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Sorting of particles measuring 6.6um and 7.0um has been achieved
in a scheme in which lateral displacement is deterministic .
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We present a method for sensitive and tunable particle sorting that we term virtual deterministic lateral displacement (vDLD).
The vDLD system is composed of a set of interdigital transducers (IDTs) within a microfluidic chamber that produce a force
field at an angle to the flow direction. Particles above a critical diameter, a function of the force induced by viscous drag and the
force field, are displaced laterally along the minimum force potential lines, while smaller particles continue in the direction of
the fluid flow without substantial perturbations. We demonstrate the effective separation of particles in a continuous-flow system
with size sensitivity comparable or better than other previously reported microfluidic separation techniques. Separation of 5.0
um from 6.6 um, 6.6 um from 7.0 um and 300 nm from 500 nm particles are all achieved using the same device architecture.
With the high sensitivity and flexibility vDLD affords we expect to find application in a wide variety of microfluidic platforms.

IDTs

flow I . 000

of:o?

Y
ZL)(- Iithiurﬁniobate 1 mm
Fig. 1 Sketch of the vDLD operating principle: a solution
containing dissimilarly sized particles passes through an acoustic or
electric field, created by an array of interdigital transducers (IDTs)
on a piezoelectric lithium niobate (LN) substrate. Particles in the
vDLD system are subject to both induced forces and viscous drag.
Larger particles are captured in the force field and are transported
laterally, while smaller particles are not significantly shifted.

1 Introduction

The separation of particles and cells is fundamental to a vari-
ety of chemical, biological and industrial processes 12, where
the concentration of a particular analyte is used to increase

1 Electronic Supplementary Information (ESI) available: video of particle
separation (Video 1). See DOI: 10.1039/b000000x/
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diagnostic detection efficiency or therapeutic efficacy. Com-
pared to conventional techniques, microfluidic systems can
perform particle separation with less reagent, time and cost
while taking advantage of forces that may be inapplicable on
the macro-scales. Typically separation is enabled by the ap-
plication of an external field, with efficiency determined by
the differential effect the field has on particles with different
properties. Microfluidic particle separation in continuous flow
systems has been demonstrated using hydrodynamic>~>, mag-
netic®’, opticalg, dielectrophoretic (DEP) 911 " acoustic 1213,
microfabricated electrophoretic arrays'4-1¢ and passive me-
chanical methods, including brownian ratchets'7!3 and deter-
ministic lateral displacement (DLD) 19-23 " with each of these
techniques having different advantages and operating ranges
in terms of allowable sizes, sample types and throughput.

A DLD system consists of a microfluidic channel contain-
ing a periodic array of pillars such that each subsequent row
is offset in the lateral direction. This broken symmetry re-
sults in multiple streamlines that co-exist within the channel.
Particles with a diameter smaller than a critical value travel
with the forward flow, while larger particles are “bumped”
sideways?%?>, In addition to their sensitivity, DLD devices
have the additional advantage of being a passive system with-
out pre-treatment requirements. However, as separation de-
pends on the geometric distribution of the pillars, individual
devices must be fabricated to suit specific particle size ranges.
Similarly, any structural irregularities affect the flow profile
(due to the number of pillars there is a large number of sites
for potential defects), possibly resulting in stiction and block-
ages. Moreover, relatively long channel lengths are required
to achieve significant lateral displacement.
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Fig. 2 (a) A particle in the vDLD system is subject to forces of viscous drag Fp, the acoustic force F,, and/or the DEP force Fpgp. The
predominant force, DEP or acoustic, acting on a particle is determined by its distance above the IDTs. (b) Shows the acoustic pressure field
magnitude in gray, the first 10 DEP force potential contours in color and the linearly scaled DEP force vectors in relation to the position of the
IDTs (black). For representative values of voltage and pressures (~ 5 V, ~ 100 kPa) that are generated on a piezoelectric such as lithium

niobate at frequencies on the order of 10’s of MHz on polystyrene particles in water, the maximum acoustic force in the x—direction F (x)

max
aco

is dominant for heights greater than approximately half of the acoustic wavelength in the fluid A, (inset). The DEP force contours were

derived from the method in Morgan et al, 200124,

Here we address these issues by replacing the DLD pillar
array with virtual obstacles, combining the principles of DLD
with the flexibility of modifiable acoustic and DEP forces.
Both acoustic and electric fields act differentially on particles
and cells placed within them according to their size and me-
chanical or electrical properties, translating particles with im-
pressive rapidity 2.

Using acoustic forces it is possible to sort based on stiffness
and density, with certain particles migrating to pressure antin-
odes and others to the pressure nodes 13 "and is in this sense a
deterministic method, though this is only possible in the case
where two particle populations have opposite-signed acoustic
contrast factors. However, in sorting based on particle size,
the fundamental principle of acoustic methods that have been
shown to date is based on the size-dependant speed of parti-
cle migration in a uniformly applied field; hence sorting is a
temporal rather than deterministic effect.

Destgeer et. al recently demonstrated a particle separation
device using traveling surface acoustic waves (SAW)?’; SAW
is an acoustic actuation method that is especially applicable
to microfluidic systems with the ability to easily localize and
direct acoustic energy with wavelengths on the order of mi-
crofluidic systems (5-300 um). Here, SAW was used to create
a traveling wave acoustic field whose interfacial force scales
with particle radius with F;,, ~ RS. Alternatively, particle sep-
aration can be performed using standing waves, with Fy,, ~ R3;
when an acoustic field is generated in a half wavelength stand-
ing wave resonating channel it is possible to move particles
from antinodal to nodal positions '2, though this design is lim-
ited in its separation sensitivity due to the short distance (1/41)

over which particles are separated. In both cases the particle
size differences reported are limited to ~300%, despite the
impressive acoustic force scalings. It has not been possible to
sort particles deterministically — with particles above or below
some critical diameter moving in different directions — in sys-
tems where these force scalings are simply applied directly.

Sorting is also possible using DEP, imparting a differential
force on particles and cells based on their size and electrical
properties. Park et al. used an array of electrodes patterned
on a glass slide at an angle to the flow direction to sort parti-
cles and cells, separating 1 um from 10 pum particles and E.
coli from whole blood!?. The separation demonstrated here
was not deterministic, however, which would require a sharp
cutoff between particles with only fractionally different prop-
erties, sending particles with particular values in a specific di-
rection without significantly affecting the trajectory of other
particles, rather than sorting particles on the basis of a param-
eter gradient.

To improve on the capabilities of microfluidics for particle
separation, we have developed a novel SAW-based dynami-
cally tunable particle sorting method with excellent separa-
tion efficiencies. This method makes use of acoustic forces or
DEP, where the predominance of either force is determined by
the channel dimensions. Particle separation in vDLD is de-
terministic in that particles above a critical size will be sorted
from smaller ones, and virtual in that the acoustic/electric field
— the fundamental equivalent of pillars in a DLD array — is
non-material and can be adjusted to suit a given size range.
Because the separation of particles for given sizes is deter-
mined only by the frequency, voltage/pressure amplitude and
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flow rate, it is possible to separate particles over a wide size
range, from nanometers to micrometers. Importantly, the abil-
ity to choose the dominant force permits sorting based on
different particle/cell properties; acoustic forces permit sort-
ing based on mechanical properties (compressibility, density),
while DEP allows sorting based on electrical properties (per-
mittivity).

The virtual deterministic lateral displacement (vDLD) sys-
tem employs high frequency SAW and is depicted in Fig. 1.
This method is not inherently limited to any particle size
range. Importantly, we show that separation with only frac-
tional differences in particle sizes is possible, with the effec-
tive separation of 5.0 um/6.6 um, 6.6 um/7.0 wm and 300
nm/500 nm particles, all using the same device. Additionally,
we show that this sorting is possible using two distinct forces
with the force relevant for sorting dictated by the channel di-
mensions.

System principles

The vDLD system is comprised of a microfluidic channel
aligned on top of a high-frequency SAW device, composed of
a series of aluminium interdigital transducers (IDTs) arrayed
on a piezoelectric lithium niobate (LN) substrate. When an
A/C signal is applied across the IDTs at a resonant frequency
f = ¢s/Asaw, where cy is the sound speed in the substrate and
Asaw is the spacing between successive IDT finger-pairs, the
surface displacements emanating from a finger-pair are rein-
forced by those of nearby finger-pairs. As a result both an
acoustic and an electrical field are created in the vicinity of
IDTs, as seen in Fig. 2, either of which can be used for sort-
ing. Moreover, both can be used for deterministic sorting; in
the case of the size parameter, as long as there exists some crit-
ical diameter D.,;; above which particles are trapped in a force
field and below which they are not, it is possible to have a
sharp cutoff in the lateral displacement of particle sizes. Here
we discuss these forces, acoustic and dielectrophoretic, fol-
lowed by how each determines D;.

A particle immersed in a standing wave pressure field expe-
riences a maximum time averaged force given by !

max __ EPZVpﬁf
Faca - <M> (Pa (1)
where
5pp =205 By
=2 @)
¢ 2pp+pr By

V), is the particle volume, A is the wavelength, p; and p, the
density of the fluid and particles, u the viscosity, 8, and By
are the compressibility of the particle and medium and P is
the acoustic pressure amplitude. In the case of a finite number
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Fig. 3 The height of the microfluidic chamber will determine which
force, Fpep or F,eo, predominates. (a) The acoustic field is the
dominant force above the transducers for larger channel heights,
with particle (here with a diameter of 6.6 ym) accumulation at the
acoustic nodal positions between the IDTs. (b) Lowering the
chamber height increases the horizontal component of the DEP
force that can act on the particles, with particles observed to align
directly above the transducers, and reduces the relative influence of
the acoustic force as evidenced by the smaller number of acoustic
nodes that contain particles. Particles are pushed to the edge of the
channel due to the acoustic force maximum in the channel center —
PDMS at the channel edges attenuates the surface displacements
driving the acoustic force — and the flow condition through the
channel (0.5 pl/min). (c) In an acoustic field generated by a finite
number of transducers the standing wave ratio (SWR) will vary
across the the length of the IDTs, modeled as the summation of
acoustic displacements from neighboring finger pairs, shown here
including and excluding the attenuation of a SAW under water (here
with a decay length of 9.24 Agy 2%).

of finger-pairs, the pressure amplitude varies across the length
of the IDT finger-pairs (Fig. 3(a,c)).

As a by-product of exciting the acoustic field, an electri-
cal field between the IDTs finger pairs is produced as well,
though this field is not explicitly required for sorting. A
particle immersed in this electrical field will be subject to a
time-averaged dielectrophoretic (DEP) force determined by
that particles frequency-dependent polarisability relative to
the medium, given by

Fpip = 276nR*Re(K)V | Epps |, 3)

where &, is the permittivity of the media, K is the Clausius-
Mossotti factor dependent on the relative permittivity of the
particle and media, varying between -0.5 and 1, and E,,; is
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the root-mean-square electric field?®. The acoustic and DEP
force fields have been modeled and are shown in their relation
to the interdigital transducers and how they evolve vertically
from the substrate surface in Fig. 2. Generally speaking, DEP
is only relevant in the vicinity of the electrodes, with the force
magnitude dropping off exponentially from the substrate sur-
face. In the direction that is relevant to sorting — the x-direction
— the acoustic force is dominant for 2 2> 1/2A, (Fig. 2b). Each
force will locate particles to different positions in the vDLD
array. For a negative Re(K) value, particles will be vertically
repelled and shifted horizontally to locations directly above
the IDTs, as shown in Fig. 3b. In contrast, acoustic forces
will shift particles to locations of minimum pressure, located
between transducers, shown in Fig. 3a. Because DEP pushes
particles with a negative Re(K) vertically, the height of the
chamber therefore determines which force will be useful for
sorting. Regardless of which force this is, the same funda-
mental behavior is expected because the force in both cases
scales with F ~ R and its periodic variation with the IDTs.
A particle under the influence of either of these forces is also
subject to a viscous drag force Fp, given by

Fp = —67mURu, 4)

where u is the fluid viscosity, R is the particle radius, u is
the differential velocity between particle and fluid and F7** =
—6T LRV represents the maximum drag possible, where u is
replaced by the fluid velocity vy. Here, particle separation
occurs because of the different scaling of acoustic/DEP and
drag forces, with Fy.,/ppp ~ R? and Fp ~ R. The ability of
a particle to pass through an acoustic/DEP force field will be
determined by the maximum of each of these forces that are
generated, as shown in Fig. 2a (a cross section in the x—y
plane).

In the case of the acoustic force, equating equations 1 and
4 where u = vy, we find the critical particle diameter D77 at
which the maximum acoustic force will equal the maximum
drag force; a particle traveling orthogonally to an acoustic
field in a continuous flow with dimensions larger than DJ°2
will be trapped at any node/antinode, depending on the acous-
tic contrast factor ¢. For most particles and cells, however,
¢ is positive, resulting in particle migration to acoustic nodes.
Accounting for an acoustic field at an angle 6 to the flow field,
D44 is found to be

crit
. 9,Lll vy
aco _ o 2 ]
frn = 2008%(6)) | 255 5)

Similarly, the critical diameter for a particle immersed in a
DEP force field can be found be equating equations 3 and 4,
with

—3uv
DPEP —2cos2(0)y | ——— f 6
crit cos ( ) ngE(K)V|ErmS‘2’ ( )

valid for negative values of Re(K).

Here, 0 is chosen based on qualitative design and perfor-
mance considerations. A large 0 will displace particles by
large lateral distances, but will have a larger D,,;; than a small
6 value, which conversely will be able to sort smaller parti-
cles, though with less lateral displacement.

The presence of a critical diameter, above which particles
become trapped and below which they do not, is the basis for
deterministic sorting, with trapped particles exiting the force
field at a different location to non-trapped particles. How-
ever, this will only occur when the particles all experience a
similar v; value. Though the IDTS are oriented in the x-y
plane, the field that is generated varies vertically as well*;
for this we examine the pressure and velocity field in the x—z
plane. Two chamber heights were tested experimentally: one
with & = 1/2A; and a second with i1 = 3/2A;. In the case of
a chamber with a height such that the DEP force dominates
(h=1/2Ay), this is readily realized in that particles will be re-
pelled to the chamber roof. However, in the case where acous-
tic force determines the particle trajectory, the particles will
follow paths where they experience minimal acoustic forces.
For example, with a chamber height & = 3 /24, this occurs
at h = lf; the finite size of particles means that the acous-
tic force will be greater at the chamber roof, and a repellant
DEP force prevents particles taking a path across the IDTs at
h = 1/2A;. These effects have been observed experimentally:
randomly distributed particles immersed in a horizontal flow
will slow down as they are pushed into slower-moving flow at
the chamber roof when 7 =1/ ZAf, and can be seen to (on av-
erage) speed up when 1 = 3 /2 as they are pushed into faster
moving flow in near the middle of the parabolic flow profile in
the z—direction.

Any chamber with height 2 < 3/2A will result in all parti-
cles of the same diameter experiencing the same local forces.
Acoustic nodes/antinodes will still be formed for larger cham-
ber heights, however this would reduce the possibility for reli-
able deterministic displacement due to multiple possible parti-
cle trajectories in the z-direction, each with a unique vy, Fj'™*
and Fi i p-

With the criteria established with regard to the height di-
mensions, attention can be returned to the x—y plane, as this
is the plane in which sorting occurs. Fig. 4 and Fig. 5 show
the deterministic sorting of micro and nano-scale particles, re-
spectively; particles with diameters D < D.,;; (blue) are able to
proceed with minimal lateral displacement, albeit more slowly
than the fluid velocity. In contrast, particles above a criti-
cal diameter D, occurring when the particle velocity that
is induced by the acoustic/DEP force is greater than that of
the local fluid velocity, will not be able to pass across a force
maximum. It is important to note that the local fluid veloc-
ity vy will vary in the y-direction due to the fully developed
laminar flow profile. At the start of the chamber (left), with

4| Journal Name, 2010, [vol]1—10
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Fig. 4 vDLD particle sorting is possible in devices where either DEP or acoustic forces determine particle trajectory, with captured particles
translating on top of the IDTs in the case of DEP and between them in the case of the acoustic force. (a) Maximum intensity plot of
fluorescent particles overlaid on a brightfield image of a device with height 2 = 15 um and peak-to-peak voltage of 4 V, where a solution of
blue 5.0 um orange 6.6 m particles passes through a truncated vDLD array with 13 finger-pairs, angled at 8 = 45° to the flow direction, with
particles of diameters D > D,,;; being laterally separated from particles with D < D.,;;. The same is shown for a device in which acoustic
forces are expected to dominate in (b), with 4 = 45 um and applied power of 0.0781 W/mm?, as evidenced by the capture of particles along
acoustic nodes in the region of the IDTs where the acoustic force is at a maximum (see Fig. 3). The effectiveness of both forces for particle
separation is evidenced by their comparable sorting efficiencies. (c,d) Shows the the respective separation efficiencies of two particle
population sets ([5.0 um, 6.6 um] and [6.6 um, 7.0 um]) for devices where 7 = 15 um (c) and 4 = 45 um (d). Separation efficiency of the
particle populations is limited by the existing overlap in their size distributions, given in (e), obtained from the particle manufacturer
(Magsphere Inc, Pasadena, CA). Flow rates in both cases are 4.1 yl/min with a SAW wavelength of 80 um.

this condition not being met, the larger particles cross from occur near the middle of the IDT array (see Fig. 3).

one IDT pair to the next, though are still slightly retarded and

laterally shifted. By designing the device such that the par-

ticles are introduced into the center of a channel with buffer Critical to acoustic deterministic sorting is the ability to
fluid making up the volume on either side, each lateral dis- control the topographical amplitude of the acoustic field,
placement in the resulting parabolic velocity field moves the namely to maintain a relatively constant surface displacement
particles into slower flowing fluid so that the acoustic force ~ actoss the with of the IDT aperture. By acting on particles
becomes increasingly dominant, corresponding to increasing as they pass over the IDTs themselves, in contrast to systems

lateral shifts. Eventually the fluid flow is reduced such that ~ Where the IDTs generate an acoustic field outside of the fluid-
Fm@ > [ for optimum sorting this condition should oc-  covered region3!32, the amplitude variance across the aperture

aco/DEP . . . 33,34 .
cur at the last possible acoustic pressure antinode or DEP force “./ldth that occurs mn .far ﬁeld SAW can be aVOId.Cd ’ Wh.lle
simultaneously eliminating what would otherwise be the sig-

maximum. In the case of an acoustically generated force and 5 . ) -
a finite set of IDTs, it should be noted that this antinode will n1ﬁc§15nt SAW amplitude attenuation at the LN-PDMS inter-

face”-.

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-10 |5
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Fig. 5 (a,b) shows average intensity images with separation of
fluorescent blue 300 nm and 500 nm orange (0399 = 39 nm,

0500 = 16 nm) particles passing through a vDLD device with (a)
h=15pum[3.8V, 0.45 ul/min, Agay = 80 um] and (b) h =45 um
[0.369 W/mm?, 1.8 pl/min, Agaw = 80 pm]. 500 nm particles are
observed to travel at an angle to the flow in the direction dictated by
the force field. 300 nm particles subjected to the same force field
experience a smaller induced force, with their trajectory determined
instead by viscous drag. Insets show intensity plots of fluorescent
particles with background subtracted; approximately 87% [in (a)]
and 79% [in (b)] of 500 nm particles, as measured by the integral of
the intensity profiles, are separated from the 300 nm particles.

Methods

The vDLD device here consists of a 13 finger pair 80 um
wavelength set of 5/250 nm chrome/aluminium IDTs ar-
rayed on a 0.5 mm thick, double side polished 128° Y —cut,
X —propagating LN substrate operating at 49 MHz. To insu-
late the transducers, prevent corrosion and promote adhesion
with the polydimethlsiloxane (PDMS) chamber, the SAW de-
vice was coated with 200 nm of SiO,. The PDMS (1:5 ratio
of curing agent/polymer) chamber, with height 15 um or 45 u
m, was bonded with the device after exposure to an air plasma
(Harrick Plasma PDC-32G, Ithaca, NY, 1000mTorr, 18W).
Polystyrene particles (Magsphere, Pasadena, CA, USA) en-
ter the laterally symmetric 5 mm wide chamber through a
20 um particle injection port. Due to the high aspect ratio
(up to 300:1), 200 pum wide chamber supports were periodi-
cally spaced to prevent collapse and maintain chamber height.
The buffer solution consisted of deionized water (Miili-Q 18.2
MQ.cm, Millipore, Billerica, MA) with 0.2% polyethylene
glycol to prevent particle adhesion. Experiments were visual-
ized using a fluorescent microscope (Olympus BX43, Tokyo,
Japan) and imaged using a SMP C-mount camera (Dino-Lite
AM7023CT, New Taipaei City, Taiwan). In order to demon-
strate system versatility, all experiments were performed using
the same device. The pressure amplitude was determined by
P =vgpcy, where vy is the substrate velocity, determined using
a laser Doppler vibrometer (LDV, UHF-120; Polytech GmBH,
Waldbronn, Germany).

Results and Discussion

Fig. 4 shows the sorting of 5.0 tm and 6.6 um particles (green
and orange in Supplementary Video 1), which enter the vDLD
array at the middle of the chamber. In both In Fig. 4(a,b),
the applied voltage/power and flow rate have been specifi-
cally tuned to place the larger 6.6 um particles in the last
few possible force minima for most effective sorting. As dis-
cussed previously and shown in Fig. 3, this is located near
the middle of the IDT array for the case where the acous-
tic pressure determines the particle trajectory (h = 45 pum)
and at the end of the array when DEP is dominant (h = 15
um). During the experiment the particles were counted in-
dividually, with 99.1+0.7% and 99.31+1.3% of each particle
size range successfully separated in the DEP-dominant case,
and 99.5£0.5% and 97.3+2.7% in the acoustically-dominant
one, where larger 6.6 pum particles exit the pressure field sep-
arated by the vertical span of the IDTs. Particle separation
efficiency is marginally reduced to 80 —90% when sorting be-
tween 6.6 um and 7.0 um particles (less than 6% size differ-
ence). However, for both of the particle size ranges separated
in Fig. 4 the quantity of unsorted particles, i.e those observed
to follow an unintended trajectory, is on the same order of the
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Fig. 6 The critical particle diameter D,,;, for a given acoustic antinode is a function of the local fluid velocity and pressure amplitude. (a)
Shows the relationship between D,,;; and pressure amplitude for various realizable microfluidic flow rates when the acoustic field is angled at
45° to the fluid flow. Here, different values for pressure amplitude and flow velocity were inserted into Eq. 5. The existence of multiple IDT
pairs spanning a laterally oriented parabolic velocity field in the vDLD system, however, means that higher flow rates can be used than might
be inferred from (a). In (b), a polystyrene 10 pm particle in a 49 MHz 100kPa pressure field will eventually be trapped in an acoustic node,
regardless of the flow rate, provided the acoustic field is sufficiently elongated horizontally. Flow velocity is at a maximum at the site of
particle injection, parabolically decreasing with increasing lateral distance.

value of overlap in the particle size distribution (Fig. 4e). In-
creasing voltage/SAW-amplitude or decreasing flow velocity
would cause the larger particles to follow a pressure node en-
countered earlier, decreasing the sensitivity of the device to
the particular size range tested here.

A major advantage of the vDLD system is that particles
over a large size range can be similarly separated, requiring
only a change of flow rate and amplitude. Using the same
devices used to separate micron-sized particles in Fig. 4, we
demonstrate the separation of sub-micron particles, showing
the viable separation of 300 nm and 500 nm particles (blue
and orange, respectively) in Fig. 5. Here, separation efficiency
in Fig. 5(insets) is determined by the normalized image inten-
sity of the final ten rows of pixels in the x-direction, rather
than particle counting, as the particles could not be visual-
ized individually. The separation of these small particles is
made possible by the relatively high frequency used to do so.
For a given frequency of actuation, there exists a particle size
below which acoustic streaming, rather than though acoustic
pressure field, dictates particle motion. This diameter is given
by d. = 6/6¥/¢, where W is a geometry dependent factor
(0.375 for a standing wave in a flat-walled chamber), ¢ is the
acoustic contrast factor from Eq. 2 and 6 = /2 /p, the
acoustic boundary layer thickness3®. At a frequency of 50
MHz, for example, it should be theoretically possible to cap-

ture particles as small as 200 nm in an acoustic standing wave
in water.

To better understand the parameters (velocity, pressure and
diameter) that determine particle displacement, the vDLD sys-
tem was modeled. To avoid duplication, the force field is
modeled here as being acoustically generated. The analysis
presented here, however, could easily be extended to a DEP-
dominated particle trajectory.

The particle velocity u is determined by the contribu-
tions resulting from the acoustic field, uf,,, and that of the
parabolic fluid velocity field vz, given by

u =V (ugggk (reos(6) +ysin(6))) +v,(v), (7
where ugma is the maximum migration velocity that can be in-

duced by the acoustic field alone, k = 27/ f is the wavenum-

ber, (x,y) denotes the horizontal and vertical spatial coordi-
nates, and

Frax
max — ¢ 8
ur, aco 671: u R ’ ( )
with v, determined by
v = Vi 1=y [y . ©)

This velocity field was simulated using the MATLAB func-
tion streamline, with simulated particles subject to various

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 In a continuous force field the lateral displacement is a function of particle size and applied power. (a) shows the particle path traced
through an acoustic force field for different particle sizes and energy densities. When a particle is close in size to D, even a small change in
parameters can have a large influence in that particles lateral displacement. A large enough number of IDTs yields a spatially uniform acoustic
field (inset), as simulated here. (b) In a separate set of experiments, 5.0 um and 6.6 pm particles were introduced into a continuous acoustic

field [a Agaw = 100 um, 39 MHz device with 216 finger pairs, 2 = 50 pum] with the same flow conditions (4.1 ul/s, v}”‘”‘

= 0.35 mm/s) as

simulated in (a) and compared against these simulation results, with the inset showing representative maximum intensity images of 5.0 um
(green) and 6.6 um (orange) particles across the continuous IDT array. Higher powers yield larger separation distances. The pressure field is
determined by P = vspcy, where the substrate velocity vy was measured using a laser doppler vibrometer. For 6.6 um particles, displacement

plateaus for power densities greater than approximately 0.035 W/mm?2

, though these particles are essentially trapped in an acoustic node by

the end of the test area for power densities approximately greater than 0.03 W/mm?. Here error bars show the spatial extent of observed
particles and experimental points show the midpoint of this observed displacement.

flow rates and pressures. Fig. 6a shows the relationship be-
tween D, and pressure amplitude. As per Eq. 5, D% ~

v‘}'S /P, with lower fluid velocities yielding a smaller D?.
With multiple IDT pairs, however, it is possible to displace
particles of a given size for higher maximum flow rates more
than would be suggested by Fig. 6a. Each successive antinode
will shift a given particle laterally, where each shift moves the
particle into a lower local fluid velocity in a parabolic laminar
flow profile. Fig. 6b shows that, provided the spatial extent
of the pressure field is sufficiently large, multiple flow rates
will lead to eventual particle capture when a particle is suf-
ficiently laterally shifted such that F)’¢* > Fp locally. Here,
maximum flow velocities vyt < 0.17 mm/s result in particle
capture within 2 mm for the pressure conditions given. Sim-
ilarly, a particle of any size will eventually be captured in an
acoustic node in such a field for given flow velocity and pres-
sure amplitude conditions, allowing particles to be sorted in
a definable gradation. This modeling approach is validated
by comparing the simulation results with experimental results

in a continuous acoustic field. Fig. 7a shows the influence a
relatively small change in applied power density (with pres-
sure amplitude P = vypcy) will have on lateral displacement.
This is also observed experimentally in Fig. 7b, with sharp
increases in 6.6 um particle displacement for power densities
>0.03 W/mm?. In both cases the acoustic field was modeled
here as being locally uniform; if the number of IDTs creat-
ing the acoustic field is sufficiently large, the attenuation of
SAW under water means that the field strength will vary by
less than 0.05% in the central half of a field created by by 216
finger pairs.

For more deterministic sorting, however, with greater lateral
separation between particles on either side of a given diame-
ter, it is practical to limit the number of finger pairs used. In
doing so, the final acoustic antinode encountered determines
the D7 of the system, with the previous finger pairs serving
to shift larger particles into increasingly slower flow. In the
case where the acoustic force varies across the length of the

IDTs (as in Fig. 4b), this will occur in the region where the

8| Journal Name, 2010, [vol]1—10
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acoustic force is at a maximum.

The separation enhancing effect that multiple acoustic
nodes affords can be theoretically described as follows; as
the particles pass through the pressure field they are displaced
laterally in two ways. (1) a small shift each time an acous-
tic force maxima is crossed and (2) a larger shift across the
width of the field when a particle is trapped in an acoustic
node, when F}70* > F7'**. The latter is critical for sorting,
but the former also aids the process. If we combine the scal-
ing of the drag and acoustic force and examine the ratio be-
tween them, we find that F = F.,/Fp ~ R?/v. If we then de-
fine the ratio between two different particle size populations
0 = Rynaii /Riarge and the ratio of the fluid velocities that each
particle population will experience at a given point in the x—
direction, B = Vgnair /Viarge, then it follows that

ﬁlarge ~ E

. 10
Fsmall a2 ( )

The larger this ratio, between the force on the larger and
smaller particle populations, the better sorting will be. As ex-
pected, the relative force experienced between two different
particle sizes scales with the square of ratio of the difference
in particle sizes. Due to the lateral deflection occurring at each
acoustic force maxima, 3 increases with the number of IDT
finger pairs, enhancing the separation effect. This aids sorting
due to small variation in the forces experienced by an individ-
ual particle due to interparticle forces, the effect of nearby par-
ticles on the acoustic field and Brownian motion. The effect
of different  could be further optimized in future iterations of
the vDLD device by increasing the velocity profile gradient.
The role of multiple acoustic force maxima becomes essen-
tial for submicron particles which experience a high degree of
Brownian motion.

The advantages of having a finite number of pressure antin-
odes produced by IDT finger pairs placed directly in the chan-
nel are a result of practical, as well as theoretical considera-
tions. By integrating the IDTs directly in the path of particle
migration the pressure field can be strictly defined within the
boundaries of the chamber, avoiding attenuation losses com-
pared to the case where the IDTs are placed outside of the
chamber. Additional finger pairs, in addition to permitting
sorting at greater maximum flow velocities for a given pres-
sure amplitude (Fig. 6b), practically also result in larger sub-
strate velocities, and therefore pressures, for a given A/C sig-
nal.

Conclusions

We have developed a deterministic sorting system that can
be applied to a wide variety of particle/cell sizes. Placing
IDT finger-pairs directly in the channel maximizes the acous-

tic force that is experienced by the particles and allows sort-
ing based on either acoustic or DEP forces, with the domi-
nant force being simply determined by choosing the channel
height. Though the higher channel dimensions of the acoustic-
dominant vDLD has advantages from a throughput and ease of
fabrication standpoint, the system is versatile as a result. It is
possible to sort based on essentially any particle/cell param-
eter by choosing the dominant force; the acoustic force for
mechanical properties and the DEP force for electrical prop-
erties.

More generally, SAW devices are uniquely applicable to
microfluidic particle separation because: (1) they are planar
and can be easily integrated with other microfluidic processes,
(2) the wavelength of a typical SAW device (5-300 um) is of
the same order of most microfluidic systems and (3) the lo-
calization of energy at the surface results in efficient transfer
of energy to a fluid placed on top, and have therefore found
application in microfluidic applications as diverse as atomiza-
tion37-38, mixing3’, concentration’, pumping*!, droplet pro-
duction*? and microcentrifugation.

Here we have presented a further utilization, vDLD, which
takes advantage of the high frequencies and corresponding
length scales associated with SAW. With the ability to sepa-
rate particle populations of arbitrary dimensions, we expect
the vDLD system to be applied to any field or application
where deterministic separation of particles or cells by their
physical properties is required.
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