they are generally 
trapped in a diamond pattern but experience no torque. 
 

  
    

Fig. 2. (a) Top: Successive orientations of a 10 µm Janus bead recorded at 15 fps and for 2 adjacent positions (period ~ 0.5 s) (b) 
Snapshots (1 fps) showing the controlled slow rotation of a leukocyte (∅ 12 µm) with the device of Fig. 1a). The 2 lines correspond 
to 2 successive full rotations of the cell (period = 8s)  
 

 
 
Fig. 3. Zoom on the lattice. (a) Image of the square lattice of 1µm diameter latex beads forming rotating clusters superimposed with 
colored lines obtained by simulation for an imposed time phase shift assumed to be ϕ = 90°. Latex beads are denser and less 
compressible than water (ambient fluid). In red, the observed sense of rotation.  (b) Droplets diamond lattice, obtained by mixing a 
concentrated solution of potassium iodide (KI) with soap, superimposed with simulation results obtained for assumed ϕ = 70°. 
Droplets are less dense and assumed to be more compressible than almost saturated salted water (ambient fluid). No rotation was 
observed. 
 
 
Conclusion  
We found that dense particles could be rotated using surface acoustic waves. In perspective, these 
results can lead to a new tool for cell handling. 
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Introduction 
Fast sorting of single cells is an important technique for applications such as drug screening,  
diagnostics, rare cell detection and stem cell isolation. The most common approach is to use 
fluorescence-activated cell sorting (FACS), which identifies the target cells by fluorescence-based 
flow cytometry and breaks up the sample fluid into aerosol droplets, which are sorted by applying 
an electric field. [1], [2] 
Microfluidic devices offer an alternative approach to cell sorting that allows for cheaper, small scale 
sorters, however existing actuation mechanisms require labeling the cells with microbeads [3], [4] 
or prior encapsulation into microemulsion droplets[5–7]. 
Recently, acoustic radiation forces in a gradient of a standing acoustic wave field have been used to 
deflect cells[8–11], but all of these actuation mechanisms critically depend on the volume and 
acoustic contrast of the sorted objects; This makes especially small objects difficult to sort. 
We demonstrate a sorter that employs acoustic streaming induced by a travelling acoustic wave for 
actuation. This allows for sorting cells and other objects independent of their size and contrast 
directly from the bulk solution. The response times of the acoustic actuation are extremely short and 
enable extremely high sorting rates. 
 
Experiment 
We use a hybrid microfluidic device consisting of a transparent piezoelectric substrate (polished 
128° rot Y-cut LiNbO3) featuring a tapered interdigital transducer (T-IDT) generating the surface 
acoustic wave.  
On top, we place a two-layered PDMS design. The top layer contains the actual microchannel, 
which contains a sample inlet and a sheath flow for hydrodynamic focusing the sample prior sorting 
into two or more outlets. The sheath flow is calibrated to align the sample trajectory and guide it 
into the waste channel in the absence of acoustic actuation.  The bottom layer consts of a thin film 
sealing the channel, with a post (or two posts for triple sorting) protruding from the bottom, which 
couples the acoustic wave into the fluid inside the microchannel near the outlet junction. The 
acoustic wave is strongly attenuated in the fluid, transferring its momentum to the fluid and 
generating a vortex which pushes the sample to the collect channel. 
Sample detection is performed by a fluorescence setup. If the intensity of the signal exceeds a preset 
threshold, a SAW pulse is generated, initiating sorting.  
 
Results 
We sort microemulsion droplets at rates of up to 3000/s at moderate SAW powers of 15dBm, with 
perfect purity and efficiency. We also extend the sorter to sort droplets into three different outlets. 
B16F10 mouse melanoma cells were sorted directly from the bulk solution without encapsulation, 
with high cell viablilty after sorting. Since cells cannot be aligned, a constant cell distance cannot be 
achieved. This leads to a trade-off between sorting rate, purity and efficiency, similar to 
conventional FACS machines. 
 
Conclusion 
We have introduced a versatile SAW-actuated microfluidic sorter for sorting cells and 
microemulsion droplets at high rates. As the actuation mechanism works directly on the fluid, 
sorting is independent of particle properties and does not require labelling. 
 
 



 

 

In contrast to FACS, the sorter is self-contained and does not produce dangerous aerosols. Since the 
microchannel itself is a low-cost PDMS device, it can be produced as a disposable device, which 
eliminated cross-contamination problems when sorting different samples. Furthermore, since the 
sorter works by fluid switching, it is not limited to cell or droplet sorting, but can sort any 
detectable particle suspended in a fluid, independent of size. We envision sorting of nanoparticles, 
viruses and bacteria. 
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Fig. 1: (left) Top view of the droplet sorter setup. The droplets 
enter the sorting device through the inlet channel  A. The top and 
bottom focusing channels B, C focus the droplets towards the 
middle of the channel to direct the droplets into the lower default 
outlet I. If a droplet passing the interrogation region D emits a 
fluorescent signal, a Surface Acoustic Wave (SAW) is generated 
by the interdigital transducer E, travelling along a narrow path F 
towards the contact post G, where the resulting sound field 
directs the droplet upwards into the upper outlet H. (top right) 
Zoom view of the two-way droplet sorter. (bottom right) Top 
view of a triple sorter setup. An additional middle outlet was 
added to the setup, and the contact post was split into two 
staggered posts G1, G2. Depending on fluorescence intensity 
detected at the laser spot D, either the SAW is not activated at all 
(no fluorescence, a), or is directed towards post 1 or 2 (low or 
high fluorescence, b & c, respectively). In the first case, the 
droplets move towards the middle default outlet. If one of the 
post is activated, the droplets  are pushed away from the center of 
the post, either upwards (G1) or downwards (G2)and into the 
respective sorting outlets. Images (a,b,c) are montages, each 
showing a single droplet  moving through the sorting channel. 
The length of the scalebars is 100 µm. 

 
 
Fig. 2: (left) Top view of a cell sorting experiment. Mouse 
melanoma cells (B16F10) are treated with a stain sensitive to 
metabolic activity (Calcein-AM). The cells travel along the 
channel centre and their fluorescence is measured in the laser 
spot. The first cell (green dashed circle) has a low fluorescence 
and is therefore not deflected, flowing into the waste channel. 
The second cell (red circle) has a high fluorescence which 
triggers the sorter, deflecting the cell into the collect channel. 
The scale bar represents 100 µm. (right) Plot of the fluorescence 
intensity at the laser spot showing the fluorescence peaks of the 
two cells at t=1.4 ms and t=2.9 ms respectively. 
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Introduction 
Cell and particle trapping on distinct locations in a microfluidic channel is an important operation 
for cell-biological lab-on-a-chip systems [1]. Such trapping provides a well definable, controlled 
chemical-thermal microenvironment for cell enrichment and screening, cell response studies and 
perfused cell culturing [2].  Other than the well-known particle trapping in acoustofluidic square or 
oval chambers with ultrasonic standing waves [3,4], here we present a physically novel cell trapping 
method. The method is based on the acoustic fields around vibrating edge structures, which 
protrude into a microfluidic channel. 
 
Experiment 
Edge structures (125-250 µm length, 10-80 µm width) were fabricated on a silicon wafer in a 
30 µm deep and 1 mm wide microfluidic channel, Fig. 1(a). Excitation of the whole silicon 
structure was achieved by a piezoelectric transducer, driven at about 1 MHz by a sinusoidal voltage 
of ~10 Vrms. Yeast cells/particles of 5-10 µm size were suspended in water and injected into the 
microfluidic channel. The dynamics of those particles was observed with up to 400 frames per 
second by a high speed camera (Fastec Imaging HiSpec 1) on a microscopic system with 
illumination by coaxial reflected light. 
 

 

  
Fig. 1. (a,b) Sketch of the microfluidic device. (c) Photograph of the micromachined device in a laser-cut Plexiglas chip clamping. 

  
Results 
Upon ultrasonic excitation, the edge structures were found to attract yeast cells (and particles with 
contrast factor Φ>0) strongly and reliably, as observed in the time series of Fig. 2(a-c). This effect 
was analysed and understood by a numerical model of the radiation forces in the acoustic field 
around the vibrating edge structure. 3D frequency domain simulations (Comsol Multiphysics) 
outlined the validity of Gor’kov’s theory for the given acoustic system. A simulated Gor’kov 
potential result is shown in Fig. 2(e), where the edge vibration was modelled as a harmonic rigid 
body motion in x-direction. This proposed modelling was then evaluated experimentally: The 
streamlines of the force field in Fig. 2(e) correspond well to the particle paths in Fig. 2(d) which 
were tracked with a video analysis software (ProAnalyst). 
The physical trapping effect was further characterized with hollow particles of negative acoustic 
contrast Φ<0. These particles were repelled from the vibrating edge as predicted by the numerical 
model. 



 
Furthermore, in Fig. 2(f,g) a PIV analysis of the acoustic streaming around the edge structures 
confirmed the results of Huang et al. [5]. As discussed by Rogers et al. [6], the dynamics of cells in 
the acoustic field was found to depend on the interplay between the described acoustic radiation 
forces and drag forces from the acoustic streaming. 
Finally, the transfer function between the applied voltage on the piezoelectric element and the 
device surface velocity was measured by means of laser vibrometry. The described acoustofluidic 
trapping effect was found to work best at frequencies where a maximal velocity amplitude was 
measured. The trapping performance is therefore mainly dependent on transducer characteristics. 
                        

 

          

         
 

 
Fig. 2. (a-c) Time series of yeast cell trapping. Yeast cells (seen as dark dots) are suspended in a microfluidic channel. Upon 
mechanical excitation of 924 kHz at time t > 0, the yeast cells are attracted to the edge of size 125 µm x 20 µm. (d) Trapping of 
11 µm co-polymer particles on an edge structure of 250 µm x 10 µm. Red lines mark the tracked particle paths which correspond 
well to the streamlines in (e). (e) shows the simulated Gor’kov potential around the vibrating edge structure for Φ>0  (f1=0.76, 
f2=0.034) with surrounding perfectly matched layer (PML) boundaries. The modelled harmonic edge vibration is illustrated by three 
red arrows. Particles are attracted to the  blue minima of the Gor’kov potential, as denoted by the plotted streamlines of the radiation 
force field. (f) Acoustic streaming at the edge. Yeast cells are moved by circular counter rotating fluid flows. (g) PIV analysis result 
of the acoustic streaming field from the same experiment as in (f). 
 

Conclusion 
The shown acoustofluidic method allows to trap cells on a edge at an arbitrary position in a 
microfluidic channel. Stable and robust trapping was observed because the trapping method does 
not require a precise tuning of the excitation frequency. These features are advantageous compared 
to known acoustophoretic trapping methods with standing waves, where (1) the trapping of cells 
was only possible on pressure nodal lines between wave-reflecting system boundaries (spatial 
restriction) and (2) the excitation frequency had to be precisely tuned to match the temperature-
sensitive fluid resonance frequency. 
With these advantages and its relatively simple setup, the discussed device is believed to be suitable 
for a wide range of cell analysis applications such as clinical diagnostics, drug discovery and 
screening as well as single/cancer/stem cell research. 
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Introduction
Handling of sub-micrometer bioparticles such as bacteria is becoming increasingly important
in the biomedical field and in environmental and food analysis. The usual quadrupolar vortex
streaming flow of half-wavelength bulk acoustic wave devices of rectangular cross section does
not allow for focusing of sub-micrometer particles, since the streaming induced drag counter-
acts the radiation force [1]. With surface acoustic waves at high frequencies it is possible to
focus sub-micrometer particles, however at significantly lower flowrates [2]. In this combined
numerical and experimental study we identify and optimize a single-vortex bulk streaming flow
that allows for focusing of sub-micrometer particles by the primary radiation force. The single-
vortex streaming flow is obtained by single-frequency simultaneous excitation of close-lying
resonances of a nearly-square microchannel cross section.

Numerical model
The numerical analysis follows the scheme developed by Muller et al.[1] for calculation of the
steady streaming flow and particle trajectories in the cross-sectional plane of a long straight
microchannel. The numerical scheme is applied to a nearly-square channel 230.5 µm wide and
229.5 µm high. The oscillating first-order velocity boundary conditions applied to the walls
was ubc = u0 cos(ωt)ey on the left and right walls and ubc = u0 cos(ωt + φ)ez on the top and
bottom walls, where u0 is the amplitude, ω = 2πf is the angular frequency of the transducer,
φ is a constant phase shift, and ey and ez are the unit vectors in the transverse horizontal and
vertical directions, respectively.

Figure 1: Resonance curves,
obtained by plotting the aver-
age acoustic energy density Eac
vs. the frequency f = ω/2π of
the oscillating velocity bound-
ary conditions shown in the in-
sets. f1 and f2 are the two res-
onance frequencies correspond-
ing to the horizontal and verti-
cal half-wavelength resonances,
respectively. fm indicates the
middle frequency between the
two resonance peaks. All walls
have the same oscillation am-
plitude u0.
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Figure 2: Simulated acoustophoretic trajectories of 0.5 µm particles in the vertical cross section of a mi-
crochannel along with a graph of the normalized angular momentum density of the fluid L = r × ρ0

〈
v2

〉
vs.

the phase shift φ between the left/right wall pair and the top/bottom wall pair.

Results
Figure 1 shows the average acoustic energy density Eac in the channel as function of the trans-
ducer frequency f for different velocity boundary conditions. Fig. 1(a) and (b) show the reso-
nance curves for the horizontal and vertical half-wavelength resonances, respectively. Fig. 1(c)
and (d) show a resonance curve with both peaks and a plateau in-between due to single-
frequency simultaneous excitation of the two close-lying resonances. Even though the two-peak
resonance curve is the same for the two different velocity boundary conditions with φ = 0 and
φ = π/2, Fig. 1(c) and (d) respectively, the second-order steady streaming flow is significantly
different. The simulated trajectories of 0.5 µm particles are shown in Fig. 2 for different values
of the phase shift φ along with a graph of the normalized angular momentum density of the fluid
L = r × ρ0

〈
v2

〉
perpendicular to the cross-sectional plane, which is seen to correlate well with

the focusability of the particles. Continuous flow acoustophoresis experiments with a square
230-µm-by-230-µm cross section demonstrated focusing of 0.5 µm particles and E. coli bacte-
ria, which exerted a spiraling motion towards the channel center (results not shown, see Ref. [3].

Conclusion
We have shown how simultaneous excitation of the two close-lying half-wavelength resonances
of a nearly-square channel may generate a single-vortex streaming pattern. This enables fo-
cusing of sub-micrometer particles by the primary radiation force, following a spiraling motion
towards the center of the channel, which is not possible with the usual quadrupolar vortex
streaming of the half-wavelength resonance of a rectangular channel. The single-vortex stream-
ing flow has been optimized numerically by changing the phase shift between the oscillating
boundary velocity conditions. We demonstrate two-dimensional acoustophoretic focusing of E.
coli bacteria and 0.5 µm polystyrene particles with high recovery. The ability to manipulate
bacteria and other sub-micrometer particles in a bulk acoustic standing wave field opens up
the acoustophoresis research field to new applications in microbiology.
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Introduction 
Separation of submicron particles suspended in gases is of great importance for both industrial and 
scientific applications. For instance, the particles produced through the combustion of hydrocarbons 
are known to pose serious health threats [1, 2]. Although submicron particles are produced in great 
numbers and penetrate deeper into the lungs, they still remain largely unregulated in current 
emission standards that focus on the total mass of particles produced.  This situation is changing, 
motivating a need for robust particle separation techniques effective for submicron particles and 
capable of operating under harsh conditions in industrial applications such as biomass gasification 
[3], electronic waste recycling [4] and municipal waste incineration  [5]. Established separation 
techniques are available (cyclones, electrostatic precipitators, scrubbers and filters), but each comes 
with its own set of limitations and all have reduced capabilities for the handling of submicron 
particles [6]. The objective of the work presented here is to investigate the potential of gas-phase 
acoustophoresis as a driving force for novel particle separation techniques, with an emphasis on 
submicron particles.  
During the last decade, rapid developments in acoustic particle manipulation techniques in aqueous 
media have greatly benefited several microfluidics-based applications, essentially in the life 
sciences. These techniques exhibit several advantageous features that would be beneficial for 
aerosol treatment: physical barriers (subject to clogging) are not needed, nor are chemical additives, 
for separation of fine particles. Additionally, acoustics can separate particles based on their physical 
properties such as particle size, compressibility or density. The acoustic separation techniques 
developed in the liquid phase can potentially be adapted to particles suspended in gases. In this 
work we investigated the effect several key parameters (flow, acoustic and geometrical) on the 
particle separation efficiency in a simple rectangular channel seeded with submicron solid particles 
suspended in air. 
 
Experiment 
The separation channel used features an adjustable height of up to 20mm and an electrostatic 
broadband transducer (operated in the 50-100 kHz range) is used as an excitation source. This 
allows the investigation of the excitation frequency and the number of nodes on particle separation. 
The efficiency of the process is measured by seeding the gas flow through the channel with TiO2 
particles (300nm nominal diameter) and observing the distribution of particles using a light 
scattering technique. A thin laser sheet parallel to the flow direction is inserted through the 
downstream opening of the channel and a camera positioned perpendicular to the flow is used to 
capture the scattered light. The acquired images are then processed using Matlab to yield a value 
that can be used to assess the effect of different flow and acoustic parameters on separation 
efficiency. The efficiency metric used here is the ratio of the collected light intensity downstream of 
the transducer within the nodal bands to the collected light intensity upstream of the channel. 
Fig.1(a) illustrates the particle distribution with and without the acoustic excitation inside the 
separation channel.  
 Results 
Using this experimental setup we have investigated the effect of sound pressure amplitude on the 
separation efficiency, with the results shown in Fig.1(b). As expected, the separation efficiency 



 
increases with sound pressure amplitude. If we consider only the efficiency value corresponding to 
the optimum resonant frequency (ORF) in each frequency scan and plot them versus sound pressure 
amplitude, there is a trend that deviates slightly from the power-law growth expected from the axial 
component of primary radiation force. In Fig.1(c) the effect of channel velocity on the separation 
efficiency is depicted. The efficiency value corresponding to the ORF is inversely proportional to 
the gas velocity; it is therefore as expected proportional to the residence time of particle in the 
standing wave. The effect of frequency on the acoustic separation efficiency is also investigated and 
shown in Fig.1(d) where the result follow the trend expected from the dependence of the axial 
primary radiation force on the frequency. The effect of the parallelism of the reflector wall with 
respect to the channel base was also studied. The result showed that the average tolerance necessary 
to maintain 90% of the optimum separation efficiency was about 11𝜇m (corresponding to an angle 
of 0.4 minute of arc) for channel height equal to 5.71mm. The alignment tolerance for 90% 
efficiency increased as the channel height decreased. In Fig.1(a) the visualization of particles in the 
presence of the acoustic excitation shows an unexpected distribution of particles inside the channel. 
When two nodes are present in the channel, they are located at a distance less than a half 
wavelength away from each other. An accumulation of particles at the transducer and reflector 
walls was also observed. This is at odds with the expectation that there is a pressure antinode at the 
walls and that solid particles suspended in air should move to the pressure nodes. 

 
Fig. 1. (a) Visualization of acoustic particle separation with and without sound source in the separation channel using laser light 
scattering. (b)  Separation efficiency as a function of sound pressure amplitude. (c) Separation efficiency as a function of velocity 
inside the channel. (d) Separation efficiency as a function of frequency 
Conclusion 
We have calculated the separation efficiency as functions of several key parameters in designing an 
acoustic separation channel. The results were mainly in agreement with the expected theory in 
which the acoustic axial component is considered as the dominant force in driving the particle to the 
nodal planes. The unexpected distribution of particles inside the channel, in presence of the acoustic 
excitation, has been observed. We have not found a satisfactory explanation for these observations 
so far and further investigations are underway. 
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Introduction 
Due to its characteristics one appealing method for contact-free particle manipulation is the use of 
acoustic standing waves. It is becoming of particular interest at the interface of engineering and 
biological research, i.e. biomedical engineering, applied micro-technology and life science.  
For a full acoustic characterization of an acoustofluidic device it is necessary to know the spatial 
distribution of the acoustic pressure within the fluid chambers. In an indirect way of measurement 
Barnkob et al.[1] had shown that it is possible to estimate the local acoustic pressure amplitudes by 
particle trecking and a subsequent fitting to a theoretical model. Therefore the particle trajectory of 
an arbitrarily placed particle within the device was observed while it was moving to its equilibrium 
position at an acoustic pressure node. An alternative method was shown by Thalhammer et al.[2] by 
locating the particles with a long-range optical trap at a defined starting position before the particle 
motion was initiated by ultrasound. A novel direct method to predict the spatial acoustic pressure 
distribution in acoustofluidic devices is realized here by the use of a single-beam gradient laser trap. 
 

     
Fig. 1. Schematic illustrations of the acoustic device and the simplified main optical components. A standard microscope slide carries 
a cut coverslip as spacer for a 4 mm wide channel which is covered with another coverslip. A piezo-electric transducer of about 
2x1x8 mm in size was glued to it with conductive epoxy parallel to the channel-length (x). The channel width of 4mm is due to the 
high numerical aperture objective needed for the optical trapping and position detection to avoid optical scattering on the channel 
walls. The laser trap is driven by a tightly focused laser-beam of 980nm wavelength which is collimated and projected in a slightly 
defocused manner on a quadrant photo detector to derive the trap stiffness by Brownian Motion. 

 
Measurement Concept  
This concept provides the possibility to do direct 3D acoustic force measurements at defined 
positions on dielectric spheres in the ray optics regime. Therefore transparent devices were built out 
of standardized microscope coverslips and a well-defined sharp edged fluid channel was made by 
the use of a dicing saw. A schematic illustration of a single-beam gradient laser trap and of the used 
device is shown in Fig.1. In the experimental setup a dielectric particle was suspended by the 
single-beam gradient trap of 980nm wavelength and moved to a specified position in the center of 
the channel to avoid boundary effects. While applying ultrasonic frequency sweeps around known 
eigen frequencies, we monitored the displacement of the particle from the trap center. The trap 
stiffness for the observed displacement was derived by measuring the Brownian motion of the 
particle in the optical trap potential. Knowing the stiffness of the trap we subsequently calculated 

y 

x 



 
the time averaged forces in dependence of the frequency and the position along the direction of 
wave propagation, which was varied with a translation stage. Fig. 2a. shows the directly measured 
force field on a 7.61m Silica particle at an eigen frequency of 1510kHz. 
 
Acoustic Pressure Prediction 
Yosioka et al.[3] gives the relation between the acoustic force amplitude AF and the acoustic pressure 
amplitude AP and is defined for the time averaged acoustic force  on  on a spherical particle as  
 

 
 

where, ρf is the fluid density, kp is the wave number of the acoustic pressure field, rs the radius of 
the sphere, ys the position of the sphere within the pressure field and Fy is the acoustic contrast 
factor defined by Yosioka[3]. Here, the pressure amplitude AP is the only unknown parameter 
because the particle position ys is defined by the position of the optical trap within the fluid chamber 
as well as the wave number kF of the acoustic force curve. Under the assumption that this relation 
holds for each single point of the averaged acoustic force curve of multiple measurements, it is 
straightforward to calculate the acoustic pressure for λP =2 λF. Subsequent averaging of the 
calculated pressure distributions of the investigated measurement range along the y-direction 
(Fig.2a) leads to the acoustic pressure amplitude for the eigen modes as shown in Fig. 2b. The 
results are compared to Comsol simulations. 
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Fig. 2. (a) The connected Asterisk symbols indicate the observed force as calculated from the bead displacement and the trap-
stiffness as a function of the y-position at 1510kHz. 7.61 um Silica particles were used and the channel was filled with water. The 
dotted line shows the resulting sinusoidal fitting curve of the measurements (λF=500m, AF=3.75pN) (b) comparison of acoustic 
pressure amplitudes experimentally determined (open squares) and numerically calculated (filled squares). Error bars indicate the 
absolute range of experimental data. 
 
Conclusion 
Based on the current models we calculate the resulting acoustic pressure field properties. By use of 
a laser trap, we suspend a sound-hard spherical particle at a specified position within a fluid 
chamber. While applying ultrasonic frequency scans, we monitored the displacement of the particle 
from the trap center and subsequently calculated the time averaged forces in dependence of the 
position along the direction of wave propagation and the frequency. From the obtained quantitative 
data from both the device characterization and the sinusoidal position dependence, we were able to 
determine the pressure distribution within the device. The obtained data corresponds exquisitely 
well with predictions from theory and modeling. The method allows to be readily adjusted to other 
particle-, chamber-, and fluidregimes and will be combined with other imaging techniques, for 
example Schlieren-imaging to visualize the acoustic waves directly. Thus, this new and direct 
measurement opens up the possibility to quantify so far inaccessible small scale phenomena such as 
the effects of local and global acoustic streaming, effects of boundaries or near objects as well as 
non-linear fluids. 
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Acoustic trapping is here used to automate and speed up the sample preparation needed for 
MALDI-MS bacteria typing from blood-culture flasks. Automation is here enabled by using 
acoustic trapping to replace the standard centrifugation-based method.  The presented technology 
addresses a number of current challenges and provides a possibility to handle microbial pathogens 
that are difficult to lyse, or have lots of peptidoglycans, as well as handling complex backgrounds 
(blood/urine) and leaves the potential for developing methods to quickly deduce antibiotics 
resistance.  
 
Identification of bacteria species with MALDI-MS is becoming a new standard in clinical practice 
for microbial pathogen diagnosis [1], used in more than 1000 microbiology labs around the world 
with more than 20 million analyses were performed last year.  These analyses all require time 
consuming manual sample preparation of hazardous samples. The current standard protocol for 
sepsis involves overnight culturing in blood culture flasks to increase the bacteria concentration, 
followed by manual sample preparation in form of selective-lysis and several cumbersome 
centrifugation steps.  Our improved method for bacteria purification is based on a microfluidic 
platform for seed-particle aided acoustic trapping of the bacteria, enabling non-contact enrichment 
in low-cost disposable glass capillaries with efficient washing capability 
 
 
Experimental 
 
Escherichia coli was spiked in whole blood and cultivated using the clinically used blood culture 
flask-incubator.  At an approximate concentration of 107 mL-1 the presence of bacteria was detected 
by the incubator.  The blood cells were selectively lysed using a lysis buffer from the Bruker-
Sepsityper kit (20 µL buffer in 1 mL blood). The lysate was directly aspirated in an acoustic trap 
arranged in a glass capillary (200x2000 µm2 cross-section) [2].  The trap was preloaded with a 
small number of seed-particles [3] allowing for acoustically trapping of the bacteria and subsequent 
aspiration and dispensing of deionized water enabled efficient removal of plasma proteins.  The 
trapped bacteria were released by dispensing a 10 µL water volume containing the bacteria cluster.  
The cluster was released into the previously presented ISET SPE sample preparation platform [4] 
packed with 10 µm RP beads, in order to decrease the sample volume, concentrate and purify the 
bacterial proteins, as well as form a crystal for the MALDI-detection.   
 
 
 
 
 
 
 



 
Results and discussion 
 
The bacteria were successfully identified with MALDI-MS as E. coli using the standard Bruker-
Biotyper software correlating the obtained spectra with the reference database. The presented 
microfluidic technology replaces five centrifugation steps and provides successful typing of bacteria 
from blood culture.  This automated microfluidic assay can improve bacterial identification using 
only a very small sample, and provides help for clinical microbiology laboratories that are in dire 
need of fast and reliable methods to analyze bacteria in order to provide the correct choice of 
infection therapy.  
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Introduction
The manipulation of fluids and particles using ultrasound in microsystems is a rapidly expanding
field. The use of bulk-acoustic-actuated glass capillaries is receiving increasing interest as mass-
produced glass capillaries provide a cheap and efficient alternative to clean-room-fabricated
chips. For example, glass capillaries have been used for acoustic trapping and separation
purposes1 and recently, Evander and Tenje presented the idea of using polymeric fluidic con-
nectors to open up for the use of single-use glass capillaries with complex microfluidic systems2.
Alongside, more and more acoustofluidics applications are using two-dimensional acoustic fo-
cusing for improved manipulation and separation3, and recently, Antfolk et al.4 presented the
use of simultaneously acuating two perpendicular acoustic resonances in a square microchannel
to significantly enhance the separation of sub-µm-sized particles. In this work we present a
quantitative study of the three-dimensional acoustophoretic particle motion in a square glass
capillary. The motivation for this work is to understand and enhance the separation and ma-
nipulation of µm-sized and sub-µm-sized particles in such simple and versatile systems.

Theory
A square glass capillary is sketched in Fig. 1(a) and shown in Fig. 1(c). Considering only the
two-dimensional liquid domain surrounded by hard walls and without losses, a horizontal half-
wave resonance p1y = pay sin[(π/w)y] and a vertical half-wave resonance p1z = paz sin[(π/h)z]
are located at the exact same frequency f10 = f01. However, the actual system includes vis-
cous and dissipative losses leading to finite-width resonances. Furthermore, the actual system
contains asymmetries in the capillary dimensions due to fabrication precision as well as asym-
metries in actuation conditions and as a result the two resonances f10 and f01 will be separated
by ∆f . Thus, sweeping in frequency we expect a vertical pressure nodal line at f10, a hori-
zontal pressure nodal line at f01, and a diagonal pressure nodal line at fm being the frequency
where the two resonances are present with the same acoustic energy, see Fig. 1(b). In Antfolk
et al.4, this is simulated by finite element modeling by actuating the horizontal and vertical
solid/liquid side walls simulaneously either in or out of phase, resulting in a steady or rotating
diagonal nodal line, respectively. However, this is a simplified model of the actual actuation
displacement at the solid/liquid interface. In this work we will clarify this by tracking the 3D
position of particles being focused to the pressure nodal lines by the acoustic radiation force.

Experiments
The system is a 50-mm-long square glass capillary with nominal 400-µm-inner width and 800-
µm-outer width. The capillary is filled with a neutrally-buoyant suspension of 5-µm fluorescent
polystyrene particles in a glycerol:water (20:80) solution, see Fig. 1(c). The flow is stopped and
the capillary is acoustically actuated via a piezo transducer while the three-dimensional parti-
cle trajectories are determined in a 3.3-mm-long field-of-view using astigmatic particle tracking



square capillary

ID  400 microns

OD 800 microns

2-MHz piezo

field-of-view

Figure 1: (a) Sketch of a liquid-filled square glass capillary attached to a piezo transducer. (b) Pressure
modes p1y and p1z and their superposition in the square capillary. (c) Photograph of the square glass capillary.

velocimetry5. The actuation frequencies range from 1840 kHz to 1900 kHz at temperature
(25.2 ± 0.2)◦C. The actual channel is measured to have a width w = (426 ± 10) µm and height
h = (434± 10) µm by forcing a Poiseuille flow through the channel and making a fit to find the
walls. These channel widths correspond to f10 ≈ 1860 kHz and f01 ≈ 1830 kHz.

Results
Fig. 2 shows the obtained particle trajectories. Note that the acoustic resonances do also vary
along x, but in this work the variation along x is weak and not investigated in detail. The
observed results are as following; (a) at 1840 kHz the particles focus towards a horizontal nodal
line as for the f01 resonance, (b) at 1865 kHz the particles focus to the channel center, (c) at
1890 kHz the particles focus to a diagonal nodal line as for fm where the f10 and f01 modes are
approximately equal, and finally (d) at 1900 kHz the particles focus to a vertical nodal line as
for the f10 resonance. These results indicate a resonance splitting of ∆f ≈ 60 kHz.

Figure 2: (y,z)-projections of experimental particle trajectories along a 3.3-mm field-of-view along x for four
acoustic actuation frequencies, (a) 1840 kHz. (b) 1865 kHz, (c) 1890 kHz, and (d) 1900 kHz. The black dots
show the trajectory endpoints and the absolute particle velocities are illustrated in colors from 0 (dark blue) to
80 % of the maximum particle velocity for each frequency (dark red).

Conclusions and outlook
Our quantitative measurements of radiation-dominated acoustophoretic particle motion in a
square glass capillary agree qualitatively well with basic theoretical predictions. The final aim
of this work will be to perform a full quantitative comparison with numerical models in order
to improve our understanding of the acoustic resonances. To achieve this aim, better statistics
on radiation-dominated as well as streaming-dominated particle motion will be obtained.
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Introduction 
Surface acoustic wave (SAW) devices can be applied for mixing as well as for heating at low Reynolds 
numbers in order to increase sensor signals [1,2] or to speed up synthetic chemistry [3]. Concerning SAW-
based mixing in microchannels only very few results are published yet, but mostly large SAW wavelengths 
(200 - 500 µm) are applied for this purpose [4-7]. Here, we present our investigations of mixing in a rectangular 
microfluidic channel using travelling SAWs and the associated fluid temperature development. Using finite 
element modelling of SAW induced streaming and mixing in microchannels, we identified wavelengths 
suitable for efficient mixing. Our results reveal the influences of the fluid velocity in the channel, the 
wavelength and the load power on the mixing efficiency. We show that efficient mixing can be achieved even 
at low power levels accompanied by a temperature increase of less than 5K if appropriate wavelengths, with 
respect to the channel dimensions, are chosen.  
 
Experiment 
Comsol Multiphysics FEM simulations were carried out in order to estimate three-dimensional concentration 
profiles of two aqueous fluids along the channel actuated/mixed by a volume force corresponding to the SAW 
amplitude. At fixed channel dimensions with a cross section of (500 x 500) µm², SAW wavelength and power 
level as well as fluid flow rate in the channel were varied to identify the most appropriate wavelength for 
efficient mixing. To evaluate the simulations, tailored experiments were carried out: Impedance-matched 
interdigital transducers (IDT: 1 mm aperture; SAW = 20, 30, 60 µm) were fabricated on 128°YX LiNbO3 
together with meander resistors for temperature measurement using Al/Ti-metallization and lift-off 
technology. Subsequently, SiO2 (1000 nm) and Al2O3 (10 nm) layers were deposited on the device surface as 
passivation. Electrical connection was established via spring-pin electrodes on a customized chip holder and 
high frequency input signals (PLoad = 0…2 W) were supplied (PowerSAW3 signal generator, BelektroniG 
GmbH [8]). Y-shaped channels in PDMS (see Fig. 1) were mounted on the substrate and connected to a 12-
roll rotary pump (Reglo Digital, Ismatec). To ensure efficient SAW excitation and prevent energy absorption 
in the PDMS, an air gap was kept above the IDT leaving only a 100 µm wide sealing strip (i.e. one of the 
channel walls) between IDT and the fluid filled channel. Equal volume flow rates were set for both channel 
inlets in 10 steps (10 to 600 µl/min), correlating to fluid velocities of vFluid = 0.67…40 mm/s in the 
acoustofluidic interaction zone of the main channel. The aqueous model fluids consisted of an acetate buffer 
(fluid 1) and a NaOH solution with Bromthymol blue (BTB) dye (fluid 2). The reaction of both fluids triggers 
a color-change reaction, which allows determination of the achieved mixing efficiency using a CCD camera.  
 

a) b)  
Fig. 1: a) Sketch of the experimental setup (arrows indicate SAW path and fluid flow directions); b) Photograph of the experimental 
setup showing the PDMS channel block with two stainless steel media inlets and one outlet on the SAW chip together with high-
frequency spring pin conductor plates (PCB, green) and 4-wire resistor connections for temperature measurement in the channel



 
Results 
According to our experiments and simulation results, efficient mixing can be achieved in microchannels using 
SAW devices with appropriate wavelengths at a large range of fluid flow rates (up to 600 µl/min). As the 
penetration depth of acoustic streaming is wavelength dependent [9], for efficient mixing the SAW wavelength 
should neither be too small (Case I) nor too large (Case II) with respect to the channel dimensions: Case I is 
limited by technological means and is - in the case of microchannels - a minor problem. Case II is determined 
by parasitic energy absorption in the channel wall material leading rather to heating of the wall material than 
to efficient mixing. In order to minimize this effect and, thus, to increase mixing efficiency, the SAW should 
be almost completely converted into a longitudinal pressure wave when propagating across the channel. As 
the amplitude of Rayleigh SAWs is attenuated to 1/e of its initial value in water after a length of about 11 
wavelengths [9] and as the associated SAW power is proportional to the squared amplitude, a 90% (95%) 
power conversion is ensured at a channel width of approx. 13 (18) wavelengths. For the setup used in this 
study, the wavelengths of 20 and 30 µm fulfil this requirement. When such appropriate wavelengths are used, 
the increase in temperature can be as low as 5K for efficient mixing of two aqueous fluid streams. With 
increasing wavelength, a drastic increase of temperature can be measured (e.g. for the used 60 µm device), 
which can be related to energy absorption in the PDMS channel walls and associated local heating. 

a)  b)  
Fig. 2: a) Results of FEM simulation of fluid flow in microchannels (top view): concentration profile of fluid 1 with increasing SAW 
power (SAW aperture indicated by dashed lines, P increases from top to bottom); b) Fluid flow as seen in optical microscope (top 
view) for different power levels (fluid1 = transparent, fluid2 = blue, mixed fluid = yellow; f0=195 MHz, 1 mm aperture, 150 µl/min 
fluid flow rate; streaming direction indicated by arrow) 
 
Conclusion 
In summary, we present simulations and corresponding experimental results regarding fluid mixing in 
microchannels using SAWs. We investigated the dependencies of mixing efficiency and fluid temperature on 
SAW wavelength, input power and fluid flow rate. Hereby, the ratio of wavelength to channel width plays a 
crucial role for the mixing efficiency and the amount of energy absorption in the channel wall material. Using 
appropriate IDTs, we show efficient mixing at low power with a low temperature increase, even for high flow 
rates.  
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Introduction
It is well known that acoustic radiation forces arise from the transfer of linear momentum carried by a

pressure wave. An acoustic wave can also carry angular momentum and transfer it to matter in order to create
a torque. Different approaches can be followed to create an acoustic torque by means of acoustics. In this
talk, we will report on the use of acoustic streaming at low frequency to make cells spin at a constant angular
velocity relying on two orthogonal out of phase standing waves to induce a stationary rotation of a particle or
a living cell in a microchannel. The acoustic torque being a decreasing function of the sound frequency, we
have designed an acoustorotation chip that is design to operate at low frequency (typ. f0 ≤ 300 kHz). Indeed,
the acoustic channel size is 300µm, much smaller than the sound wavelength λ so that the channels behave
as sound waveguides and make the chip act like a musical horn. The low frequency regime is also interesting
for cell mechanics study but as we will show, it is a challenging goal because of the necessity to achieve
independant actuation in order to ensure the correct phase shift required for acoustorotation.

FIGURE 1: (a) Sketch of a typical acoustorotation protocol (b) Monocyte cells (THP1) spinning in an acoustic field for
f0 = 36 kHz.

Framework
Consider two orthogonal plane standing acoustic

waves :
Px(x, t) = Ax. cos(k0x). cos(ω0t)
Py(y, t) = Ay. cos(k0y). cos(ω0t+ φ)

1



Assuming a spherical particle of radius a� λ0, the acoustic torque Γacous exerted upon a particle has been

calculated in [1] and worth : Γacous = 3
2
AxAy
2ρ0c2

0
δν4πa2sin(φ) where δν =

√
ν/πf0 is the streaming boundary

layer thickness. For a particle far from the walls, the viscous drag torque is Γd ≈ −8πµa3Ω yielding to a
stationary angular velocity

Ω = 3δνAxAysin(φ)
2aµρ0c2

0
∝

√
1
ω0

For the typical values used in this work, this lead to Ω ∼ 1Hz which is of the same order as the observed
rate of rotation (see Fig.1). To take advantage of the 1/√ω0 dependance, we have designed a low frequency
acoustofluidic chip.

Sound waveguide and horn design
To validate the concept of waveguide effect at low frequency, an aluminium waveguide has first been desi-

gned, simulated and manufactured. The chip design is shown on figure 2. It is composed of two facing acoustic
cavities prolonged by an exponential-shape horn at each end of the microchannel waveguide (of constant width :
l = 300µm). FEM numerical simulations of the acoustic field for different frequencies have confirmed that this
chip acts as a waveguide with resonant frequencies typical of musical acoustics determined by the waveguide
length (see Fig. 2). In a second step, this waveguides geometry will be implemented in order to achieve two
orthogonal waves on a silicon chip. We will discuss the advantages and drawbacks of this set up that has been
designed to achieve single cell spinning on a large cell population.

(a) (b)

FIGURE 2: (a) Acoustic pressure field in the low-frequency waveguide chip (FEM estimation, hard wall assumption).
f0 = 141kHz corresponding to Leff/λ ≈ 3 (cf insert showing a plot of the pressure along the center line of the channel.
(b) Resonances in the waveguide (maximum pressure in the channel along the non-dimensional frequency λ/Leff where
Leff = 33mm is the effective resonance length.
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Introduction 

Recent research in acoustic tweezing has mainly focused on the behaviour of devices for specific 

applications and the fundamental theories of the forces exerted on the target particles, e.g. dealing 

with particle - particle interactions. However, compared to optical tweezers [1], there have been 

only limited reports about developments and applications of acoustic tweezers at the system level. 

These offer the potential to meet demand for small, low cost and portable systems to allow accurate, 

robust and dexterous control with multi-element ultrasonic particle manipulation devices [2][3]. 

This paper reports the results of the development of a low-cost, low power consumption, fully 

programmable and bench top size electronic system for research applications of “Sonotweezer” 

devices.  
 

Design and Experiment 

The electronic system is designed to provide 16 channels of independently controlled signals in the 

form of continuous waves with approximately sinusoidal characteristics. For each channel, the 

signal frequency, phase and amplitude can be controlled individually. The system incorporates both 

programmable digital electronics based on FPGA (Field Programmable Gate Array), and bespoke 

analogue electronics, in a form that can be easily expanded to deal with a higher channel count. 

 

 

 
 

Fig. 1. Photographs of the 16 channel Sonotweezers control system. The pictures show the system electronics incorporated inside a 

chassis with the dimension of 334 mm (length) × 289 mm (width) × 117 mm (height). (a) Top layer electronics with FPGA 

development board and signal conditioning circuitry (b) Bottom layer electronics with customized amplifier array and 60-watt power 

supply. 

 

A customized FPGA soft core is designed to generate 16 channels of independent digital signals 

with frequencies and phases which can be adjusted in real time from a PC within the MATLAB 

(Mathworks, Cambridge, UK) environment. Off-the-shelf Spartan 3A FPGA development board 

(Xilinx Inc., San Jose, CA, USA) with immediate available signal input/output ports is used to 

shorten the design period. MATLAB is used because of the ease of adopting the Sonotweezers 
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device models and the convenience of communicating with the hardware through established 

toolboxes. Bespoke analogue electronics were constructed in two parts, one for signal conditioning 

and the other for amplification. The signal conditioning stage is designed to provide an arbitrary 

amplitude attenuated bipolar signal from CMOS logic signals (0 to 3.3 V typically) generated from 

the digital stage. The 16-channel analogue amplifier array was designed with a fixed gain of 10 for 

direct amplification of the attenuated digital signal for transducer actuation.  

 

Results 

The electronics have been used successfully to demonstrate the capability to manipulate 

microparticle clusters for different array-based ultrasonic manipulation devices. Each channel could 

independently generate approximate sinusoidal signal with the maximum voltage amplitude of 25 

Vpp without saturation and maximum current amplitude of about 100 mA with full voltage swing 

range. This report particularly discuss the manipulation of particles within a 16-element circular 

array reported previously [3]. The phase quantization control of the array elements was applied 
through the electronic system to generate acoustic pressure nodes to trap an aggregate of 10 µm 

diameter polystyrene microspheres, and the “acoustic trap” was manipulated dynamically following 

the route predefined by computer programs.       

 

 
                
Fig. 2. (a) An Oscilloscope image: 16 channels of CMOS voltage signals for transducers actuation generated from FPGA digital 
circuit stage. (b) 16-element circular array device with 10 µm fluorescent polystyrene particles filled inside the cavity. (c) A 

microscopic image: Acoustic field in the shape of concentric circles illustrated by the trapping of 10 µm polystyrene microspheres. 

 

Conclusion 

This report introduced a novel design of electronics and control programs that could be used to 

control array based acoustic manipulation devices. The feasibilities of phase quantization control of 

a Sonotweezer based on a circular piezoelectric array have been demonstrated with this system. 

Further improvements of the system will emerge from work on diverse applications as well as 

enhanced packaging of the FPGA IP core and user friendly interface development.  
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Introduction 

Processing of peripheral blood progenitor cells (PBPC) for clinical transplantation or research 

applications aims to effectively isolate or deplete specific cell populations. Here, we investigated 

the performance of microfluidic acoustophoresis for the separation of lymphocyte subsets from 

PBPC, and present a method for affinity-bead-mediated acoustic separation of cells which can 

otherwise not be acoustically discriminated. In an acoustic standing wave field radiation forces 

induce movement of particles depending on particle and medium properties as for example particle 

size, density and compressibility. Targeting of cells by affinity specific beads will generate cell-

bead complexes that exhibit distinct acoustic properties relative to non-targeted cells and are, thus, 

possible to isolate. We have shown before that it is possible to separate CD4+ lymphocytes using 

affinity acoustophoresis. Here, we investigated the perfomance of the acoustic setup to isolate 

CD8+ lymphocytes which are lower in cell number in the PBPC compared to CD4+ cells. 
 

Experiment 

PBPC samples were obtained from patients and healthy donors. Following density gradient 

centrifugation, cells were labelled with anti-CD8 magnetic beads (Dynal) and sorted by 

acoustophoresis and, for comparison, standard magnetic cell sorting technique in parallel. For 

acoustic sorting a silicon chip with two inlets and two outlets and with 2D pre-focusing abilities 

was used
1
 (Figure 1). The cell suspension was injected through the sample inlet and passed the pre-

focusing channel at a flow rate of 60 µL/min. Histopaque-1077 as a wash buffer entered through the 

centre inlet at 120 µL/min. The bead-bound CD8+ cells were collected in the centre outlet at 60 

µL/min and non-target cells through the side outlet at 120 µL/min. PBPC samples, target and non-

target fractions were analysed for purity, separation efficiency, recovery, T-cell function and 

progenitor cell content. 

 

Results 

Targeted CD8+ lymphocytes were acoustically isolated with a mean (± SD) purity of 92 ± 7%, 

compared to 90 ± 16% for magnetic sorting (Figure 2a). Viability of sorted cells was 97 ± 4% 

(acoustic) and 97 ± 3% (magnetic), respectively (Figure 2b). The mean separation efficiency of 

acoustic sorted CD8+ cells was 65 ± 19% of the total CD8+ cells compared to a mean recovery of 

magnetic sorted CD8+ cells of 34 ± 11%. Functional testing of sorted CD8+ lymphocytes showed 

unimpaired mitogen-mediated proliferation capacity after 2-day, 4-day and 6-day stimulation with 

CD3/CD28 (Figure 2c). Furthermore, hematopoietic progenitor cell assays revealed a preserved 

colony forming ability of post-sorted non-target cells. 

 
 



 

 
 

Figure 1. Picture of the acoustophoresis platform. The cell suspension with bead-labeled CD8+ cells enters through the side inlets 

while the wash buffer (Histopaque-1077) is injected through the center inlet. Radiation forces in the acoustic standing wave field 

move the cell-bead complex faster to the center compared to non-target cells and can be separated in the center outlet of the 

channel. Non-target cells exit through the side outlets. 

 

 

 

Figure 2. a) Comparison of CD8+ lymphocyte purities obtained with magnetic and acoustic enrichments are shown (n=16). b) The 

viability between both separation methods is comparable (n=16). c) Proliferation experiments with stimulated CD8+ cytotoxic T-

cells show no difference between acoustic and magnetic sorted cells at different time points (n=2).  

 

Conclusion 

The acoustophoresis platform can be utilized to efficiently isolate bead-bound CD8+ lymphocytes 

from PBPC samples which can otherwise not be acoustically discriminated. A high separation 

purity, with preserved functional capacity of both target and non-target cells in a continuous flow 

format could be achieved. Compared to the separation of CD4+ lymphocytes we optimized the 

acoustic separation purity. Using the acoustic platform resulted in a higher separation efficiency 

compared to magnetic cell sorting. In a next step we want to be able to isolate hematopoietic stem 

and progenitor cells for stem cell transplantation which are even lower in cell number. Affinity-

bead acoustophoresis is, thus, an interesting technology for PBPC processing and opens up for 

simultaneous separation of multiple cell population. 
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Introduction 
Here we present how 2-dimensional acoustic prefocusing drastically improves the performance of a 
novel microfluidic chip Coulter counter (MCC), by prealignment of cells, in an upstream 
acoustophoretic zone. By appropriate design of the acoustically actuated channel the sample 
particles flowing in the prefocusing zone are simultaneously aligned vertically and laterally before 
entering the MCC chip zone, leading to improved Coulter Counter measurement performance since 
they are now flowing through the same electric field density. This addresses known MCC 
sensitivity issues, caused by varying particle positions in the flow channel, which other groups have 
also tried to solve using different techniques, including sheath flow alignment and intricate 
multilayer microchip structuring [1-4]. When compared to earlier solutions, our acoustic approach 
allows for a less complicated chip fabrication and can be used for on-chip sample preparation in 
addition to the prefocusing of the target particles [5]. Our proof-of-concept data, using polystyrene 
beads and whole blood, shows that on-chip acoustophoretic prefocusing of particles can be used to 
improve MCC performance. 
 
Experiment 
The ability to separate, focus or trap cells using acoustophoresis has opened up new micro-analytic 
possibilities. Meanwhile, MCC’s have allowed thorough investigations of cell populations and 
single cell properties. In an attempt to combine these technologies and solve the need for accurate 
particle positioning in MCC’s we developed an MCC chip with an integrated acoustic prefocusing 
zone. The microfluidic glass chip was designed in Lund and fabricated by Micronit Microfluidics 
BV using a two step wet etching process followed by patterning of planar platinum electrodes 
across a narrow flow channel (35x80 µm) in order to allow impedance measurements, Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) The glass chip containing a prefocusing channel, width 420 µm and height 150 µm, and an (b) MCC zone, width 80 µm 
and height 35 µm, where prefocused particles can be detected using planar electrode impedance cytometry. (c) By actuating the 
prefocusing channel using two transducers, operated at ~2 and ~5 MHz, a stream of particles/cells can be precisely positioned in the 
centre of the channel before entering the downstream MCC-zone. (d) While an unfocused stream of same size particles will induce 
different MCC pulse amplitudes, (e) prefocusing of the particles will result in uniform pulse amplitudes, creating possibilities for 
more correct particle counts and detailed impedance based cytometry. (f) By analysing the raw pulse data in terms of electrode-
electrode travelling time (ttrav) and pulse shapes it is possible to determine how well the particles were prefocused.    
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Planar electrode configurations in microfluidic Coulter Counters are relatively easy and cheap to 
fabricate but sensitive to varying particle positions, which make them a good candidate for 
improvement if a simple particle prefocusing technique can be employed. To address this need we 
added an acoustic prefocusing zone to focus particles using standing wave ultrasound at 5 
(vertically) and 2 (laterally) MHz respectively. Comsol simulations were used in order to optimize 
for standing wave ultrasound at these frequencies and resulted in a 420 µm wide and 150 µm deep 
channel. In order to evaluate the system two different suspensions were used. A mixture of 5, 7 and 
10 µm polystyrene beads suspended in 0.9 % NaCl MQ water and whole blood diluted 10000 times 
in PBS with 7 µm ps beads added in order to provide a baseline for the pulse data. Flow was set to 7 
µl/min. Differential impedance spectroscopy was performed at 1.1 MHz and 2 V output. Acoustic 
standing wave forces were induced by piezoelectric transducers attached to the bottom of the chip, 
beneath the flow channel, actuated by signal generators. The raw data was analysed using Matlab 
and electric pulse amplitudes were extracted together with differential (+)pulse to (-)pulse travel 
time for each particle to estimate transition time between the two measuring electrode areas in the 
MCC, Figure 1f. The sample data from the MCC was compared with data using a Multisizer 3 
Coulter counter in order to further evaluate MCC performance. 
Results 
Confocal microscopy of the channel with polystyrene beads show particles distributed across the 
channel with ultrasound inactive, Figure 2a (upper), and can then either be acoustophoretically 
focused laterally (middle right), vertically (left) or into a well-defined centre point (lower). Pulse 
data further shows that the prefocusing improved the MCC performance. Pulse amplitude 
histograms suggest good correlation between particle volume and pulse amplitudes for both the 5, 7 
and 10 µm bead populations and the blood/ps mix which was also confirmed in the Multisizer data, 
Figure 2b-g. When prefocusing was activated the distribution of pulse amplitudes for each particle 
size was significantly improved, matching the reference Multisizer data.    
 
 
                    
 
 
 
 
 
 
 
 
Fig. 2. (a) Confocal imaging of the channel show that the particles could be prefocused into a well-defined position in the channel 
centre. It should be noted that the top-bottom 5 MHz ultrasound induced a curved focusing field, never before reported, 
corresponding to tapered wall acoustic simulations in Comsol. (b) With no prefocusing there were some overlaps between pulse 
amplitudes in the 5-7-10 µm bead mix histogram. (c-d) With 2D prefocusing active the amplitude data improved significantly and 
corresponded well to Multisizer measurements of the same sample. (e) In the blood-7 µm ps mix it was also hard to distinguish 
between cells (RBC’c) and beads without the prefocusing. (f-g) With prefocusing active each population was easily resolved and the 
relative number of particles in each population corresponded well with Multisizer data.   
Conclusion 
We have shown that 2-dimensional acoustic particle prefocusing can vastly improve the performance of a 
planar electrode impedance based cytometer. We now aim to develop an integrated device with 
acoustophoretic pretreatment of a sample, for example raw milk, with particle sorting, prefocusing and 
cytometry on a single chip. 
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Introduction 

Acoustic counterflow [1] has been demonstrated to generate efficient integrated fluid pumping in 

closed microchannels allowing true device portability. Development of on-chip functional blocks 

for sample pre-processing is necessary in view of its application for micro-total analysis systems 

(μTAS). Here, we investigated the microparticle and whole blood manipulation capabilities of these 

devices as a function of microchannel geometry. Here we show that, depending on the 

microchannel height h compared with the ultrasound wavelength λf scattered by the SAWs in water, 

it is possible to switch from an acoustic streaming dominated regime (h »λf) to an acoustic radiation 

force dominated one (h ≤λf). We then exploited these two regimes separately for whole blood 

manipulation. 
 

Experiment 

 
Fig. 1. Schematic of the SAW counterflow device (not to scale). 

 

Our experimental devices (Figure 1) are composed of a lower 128° XY lithium niobate substrate 

with a patterned interdigital transducer for SAWs excitation at 100 MHz and an upper 

polydimethylsiloxane microchannel layer. Devices with microchannel heights ranging from 14 μm 

to 70 μm were tested. The SAW amplitude was calibrated as a function of the operating power by 

laser Doppler vibrometry. 10 μL of fluid was pipetted into the reservoir and pumped via SAW 

counterflow at fixed SAW amplitudes, ranging from 800 pm to 1.4 nm. The channel filling was 

recorded with a brightfield inverted microscope equipped with a fast camera and analyzed using a 

μPIV software. Whole blood experiments were carried out using mouse blood diluted 1:10 in 

sodium citrate 3.8% in PBS to prevent coagulation. Adult wild type mice (CS7BL/6J strain, Jackson 

Laboratory) were treated in accordance with the ethical framework of FP7 and with the guidance of 

the Animal Protection Law of the Italia Republic (D.L. 16/1992). Detailed fabrication and operation 

protocols can be found in [2].  
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Results 

By seeding the fluid with 500 nm particles, we observed two completely different acoustofluidic 

behaviours depending on the ratio h/λf (Figure 2). When h ≤ λf, as reported in Figure 2a, we 

observed beads collection within a two dimensional periodical pattern, that matches the simulated 

distribution of semi-nodes of the partially standing ultrasound wave scattered in water by SAWs. 

Conversely, when h »λf we observed that the particles are dragged into a double vortical pattern 

(shown in Figure 2d) which evolves through different phases during the initial channel filling. 

Hence, we can tune the balance between the acoustic radiation force and the acoustic streaming 

(Stokesian) drag force by simply varying the microchannel height. Changing the beads size, we 

observed that the transitional height between these two regimes depends on the microparticle size 

with respect to λf. Finally, we investigated the effect of these regimes on whole blood in 14 µm 

(h ~λf) and 70 µm (h »λf) high channels. In the 14 µm high channels, we observed that complete 

plasma separation can be obtained between periodic accumulation lines in proximity to the 

meniscus (Figure 2b). When acoustic streaming dominates, however, we can generate a cell 

concentration gradient located in the vortical area which is independent of the device operating 

power (Figure 2d and 2e). 

 
Fig. 2. Representative images during pumping in the 14 μm high and 70 μm high channels with 500 nm particles and whole blood. 

Panel a) shows particle collection resulting from the dominant action of the acoustic radiation force in 14 μm high channels. Panel b) 

illustrates the consequent complete separation of plasma from the blood cells obtained in the semi-antinodes of the acoustic wave 

during pumping. Panel c), d) and e) refer to the 70 μm high channel case. Panel c) shows an image of the streaming pattern obtained 

with 500 nm beads which highlights the connection between the streaming and the relevant gradient features observed in blood 

manipulation. Panel d) shows a representative micrograph of the whole-blood dilution gradient. The corresponding cell concentration 

as a function of distance from the meniscus is reported in panel e) averaged within the jet area (red curve) and the whole channel 

width (blue curve). All the figures are aligned and the scale bar is 100 μm. 

 

Conclusion 
We have demonstrated microchannel dependent acoustophoresis and the resulting whole-blood 

manipulation driven by surface acoustic wave counterflow. We have shown that the ratio of 

microchannel height, h, with respect to the ultrasound wavelength, λf, scattered by SAWs triggers a 

transition between two particle dynamics regimes, each associated with the dominance of one of the two 

primary acoustic forces—the acoustic radiation force and the acoustic streaming drag force. In the 

acoustic radiation force dominated regime (where h ≲ λf), microparticles down to 500 nm diameter are 

collected in a periodic pattern whose dimension can be controlled tuning the SAW operating frequency. 

This configuration can be exploited to achieve a complete on-chip separation of the plasma from blood 

cells in a pre-determined area during the channel filling. In the acoustic streaming dominated regime 

(where h ≫ λf), the microbeads instead follow symmetrical vortical streamlines that changes within 

three different phases. Within this regime, a cell concentration gradient generates in whole blood 

samples during whole blood pumping associated with the vortex geometry. Switching between these 

two regimes is possible by careful design of the microchannel dimensions enabling the integration of 

different whole blood manipulation capabilities in portable μTAS devices. 
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Introduction 
With the growing performance of computing hardware and the increasing user-friendliness of 
simulation software, numerical simulations are widely used to design new particle manipulation 
setups. We demonstrate how the combination of simulation and numerical optimization routines can 
be used to automatically design devices that utilize acoustic radiation forces. We present the 
structure of the numerical routine and illustrate its performance with two examples. The planar 
resonator provides a first validation of the automatic design results whereas the automatic design of 
a 3D microdevice shows that any desired acoustic mode shape can be generated at maximum 
pressure amplitude. The presented approach is of great practical relevance for the development of 
highly optimized microdevices and it can speed up and facilitate the design-process. 
 
Method 
In order to generate reasonable design recommendations, any simulation-based design procedure 
requires an accurate simulation model. Therefore, the numerical model requires special attention 
and, if possible, validation to make sure that the model contains all relevant physics. Once a the 
numerical device model is set up, it is easy to change the device dimensions and other attributes 
with the aim of achieving improved device performance. In principle, this procedure is already a 
manual and iterative approach to solve the optimization problem shown in Fig. 1(a) [1].  
 

 

 
Fig. 1. (a) Mathematical representation of the optimization problem whereas the objective function f(p) is to be minimized by 
changing the parameter vector p within the parameter space between the lower bound pl and the upper bound pu. The inequality 
conditions g(p) ≤ 0 and the equality conditions h(p) = 0 enforce geometric constraints. (b) Flowchart of the automatic genetic 
algorithm (GA) optimization loop. After the finite element (FE) analysis of all parameter combinations in one generation, there is a 
fitness evaluation based on the objective function. The population of individuals (i.e. parameter combinations) is modified by the GA 
until a satisfactory solution is found. The GA uses reproduction, inheritance, and variation to create a new population of individuals. 
 
An automatic solution of the optimization problem is possible with established global optimization 
routines like genetic algorithms (GA), as depicted in Fig. 1(b). However, two key questions need to 
be solved. First, the device design needs to be parametrized, and second, the simulated device 
performance needs to be quantified by the so-called objective function in order to compare different 
designs. To avoid over-complex designs, it makes sense to prescribe the device topology and only 
modify the dimensions or the shape of individual parts. With an increasing number of optimization 
parameters grows the flexibility of the optimization to develop a good design. On the other hand, 
the more parameters, the higher the computational effort to search the parameter space for the 
optimal solution. Clearly, a trade-off needs to be found here. The fitness evaluation based on the 
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objective function (see Fig. 1 (b)) is one of the most important steps since it defines which 
simulation result will be considered optimal. Depending on the task of the device, different 
objective functions are conceivable. For a 1D planar resonator it might be sufficient to evaluate only 
the maximum radiation force. For more complex acoustic fields we suggest an objective function 
based on the Gor'kov potential 𝑈, 

 𝑓(𝒑) = −
1
𝑉
� 𝑈(𝒑)𝑈�d𝑉,
𝑉

 (1) 

which is essentially a linear integral transform with the kernel 𝑈�. It evaluates both, shape and 
magnitude of the simulated force potential 𝑈(𝒑) whereas the integration is performed over the fluid 
volume 𝑉. The kernel 𝑈� is chosen to be the desired normalized force potential. In this way, the 
objective function becomes minimal for a 𝑈(𝒑) of high magnitude and of similar shape as 𝑈�. 
 
Results 
As a prove of concept, we analyse the planar resonator since it is the only acoustofluidic device type 
for which a detailed optimization has been published [2]. For the automatic GA optimization, the 
material properties and the parameter space are adopted from [2]. Indicating that the optimization 
code is working properly, our automatic approach leads to an equally high radiation force and very 
similar layer thicknesses as the once presented in [2]. In order to prove that the automatic design is 
also applicable in more complex situations, a 3D microdevice for positioning of hollow glass 
particles, similar to the one in [3] is chosen. Here, the parameters to be optimized are the frequency, 
the position and size of the piezoelectric transducer as well as the length of the inlet channels to 
both sides of the fluid cavity. As depicted in Fig. 2(a), the desired acoustic field is the so-called 
(1,1)-mode which defines the integration kernel 𝑈�  in the objective function (eqn. 1). Figure 2(b) 
shows the simulated fields and the device geometry after 42 hours of numerical optimization. It 
delivers an exceptionally strong acoustic field and, by comparison with Fig. 2(a), it becomes 
evident that the optimization produces the desired mode shape. 
 

 
Fig. 2. (a) The normalized absolute pressure field and the kernel 𝑈�  of the objective function. They are both calculated based on the 
theoretically optimal pressure field which is defined by the (1,1)-mode. (b) The simulated absolute pressure field and Gor’kov 
potential 𝑈(𝒑) for the optimized device design. Material and dimensions of the major device components are indicated. Comparing 
𝑈�  in (a) with the simulated Gor’kov potential 𝑈(𝒑) in (b), shows that the automatic design by optimization provides the desired 
force potential. Despite the low driving voltage of 5 Vpp and realistic damping, the absolute pressure field has a high amplitude. 
 
Conclusion 
Design by optimization is a numerical tool for the automated development of particle manipulation 
devices. Its utility has been proven in two practical examples in which devices have been designed 
to maximize the radiation forces. As the field of acoustofluidics is moving towards commercial lab-
on-a-chip applications, optimal device performance becomes increasingly important whereas our 
approach is a flexible and powerful method to achieve this goal in a time-efficient manner. 
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Introduction 
Polymer sensors left in a marine environment suffer from the effects of biofilm accumulation. Biofilms 

are comprised of microorganisms and extracellular polymeric substance (EPS) and are formed when 
bacteria adhere to a wetted surface. The bacteria then excrete slime like EPS which aids the adherence of 
other microorganisms such as fungi, yeast, algae and other bacterial species [1]. The presence of biofilms 
will have detrimental effects on the performance of marine sensors. Mechanical and chemical cleaning 
options exist but are either expensive or likely to reduce the working life of the system. The formation of 
biofilms in microfluidic channels will also have detrimental effects on flow rates and could eventually lead to 
clogging. For these reasons it is important to protect in-situ oceanographic sensors from biofouling. 
Ultrasonic standing wave technology has been applied to polymer channels and has been shown to lead to a 
reduction in biofilm formation. 

Designing ultrasonic devices in polymer differs from more conventional ceramic designs, the 
acoustic quality factor of the materials will not be as high but devices are less sensitive to small changes in 
dimensions. The difficulty is in designing and manufacturing the polymer layers so that the node is positioned 
correctly and so that no antinodes are present in the channel, as this would lead to enhanced biofilm growth 
at the boundaries. As the acoustic impedances of PMMA and water are not too dissimilar, they act almost as 
one continuous material, allowing any fraction of a standing wave to be set up in the fluid cavity. This differs 
from the more conventional half wave and quarter wave designs of ceramic devices. Efficiency gains can be 
made by reducing the volume of plastic used in comparison to the fluid volume, as excess plastic will 
dissipate energy. Modelling and experimental work has shown that as the volume of plastic decreases the 
flexibility increases which can produce complex modal patterns and poor repeatability.  

 

Experiment 
 Polymer channels were milled into sheets of polymethylmethacrylate (PMMA) and were bonded 
together using a 1:2 solution of acetone and ethanol, [2]. Lead zirconium titanate (PZT) transducers were 
clamped to half the channels and all were connected in parallel to a solution of sterile artificial seawater 
called minimal marine media with nutrients (3MN) seeded with Vibrio natriegens, [3]. Four polymer devices 
were used per experiment, half of which were ultrasonically powered. Three experiments were run in series, 
each of which lasting 1 week. At the end of each experiment individual channels were flushed with distilled 
water prior to fluorescent labelling with CTC and DAPI to identify actively respiring and the total number of 
cells respectively. Images were captured along the length of each chip and image analysis was carried out in 
Cellprofiler, [4]. Excitation voltages ranged from 0.5 – 4 Vpp and each experiment had two control channels. 

 
Results 
 The majority of the bacteria identified in all 12 channels were not actively respiring. As expected, 
ultrasonic excitation led to a decrease in the quantity of bacteria adhered to the inner surfaces of the devices 
observed in both the CTC and the DAPI images. Particularly low voltages (0.5 Vpp) did not lead to any 
significant reduction in biofilm formation. The effects of ultrasonic excitation were seen at voltages as low as 
1 Vpp. Higher excitation voltages (4 Vpp) led to a reduction in biofilm formation of over 60% in the respiring 
cells and 20% in the total number of cells, Figure 1.  
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Figure 1: Excitation voltage is plotted on the abscissa and the ordinate refers to the average number of bacteria identified in each 
chip/dye combination. Error bars are defined as ± the standard error. Readings of the same dye type share shape and readings from the 
same experiment share colour. DAPI readings indicate total cell count whilst CTC readings indicate respiring cells. Ultrasonic excitation 

led to a reduction in biofilm formation in every slide. Every experiment also showed a drop in the number of actively respiring cells, 
excluding the chip powered at 0.5 Vpp.  

                        
Conclusions 
 Ultrasonic excitation has been shown to reduce the number of bacteria that adhere and grow in a 
polymer microfluidic device. Excitation voltage of 0.5 Vpp lead to a noticeable increase in actively respiring 
cells but the total quantity of bacteria observed was reduced. Once excitation reached 1 Vpp a reduction in 
biofilm formation was seen at every level of excitation in both dye sets.  This data demonstrates the potential 
of low power ultrasonic excitation as an anti-biofouling methodology. It is hoped that further optimisation of 
this methodology will lead to more significant, and consistent reductions in biofouling. This work also shows 
that robust ultrasonic devices can be made from polymers and can operate for relatively long time periods. 
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Introduction 
Due to the short exposure time of the sample to a photosensitive element, characterisation of fluorescent 

objects in flow cytometry usually requires high sensitivity sensors, for example photomultipliers. In general, 

image flow cytometry has the potential to offer better specificity than conventional flow cytometry, however, 

the limiting factor is the sensitivity of the CCD element of the camera. The high throughput and high 

sensitivity of flow cytometers is especially desired in detection and identifying circulating tumour cells 

(CTC) in blood. Recently, an approach to implement imaging cytometry for CTC detection in blood used a 

TDI (Time Delay and Integration) CCD camera observing a moving tray containing a single layer of blood 

cells [1]. Performance of a cytometer device depends of the quality of the particle focussing mechanism, 

with single file coaxial hydrodynamic focussing still being the most widely used approach. Acoustic 

streamline particle focussing has already been employed in commercial cytometer devices such as Attune 

NxT [2]. Our approach also uses acoustic forces, specifically, focussing flowing particles into a single plane. 

 

Experiment 
We use acoustic manipulation to focus beads or cells into a single layer as they flow through a rectangular 

channel. Figure 1 presents the optical schematics of the system. The acoustic focussing maintains the flowing 

objects in the focal plane of the objective of the camera enabling many particles to be imaged 

simultaneously.  
 

  
Fig. 1. Photograph of the existing experimental setup, system schematic and operating principle. Diluted sample (a) is pumped (b) 

through the ultrasonic focus unit (c) which comprises a chamber and piezoelectric transducer (d). The aligned particles are imaged 

using a CMOS camera (g), with three colour excitation light (e) via a triple-band filter cube (f). Apart from the infinity focused 

objective (i), lenses are not shown. In cross section A-A' the acoustically matched rubber (h) forms the sides of the chamber to 

prevent acoustic edge effects and in combination with an electrode array (j) ensures planarity in the acoustic alignment. Rotating 

mirror (k) is synchronised with the velocity of the particles to increase exposure time. 

 
In order to increase the exposure time, a rotating (galvo) mirror is synchronised with the velocity of the 

particles in the flow cell. The setup consists of a 400 nm collimated LED light source, dichroic mirror, the 

rotating mirror, 4x microscope objective, a tube lens, and Hamamatsu Flash 4 camera. The rotating galvo 

mirror is driven from an arbitrary signal generator using a linear tooth saw pattern and adequate frequency to 

match the velocity of the fluorescent particles in the flow cell. For simplicity we have only used one 

excitation and one fluorescence wavelength (FITC), however the system can be easily upgraded to detect 



 
other fluorescence wavelengths. The device is compatible with a variety of transparent flow cells. We have 

tested a commercial rectangular 6x0.3mm glass capillary [3] (figure 2) combined with a piezo-transducer. 

 

 
Fig. 2. Flow cell made of a commercial rectangular glass capillary 

with PDMS connectors and PTFE tubing. 

The piezo element was driven from a signal generator at 2.32 MHz and sinusoidal waveforms in the range 1-

10 Vpp to focus in flow 10 µm FITC fluorescent particles into a single layer. The images of the particles 

flowing at 10 ml/h through the capillary were taken at 30 fps, resulting in a real field of view approximately 

3.2x3.2 mm. 

 

Results 
The image data were studied using particle image velocimetry (MPIV) toolbox in Matlab [4] (figure 3a). 

Figure 3 shows the particle velocities in the field of view of the camera for two devices, the commercial 

capillary, and a micro-milled rectangular channel of similar dimensions. Noticeably, the flow profile of the 

capillary is more parabolic than it would otherwise be for a perfect rectangular channel of 6x0.3 mm. We 

have discovered that the capillary has a more elliptical cross section, about 30% wider at the centre 

compared to the width at the sides. This explains why the velocity flow profile is more parabolic for the 

capillary in comparison to the other device with the same size of rectangular channel (figure 3b). 
                 

  
 

Fig. 3. Superimposed images of flowing  particles (top view of the capillary) including velocity vector field calculated using Matlab 

MPIV library (a), Comparison of velocity profiles of both flow cells, the capillary (blue) and the rectangular channel (red) of similar 

dimensions (b). 

 

Conclusion 
The device has a future potential to become deployed at point of care diagnostics, for routine CTC screening 

of blood of patients. Future work will focus on upgrading the existing optical setup to include two additional 

excitation light sources, and LabView software for image acquisition and analysis. 
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Introduction 
Standing acoustic waves are a powerful tool to levitate single or multiple particles [1]. In particular 

ultrasonic acoustophoresis has proven to assist with the challenges of complex microfluidic 

environments [2,3]. However in these strategies the actuation is en general unidirectional and 

environment dependant. A single ultrasonic beam is appealing for accurate manipulation at the single  

particle level but despite early attempts [4,5] elastic particles have the propensity to be expelled from the 

focus of  such beams.  We present a theoretical analysis of the trapping behaviour of particular beams, 

acoustic vortices [6], selected candidates to achieve three-dimensional particle manipulation. 

Preliminary insights on their experimental synthesis are given. 

 

Acoustical radiation force of a vortex beam. 

We have calculated the radiation forces exerted on a small polystyrene sphere by an incident vortex 

beam. This is achieved with a recent three-dimensional framework developed in acoustics [7,8]. In 

Fig. 1(a), the incident pressure is modelled by Rayleigh's integral with a pupil function varying with 

the azimuthal angle φ. The acoustic intensity vanishes on the propagation axis as a consequence of a 

phase singularity and helicoidal wavefronts. This singularity gives unique features to the radiation 

force vector (Fig. 1(b)) were both radial and axial components act as restoring forces and bear 

witness of a three-dimensional trap for elastic particles. 

 

  
Fig. 1. (a) The incident wavefornt is tailored at the focused emitter's surface to obtain an incident helicoidal vortex beam. The 

theoretical incident beam is represented in a plane in the direction of propagation by a colorplot. (b) The radial, azimuthal and axial 
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components of the force (nN) acting on a polystyrene sphere of radius 200 microns. They are functions of the displacement of the 

particle away from the focus.  

 

It has already been experimentally observed and predicted that a simply focused beam, to say a 

Gaussian  beam, generally violently pushes solid particles away from the focus. This problem has 

only been circumvented by counter propagating two beams in opposite direction [5] or blocking the 

axial force with a polyethylene film [6]. Here the results suggest the existence of a negative axial 

force attracting the particle towards the focus. 

  

Experimental synthesis of a vortex beam 

In Fig.2.a), a sketch of the experimental set-up is shown. An ultrasonic array of 127 transducers is 

immersed in a water tank. Each transducer can be driven independently by a multiple output 

generator at their central frequency f=1MHz. An acoustic lens (carved in PMMA) ensures tight 

focusing of the ultrasonic beam. A membrane hydrophone mounted on a three axis motorized 

positioning system scans the acoustic pressure field.  We use a versatile and robust method to 

synthesize complex wavefronts [6]. In Fig.2.b), we scanned the incident beam in the direction of 

propagation (axis z) and represented the absolute value of the pressure field. It can be seen that our 

experimental beam reproduces the modelled acoustic vortex with fidelity. 
                        

a)  

 

 

b) 
Fig. 2. (a) A sketch of the experimental set-up comprising an array of ultrasonic transducers, a focusing lens, and a membrane 

hydrophone. (b) Scanned (upper colorplot) and theoretical (bellow) vortex beams in the direction of propagation. The absolute value 

of the pressure is represented. 

 

Conclusion 

We have analysed the acoustic radiation force exerted by an incident ultrasonic vortex beam on an 

elastic particle. Theory supports the existence of a three-dimensional trapping behaviour of these 

peculiar wavefields that will attract elastic particles towards the focus. Preliminary experimental 

results demonstrate that the versatile synthesis method is capable of generating such beams and we 

expect to affect the dynamics of elastic particles in a manner consistent with our predictions. Single 

beam acoustical tweezers will become a powerful tool for non-contact manipulation tasks and may 

be scaled to higher frequencies in the perspective of assisting in complex microfluidic 

environments. 
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Introduction
There has been a significant increase in research into acoustic metamaterials in the last few years.
This is primarily because they can provide characteristics that are very difficult to produce in any
other way. Examples include cloaking (i.e. the ability to bend signals around an object rather than
reflect from it), and the ability to design new lens structures without using classical refraction.
There are two basic types of acoustic metamaterial. The first uses scattering from periodic
structures to achieve effects such as focussing at specific frequencies. These materials are
sometimes referred to as phononic crystals [1]. The other approach includes structures through
which signals are transmitted along carefully-designed channels, often employing resonance within
them [2]. There are challenges in fabricating such structures, especially as there is much interest in
extending their operation to ultrasonic frequencies. This paper reports that such structures can
potentially be fabricated using 3D printing.

Formation of an array of scattering spheres
We have performed experiments using ultrasonic particle manipulation to fabricate regular arrays of
polystyrene microspheres, whose size distribution is shown in Fig. 1(a). These will form the
primary scattering mechanism for metamaterial operation. The polystyrene microspheres were
suspended in water, and trapped between two glass slides. An ultrasonic transducer was then
operated continuously at frequencies which could be varied over the 200–900 kHz range using the
experimental arrangement shown in Fig. 1(b). This created a regular pattern of spheres, This
pattern could then be recorded as either the thickness of the liquid layer or the excitation frequency
was adjusted. The result of such an experiment at 750 kHz is shown in Figure 2, where it can be
seen that the particles have formed into a periodic structure. Currently, water is being replaced by
liquid polymer; a micro-stereolithography (MSL) process can then be used to solidify individual
metamaterial layers.
Fig. 1. (a) Size distribution of polystyrene microspheres used in the
microspheres suspended in water between two glass slides.

(a)
experiment. (b) Experimental arrangement, with the polystyrene

(b)
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Fig. 2. (a) Pattern caused by ultrasonic excitation. (b) 3D surface plot of the particle distribution derived from the optical data.

3D-printed metamaterials
The alternative design of metamaterial uses channels through which the ultrasound propagates.
Here, the aim is to create an array of Fabry-Perot resonant cavities, each with a sub-wavelength
aperture. The waves emanating from these structures then interact to give interesting behaviour. The
current work has constructed a single channel using fused deposition modelling (FDM), with the
design shown in Fig. 3(a). This was then tested using a carefully-designed ultrasonic source and a
vibrometer receiver (via a thin polymer film stretched across the output). The results are shown as
the dotted line in Fig. 3(b) for a swept-frequency (chirp) excitation (shown as the solid line). Three
clear resonant peaks are shown, these being the fundamental resonance and subsequent harmonics.

Analysis shows that the number of resonances available is limited by the need to have a sub-
wavelength width to the channels, with the thickness of the material giving the fundamental
resonant frequency. Theoretically, it should be possible to generate signals at much higher harmonic
numbers than shown here. This is currently being investigated.

Fig. 3. (a) The single channel model. (b) The through-transmitted signal in air, showing the expe

Conclusions
It is possible to use various 3D printing strategies to produce diffe
structures. Such structures could be very useful in future for many ap
they provide characteristics that are not possible using conventional ultra
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Introduction 
We present an analysis of micron-sized particles immersed in water interacting under the action of 
ultrasounds in a single half-wavelength cavity. The experiments show different interacting behaviour 
depending on their location with respect to the pressure node position of the standing wave. Different 
second-order hydrodynamic mechanisms seem to govern their motion that can be associated to the 
disturbances of the axial and lateral radiation force components respectively. 
 
Experiment 
We have used a microfluidic square capillar of 700µm inner width and depth (Fig. 1.a). It was mounted on a 
square piezoelectric transducer pz26 with a 1mm thickness. 
 
 

     
 
Fig. 1.  a)The square capillar with a length l = 40 mm, inner width w = 0.7 mm, and inner height h = 07 mm. It is glued to a 
piezoelectric ceramic pz26 (30.0 mm × 30 mm × 1.0 mm) and mounted under the microscope attached to a high-speed CCD camera. 
The piezo has the dimension. b) Both small and large particles collect almost perfectly aligned at the channel center driven by  the 
primary radiation force, generating a 1D chain along the channel length 

 
Dilute aqueous bidisperse suspensions (Cv<0. 1g/mL) containing 6µm and 20 µm -diameter polystyrene 
microbeads were injected into the microchannel and subjected to a plane standing wave at a frequency of 
f=1.154MHz at which the channel cross square section acts as a half-wavelength resonator, providing a 
pressure node at the centre along the channel length, where the particles collect in a single line due to the 
primary radiation force (Figure 1.b) exerted in both x-z dimensions . 
 
The particle dynamics was analyzed from the observed motion of the microbeads recorded by a high-speed 
CCD camera, during their drift motion toward the node of pressure established at the centre of the channel 
and after it, once collected along a single line. Special attention was paid on pairs of particles that 
experienced approaching processes with and without collision. Hydrodynamic mechanisms governing these 
interactions could be identified by the particle center-line orientations with respect to the acoustic axis at the 
given driving frequency f of resonance. 
 
 
 



 
Results 
Once collected, the particles experience a second order lateral radiation force exerted along the pressure node 
line, giving rise to their longitudinal displacements toward certain locations of acoustic equilibrium within it. 
The particles coming from both sides are pushed to a single central point and are force to break partially their 
line-formation. As this motion is not exactly symmetrical due to the physical features of the device, some of 
these aligned particles jump out breaking the linearity of the particle chain. As a result of the two orthogonal 
forces appearing perpendicular to the chain line a rotation is generated around it (reminding that the 
resonance is exerted across both the y and z-direction of the channel square cross section). The filmed 
images of Figure 3.a, taken from a single movie evidences this over-induced motion. 
 
Interaction between single particles 
Hundreds of movies show weak particle interaction processes developed in water always from distances not 
much larger than their diameters. This behavior is quite different than those of aerosols, in which 
hydrodynamic attraction processes developed at low frequencies have been observed from much larger 
distances, up to 20times their diameters [1,2]. Not any attraction process has been observed between particles 
exactly aligned along the acoustic axis. However, angles slightly higher seem to be suitable in for some pairs 
of nearby particles that described in the experiments approach paths during their drift motion toward the 
pressure node from distances of the order of their diameters and with their center-lines almost aligned with 
acoustic axis. (Figure 3.b). 
 
After their collection within the pressure node location, the particles develop several mutual approaching 
processes along this line, with their centre-line perpendicular to the acoustic axis. This type on interaction 
can answer to the Bjerkness forces, whose theoretical models predict maximal attractions at θ=90º. 
 

a) b) 
Fig. 3.  a) reconstruction of a precesion motion experienced by a particle chain around its axis due to the lateral radiation force. Once 

collected the particles experience a second order  lateral radiation force displacing the chains of particles 
b) reconstruction of an attraction process developed between two particles before reaching the pressure node (left side of the image)  

 

Conclusion 
We have analyzed the acoustically induced motion of microbeads in dilute, aqueous solutions in straight 
glass capillaries subject to piezo-induced ultrasound standing waves. The microbead paths have been 
recorded by a CCD and their dynamics have been analysed. Different mechanisms of interaction govern the 
particles before reaching the pressure and after collected there, that agree with the acoustic wake effect and 
mutual radiation force mechanisms respectively. 
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Introduction 

Aiming at an acceleration of electrochemical reactions by surface acoustic waves excited on the 

electrodes of an electrochemical cell different mechanisms have been observed so far [2]: In an 

electropolishing experiment the polishing current could be increased considerably by exciting 

surface acoustic waves on the anode. The dominating effect turned out to be the disturbance of the 

diffusion boundary layer by Scholte waves [1], which caused Schlichting streaming near the solid-

liquid boundary [3, 4]. In a certain frequency range, however, a substantial additional increase of 

the electropolishing current has been observed [2], which was supposed to result from a 

characteristic electrode-transducer resonance. In order to obtain a better understanding of these 

processes, scanning laser vibrometer measurements of the system were compared with the camera 

observations of the streaming profiles. 

 

Experiment 

The experiments were performed in an electropolishing cell with copper electrodes and a high-

viscous phosphoric acid electrolyte. Scholte waves have been generated on the anode of the system 

by a piezoelectric transducer glued to it. A camera with macrolens was used for recording the 

streaming pattern in the electrolyte near the electrode caused by the Scholte waves. Before starting 

the experiments the propagation of surface acoustic waves on the electrode was measured by a 

Scanning Laser Doppler Vibrometer (SLDV) out of the electrolyte and the frequency was identified, 

at which the highest amplitude occurred. Subsequently, in the electropolishing experiment, the 

electropolishing current was measured at different frequencies and streaming pattern at the solid-

liquid boundary was recorded simultaneously. 

 

Results 

The measurements with the SLDV revealed the propagation surface acoustic waves across the 

whole area of the electrode with different wavelengths at frequencies of 710 kHz and 240 kHz, at 

which the giant enhancement of the electropolishing current has been observed, see Figure 1. 

Whereas at 710 kHz undisturbed plane waves were observed, there seems to be some interference 

disturbance at 240 kHz. The amplitudes could not be compared, however, since different 

transducers were used in both cases. 

During the electropolishing process in the electrolytic cell vortices in the boundary layer caused by 

acoustic streaming became visible from the camera records at both frequencies (Figure 2). The 

extension of the vortices, however, changed with the wavelength of the acoustic waves. Since the 

acoustic streaming pattern could be observed along the whole length of the electrode it is attributed 

to Scholte waves, which can propagate along the solid-liquid boundary without major dissipation. 

The vortex pattern of the streaming profile is characteristic for Schlichting type streaming. 
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a) b) 

 
Figure 1. Visualization of the wave propagation on 1 mm thick copper electrodes (phase of vibration 0 and π) measured with 

the SLDV at (a) 710 kHz and (b) 240 kHz. The colours represent the amplitudes of the displacements on a nanometer scale. 

 
Figure 2. 1 mm thick copper electrodes of an electropolishing cell immersed into an 

phosphoric acid electrolyte in the polishing mode with surface acoustic waves at a frequency 

of 710 kHz (left) and 240 kHz (right) recorded by a camera with macrolens. 
 

A comparison of the acoustic wavelengths calculated from the 

corresponding frequencies, the wavelengths measured by SLDV and the 

dimensions of the vortices is provided by Table 1. Whereas the calculated 

and measured acoustic wavelengths on one hand and the dimension of the 

vortices on the other hand are comparable at 240 kHz, they differ by a 

factor two in the case of 710 kHz.  

 

 

 
Table 1. Comparison of calculated and measured acoustic wavelengths and vortex diameters 

frequency λacoustic wave, theoretical λacoustic wave, measured dvortex 

240 kHz 4.6 mm 4.5 mm 4.2 mm 

710 kHz 2.4 mm 2.0 mm 1.2 mm 

 

Conclusion 

In an electrochemical cell the current in the electropolishing regime could be substantially enhanced 

by exciting surface acoustic waves on the anode. From the vortex-type acoustic streaming pattern 

observed along the electrode it is concluded that Schlichting type streaming has been excited by 

Scholte waves propagating along the solid-liquid interface causing an effective mixing of the 

diffusion boundary layer. At 710 kHz the vortex diameter became much smaller than the acoustic 

wavelength in contrast to lower frequencies. 
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Introduction 

At ultrasonic frequencies, the capture of sub-micron diameter particles is hindered by acoustic 

streaming, the same is true for low frequency vibration (in the order of 100Hz). The horizontal 

actuation of a fluid filled open rectangular chamber, results in the formation of capillary waves at 

the liquid-air interface, which is accompanied with a spatially varying flow field in the bulk fluid. 

This flow field can be used to collect particles at stable locations due to inertial effects, whereas it 

also gives rise to the rotational streaming flows. By considering the factors which reduce the 

streaming hindering this collection, we demonstrate the capture of particles as small as 50nm in 

diameter. 

 

Results 

Comsol Multiphysics has been used to model the first and second order fluid flow fields in an open 

chamber excited by low frequency vibration. It is well known that in such regimes, particles will 

collect at certain locations under the capillary wave which forms at the air-water interface due to the 

first order field. These locations depend on whether the excitation is horizontal
1
 or vertical

2
. By 

including analysis of the second order field, that termed acoustic streaming, we are able to 

distinguish whether a particle undergoing excitation will collect or follow the streaming trajectory.  

 

Figure 1 shows the two flow fields. In the absence of the second order field, particles can be 

expected to collect beneath alternate nodes in the capillary wave, that is at locations of minimum 

horizontal velocity at the base of the chamber (labelled A, B and C)
1
. Examination of the second 

order field shows that the horizontal component can act to enhance the particle collection at these 

locations. However the vertical component reaches a maximum upward value directly above the 

collection locations, and can act to lift the particles into the faster flowing fluid above the base of 

the chamber, from where they will follow a swirling trajectory in the second order flow field.  

 

 
Fig. 1: First and second order fields in a horizontally actuated chamber (a) first order horizontal flow velocity, (b) first order vertical 

flow velocity, (c) second order horizontal flow velocity, (d) second order vertical flow velocity (The first order fields are shown at 

time t=0 with an excitation of cos(ωt)).  
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By using a particle tracing model, using viscous drag forces derived from the Khan and Richardson 

expressions
3
, our simulations show whether a particle collects or circulates. By running multiple 

simulations for a range of parameter sets, in terms of chamber size, height (both of which affect 

resonant frequency) and actuation amplitude, we are able to establish the critical particle density for 

a range of radii; above this density particles will collect, below it they will circulate.
 
This data is 

presented in Figure 2.  

 
Fig. 2: Particle radius and density cut-offs are shown for varying (a) excitation amplitude, (b) chamber height and (c) chamber 

length. The data is collected from numerous simulations of the particle trajectory in the combined first and second order flow fields 

using COMSOL.  

 

It can be seen from Figure 2 that for a particle of given density, in order to capture increasingly 

small particles, it is necessary to use a lower amplitude, applied to a chamber of shallower depth 

and longer length.  

 

This information was used, and extrapolating beyond the simulation data set, we have captured 

particles as small as 50nm as shown in Figure 3.  

  
Fig. 3: Collection of Polystyrene particles (density: 1050kg/m3) in a chamber measuring 8mm by 0.1mm, vibrating at 336 Hz, which 

corresponds to 6 wavelengths at the interface. The COMSOL plots (a) are shown to discern the position of nodes on the capillary 

wave (upper) and the collection locations (lower). The collection locations indicated by the solid circles correspond to collection at 

positions A, B, C in figure 1, and those indicated by the hollow circles correspond to collection at positions X, Y. The particles used 

have a diameter of (b) 1µm, (c) 300nm, (d) 100nm, (e) 50nm.  

 

CONCLUSION 

Through the examination of the collection force and acoustic streaming, we have shown that 

vibration, in the horizontal direction, of an open fluid chamber, can result in the collection of sub 

micrometer sized particles. 
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Introduction 
Devices that combine optical and acoustic tweezing have recently attracted attention, due to their 

ability to manipulate objects over a large range of both lengths and forces [1-2]. This combined 

technology builds upon dexterous ultrasonic tweezer devices, which give an increasing spatial 

control [3]. In this paper we describe modelling and experimental validation of the performance of 

an ultrasonic manipulator, designed to accurately position microbubbles where the simultaneous use 

of optical tweezers is desired.  This device is based on a glass microfluidic chip containing various 

micro channels along which the microbubbles are manipulated [4]. A planar array of piezoelectric 

elements [5] is used for manipulation, bringing microbubbles from an inlet to the centre of the chip, 

where the optical tweezer system is focused. 
 

Experiment 
The microfluidic glass chip, designed at NPL and assembled by Dolomite, contains a K-shaped 

manifold of microchannels as shown in Fig. 1(a). We inject a dilute, aqueous suspension of  

10-15 μm diameter polymer coated microbubbles (ExpancelTM) into the microchannel. We have 

mounted a planar ultrasonic array on the front edge of the chip, Fig. 1(b). This array is connected to 

a signal generator and amplifier via a multiplex unit that enables a sinusoidal voltage to be applied 

to any of the elements on the array. By selectively exciting a single element, a localised resonance 

is excited in the microfluidic chip that acts to trap the microbubbles along the main channel. 

(a)  (b) 

  

Fig. 1. (a) Photograph of the chip; (b) schematic diagram of the glass microfluidic chip with attached planar array. 

 

Results 
A 2D finite element model (COMSOL Multiphysics) was used to simulate pressures within a region 

close to the planar array. Absorbing layers with increasing damping are used to reduce the size of 

the model, shown in Fig.2. The planar array is modelled by a 9mm x 0.75mm plate of PZT 



 

 

(NCE51). The system has been solved in a parametric study over a frequency range of 7.5-9.5 MHz 

comprising a response spectrum close to a high harmonic transducer resonance. 

 
Fig. 2. 2D Finite element model of the glass chip with planar array attached (red = 1 V, blue = ground, yellow = absorbing layer). 

Two characteristic modes within this range are discussed here and Fig. 3, which shows the potential 

energy density around 8.65 MHz by activating two different elements. Fig. 3a suggests that by 

driving the central piezo element there will be 4 different trapping positions in the central region of 

the K-shaped manifold (our area of manipulation interest). Fig. 3b, obtained in the simulations by 

driving a secondary element, suggests that manipulation across the channel is also possible with this 

transducer configuration. Images will be used to determine the positions of the air filled 

microbubbles as a function of driving voltage of each active element using image tracking software. 

(a) (b)

 
Fig. 3. Potential energy density in the fluid and the y-direction displacement in colour at 8.8 MHz with central element activated (a) 

and at 8.5 MHz with a secondary element activated (b). 
 

Conclusion 
The feasibility of microbubble manipulation has been investigated by exploiting characteristic 

resonating modes of a dedicated microfluidic chip with an attached planar array. An ultrasonic 

manipulator could be designed to operate on a fraction of the chip regardless of various geometrical 

features along the microchannels. Simultaneous optical and acoustic trapping (not described here) 

will be possible by insonating the microchannel in a small central area of interest.  
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