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Introduction 

The past few years have witnessed rapid growth in the field of acoustofluidics, i.e., the fusion of 

acoustics and microfluidics. Acoustofluidics offers many advantages such as high biocompatibility, 

fast fluid actuation, contact-free particle manipulation, versatility, low cost, and compatibility with 

other microfluidic components. In this talk, I will first present a series of acoustic-based fluid 

manipulation functions, such as fast mixing, tunable and pulsatile gradient, and chemical waveform, 

achieved by acoustically induced bubble oscillation. Then I will summarize our recent progress on 

an “acoustic tweezers” technique that utilizes standing surface acoustic wave (SSAW) to 

manipulate particles, cells, and organisms. This technique is capable of manipulating cells and 

microparticles regardless of shape, size, charge or polarity. Its power intensity, approximately 10
7
 

times lower than that of optical tweezers, compares favorably with those of other active patterning 

methods. Cell viability, proliferation, and apoptosis studies have revealed it to be non-invasive. The 

aforementioned advantages, along with this technique’s simple design and ability to be 

miniaturized, render the “acoustic tweezers” technique a promising tool for various applications in 

biology, chemistry, engineering, and materials science. 
 

Tunable and pulsatile chemical gradient generation 

Here we demonstrate that multiple bubbles that are arranged in a ladder-like formation and 

oscillating in an acoustic field provide a novel and versatile method to generate tunable, pulsatile 

chemical gradients in microdevices. The bubbles were trapped and supported in the 

polydimethylsiloxane (PDMS) microfluidic channel using horseshoe structures. Each oscillating 

bubble, when activated, mixes the stimulus and buffer solutions locally, effectively diluting the 

stimulant concentration. Subsequent transport of this mixed stimulant to the next bubble in the 

ladder results in further dilution of the stimulant, thereby generating a spatial gradient of the 

stimulant across the microchannel.  

 

Particle patterning  

The acoustic tweezers device consists of a PDMS microfluidic channel and a pair of IDTs deposited 

on a piezoelectric substrate in a parallel (Fig. 1a) or orthogonal (Fig. 1b) arrangement. After 

applying a RF signal to both IDTs to generate a SSAW field, particles/cells were patterned in 

parallel lines or arrays. Figs. 1c and 1d show the distribution of microbeads before and after the 1D 

and 2D patterning processes [1]. In order to enable dynamic SSAW-based particle patterning, 

slanted-finger interdigital transducers (SFITs) are used instead of regular IDTs. By tuning the input 

signal frequency, both the frequency and originating location of the main SAW beam can be tuned, 

permitting dynamic control of the particle patterning. We demonstrate SSAW-based tunable 

patterning of HL-60 leukemia cells; the period of the two cell lines was tuned to 60 μm, 78 μm, and 

150 μm.  
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Fig. 1. SSAW-based patterning of a group of particles in stagnant fluid. Schematic of (a) 1D patterning using two parallel IDTs, (b) 

2D patterning using two orthogonal IDTs (the angle between the IDTs can be changed to achieve different patterns). (c) Distribution 

of fluorescent microbeads before and after the 1D (SAW wavelength was 100 μm) patterning process, (d) and the 2D patterning 

process (SAW wavelength was 200 μm).   
 

Single cell manipulation 

When a single particle contained in stagnant fluid is exposed to a SSAW field, it will be trapped in 

either a pressure node or antinode (depending on the particle’s properties), and it can be moved by 

changing the frequencies of the constituent SAWs [2]. The two pairs of chirped IDTs allow the 

device to move the objects trapped in the pressure nodes in x and y directions independently. Fig. 2b 

and 2c displays the effectiveness of this technique, manipulating a single bovine red blood cell and 

an entire organism C. elegans worm through a pre-programmed pattern. We find that a 10 µm 

polystyrene bead is accelerated to a velocity as high as 1.6 mm/s, and that HeLa cells exhibited no 

significant physiological change after being exposed to high power acoustic fields for 10 min. Such 

concept of tunable SSAW has also been used to achieve multichannel cell sorting [3]. 

 

 

 

Fig. 2 (a) Device schematic and working mechanism of SSAW-based manipulation of a single particle contained in stagnant fluid 

(i.e., acoustic tweezers). (b) Composited image of a single bovine red blood cell translated in two dimensions by changing the 

frequencies of the constituent SAWs. (c) Optical images showing the manipulation and stretching of a whole C. elegans worm. 
 

Conclusion 

Acoustic tweezers have demonstrated tremendous capability in microfluidic applications, from fluid 

control to particle manipulation. SSAWs have successfully been used to achieve functions of 

particle focusing, separation, dynamic patterning, sorting, and dexterous manipulation. Our acoustic 

tweezers are able to handle particles with diameters ranging from nanometer to milimeter scale.  We 

believe that these unique advantages and functions position the acoustic tweezers to be a key 

enabler in many applications in biology, chemistry, medicine, and physics.  
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Key findings 

We have developed a method to increase the washing efficiency for particle rich suspensions in 

acoustophoretic carrier liquid exchange systems. A 0.73% reduction in acoustic impedance of the 

input suspending liquid relative to that of the re-suspension liquid led to a reduction in molecular 

contamination by 90% in the washed samples. Acoustic radiation pressure on the liquid interface 

between the liquids is speculated to prevent the suspending liquid from being dragged along with 

the particles into the zone of the re-suspension liquid.   

 

Introduction 
Microchannel acoustophoresis have grown profoundly and have found its utility in niche as well as 

mainstream applications for precise handling and manipulation of microparticles. Previous work by 

Hawkes et al. [1], Petersson et al. [2] and Augustsson et al. [3] have demonstrated that particles and 

cells can be re-suspended in new carrier liquid in continuous flow acoustophoresis devices, Fig. 1. 

The efficiency of these devices, as evaluated by comparing the amount of recovered particles to the 

transfer of a molecular contaminant, has been shown to be strongly affected by the concentration of 

particles in the processed samples hitherto limiting the technique to particle concentrations below 

~1% volume.  

 

Fig. 1. Acoustophoretic re-suspension of particles 

in continuous flow. The 2 MHz ultrasound 

actuation results in a pressure node along the 

channel center. Particles are drawn toward this 

node and will, for a sufficiently high pressure 

amplitude, exit through the central outlet (C) while 

minute objects such as fluorescein molecules will 

remain in their flow laminated path and exit 

through the side’s outlet (D).  
 

Experiment 

The experiments were performed on a previously described chip for particle washing and particle 

sorting [4], Fig. 1. Sample containing 5-µm-beads and fluorescein enter through inlet A and is flow 

laminated on both sides of a re-suspension liquid entering through the central inlet B. A NaCl 

concentration of 1 mg/mL was maintained in the central stream in all experiments. The the acoustic 

properties of the sample liquid was altered relative to that of the central liquid by addition of either 

5 mg/ml or 10 mg/mL NaCl. We studied the trifurcation outlet region of the chip for different 

particle concentrations and for different acoustic energies, optically and by collecting samples that 

were analysed regarding particle- and fluorescent concentration, respectively. 
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Results and discussion 

Fig. 2 (a-c) shows the trifurcation outlet region of the chip for 0, 6 and 9 V actuation and a NaCl-

concentration of the suspending liquid of 5 mg/mL whereas the central re-suspension liquid is of 

NaCl concentration 10 mg/mL. The sample has thus lower acoustic impedance (Z = ρc) than the 

central stream. Fig. 2 (d-f) shows the corresponding images for a sample NaCl concentration of 10 

mg/mL. When comparing Fig. 2 (b) and 2 (e) it is evident that the lower salt concentration leads to 

a more pronounced clearance of fluorescein in the region close to the focused beads. This is further 

supported by the measured fluorescence intensities in samples collected from the central outlet, Fig. 

2 (j and k). This indicates that washing efficiency can be improved by lowering the acoustic 

impedance of the suspending liquid.  

The broadening of the fluorescein band is likely to be caused by hydrodynamic drag from the 

particles as they move towards the central node. We speculate that the lower acoustic impedance of 

the suspending liquid leads to a force on the liquid interface between sample and re-suspension 

liquid that counteract the disturbance caused by the drag.  

 

j) 

 

k) 

 

Fig. 2. (a-f) Fluorescence images of the outlet region of the channel for increasing actuator voltage and for suspensions of different 

NaCl-concentrations. (g-i) Control experiment with no beads in the side streams. (j and k) Plot of bead recovery and fluorescein 

contamination, respectively, in the central outlet. 

Conclusion 
Acoustic properties can be tailored to stabilize liquid interfaces in microchannel acoustophoresis so 

as to improve the separation of particles from minute objects.  
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Introduction 

The last decades have seen a significant amount of development of microfluidic devices that 

employ acoustofluidics for the separation and manipulation of particles and cells.  The recent 

tutorial papers in acoustofluidics [1] are testament to these efforts.  Most of the efforts take place at 

the micro-scale and lead to the development of MEMS (Microelectromechanical Systems) devices.  

There is however a second focus on systems that employ ultrasonic standing waves that span many 

wavelengths [2].  Our technology fits in the latter category.  The technology is that of a large scale 

acoustophoretic separation platform that employs three-dimensional standing waves and operates at 

large volumetric flow rates. Ultrasonic standing waves are used to trap, i.e., hold stationary, the 

secondary phase particles in a fluid stream. This is achieved when the acoustic radiation force 

exerted on the particles is stronger than the combined effect of fluid drag and buoyancy force. The 

action of the acoustic forces on the trapped particles results in concentration, agglomeration and/or 

coalescence of particles and droplets. Heavier than water particles are separated through enhanced 

gravitational settling, and lighter particles through enhanced buoyancy. The technology has the 

potential to be economic, efficient, sustainable, environmentally benign, and suitable for use in the 

oil separation of produced water. Produced water is water that is generated when oil and gas are 

extracted from the ground.  Produced water contains emulsified oil with a majority of droplet sizes 

in the range of 3-8 micron. 
   

Experiment 

Previously [3] we reported on the design of a 1” by 2” acoustophoretic flow separator powered by a 

PZT-8 2 MHz transducer for the separation of oil from oil water emulsions.  A schematic of the 

system is shown in Fig. 1.  The emulsions were created by mechanically shearing the oil in a 

centrifugal pump until a stable emulsion is obtained  Particle size measurements of the emulsion 

indicated that the majority of the oil droplets have diameters in the range of three to five micron.  

Separation experiments were performed for a SAE 30 non-detergent motor oil in water emulsion at 

a concentration of 1000 ppm and flow rates of 500 ml/min.  The transducer was driven at acoustic 

resonance frequencies.  The transducer was operated at power levels of 20 W.  Excellent separation 

efficiencies were obtained, i.e., better than 90% oil separation efficiency for a single pass by a 

single transducer setup. 

Here we report on the application of the acoustophoretic separator for the oil separation of real 

emulsion streams such as produced water.  Two different samples of actual produced water from an 

oil well in Texas were obtained.  The first stream is produced water recovered directly from the well 

head. This sample has the highest amount of free organic compounds. The second stream is from 

the Salt Water Disposal (SWD) stream that is typically re-injected back into the ground after initial 

processing. This processed stream still contains significant amounts of residual oil.  
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Fig. 1. Schematic of the acoustic phase separation system. 

 

A feasibility study was performed on these two stream samples.  Fig. 2 (a) shows a photo of trapped 

oil droplets in the acoustic standing wave and agglomerated droplets rising out of suspension.  Fig. 

2(b) shows a sample of the processed SWD stream pre-treatment (left) and post-treatment (right). 

Hydrocarbons are clearly present in the SWD stream, seen in the bottle on the left side of the 

photograph, but have mostly been filtered out of the stream by the acoustic separation technology, 

as seen in the bottle on the right side.  A similar successful test was performed on the sample 

harvested from the well head. 

                        

  
Fig. 2. (a) Photo of acoustophoretic system with hydrocarbon droplets, some trapped in the acoustic standing wave and others rising 

out of suspension after agglomeration in the standing waves, and (b) Photo of original (pre-treatment) produced water from the Salt 

Water Disposal Stream (Left) and post-treatment stream after processing with FD Sonics’ acoustic separation technology (Right). 

 

Conclusion 

We have measured the acoustophoretic separation of emulsified hydrocarbons from actual produced 

water samples.  One sample was directly harvested from the well head of a Texas oil well.  The 

second sample was obtained after initial processing of the produced water, but still contained 

significant amounts of emulsified oil.  Results show that the large volume flow rate acoustophoretic 

separator is successful in concentrating, agglomerating and coalescing the oil droplets, subsequently 

followed by actual separation of the oil out of suspension.   
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Introduction 
Degradation of water quality can impact on both population health and at an industrial level. 
The detection of pathogens in water is carried out via laborious off-line analyses, making it 
difficult to promptly identify the source of contamination. The main obstacle in the 
implementation of rapid detection methods is represented by the low concentration of 
microorganisms in water. Manipulation of microscale bodies by acoustophoresis has been 
recently exploited for concentration of suspended biological cells and particles. However, 
acoustic manipulation of microorganisms ~1μm in size represents a considerable challenge 
and only few studies have demonstrated concentration of particles <2μm in diameter [1, 2]. 
Here we report the development of an ultrasonic device for high-throughput concentration of 
bacteria in a continuous-flow format. The device is based on a thin-reflector (TR) 
arrangement [3] and its performance is compared with half-wave (HW) resonators.  
 
Experimental

 
Fig. 1. (a) Photograph of multi-layered resonators’ components. (b) Schematic of HW resonator. An USW was 
generated; bacteria were focused in a small volume centred on approximately the channel centreline and 
collected through the bacteria-rich outlet (OBR). Bacteria-depleted fluid was withdrawn from OBD,1 and OBD,2. 
h1=380μm (active region), h2= 250μm and h3=80μm. (c) Schematic of TR resonator. An USW was generated; 
bacteria were moved towards the reflector surface and confined in a thin volume of fluid. Bacteria-depleted fluid 
was withdrawn from OBD, and bacteria-rich fluid from OBR. h1=128μm (active region), and h2=80μm. (d) 
Schematic of the experimental set-up for the operation of TR resonator. 100% CO2 was injected within the 
device to prevent bubbles formation. Shut-off valves were installed to selectively control liquid/gas distribution.  

Devices comprised of a multi-layered structure (Figure 1a-c). A PZT transducer was 
employed to generate the acoustic wave and was coupled with a ceramic matching layer. The 
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walls of the fluidic chamber were formed by a moulded PDMS gasket and the reflector layer 
by a glass sheet (thickness: 1mm in HW, 170 μm in TR). A 1-D transfer impedance model 
was employed to predict the position of the pressure nodes and define the thickness of each 
layer. Iterative optimization of the acoustic operating conditions was performed by two 
means, (i) qualitative microscope observation of bacteria flow behaviour and (ii) quantitative 
z-scan analysis to determine the spatial distribution of bacteria in the fluid layer. In TR 
resonator, the reflector surface was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane 
in order to minimise bacterial attachment. The reflector layer was stabilised by means of 
transversal metal bars in order to prevent glass bending. Device performance was assessed 
using Escherichia coli K12 as a model microorganism. Bacteria were fluorescently stained 
and suspended in PBS at a concentration of ~104 bacteria/ml. ImageJ Particle Analyzer was 
employed for bacteria counting and the determination of concentration increase, INBR cc .  
 
Results 
Both TR and HW devices were capable of effectively manipulating bacteria, as revealed from 
microscope observations and z-scan analyses (Figure 2a-b). Notably, in TR resonators the 
large majority of bacteria were moved to the reflector surface under US exposure. TR was 
capable of achieving significantly higher increase in bacteria concentration compared to HW 
(Figure 2c). This is likely due to: (i) the acoustic response in TR is less sensitive to variations 
in the reflector and fluid layer thickness compared to HW [3]; (ii) there are positive forces 
directed towards the reflector surface from every location within the fluid layer [3]; and (iii) 
the interface area between bacteria-rich and bacteria-depleted layers is reduced. 

 
Fig. 2. (a) Fluorescent microscope images of E. coli flowing into OBR in the presence (left) and in the absence 
(right) of ultrasound (HW resonator; f=1.46MHz, 2.5Vpp, QIN=20ml/h). (b) z-scan analysis of the fluid layer in a 
TR resonator (f=823-828kHz sweep, 20Vpp, QIN=20ml/h). (c) Bacteria concentration increase (θ) achieved with 
TR and HW devices, compared with the theoretical trend. (QIN=20ml/h, N = 3). Y-axis is in Log scale. 

Conclusion 
We demonstrated the use of US to concentrate flowing suspensions of E. coli. The TR was 
capable of achieving significantly higher concentration increments (up to ~60-fold increase, 
under high-throughput conditions). Although there is still a large margin for performance 
improvement - as manifested by the comparison with theoretical values - these devices could 
find potential application in on-line water quality analysis systems.  
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Introduction 

Acoustic tweezers have attracted significant recent research activity leading to capabilities that rival 

more established manipulation technologies such as optical tweezers. In parallel, applications of 

acoustic tweezer technology are growing rapidly [1,2]. These developments are set against a 

background of a significant body of work on the acoustic radiation forces on particles and the use of 

devices based on simple one-dimensional standing waves to perform operations such as particle 

filtering and sorting [3].  For an acoustic tweezer to be dexterous it must be able to not only to trap 

particles, but to manipulate them flexibly, for example by moving different particles or groups of 

particles independently and producing a variety of different particle distributions. This paper aims 

to describe and discuss the recent emergence of these dexterous particle manipulation devices. 

 

 

 

 

Fig. 1. (a) Photograph of a 16-element array fabricated from an annular ring of piezoceramic material. (b) schematic representation of 

the array device showing the key components and the acoustic pressure field generated. Note the pressure minima in the centre of the 

filed which can be used to trap and move particles.  This is formed from a vortex field and the pressure distribution is shaped like a 

first order Bessel function. (c) shows a Schlieren image of two traps which can also be formed and independently manipulated in the 

same device. 

 

Achieving dexterity of manipulation with array-based devices 

Figure 1 shows an example array-based device [4]. The use of arrays of active elements enables a 

wide variety of acoustic pressure fields to be generated as seen in Fig 1(c). In this way a given 

device can be reconfigured to generate multiple and moveable field patterns and it is this that leads 

to dexterous manipulation. The requirement for reconfigurability necessitates the design devices 

that are non-resonant in at least one dimension: in this way the acoustic fields are not dependent 

solely on device geometry. One attractive approach to generating a wide range of desired acoustic 

(a) (b) (c) 



 

fields within a device is to solve the inverse problem [5]: how to best excite the sources to achieve 

the desired field?  

 

Results 

Here we use the array-based devices described above to produce a wide variety of acoustic pressure 

fields.  Critically, arrays enable reconfigurability so that a given device can generate multiple and 

moveable field patterns leading to the completion of complex assembly tasks as shown below in 

Fig. 2. Importantly, the design of these devices requires them to be non-resonant in at least one 

dimension as shown in Fig 1, so that the fields are not dependent solely on device geometry. Ideas 

from optical tweezers such as vortex fields are also shown to be applicable to acoustic devices as 

they enable trapping, translation and rotation. 
                        

 

  
Fig. 2. (a) Manipulation of an agglomerate of 10 lm polystyrene microspheres in a figure of eight. 14 separate photographs were 

summed to create this composite view. The contrast was adjusted and a false red colour added to aid viewing. (b) an X-ray CT image 

of a composite material assembled using ultrasonic manipulation.  This structure was composed of 15micron diameter fibre each 

around 50 microns in length. (c) MDCK cells pattered using a heptagonal manipulation device [6]. 

 

Conclusion 

The possible application areas for dexterous acoustic tweezers are vast and many avenues are yet to 

be explored. Recent progress has shown exciting possibilities in applications, such as tissue 

engineering and the assembly of composite materials. In both these cases the requirement is to 

carefully construct complex assemblies with microscale precision. It is also interesting to consider 

the complimentary developments of optical tweezers, and how together these devices might find 

even more widespread application. 
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Introduction
The acoustic radiation force is used for particle and cell handling in acoustofluidic systems.
Theoretical studies of this force have developed by taking increasingly more complex physical
aspects into account: From incompressible particles in ideal fluids (King, 1934), via compress-
ible particles in ideal fluids (Yosioka and Kawasima, 1955) and general treatment for small
particles in ideal fluids (Gorkov, 1962), to general theoretical schemes for the radiation force in
viscous fluids by Doinikov [1] and by Danilov and Mironov [2] as well as specific treatment of
microparticle acoustophoresis in viscous fluids by Settnes and Bruus [3]. In this work we extend
this development to a numerical simulation including more completely the effect of thermovis-
cosity on the radiation force.

Theory
The governing perturbation equations for the thermoacoustic fields are standard textbook ma-
terial [4, 5, 6]. The first-order equations expressed in terms of T1, p1,and v1 are,

−iωT1 = Dth∇2T1 − iω
αT0

ρ0cp

p1, −iωρ0v1 =−∇p1 + η0∇2v1 + βη0∇
(
∇ · v1

)
−iωp1 =

ρ0c 2
0

γ

[
− iωαT1 − ∇ · v1

]
, (1)

where Dth is the thermal diffusivity, cp the isobaric specific heat capacity, α the coefficient of
isothermal expansion, c0 the speed of sound, and β ≈ 1/3 the ratio of bulk to shear viscosity.

The thermal and viscous penetration depth δth =
√

2Dth/ω ≈ 0.15 µm and δ =
√

2ν/ω ≈
0.38 µm, respectively arise from the diffusive parts of these equations (values are given for
2 MHz ultrasound in water at room temperature), which set the thicknesses of the thermoviscous
boundary layers near rigid surfaces. The radiation force F rad =

H
R

da n ·
[⟨

�2

⟩
− ρ0

⟨
v1v1

⟩]
depends on the time-averaged second-order contribution

⟨
�2

⟩
to the stress tensor.

Including the temperature dependence of the viscosity,

η = η0 + η1 = η0 +
(
∂pη

)
0

p1 +
(
∂T η

)
0

T1 ≈ η0 +
(
∂T η

)
0

T1, (2)

the time average of the second-order continuity equation and Navier–Stokes equation is

ρ0∇ ·
⟨
v2

⟩
= − ∇ ·

⟨
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⟩
,

(3)
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while the relevant second-order part
⟨
�2

⟩
of the stress tensor is⟨

�2

⟩
=−
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p2
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⟩]
I. (4)

Numerical method and results
We implement and solve the above thermoacoustic equations numerically using the finite ele-
ment method software COMSOL Multiphysics 4.3a in a two-step procedure. First we calculate
the ”incoming” standing ultrasound wave fields Tin, pin, and vin, here taken to be the approx-
imate sinusoidal planar wave along the z-direction that arises due to co-oscillating velocity
boundary conditions vin = ωℓe�i!t at the end-surfaces of the cylindrical domain, inset Fig. 1.

Given a numerical solution of Tin, pin, and vin, we move on to step two, where the scattered
fields Tsc = T1 − Tin, psc = p1 − pin, and vsc = v1 − vin are calculated after placing an elastic
sphere of radius a, compressibility κp, and Poisson’s ratio ν̄p at (r, z) = (0, λ/8), where F rad is
maximum. For the particle, the standard linear elastic equations for the displacement field up

are implemented using the material parameter for polystyrene often employed in acoustophore-
sis experiments. The boundary conditions at the particle surface are no-slip, v1 = −iωup,
while an adiabatic condition n · ∇T1 = 0 is imposed on the temperature of the fluid. Thermal
effects are neglected inside the particle. Finally, the fluid domain is surrounded by a concentric
cylindrical shell containing a perfectly matched layer (PML) that absorbs the outgoing scat-
tering field while leaving the incoming field untouched. At the fluid-PML interface all fields
are continuous. The outer surface of the PML is a hard wall, and in our implementation, the
parameters are chosen such that outgoing scattered fields are damped 40 dB on the way out
through the PML, and another 40 dB on the way back through the PML after reflection at the
outer surface of the PML. The cylindrical domain has height and diameter 3λ.

Examples of results from our numerical simulation of F rad/V0 [GN/m3] are shown in Fig. 1.
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Figure 1: (Left) Numerical simulation of the radiation force per volume, Frad=V0 on a spherical particle
of radius a at (r; z) = (0; �=8) in the thermoviscous case (green line) deviating from the analytical isothermal
viscous case [3] (blue line) as a function of �=a. Color plot insets are pin in the 
uid and the elastic deformation uz

and ur of the particle. (Right) F rad=V0 vs. aspect ratio a=b for ellipsoids with same volume V0 at (r; z) = (0; �=8).

Conclusion
We have derived, implemented and successfully tested a full thermoviscous simulation of the
radiation force on a microparticle using parameters for typical acoustofluidic applications.
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Results 

The application of increased applied powers (2.5 W – 5 W) and pulse durations (50 ms – 1500 ms) 

to the FIDTs can be used to control droplet volumes (12 pl – 50 pl) and the numbers of droplets 

produced (1 – 5), as shown in Figure 2. Using a 96 MHz SAW and relatively low powers (<2 W) it 

is possible to concentrate 10 µm polystyrene particles at the water-oil interface prior to droplet 

production for the purpose of particle encapsulation, as shown in Figure 3. 

 

 

 
Fig. 1. (a-d) Multiple droplet can be produced using different pulse durations. Note that in (a) the outline of the channel has been 

drawn onto the image for clarity. Below 200 ms pulse duration single droplets are produced.  

 

 
Fig. 2. Applying a low power SAW (<2 W) concentrates 10 µm particles at the oil-water interface, with a high power pulse (>2.5 W) 

sufficient to create a particle-encapsulating water-in-oil droplet, shown in the image sequences in (a-d) and (e, f), each spaced ~30 ms 

apart. 

 

Conclusion 

The work presented combines on-demand picolitre-scale microfluidic water-in-oil droplet 

generation with particle concentration and encapsulation for digital microfluidic applications. 

Future work will concentrate on optimizing the concept for multiple devices working in proximity 

and concept. 
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Introduction 

The multipole expansion method using spherical harmonics is commonly used to calculate the 

acoustic radiation force acting on spheres. Most approximate formulae [1, 2] are based on just the 

monopole and dipole terms. However, the series of spherical harmonics are known to be divergent 

inside the Brillouin sphere [3]; hence, the use of spherical harmonics in calculations for non-

spherical shapes can be erroneous. For ellipsoidal shapes, elliptical coordinates were used to obtain 

analytical results based on Mathieu functions, Lamé functions or electromagnetic analogy [4, 5].  

 

In this study, we investigate the applicability of the multipole method using spherical harmonics for 

shapes of low eccentricity. Using spheroids as models, we examine the error incurred as a function 

of the aspect ratio (or eccentricity) and the number of multipoles used. The results showed that good 

approximate solutions of the radiation force can be obtained, especially when more multipoles are 

used. These calculations are useful in situations where shapes of biological cells and bubbles 

deviate slightly from spheres as they interact with or “get squeezed” by the surrounding. 
 

Multipole Expansion 

The scatterer is placed in a planar standing wave with wavenumber k. Both the incident φi and 

scattered φs waves are expanded using the spherical harmonics Yl
m
, spherical Bessel jl and Hankel 

hl
(1)

 functions:  

   ∑      
        

    
    and     ∑      

   
   

            .  

 

The coefficients of the scattered wave Clm are found by enforcing the boundary conditions on the 

surface of the scatterer using a weighted residual integral over the surface, with the spherical 

harmonics as the weights.  

 

Results 

Fig. 1(a) shows the normal velocities from the incident and scattering waves along the meridian of a 

sound-hard prolate spheroid (b/a=1.4), where b is the radius along the axis of rotation and a is the 

equatorial radius. The solid line shows the negative of the normal velocity due to the incident wave. 

The series of points show the normal velocity from the scattering wave when different numbers of 

spherical harmonics were used. As the number of terms used increases, the scattering wave data get 

closer to the incident wave so that the total normal velocity approaches zero (which is the boundary 

condition for sound-hard surface). Deviations between the (negative) incident wave and the 

scattered wave persist near the equator (s=0.5) as this region is inside the Brillouin sphere, where 

convergence is not achieved. The root mean square (RMS) residue of the normal velocity is 

calculated by sampling 30 points on the meridian, and this is plotted in Fig 1(b) against the number 

of terms used in the scattering wave. It can be seen that the residue decreases with the number of 

multipoles/spherical harmonics used, and the convergence is worse for larger eccentricity (aspect 

ratios deviating from 1).    
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(a) (b) 

Fig. 1. (a) Matching of velocity boundary condition on sound-hard surface. The negative of the normal velocity from the incident 

wave should match the normal velocity from the scattered wave for the total normal velocity to be zero. The deviation is large for a 

small number of multipole terms used. (b) The RMS residue of the boundary condition taken from 30 sampled points is seen to 

decrease with the number of multipoles used in the scattered wave.   

 

The acoustic radiation force is calculated by integrating the radiation stresses over the surface of the 

spheroid. The results for small spheroids (ka=0.1) are compared with those given by Marston [5]. 

Fig 2(a) shows the percentage error against the number of multipoles used. It can be seen that less 

than 1% error can be achieved with six multipole terms used for the cases of aspect ratio between 

0.7 and 1.4. In Fig 2(b), the multipole results (using 10 multipole terms) are compared against a 

COMSOL finite element model for large sizes of a spheroid (up to ka=1.3). The non-dimensional 

force (Qst, as defined in [5]) obtained by multipole and finite element are close to each other. 

Marston’s results deviate for larger sizes since the formulation, which only includes the monopole 

and dipoles, is only valid for small spheroids. 

  
(a) (b) 

Fig. 2. (a) Comparison of the multipole results for small spheroids with Marston’s results. The percentage error decreases to 1% 

when more than six terms are used. (b) Plot of non-dimensional radiation force Qst [5] against spheroid size. Results from finite 

element (COMSOL) and multipole are close to each other. 

 

Conclusion 

The multipole expansion method with spherical harmonics is shown to give good approximation for 

acoustic radiation force on spheroids with low eccentricity. The use of more multipole terms helps 

to decrease the residue and error. In view of the non-convergence within the Brillouin sphere, 

inclusion of more singular sources (multiple multipole method, generalized multipole techniques) or 

a more general numerical scheme, such as the boundary element method, should be used for shapes 

with high eccentricity. 
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Introduction 

Acoustic standing wave fields can be used to move particles within acoustofluidic devices. Most of 

the important variables like the time-harmonic pressure field, the radiation forces on particles inside 

the acoustic field or the time-averaged fluid streaming cannot be observed directly. If an 

experimental setup is to be analysed in detail, this is a major problem because most of the important 

information remains hidden. Numerical tools for the calculation of the particle motion are very 

valuable since they provide access to all hidden variables. Furthermore, they can be validated or 

tuned by comparison with the particle motion which is easily observed experimentally. There are a 

number of solutions in the literature that simulate the particle traces under the effect of the inviscid 

radiation forces and the Stokes drag [1] as well as a solution that includes a viscous correction for 

the radiation forces and a detailed streaming model [2]. In contrast to these existing models for 

small, homogeneous, spherical particles, we present a numerical model for particles of arbitrary 

geometry and structure. It involves the calculation of the inviscid acoustic forces as well as a model 

for the particle dynamics inside the fluid. Though not implemented in the current work, we describe 

how acoustic streaming can be incorporated in the simulation setup. 
 

Method 

Figure 1 shows the structure of the presented simulation setup. Depicted in the upper two boxes are 
 

 

the simulation steps that concern the acoustic radiation forces and torques on the arbitrarily shaped 

particle. Assuming a small fraction of particles inside the fluid chamber of an acoustofluidic device, 

the acoustic field is only affected in the vicinity of the particles due to scattering but the global field 

remains almost unchanged. This is why the time-harmonic field inside the acoustofluidic device has 

to be calculated only once without the presence of particles. This modelling step involves the 

piezoelectric transducer, the structural parts of the device, the acoustic field inside the fluid chamber 

as well as the mutual coupling between them. Subsequently, the obtained time-harmonic pressure 

serves as a background field in a scattering simulation to determine the inviscid radiation forces and 

torques on a particle. In contrast to analytical approaches, there are no restrictions on the particle 

shape, structure or size [3]. Particle-particle or particle-wall interaction is incorporated easily 

through a second particle or reflecting boundary conditions in the scattering simulation. Besides the 
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Fig. 1. Structure of the numerical setup for the simulation of 

acoustophoretic particle motion. In a first step, the time-harmonic 

acoustic field inside an acoustofluidic device is simulated or 

prescribed analytically. The acoustic field is used inside the time-

integration loop to simulate the time-averaged acoustic forces and 

torques on the particle. These are necessary to determine the 

instantaneous particle velocity which is then used to update the 

particle position within the acoustic field. Prior to the simulation 

of the particle motion, the drag and coupling coefficients need to 

be determined with a fluid-dynamic simulation. The yellow boxes 

represent Finite Element simulation done in Comsol while the rest 

of the numerical calculations are done in Matlab. 
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zero-viscosity assumption in the simulation of the radiation forces, we assume that all inertial 

effects can be neglected for the time-averaged fluid and particle dynamics. The conditions that have 

to hold are found using dimensional analysis. In the Stokes flow regime, there is a linear relation 

between the velocity of a particle and the drag forces and torques. This is exploited to determine 

resistance and coupling coefficients that are specific to each particle geometry [4]. As depicted in 

the lower left box of Fig. 1, they can be found with six separate simulations of the creeping flow 

around the particle, corresponding to the Cartesian translations and rotations. With given acoustic 

radiation forces and torques at the current particle location and the known drag and coupling 

coefficients for the specific particle geometry, the particle velocity is calculated. A simple time 

integration scheme allows to update the particle position and to calculate the updated acoustic 

forces which are used to determine the updated particle velocity and so forth. Caution must be taken 

to choose the time increments small enough, so that the radiation forces change only slightly over 

one integration step. In a typical acoustofluidic micro chamber, streaming is primarily due to the 

viscous boundary layer at fluid-solid interfaces such as chamber walls or particle surfaces. Strictly 

speaking, this means that the particles need to be incorporated in the calculation of the time-

averaged fluid motion. However, in some situations, the streaming field may be regarded as 

independent on the particle position. In this case, the streaming field has to be computed only once 

and can be used throughout the particle-trace simulation as a background fluid motion. This 

changes the particle-fluid relative velocity which can be easily integrated in the simulation. 

 

Example 

As an illustrative example, the rotation of a fibre in a time-dependent acoustic field is simulated [5]. 

The radiation forces tend to align the fibre (angle ß) with the lines of zero pressure in the acoustic 

field (angle α) (see Fig. 2). Amplitude modulation is used to rotate the line of zero pressure. The 

fibre follows the rotation but it lags behind due to the fluid dynamic resistance. The simulation of 

one fibre trajectory took 6 hours on a desktop PC. Comparison of the simulated and experimental 

rotation rates allows to estimate the time-harmonic pressure amplitudes to be around 1.2×10
5
 Pa. 

 

 
 

Conclusion 

We have implemented a numerical setup for the simulation of acoustophoretic particle motion. It 

consists of a model for the calculation of the inviscid radiation forces and a model for the particle 

dynamics inside a Stokes flow. In contrast to other reported solutions, our setup can handle particles 

of arbitrary geometry and structure in 3D, it works with arbitrary acoustic fields, it covers particle 

translation as well as rotation and it is numerically efficient. If a particle interacts with a wall or 

another particle, the fluid dynamic resistance coefficients begin to depend on the particle position. 

This is not reflected accurately in the current setup and represents an area of future work. 
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Introduction                  
Understanding the mechanisms through which 
acoustic fields move objects in the direction of 
the wave propagation, or congregate particles 
at local intensity-maxima is relatively 
straightforward using the conventional 
radiation force theory. However, using a single 
gradientless symmetric acoustic beam to 
produce negative axial radiation forces on a 
particle placed on the beam axis is counter-
intuitive and its underlying physics is not yet 
fully understood, see Fig. 1. In the case of a zero-order Bessel beam (symmetric and non-
diffractive), for instance, numerical studies have shown that the radiation force on 
rigid/soft particles is always repulsive, while that for acoustically penetrable objects 
may become negative under specific conditions. Unlike high-order Bessel beams, an 
ordinary Bessel beam does not carry an orbital momentum and has no on-axis phase 
singularity. Therefore, the emergence of negative radiation forces (NRF) using an 
ordinary Bessel beam must somehow be related to the structural dynamic of the object. 
The only NRF prediction tool proposed so far is that of Marston’s [1], in which the 
emergence of NRFs have been related to the suppression of the scattering into the 
backward hemisphere relative to the scattering into the forward hemisphere. In this 
work, we shall further study the emergence of NRFs due to symmetric zero-order Bessel 
beams and will show that NRFs on drops and solid elastic spheres occur only at some 
specific Rayleigh and Whispering-Gallery modes of the object.  

Mathematical modelling and results                                            
The incident zero-order Bessel beam can be defined as [1, 2] 

 (   )(     )       (  )  
         

where    is the real-valued incident field amplitude constant,         and 
        are, respectively, the transverse and longitudinal wavenumbers of the 
incident field,   is the beam conical angle,       , and    ( ) is the Bessel function of 

order zero. The experienced time-averaged acoustic radiation force on a sphere due to a 
ZOBB can be expressed as    (    )    (  )

  ∑     
 
   , where the  -th modal 

contribution term (    ) are given by [1, 2] 

     (   )[         (             )]  (    )    (    )  

Figure 1- Interaction of a zero-order Bessel beam 
with a spherical particle. 
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To better understand the structural behavior of the object, one also needs to find the 
eignefrequencies (Rayleigh, Whispering-Gallery and Franz modes), which can be readily 
done by calculating the backscattered form-function over two-dimensional complex 
plane of    . The complex eigenfrequencies can be defined by            

 

 
     , with 

          (fundamental frequencies) and           (overtones) and the quantity 

(    )
  

 is a measure of the lifetime and the bandwidth of the resonance. 

The acoustic radiation force and complex eigenfrequencies have been calculated for a 
wide range of liquid and solid elastic cases with different mechanical properties. The 
inspection of the modal radiation force contributions (    ) and the corresponding 

eigenfrequencies of the particle (    ) has shown that the dominant NRF islands occur at 
the Rayleigh modes of the particle. In the case of liquid drops, it has been found that the 
most dominant NRFs occur at the first or second Rayleigh modes (    and    ). In the 
case of solid elastic spheres, on the other hand, NRFs occur at the      mode (spheroidal) 
or higher-order Rayleigh modes of the particle; see Fig. 2. Results have also shown that 
the Whispering-Gallery modes can cause high-frequency NRFs. The exact location and 
the frequency extent of the NRF islands and the significance of each mode can also be 
explained using the structural properties of the particle (liquid or elastic). It is worth 
mentioning that the back-scattered form-function at the     frequency shows a 
significant dip, as per Marston [1]. The spheroidal      mode has the lowest frequency 
for a free elastic sphere and the formation of a strong dip in the back-scattering form-
function spectrum at this frequency is a well-studied matter. However, this for higher-
order modes is less obvious in the form-function spectra. Thus, using the above 
criterion, one can readily predict the location the NRF islands of any particle using its 
structural properties.  

 

Figure 2- Negative radiation force islands for elastic spheres in water and the corresponding Rayleigh and 
Whispering Gallery resonance modes 
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Traditional ultrasonic cleaning baths are limited in that they cannot clean objects that are too large to fix 

in the bath, and cannot be taken to objects with complex geometries in order to ‘clean in place’. 

Furthermore the object to be cleaned sits in a ‘soup’ of contaminated liquid, and whilst cavitation fields 

can be set up under test conditions, immersion of the object to be cleaned can significantly degrade the 

bath’s performance by disrupting the sound field. An alternative technique, which does not use 

ultrasound is the commercial pressure- or –power washer, where high speed jets of water and cleaning 

agent are pumped onto a surface. Although these can ‘clean in place’, they pump large volumes of 

water, and produce significant volumes of contaminated run-off and contaminated aerosol, both of 

which are hazards for secondary contamination of users and water supplies. The momentum of the water 

and pump requirements mean they are difficult to scale up. This paper presents a low volume flow 

technique for ultrasonic cleaning in place, benefits being that it operates with low flow rates (1-2 litres 

per minute), and there is no need to expend energy on heating the water. 
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Introduction 

In conventional bulk acoustophoresis devices [1], cell-sized particles within a water channel are 

attracted to the pressure nodal lines of an ultrasonic standing wave in x-direction. Hereby the 

channel walls have to fulfill two tasks: First, they are the fluidic boundary. Second, they act as an 

acoustic reflector for the generation of the acoustic standing wave. This double assignment limits 

the feasible pressure fields within the acoustic domain. With novel devices as proposed in this 

paper, we can overcome these limitations by an additional acoustic layer. 

 

Experiment outline 

As illustrated in Fig. 1, we introduce an additional acoustic layer made of polydimethylsiloxane 

(PDMS) within a microfluidic channel. The characteristic acoustic impedance of PDMS is very 

similar to the suspending fluid. Therefore it allows to decouple the two wall tasks: the PDMS-water 

interface is the fluidic boundary, whereas the silicon walls remain the acoustic reflectors, as marked 

in Fig. 1. This allows to generate unprecedented arbitrary pressure fields within the water channel. 

 

 
Fig. 1. Sketch of a microfluidic device. A microfluidic channel in y-direction is partially filled with water and a PDMS fill. 

Regarding the pressure field within the water channel, the PDMS fill gives an additional degree of freedom for acoustophoresis on 

the suspended particles. 

 

Our design allows for example the movement of particles towards a wall, which is of significant 

biotechnological relevance for e. g. sensors or particle concentration as highlighted by Wiklund et 

al. [2]. This is a very delicate task as described by the latter review paper. Existing methods to 

attract particles on a wall (such as quarter-wavelength resonators [3]) are experimentally 

challenging, which has encouraged the search for more robust alternatives. Our method differs 

conceptually from all previous work and results in stable, strong and reproducible attraction of 

particles towards a channel wall. 
 



 

(a)           (b)  

Fig. 3. (a) Proof of concept of a device with a triangular PDMS layer. 6 parallel lines show the pressure nodal lines of an ultrasonic 

standing wave in x-direction. (b) Application of PDMS boundaries for particle concentration in a flow-through experiment. A 

concentrated particle flow leaves through outlet 1. 

 

Results 

The experimental results are documented in Fig. 3. Fig. 3(a) is a proof of concept on the example of 

a rectangular microfluidic chamber (depth 150 μm), where a triangle on the lower right is filled 

with PDMS. The 17 μm particles suspended in isopropanol aligned on 6 parallel lines at an 

excitation of 1.574 MHz, which is the same behavior as without the PDMS layer. This result shows 

that a suitable acoustic field could be generated even though the PDMS layer might add damping to 

the system. Fig. 3(b) shows an application of PDMS boundaries for particle concentration in a flow-

through experiment with a λ/2 mode as plotted in Fig. 4(a). The microchannel has a total width of 

1.5 mm in x-direction and a depth of 150 μm. The upper 0.5 mm are filled with PDMS. In the lower 

1 mm, water flows to the right with suspended 25 μm particles. The PDMS boundary allows to 

focus particles on the fluidic channel wall in a λ/2 mode at 467 kHz, so a concentrated particle flow 

leaves the device through outlet 1. Fig. 5(b) gives the calculated result for an advanced 

configuration with two PDMS walls, such that the particles can be focused on either the left or the 

right channel wall depending on the applied frequency. 

(a)     (b)  

Fig. 5. (a) Pressure plot in a microfluidic PDMS/water channel with a standing wave in the λ/2 mode (first eigenmode). (b) Pressure 

plot of the first and second eigenmodes in a PDMS/water/PDMS channel. The collection points of the particles can be placed at the 

left and right channel wall. 

 

Conclusion 

The microdevices at hand demonstrate impedance matched channel walls by a layer of PDMS. 

Impedance matched channel walls allow to build acoustophoretic microdevices with much more 

freedom in the design of the particle manipulation, since the fluidic and the acoustic boundaries do 

not have to coincide. This approach offers potential for biotechnological applications such as 

particle concentration and separation as well as enhanced particle sensors. 
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Introduction 

Bead-based assays are commonly used within veterinary and medical diagnostics [1, 2]. This work 

presents the transfer of a commercial bead-based assay onto a microfluidic platform, with several 

gained benefits. The Luminex assay detects antibodies to four different viruses: Infectious Bursal 

Disease Virus (IBDV), Infectious Bronchitis Virus (IBV), Newcastle Disease Virus (NDV) and 

Avian Reovirus (REO) in poultry sera. The assay uses magnetic beads internally dyed with a 

red/infrared mixture. An acoustic trap is used to maintain the beads stationary in a microfluidic 

channel during the fluid exchanges in the assay protocol. Subsequently, the bead cluster is released 

directly into a 96-well-plate from the microchannel for analysis in a Luminex instrument. Our 

results show that the bead recovery can be significantly improved in the acoustic trap format. 

Furthermore, the assay time can be reduced by 50% without reducing assay performance.  
 

Experiment 

A rectangular glass capillary (Vitrotubes, VitroCom) is used as the microfluidic channel in this set-

up [3]. The capillary is mounted on top of a 0.8 mm wide transducer (PZ26, Meggitt A/S) actuated 

at 4 MHz. Figure 1 shows the set-up.  

  

 Bead recovery is compared for three different protocols; (i) using an automatic wash station, (ii) 

using manual wash steps and (iii) performing the whole assay in the microfluidic format. The beads 

are counted with the Luminex instrument.  

 Seven different serum samples from vaccinated poultry are subjected to the complete assay in 

triplicate. The results are analysed in a Luminex 200 instrument. ELISA control assays have also 

been performed.  

 

 

Fig. 1. The transducer is soldered onto a PCB, placed in an 

aluminium holder. The glass capillary is clamped onto the 

transducer and held stationary by a lid that is screwed onto the 

aluminium base. A thin layer of glycerol is placed in-between 

the transducer and the glass capillary for improved acoustic 

coupling. Tubing is connected directly onto the ends of the glass 

capillary.  

 

In the figure, a cluster of blue 10-µm-beads has been trapped for 

visualisation, as shown in the inset.  
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