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Acoustic particle trapping driven by axial primary radiation force in shaped traps
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We study particle trapping driven by the axial primary radiation force (A-PRF) in shaped traps exposed to
standing bulk acoustic waves (S-BAW) using numerical simulations and experiments. The utilization of the
stronger A-PRF as the main retention force is a consequence of standing-wave formation along the flow direction,
instead of the orthogonal direction as in the case of traditionally used lateral-PRF S-BAW trapping setups.
The study of particle dynamics reveals that the competition between A-PRF and viscous drag force governs
particle trajectory. The ratio of the acoustic energy to the viscous work (β ) provides a general criterion for
particle trapping at a distinctive off-node site that is spatially controllable. Particles get trapped for β � βcr at
some distance away from the nodal plane and the distance varies as β−c (c = 0.6 –1.0). The use of A-PRF
as the retention force could potentially allow traditional S-BAW trapping systems to envisage high-throughput
advancements surpassing the current standards in cell-handling unit operations.
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I. INTRODUCTION

Ultrasonic standing-wave (USW) technology has emerged
as an attractive tool for handling bioparticles in lab-on-a-chip
and microfluidic systems in the recent past [1]. Contactless,
biocompatible, gentle, and noninvasive manipulation offered
by USW in sophisticated cell-based systems outstands itself
in the ever-advancing biomedical research [2,3]. Nonlinear
effects of scattering of sound waves by small objects present
inside acoustofluidic devices [4] generate time-averaged
acoustic forces [5] causing acoustophoretic motions [6] that
allow size-, density-, and compressibility-based label-free ma-
nipulation [7–18] of such objects. Advances [19,20] in cell,
particle, and droplet [21–23] handling microfluidic systems
pivot around efficient techniques of capturing and immobi-
lizing them [24,25]. Trapping sites serve as flexible chemical
microenvironments for microfluidics-based cellular studies
such as bioassays [3,26], cell population [27,28], multicell
interaction, extraction [2,29], culturing [30], screening and
enrichment [2], and washing [2] of cellular entities. Integral to
these studies––the need for precise spatial positioning [31,32]
and selective manipulation [15] of the trapped objects remains
the most sought-after feature among various contact and non-
contact-based trapping methods.

The most common contact-based trapping technique is
the well-known patch-clamp method [33] suitable for single-
object studies wherein the object is captured against an
orifice. Both passive and active contactless techniques have
been widely utilized for handling single-particle and clus-
ter traps [34]. Contactless trapping of bioparticles facilitates
delicate cell-based studies [28] in flexible stress-free culture
environments, wherein minimal cellular perturbations enable
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studying nonadherent cells in an in vivo setting [32]. Contact-
less retention methods fundamentally involve immobilizing
particles by an imposed force field versus the fluidic viscous
force. The field may however originate externally from dielec-
trophoretic [35], magnetic [36], optical [37], acoustic [10,38]
effects, or the innate hydrodynamics [39] of the flow system.

Optical traps retain particles through a precisely focused
laser beam whose motion controls the desired translation of
the trapped objects [37]. Dielectrophoresis (DEP) traps [40]
are governed by the dielectric forces experienced by particles
exposed to a nonuniform electrical field. Magnetic traps [41]
utilize the presence of a nonuniform magnetic field to trap
magnetic particles. On the other hand, in acoustic trapping,
particles experience acoustic radiation force in microfluidic
chambers geometrically designed to sustain standing waves
(SW) upon ultrasonic actuation. Acoustic trapping offers a
contactless technique to immobilize, position, and retain par-
ticles at defined locations. Compared to other contactless
trapping techniques, acoustic trapping setup relishes several
advantages: it is most suitable for miniaturization and there-
fore gets smoothly facilitated in microfluidic systems unlike
optical tweezers; does not involve complicated, bulky, or ex-
pensive setup; allows handling of a large number of cells at
a higher operating flow rate, offering high-throughput unlike
optical tweezers and DEP traps; allows for long retaining
times with preserved cell viability unlike optical laser traps
which may pose thermal damage [42]; works with most par-
ticles unlike magnetic and DEP traps which require specific
particle properties or buffer conditions [35]. Furthermore, un-
like other trapping techniques, it is independent of the type
of media, the only requisite being a difference in density
and/or compressibility of the particle that gives rise to a
nonzero acoustic contrast factor in the chosen media, which is
the common case in most particle (cell) handling operations.
Owing to these benefits, there have been several attempts to
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FIG. 1. (a) Schematic of an S-shaped trap comprising an inlet channel, a trapping chamber, and an outlet channel, exposed to 1D SW
operating at the first harmonic mode (M1), i.e., half-wave mode, S-1D-M1 with the pressure nodal plane at y = 0. The width of the inlet and
outlet channels are Wi and Wo, respectively. The length and width of the trapping chamber are Lc and Wc, respectively. (b) Schematic of the
various shaped traps: i. S-shaped trap with 2D SW in second harmonic mode (M2), S-2D-M2; ii. U-shaped trap with 1D SW in first harmonic
mode, U-1D-M1; iii. U-shaped trap with 2D SW in first harmonic mode, U-2D-M1, and iv. S-shaped trap with 1D SW in second harmonic
mode, S-1D-M2. The other configurations: S-2D-M1, S-2D-M3, S-1D-M3, U-1D-M2, U-1D-M3, U-2D-M2, and U-2D-M3, are also used
in the present study but are not shown here for brevity. Representative trajectories (red circles) and trapping locations of particles in various
configurations are also shown in the schematic. Sinusoidal dashed curves shown in (a) and (b)-ii, (b)-iv represent the standing-wave formation.
Streamlines at the final trapped instant, shown in (b)-i, (b)-iii, reveal fluid flow in the chambers. The density of streamlines shown is controlled
via velocity magnitude and arrows pointing in the flow direction are kept of uniform size for illustration purposes.

develop acoustic particle trapping [43] techniques predomi-
nantly for the study of particle aggregates [44], particle-based
bioassays [26], cell population studies [27,28], enrichment
of dilute samples [2], and seed particle enabled nanoparticle
capture [45].

Particle trapping in the traditional standing bulk acoustic
waves (S-BAW) setup having the standing wave aligned per-
pendicular to the flow direction [3,4,8,23,45–47] utilizes first,
the axial component of the primary radiation force (A-PRF)
acting along the wave direction to bring the particles closer
to the pressure node, and further, the lateral PRF (L-PRF)
which is a few orders of magnitude smaller than the A-PRF,
is used as the main retention force for trapping the particles
against the flow [48]. To achieve efficient lateral trapping, it
is necessary to have a high lateral gradient of acoustic energy
density, which is mostly facilitated either with a miniaturized
transducer-based highly localized acoustic field [3,8,49] or
with a resonance cavity-based localized resonance [32,50,51].
Despite such efforts and weaker retention force, traditional
S-BAW trapping devices adopt the L-PRF (∼100 pN) as the
main trapping force. Although more recent and advanced trap-
ping systems such as acoustical beam traps [13] offer high
lateral trapping force, lateral force in the traditional S-BAW
systems is weaker as compared to the A-PRF. Particle trapping
in the traditional S-BAW systems using A-PRF (∼10 nN)
capable of allowing operation over a wider range of flow
rates is not yet explored in literature. Further, most of the
current S-BAW systems lack flexibility in terms of precise
control and/or choice of trapping locations, although com-
plex trapping designs with a drive-frequency modulation [50],
phase-controllable transducers [52], or subset transducers ar-
rays [46] offer variable trapping positions. A simple trapping

arrangement utilizing the relatively stronger A-PRF [53,54]
for particle trapping in a traditional S-BAW setup with a
deterministic spatial control over the trapping location has
not received attention to date. Also, a theoretical [55] under-
standing of the trapping phenomenon, involving analysis of
the forces and energies involved, as well as a general criterion
for particle trapping using A-PRF, is not available.

Here, we study the dynamics of particle trapping driven
by A-PRF in shaped traps using numerical simulations and
experiments. Particle trapping using A-PRF in place of the
commonly used L-PRF is attributed to the standing-wave for-
mation along the flow direction. We characterize the trapping
phenomenon in terms of particle trajectory and velocity vari-
ations with time and show that trapping is the consequence of
a balance between A-PRF and fluidic viscous force. Irrespec-
tive of the operating conditions, the trapping phenomenon is
generalized in terms of acoustic energy to viscous work ratio,
β. We study the particle trajectory and trapping location by
considering the effect of the initial particle streamline posi-
tion, the geometry of the shaped trap, standing-wave pattern,
harmonic modes, and the parameter, β.

II. THEORETICAL

The shaped trap used in the present study comprises an
inlet channel, a trapping chamber exposed to S-BAW, and an
outlet channel. The schematic of an S-shaped trap exposed
to one-dimensional (1D) S-BAW is shown in Fig. 1(a). The
chamber is placed sufficiently away from the inlet and outlet
regions to eliminate any effect of flow perturbations close
to the inlet (outlet) on particle trapping. Various designs of
shaped traps with different inlet (outlet) configurations such
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as S- and U types, standing-wave patterns, i.e., 1D or two-
dimensional (2D), and harmonic modes such as half wave
(indicated as M1) and full wave (indicated as M2), are pre-
sented in Fig. 1(b). A particle flowing through the trapping
chamber experiences A-PRF in addition to the fluidic viscous
force and a balance between the two forces leads to particle
trapping. Depending upon the design of the shaped trap, dif-
ferent particle trajectories and trapping locations are observed.
Typical particle trajectories and trapping locations in different
shaped traps are shown in Fig. 1. Here, we outline a general
theory describing the particle-trapping phenomenon in a 2D
field.

Acoustic migration of particles inside a channel mainly
relies on the primary radiation force (PRF) that emerges due
to the scattering effects when particles are exposed to the
standing-wave field. In 1962, Gor’kov [56] presented studies
on acoustic radiation forces acting on a particle suspended
in an inviscid fluid and generalized it for the case of an
arbitrary standing-wave field for particle size smaller than
the wavelength. Gor’kov acoustic potential (U ) for a single
particle with acoustic properties different from those of the
suspending fluid is used to find the primary radiation force
(FA) as follows:

FA = −∇U

= −Vp∇
[

f1〈PE〉 − 3 f2

2
〈KE〉

]

= − Vp

4ρ f c2
f

∇
[

2 f1
〈
p2

1

〉 − 3 f2

k2
〈|∇p1|2〉

]
, (1)

where Vp is the volume of the spherical particle of radius
a(=D/2), f1 and f2 are constant factors given by Eq. (2),
〈PE〉 = 0.5 β f 〈p2

1〉 and 〈KE〉 = 0.5 ρ f 〈|v2
1|〉 are the time-

averaged potential and kinetic energy densities, respectively,
with v1 being the acoustic velocity field, k is the wave number
given by Eq. (3) with kx and ky referring to the wave numbers
in corresponding directions given by Eq. (4), p1 is the acoustic
pressure field, which for a two-dimensional plane wave [57]
with a uniform pressure amplitude pa with origin at the cen-
ter of the two-dimensional cavity is given by Eq. (5), ρ is
density, β = 1/ρc2 is compressibility, c is sound velocity, and
subscripts p and f denote the particle and fluid medium, re-
spectively. Symbol 〈 〉 in Eq. (1) and all subsequent equations
refers to the corresponding time-averaged quantities.

f1 = 1 − βp

β f
, f2 = 2(ρp − ρ f )

ρ f + 2ρp
, (2)

k2 = k2
x + k2

y , (3)

kx = n
π

Wc
, ky = m

π

Lc
(4)

p1(x, y) = pa cos θx cos θy

= pa cos

(
kxx + nπ

2

)
cos

(
kyy + mπ

2

)
. (5)

Factors n and m in Eqs. (4) and (5) are nonzero inte-
gers indicating the harmonic mode, where n = 2, 3 . . . and
m = 2, 3 . . . indicate higher-resonance modes along x and y,
respectively. Also, Wc and Lc in Eqs. (4) refer to the width and

length of the trapping chamber in x and y directions (refer to
Fig. 1). In the first harmonic mode (M1), the pressure nodal
plane [Figs. 1(a) and 1(b)-ii] or region [Fig. 1(b)-iii] lies at the
center of the chamber.

For a one-dimensional plane standing wave generated
along the y direction as in the case of a one-dimensional
chamber [refer to Figs. 1(a) and 1(b)-ii], Eqs. (3) and (5)
reduce to k = ky and p1(y) = pa cos θy, respectively. Further,
by evaluating Eq. (1), the expression for A-PRF acting along
the y direction can be derived as done in literature [5,48], and
is given as follows:

〈FA(y)〉 = 3 Vp Eac k sin(2θy) φ, (6)

where Eac = p2
a/(4ρ f c2

f ), is the acoustic energy density which
is the sum of time-averaged kinetic and potential energy den-
sities, y is the distance from the nearest pressure node, and φ

is the acoustic contrast factor, given by

φ = 1
3 f1 + 1

2 f2. (7)

The A-PRF drives the particles with φ > 0 to the pressure
nodes and φ < 0 to the pressure antinodes.

Prediction of resonance modes in two-dimensional cavities
is not trivial [54]. In two-dimensional geometries [refer to
Figs. 1(b)-i and 1(b)-iii] supporting plane standing waves in
both x and y directions, Eq. (6) is not valid and hence utilizing
Eqs. (1)–(5), we derive (refer to Sec. S1 of the Supplemental
Material [58]) general expressions of x and y components of
the primary radiation force as given in Eqs. (8) and (9).

〈FA(x)〉 = 3 Vp Eac kx sin(2θx )

[
1

3
f1(cosθy)2

+ 1

2
f2

{
(cosθy)2 −

(
ky

k

)2}]
, (8)

〈FA(y)〉 = 3 Vp Eac ky sin(2θy)

[
1

3
f1(cosθx)2

+ 1

2
f2

{
(cosθx )2 −

(
kx

k

)2}]
. (9)

By substituting n (for resonance in the y direction) or m
(for resonance in the x direction) equal to zero in Eqs. (8)
and (9), these expressions readily reduce to the expression for
the one-dimensional case as given in Eq. (6).

In most applications, the objects to be manipulated such
as microparticles or cells experience a larger share of force
from the potential energy (PE) term in Eq. (1) as compared
to the kinetic energy (KE) term [46]. Hence, pressure fields
are of more importance to describe the behavior of particles
inside acoustically vibrating devices. Due to the positive sign
of the PE term, the less compressible particles (than fluid) get
driven towards the region of potential energy density min-
ima, the pressure nodal plane. This is attributed to the axial
primary radiation force explained earlier in this section. At
the pressure nodal plane, the PE term does not contribute
to the radiation force because of the presence of zero pres-
sure gradient at the nodal plane and hence the particles do
not experience A-PRF. However, the particles at the pressure
nodal plane keep experiencing the PRF, howsoever smaller,
due to the KE term. The negative sign in the KE term makes
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denser (than fluid) particles move towards the region of kinetic
energy density maxima, which at the pressure nodal plane
is equal to the total acoustic energy density (Eac) maxima.
This force originating from the lateral gradients in the velocity
field is known as the lateral primary radiation force. In liter-
ature, a general expression for L-PRF for a one-dimensional
general wave field has been derived from first principles by
considering a nonuniform pressure amplitude in the lateral
directions [48,59], which is given by

FL = − Vp ∇Eac
[

f1 sin2(ky) − 3
2 f2 cos2(ky)

]
. (10)

In general, these amplitude variations in the lateral direc-
tions could be a consequence of nonuniform source amplitude,
wave divergence, and boundary effects. In conventional trap-
ping systems using L-PRF, the lateral gradients (∇Eac) at the
pressure nodal planes are mostly present locally in the vicinity
of the transducer area and diminish rapidly outside of it. These
gradients are highly desired, and hence suitably enhanced
through design modifications to enable lateral trapping of
particles against the viscous drag. In the traditional S-BAW
systems, although FL � FA elsewhere, but at the nodal plane,
FA = 0 and therefore once a particle arrives at the nodal plane,
FL enables particle trapping if it can overcome the fluidic
viscous drag force. As discussed in the Introduction, particle
trapping using FL suffers from several limitations and there-
fore in the present work we make use of FA to achieve particle
trapping by employing a unique shaped-trap arrangement. As
shown in Eqs. (6) and (10), unlike FL, FA scales with Eac

and not its gradient, ∇Eac, and therefore it is at least two
orders of magnitude higher than FL. In the current work, the
standing-wave axis and hence FA are aligned with the flow
direction inside the trapping chamber facilitating the trapping
of particles against the fluidic viscous force.

Further, in a particle suspension, besides primary acous-
tic radiation forces, acoustic interaction between neighboring
particles through scattered waves can lead to secondary or
interparticle radiation forces. The secondary radiation force
is typically a few orders of magnitude smaller than the A-
PRF, FS � FA. However, at the nodal plane, both the L-PRF,
FL and secondary radiation force, FS become significant and
together govern the positioning of the particle [60]. In the
present study, we focus on studying the physics of trapping
a single particle where FS is not relevant. Further, the viscous
attenuation of sound waves in a fluid result in a gradient in the
time-averaged momentum flux which gives rise to acoustic
streaming flows [61]. The acoustic streaming-induced drag
scales linearly with the particle size, whereas axial PRF scales
with the cube of the particle size which gives a critical parti-
cle size below which streaming effect is significant [62]. In
the present work, we consider particles of sizes well above
the critical value so the streaming effects are negligible. The
scaling of the secondary force, and streaming-induced force
is presented in the Supplemental Material (Sec. S2). Also, a
comparison between streaming and bulk velocity vector fields
is presented in the Supplemental Material (Sec. S3).

Neglecting the finite-size effects from the chamber walls,
the fluidic drag force acting on a microparticle of diameter D
trapped at a position r is approximated by the Stokes relation,
FD = 3πηDu(r), which will be balanced by the acoustic force
acting on the particle given by Eq. (1), where u(r) is the

fluid velocity at the trapping location, and η is the dynamic
viscosity of the fluid medium. So, at the trapping location,
the net force Fnet = FD + FA will be zero and as a result
particle velocity up = 0. In the present work, although we first
consider competition between the axial PRF and the hydro-
dynamic force to explain the particle dynamics and trapping,
their highly dynamic nature makes it difficult to characterize
the system based on forces. Therefore, we resort to the com-
petition between the scaled dimensionless acoustic energy
and fluidic viscous work involved in the trapping process to
analyze the trapping phenomenon. Taking the diameter of the
particle as the characteristic distance, the scale of acoustic
energy of the particle can be estimated as

EA ≡ EackφD3 · D = EackφD4 (11)

and the fluidic viscous work is scaled as

WV ≡ ηUD · D = ηUD2. (12)

EA and WV have been nondimensionalized with the ini-
tial kinetic energy (KEi) of the particle before entering the
trapping chamber, KEi = 0.5mv2

i, where m is the mass of the
particle and vi is the magnitude of the velocity of the particle
before entering the chamber. KEi is chosen as a scale for
nondimensionalizing EA and WV , since it is the total energy
that the particle possesses before entering the chamber, in-
side which it gets subjected to the externally applied acoustic
energy. The nondimensionalized acoustic energy and viscous
work scales are given as E∗

A and W ∗
V :

E∗
A = EA

KEi
, (13)

W ∗
V = WV

KEi
. (14)

The ratio of the acoustic energy to the viscous work is
represented by the dimensionless parameter β as follows:

β = EA

WV
= E∗

A

W ∗
V

= EackφD2

ηU
, (15)

where U is the average fluid velocity in the trapping cham-
ber. The value of the parameter β is varied extensively by
varying all variables (refer to Table S1 in Supplemental Ma-
terial, Sec. S4) in the expression while keeping φ and η

fixed, taking polystyrene as the solid medium and 9% iodix-
anol solution in deionized (DI) water as the suspending fluid
medium, respectively [63]. The foregoing characterization of
the trapping phenomenon via β is considered for the case of
one-dimensional and two-dimensional chambers across trap
shapes, S and U for harmonic modes, M1 and M2. For scaling
acoustic energy in two-dimensional chambers using Eq. (11),
the factor inside the square brackets of Eqs. (8) and (9) is taken
to be of the same scale as of φ.

III. NUMERICAL MODEL

Two-dimensional simulations are performed to study par-
ticle dynamics, predict the trapping and nontrapping regimes,
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and determine the trapping location. The particle is assumed
to be small enough to have a negligible influence on the
acoustic field. The acoustic pressure field inside the chambers
is assumed to be of the form given by Eq. (5) and the force
fields generated using derived expressions given by Eqs. (8)
and (9) are assumed to be valid, and hence employed directly
in the finite-element solver. Thus, only the flow dynamics
around the solid particle and the resulting drag force field
are computed through simulations. The governing equations
of the physical model are formulated employing a fully cou-
pled Fluid Structure Interaction (FSI) equipped finite-element
based transient solver in COMSOL MULTIPHYSICS 5.5. To sim-
ulate the motion of a particle inside a microfluidic trapping
chamber, assuming fluid flow to be incompressible and solid
particles to have isotropic linear elasticity, the following set
of governing equations are used. The continuity equation is
given as [64]

ρ ∇ · u = 0, (16)

where ρ is the fluid’s density and u is the velocity vector field.
The momentum equation described by the incompressible
Navier-Stokes equation is as follows [64,65]:

ρ
∂u
∂t

+ ρ(u · ∇)u = ∇ · [−pI + μ(∇u + (∇u)T)] + F + B

(17)
where p is the pressure, μ is the dynamic viscosity of the
fluid, B is the body forces such as gravitational force per
unit volume which is neglected in the present study, and F
is an extra drag term in the momentum equation which takes
care of the shallow-channel approximation relevant for the

two-dimensional formulation, which is given as [39]

F = −12μu
H2

, (18)

where H is the channel height. Adding F in Eq. (8) enables
rather improved modeling of shallow rectangular channels as
it allows the use of a 2D model over the computationally
more expensive three-dimensional model. In this way, the
effect of viscous resistance offered by the channel side walls
which is normally neglected in a regular 2D simulation is also
considered.

The mechanics of the solid particle, namely the strain
displacement equation, Newton’s equation, and the consti-
tutive law, are described by Eqs. (19)–(21), respectively, as
follows [39]:

εs = 1

2
[(∇us) + (∇us)T + (∇us )(∇us)T ], (19)

∇ · σs + Fs + Bs = ρs
∂2us

∂t2
, (20)

σs = Cεs, (21)

where εs denotes the infinitesimal strain tensor, us is the
displacement field for the solid particle, σs being the Cauchy
stress tensor, Fs is the body force per unit volume due to fluid
load, Bs is the external body load per unit volume which is
specified as the acoustic axial PRF given by Eqs. (6), (8),
and (9) as relevant for the one-dimensional and the two-
dimensional chambers, and C denotes the stiffness matrix
given as,

C = Es

(1 + ν)(1 − 2ν)

⎡
⎢⎢⎢⎢⎢⎣

1 − ν ν ν 0 0 0
ν 1 − ν ν 0 0 0
ν ν 1 − ν 0 0 0
0 0 0 1 − 2ν 0 0
0 0 0 0 1 − 2ν 0
0 0 0 0 0 1 − 2ν

⎤
⎥⎥⎥⎥⎥⎦

, (22)

where Es and ν are elastic modulus and Poisson’s ratio of the
particle’s material, respectively. The FSI model couples the
flow dynamics with the solid mechanics capturing the interac-
tions at the boundaries between the fluid and the solid phases.
The interface between the fluid domain that uses an Eulerian
formulation and a spatial frame with deformed mesh and the
solid domain that uses a Lagrangian formulation and a mate-
rial frame with undeformed mesh is coupled by employing
the arbitrary Lagrangian-Eulerian (ALE) method [66]. The
FSI model defines the two-way coupled effect of fluid load
on the solid and displacement of the solid on the flow field,
represented by Eqs. (23) and (24), as follows:

f = −fs = n · [−pI + μ(∇u + (∇u)T )], (23)

u
′
s = ∂us

∂t
= u (24)

where fs is the total force exerted on the solid boundary which
is cumulative of the pressure and the viscous force, f is the

reaction force on fluid, n is the outward normal unit vector to
the boundary, and u

′
s is the rate of change of displacement of

the solid which equals the fluid velocity u on the solid-fluid
interface, making it behave like a moving no-slip wall for the
fluid. Since fluid and solid mechanics equations are defined
and solved in different frames, therefore the following force
transformation is imperative:

Fs = fs
dv

dV
, (25)

where dv and dV are the scale factors of mesh elements in the
spatial and material frames, respectively. Equations (15)–(23)
are simultaneously solved for unknowns u, p, us, σs, and εs.

In the present study, an average normal velocity and zero-
gauge pressure conditions are prescribed at the inlet and
outlet, respectively. No-slip boundary conditions are speci-
fied on the solid boundaries including the channel walls and
the particle surface. Fluid velocity field, pressure field, solid
displacement field, and solid velocity field are all initialized
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FIG. 2. (a) Schematic of the experimental setup showing the acoustofluidic chip comprising an S-1D-M1 trap with piezoelectric transducer,
signal generator and amplifier, syringe pump, and the high-speed camera. (b)-i to (b)-v are successive experimental pictures of 25-μm
polystyrene microparticles actuated at 75 J/m3 migrating towards the central plane of the chamber at the no-flow condition in 9% iodixanol
solution in DI water, proving the existence of a nodal plane at y = 0 at a resonant frequency of 0.947 MHz. Few particles are encircled with
different colors for presentation purpose. Also shown in (b)-v is the sinusoidal variation of the axial primary radiation force FA along the y
direction given by Eq. (6), always pointing towards the nodal plane (y = 0) for positive contrast particles. Scale bar represents 100 μm.

with a value equal to zero. Properties of 9% iodixanol in
DI water and polystyrene are assigned to the fluid and solid
domains, respectively [63]. The properties of the fluid, solid
medium, and the range of relevant parameters used in our sim-
ulation study are presented in in Table S1 in the Supplemental
Material (Sec. S4).

For a given shaped-trap configuration, the computational
domain is chosen as per the corresponding schematic shown
in Fig. 1. The width of the inlet and outlet channels are
Wi = Wo = 175 μm and the length and width of the trapping
chamber are Lc = 750 μm, Wc = 400 μm in 1D traps, and
Lc = Wc = 750 μm in 2D traps, as presented in Table S1
in Supplemental Material (Sec. S4). The motion of a mi-
croparticle traversing through the trapping chamber and its
interaction with the fluid requires the fluid domain mesh to
freely move and deform continuously, as shown in Fig. S2(a)
in the Supplemental Material (Sec. S5). For this purpose, a
built-in mesh smoothing function [39] is employed to handle
the corresponding stretching in the mesh elements of the de-
forming fluid domain. Moreover, the ALE method combined
with the automatic remeshing module ensures the desired
mesh quality by recreating the mesh whenever it drops below
the set quality criterion, and further the simulation proceeds
with the newly generated mesh. A lower value of the set
quality criterion can lead to a larger number of inverted ele-
ments over a substantial period of the total solution time, thus
leading to an overall reduced solution accuracy or even major
convergence issues. Therefore, a minimum mesh quality of
0.5 is considered in the present study for obtaining an opti-
mally accurate solution [39]. Based on the grid independence
study as shown in Fig. S2(b) in the Supplemental Material

(Sec. S5), an appropriate mesh with 17 054 triangular el-
ements, 566 edge elements, 17 vertex elements, average
element quality of 0.92, and minimum element quality of
0.58 is chosen for the study. The percentage error in the
mesh convergence study is calculated using an extra-fine mesh
(having 58 670 triangular elements) chosen for reference. The
numerical simulations are analyzed using the built-in postpro-
cessing module in COMSOL MULTIPHYSICS. The location and
velocity of the particle are traced by tracking the centroid of
the particle.

IV. EXPERIMENT

A schematic of the experimental setup is shown in
Fig. 2(a). The device is fabricated in silicon—-the microchan-
nels are etched through the entire thickness of a 200-μm-thick
silicon wafer using deep reactive ion etching and sealed by
anodically bonding 500-μm glass lids on both sides. The
width of the inlet and outlet channels are 175 μm, the length
and width of the trapping chamber are 750 and 400 μm, re-
spectively, and the depth is 200 μm throughout. The trapping
chamber is located exactly at the center of the channel, mea-
suring 2.25 cm both from the inlet and outlet ports. The inlet
and outlet channels are provided with drilled holes through
the top glass lid using computer numerical control (CNC)
micromilling to enable fluidic access. The particle suspension
is prepared by suspending 10 μl of concentrated aqueous so-
lution (having 10% w/v solid particle fraction) of polystyrene
microparticles (Sigma-Aldrich, Bangalore, India) into 3 ml
of 9% iodixanol (OptiPrep, Sigma-Aldrich, Bangalore, India)
solution in DI water, ensuring the beads remain neutrally
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buoyant. A very dilute suspension is used to avoid the possi-
bility of clustering of particles due to the trapping of multiple
particles, thus facilitating the study of trapping of a single
particle. Unless otherwise specified, particles of diameter 25
μm are used in our studies. Particles of diameters 15, 20, 25,
and 36 μm are used in the studies presented in Sec. V B. The
suspension is introduced into the microfluidic device using
a high-performance syringe pump (neMESYS pump, Cetoni,
Germany) and a polymer tubing system connecting the pump
and the inlet port.

To produce acoustic standing waves, a 2.5 × 2.5 × 0.2-cm
plate-type piezoelectric transducer (Sparkler Ceramics, India)
with a rated frequency of 1 MHz is bonded to the glass
substrate using epoxy resin and a hardener (Loctite Tough X
Adhesive, Asian Paints, India) such that its position is sym-
metric with respect to the location of the trapping chamber as
shown in Fig. 2(a). An rf signal generated by a function gener-
ator (SMC100A, Rohde & Schwarz, Germany) and amplified
by a power amplifier (75A250A, Amplifier Research, USA) is
supplied into the system through the transducer. An inverted
fluorescent microscope (IX71, Olympus Corporation, Japan)
combined with a high-speed camera (SA5, Photron, United
Kingdom) is used for visualizing flow and particle trapping.

To find the resonant frequency of the system, the particle
suspension is introduced into the microfluidic device and at
a stop-flow condition; the actuation frequency is varied over
a range of 0.9–1.05 MHz. Upon actuation, the beads rapidly
migrate and focus at the pressure nodal plane located at the
center of the trapping chamber (y = 0) at the resonant fre-
quency in half-wave mode, which is found to be 0.947 MHz
[Figs. 2(b)-i to 2(b)-v]. Acoustic energy density is estimated
by equating the drag force with the A-PRF acting on micropar-
ticles inside the trapping chamber using a previously reported
technique [67], for which the particle suspension is infused
into the system, and at a stop-flow condition, the particles
are exposed to the S-BAW by operating at the resonant fre-
quency. Migration of particles [Figs. 2(b)-i to 2(b)-v] inside
the trapping chamber to the pressure node is recorded by
the high-speed camera operating at 1000 fps. In the absence
of fluid motion, as the particle migration is solely based on
the acoustic A-PRF, by tracking the positions of the particles
with time, y(t ), and analyzing the video using Tracker (Open-
Source Physics), the migration velocity (v) is determined. By
balancing the A-PRF, FA(y) as given by Eq. (6) with the
viscous Stokes drag force, FD(y) = −6πμav, and adjusting
the terms, in case of a one-dimensional chamber [Figs. 1(a)
and 2(b)], we get [67]

y(t ) = 1

k
tan−1

[
tan[ky(0)] exp

[
4φ

3μ
(ka)2Eact

]]
, (26)

where y(0) is the particle position at t = 0 s, and y(t ) is the
particle position at time t . For a given particle’s trajectory, we
fit the above equation by taking Eac as a fitting parameter to
find the best fit of the trajectory of the particle to match the
experimental data. We repeat the above method for various
other particles to obtain an average value of acoustic energy
density at a particular actuation voltage. The acoustic energy
density Eac for S-1D-M1 corresponding to different actuation
voltages ranging from 26 to 103 V is found to be in the range
7 to 168 J/m3 as presented in Table S2 in the Supplemental

Material (Sec. S4). While simulating other configurations,
since resulting pressure amplitudes at similar actuation volt-
ages would be of the same order, a similar range of acoustic
energy density values is used.

V. RESULTS AND DISCUSSION

We first present particle dynamics and trapping in the
shaped traps. The time variation of particle position and ve-
locity is presented and explained from the consideration of
acoustic radiation force and the fluidic viscous force. We
then report a general criterion for particle trapping based on
the ratio of the acoustic energy to the fluidic viscous work
(β), irrespective of the experimental condition. Further, we
present the effect of the initial streamline, channel widths,
chamber shape, standing-wave pattern, and harmonic modes,
on the particle trajectory and the final trapping location. Also,
we characterize the dimensionless location of the trapping
site with parameter, β. Finally, we present a discussion on
the comparison of the present device with the existing tradi-
tional S-BAW L-PRF trapping setups.

A. Particle dynamics and trapping under acoustic radiation
force and fluid drag

Numerical simulation and experimental results of the dy-
namics and trapping of a particle of diameter, D = 25 μm in
an S-1D-M1 trap of width 400 μm and length 750 μm at a
flow rate, Q = 15 μl/min exposed to a 1D S-BAW operat-
ing at the first harmonic (half-wave) mode, M1 with Eac =
120 J/m3 are presented in Figs. 3 and 4, and Video S1 [58].
As observed from simulations and experiments, the particle
after entering the chamber crosses the nodal plane, and finally
gets trapped at an off-nodal position. The origin (0, 0) of
the coordinate system is taken at the geometric center of
the rectangular trapping chamber (see Fig. 1). The variation
of the position (x, y) and velocity components (u,v) of the
center of the particle as it traverses through the chamber, at
a few important time instants (A to H), are depicted in Fig. 4.
Experimentally, the velocity components are calculated using
the instantaneous positions of the particle as it traverses. It
is observed that after entering the chamber at time instant A,
the particle translates along the y direction until instant B, as
indicated by a sharp gradient in the y component of velocity
(v), and then slows down. The particle further slows down
after crossing the nodal plane at instant C and its direction
of motion is reversed at instant E , marked by a negative y
velocity. The magnitude of the negative y velocity slowly
decreases and the particle tends to attain equilibrium beyond
instant F and finally gets trapped at instant G. The trapped
particle is released (instant H) by switching off the acoustic
field. We find that the time variations of the particle posi-
tions and velocities obtained from the numerical simulations
are in excellent agreement (within 5%) with that from our
experiments, validating the numerical model. The successive
pictures of particle motion in the case of other 1D shaped-
trap configurations are presented in detail in Fig. S3 in the
Supplemental Material (Sec. S6).

The dynamical motion of the particle can be explained
by analyzing the relevant forces, namely the axial primary
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FIG. 3. Successive pictures (at important instants: A to H ) of a microparticle’s travel through an S-1D-M1 trapping chamber, predicted
from our numerical simulations and experiments, with particle diameter D = 25 μm, S-shaped trap of width 400 μm and length 750 μm,
flow rate, Q = 15 μl/min, 1D SW operating at the first harmonic (half-wave) mode, M1 with Eac = 120J/m3. The color legend refers to the
magnitude of velocity in the computational domain in m/s. Scale bar represents 100 μm.

radiation force, FA, and the fluidic drag force, FD acting on
the particle as shown in Fig. 4(b). The procedure used for
estimating FA and FD is presented in the Supplemental Mate-
rial (Sec. S7). Once the particle enters the chamber at instant
A, FA acts on it in the flow direction supporting its motion,
which explains the initial acceleration of the particle. Before
crossing the pressure nodal plane at instant C, the acoustic
force supports particle motion and therefore the ratio of the

acoustic to fluid drag force is positive. In the case of a stand-
ing wave, A-PRF varies sinusoidally and is directed towards
the nodal plane located at y = 0. In a half-wave scenario,
the maximum A-PRF occurs at a distance of one-fourth of the
chamber length along the wave direction from the walls. The
particle crosses the location of maximum FA at instant B, when
it attains the maximum y-direction velocity (v), and beyond
this instant, the ARF decreases, explaining the deceleration

FIG. 4. (a) Time variation of location (x, y) and velocities (u,v) of a microparticle in the S-1D-M1 trapping chamber from our numerical
simulations and experiments, (b) Time variation of A-PRF FA(y) and fluid drag force FD(y), and the ratio of the two forces, FA(y)/FD(y), with
particle diameter D = 25 μm, S-shaped trap of width 400 μm and length 750 μm, flow rate Q = 15 μl/min, 1D SW operating at the first
harmonic (half-wave) mode, M1 with Eac = 120 J/m3. Important instants (A to H ) in the particle’s travel are marked in the plots for reference.
Solid lines refer to simulation results. Symbols represent the experimental results. As marked in the figure, the vertical dashed line indicates
the instant (H ) at which acoustics is turned off. The shaded regions in both (a) and (b) represent the particle’s travel after the acoustics is turned
off. Time (t) has been nondimensionalized using the acoustophoretic timescale [62].
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of the particle. At the nodal plane, FA = 0 and the particle
is simply dragged with the flow. Beyond the nodal plane, FA

is directed towards the nodal plane acting against the flow
direction as indicated by a negative value of the force ratio
after instant C and it gradually increases with an increase in
the distance from the nodal plane. So, as the particle moves
away from the nodal plane towards the outlet, it slows down.
Since FA always acts towards the nodal plane, particle trapping
is possible only above the nodal plane where the ARF and
fluidic drag force act in the opposite directions. At instant E ,
the ARF exceeds the drag force which explains a reversal in
the direction of motion (referred to as a U-turn) towards the
nodal plane.

The U-turn (instant D to F ) of the particle is a consequence
of the shape of the chamber combined with the typical sinu-
soidal variation of FA along the wave direction. At the peak
of the U-turn, at instant E , the y component of the velocity is
zero and it becomes negative beyond this instant, indicating
that the y coordinate of the final trapping location (yTL) will
always be below the peak. The x coordinate of the particle
increases continuously with a decrease in the x velocity until
crossing the nodal plane at instant C and then the x velocity
increases again. This is primarily attributed to the S shape
of the chamber which offers a slowly diverging and then
converging flow section. A significant change in the x position
of the particle occurs between the time instants D and E . After
instant E , although the particle moves to a region of smaller
fluid velocity closer to the wall, no significant change in the x
position is observed. After completing the U-turn, beyond F ,
the particle proceeds to an increasingly stable configuration
by moving closer to the wall and the nodal plane since the
particle now requires a lesser value of the acoustic force to
overcome the smaller fluid drag experienced. The competition
between the acoustic force and the flow drag ultimately leads
to a balance at instant G, giving rise to stable trapping. At the
final trapped position, the value of the force ratio is found to be
|FA(y)/FD(y)| ≈ 1, indicating a force balance and the velocity
components are also zero, thus satisfying the two conditions
required for complete trapping. The trapped particle could be
readily released by switching off the acoustic field as indicated
by instant H . Depending on the operating parameters, the total
duration of the entire trapping process varies from 0.5 to 2 s,
out of which the particle spends at least 90% of the time above
the nodal plane before reaching the final trapping location at
instant G.

B. Generalization of trapping and nontrapping regimes in
terms of the acoustic energy to viscous work ratio, β

In the previous section, we considered the two competing
forces, the A-PRF, and the fluid drag force, to explain the
particle-trapping phenomenon. However, the highly dynamic
nature of these forces during the course of particle motion
makes it difficult to characterize the system based on the
forces. Therefore, we attempt to generalize the trapping phe-
nomenon by considering the competition between the acoustic
energy and the fluid viscous work involved in the process.
In order to propose a general criterion for particle trapping,
we performed extensive simulations using S- and U-shaped
traps with 1D and 2D SW for the resonance modes M1 and

M2, with variations in energy density (Eac), flow rate (Q),
particle diameter (D), and inlet (outlet) channel width (Wi), as
presented in Table S1 in the Supplemental Material (Sec. S4).
The upper limit of the particle radius (a) considered in our
simulations corresponds to a particle radius to wavelength ra-
tio, a/λ < 0.1, satisfying the Rayleigh limit. Our results show
that irrespective of the geometry of the shaped traps (refer to
Fig. 1) and operating conditions, the trapping and nontrapping
regimes can be generalized in terms of the parameter, β.
The regime plot shown in Fig. 5(a) describes the trapping
and nontrapping regimes for S-1D-M1 trap. As described in
Sec. II, acoustic energy (EA) and the viscous work (Wv) are
nondimensionalized using the incoming kinetic energy of the
particle, and their dimensionless forms (E∗

A, W ∗
v ) are consid-

ered to study the regimes. The shaded and unshaded regions
represent the trapping and nontrapping regimes, respectively.
The experimental data points pertaining to the trapped and
nontrapped cases, indicated by hollow circular and triangular
symbols, respectively, in Fig. 5(a) are in good agreement with
the simulation results in demarcating the two regimes. Ex-
perimental images for particle trapping across various sizes,
15, 20, 25, and 36 μm, and successive pictures of trapping
and nontrapping cases are shown in Fig. 5(b). Across the
particle sizes considered in the simulations and experiments,
the characterization of regimes and hence the critical value of
β (βcr ) is found to be consistent. The slope of the demarcating
line as shown in Fig. 5(a) is βcr = 4, so for β � 4, and for
β < 4, particle trapping and nontrapping regime, respectively,
are observed for the S,U-1D-M1 case. Similarly, for the case
of S,U-1D-M2, S,U-2D-M1, and U-2D-M2, the regime study
shows a similar trend with βcr ≈ 3.5, 8.5, and 29, respectively
(see Fig. 8). The reason that βcr is different for different
configurations may be attributed to the different near-trap
velocity fields present in various configurations. Among all
the configurations for which the regime study is carried out,
since the trapping zone for the case of U-2D-M2 is closest
[refer to Fig. 6(b)] to the inlet channel, comparatively higher
velocities are present in the near-trap region which explain the
requirement of higher acoustic energy to trap the particle, and
thus higher βcr (=29) (see Fig. 8).

C. Effect of the shaped-trap geometry and operating conditions
on the particle trajectory and trapping location

The effect of geometry and dimensions of the shaped traps,
the standing-wave patterns, and the resonance modes on the
particle trajectory and final trapping location is presented in
Fig. 6. Operating conditions corresponding to Fig. 6(a) are
particle size D = 25 μm, energy density, Eac = 80 J/m3, and
flow rate, Q = 15 μl/min, and those to Fig. 6(b) are particle
size D = 30 μm, energy density Eac = 35 J/m3, and flow
rate Q = 7 μl/min. Two different geometries of the shaped
traps, namely S shaped and U shaped, are considered (see
Fig. 1) with 1D and 2D SW in resonance modes M1, M2,
and M3. The widths of the inlet and outlet channels are var-
ied from 100 to 200 μm, and three different initial particle
streamline positions are considered. The effect of variation
in initial particle streamline position is explained via ex-
perimental trajectories TR1 to TR4 as shown in Fig. 6(a),
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FIG. 5. (a) Generalization of trapping and nontrapping regimes in terms of the parameter β. The simulation data correspond to S,U-1D
shaped traps with half-wave mode, M1, as indicated in Fig. 1 for a range of particle sizes, inlet channel width, flow rates, and acoustic energy
densities; the simulation and experimental data are indicated using different symbols. The critical ratio βcr = 4 is the slope of the demarcating
line between the regimes. (b) For the case of S-1D-M1, experimental images are shown for particle trapping across various sizes, 15, 20, 25,
and 36 μm encircled in red color, and also shown are the successive pictures of trapping (β = 4.6) and nontrapping (β = 2.3) cases for 25-μm
particle size. For the nontrapping case, two particles (pink and white encircled) dominated by the viscous drag are shown while traveling in
and out of the chamber. Scale bar represents 100 μm.

which is a result of the combination of overlaid images from
four different experimental datasets at identical operating
conditions. The effect of standing-wave pattern, resonance
mode, and shaped-trap geometry is explained via trajectories
TR5 to TR12 [Fig. 6(b)] from simulation. Variation in the op-
erating parameters across various shaped-trap configurations
leads to a choice of trapping site along the corresponding
trapping zones as shown in Fig. 6(b). The effect of variation
in the inlet and outlet channel width is explained in the Sup-
plemental Material (Sec. S8) via trajectories TR13 to TR17.

For a 1D standing wave in half-wave mode M1 and a fixed
geometry of the shaped trap, by comparing the trajectories
TR1, TR2, TR3, and TR4, we observe that the initial particle
streamline, although it affects the particle trajectory, does not
alter the final trapping location (TL1) since the final trapping
location is a location of zero net force which remains unal-
tered for different initial particle position and same operating
conditions. We find that a particle moving closer to the upper
wall of the inlet channel (TR1) executes a longer U-turn to
reach TL1 and hence takes more time as compared to the one
in TR3 and TR4, also confirmed by experimental snapshots
(see insets in Fig. 8).

At a fixed experimental condition, compared to the S-
shaped trap, the use of a U-shaped trap reveals a different
particle trajectory as seen from a comparison of the trajecto-
ries TR4 and TR5 and causes a horizontal shift in the final
trapping location towards the left from TL1 to TL2. Since
S- and U- shaped chambers have similar force fields below
the nodal plane, therefore the particle trajectories in the two
cases overlap up to the nodal plane and deviate beyond that.
The trapping location in a U-shaped trap is mirrored about the
vertical centerline of the trapping chamber compared to the
S-shaped trap.

It is observed that at a fixed experimental condition for
mode M1, in the case of both S- and U-shaped traps, compared
to a 1D actuation case, the use of a 2D resonating cavity
alters the particle trajectory from TR4 to TR6 and TR5 to
TR7, respectively, as well as the final trapping location from
TL1 to TL3 and TL2 to TL4, respectively. The final trapping
location in case of 2D resonance cavity shifts laterally towards
the 2D chamber wall along the x direction. In the 2D S-
and U-shaped traps, owing to the characteristic acoustic force
fields [Figs. 7(d)–7(f)], the reversal in the direction of the
particle motion observed is different from that in the case of
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FIG. 6. Particle trajectories and final trapping locations for different shaped traps. Please refer to legends in the respective tables for
detailed information. (a) shows the effect of variation in initial particle streamline position explained via overlaid images from four different
experimental datasets, leading to trajectories TR1 to TR4. Operating conditions are particle size D = 25 μm, energy density Eac = 80 J/m3,
and flow rate Q = 15 μl/min, and (b) shows the effect of standing-wave pattern, resonance mode, and shaped trap geometry explained via
trajectories TR5 to TR12. Operating conditions are particle size D = 30 μm, energy density Eac = 35 J/m3, and flow rate Q = 7 μl/min.
Shaded regions around various trapping locations indicate the zones containing possible trapping sites for different particle sizes, flow rates,
and energy densities in the range studied. The vertical dashed lines represent walls of 1D and 2D chambers as labeled in (b).

1D actuated traps. We notice that in the half-wave mode M1,
the trapping location is always beyond the nodal plane in the
upper half of the trapping chamber, so we study the effect of
higher resonance modes on the particle-trapping location.

In both S- and U- shaped traps with both 1D and 2D
resonance, by using resonance mode M2 and M3, we could
achieve trapping locations TL5, TL7, TL8, and TL9 in the
lower half of the chamber closer to the channel inlet region
via trajectories TR8, TR10, TR11, and TR12, respectively,

thus significantly modifying the y coordinate of the final trap-
ping location [Fig. 6(b)]. TL6 in the case of S-2D-M2, as
an exception, is found to be situated at a relatively farther
y coordinate and not in the lower half of the chamber. This
could be attributed to a near-zero acoustic pressure and very
low acoustic force region near the inlet inside the chamber
as shown in Fig. 7(e), which makes the particle follow (TR9)
the dominating flow field in the near-inlet region and hence
getting captured (TL6) away from it. For higher-resonance

FIG. 7. Acoustic radiation force field is shown via arrow plots with acoustic pressure field in the background, for S-1D-M1 (a), S-1D-M2
(b), S-1D-M3 (c), S-2D-M1 (d), S-2D-M2 (e), and S-2D-M3 (f). The length and the direction of the arrows signify the magnitude and direction
of the net acoustic radiation force acting on a particle. The scale shows the magnitude of dimensionless acoustic pressure (p1/pa). The color
corresponding to the extremes and middle of the scale bar signify pressure antinodal, and pressure nodal regions, respectively. The length of
arrows across (a) to (f) are not to scale.
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FIG. 8. The variation of the dimensionless distance of the trap-
ping location from the pressure nodal plane or region in the y
direction, i.e., y∗

TL with the parameter β for the case of S,U-1D
and S,U-2D chambers with resonance modes M1 and M2. Dashed
vertical lines indicate the βcr for respective configurations. Insets
qualitatively reveal the effect of β on y∗

TL.

modes, since trapping location is far from the outlet, hence
the shape of the trap has little effect on the trapping
phenomenon; therefore, the trajectories TR8, TR12, and TR11
and trapping locations TL5, TL9, and TL8, respectively, are
similar for the case of S- and U-shaped traps, as seen in the
cases with mode M2 for 1D, M3 for 1D, and M3 for 2D cham-
bers, respectively. Although higher-resonance modes across
different-shaped traps are found to offer a variety of trapping
sites (TL5–9), the combined effect of the peculiar acoustic
force fields [Figs. 7(d)–7(f)] and the corresponding flow fields
that the particle is exposed to makes trapping trajectories and
trapping sites less predictable in the case of 2D resonance
cavities.

Integral to the studies of particle trajectory and trapping
sites are the acoustic pressure variations inside the resonating
cavities. The acoustic pressure variation akin to the incoming
pressure field given by Eq. (5) is plotted in Fig. 7. The acoustic
radiations forces calculated by Eqs. (6)–(9) for each case
as shown in Fig. 7 are plotted via arrows with the acoustic
pressure field surface in the background. Pressure nodal and
antinodal, planes in the case of 1D chambers, and regions
in the case of 2D chambers with resonance modes M1, M2,
and, M3 can be seen in Figs. 7(a)–7(f), respectively. The
particles traveling through respective chambers are exposed
to the acoustic force field and the corresponding flow field.
As described in the previous subsections, the particle under
favorable conditions looks for the zero net force region and
gets trapped at a suitable trapping location depending on the
competing effects inside the chamber as described in Fig. 8.

Irrespective of the geometry of the shaped trap and ex-
perimental condition, the variation in the y coordinate of the
trapping location yTL is found to be a function of the parameter
β as presented in Fig. 8. Experimental results for S-1D-M1 are
found to have a good agreement with the simulations. Here,
yTL is nondimensionalized with y0 = (λ/8), which in the 1D

case is the distance from the nodal plane (nearest to the trap-
ping site) to the plane at which the A-PRF attains its maximum
magnitude. Since trapping or nontrapping of a particle inside
the chamber is decided over a length of y0, therefore it is taken
as a characteristic length to obtain y∗

TL = yTL/y0. Although
there are no distinct nodal planes in the case of 2D chambers,
from Figs. 7(d)–7(f) it is found that the characteristic length
scale over which trapping occurs in 2D chambers is not very
different from y0 and hence we choose y0 as the characteristic
length scale across all configurations. We find that y∗

TL varies
with β following the relation, y∗

TL ∼ β−c, with exponent c
varying from 0.6 to 1.0. The relationship between y∗

TL and β

confirms that higher acoustic energy or lower viscous work
leads to a trapping location closer to the pressure nodal plane
or region. As shown in insets of Fig. 8, with decreasing
β, the trapping location is shifted further away from the
nodal plane until it attains a critical value βcr, beyond which
particle trapping is not possible. For 1D chambers, we find
y∗

TL = 1.0 β−0.6 with a goodness of fit R2 = 0.93 for S,U-1D-
M1, and y∗

TL = 0.75 β−1.0 with R2 = 0.921 for S,U-1D-M2.
For 2D chambers, we find y∗

TL = 1.3 β−0.75 with a goodness
of fit R2 = 0.923 for S,U-2D-M1, and y∗

TL = 1.7 β−0.6 with
R2 = 0.94 for U-2D-M2. The values of βcr for S,U-1D-M1,
S,U-1D-M2, S,U-2D-M1, and U-2D-M2 are found to be 4,
3.5, 8.5, and 29, respectively.

From the above studies, we conclude that for the funda-
mental resonance mode M1, the geometry of the shaped trap
(S- or U configuration) and the standing-wave pattern (1D or
2D) has a significant effect on the x coordinate of the final
trapping location. For the case of higher harmonics, this effect
on the x coordinate is more dominant with the change in the
standing-wave pattern as compared to the change in geometry
of the shaped trap. Similarly, the y coordinate of the final trap-
ping location (yTL) markedly varies with the resonance mode
and can also be controlled by varying the ratio of the acoustic
energy to viscous work, following the relation y∗

TL ∼ β−c.
The parameter β can be modified by varying the acoustic
energy density, particle size, particle, and medium properties,
and the flow rate to provide a different yTL. Therefore, by suit-
ably selecting the chamber shape, actuation pattern, resonance
mode, particle-fluid combination, and adjusting the parameter
β, a suitable trapping location can be chosen from a zone of
possible trapping sites shown in Fig. 6(b). The trapping sites
can be used for trapping multiple particles or controlling the
trapping location of a single particle inside the chamber.

D. Comparison between A-PRF and L-PRF

Previously reported traditional BAW microfluidic trapping
platforms [3,10,46,47] utilizing the L-PRF as the main re-
tention force measured the maximum retention force in the
range 0.002–0.5 nN for a single particle in the size range of
10–12 μm operating at a frequency range of 2.5–12.4 MHz.
Taking advantage of high lateral gradients in the velocity field
present over the transducer area, these trapping systems are
generally designed to trap particle clusters laterally against the
flow. The increased dominance of drag force over L-PRF ren-
ders trapping of single particle difficult as compared to a clus-
ter, which could be attributed to a more exposed surface area
to volume ratio [48] in case of a single particle and the inferior
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size dependency of the retention force, L-PRF (∼a2) [43,59]
as compared to the A-PRF (∼a3). Based on the experimen-
tal findings, the current work utilizing the A-PRF as the
main retention force shows a significant increase in the max-
imum retention force. For a single particle in the size range
15−36 μm for a frequency range of 1−2 MHz, the retention
force is found to be on the order 1−10 nN. Moreover, the
maximum retention force for a particle size as low as 12 μm,
trapped at a fluid velocity of 12 mm/s with a resonating
frequency of 13 MHz, is found to be 3.25 nN as shown in the
Supplemental Material (Sec. S9), which is at least one order
of magnitude higher for similar parameters as reported in the
literature [3,10,46,47]. Stronger size dependency of A-PRF is
found to produce a retention force in the range 2.5 to 20 nN
for larger particle size (∼25−36 μm) even at low-frequency
(1–3-MHz) operation. Furthermore, with suitable design mod-
ifications such as better chamber design and higher-frequency
operation utilizing multinodal resonance, an improved device
could yield an even more promising setup for trapping single
particles or high-efficiency particle cluster traps.

VI. CONCLUSION

In this study, we have presented axial primary radiation
force (A-PRF) driven acoustic trapping of microparticles in
1D and 2D microfluidic shaped traps exposed to standing
bulk acoustic waves (S-BAW) in the fundamental resonance
mode and higher harmonics using numerical simulations
and experiments. The described acoustic trapping mechanism
emphasizes the importance of utilizing the A-PRF which
originates from the more dominant potential energy gradi-
ents present away from the nodal plane, unlike the lateral
primary radiation force (L-PRF) which relies on the smaller
lateral acoustic velocity field gradients effective only near
the pressure nodal plane. This results in a higher retention
force allowing the trapping of particles over a wider range of
operating conditions.

We show that the particle trapping is governed by a
competition between the A-PRF and viscous drag. The
particle-trapping and nontrapping regimes were characterized
in terms of the ratio of the acoustic energy to the viscous work,
β. For 1D trapping chambers in the fundamental resonance
mode, the critical value of the parameter β is seen to be βcr =
4.0; hence, particle trapping is observed for β � 4.0, and the

nontrapping for β < 4.0. The critical value of the parameter β

is obtained and reported for other trapping configurations also.
For a fixed resonance mode, particle trajectory depends on
the chamber shape, standing-wave pattern, and initial stream-
line position but is independent of the inlet channel width.
The final trapping location along the chamber length in case
of both 1D and 2D S-BAW is found to be a function of
the parameter β following y∗

TL ∼ β−c, with the exponent c
ranging from 0.6 to 1.0, varying with the resonance mode
and standing-wave pattern. We found an excellent agreement
between the numerical simulations and experimental results.
Precise control over the particle-trapping site location was
achieved in the current system as a key improvement over
the existing trapping systems. By varying the chamber shape,
standing-wave pattern, resonance modes, and the parameter
β, it is possible to achieve a wide range of trapping locations
inside the chamber.

Our study not only provides a fundamental understanding
of acoustic trapping of particles in shaped traps, it also offers
ways for controlling the final trapping location, creating a
zone of trapping sites. The presented way of capturing parti-
cles or cells could open up the route to upscale the existing
perfusion-based cell-handling unit operations. The stronger
axial primary radiation force is more promising and could
potentially enable very high retention forces scaling up the
throughput rate, which could be an important contribution
to the field of particle and cell trapping, finding applications
in the development of parallel or sequential high-throughput
trapping devices for biochemical assays.
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