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This work proposed a method of particle focusing by acoustic waves in a microfluidic channel with
meta-structures. The channel was first filled by homogeneous metafluid possessing negative bulk
modulus or density, mechanism and efficacy of particle focusing in such channel have been studied.
Then as a realization, a structural microchannel composed of acoustic resonant elements has been
proposed, which generated similar acoustic field gradient as that in homogeneous metafluid.
Accordingly, particle movements in the structural microchannel were investigated and particle
focusing was also achieved. The proposed particle focusing method is independent on the type of
incident wave and microchannel’s size. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4813745]

Manipulation of particles into a confined region has sig-
nificant applications for lab-on-a-chip devices, therefore, a
variety of particle focusing methods have been proposed,
based on mechanisms ranging from hydrodynamic'™ to elec-
tro-osmosis,” dielectrophoresis,®'* magnetophoresis,'' and
acoustophoresis.'”'* These technology achievements are
effective in various circumstances and has brought many
interesting applications, and yet still require necessary
improvement in some cases. For example, electro-osmosis,
dielectrophoresis, and magnetophoresis methods could cause
potential damage to target particles like soft cells, making
them not preferable in doing sensitive experiments, such as
reproductive cell operations.'> A probably less damaging
approach is particle focusing by acoustophoresis. However, it
usually takes into effect only when ultrasound standing waves
build up in a microchannel, and thus, requires the wavelength
of the ultrasound to have a strict relation to the size of the
microchannel, which may become a problem when the chan-
nel is much wider than the wavelength. One case is in cell
sonoporation, ultrasound is adopted for both cell manipulat-
ing and cell membrane rupturing, while the latter needs a
wavelength much smaller than the former.'®

In order to overcome this restriction, in this paper, we
propose a modified avenue to achieve particle focusing by
taking advantage of unique properties of metamaterials. In
recent decade, a category of metamterials emerge, which
reveal abnormal properties, and thus, attract great attentions
of scientists from various fields.'”'? Their acoustic counter-
parts have been proposed and realized®®>> recently, and also
exhibit unconventional behavior, such as transforming propa-
gating waves into evanescent ones.”> The evanescent wave
exponentially decreases after penetrating into a single nega-
tive metamaterial, and thus, can be readily used to create a
nodal position or stable region right at the center of a channel
to confine particles. Due to its character of exponential
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decaying, the gradient of evanescent field could be much
higher than that of a standing wave field that simply varies si-
nusoidally. With a higher field gradient, particles in evanes-
cent field are accordingly experiencing greater acoustic
radiation forces,”*> and are driven to move more swiftly.

In this work, a model demonstrates particle focusing
movement prompted by acoustophoresis force in a channel
filled by density-negative or bulk modulus-negative meta-
fluid has been studied. In a homogeneous metafluid analysis,
all particles achieved to be confined in a region less than one
tenth of the wavelength after 20s. Then particle movement
in a microchannel with resonant structures below, which
make it equivalent to a homogeneous metafluid with nega-
tive bulk modulus, have also been studied.

Figure 1 shows the sketch of microfluidic channel used
for particle focusing. A microfluidic channel inside
Polydimethylsiloxane (PDMS) is demonstrated with one inlet
and one outlet, realized by needles sticking into the PDMS
and pushed by syringe pumps to ensure the fluid flows. In
middle part of the channel, piezoelectric plates are placed
onto the two side walls to excite acoustic waves into the fluid.
Resonant structures are designed beneath the middle part,
which are fluid tanks connect to the channel via small necks.
A sectional view of the middle part is shown in Fig. 2. By res-
onating with the incident ultrasound wave, these structures
will push fluid back to the channel even under acoustic pres-
sure, thus, makes the fluid in the channel responding to the
acoustic fluctuation in a negative way. Particles are released
into the channel from the inlet with a dispersive pattern, and
expected to be confined in the center region during traveling
through the middle part of the channel.

To enable a clear illustration of the microfluidic channel,
let us assume there are no resonant structures under the mid-
dle part of the channel, in stand, a negative density is
assigned to the fluid within this part. In this way, the distribu-
tion of the pressure fluctuation due to ultrasound wave per-
turbation can be calculated. Assuming the ultrasound waves
excited by the actuators are plane waves, then the pressure
field can be expressed by30
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P = polexp(—ik(x — L/2)) + exp(ik(x + L/2)], (1)

where pg is the pressure amplitude generated by the actua-
tors, k = w+/p/K is the wave vector, and ®, p and K are
wave frequency, fluid density, and bulk modulus, respec-
tively. The nodal region is of lowest pressure, thus, we apply
OP /Ox = 0, which yields to

—2kpg exp(ikL/2)sin(kx) = 0. 2)
Apparently, at the center position of the microchannel
(x = 0), the pressure becomes minimum, which is p,—o = 2pg
exp(—w/[p/KIL/2).

The calculated field distribution of the evanescent wave
is shown in Fig. 3, in which nodal position and gradient field
are also revealed. Consider that the top and down boundaries
are acoustic hard walls, and o = 38.2kHz, L = 55mm,
H =7mm, p=—1000kg/m?, K =22 x 10°Pa, as illus-
trated in Fig. 3(a), starts from the boundaries, wave amplitude
decreases exponentially from 8.9 x 10%Pa to a lowest level of

Particles

/ PZT Actuator /

Resonant
Elements

FIG. 2. The section plane of the microfluidic channel with acoustic resnon-
ant elements.
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FIG. 1. The sketch of particle focusing
in a microchannel with acoustic reso-
nant elements.

1.6 x 10°Pa in the center. Figure 3(b) reveals the field gra-
dients of the evanescent field (red line) and standing wave
field (blue line) generated by the same excitation. One could
easily find that the evanescent field gradient has maximum
amplitude two times larger than standing wave field. As indi-
cated by the blue dots and arrows, particles would experience
changeable force during moving process in standing wave
background, because the channel is too wide as compared to
the standing wavelength. Instead, when driven by evanescent
field, particles from either side of the channel will move con-
stantly towards the center position.

Another distinct advantage pertain to the proposed meta-
fluid channel is that only one nodal position exists, no matter
what type of incidences from the two boundaries are excited.
As can be found from Eq. (2), x =0 is the unique root,
which signifies only one region exists in the channel, i.e., the
center of the channel, where the acoustic field reaches mini-
mum. Thus, the field gradient always points to the outward
directions. Additionally, noting the wave vector is a pure
imaginary number, there is no phase delay during the propa-
gation of the evanescent wave, accordingly no phase syn-
chrony requirement on the two actuators to ensure the nodal
position locates in the center of the channel, which is another
necessary step in usual acoustic particle focusing method
based on standing waves.

Radiation force acting on particles in the channel can be
estimated by classic theories. Since particles usually vibrately
driven by the acoustic wave, time-averaged radiation force
plays more important role on particle trajectories. The radia-
tion force of a particle was well defined in documents,*®'
which can be written as

(1 -ar v

F="175 o o ©)
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FIG. 3. (a) Pressure distribution of the
acoustic wave in the microfluid with
metamaterial fluid by a pair of the

o —>

actuators from the channel sides, (b)
gradients of evanescent field and stand-
1 ing wave under the same excitation
and their resultant force directions.
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where v = 2 with r the radius of the particle, and

8 =mn(a/2)*(B—1)/(B+1), B = py/p; with p, the density
of the particle, T and V are second-order approximations to
the time-averaged densities of kinetic and potential energy
of the incident field, respectively

T = (po/4)IVP[* and, V = (pok® /4)|P[*.

Massive particle movement driven by time-averaged
radiation force in the acoustic metafield is simulated and dis-
played in Fig. 4. In the beginning, particles are released at the
nodes of the numerical meshes among the metafluid. Radius
of the particless are assumed to be /20, with density of
1050 kg/m>. Viscosity of fluid is assumed to be 0.001002 Pa-s,
both the acoustophoretic force (radiation force) and drag force
are taken into account for the particle movement, while the
gravitiy is ignored. In Fig. 4(a), one can find that, at the start
moment, the particles sit furthest from the center are exerted
with the largest radiation force, about =77 nN. These forces

(a) Particle Trajectories
-77 -60 -40 -20 0 20 40 60 77
T T T
<4HEE T T T T
) L]
. L4 ° °
T=0 LI ‘oo
id L] . o
[ [}

8
T=20

<«HEN 7 L >

2
T
L
-0.09 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.09

(b) Particle Trajectories
-72 -60 -40 -20 0 20 40 60 72
T T T
<4HEEEN T T T T
O L]
o L4 L .
T=0 | °*.° ‘o @
. L] L] ol
o (']

1
0 5 10 15 20 25 30 35 40 45 50 55(mm)
1 1 1 1 1 1 1 1 1 1

¥
T=20 :l:.‘
L] L) L] T
«HET T T T T .
-0.06 -0.04 -0.02 0 0.02 0.04 0.06

FIG. 4. Partilces focusing in the center of the microchannel with metamate-
rial fluid after 20s of the acoustic wave incidence, (a) fluid with negative
density, (b) fluid with negative bulk modulus.
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propel the particles to move with large acceleration, however,
the speed of the particles is still small, as the fluid drag force
will significantly consume the kinetic energy of the particles.
After 20 s, the particles finally gather at the center of the chan-
nel within one tenth of the wavelength. The final forces acting
on the particles then reduce to 0.09 nN, which are remarkablly
lower than that at the beginning, and thus, particles are stabl-
ized in the center region.

The results derived from fluid with negative density can
be well extended to the case of negative bulk modulus,
according to duality of these two parameters in acoustic wave
equations. Figure 4(b) shows similar particle focusing in a ho-
mogeneous negative bulk modulus fluid. Small difference of
particle acoustophoresis forces between Figs. 4(a) and 4(b)
can be observed, which is determined by the relation of den-
sity or bulk modulus between the particles and background
fluid. Based on the theoretical analysis, we designed a struc-
tured channel that enables the fluid therein to have a similar
response to acousitc incidence. We employed Helmholtz reso-
nators to tune the behaviour of the fluid in the channel, mak-
ing the fluid response as an effective fluid with negative bulk
modulus.?' A sectional view of the Helmholtz resonator is
shown in Fig. 2, with tanks connected to the channel via small
necks. This type of fluidic channel has been profoundly
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FIG. 5. Pressure amplitude distribution of the acoustic wave in the microfluid
with resonant elements by a pair of the actuators from the channel sides.
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T=0

T=20s

FIG. 6. Partilces focusing process in the microfluidic channel with resonant
elements. After 5s of the acoustic wave incidence, obvious particle aggrega-
tion can be observed.

investigated and proved to have effectively negative bulk
modulus,?' while in some cases may also reveal negative den-
sity.>? Since either negative bulk modulus or negative density
can be equally harnessed for generating evenescent field and
thus leading to particle focusing, here we concentrate on
adapting the parameters of Helmholtz resonators to obtain the
required acoustic field distribution.

Figure 5 shows the pressure distribution in the micro-
channel under illuminations of a pair of actuators at the lat-
eral boundaries. Structural parameters for the channel and
resonators are: L =60mm, H=4mm, N,=0.7mm,
Ny,=22mm, T,=6.6mm, T,=66mm, p=I15mm,
o = 38.2kHz. One could readily find that the field also
decays exponentially toward the center of the channel and
reduces to a level of 10723py, although the gradient is not
decreasing smoothly due to the sharp pressure variation at
the necks of the resonators.

Based on the field distribution in the resonant channel,
particle movement driven by the radiation force is simulated
and illustrated in Fig. 6. Again large initial radiation forces
were observed to act on the particles near the boundaries,
about 167 uN. Particles located close to the neck of the reso-
nator have relative small force. After 5 s, the majority of the
particles already move to the center region, only a small part
of them are still trapped in the vicinities of the necks. After
20s, most particles finally aggregate in the center region of
the channel within /5.

According to Fig. 5, each Helmholtz resonator functions
locally and independently to decay the acoustic field as the
wave travels by. Therefore, a two dimensional array of
Helmbholtz resonators in Fig. 1 actually can be well exploited
to generate a nodal point in the middle of the plane above
these resonators, if another two actuators excite waves from
Z direction (noting that currently the waves are excited from
X direction). Accordingly, two-dimensional particle focusing
can be readily achieved. Other metamaterial®>*** may also be
served to realize a 2D particle focusing by carefully arrang-
ing them into suitable positions.

A particle focusing microchannel model was designed
employing the acoustic radiation force of particles experienced

Appl. Phys. Lett. 103, 031901 (2013)

in evanescent field. Field distribution of evanescent wave in
acoustic homogeneous metafluid was studied, and radiation
force acting on particles were also investigated. Then particle
movements in the metafluid were simulated, in which particles
were confined in a region of less than one tenth of wavelength.
By replacing the homogeneous metafluid with Helmholtz reso-
nators, evanesent acoustic field was also found in the structural
channel, particle focusing phenomenon was also observed,
with a confining region of one fifth of the wavelength.
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