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Abstract

Acoustic actuation is widely used in microflu-
idic systems as a method of controlling the be-
haviour of suspended matter. When acoustic
waves impinge on particles a radiation force is
exerted which can cause migration over multi-
ple acoustic time periods, in addition the scat-
tering of the wave by the particle will affect the
behaviour of nearby particles. This interpar-
ticle effect, or Bjerknes force, tends to attract
particles together. Here, instead of manipulat-
ing a dilute sample of particles, we examine
the acoustic excitation of a packed bed. We
fill a microfluidic channel with microparticles,
such that they form a closely packed structure
and then excite them at the particle’s resonant
frequency. In this scenario, each particle acts
as a source of scattered waves and, we show,
these waves are highly effective at attracting
nanoparticles onto the surface of the micropar-
ticles, and nanoparticle collection characterise
the performance of this mechanically activated
packed bed.
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Introduction

Nanoscale particles and biological structures
are ubiquitous, and include DNA in cell lysate,
viruses and bacteria, in addition nanoparticles
are commonly synthesized1–4 for tasks such
as nanomedicine and nanoscale drug deliv-
ery.5 Handling of matter at this scale enables
a range of applications to be addressed, such
as, viral6–8 or nanoparticle induced fusion of
cells,9,10 detection and diagnostics,11–17 and
the alignment of nanowires.18 In addition,
due to recent developments in regenerative
medicine, there has been a surge in interest in
the capturing of extracellular vesicles (EVs).
Formed inside cells, secreted through the cell
membrane, EVs contain genetic information
of the parent cell19 and are believed to be re-
sponsible for cell-cell communication, antigen-
presenting cell, coagulation and transfer of
proteins, as such they are considered as a valu-
able precursor for regenerative medicines.20–22

EVs refers to a broad range of vesicles includ-
ing microvesicles (MVs), apoptotic bodies and
exosomes.23,24 They have a variety of sizes
ranging from 30 to 1000 nm. To use them as
biomarkers they need to be separated and seg-
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regated into their particular type,25 similarily,
for drug synthesis a need for a very quick and
clean method of collection and enrichment has
been identified.20 Conventional methods for
EV collection include ultra-centrifugation,26,27

ultra-filtration,28 immunocapture,29,30 chro-
matography31 and precipitation.32 Of these,
the first two are more widely used but are time
consuming, laborious and generally damaging
to the bioparticles. Whilst the latter examples
are only applicable to small sample volumes
and the chemical bonds formed can cause con-
tamination of the captured matter.22,25,33–35 As
an alternative, emerging microfluidic-based
methods show significant promise.36–38

Whilst microfluidics has widely been used
for the separation, trapping and enrichment
of microparticles,39 there is also a growing
body of literature on nanoparticle handling.
To achieve this, several mechanisms have been
exploited, including passive hydrodynamic
methods such as micropillars,40,41 filtration,42

inertial-based techniques.43–45 In addition to
these passive methods, a range of active sys-
tems has been developed. Here energy is
input into the system to activate a collection
mechanism, this allows a level of control and
adaption of system parameters post manu-
facture which is unavailable in passive archi-
tectures. Various forcing mechanisms have
been utilised, including electro and dielec-
trophoresis,42,46–49 magentophoresis,16,50–52

acoustophoresis53–56 and optical tweezers.57,58

Of these active methods, acoustofluidics has
the advantage of being contactless, label-free
and biocompatible.59,60

Acoustofluidics, the use of acoustic energy
as an actuation source in microfluidic chips, of-
fers three main forcing mechanisms. Acoustic
radiation forces (ARF) act on suspended par-
ticles causing migration to certain, ultrasonic
field dependant, locations in the fluid volume.
ARF is frequently used to control the position
of microparticles61–64 and cells.65–67 How-
ever, there are only a few examples of usage
on nanoparticles,56,68,69 this is due to scaling
laws meaning as the particle becomes smaller

acoustic streaming induced drag forces be-
come more dominant70–72 . Acoustic stream-
ing a bulk fluid flow which results from the
propagation of ultrasound, typically it induces
swirling flows which disrupt the patterns
formed by ARF. However, these flows can
also be used to capture cells73–75 and nanopar-
ticles,55,76,77 here the suspended matter be-
comes trapped within a vortex within the
limitation of a low capacity limit and flow
rate. The third focusing method arises due
to particle-particle interaction. The ultrasonic
wave scattered from one particle interacts with
other nearby objects, and induces a Bjerknes
force, which depending on the nature of the
particles and their orientation can be attractive
or repulsive. In a very elegant approach, Lau-
rell’s research group at Lund University held
a cluster of microparticles using the ARF gen-
erated by a sound field, the scattered waves
engendered Bjerknes forces to act on nanopar-
ticles as they passed near this cluster, such that
they were collected on the microparticles.78–81

One of the challenges in acoutofluidics is to
create a sufficiently large force, to tackle this a
resonance is usually exploited, by using bulk
wave excitation to create a resonance in a fluid
channel, the microparticles could be held at
the centre of the channel and the Bjerknes
forces were sufficient to allow for highly effi-
cient capture. This system works very well for
small, diagnostically relevant, sample sizes,
however upscaling of this approach beyond
this scale would be challenging due to the
requirement of a channel resonance. In this
work, we present a microfluidic system for
acoustic capture of nanoparticles using a previ-
ously unexploited resonance. The advantage
of this approach is that it has the potential for
future upscaled processing, however, here we
focus on characterising the mechanism of this
resonance.

Packed beds of beads have been widely used
for filtration82,83 or chemical process reac-
tors.84 In addition, in microfluidics, function-
alised beads in a packed bed have occasionally
been used to trap certain type of proteins
or bioparticles.85–87 Here, rather than using
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Figure 1: Schematic of the microfluidic device for trapping and enriching nanoparticles using resonance of a
passively-trapped packed bed of 10 µm polystyrene beads excited by surface acoustic wave (SAW). The enlarged
view of the trapping area shows two opposing IDTs used to generate the standing SAW and the micropillars that
trapped the microbeads.

chemical functionalisation, we use mechanical
(ultrasonic) actuation. Surface acoustic waves
(SAW) is an actuation method which gives
access to a higher range of frequencies than
typically excited using bulk acoustic waves.
Generated by patterned electrodes on a piezo-
electric substrate (interdigital transducers or
IDTS), they have been used in microfluidics for
patterning, sorting, sieving and trapping, how-
ever, most systems only migrate the particles
instead of holding them in position.59,69,88,89

Notably, high frequency operation has been
used for single cell patterning in which the
acoustic wavelength in the order of the size of
a cell.60 When modelling the ARF and Bjerk-
nes forces generated in this type of system, we
previously showed a very large increase in the
Bjerknes force at resonance frequencies of the
particles which we were trying to manipulate,
such that clustering dominated over pattern-
ing.90 Hence, here, we use the high frequency
opportunities offered by SAW to deliberately
excite a packed bed of microparticles, such that
each resonates. When nanoparticles are passed
through the pores left between the larger parti-
cles, they get attracted and collected due to the
large Bjerknes forces which occur. As such, the
resonance is related to the particle size, and
so is decoupled from the channel dimensions
(Figure 1). Upon switching off the SAW actu-

ation, the enriched nanoparticles are released
from the bed, avoiding issues with clogging
which beset membrane filtration methods.

Results and discussion

Operating Principles

In most acoustically actuated microfluidic sys-
tems, the particulate matter is highly dilute
and the wavelength of sound is far in excess of
the particle size. In this way, phenomena such
as particle migration to the pressure nodes
of a standing sound wave can be observed,
and used for tasks such as particle sorting
and manipulation. Recently, there have been
some studies which utilise higher frequen-
cies of operation, such that the wavelength
is decreased and approaches the size of the
particles. But, here too, the sample is dilute
as patterning effects were being sought.60 In
contrast, in this work we will use a packed
bed, in which movement of the microparticles
is undesirable, and seek to resonate the par-
ticles to have maximum interparticle effects.
To examine if this is possible, we will first
examine numerically if the interparticle forces
between the microparticles are such that the
packed bed will remain intact upon excitation,
and secondly show the relationship between
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Figure 2: Numerical results for the acoustic radiation force on micro- and nanoparticles: (a) The primary acoustic
radiation force on a single polystyrene (PS) particle located at a distance of +λ/8 away from the pressure antinode
shows distinct regions of behaviour (A, B and C). Here, a 10 µm PS in water is excited by a 100 kPa planar sound
field. A particle resonance occurs in region B and two higher modes in C. When (b) a small cluster of microparticles
(MPs) are excited in region B shows that (i) the forces between the microparticles are attractive, so holding the cluster
together and (ii) nanoparticles within the cluster are attracted to the microparticles, whilst those outside the cluster
are pushed to the pressure nodes (by primary forces). All forces are normalised to only show the direction and not
proportional to their magnitude. (c) The frequency regions defined by microparticle characteristics (in (a)) translate
to different forcing regimes for the nanoparticles in proximity to the microparticles. Here, results are shown for a 10
µm and a 500 nm PS particles within a normalised gap of λ/100 about a pressure antinode. The NP also experiences
primary forces, however these are much less significant than the force attracting them to the microparticles (d).

frequency and the magnitude of the forces
being exerted on nanoparticles as they pass
near a vibrating microparticle.

Previously, the authors examined forces be-
tween microparticles as a function of fre-
quency, for the purpose of finding operating
conditions at which the particles will be held
separated from each other in a sound field.90

Such repulsive interparticle effects could be
highly detrimental to a packed bed, how-
ever this earlier study provides the frame-
work required to establish at what frequen-
cies a packed bed can be expected to be stable.
Namely, in that work, frequency regions were
defined based on the forces which are known
to act on a single particle exposed to a standing
pressure wave when located in the middle of a
pressure node and antinode, as shown in Fig-
ure 2a. It can be seen that for the polystyrene
(PS) particle considered, if the particle size is

smaller than one third of the wavelength the
acoustic radiation force is positive, meaning
it will migrate to the pressure nodes (region
A : d < 0.31λ) where d is the diameter of the
spherical particle and λ is the wavelength of
a 1D standing planar wave. At larger parti-
cle sizes the acoustic radiation force is nega-
tive, hence the particle is moved to the near-
est antinode (Region B : 0.31λ < d < 0.45λ),
the first particle resonance occurs in this re-
gion of operation, as seen by the spike in force
magnitude. This alternation of the sign of the
force is also used to define further regions (e.g.
Region C : 0.45λ < d < 0.67λ). The bound-
aries between these ranges are dependent to
the material properties of the spherical elastic
particle, which can be difficult to determine
exactly. It was shown that interparticle forces
between two particles separated by small gaps
(in the order of λ/100) about a pressure antin-
ode are attractive in regions A, B and C ex-
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cept for a narrow band in region C. Based on
this, we would expect the packed bed to be
stable under most conditions. To confirm this
and to investigate the force field acting around
large particles, we model a small cluster in
which the particles (having their sizes within
the range of region B) which are placed adja-
cent to each other, as would occur in a packed
bed, and confirm that the interparticle forces
are attractive, Figure 2b.

We now examine the attraction force which
exists between a vibrating microparticle and a
nearby nanoparticle. Again, we examine this
with reference to the microparticle regions of
operation. For a pair of 10 µm and 500 nm
polystyrene spherical particles with a fixed
gap of λ/100 (at each frequency), the total
force on the NP is shown in Figure 2d, in addi-
tion, the primary force acting on the nanopar-
ticle in the opposite direction (negative sign) is
also shown for comparison. The key features
of this plot are, firstly a dominance of the sec-
ondary force in the contribution to the total
acoustic forces acting on the NP. Secondly, the
first peak of this secondary attractive force is
observed within region B (with a frequency
close to the first resonance seen in 2a) followed
by a drop (close to the regions border), and
then another peak at region C (Figure 2c). The
parameters of the numerical models can be
found in Table S1.

The Bjerknes force is inversely related to the
distance between two particles, so whilst just
a single separation is shown in figures 2c and
d, the trend is more broadly applicable. In
our case, using a packed bed, the maximum
separation distance is constrained by the size
of the “pores” between the microparticles.

This theoretical study, whilst not fully mod-
elling a mechanically actuated packed bed,
shows the key underlying physics behind the
operation, specifically with relation to the role
of microparticle particle resonance. We will
make use of the interparticle forces between
microparticles to maintain a stable packed
bed, and then choose our operating frequency

Figure 3: The intensity change demonstrates fluo-
rescent 500 nm NPs collection (when SAW is ON)
and later the release of the enriched batch (after
SAW is switched OFF) in a 94 µm wide channel
with the packed bed of non-fluorescent 10 µm MPs
at the upstream. The intensity is tracked upstream
and downstream of the retaining pillars (blue and
green dashed boxes, respectively). Excitation was
at 80 MHz, 12 dBm.

based on the occurrence of a maximum force
between the micro- and nanoparticles. This
corresponds to conditions detailed in Table 1
as the summary of important frequencies in a
system of 10 µm and 500 nm PS particles.

Collection Measurement

The channel used to assess the principle of
using microparticle resonance to capture
nanoparticles is relatively small, measuring 20
µm by 94 µm (height and width, respectively)
this limited size allowed for accurate char-
acterisation and visualisation of the bed. At
one end of the channel, a row of pillars were
fabricated with a gap size of 6 µm. Either side
of the channel, electrodes were deposited on a
piezoelectric substrate, the downstream end of
these electrodes aligned with the pillars in the
channel. This pair of interdigital transducers
(IDTs) are used to excite the SAW. The first
stage of experimentation was to load the chan-
nel with non-fluorescent 10 µm PS particles,
the pillars at the end of the channel ensured
that these particles were trapped and formed a
small packed bed. Subsequently, a 0.04% w/v
solution of fluorescent 500 nm PS nanopar-
ticles was pumped through the packed bed
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Table 1: Summary of frequency regions, normalised sizes of the microparticle (MP) and corresponding frequencies
for 10 µm PS particle (with its resonance frequencies highlighted in red) based on the numerical simulation. The
critical points of the attraction force on the nanoparticle (NP, 500 nm polystyrene) is also highlighted for comparison.

Normalised
Size (d/λ)
of MP

Regions λ (µm) f (MHz) Attraction force
on NP

Note

0.3 B 33.33 45 - Primary force zero, the border of
regions A and B

0.45 22.22 67.5 * 1st peak An extremum of the Primary
force, the first resonance

(≈65.73 MHz)
0.46 21.74 69.00 - Primary force zero, the border of

regions B and C
0.475

C

21.05 71.26 (trough) An extremum of the Primary
force, the second resonance

0.5 20 75 - Half wavelength
0.55 18.18 82.5 * 2nd peak
0.63 15.87 94.52 (zero)

at a flow rate of 1 µL/hr (the sequence of
loading and operating the system is shown in
the Fig.S1). The locations of the nanoparticles
within the channel was assessed en masse, by
examination of the intensity of the fluores-
cent signal using video microscopy. When the
nanoparticles pass through the packed bed
without being attracted to the microparticles
an approximately uniform intensity distri-
bution is expected. An intensity increase in
the area of the packed bed, and a drop in in-
tensity downstream from the bed indicates
entrapment occurring; whilst a reversal of this
intensity distribution, i.e. a higher intensity
downstream of the bed, indicates the release of
nanoparticles after a trapping event has taken
place. These intensity changes have been ac-
centuated by using a very high nanoparticle
concentration. Figure 3 shows an example of
this, as the surface acoustic wave actuation
is turned on and then off. Indicating a clear
concentration event occurring within the bed
during the period of actuation(supplementary
video 1).

Optimum frequencies

We, first, use these changes in measured in-
tensity to assess the effect of changing the
frequency of excitation, to probe the role of
microparticle resonance. To make an accurate
comparison across excitation conditions, we
run a single experiment (to avoid any changes
to the externally imposed flow conditions or
the illumination settings) in which the exci-
tation is repeatedly turned on and off, with
each new cycle being at a higher frequency.
To achieve this we use chirped IDTs (i.e. elec-
trodes with varied spacing), to provide a wide
bandwidth over which useful data can be ob-
tained, and are designed such that the particle
resonance is within this bandwidth.

Whilst sweeping through the frequencies, a
stepped rectangular pulse with fixed power
level was applied as shown in Figure 4a. The
frequency range was 61 MHz to 80 MHz with
each pulse 3 seconds long followed by a 3
second off period (to allow the previously
captured particles sufficient time to be washed
out of the packed bed by the fluid flow). Over
the actuation period the intensity was found
over a fixed area of the packed bed, and is
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Figure 4: The frequency response of the system is analysiedd using a 3-second long pulsed input with constant
power (during the on cycle, 5 dBm), in each subsequent pulse the frequency is increased by 1MHz (a). The average
intensity level upstream side of the pillars is measured by during each pulse (b), by finding the increase in the
intensity during the duration of the application of each frequency.

shown in Figure 4b.

Prior to analysing the data, it is worth not-
ing that although the upstream side of the
pillars is fully packed by 10 µm particles over
a length of considerably longer than the 500
µm long IDTs, in the absence of excitation, the
hydrodynamic influence in collection of the
nanoparticles is minimal and can be neglected.
The intensity varies over a range of just ±2%
(Fig.S2) whilst, in comparison the sound wave
activated collection growth rates are 50% and
higher within the same time period of 30 s
(significantly longer than that used in the data
shown in Fig 4) and experiment conditions.

A second control is the examination of the
effect of SAW actuation in the absence of the
microparticles, specifically looking at whether
the acoustic radiation effects are sufficient to
collect the nanoparticles without the Bjerk-
nes forces which the microparticles generate.
Under such conditions, whilst some of the
nanoparticles are collected along nodal lines,
they are not held against the flow so there
is no decrease of presence downstream dur-
ing actuation. (See video for control run of
nanoparticles flowing through the channel
without MPs in supplementary movie 2).

As a result of these two controls, the rise in
the intensity seen as the SAW is actuated in

Figure 4b can be attributed to nanoparticle col-
lection caused by secondary force arising from
the presence of the microparticles. Within the
short period of each actuation step, the inten-
sity’s growth is approximately linear and its
gradient or gain (as depicted in Figure 4b) can
interchangeably be considered as a measure of
NP collection.

In Figure 5, the intensity gain at each fre-
quency is shown from Figure 4b, in addition
three other experimental conditions have been
analysed. It can be seen that in each case there
is a rise in the intensity gain with frequency
to an initial peak, at 69 to 72 MHz (simula-
tions predicted 65.7 – 67.5 MHz, see Table 1)
followed by a trough and then a second peak
at 76 – 78 MHz (simulations predicted 82.5
MHz). The dip in performance, within this
frequency range, occurs at 74 MHz (71.2 MHz
was predicted).
The slight shift of peaks and troughs in the

experiment from the simulation prediction can
be attributed the fact that in numerical model
material properties are set to a macro-scale
reported value while microbeads mechanical
stiffness and density may differ slightly. This
can shift the resonance frequencies and change
the mode shapes accordingly. Nonetheless,
from these experimental results, it is clear that
the behaviour of the packed bed is closely
linked to the resonance behaviour of the mi-
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croparticles. The key features being two peaks
and one trough between 60 and 90 MHz, a
greater attraction force in the second peak (Re-
gion C) compared to first one (Region B) and
eventual a drop of the attraction force (and so
NP collection) toward higher frequencies.

It is worth noting that the dip in performance
is less pronounced for the two experiments
conducted at high power in Figure 5, we be-
lieve this is because the packed bed is becom-
ing saturated at the higher optimum drive fre-
quencies so the intensity rise seen for them are
limited. This saturation can occur very quickly
due to the high concentration of nanoparticles
used. For most applications a much lower
concentration would be expected, however,
for the purpose of characterisation the inten-
sity changes are more reliable using such high
concentrations (at lower power levels). To
explore this further a set of experiments was
conducted, examining the downstream por-
tion of the channel, over a larger range of
frequencies, as shown in Figure 6. Here, again,
consistency is seen across the 5 and 7 dBm
cases, with the 14 dBm being the outlier in that
this power is sufficient to capture the particles
even at non-optimal frequencies. In addition,
a set of data is included that encompasses
higher frequencies. Within in the range pre-
viously examined, the trends are very similar,
indicating this is a phenomenon related to
the microparticles rather than a quirk in the

Figure 5: Upstream, normalised intensity gain for
SAW frequency from 61∼80 MHz in a 94 µm ×
20 µm channel for 3 different power levels. Inset
image shows the absolute intensity gain of each
frequency for different power levels, against time,
before normalising.

Figure 6: Downstream results of the normalised
intensity gain within the range of 61 to 90 MHz for
different power levels, in a 94 µm×20 µm channel.
Again, the trend is similar to numerical simulation
with a slight shift in peak/trough frequencies. The
inset image shows the absolute intensity gain of
each frequency for different power levels before
normalising, where higher power level provides
greater intensity level in the same setup, i.e. higher
collection.

performance of the IDT sets, above this range
we see a further drop in performance which
also agrees with simulations.

Power Sweep

We have seen that the relative gain achieved
by using the optimum excitation frequencies
(70±2 and 77±2 MHz at the case of 10 µm
PS beads of the packed bed), influenced by
PS resonance frequencies, play an important
role, especially at low powers. At which we
observed a peak-trough difference in the order
of 60∼70%. At higher powers, this contrast
differed (between 12 and 23%) due to satura-
tion. Here, however, we examine the effect of
power more thoroughly, and examine the per-
formance (via intensity changes) as a function
of power, using a swept power experiment.

To investigate the power effect a stepped
rectangular SAW pulse was introduced to the
system. Starting from 1 dBm (equivalent 1.26
mW), each pulse lasted for 3 seconds followed
by a 6-second off period and the step level in-
creased 1 dBm at each increment up to a limit
of 14 dBm (equivalent to 25.12 mW). The pulse
diagram along with real-time mean intensity
level for the downstream of the 94 µm × 20
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Figure 7: The power response of the system is shown. (a) The instantaneous mean intensity level (downstream in
the 94 µm×20 µm channel) at 68 MHz (in red), shown alongside the stepped pulse power sweep: 1 to 14 dBm. (b)
The normalised intensity gains at different frequencies shows linear compliance with power level in dBm, thus a
logarithmic leaning against power levels in mW.

µm channel is given in Figure 7a and the in-
tensity gain for 3 different frequencies at each
power level that changes linearly is shown in
Figure 7b.

Capturing performance and enrich-
ment return

Capturing efficiency

To investigate the capturing performance of
the SWANS system, a further set of experi-
ments was run, this was done over a range
of frequencies, but here each actuation was
sustained for a longer period of time than
used in the frequency sweep experiment. The
range used was between 55 MHz and 85 MHz
(as representative from different regions) at
a fixed power level of 12 dBm. The flow rate
was kept at 1 µL/hr in a 94×20 µm channel
and the intensity level was measured down-
stream of the micropillar posts and was used
to quantify the percentage of NPs which were
not trapped. Ideally, if all NPs are trapped
at the upstream, the light intensity emitted
from fluorescent NPs in the downstream area
will drop to zero upon actuation, hence, the
capturing performance of the nanoparticle
sieve is 100 %. The method of measuring
this performance for a sample frequency is
described further in the Supplementary Infor-
mation (Fig. S3). The results, although only
for representative frequencies, show a similar
trend that by increasing the frequency the
capturing efficiency also increases reaching a

peak and drops after that. It can be seen that
at frequency 80 MHz (very close to the sec-
ond peak discussed earlier) we can achieve a
capturing efficiency, ηcapture, of approximately
97%, Figure 8 a. For other frequencies, increas-
ing the power will increase the intensity at
the upstream and symmetrically decrease it at
the downstream, as it can be seen Figure 7a,
in other words, a higher capture efficiency is
achievable.

It is worth noting that at such high capture
rates, a further increase in power would not
make a difference to the intensity which is ob-
served, this too (along with saturation of the
bed) explains why in the frequency sweep ex-
periments at the highest power used, 14 dBm,
operation at the optimal frequencies is not seen
to provide more capture than off resonance.

Enrichment return

Realising the optimum frequency and power
level that provides a reasonably high captur-
ing, the final concentration of the trapped
batch of nanoparticles will be a function of
time, channel size and flow rate. After a cer-
tain time of SAW being active, t, in a flow with
a known flow rate, Q, and initial concentration,
Ri, the mass of nanoparticles trapped in the
trapping area, mNP and final concentration,
R f is:

mNP = ηcaptureQRit (1)

R f =
mNP

Vchamber
(2)
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Figure 8: a) Capturing efficiency at selected frequencies at a fixed power level 12 dBm in a 94 µm×20 µm channel.
b) The effective trapping area of the packed bed. Microparticles outside of this area (i.e. upstream of it) have a
negligible part in the capturing, confirming the need for microparticles and SAW excitation and defining the effective
volume of the filter.

where ηcapture is the capturing efficiency of the
SWANS at a particular SAW condition (fre-
quency and power) and Vchamber is the volume
of the trapping area. This area only encom-
passes the SAW influenced part of the whole
packed bed. While in the tested devices, af-
ter loading the MPs, the packed bed fills and
covers an area beyond the SAW beam, how-
ever microparticles outside the SAW beam are
not observed to assist in NP trapping. To con-
firm this, Figure 8d shows that in a 94µm ×
20 µ m channel at the end of an experiment
with 200 nm PS particles, the SAW activated
area clearly has a brighter intensity (due to the
collection of NPs) than parts of the pack bead
upstream of the SAW beam. We use Vchamber
to define the volume of this part and for the
case shown in Figures 8c and 8d it is about
Vchamber = 900 × 100 × 20 (µm)3 = 1.8 nL. Re-
arranging equations 1 and 2, the concentration
return can be expressed as follows:

R f/Ri = ηcapture(Q/Vchamber)t (3)

For this small bed, this is valid within short
periods of time as enrichment can not increase

endlessly and linearly. In a set of experiments
run in a 50 µm wide and 20 µm high chan-
nel at 70 MHz and 14 dBm SAW signal con-
ditions, measuring the maximum intensity at
the downstream (as an indication of the maxi-
mum captured nanoparticles with 500 nm size)
against different flow rates, it can be seen that
this maximum intensity is retained up to 25
µL/hr flow rate that corresponds with the av-
erage velocity of 6900 µm/sec, figure 8b. As-
suming a conservative capturing efficiency of
0.7 at 14 dBm power level, within a 10 sec
period of SAW operation the concentration
return is about 54. Hence, SWANS has the
capability of about 50-fold enrichment of the
nanoparticles within a very short time. By scal-
ing up, the chamber volume, Vchamber increases
and to keep the return ratio, the flow rate can
increase thus enables the SWANS system to
handle larger sample volumes.

Effect of nanoparticle size

We further investigated the operability of the
SWANS system for smaller nanoparticles. Our
characterisation of the role of frequency and
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Figure 9: (a,b) The upstream and down-
stream views, respectively, of trapping 190nm
polystyrene particles. Each sequence follows: (1)
before SAW activation, (2) during SAW activation,
(3) instantly upon turning off the SAW and (4) sec-
onds after activation ends. c) The downstream
view of SWANS with 100 nm polystyrene shown
at stages (2) and (3). The capturing occurs, how-
ever, it is not significant due to the smaller size
of the NPs. At a higher power level, (d) Captur-
ing of 100 nm polystyrene beads is shown by (2)
the downstream intensity drops while SAW is ac-
tivated and (3) the noticeable release of enriched
batch upon turning the SAW off. The arrow shows
the flow that is downward for all captions and the
scale bar is 50 µm.

power have utilised 500 nm polystyrene beads,
taking advantage of the brightness of fluores-
cence they offer for high quality data collection.
That study clearly showed two ranges over
which the collection of nanoparticles is opti-
mal. In that study, the power had to be limited
in order to observe the effect of frequency, as
at high powers a mixture of total capture and
bed saturation caused a maximum intensity
change to be reached. In terms of the operation
of the system, this clearly demonstrates that
there is unused capacity in the operational
range. Here, we utilise this, by turning up
the power, to address the more challenging
task of capturing smaller particles. We note
here, that the broadband width chirped IDTs

are still used for this task, and that this too
offers additional scope for enhancement as
single frequency IDTs are considerably more
efficient.

The frequency of 72 MHz is within the range
of the first peak, to study how this set of con-
ditions can be used to capture smaller objects,
in a 94 µm × 20 µm channel, experiment were
separately performed for 190 nm and 100 nm
polystyrene nanoparticles with 0.3%w/v and
0.007%w/v concentrations, respectively, both
at 1 µL/hr flow rate.

A 72 MHz SAW at 18 dBm is used to acti-
vate the bed. Figure 9a-2 shows the resulting
intensity changes resulting from the capture
of 190 nm particles in the bed, whilst down-
stream clarification of the solution is seen in
Figure 9b-2. Upon turning off the ultrasonic
actuation, the concentration of nanoparticles
upstream drops quickly with the transition
region between high and low intensity mov-
ing downstream with the flow (Figure 9a-3
and b-3). A few seconds after the end of SAW
activation, the fluorescent intensity returns to
its initial level (captions 4 of Figure 9a and b).

Similarly, 100 nm particles solution went
through collection, enrichment and release
cycle at 72 MHz frequency and 18 dBm power
level, however, due to the smaller size of the
100 nm particles although the collection takes
place and the release of trapped particles can
be observed from figure 9c-3, it is less distinct.
The acoustic radiation forces on nanoparticles
can be presumed to be proportional to the
volume of the particle, hence to the cube of
its diameter, from Gor’kov91 and Weiser.92

To counter this, further increase in the power,
shows more clearly evident collection of 100
nm particles in otherwise identical conditions
(Figure 9d). The comparison of stages 2 and 3
of figures 9c and 9d demonstrates that adjust-
ing to a suitable power level effectively traps
100 nm particles at the packed bed (evident
from the intensity drop at the downstream)
and swiftly releases the enriched batch with
its propagating front to the downstream.
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The series of experiments have been de-
signed to demonstrate the role of microparticle
resonance in the capture of nanoparticles. To
this end, several requirements were imposed
for the acquisition of high-quality data. It
was necessary to use relatively large particles
(500 nm) such that the image intensity was
significant, and to perform the experiments in
a small system to further assist visualisation.
It was then observed that at high powers, the
role of frequency is blurred by the fairly effi-
cient capture at even sub-optimal frequencies.
We have referred to the necessity to drop the
power level to observe the resonant behaviour,
as demonstrating excess operational capacity,
and then later utilised that capacity to capture
smaller particles. However, it is also worth
noting that the intensity of the sound field can
be further increased by more efficient trans-
duction from electrical power into surface
acoustic waves. To study frequency effects it
has been necessary to use a broadband IDT
set with variable pitch electrodes, in which
the optimum pitch for SAW generation only
occurs across a few electrodes. Operation of
a single frequency, constant pitch, IDT offers
considerably more efficiency, and hence addi-
tional capacity for improved performance.

Conclusion

The concept of a mechanically activated
packed bed has been presented and shown
to be capable of entrapment and enrichment
of nanoparticles in a continuous flow. The
activation is in the form of ultrasonic excita-
tion which is shown, both numerically and
experimentally, to be most efficient when the
frequency is chosen such that it coincides with
a resonant mode of the microparticles forming
the packed bed. Under this condition, firstly,
the bed itself is stable as the microparticles
are attracted to each other. Secondly, when
a solution of nanoparticles pass through the
bed, they too are attracted to the micropar-
ticles and become captured on their surface.

Hence filtration is obtained without the need
for chemical functionalisation of the bed, and
in a manner which is reversible, such that an
enriched sample can be collected. The filtra-
tion does not block the bed, and, in contract to
membrane filtration, the pore size is dictated
by the size of the microparticles rather than the
nanoparticles. At a power of 12 dBm, 97% of
the 500 nm passed through a bed activated at a
resonance frequency of 80 MHz were collected.
In addition, collection was shown at higher
powers of both 190 and 100 nm particles. As
the resonance is related to the components
of the bed, rather than the bed size, there is
excellent potential for upscaling, having, in
this worked, demonstrated the underlying
physics.

Materials and methods

Simulation

To understand the physics behind the parti-
cles’ interaction in a one-dimensional standing
wave, a 10 µm and a 500 nm sphere with
polystyrene material were modelled in COM-
SOL Multiphysics® 5.1 Acoustics module. The
solid domain was attributed to the spheres
with user-defined polystyrene materials (1050
kg/m3 as density, 3.69 GPa as Young’s modu-
lus and 0.3 for Poisson ratio) and for surround-
ing domain water selected from COMSOL’s
database. To investigate single polystyrene
microparticle frequency regions and its inter-
particle interaction with 500 nm nanoparticle,
we established the model in Axisymmetric 2D
geometry. However, for multiple micropar-
ticle scenarios, the more time efficient 2D
geometry was applied in lieu of full 3D geome-
try. Further details on the simulation setup are
described in the Supplementary Information.

Fabrication

Microchannels with widths of either 50 µm
or 94 µm and height of 21 22 µm were de-
signed in AutoCAD and a silicon master
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mould was fabricated by positive photolithog-
raphy, chromium deposition as an etching
mask and DRI etching of silicon to the desired
depth. Microchannel chips were produced
by polydimethylsiloxane (PDMS; 1:10 ratio of
curing agent/base) soft lithography on the Si
mould.

The substrate onto which the PDMS compo-
nent is bonded is a lithium niobate (LiNbO3,
LN) wafer (128°Y-cut). The deposition of metal
electrodes on this piezoelectric material forms
interdigital transducers (IDTs) capable of the
generation of SAW. Specifically, broadband
(chirped) IDTs with 1.14 mm aperture were
aligned 45deg relative to the x-propagation di-
rection and two different wavelength ranges,
14 - 60 µm and 20 - 70 µm were used. IDT
fingers and contact pads were fabricated from
a 5-nm-thick Cr primer layer, 190-nm-thick
Al conductive layer and 5-nm-thick Au corro-
sion protective layer. Another 250-nm-thick
layer of SiO2 was deposited on top of the IDT
area for further protection against erosion and
better bonding to PDMS. The electrodes were
fabricated via conventional photolithography
technique followed by E-beam evaporation de-
position, lift-off and finally cutting by dicing
saw. The PDMS microchannels were bonded
onto the LN substrate after plasma treatment
(Harrick Plasma, PDC-32G). The SAW that is
generated on the surface of LN loses its energy
due to attenuation when propagates further in
particular when transmitting through PDMS
bulk material. To minimise SAW attenuation,
PDMS microchannel chip has air pockets in-
corporated on top of IDTs with a thin 60 µm
wall isolating each from the test channel. The
10 µm beads used as microparticles (MPs)
for trapping were non-fluorescent dark red
and made of polystyrene (Magsphere, USA).
Three different sizes of polystyrene fluorescent
nanoparticles ((Magsphere, USA) were used,
500 nm in red, 190 nm in yellow-green and
100 nm in red. Solid particles were suspended
in a water solution of 2% polyethylene gly-
col to avoid particles attachment to channel
walls. Prior to each experiment run to achieve
a homogeneous suspension, the sample was

shaken by a vortex mixer.

Experiment

The experiment setup consists of a signal
generator (SMC100C, Rhode & Schwarz) and
amplifier (25A250A, Amplifier Research) con-
nected to LN chips to generate SAW and mi-
cro/nanoparticles suspensions were injected
to the PDMS microchannels using the syringe
pump (KD Scientific). All test were observed
under an upright microscope (BX43, Olympus)
via fluorescent light filters (Olympus and Ed-
mund Optics). All images and videos captured
by top mounted digital camera (Pixelink PL-
B782CU and DinoCam). To facilitate timely
operation of the signal generator, it was com-
manded by MATLAB® and simultaneously
video capturing were triggered by MATLAB®

Image Acquisition Toolbox™.

Data Analysis

The fluorescent light intensity of the videos
was processed and analysed by MATLAB to
indicate the level of nanoparticle capture and
release. As the collection of nanoparticles oc-
curs randomly all over the packed bed area,
the grayscale intensity level was calculated
and recorded against time.
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