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Abstract

Acoustofluidic techniques are increasingly used to manipulate nano- and micro-particles in
microfluidics. A wide range of acoustofluidic devices consisting of microchannels and acoustic sources
have been developed for applications in biochemistry and biomedicine. In this work, two hybrid
acoustofluidic devices are developed and modelled, including a double surface acoustic wave (SAW)
transducer and a PZT-SAW transducer. The numerical study to these devices demonstrates a higher
acoustic pressure present in the microchannel resulting in larger particle velocities in migration to the
pressure nodes. The amplitude of the acoustic pressure and the pattern of the pressure distribution can
be controlled in the hybrid transducers. By sweeping the height and width of the microchannel, one can
identify an optimum dimension to produce intensive acoustic pressure in the PZT-SAW transducer. The
particle trajectories reveal that both the SAW-SAW and PZT-SAW configurations produce significantly
higher acoustic pressure and particle velocity in the microchannel. This work provides new insights to
design acoustofluidic devices with more than one SAW transducer to effectively manipulate micro- and

nano-particles.
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1. Introduction

Recently, acoustofluidic manipulation of micro- and nano-particles, such as bacteria *, blood cells *°,
circulating tumour cells (CTCs) %2, and extracellular vesicles **** has attracted significant attention.
Acoustofluidic devices are applied in biochemical, biophysical, and biomedical areas due to their

biocompatible, versatile, contactless, and label-free advantages ** .

Acoustofluidic devices using bulk acoustic waves (BAWS) are set up in the entire device and used in
systems with acoustically hard structures, in which the acoustic energy is coupled to the water in the
microchannel through these hard materials such as silicone and Pyrex. The BAW resonance relies on
the high acoustic impedance ratio between the wall and the water at the water-wall interface *2°.
Piezoelectric transducer (PZT) is commonly used to produce acoustic waves in BAW devices. Devices
based on surface acoustic waves (SAWS) can induce acoustophoretic motion independent of the
acoustic impedance ratio at the boundary, which allows the microchannel to be made by either
acoustically hard or soft materials, e.g., polydimethylsiloxane (PDMS). The versatility of SAW devices
also enables droplet manipulation with free boundary conditions . Interdigital electrodes patterned

on piezoelectric substrates such as lithium niobate (LiNbQOsz) to form interdigital transducers (IDTs) are

commonly used to produce Rayleigh waves in SAW devices.

The acoustic radiation force rising from the scattering of the acoustic waves on the particles and the
Stokes drag force from induced acoustic streaming are the main factors determining the trajectory of
the particles in the acoustofluidic device. Any particle larger than the transition size is dominantly
driven by the radiation force®, while particles smaller than the transition size are mainly affected by the
Stokes drag force. Due to the difficulty in measuring the two forces experimentally, numerical models
have been used extensively to simulate the particle movement or verify the experimental findings 2.
In applications of acoustofluidics for high-throughput particle separations, a pseudo-standing wave
(PSW) was shown to travel towards the upper wall of the microchannel, which causes vertical
oscillation of the pressure field in the microchannel to produce another standing wave **. The PSW

could be strengthened by topping a glass slide as the reflector in the microchannel 3%, In the current

study, we propose to replace the glass reflector with an active acoustic source on the top of the



microchannel. The active source could then act as an adjustable actuator, and further enhance the

acoustic pressure for manipulating particles in the microchannel.

To investigate the effectiveness of the hybrid SAW devices, we developed numerical models to study
the acoustic pressure and the trajectory of microparticles in the device. Factors such as boundary
vibration, channel materials, and dimensions are taken into account. The simulation results of two types
of hybrid acoustofluidic structures are compared with the conventional devices. The importance of the
hybrid acoustofluidic device is to offer a more effective tool to manipulate bioparticles with the potential

to reduce the device footprint.

2. Methods

When acoustic wave is applied to a suspension of nano- or micro-particles, it will exert acoustic
radiation force on the particles, due to the scattering of the wave, which has been utilised to manipulate
the particles. To achieve desired distribution patterns of the particles in a microchannel of acoustofluidic
devices, we performed numerical simulations for different design scenarios. In all cases, the
microchannel length is significantly longer than the height and the width, and the acoustic waves are
perpendicular to the longitudinal direction. Thus, the fluid flow and particle movement in the

microchannel are investigated as two-dimensional problems.

A. Governing equations for fluid flow

For very dilute suspensions, particle influences on the bulk fluid flow can be neglected as long as the
particle size is significantly smaller than the microchannel dimensions and the acoustic wavelength.

The governing equations for the bulk fluid flow are *,
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M 1 (3)

p is the fluid density, the bold letter ¥ is the vector of fluid velocity, p is the fluid pressure, n and n,

are the shear and bulk viscosities, respectively.

Prior to the application of acoustic waves, there is no fluid flow in the acoustofluidic devices. Thus, the
fluid mass density and pressure, p, and p,, are uniform and time-independent. The application of
acoustic waves to the fluid causes small perturbations in the mass density, fluid pressure, and velocity

fields, which can be expressed as,

P=po+ P +D2+ " 4)
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where the subscripts 1 and 2 indicate the first and the second order terms, respectively. Higher order

terms are neglected in the simulations. The first order pressure p, is assumed to be proportional to p;*,

p1 = c5hy (7)
where ¢, is the proportionality constant that is approximately equal to the speed of sound in the fluid.
Substituting Eg. (4) through (7) into Eqgs. (1) and (2) yields the continuity and momentum equations for

the first- and second-order terms:

1 9p, . (8)
2ot —poV " ¥y

0D,

. ~ N C))
po—7p = Vbt NV, + pnV(V-9,)

ap R N 10

a—t2=—PoV'vz_V'(P1V1) (10)

oD A ~ ~ oD R R (11)
Po O_tz = —Vp, + V20, + fnV(V-D3) — p; O_tl — po(P1- V)V,

If the acoustic perturbation is temporally periodic, averaging Egs. (10) and (11) over a period yields

poV (D) = =V (p1Dq) (12)
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where (X) denotes the average of X over the period. In the study, we further assumed the first-order

density, pressure, and velocity to be harmonic time dependence, i.e.

p1(r,t) = Re[pre'®t] (14)
pi(r,t) = Re[p1eiwt] (15)
D, (r,t) = Re[v,e'®’] (16)

where w is the angular frequency, p;, p;, and v, are time dependent but may vary with the spatial
location and w. It is equal to the wave frequency f multiplied by 2m. From Eq. (7), it can be shown
mathematically that p; = cZp;. Substituting the complex mass density, pressure, and velocity in Egs.

(15) and (16) into Eqgs. (8) and (9) yields the governing equations for solving p, and v,
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Substituting the complex mass density, pressure, and velocity in Egs. (14) through (16) into Egs. (12)

and (13) yields governing equations for solving (v,) and (p.),
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where the asterisk denotes the complex conjugate of the quantity.

B. Governing equation for acoustophoretic trajectories of particles

The acoustic wave causes the fluid flow and the asymmetric oscillation of the particles in the suspension.

The net movement of a particle depends on the time-averaged acoustic radiation force Fr2 on the



particle that can be calculated as the sum of the second-order pressure and the first-order momentum
flux integrated over a fixed surface, 99, in the bulk fluid around the particle,
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where n is the unit normal vector of the particle surface directed into the fluid, 1 is the unit tensor. If the
particle is spherical and its radius, a, is much smaller than the wavelength, an analytical expression of

the force has been derived by Settnes and Bruus®,
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where f; and f, are the scattering coefficients, and k, is the isentropic compressibility of the fluid

defined as,
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V and S are the volume and entropy of the fluid. By neglecting the second and the higher order terms,

it can be shown that k, = 1/(poc?).>* The scattering coefficients can be calculated by
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pp and kc, are the mass density and the compressibility of the particle, respectively. & is called the

viscous penetration depth or the characteristic thickness of the viscous boundary layer ¥. Apart from
Frad the particle also experiences a drag from the surrounding fluid. Since the time-averaged streaming

velocity is (v, ), the time-averaged drag is,

Fir38 = 6mna((D;) — v,) (28)
where v, is the particle velocity. Based on the Newton’s second law of motion, the governing equation

for the particle movement is,

d(ﬂ(l;;vp) — Frad j pdrag (29)

where m,, is the particle mass. Eq. (29) was used to calculate the particle velocity and trajectory after
p1, V1, and (v,) were obtained by numerically solving Eqs. (17) through (20) under the boundary

conditions described below.

C. Model configurations and boundary conditions
C1. Model configurations

Four different model configurations were considered in the study. The typical SAW transducer made
by patterning a pair of interdigital electrodes on an LiNbOs substrate bonded to a PDMS microchannel
is shown in Fig. 1(a). Operating under the same radio frequency (RF) signal, two SAWSs generated by
the IDTs counter-propagate on the substrate to produce a standing SAW (SSAW) within the
microchannel. Stable acoustic pressure gradients are formed in the water flowing in the microchannel
which exerts acoustic radiation force and streaming drag force on the particles inside the microchannel.
This model configuration is called SAW-PDMS. Fig. 1(b) shows the model of a novel structure of an

acoustofluidic chip for high throughput CTC separation ***

, which employs a glass slide as the acoustic
reflector attached on the top of the microchannel, namely hybrid PDMS-glass resonator (we call it
SAW-Glass). The reflector prevents the acoustic energy loss caused by the PDMS absorption on the

top.



To further increase the acoustic pressure in the microchannel for enhanced manipulation of nano- and
micro-particles, two new acoustofluidic structures have been developed, as shown in Fig. 1(c) and Fig.
1(d). In Fig. 1(c), the PDMS wall of the microchannel is sandwiched between two identical SAW
transducers, we call this structure as SAW-SAW. The SAW-SAW model can provide stronger acoustic
pressure gradients in the microchannel. By tuning the phase difference between the top and bottom
SAW transducers, the acoustic pressure distribution can be controlled. The model shown in Fig. 1(d) is
similar to that shown in Fig. 1(c), except the top is replaced by a PZT. This structure is called PZT-
SAW. The RF signals are driving both the PZT and SAW transducers to produce an integrated acoustic
field in the microchannel. Changing the input parameters such as the frequency and voltage of the PZT
and SAW transducers can vary the integrated acoustic field. Fig. 1(e) shows the computational domain
of the model. The microchannel width (W) and the height (H) are 600 um and 125 um, respectively.
I, I, and T denote the top, bottom, and side walls, respectively. Other parameter values used in the

numerical simulations are shown in Table 1.

C2. Boundary conditions

The simulations were performed using a finite element method implemented in the COMSOL software
(version 5.4). To solve Egs. (17) and (18) for determining p; and v, we employed the impedance or
lossy-wall boundary condition at the water-PDMS and water-glass interfaces where the energy of the
acoustic wave is partially absorbed by the solid walls ****, After neglecting the higher order terms, the

boundary condition at these interfaces is given by

2 30
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where Zo is the acoustic impedance of the wall. Its values for different wall materials are shown in Table
1. To derive the boundary condition at the water-LiNbOs interface, we considered the LiNbOs substrate
to be actuated by the SAW, and ignored the wave decay along the propagation path in the substrate
because of the short path length. Specifically, we assumed the displacement of the substrate in the

normal direction of a wall to be *,



il = Re (uoi(ei[wt—ks(W/2+y)] — ei[wt—ks(W/2+y)])) - (31)

where uy, t, kg, and y denote the displacement amplitude, the time, the angular wave number, and the
y coordinate, respectively. Taking partial derivative of & with respect to time yields the substrate

velocity,

? = Re(—wig (/[@t—ksW/249)] _ gilot—ksW /24 (32)

Neglecting the higher order terms, the continuity of the velocity at the water-LiNbOs interface

requires,

V1 = —Wl [e_iks(W/Z“'J’) — e_iks(W/Z_y)]n (33)
For the SAW-SAW configuration, Eq. (32) is used as the velocity boundary condition on the bottom

wall. For the top wall, Eq. (33) is used as the boundary condition,

v = —wuo{e_i[ks(w/z"'y}_A‘P] — e_i[ks(W/z_Y)"'A‘P]}n (34)
which is the same as Eq. (32) except a phase difference, A¢. For the water-PZT interface, we assumed

that PZT vibrated only in the z direction. Thus, the displacement and the velocity of the substrate at

this interface are,

il = Re(ure'®)n (35)
» = Re(iwure'*Hn (36)
where ur denotes the maximum amplitude of the PZT surface displacement, which is controlled by

the applied RF voltage. Again, the continuity of the velocity at the water-PZT interface requires,

V1 = iwumn (37)
To solve Egs. (19) and (20) for determining the second order pressure and velocity fields, we assumed
the boundary conditions to be (¥,) = 0 on the channel wall in all model configurations. The boundary
condition for (p,) was not specified. Instead, we required the average of (p,) over the cross-sectional

area of the microchannel to be zero.

10



D. Numerical simulations

Computational mesh with the maximum element dimension d;, at the domain boundary and 10d,, in the
bulk fluid domain is reasonable to capture the physics of the model. We use an illustrative mesh with
dy,= 306, where § is the viscous penetration depth defined in Eq. (27). For verifying the convergence

of the numerical solutions, we defined a relative convergence function C (g),

- /M (38)
Cle) = J (grep)?dydz
where g is the solution of p;, v; and <v,> with a given dy,, and g,..¢ is the reference solution with the
smallest dy, that was chosen to be 0.2§ in the study. At this dimension, the number of elements was

5.6 x 10° in the simulation domain. We observed that the value of C(g) was less than 0.002 when d;,

was less than 0.38. Therefore, all simulations were performed at this mesh size.

To simulate the fluid flow and particle distribution patterns, we first solved Egs. (17) and (18) to
determine p; and v,. The results were substituted into Eqgs. (19) and (20) to solve for (D, ) and (p,).

Finally, the particle velocity and trajectories were determined by solving Eqg. (29).

3. Results and Discussions

A. Acoustofluidic field and particle trajectories in SAW-PDMS and SAW-Glass channels

All simulations were performed with the SAW frequency of 6.65 MHz or the angular frequency of
4.176 x 107 rad/sec. Fig. 3(a) shows Re(p, ), the first-order pressure at t = 2nk/w, where k is the wave
number. The pressure distribution in the SAW-Glass channel is similar to that reported by Wu’s work
%2 where the pressure anti-nodes (blue and red) located near the four corners of the channel. Comparing
with the pressure distribution in the SAW-PDMS channel, the larger acoustic pressure range in the
SAW-Glass channel (Fig. 3(a), right) attributes to the reflected acoustic energy at the water-glass

interface.

11



Fig. 3(b) shows Re(v,), the first-order velocity at t = 2nk/® in the SAW-PDMS and SAW-Glass
configurations, the amplitude of the actuation velocity (4.2 mm/sec) is less than the amplitude of the
first-order velocity |Re(v,)| in both the SAW-PDMS (5.5 mm/s) and SAW-Glass (38.0 mm/s)
structures. The glass reflector reflects 89% of the acoustic energy at the water-glass interface allowing
the acoustic wave to travel back to the channel, which results in approximately 7-fold increase in the
first-order velocity comparing to that in the SAW-PDMS configuration. The time-averaged streaming
velocities, (D,), in the SAW-PDMS and SAW-Glass are shown in Fig. 3(c), with the maximum values

of 0.65 pm/s and 5.93 pum/s, respectively.

The velocity and the trajectory of polystyrene microspheres with diameters of 1 um, 5 um, and 10 um
were simulated for both the SAW-PDMS and the SAW-Glass configurations, and the results for a period
of 10 s are shown in Fig. 4. Both channel structures produce streaming rolls when the particle size is 1
um (Fig. 4(a)), the particle velocity in the SAW-Glass channel is much higher than that in the SAW-
PDMS. In Fig. 4(b), 5-pum particles are mainly driven by the acoustic radiation force in the SAW-Glass
resulting a faster transition to the pressure nodes, while the SAW-PDMS still shows strong streaming
effects on the particles. This difference in streaming effect illustrates that the SAW-Glass configuration
has a smaller particle transition size at the same frequency than the conventional SAW-PDMS
configuration. Fig. 4(c) indicates a much higher velocity of 41.0 um/s achieved in the SAW-Glass for
10-pm particles. The particle velocity in the SAW-Glass is generally larger with the trajectory towards

the middle of the channel on the z direction.

B. Acoustofluidic field and particle trajectories in SAW-SAW channel

In the SAW-Glass channel, the reflected wave from the water-glass interface interacts with the wave in
the water generated by the bottom SAW transducer to produce the PSW on the z direction. The PSW
can be further controlled by using another SAW to replace the glass positioned on the top of the
microchannel (see Fig. 1(c)). In the SAW-SAW configuration, the phase difference, Agp, between the
two SSAWSs generated by the top and the bottom SAW devices can be controlled to manipulate the

acoustic energy and pressure distributions within the microchannel. The first-order acoustic pressure

12



Re(p,), the first-order velocity field Re(v4), and the time-averaged streaming velocity (v,) are shown

in Fig. 5, where the left and right panels show the results for Agp = 0 and Ap = &, respectively.

Varying the phase difference Ap between the top and bottom SAW transducers can redistribute the
pressure gradients and alter the pressure amplitude in the channel, due to the phase shift-induced
changes in the positions of the nodes and the anti-nodes #. The dependence of the maximum acoustic
pressure on Ag was obtained by sweeping the Ag. The results are shown in Fig. 6(a), where shows the
largest pressure of 232 kPa. It occurred at Ap = 5n/6 or 7n/6 with four pressure anti-nodes (Fig. 6(b)).
The smallest pressure is 14 kPa occurring at Ap = 0 or 2z (Fig. 5(a)). The four pressure anti-nodes
presented at Ag=57/6 or 71/6 are not entirely symmetrical. The acoustic pressure of 224 kPa at Ap ==,
which is slightly lower than the maximum (Ag = 57/6 or 77/6), is able to produce four symmetrical

pressure anti-nodes (Fig. 5(a)).

C. Acoustofluidic field and particle trajectories in PZT-SAW channel

The configuration of the hybrid device is shown in Fig. 1(d). Compared with the SAW-SAW
configuration, the acoustic pressure in the PZT-SAW channel is higher than that with Ap =0, but less
than the pressure with Ap = x (see Fig. 5 and Fig. 7(a)). To allow high throughput particle manipulation
by the primary acoustic radiation force to drive particles towards a belt-like distribution in the z
direction®, it is desired to have two pressure anti-nodes aligned vertically in the channel. We found that
it could be achieved by increasing the vibration amplitude of the PZT transducer, e.g., uy = 10u,. In
this case, two pressure anti-nodes were formed (see Fig. 7(b)), and the acoustic pressure is higher than

that in the SAW-SAW configuration, allowing more power for particle manipulation.

To investigate other acoustic pressure values at various microchannel dimensions in the PZT-SAW
configuration, we swept the microchannel width (W) and height (H) from A/2 to X, and from A/8 to A/4,
respectively. The maximum acoustic pressure for each set of W and H is shown in Fig. 8(a) for u; =
u, and Fig. 8(b) for uy = 10u,. The largest acoustic pressure of 434 kPa is noted with pressure anti-
nodes reduced to two for ur = uy, and 4,080 kPa for ur = 10u,. These results demonstrate that

changing the dimension of the microchannel is more effective than increasing u; (see Fig. 7b) for

13



driving the particles towards a belt-like distribution. The results show potential applications for rapid

alignment of particles in the microchannel.

Fig. 9 shows the particle trajectories in the SAW-SAW configuration for Ap = n and the PZT-SAW
configuration for uy = 10u,. Particles with 1 pm diameter in the SAW-SAW microchannel form 4
streaming rolls with a vague sign being distributed on the vertical belt region, while a better tendency
of distribution present in the PZT-SAW (Fig. 9a). Since 1 um is smaller than the transition size, these
particles are mainly experiencing drag force. For the sizes of 5 um and 10 um, effective trapping is
noted in both the SAW-SAW and the PZT-SAW configurations (Figs. 9b & 9¢). The latter one achieves
the maximum particle velocity of 76 mm/s and 270 mm/s for 5 um and 10 um particles, respectively,

with the final distribution fully located at the vertical belt region.

D. Manipulation effectiveness and efficiency

The effectiveness and efficiency of the four different configurations for particle manipulation are shown
in Figs. 10a to 10d. In generally, both the PZT-SAW and SAW-SAW devices demonstrate quicker
migration for three sizes of particles comparing to the SAW-PDMS and SAW-Glass structures. For
example, more than 88% of the 5-um and 10-um particles arrive the pressure node area within 10 sec
in the PZT-SAW while only up to 30% of them meet the pressure node area in the SAW-PDMS. The
slope of the percentage also indicates that the SAW-SAW configuration works more efficiently
comparing with the SAW-GLASS; the latter takes longer time to migrate particles to the pressure node
area. Fig. 10e shows the percentage of particles aggregated after 20 sec. Both the PZT-SAW and the
SAW-SAW configurations show a better manipulation efficiency for most of the particle sizes. 84.8%
and 89.3% 5-um particles and 87.5% and 91.5% 10-um particles are observed in the target area
respectively. For 1-um particles, these hybrid structures also demonstrate better aggregation as they
migrate 73.0% and 58.4%, respectively, which are considerably higher than both the SAW-Glass and

SAW-PDMS configurations.

14



4. Conclusions

A comprehensive comparison amongst traditional SAW-PDMS, hybrid SAW-Glass, SAW-SAW, and
PZT-SAW structures have been presented in the study. The model of the SAW-SAW configuration
notably increased the 10-um particle velocity to 582 um/s, comparing to the velocity of 41 um/s in the
state-of-the-art hybrid SAW-Glass configuration. This improvement is achieved by introducing the top
SAW transducer instead of the passive reflection/absorber used in most of acoustofluidic devices.
Furthermore, the study shows that the longitudinal wave produced by the top PZT actuator in the PZT-
SAW model can interact with the acoustic wave generated by the bottom SAW transducer to enable a
stronger acoustic resonance in the microchannel. The enhanced acoustic pressure exerts higher acoustic
radiation force on particles resulting in faster particle motion and higher manipulation throughput. The
future work is to manufacture the SAW-SAW and PZT-SAW acoustofluidic chips to experimentally

verify the predications from the numerical analysis.
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Figure 1. (a) A typical acoustofluidic structure consisting of a PDMS microchannel and a SAW
transducer (SAW-PDMS). (b) A hybrid acoustofluidic resonator employing a glass slide as the reflector
positioned at the top of the PDMS microchannel (SAW-Glass). (¢) A novel acoustofluidic configuration
equipped by two SAW transducers as the top and bottom plates (SAW-SAW). (d) An integrated
acoustofluidic configuration consisting of a top PZT and a bottom SAW transducer (PZT-SAW). (e)
The computational domain of the model, the boundary I, T},, and I's are modelled as the top, bottom
and side walls, respectively, with the choice of different boundary conditions in the SAW-PDMS,

SAW-Glass, SAW-SAW, and PZT-SAW models.
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Figure 2 The mesh obtained with a maximum element size dyesp, = 308, constituting 2478

triangular elements.
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Figure 3 Colour plots of the first-order acoustic pressure p;, the first-order velocity field v, and the
time-averaged second-order velocity (v,) in the SAW-PDMS and SAW-Glass channels. (a) The
maximum pressure in the SAW-PDMS and SAW-Glass is 13.3 kPa and 33.6 kPa, respectively. (b) The
amplitude of the first-order velocity in the SAW-PDMS and SAW-Glass is 5.5 mm/s and 38.0 mm/s,
respectively. (c) The maximum second-order velocity in the SAW-PDMS and SAW-Glass is 0.65 pm/s

and 5.93 um/s, respectively.
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Figure 4 Particle trajectories and velocities in the SAW-PDMS and SAW-Glass configurations. (a)
Particle size is 1 um, the maximum velocity is 0.34 pum/s in SAW-PDMS and 5.6 um/s in SAW-Glass.
(b) Particle size is 5 pm, the maximum velocity is 0.5 um/s in SAW-PDMS and 10.8 um/s in SAW-
Glass. (c) Particle size is 10 pm, the maximum velocity is 1.82 um/s in SAW-PDMS and 41 pm/s in

SAW-Glass.
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Figure 5 Colour plots of the first-order acoustic pressure p;, the first-order velocity field v; and the
time-averaged second-order velocity (D,) in the SAW-SAW channel. The left panel shows the phase
difference Ap = 0 while the right panel shows the phase different Ap = . (a) The maximum pressure is
14 kPa and 224 kPa, respectively. (b) The amplitude of the first-order velocity is 1.8 mm/s and 70.0

mm/s, respectively. (¢) The maximum second-order velocity is 0.8 um/s and 31.0 pm/s, respectively.
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Figure 6 Plots of the maximum first-order acoustic pressure p; (a) and the acoustic pressure

distribution (b) for phase difference Ap between 0 and 27 in the SAW-SAW configuration.
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Figure 7 Colour plots of the first-order acoustic pressure p, for the PZT-SAW configuration when

the amplitude of the vibration of the PZT is (a) the same as the SAW transducer, and (b) 10 times higher

than the SAW transducer.
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Figure 8. 3D lines of the maximum acoustic pressures for dimension sweep for () ur = ug, (b)
up = 10u,. Maximum acoustic pressures were noted at 600 um (W) x 115 um (H) and 590 um (W) x

115 um (H) for ur = uy and up = 10u,, respectively. Insets correspond the first-order acoustic

pressures.
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Figure 9 Particle trajectories and velocities in the SAW-SAW (phase difference Ap = xt) and PZT-
SAW (ur = 10u,) configurations. (a) Particle size is 1 pm, the maximum velocity is 21.6 pm/s in
SAW-SAW and 7.6 mm/s in PZT-SAW. (b) Particle size is 5 um, the maximum velocity is 155 pm/s
in SAW-SAW and 76 mm/s in PZT-SAW. (c) Particle size is 10 um, the maximum velocity is 582 um/s

in SAW-SAW and 270 mm/s in PZT-SAW.
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Table 1 The parameters used in simulations

Water

Density 0 997 kg/m?
Speed of sound co 1497 m/s
Shear viscosity n 0.890 mPas
Bulk viscosity b 2.47 mPa s
Compressibility® Ko 448 TPa*

Polystyrene

Density Do 1050 kg/m®

Compressibility® Kp 249 Tpa™

Acoustic actuation parameters

Wavelength A 600 pm
Forcing frequency f 6.65 MHz
Displacement amplitude Uo 0.1nm

Acoustic impedance

PDSM ZprbMs 0.99 MPa-s/m

Glass Zglass 12.0 MPa-s/m
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