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In microscale ﬂuids, ﬁelds of physical force and streaming play central roles in manipulating and tweezing objects, but it is diﬃcult to disentangle and obtain accurate pictures of them. We develop a multiradius
microparticle image velocimetry (MRμPIV) protocol to solve this problem in miniaturized spaces. By
using several monodisperse suspensions of spherical particles, each with its own speciﬁc particle radius,
two-dimensional (2D) mapping separating the ﬁelds of radiation force and streaming is demonstrated
in a microﬂuidic chamber driven by standing or focused surface acoustic waves, while motorized scanning is unnecessary and no special assumptions need to be made about the driving ﬁeld. The results also
allow the extraction of other physical parameters such as the acoustic pressure amplitude. The principle
of MRμPIV relies on a quasiequilibrium assumption for the particle motion and a linear dependence of
the ﬁeld force on particle volume. Therefore, it is also applicable to tweezing techonologies using optical, dielectrophoretic, and magnetic forces, constituting an extension of the PIV technique impactful for
microscale physics in general.
DOI: 10.1103/PhysRevApplied.11.044031

I. INTRODUCTION
Physical (e.g., acoustic, optical, electric, and magnetic)
ﬁelds exerted on microscale ﬂuids have proven eﬃcient in
noncontact manipulation of micro/nano objects in physics,
chemistry, and biology [1–6]. In these processes, particle manipulation relies on controlling external forces and
streaming drag by regulating the ﬁelds [7–9] and particle properties [10,11]. For example, the acoustic radiation
force (ARF) and the acoustic streaming (AS) independently or jointly play dominant roles in acoustoﬂuidics
[11,12]. A critical diameter can be identiﬁed for spherical particles of a speciﬁc material, above which particle
motion crosses from streaming dominated to radiation
dominated [12,13].
Calibration of these force ﬁelds and the streaming is
diﬃcult. Traditional methods like using force sensors fail
due to the miniaturized dimension of the devices. To measure the ﬁeld force on a single particle, protocols have
been proposed based on its static or quasistatic balance
with other forces, typically optical [14], electric [15],
and gravitational forces [16], while motorized scanning is
necessary to get a full landscape of the ﬁeld. For streaming,
*
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readouts from microparticle image velocimetry (μPIV)
[17,18] using micron or submicron beads are eﬀective in
both two dimensions [19] and three dimensions [20,21].
However, in determining either the force or the streaming,
the other one is usually neglected [15], inducing calibration inaccuracies. Currently, we lack a technique that
provides a full picture of force and streaming in microscale
ﬂuids.
Stable actuation ﬁelds usually induce steady-state ﬁelds
of force and streaming. Shortly after the ﬁelds are
established, the suspended particles execute so-called
quasiequilibrium motions due to the dynamic equilibrium
between the ﬁeld force and the viscous drag from the ﬂuid
ﬂow [12,19]. Based on acoustoﬂuidics, we here report a
multiradius μPIV (MRμPIV) protocol to extract the force
and streaming ﬁelds from μPIV measurements using the
size-dependent acoustophoretic response of tracer particles having diﬀerent but well-deﬁned radii. The acoustic
pressure amplitude and the electroacoustic scaling factor (EASF), deﬁned as the ratio of the amplitudes of the
acoustic pressure and the driving voltage and reﬂecting
the actuation eﬃciency [19], is also obtained for standing acoustic ﬁelds. Analogous to the gravitational ﬁeld,
the ARF is represented by the ﬁeld of particle acceleration
(FOA); and for spherical particles of the same material, the
FOA is independent of their sizes.
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II. THEORY AND PROTOCOL
We prepare four diﬀerent dilute and monodisperse suspensions of spherical polystyrene tracer particles of density
ρp = 1050 kg/m3 and compressibility κp = 249 TPa−1 ,
and with respective radii of r = (0.49 ± 0.02), (1.50 ±
0.04), (2.52 ± 0.04), and (4.90 ± 0.05) μm (nominal r =
0.5, 1.5, 2.5, 5.0 μm, Microparticles GmbH). The ﬂuid
medium is water with density ρm = 997 kg/m3 , compressibility κm = 448 TPa−1 , and viscosity η = 0.89 mPa s.
The suspensions are injected into the microchannel and an
acoustic ﬁeld is established. The resulting acoustic radiation force F r acting on a given particle is proportional to
its volume Vp = 43 π r3 [22], so the corresponding acceleration is ar = (ρp Vp )−1 F r . The Stokes drag force on
a particle moving with velocity v p is F d = 6π ηr(v m −
v p ), where v m is the local ﬂuid velocity, here originating from the AS. The corresponding acceleration is ad =
B(v m − v p )r−2 with B = 9η/(2ρp ). The overall particle
acceleration is


ap = ar + B v m − v p r−2 .

FIG. 1. A scheme of the experimental setup and chip design.

introduced to describe the velocity of a particle located at
(x, y). Similarly, v m (x, y) and ar (x, y) describe the AS ﬁeld
and the FOA, while ap (x, y) represents the particle acceleration in Eq. (1). When treated as an Eulerian ﬁeld, ap (x, y)
is the sum of a local and an advective term,
ap = ∂t v p + (v p · ∇)v p ,

(1)

In Ref. [19], we presented a μPIV experiment to measure
the acoustic pressure amplitude in a microchamber driven
by standing surface acoustic waves (SAWs). The same system and chip design are used and illustrated in Fig. 1.
The substrate is a 2-in.-diameter 128◦ Y-X lithium niobate
(LiNbO3 ) wafer (with thickness 500 μm). The doublelayered interdigital transducers (IDTs) (Cr/Au,50 Å/2200
Å) are deposited on the substrate through lithography. A
1 × 1-cm block bonded to the substrate is fabricated using
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning)
through soft lithography and mold replication, in which a
2 × 2-mm chamber (with height 220 μm) is embedded.
Fluorescent beads injected into the chamber are illuminated with a 532-nm laser beam and the emitted 610-nm
ﬂuorescence is captured for PIV analysis. In the experiments, we observe the migration of monodispersed beads
in the four suspensions diluted enough to ensure negligible particle-particle interactions. Two counterpropagating
SAWs in the horizontal x-y plane establish a standing wave
along the y axis in the chamber. The IDTs are connected in
parallel and excited through a 55-dB power ampliﬁcation
of a 13.45-MHz sinusoidal signal. As a polystyrene particle in water has a positive contrast factor  [12], they
aggregate around the nodal lines parallel to the x direction.
This result is shown in Appendix A, where the particles in
the suspensions are seen to have formed striped patterns
within diﬀerent time periods, and the crossover from ASto ARF-dominated motion can be inferred as r increases
from 0.5 to 5.0 μm.
In μPIV analysis, a readout map represents the velocity of all particles across the ﬁeld of view in a dilute
suspension. Hence, an Eulerian velocity ﬁeld v p (x, y) is

(2)

where ∂t is the time derivative and ∇ is the spatial gradient operator. Since the speeds of the largest particles
(r = 5 μm) in the experiments never exceed 200 μm/s, the
particle Reynolds number is less than 5×10−4 and, consequently, the inertial eﬀects are neglected. This process is
also seen in Fig. 2, where surface plots of the x-averaged
y component v p,y (y, t) of the particle velocity ﬁeld v p are
shown for each of the four suspensions as a function of y
and time t. In each plot, a short transient phase is followed
by a long quasiequilibrium phase, in which we can assume

FIG. 2. Color plot of the y component v p,y of the particle velocity averaged along the x direction as a function of time and y
coordinate for particles with radius r = 0.5, 1.5, 2.5, and 5.0 μm
for the SAW-driving voltage Vpp = 55 mV.
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a vanishing local acceleration, ∂t v p = 0 [12]. Hence, in Eq.
(2), the particle acceleration is dominated by the advective
term. It should also be mentioned that, in Fig. 2, particles of
larger size enter quasiequilibrium quicker but stay shorter.
The reason is because the ARF and the Stokes drag are
respectively proportional to r3 and r. For larger particles,
they accelerate faster and are balanced at higher speeds
due to the dominance of ARF. For smaller particles, deceleration due to streaming drag becomes more signiﬁcant,
resulting in slower movements.
In principle, the AS ﬁeld v m and the FOA ar can be
determined according to Eqs. (1) and (2) once v p (x, y) corresponding to particles of two diﬀerent radii have been
extracted from PIV. However, to minimize the measurement uncertainties, we use more particle sizes, and v m (x, y)
and ar (x, y) are obtained from an overdetermined matrix
equation,
⎡
Ā¯ · X̄ = b̄,

⎡
⎢
⎢
b̄ = ⎢
⎢
⎣

⎢
⎢
with Ā¯ = ⎢
⎢
⎣

1
1
..
.
1

B r−2
(1)
B r−2
(2)
..
.
B r−2
(n)

⎤
⎥
⎥
⎥,
⎥
⎦

X̄ =

ar (x, y)
v m (x, y)

(v
(x, y) · ∇)v p(1) (x, y) + B r−2
(1) v p(1) (x, y)

 p(1)
v p(2) (x, y) · ∇ v p(2) (x, y) + B r−2
(2) v p(2) (x, y)
..
.


v p(n) (x, y) · ∇ v p(n) (x, y) + B r−2
(n) v p(n) (x, y)

,

⎤
⎥
⎥
⎥.
⎥
⎦
(3)

Here, the index (i) refers to particles with radius r(i) . In
applying the algorithm, PIV data corresponding to a single
copy of solutions of each particle size are used, inducing
n = 4. Solutions X̄ of Eq. (3) are obtained through an ordinary least-squares scheme, minimizing the sum of squared
residuals (SSR)  Ā¯ · X̄ − b̄  with respect to X̄ . Specifically,  Ā¯ · X̄ − b̄  /b̄max is deﬁned as the relative SSR,
in which b̄max is the maximum value in b̄. The averaged
relative SSR is found to be approximately 0.22. Based on
PIV measurements of v p (x, y) of the four suspensions at
t = 0.28 s, the AS ﬁeld and the FOA are determined. For
the choice of μPIV parameters, see Fig. 7 in Appendix B
and Fig. 8 in Appendix C. Each measurement is repeated
three times with new copies of particle solutions and the
obtained results are ﬁnally averaged over the three repetition experiments. Hence, dashed variables in Eq. (3)
represent averaged data. Possible x averaging is carried out
for the individual experiments before the three-experiment
averaging.
III. RESULTS AND DISCUSSIONS
For the driving voltage Vpp = 55 mV, the y component
of the AS ﬁeld is given in Fig. 3(a). The ﬂuid velocity
ﬁeld is a little disordered, as observed in SAW [23] and

bulk acoustic wave (BAW) [12] acoustoﬂuidics. Streaming rolls are insigniﬁcant in the ﬁeld, since they exist
mostly in planes perpendicular to the x-y plane [20,23]
and since the ﬁeld is away from the channel boundaries.
The motion of the 0.5-μm particles is entirely due to AS
[20,24], and v p (x, y) = v m (x, y) is expected. With three
replicate experiments, vp,y (x, y) of 0.5-μm particles and
vm,y (x, y) determined from MRμPIV are averaged along
the x direction and presented as functions of y in Fig. 3(c)
for comparison. A good agreement is observed between the
two, with a correlation coeﬃcient CORR = 0.99.
The y component of the FOA in Fig. 3(b) shows that the
ARF pushed particles toward the nodal lines located every
half wavelength, 12 λ = 150 μm. Acoustophoretic motions
of the 5.0-μm particles are almost entirely ARF governed
[20,25,26]. The FOA ar (x, y) determined by MRμPIV is
independent of the particle size and should be equivalent to ar (x, y) = [v p (x, y) · ∇]v p (x, y) + Br−2 v p (x, y) of
5.0-μm particles, in which contribution from the AS is
neglected. Maps of ar,y (x, y) and ar,y (x, y) are averaged
along x and plotted as functions of y in Fig. 3(d). Slight
discrepancy is observed between the two and the low value
CORR = 0.93 is partly due to AS. Speciﬁcally, ar (x, y)
can be underestimated where the particle acceleration is
reduced by local AS. Therefore, even for large particles,
neglect of AS, as was done in previous models [19,27],
can induce inaccuracy in acoustic calibrations as pointed
out in Ref. [12].
To study the joint eﬀects of ARF and AS in
acoustophoresis, velocity ﬁelds v p (x, y) corresponding to
each particle size are decomposed into weighted sums of
contributions from ARF and AS through an ordinary leastsquares (OLS) scheme (see Appendix D for details). The
weighting coeﬃcients α for ARF and β for AS are listed in
Table I. With the increase of r, there is a monotonic growth
in α and decline in β, demonstrating the evolution from
AS-dominated motion for r = 0.5 μm to ARF-dominated
motion for r = 5.0 μm. A characteristic particle radius
rc , separating AS-dominated and ARF-dominated particle
motions, can be deﬁned by assuming the force balance
F r = F d . Here, we ﬁnd rc = 1.56 μm, agreeing well with
the prediction rc = 1.3 μm obtained by using the model of
Barnkob et al. [12]. It is noteworthy that the 0.5-μm particles are undergoing streaming-dominated movements and
the ARF acting on them are quite small. In this case, the
corresponding weighting factor α should be very close to
zero. Therefore, the negative sign should be attributed to
experimental measurement errors.
In ideal standing-SAW acoustophoresis, the particle
acceleration ar due to the ARF should be sinusoidal along
the wave vector. The y component of ar (x, y) can be
written as [22]
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FOA

FIG. 3. The y-component ﬁelds of
(a) the AS and (b) the FOA determined from MRμPIV. (c) The xaveraged vm,y (x, y) from MRμPIV
and vp,y (x, y) from μPIV using 0.5μm particles. (d) The x-averaged
ar,y (x, y) from MRμPIV and ar,y (x, y)
from μPIV using 5-μm particles. The
shadowed areas in (c),(d) are errors.
Driving Vpp = 55 mV, t = 0.28 s.

where k = 2π/λ and p0 is the acoustic pressure amplitude.
The x-averaged acceleration ar,y (y) shown in Fig. 3(d)
and obtained from MRμPIV is ﬁtted in Fig. 4(a) with
χ sin (2ky + ψ) + const, in which χ = 14 κm p02 k/ρp , and
p0 = 142 kPa is obtained for Vpp = 55 mV. Considering
the electroacoustic coupling to be linear, p0 should be proportional to Vpp , i.e., p0 = ζ Vpp with ζ being the EASF
[19,27]. In Fig. 4(b), we plot the measured pressure amplitude p0 as a function of the driving voltage Vpp from 55 to
75 mV in steps of 5 mV. By linear ﬁtting, we obtain the
EASF ζ = 2.69 MPa/V. In agreement with this MRμPIV
value, we also obtain the value ζ = 2.48 MPa/V, only
8% lower, from a ﬁnite-element (FE) simulation using the
amplitude of the SAW measured by a laser vibrometer as
the driving boundary condition; see Fig. 9 in Appendix E.
In previous measurements of p0 in acoustophoresis of
particles with r > 3 μm, the AS was neglected [19,27],
while for studies with smaller particles, it was taken into
account [12]. Here, we study more closely when AS must
be taken into account. If we assume that the Stokes drag
F d,Eu = −6π ηrv p arises solely from the Eulerian particle velocity, it follows from quasiequilibrium F d,Eu +
F r = 0 that the ARF is âr = Br−2 v p . Given that ar =
Br−2 (v p − v m ) + ap by Eq. (1), the accuracy of the previous method depends on ap and v m being negligible relative
to ar and v p , respectively. In our experiments, we observe

ap ≈ 10−6 m/s2 , while the maximum ar,y ≈ 40 m/s2 in
Fig. 3(d). The fact that ap is negligibly small might explain
the phenomenon in Fig. 2 that ∂t v p becomes zero shortly
after the acoustic ﬁeld is turned on. On the other hand, the
streaming velocity vm is as high as 45 μm/s in Fig. 3(c),
comparable with vp  150 μm/s in Fig. 2. Consequently,
neglect of AS could induce noticeable errors in ﬁeld
mapping.
However, ar − âr ≈ −Br−2 v m decreases with increased
r, and for suﬃciently large particles, their motion is almost
entirely due to ARF, and the EASF ζ (and p0 ), measured
by our previous protocol [19], should be equivalent to that
obtained here, ζ = 2.69 MPa/V. To verify this, the same
data-processing scheme is carried out, and ζ = 5.12, 3.45,
and 2.70 MPa/V are found for 1.5, 2.5, and 5.0-μm particles, respectively. There is no doubt that larger particles
might give a ζ value closer to 2.69 MPa/V, but related
experiments are hard to carry out since acoustic scattering

(a)

(b)

(c)

(d)

TABLE I.
r (μm)
α
β
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Weighting factors α for ARF and β for AS.
0.5

1.5

2.5

5.0

−0.04 ± 0.08 0.61 ± 0.09 0.80 ± 0.09 0.94 ± 0.04
0.89 ± 0.10 0.54 ± 0.05 0.40 ± 0.27 0.15 ± 0.12
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(a)

(b)

FIG. 4. (a) Fitting of ar,y (x, y) (black triangles) with
χ sin (2ky + ψ) + const (red line) at Vpp = 55 mV, leading to
p0 = 142 kPa. (b) The EASF ζ determined by linear ﬁts of p0
vs. Vpp obtained by MRμPIV (black) and by a laser vibrometer
combined with FE analysis (red).

can become intense [22]. It should be mentioned that, in
the experiments, microscopic observations are carried out
away from the cavity boundaries and the boundary streaming eﬀects should be insigniﬁcant. But in principle, the
proposed method is valid as soon as the streaming patterns are stable, or when regular μPIV measurements are
eﬀective.
Spatial distributions of microscale physical ﬁelds,
including those of radiation force and streaming, are crucial for manipulating and tweezing micro/nanoparticles.
But even with the same theoretical design, the experimentally observed phenomenon could diﬀer due to reasons
such as the ignorance of other physical factors. Therefore,
ﬁeld mapping and calibration is essential for the development of these technologies and is of course necessary for
their industrial deployment.
Similar to acoustic force measurement using optical
tweezers, the MRμPIV approach beneﬁts from making
no assumptions about the pressure ﬁeld [14]. For example, Eqs. (1)–(3) do not rely on the excitation of SAWs or
the establishment of a standing ﬁeld. Hence, the current
technique is also applicable to acoustoﬂuidics driven by
other waves such as BAWs or traveling acoustic waves.

For example, application of this technique in microﬂuidics actuated with focused SAWs is also demonstrated
here. The focused ﬁeld is generated from an arc-shaped
IDT, which includes 33 pairs of electrodes deposited on a
LiNiO3 substrate (with thickness 500 μm) and has an aperture angle of 110◦ . The axial direction of the SAW beam is
along the −y axis. The other experimental parameters are
the same as in the previous experiments, while all measurements are repeated three times, giving the MRμPIV results
presented in Fig. 5. It should be mentioned that amplitudes
rather than the x or y components of the AS and FOA are
used here for analysis.
From the AS and FOA patterns shown in Figs. 5(a) and
5(b), acoustic energy is focused to a predeﬁned region,
while side lobes of the beam cause standinglike patterns
along the radial direction over a very localized area. The
two-dimensional (2D) streaming ﬁeld is averaged along
the y direction across a strip domain (±λ/12 from the focal
center), which is recorded as vm (x) and shown as a function
of x in Fig. 5(c). For comparison, the velocity ﬁeld of the
0.5-μm particles, vp (x), is also given. The excellent agreement between the two, with a CORR = 0.99, demonstrates
the feasibility of applying MRμPIV for focused ultrasound
calibrations. The FOA of the focused ﬁeld in Fig. 5(b)
shows that particles accelerated much faster around the
focal region. Using a protocol similar to that used in
obtaining Fig. 3(d), maps of ar (from MRμPIV) and ar
(from 5.0-μm particles) across the above-mentioned strip
area are averaged along the y direction and presented as
functions of x in Fig. 5(d). It is observed that the two averaged proﬁles are roughly consistent, with a CORR = 0.79.
The hardly negligible diﬀerence between the two provides
powerful backing to MRμPIV rather than undermining its
reliability and can be explained as follows. In obtaining ar
using 5.0-μm particles, the ﬂuid velocity v m is assumed
small enough to be neglected. This is relatively valid in
the plane standing wave ﬁeld case, where the maximum
amplitude of the y component v m is about 40 μm/s. However, in the focused ﬁeld, the ﬂuid velocity is much higher
around the neighborhood of the focal center, which is close
to 200 μm/s. Therefore, disparity between the two curves
in Fig. 5(d) actually indicates that it becomes inappropriate to consider the 5.0-μm particles to be totally radiation
dominated. As a conclusion, the observations here further
demonstrate the importance of accounting for AS in the
process of ﬁeld mapping.
In general, MRμPIV applies when (a) the particles
undergo quasiequilibrium motions and (b) the force
exerted on a particle is linearly dependent on the particle
volume. The former can easily be fulﬁlled as soon as the
force ﬁeld is stable. The latter condition is also valid for
the optical force [4], the dielectrophoretic force [5], and the
magnetic moment [6] at varied scales. Therefore, MRμPIV
should be applicable to microﬂuidics combined with these
physics, giving acceleration ﬁelds due to the forces and the
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FIG. 5. The amplitude of (a) AS and
(b) FOA patterns actuated by a focused
SAW beam. (c) Comparison between
the y-averaged AS amplitude determined
from MRμPIV and the corresponding
velocity amplitude of the 0.5-μm particles. (d) Comparison between the yaveraged FOA amplitude determined
from MRμPIV and the acceleration
amplitude of 5.0-μm particles.

FOA

(a)

(b)

(c)

(d)

streaming ﬁelds. During the applications, when analytical
predictions of other uniformly distributed ﬁeld parameters
(e.g., the pressure amplitude of planar waves) is available,
they can also be calibrated with this technique. It should
be mentioned that MRμPIV could suﬀer from limitations
when used to characterize inertial lifts in microchannels,
since the lift force is proportional to the fourth power of
the particle radius [28].
The beauty of MRμPIV lies in mapping the disentangled ﬁelds of force and streaming simultaneously. Neglecting either of the two in determining the other one can
induce unpredictable inaccuracies, as is indicated from
Figs. 3(c) and 3(d). This conclusion should also apply
when the driving physics is switched to other forms.
IV. CONCLUSIONS
Demonstrated using acoustoﬂuidic devices, the proposed MRμPIV technique can help to disentangle the
ﬁelds of ARF and AS and achieve individual mapping
of them, while other uniformly distributed ﬁeld parameters like the acoustic pressure amplitude can also be
determined. The ﬁeld separation relies on stable physical actuation, quasiequilibrium motions of particles in
acoustophoresis, and the linear dependence on particle
volume for ARF. It therefore can be applied to the counterparts of acoustoﬂuidics, e.g., optoﬂuidics and magnetoﬂuidics. Capable of achieving 2D separated mapping without
motorized scanning, the MRμPIV protocol provides more
comprehensive and accurate physical views in microscale
ﬂuids than the conventional μPIV technique.
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APPENDIX A: PARTICLE ACOUSTOPHORESIS
In the 13.45-MHz standing ﬁeld (driving Vpp = 55 mV)
built along the y direction, PIV-observed particle patterns
and corresponding velocity maps are presented in Fig. 6.
Because of AS, the 0.5-μm particles are not successfully
patterned. In the 1.5- and 2.5-μm cases, the particles are
in transition between ARF- and AS-dominated movements
[12]. The 1.5-μm particles move slower than both the 0.5and 2.5-μm ones, which coincides with the observations
reported in Ref. [24]. The 5.0-μm particles are undergoing
ARF-dominated motions [29] and approach the ﬁeld node
lines much faster than others.
APPENDIX B: TIME TO CARRY OUT MRµPIV
ANALYSIS
As illustrated in Fig. 1, particles are in dynamic equilibrium shortly after the acoustic ﬁeld is turned on until
the acoustophoresis process is completed. MRμPIV analysis, which beneﬁts from ∂t v p = 0, is carried out during
this process at t = 0.28 s. For comparison, data acquired at
t = 0.14, 0.42, and 0.56 s are also used for analysis. The
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(a)

(b)

0.5 m
100 m/s

150 m

(c)

(d)

1.5 m
100 m/s

150 m

(e)

(f)

2.5 m
150 m

(g)

100 m/s

(h)

5.0 m
150 m

t = 0s

0.56s

1.11s

1.67s

2.22s

100 m/s

Velocimetry

FIG. 6. Snapshots (columns 1–5) and corresponding velocimetry results (column 6) of particle motions in an acoustophoresis channel
driven by 13.45-MHz standing SAWs. Driving Vpp = 55 mV.

results in Fig. 7 include (a) the streaming pattern and (b)
FOA averaged along the x direction. Although the curves
corresponding to diﬀerent t values follow similar proﬁles,
inappropriate selection of t can induce errors in the analysis. For example, in Fig. 1, at t = 0.14 s, many of the
0.5-μm particles have not entered quasiequilibrium, while
some of the 5.0-μm particles have already reached node
lines and stopped moving at t = 0.56 s.

varied to obtain optimized results. The x-averaged ycomponent particle velocity proﬁles shown in Fig. 8 show
that smoother velocity patterns can be observed with a
larger overlapping rate and smaller size of individual interrogation areas. However, computational cost and noise
level can also be more signiﬁcant if the interrogation areas
are too small [18]. As a trade-oﬀ, 96 × 96 pixels per
interrogation area and 75% overlapping rate are chosen.

APPENDIX C: PARAMETERS IN PIV ANALYSIS

APPENDIX D: WEIGHTING OF RADIATION
FORCE AND STREAMING

In PIV calculations, each recorded image is split into
many interrogation areas, while the size of each interrogation area and the overlapping rate between adjacent areas are important. Here, these two parameters are

According to Eq. (1), the motion velocity of particles in
acoustophoresis is a joint result of ARF and AS. By considering v p as a weighted sum of contributions from ARF
and AS, two weighting factors α (for ARF) and β (for AS)

(a)

FIG. 7. The x-averaged y-component
(a) AS and (b) FOA determined from
MRμPIV at diﬀerent times. The shadowed areas indicate corresponding errors
in three replicate measurements.

(b)
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(a)

FIG. 8. The x-averaged y-component
particle velocity proﬁles with varied (a)
overlapping rate and (b) size of each
individual interrogation area used in PIV
analysis.

(b)

are introduced, i.e.,
αr2 (ar − ap )/B + βv m = v p .

(D1)

For simplicity, coordinates (x, y) are omitted in the ﬁeld
variables ar (x, y); ap (x, y); v m (x, y); and v p (x, y). By
selecting α and β properly, the diﬀerence between the estimated v p and measured v p can be minimized. The squared
diﬀerence between them is
E(α, β) = (v p − v p )2 .

(D2)

For example, by considering the x-averaged y-component

(y) on the right-hand side of
ﬁeld velocity vp,y (y) and vp,y
Eq. (D2), the squared diﬀerence can be summed as
(α, β) =

E(α, β)
y

=

2
αR(y) + βvm,y (y) − vp,y (y) .

(D3)

y

Here, R(y) refers to the x-averaged r2 (ar,y − ap,y )/B. The
weighting factors of contributions from ARF and AS
can then be obtained with minimized (α, β), by requiring ∂/∂α = ∂/∂β = 0, (∂ 2 /∂α∂β)2 − (∂ 2 /∂α 2 )
(∂ 2 /∂β 2 ) < 0, and ∂ 2 /∂α 2 > 0.

APPENDIX E: CALIBRATION OF THE ACOUSTIC
PRESSURE AMPLITUDE
To verify the measured p0 and the EASF, a calibration procedure is carried out using microscopy and FE
simulations combined with laser vibrometry.
First, with z being the coordinate along the height of the
channel, the channel bottom is located at z1 = 0. By using
a motorized microscope (IX-83, Olympus), most particles
are found at z2 = 43 ± 1 μm after the acoustophoresis
process is complete. Speciﬁcally, the microscope is ﬁrst
adjusted, so that several metal spots (with thickness 220
nm) deposited on the substrate are clearly identiﬁed, and
the position of the motorized stage is recorded as z1 = 0.
After the acoustic ﬁeld is turned on, the focal plane is
adjusted such that most particles can be observed clearly.
After three repeated observations, the particles are conﬁrmed to be located at z2 = 43 μm. According to Guo et
al., the particles should aggregate on an x-y plane (z3 =
50 μm in the current conﬁguration) where they have maximum time-averaged kinetic energy (KE) [30]. Similar to
the observations of Shi et al., the observed particle plane
is a little lower than predicted, i.e., z2 < z3 , due to several
factors [31].
Second, standing patterns also exist along the z direction due to the reﬂective nature of the chamber ceiling, as is

(a)
(b)
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(c)

FIG. 9. (a) Normalized 3D
sound pressure ﬁeld. (b) The y-z
pattern of the acoustic pressure
ﬁeld at x = 0 and (c) the corresponding pressure proﬁle at
y = 0.
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indicated from the acoustic pressure ﬁeld (Fig. 9) predicted
through FE simulations using COMSOL MULTIPHYSICS
(v5.2a, Comsol Inc.). With the proﬁle of acoustic pressure amplitude (at x = 0 and y = 0) as a function of z
shown in Fig. 9(c), a scaling factor γ = p0,P1 /p0,P2 = 1.81
is obtained between the pressure amplitudes at P1 (z1 =0)
and P2 (z2 = 43 μm).
Finally, the z-component vibration velocity amplitude at
P1 , v0,P1 , is detected with a laser vibrometer (OFV-505,
Polytech). In the measurement, a focused laser beam is
used to scan the upper surface (z1 = 0) of the lithium niobate substrate across a 1 × 1-mm area, while the maximum
amplitude of vibration velocity is recorded as v0,P1 . The
expected p0 (at the particle plane) is then calculated as
p0,P2 = p0,P1 /γ = v0,P1 ρm cm /γ , where cm = 1483 m/s is
the sound speed of water.
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