Heriot-Watt University
Research Gateway

Dynamic Acoustic Field for Tuneable and Scalable Particle
Sorting
Citation for published version:
Skotis, GD, Andrade, MAB, Ritchie, S, Cumming, DRS, Riehle, MO & Bernassau, A 2015, 'Dynamic
Acoustic Field for Tuneable and Scalable Particle Sorting', Paper presented at IEEE International
Ultrasonics Symposium 2015, Taipei, Taiwan, Province of China, 21/10/15 - 24/10/15 pp. 1-4.
https://doi.org/10.1109/ULTSYM.2015.0022

Digital Object Identifier (DOI):
10.1109/ULTSYM.2015.0022
Link:
Link to publication record in Heriot-Watt Research Portal
Document Version:
Peer reviewed version
Publisher Rights Statement:
© 2015 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional
purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.
Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 21. Sep. 2021

Dynamic Acoustic Field for Tuneable and Scalable
Particle Sorting
G.D. Skotis1, M.A.B. Andrade2, S. Ritchie1, D.R.S. Cumming1, M.O. Riehle3, A.L. Bernassau*4
1School of Engineering, University of Glasgow, UK
Institute of Physics, University of São Paulo, Brazil
3Institute of Molecular, Cell and Systems Biology, University of Glasgow, UK
4School of Engineering and Physical Sciences, Herriot-Watt University, UK

2

Abstract— Separation of cells is a critical process for studying
cell properties, disease diagnostics, and therapeutics. Cell sorting
by acoustic waves offers a means to separate cells on the basis of
their size and physical properties in a label-free, contactless, and
biocompatible manner. In this work, we introduce a unique
technique, which use a dynamic acoustic field (DAF), based on
the modulation of the phase of the standing wave. Using our
dynamic acoustic field, we successfully separated 10 and 45 µm
diameter polystyrene particles with a separation efficiency of
100%, and separated 6 and 10 µm polystyrene particles with an
efficiency of ~97%. We illustrate that DAF is capable of
effectively separating dorsal root ganglion cells from
heterogeneous medium. Finally, we demonstrate the scalability of
the DAF method by sorting polystyrene particles of 5 mm and
2 mm diameter in air.
Keywords— Acoustic radiation pressure; acoustic particle sorting;
acoustic particle manipulation.

I.

INTRODUCTION

Many applications in biology and medicine call for
efficient and reliable separation of particles and cells for
disease diagnosis, genetic analysis, drug screening, and
therapeutics. Nowadays, numerous methods are available to
separate and sort cells, such as magnetic [1], dielectric [2],
optical [3] and acoustic [4] methods. Among these methods,
acoustic manipulation techniques have the advantage of
working with any material [4]. Acoustic manipulation and
separation methods of cells and other biological materials can
be performed by using both static [5], [6] and dynamic [7], [8]
standing wave fields.
In this paper, we demonstrate a flow-less dynamic acoustic
field (DAF) method that can be used to separate particles
depending on their size within a sample volume. We also
study the discriminative ability of the method for particles of
different sizes by separating an heterogeneous mixture of 10
and 45 µm diameter polystyrene particles and then 6 and
10µm polystyrene particles. We illustrate the effectiveness of
the DAF technique for biological–biomedical applications by
sorting primary pig dorsal root ganglion neurons as a contactless means of separating these neurons from debris and
smaller cells, which results from tissue digestion. Finally, we
demonstrate the scalability of the DAF method, by sorting
polystyrene particle of 5 mm and 2 mm diameter in air.
It has been demonstrated that one transducer and a
reflector can be used to create a standing wave that traps
Part of this work was supported by an EPSRC EFutures grant
(RES/0560/7386) and a Royal Society Research grant (RG130493). Support
from GU68 Engineers Trust of the United Kingdom and São Paulo Research
Foundation - FAPESP (grant #2014/24159-1) are gratefully acknowledged.

particles. With this technology, it was possible to trap particles
and transport them by changing the driving frequency [9],
[10]. This method presents several challenges, such as an
unstable force resulting in movement among trapped particles.
An alternative method is to form interference patterns using
traveling acoustic waves. Courtney et al. [11] describe a
device in which acoustically matched transducers are used in
opposed pairs. In this arrangement, sound emitted by a given
transducer is absorbed by its opposing transducer.
Acoustic sorting is based on two sound waves traveling in
opposite directions which create a standing wave with maxima
and minima of acoustic energy. When particles are dispersed
in the medium through which the standing wave propagates,
they can be manipulated based upon their mechanical
properties such as size, density or compressibility. The
particles can be manipulated by changing the phase of one of
the opposite transducers.
II.

METHOD

The DAF technique is based on the time variant primary
acoustic force, Fa (1), combined with the viscous force, Fv (3)
enabling discrimination of particles according to their physicomechanical properties. The acoustic force is dependent on the
particle radius and particle density. Smaller or less dense
particles and cells experience a lower acoustic force Fa, with
respect to larger or denser particles and cells; therefore,
particles and cells of different sizes and different densities will
separate.
The DAF method relies on an interplay between acoustic
radiation forces and viscous drag forces. The primary acoustic
radiation force Fa that acts on a small particle in a plane
standing wave is given by [6]
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where p0 is the acoustic pressure amplitude, Vc is the volume
of the particle, λ is the wavelength, k = 2π/λ is the wave
number, x is the distance from a pressure node, and (,) is
the acoustic contrast factor, given by
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The acoustic contrast factor ϕ depends on both the particle
density ρc and its compressibility βc in relation to the
corresponding properties of the surrounding medium (ρw, βw).
The equation of the primary radiation force, Fa, (1), states that
the acoustic force applied on the particles is proportional to
the acoustic pressure amplitude p0 squared and to the volume
of the particles Vc.
The viscous force Fv that acts on a spherical particle is
given by the Stokes drag equation:

Fv  6Rv ,

(3)

where η is the medium viscosity, R is the particle radius, and ν
is the relative velocity between the particle and the fluid.
The DAF technique relies on a repeated cycling pattern of
the phase difference between two excited transducers from 0°
to 360°. Within each cycle, the phase is swept completely
through 360° over a time tramp and then allowed to rest for a
period trest before commencing the next cycle. The interplay
between the rate at which the phase is swept and the length of
the rest time is at the core of the separation technique.
During tramp, under the correct conditions, the larger
particles experience a strong acoustic force compared to the
viscous force, and move with the acoustic field. The smaller
particles are under the influence of the viscous force and thus
are not affected by the acoustic field and stay in their initial
position. Figure 1(a) illustrates the cycling of the swept phase
and Fig. 1(b) the movement of large and small particles with
time.

Figure 1. (a) Cycle of the swept phase from 0° to 360°. (b) The effect of the
applied phase shift on large and small particles. The large particles move with
greater velocity than small particles, thus when the phase shift reaches the rest
period at 360° the large particles continue forward and reach the next acoustic
node and are trapped. However, the small particles relax back to the initial
node.

III.

RESULTS AND DISCUSSION

A. Dynamic Acoustic Field in Liquid
The acoustic device, described elsewhere [12] has been
used to demonstrate how the dynamic acoustic field
technology can be applied to particle sorting. In this setup
configuration, only two opposite transducers were used.
Synchronization between the two channels was achieved using
two linked arbitrary waveform generators providing four
output channels each (TGA12104, Aim and Thurlby Thandar
Instruments, UK) allowing independent control of the
amplitude, phase and frequency of each channel. The signals
from the waveform generators were amplified and
electronically matched by high speed buffers (BUF634T,
Texas Instruments, USA). The system is controlled by a
virtual control panel developed in Labview (National
Instruments, UK), which allows real time voltage, frequency
and phase control. The interface allows interactive and precise
positioning and manipulation of the micro particles.
Furthermore, an agar layer was introduced into the device to
minimize the streaming [13] and maximize the precision in
control of the particle movement.
The separation experiments were conducted using two
mixtures of particles, each at a particle density of 4.99
× 105 particles mL−1. Mixture A contained 10 and 45 μm
diameter particles at a ratio of 1 : 100. Mixture B contained 6
and 10 μm diameter particles at a ratio of 1 : 100. At these
concentrations, no aggregation of particles was observed.
Figure 2(a) shows the particle separation for the mixture A.
The 45 μm diameter particles follow the shifted acoustic field
(moving towards the right-hand side), while the 10 μm
diameter particles stay close to the position of the original
node. The time between frames was 0.5 s. It was found that
100% of particles separate, with an efficiency and a purity of
100%. These results were achieved with a value of tramp = 8 s
and trest = 4 s.
The experiments were replicated, with the mixture B, using
6 and 10 μm diameter particles. For these particles, it was
found that ~97% of particles separate, with an efficiency and a
purity of ~97%. These results were achieved with a value of
tramp = 15 s and trest = 15 s. Figure 2(b) shows the average
movement of the 6 and 10 m particles under the DAF
separation. The 10 μm diameter particles move from node to
node (moving towards the right-hand side), while the smaller
particles (6 μm in diameter) remain close to their initial
position of the original node.
To assess the technique for biological–biomedical
applications, we applied the DAF to separate porcine dorsal
root ganglion (DRG) neurons from a freshly isolated mixture
containing myelin debris and other non-neuronal cells. The
DRG neurons have an average size from 17 to 145 μm, while
the myelin debris has a size of approximately from 10 to
15 μm.
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Figure 4. Acoustic system formed by two speakerphones.
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To demonstrate the sorting technique 2 mm and 5 mm
expanded polystyrene particles were placed on the glass plate
and the DAF cycling pattern (Figure 1) was repeated three
times, with tramp = 0.7 s and trest = 1.3 s.
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Figure 2 (Color online) Graph showing the average displacement with time (a)
for the mixture A containing 45 and 10 m particles, (b) for the mixture B
containing 10 and 6 m particles.
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A dynamic acoustic field was then applied (using a tramp =
5 s and trest = 5 s), and the average displacement of cells with
time is represented in Figure 3. The static material (myelin
debris and non-neuronal cells) does not produce a trace,
whereas the DRG cells shows a trace that moves from left to
right. The DRG cells follow the shifted acoustic field (moving
towards the right-hand side), while the debris exhibits minimal
displacement of the original node.
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Figure 3 (Color online). Graph showing the average displacement of cells with
time. The red trace represents the displacement of the DRG, moving from
node to node while the debris (black trace) is staying in place.

B. Dynamic Acoustic Field in Air
To demonstrate the scalability of the DAF sorting
technique, we now investigate sorting in air. The acoustic
system, Figure 4, is formed by two speakerphones (BMS 4550
model, Germany) mounted into a frame allowing accurate
control of the spacing. A 7 mm thickness glass plate is
positioned horizontally between the speakerphones with its
upper surface coinciding with the main axes of the speakers’
diaphragms. The acoustic standing wave was produced by

Figure. 5 (Color Online). Photograph of particle position (left hand side) and
simulation (right hand side) of the node displacement related to the particle
motion.

Figure 5 shows the evolution of the particle movement
under the DAF. Initially, the large particle is located at the
second potential well (x = 14.8 mm) and the small particle is
located at the third one (x = 25.8 mm). After three cycles, the
large particle is transported from the second to the fifth
potential well (x = 47.2 mm), while the small particle remains
at the third potential well. The large expanded polystyrene
particle, experiencing a larger acoustic force, moves during
tramp and stabilizes during trest at the next node, resulting in an
overall displacement over time. Simultaneously, the small
expanded polystyrene particle, experiencing lower acoustic
force, and move only slightly, returning to the initial node
position during trest. We investigated several parameters of
tramp and trest and identified that for tramp = 0.7 s with trest =
1.3 s, particles of 5 mm diameter where transported whilst 2
mm diameter particles remained in place. Figure 5 shows the
particle displacement (experimental data) related to the node
displacement (simulation). It can be seems that there is a good
agreement between the simulation and experimental data.
IV.

CONCLUSION

We first demonstrate the method for the separation of
particles with different diameters between 6 and 45 μm in a
heterogeneous medium. The dynamic acoustic field is then
used to separate dorsal root ganglion cells. The shearless,
label-free and low damage characteristics make this method of
manipulation particularly suited for biological applications.
Advantages of using a dynamic acoustic field for the
separation of cells include its inherent safety and
biocompatibility, the possibility to operate over large distances
(centimeters), high purity (ratio of particle population, up to
100%), and high efficiency (ratio of separated particles over
total number of particles to separate, up to 100%). The DAF
method has also proved to be scalable and capable of sorting
polystyrene particles of 5 mm and 2 mm diameter in mid-air.
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