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This study reports the development of a three-dimensional numerical model for acoustic interactions with a
microscale sessile droplet under surface acoustic wave (SAW) excitation using the lattice Boltzmann method
(LBM). We first validate the model before SAW interactions are added. The results demonstrate good agreement
with the analytical results for thermodynamic consistency, Laplace law, static contact angle on a flat surface,
and droplet oscillation. We then investigate SAW interactions on the droplet, with resonant frequencies ranging
61.7–250.1 MHz. According to our findings, an increase in wave amplitude elicits an increase in streaming
velocity inside the droplet, causing internal mixing, and further increase in wave amplitude leads to pumping and
jetting. The boundaries of wave amplitude at various resonant frequencies are predicted for mixing, pumping, and
jetting modes. The modeling predictions on the roles of forces (SAW, interfacial tension, inertia, and viscosity)
on the dynamics of mixing, pumping, and jetting of a droplet are in good agreement with observations and
experimental data. The model is further applied to investigate the effects of SAW substrate surface wettability,
viscosity ratio, and interfacial tension on SAW actuation onto the droplet. This work demonstrates the capability
of the LBM in the investigation of acoustic wave interactions between SAW and a liquid medium.

DOI: 10.1103/PhysRevE.104.045301

I. INTRODUCTION

Over the past few years, there has been a move towards
integrating complete laboratory chemical analysis procedures
onto the surface of a microfluidic chip, known as lab on a chip
(LOC) [1–3]. Unfortunately, when scaling the processes down
to the microscale, there are some technical problems, such as
the pumping of fluids becomes increasingly more difficult as
viscous and capillary forces become more dominant. Addi-
tionally, mixing of chemical or biological materials at a small
scale can be inefficient and tedious due to the large time and
length scales required.

Recently, surface acoustic waves (SAWs) have been shown
to demonstrate features that could have positive implications
for the development of microfluidic devices [4]. SAWs can
be initiated by manipulating the frequency of the interdigital
transducer (IDT) on the surface of a piezoelectric substrate.
When a liquid medium lies in the path of the propagating
SAW, the wave changes mode as it penetrates the boundary
between the liquid and SAW substrate. The attenuation of the
leaky SAW (LSAW) generates significant acoustic streaming
inside the fluid, which enables pumping, mixing, jetting, and
nebulization to occur [5]. These phenomena can be exploited
in the diagnosis of diseases, DNA sorting, and drug delivery
systems [6–8] in addition to applications including cleaning,
among several others [9].

*b.chen@hw.ac.uk

To date, there have been a small number of studies model-
ing the interaction between the SAW and a droplet. Alghane
and co-workers [10,11] used a finite volume (FV) scheme to
investigate three-dimensional (3D) acoustic streaming within
microdroplets. They concluded that the maximum streaming
velocity is achieved when the width of the SAW is approx-
imately half the droplet radius. The authors also reported
strong nonlinearity in the flow inertia, suggesting the Stokes
model is only valid for very small acoustic powers [12]. It
should be noted that in their numerical scheme the droplet is
assumed to have a rigid boundary, neglecting deformations
of droplet. Riaud et al. [13] investigated the influence of
viscosity and caustics on acoustic streaming in droplets both
experimentally and numerically. The findings from the study
suggest that viscosity influences the flow structure as well
as the velocity magnitude, whereas caustics appear to drive
the flow. Köster [14] conducted a comprehensive study in-
vestigating acoustic streaming on biochips. The author briefly
describes a method to capture surface deformation in sessile
drops which preserves the volume, however this is a very
restricted study, consisting of only one special case. Recently,
the lattice Boltzmann (LB) methodology has been used in the
study of acoustic streaming and attenuation-driven acoustic
streaming. Tan and Yeo [15], studied acoustic streaming in
micro- and nanochannels under SAW excitation by means of
a hybrid numerical scheme comprised of the finite-difference
(FD) technique for elastic solid and the LB method for fluid
flows. The findings show good agreement with the analyti-
cal solutions, demonstrating a viability of using the LB in
the exploration of SAW effects on liquids. More recently,
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FIG. 1. (a) 2D illustration of SAW propagation along substrate. (b) 3D schematic of wave orientation and propagation.

Sheikholeslam Noori and co-workers [16,17] developed a
two-dimensional (2D) droplet based SAW interaction model
using the color-gradient LB methodology. The study reported
the minimum amplitude required to initiate streaming, pump-
ing, and jetting states for a lithium niobate (LiNbO3) substrate
at various resonant frequencies. Although promising, the find-
ings are only for 2D cases hence further research is required
in this field to develop 3D models able to fully capture the
underlying mechanisms and simulate droplet dynamics as a
consequence of SAW stimulated internal streaming.

The three-dimensional two-phase lattice Boltzmann model
presented in this work is constructed and applied to simulate
the kinetic impact from a SAW on a microscale sessile drop.
SAW parameters (amplitude and frequency) are investigated
and their influences on mixing, pumping, and jetting are an-
alyzed. It is the objective of this study, and in addition the
model development, to provide a comprehensive understand-
ing of the roles that each parameter plays on SAW induced
streaming and deformation.

II. SURFACE ACOUSTIC WAVE (SAW)
DROPLET INTERACTION

Before moving to the model developed, a brief outline of
the physics of SAW-droplet interactions is introduced which
will aid in the discussion of the model setup and the re-
sults obtained. In general, it can be summarized that SAW
propagates along the substrate in the direction of the liquid
droplet. Upon entering the droplet, the acoustic wave is damp-
ened exponentially, causing longitudinal pressure waves to be
emitted through the liquid (see Fig. 1) at a Rayleigh angle,
θR = sin−1 Cf

CR
, where Cf and CR are the sound velocity in the

liquid and the Rayleigh SAW velocity on the SAW substrate,
respectively [5,18]. This initiates complex streaming patterns
to emerge which can cause mixing, translation, or jetting of
the droplet.

Due to the limitations of the experimental setup, these
processes can be difficult to thoroughly study empirically,
therefore it is necessary that computational methods are devel-
oped which can capture the two-phase flow pattern within the
droplet, the deformation, and jetting. Due to the microscopic
nature of these flow patterns, it only seems fitting that the
chosen numerical model should be also. As a consequence,
the LB methodology has been specifically chosen for this
work. The lattice Boltzmann method (LBM) is a kind of meso-
scopic model, lying between macroscopic and microscopic
regimes, providing relatively high physical insight without the
computational overhead of particle-based models, molecular

dynamics (MD) for example [19]. Additional benefits of the
LBM are its ability to model complex boundary conditions,
predict interfacial dynamics, and implement external forces
with ease. This could be particularly beneficial in the ex-
ploration of SAW-based microfluidics involving curved or
complex shaped devices.

In the following sections, the numerical model will be out-
lined and validated before SAW interactions are introduced.
Numerical results will then be compared with experimental
observations, validating the constructed model and culminat-
ing in a study of various LB parameters to determine their
impact on droplet shape and motion.

III. CONSTRUCTION OF SAW-LATTICE
BOLTZMANN MODEL

Based on the discussion in Sec. II, we consider that the
liquid droplet is an incompressible fluid, for which the lattice
Boltzmann model, derived from incompressible Navies-
Stocks equations, can be applied. As such, a two-phase lattice
Boltzmann-SAW interaction model is constructed for simu-
lations of the dynamics of SAW impacts on the droplet. We
consider the multiple-relaxation-time (MRT) scheme [20] in
the pseudopotential LB framework to simulate multiphase
fluid flows due to its suitability of implementing forces un-
derpinned by underlying microscopic physics, in comparison
with other multiphase models of LB frameworks, such as the
color-gradient model [21,22], free-energy model [23,24], and
phase-field model [25,26]. The details of each model can be
found from the review papers [27,28].

A. Three-dimensional multiple-relaxation-time two-phase
lattice Boltzmann model

In the LB community, the evolution equation with MRT
collision operator can be written as [29]

fi(x + eiδt , t + δt ) = fi(x, t ) − S̄i j
(

f j (x, t ) − f eq
j (x, t )

)

+
(

1 − S̄i j

2

)
Fiδt (1)

where fi is the density distribution function, x is the spatial
position, ei is the discrete particle velocity along the ith di-
rection, δt is the time step, f eq

j is the equilibrium distribution
function, Fi is the force term in discrete velocity space, and S̄i j

is the collision matrix, expressed by [29]

S̄ = M−1SM, (2)
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where M is the orthogonal transformation matrix (given in Appendix A) and S is the relaxation matrix, S =
diag(sρ, se, sε, s j, sq, s j, sq, s j, sq, sν, sν, sν, sν, sν, sxyz ). For the D3Q15 lattice, the lattice velocities (ei ) are given by

[e0, e1, e2, e3, e4, e5, e6, e7, e8, e9, e10, e11, e12, e13, e14]

= c

⎡
⎣0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 1 −1

0 0 0 1 −1 0 0 1 1 −1 −1 1 1 −1 −1
0 0 0 0 0 1 −1 1 1 1 1 −1 −1 −1 −1

⎤
⎦, (3)

where c = δx/δt = 1 is the lattice constant.
The density distribution function fi and equivalent equi-

librium distribution f eq
i can be found through projecting the

distributions onto moment space via m = M f , and meq =
M f eq. Therefore, the right-hand side of Eq. (1) can be rewrit-
ten as

m∗ = m − S(m − meq ) + δt

(
I − S

2

)
MF̃, (4)

where I is the unit tensor, MF̃ is the forcing term in mo-
ment space with (I − S/2)MF̃ = MF ′, and the equilibrium
moments meq are given by

meq = ρ
(
1,−1 + |u|2, 1 − 5|u|2, ux, − 7

3 ux, uy, − 7
3 uy, uz,

− 7
3 uz, 2u2

x − u2
y − u2

z , u2
y − u2

z , uxuy, uyuz, uxuz, 0
)T

,

(5)

where ux, uy, and uz are the velocity components of the fluid
in the x, y, and z directions, respectively. The magnitude
of velocity is calculated through |u|2 = u2

x + u2
y + u2

z . The
streaming process of the MRT LB equation is implemented
in velocity space as [30]

fi(x + eiδt , t + δt ) = f ∗
i (x, t ), (6)

where f ∗ = M−1m∗. The macroscopic density ρ and velocity
u are acquired through

ρ =
∑

i

fi, ρu =
∑

i

ei fi + δt

2
F, (7)

where F is the total force exerted on the system which in-
cludes, in this study, the interparticle force F int, adhesive force
from solid boundaries, which can be treated through boundary
conditions, and any external forces, e.g., the SAW force acting
on the droplet, Fsaw, with F = F int + Fsaw = (Fx, Fy, Fz ). The
forces are introduced as follows.

1. Fluid-fluid interactions

In the pseudopotential model [31,32], multiphase flow phe-
nomena are established via an interaction force which aims
to mimic molecular interactions. For a single component, the
interaction force is given by

F int = −Gψ (x)
N∑

i=1

w(|ei|2)ψ (x + eiδt )ei, (8)

where G is the interaction strength, ψ (x) is the interaction po-
tential, and w(|ei|2) are the weights, given by w(1) = 1/3 and
w(2) = 1/24 with N = 14 for nearest-neighbor interactions
on a D3Q15 lattice. The thermodynamic pressure p, related
to the pseudopotential in the pseudopotential model, is given

by p = ρc2
s + Gc2

2 ψ2 with the lattice sound speed cs = c/
√

3.
The definition and calculations of the pseudopotential are
given and discussed in Sec. IV A.

In an attempt to introduce adjustable interfacial tension into
MRT models, Li et al. [30] suggest the addition of a source
term C into the MRT LB equation,

m∗ = m − S(m − meq) + δt

(
I − S

2

)
MF̃ + δtC, (9)

where the forcing term in moment space MF̃ is defined as
[33]

MF̃ =
(

0, 2u · F + 6σ |F|2
ψ2δt

(
s−1

e − 0.5
) ,−10u · F, Fx,

− 7
3 Fx, Fy, − 7

3 Fy, Fz,− 7
3 Fz, 4uxFx − 2uyFy

− 2uzFz, 2uyFy − 2uzFz, uxFy + uyFx, uyFz

+ uzFy, uxFz + uzFx, 0

)T

, (10)

with the parameter σ used to alter the mechanical stability of
the model [34], ensuring thermodynamic consistency. Addi-
tionally, the source term C is defined to adjust the interfacial
tenson, with variables Qxx, Qyy, Qzz, Qxy, Qyz, and Qxz ob-
tained from [33]

C = (
0, 4

5 se(Qxx + Qyy + Qzz ), 0, 0, 0, 0, 0, 0, 0,

− sν (2Qxx − Qyy − Qzz ), −sν (Qyy − Qzz ),

− sνQxy,−sνQyz,−sνQxz, 0
)T

, (11)

Q = κ
G

2
ψ (x)

N∑
i=1

w(|ei|2)[ψ (x + ei ) − ψ (x)]eiei, (12)

where κ is used to adjust the interfacial tension γ . According
to [30], the addition of (1−κ ) in the discrete form pressure
tensor is intended to allow the interfacial tension to decrease
and approach zero as κ increases from 0 to 1. Note that
the term C is introduced for interfacial tension adjustment
therefore it is constructed solely by fluid interactions predicted
by Eq. (12) without other forces. The above methodology
provides flexibility and stability in the model to simulate fluid
flows at high density ratio and low viscosity, while allowing
for adjustable interfacial tension.

2. Fluid-solid interactions

Incorporating adhesive effects between solids and flu-
ids in the pseudopotential LB scheme has been widely
studied. Generally, there have been two main methodolo-
gies developed to mimic fluid-solid interactions, namely the
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FIG. 2. 2D Schematic of geometric formulation wetting bound-
ary condition.

density-based interaction [35,36] and the pseudopotential-
based interaction [37–39]. For the density-based interaction
models a fictious wall density is introduced at the solid nodes,
whereas for pseudopotential-based interactions schemes, a
pseudopotential is adopted at the solid nodes. Li et al.
[40] comprehensively studied these schemes and proposed
an alternative approach. In their method, aptly named
the modified-pseudopotential interaction model, they replace
the constant pseudopotential at the solid nodes with that of the
fluid-fluid interactions, resulting in a fluid-solid forcing of the
same order of magnitude as ψ (x + eiδt ) in Eq. (8).

Recently, the geometric wetting condition [41], originating
in the phase-field LB method, has been adopted to incorpo-
rate wetting phenomena in the multiphase pseudopotential
LB method [42,43]. In three dimensions (x, y, z) = (i, j, k),
with z(k) at a direction perpendicular to the solid surface and
x, y(i, j) at directions along the solid surface [refer to Fig. 2
for a 2D (x, z) case], the scheme takes the following form [44]:

ρi, j,0 = ρi, j,2 + tan
(π

2
− θ

)
ζ , (13)

where

ζ =
√

(ρi+1, j,1 − ρi−1, j,1)2 + (ρi, j+1,1 − ρi, j−1,1)2 (14)

and θ is the prescribed contact angle for adjustments of the
wetting condition. The scheme requires a layer of ghost nodes
adjacent to the solid boundary in order to calculate the value
of density as shown in Fig. 2, which provides a simplistic
schematic layout of each node (fluid, solid, and ghost) in
two dimensions. The fluid layers are located at k = 2 and the
solid boundary at k = 1, with the ghost layer located at the
bottom of the domain k = 0. Unlike the fluid-solid methods
detailed previously, the only requirement for this scheme is the
definition of desired contact angle, hence no additional forcing
is implemented. Calculation of the density in the ghost, solid,
and adjacent fluid nodes is added to the rest the of the compu-
tational domain, resulting in an accurate wettability condition.
This scheme will be applied in this study.

3. Fluid-SAW interactions

As discussed in Sec. II, the emitted pressure waves gen-
erated from the SAW devices induce a body force in the
liquid medium, instigating a circulatory motion within the
fluid. A Rayleigh wave consists of two translational compo-
nents [Fig. 1(a)]: one is longitudinal which causes horizontal

displacement, and the other is transverse producing vertical
translation of the SAW. The motion of the surface particles is
elliptical in a Rayleigh wave. When a liquid medium is loaded
on to the surface of the piezoelectric substrate the vertical
component of the acoustic wave couples with the liquid layer
adjacent to the surface. This coupling leads to the emission
of longitudinal waves into the liquid, known as the leaky
Rayleigh wave or leaky SAW (LSAW).

Following our previous studies [11], the magnitude of the
SAW force on the propagation path of an emitted SAW [at a
given y location, refer to Figs. 1(a) and 1(b)] can be predicted
by [45]

FSAW = −ρ
(
1 + α2

1

)3/2
A2 ω2 ki exp2(kix + α1kiz), (15)

where ω = 2π f is the angular frequency, α1 is the attenuation
constant, A is the amplitude of the SAW [45], and the leaky
SAW wave number kL = kr + jki is a complex number with
the imaginary part representing the energy dissipation within
the liquid [9]. The attenuation constant can be found from α =
jα1 with α2 = 1 − (Cf

CR
)2. The force is distributed in the x and

z directions, respectively by Rayleigh angle θR, as shown in
Fig. 1(a).

The SAW force is implemented in the numerical scheme
as an external force in the pseudopotential method through
F. In physics, as discussed in Sec. II, the surface acoustic
wave enters the liquid droplet upon reaching the interface,
where the difference in sound speeds between the liquid and
substrate causes it to radiate momentum into liquid along the
Rayleigh angle. To introduce these effects into the model, a
set of conditions are imposed to allow the forcing to only be
active in the liquid phase. This is achieved via the average
density of the domain which allows the model to distinguish
between liquid and gas or vapor. By doing so a sharp cutoff is
achieved through the interface and into the droplet, preventing
any SAW forcing from being active in the gas or vapor phase.
Additionally, the contact points of the droplet are continuously
monitored to ensure the droplet is still in contact with the
SAW substrate. Once the droplet leaves the surface, the forc-
ing (SAW) is inactive as is that in the physical experiments.

IV. LBM MODEL VALIDATION AND DISCUSSION

In the following we validate the model using conventional
benchmark tests to demonstrate its capability and applicability
to the current study.

A. Evaluation of thermodynamic consistency

In order to evaluate the thermodynamic consistency of
the model, we compare the numerically obtained coexistence
curves against the analytical Maxwell construction through
simulating flat interfaces. Yuan and Schaefer [46] proposed
a method of incorporating various equations of state (EOSs)
into the single-component pseudopotential model through a
square-root formulation,

ψ (x) =
√

2
(
p − ρc2

s

)
/Gc2, (16)

where p is the thermodynamic pressure that can be calculated
by fluid EOSs to present the fluid interactions. In this study
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FIG. 3. Comparison of numerical coexistence curve with the an-
alytical curve predicted by Maxwell construction.

the Carnahan-Starling (CS) EOS is adopted [46],

p = ρRT
1 + bρ/4 + (bρ/4)2 − (bρ/4)3

(1 − bρ/4)3 − aρ2, (17)

where a = 0.4963R2T 2
c /Pc and b = 0.187 27RTc/Pc with

Tc = 0.377 33a/(bR). The parameters a, b, and R are set
to a = 0.25, b = 4, and R = 1, respectively. Equation (17)
is applied to predict the thermodynamic pressure for estima-
tions of the component pseudopotential, ψ (x), for fluid-fluid
interactions, Eq. (8). It has been noted in the literature that
the interface thickness can be adjusted by altering the value
of a in the EOS [34]. When the square-root formulation is
employed, the interaction strength G should be chosen such
that the whole term inside the square root is always positive.

A domain size of Nx × Ny × Nz = 100 × 100 × 100 is im-
plemented, with periodic boundary conditions applied in all
directions. The density field is initialized as

ρ(x, y, z) = ρg + ρl − ρg

2
[tanh (z1) − tanh (z2)], (18)

where z1 = 2(z−25)/W and z2 = 2(z−75)/W , with W = 5
as the initial interface thickness. Following Xu et al. [33], the
value of σ in Eq. (10) is set to 0.12 in all simulations unless
stated otherwise.

The coexistence curves shown in Fig. 3 are in agreement
with the Maxwell construction, demonstrating the scheme’s
capability of capturing the saturate phase behavior of the fluid,
even at large density ratios.

B. Evaluation of spurious currents

The introduction of spurious currents into the LB has been
attributed to an imbalance in the discretization of forces in
multiphase models [47]. This disparity can be amplified when
simulating flows with large density differences, leading to
numerical instability. Studies have been conducted in the LB
community to mitigate their impact [48–50]; the details of

TABLE I. Maximum spurious velocities for SRT and MRT meth-
ods (Tr = 0.5)

κ = 0 κ = 0.5 κ = 0.95

SRT – – –
s−1
v = 0.6

MRT 0.055 411 0.056 327 0.067 002
SRT 0.040 350 0.034 532 0.027 726

s−1
v = 1.0

MRT 0.031 796 0.026 633 0.021 215

the discussion can be found from [47], a review of spurious
currents in the LBM.

In this study, spurious velocities are evaluated to deter-
mine the performance of the current MRT model compared
to the single-relaxation-time (SRT) model. Again follow-
ing [33], the parameters in the relaxation matrix S =
diag(sρ, se, sε, s j, sq, s j, sq, s j, sq, sν, sν, sν, sν, sν, sxyz ) are
selected as sρ = s j = 1.0, se = sε = sq = 1.1, and sxyz =
1.2 for the MRT model, while the relaxation rates in the
SRT model are equal to each other, sρ = s j = se = sε = sq =
sxyz = sν . A lattice size of Nx × Ny × Nz = 120 × 120 × 120
is adopted in the simulations, with a spherical droplet of radius
Rd = 30 initially positioned in the center of the domain. Pe-
riodic boundary conditions are applied in all three directions
and the density field is initialized as follows:

ρ(x, y, z) = ρl + ρg

2
− ρl − ρg

2
tanh

[
2(Rc − Rd )

W

]
, (19)

where Rc =
√

(x − x0)2 + (y − y0)2 + (z − z0)2, with
(x0, y0, z0) being the center of the computational domain,
and W = 5 is the initial interface width. The reduced
temperature is set to Tr = 0.5 which corresponds to a density
ratio of ρl/ρg ≈ 750.

It is found from the simulations that the maximum spurious
velocities are all materialized outside of the droplet. From
Table I it shows that MRT provides a reduction of spuri-
ous velocities, while also enhancing the numerical stability
of simulations over SRT models. Interestingly at s−1

υ = 1.0
spurious velocities are reduced with an increase in parameter
κ (decrease in interfacial tension), however when s−1

υ = 0.6
the opposite is witnessed.

Additionally, the maximum spurious velocities for the
whole domain as well as those inside the droplet at Tr = 0.5
are plotted against s−1

υ , shown in Fig. 4. It is found that the
maximum spurious velocity in the whole domain is smaller
than 0.04 for s−1

υ � 0.65, however as s−1
υ < 0.65 this in-

creases to around 0.06 then finally to approximately 0.14 for
s−1
υ = 0.53. Conversely, the magnitude inside the droplet is

small and remains fairly constant over the range of s−1
υ only

increasing once s−1
υ < 0.6. The spurious velocities inside the

droplet and the effects on simulation SAW-droplet interactions
will be discussed in Sec. V A 1 for details.

C. Evaluation of Laplace’s law

Laplace’s law is employed to validate the simulation of
droplets of different radii. According to Laplace’s law, the
pressure difference across the interface of a spherical drop is
related to the interfacial tension and the radius of the drop.
In three dimensions, the law is given by δp = pin − pout =
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FIG. 4. Maximum spurious velocities for whole domain and in-
side droplet at Tr = 0.5.

2γ /Rd , where pin and pout are the fluid pressures inside and
outside of the drop, respectively. Once the interfacial tension
is given, the pressure difference will be proportional to 1/Rd .

Simulations are carried out under the same cases set in
Sec. IV B. To test the relationship numerically, the radius of
the droplet is varied within 20 < Rd < 40, and the pressure
difference is obtained. Additionally, the adjustment of the
interfacial tension via Eq. (12) is validated for κ = 0, κ = 0.5,
and κ = 0.95. As shown in Fig. 5, a linear relationship is
confirmed for all cases with the coefficients of determination
being 0.9986, 0.9976, and 0.9860, respectively. The model
demonstrates a proportional relationship between the pressure
difference inside and outside of the drop, and the inverse of
drop radius, thus Laplace’s law is substantiated.

FIG. 5. Numerical validation of Laplace’s law.

D. Evaluation of contact angle

A liquid droplet placed on a flat solid surface will exhibit
an equilibrium state of either partial or complete wetting [51].
During partial wetting, the free energy of each phase (solid,
liquid, and gas or vapor) is in equilibrium, with the interfacial
tension balance at the three-phase contact line being repre-
sented by Young’s equation,

γSV − γSL − γLV cos θγ = 0, (20)

where γSV, γSL, and γLV represent the interfacial tensions
of solid-gas or vapor, solid-liquid, and liquid-gas or vapor
interfaces, respectively, with the macroscopic contact angle
being equal to the microscopic contact angle θγ [52]. Consid-
ering the above, we evaluate the simulated static contact angle
against the analytical solution using the geometric formula-
tion. In the simulations, a stationary semispherical droplet of
radius Rd = 25 is initially placed on a flat surface with no
body force applied. A lattice size of Nx × Ny × Nz = 120 ×
120 × 80 is adopted, with periodic boundary conditions ap-
plied in the x and y directions, while a no-slip condition
is added to the upper and lower boundaries. As previously,
the reduced temperature is set to Tr = 0.5. The results in
Fig. 6 show good agreement with the analytical solution
(Table II in Appendix B), demonstrating the capability of the
model to simulate static contact angles accurately.

E. Evaluation of droplet oscillation

Since the nature of the study requires evaluation of droplet
dynamics, a dynamic validation case is presented. Here we
simulate an oscillating droplet, which is initially placed at the
center of the domain and deformed to an ellipsoidal shape by

(x − x0)2

R2
d

+ (y − y0)2

R2
d

+ (z − z0)2

(0.8Rd )2 = 1, (21)

where (x0, y0, z0) is the center of the domain and initially set
as Rd = 30. The frequency of the nth mode oscillation is given
by Miller and Scriven [53],

ωn = ω∗
n − 1

2αω
∗ 1

2
n + 1

4α2, (22)

where ωn is the angular response frequency and ω∗
n is Lamb’s

natural resonance frequency [54],

(ω∗
n )2 = n(n + 1)(n − 1)(n + 2)

R3
e[nρg + (n + 1)ρl ]

γ , (23)

where Re is the radius of the drop at equilibrium. The param-
eter α in Eq. (22) is given by [53]

α = (2n + 1)2(μlμgρlρg)1/2

√
2Re[nρg + (n + 1)ρl ][(μlρl )1/2 + (μgρg)1/2]

, (24)

where μl and μg are the dynamic viscosities of the liquid
and gas or vapor phases, respectively, with μ = ρν. Due to
the effect of interfacial tension and viscous dampening, the
ellipsoidal droplet oscillates until a spherical shape is reached,
with the amplitude of the oscillations decreasing over time.
Figure 7 illustrates the evolution of the normalized droplet
radius in both the horizontal and vertical directions. At the
intersection of the solid and dashed lines, the droplet is spher-
ical in shape.
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FIG. 6. Simulated contact angles using geometric formulation. (a) Validation against analytical solution. (b) (i) θ ≈ 30°, (ii) θ ≈ 120°.

The analytical solution of the time period T ′ = 2π/ωn for
the second mode (n = 2) obtained from Eq. (22) is compared
to the simulation result. The analytical oscillatory period is
found as T ′ = 2601, while the numerical oscillation period is
TLBM = 2748, giving a relative error of 5.7%. Additionally,
we study the influence of interfacial tension on the droplet
oscillations by varying the parameter κ , in Eq. (12), 0 <

κ < 0.5. The numerical and analytical oscillation periods for
κ = 0.25 are T ′ = 3016 and TLBM = 3211, respectively, while
for κ = 0.5, T ′ = 3748 and TLBM = 3950. The relative errors
being 6.5% and 5.4% are consistent with those reported in the
literature [55].

V. NUMERICAL ANALYSIS OF SAW
INTERACTIONS ON A DROP

In the subsequent section, we apply the constructed SAW-
LB model to study the effects of SAW interactions on a
droplet to demonstrate how the constructed model can sim-
ulate and predict the internal physics and dynamics before

FIG. 7. Normalized radius of oscillatory droplet as a function of
time for κ = 0.

further applications. Following the computational setup, the
model is first validated then the effects of parameters such
as wave amplitude, frequency, surface wettability, viscosity
ratio, and interfacial tension on droplet are examined. Thermal
and aperture effects are not considered in this study. The
mesh independent and grid resolution tests identify a mesh
of Nx × Ny × Nz = 5Rd × 3Rd × 4Rd , with a drop radius of
Rd = 40, to capture the flow dynamics with optimized com-
putational cost. In the simulations, a semispherical droplet of
radius Rd = 40 initially placed on the bottom surface with
initial contact angle ∼100° and its center at (100, 60, 5),
unless stated otherwise. The setup of the simulation can be
referred to in Fig. 8, including the boundary conditions. The
reduced temperature is again set to Tr = 0.5, equivalent to a
density ratio of ρl/ρg ≈ 750 (ρl = 0.454, ρg = 0.0006) with
νg/νl ≈ 15. The parameter σ in Eq. (10) is set to 0.12 in order
to achieve thermodynamic consistency and s−1

ν = 0.5077 is
set for the liquid phase to provide appropriate conversion
parameters to match the interfacial tension between physical
and LB. Periodic boundary conditions are applied in the x and
y directions, while a no-slip condition is added to the upper
and lower boundaries. The droplet is first allowed to reach an

FIG. 8. Schematic of the setup of simulations and the boundary
conditions.
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equilibrium state on the SAW substrate, after which the SAW
interactions are introduced.

A. Model validation

To validate the SAW interactions in the LB model, the sim-
ulation results are quantitatively compared with experimental
data, which are taken from the selected records of previous
experiments described in Ref. [56]. Three different modes are
considered; mixing, pumping, and jett ing, which will demon-
strate the applicability of the proposed methodology to SAW
based microfluidics applications. A set of nondimensional
groups have been chosen to allow for comparison between
numerical and experimental data, which are Reynolds number,
Weber number, and capillary number, defined as Re = ρl uD

μl
=

uD
νl

, We = ρl u2D
γ

, and Ca = μl u
γ

with D the droplet diameter,
u the droplet velocity, and γ the interfacial tension. Note
that the velocity definition for pumping is the mean velocity,
summarized as the movement of the droplet along the surface,
whereas for jetting it is along the length of the droplet from
initial state until the drop is ejected from the surface.

Physical parameters are related to lattice units through unit
conversion. To properly convert between the LB and physical
domains, three independent primary conversion factors are
required. In this work, a droplet of water with volume 5 μl
and initial radius of 1.34 mm is studied, which corresponds
to a length scale conversion Cl = 33.4 μm. Physical proper-
ties of water at 20 ◦C are taken as [57] ρw = 998.2 kg m−3,
νw = 1.004 × 10−6 m2 s−1, and γw = 0.072 73 N m−1. The
consequent time conversion factor is Ct = 2.85 × 10−6 s,
with a velocity scale conversion calculated as Cu = Cl/Ct =
11.72 m s−1. LiNbO3 based SAW devices were used, with
designed wavelengths of 64, 32, 20, and 12 microns, corre-
sponding to the measured frequencies of 61.7, 110.8, 199.4,
and 250.1 MHz, which were reported in detail in a previous
publication [56]. SAW parameters applied in the simulations
are representative of LiNbO3 substrate, where α1 = 2.47 and
ki = −1370 m−1 [45] in Eq. (15).

1. SAW streaming

We primarily analyze the first mode, mixing or streaming,
against experimental data. At low magnitude of SAW power,
the droplet is able to stay in its original place and undergoes
minimal deformation. This is due to the interfacial tension
effect being high enough to withstand the SAW interaction.
From experiments [56] they investigated the effect of increas-
ing frequency to determine the threshold power to achieve
streaming inside the droplet, revealing that an increase in
SAW power is required, i.e., 0.2 W at 61.7 MHz to 0.47 W
at 250.1 MHz.

Consequently, in the LB simulations a similar outcome
is achieved. As shown in Fig. 9, the droplet is slightly
elongated in the z direction however it remains pinned to
the surface even after a few milliseconds. For the range
of resonant frequencies, a minimum amplitude is required
to initiate mixing inside the droplet. Below this threshold
amplitude SAW based streaming does not occur. Instead
unphysical spurious currents dominate, showcasing symmet-
rical flow patterns inside the drop which can be mistaken

FIG. 9. (a) Experimental images of deformation phenomena due
to streaming for 5-μl droplet operated at 61.7 MHz and low power
of 0.2 W and (b) LB simulation results.

for streaming, ranging in order of magnitude from 10−2 to
10−5 (in lattice units) depending on the area of droplet being
examined. In this study, we have studied four different reso-
nant frequencies as introduced previously. It is demonstrated
that only a small change in SAW amplitude is required be-
tween frequencies to achieve mixing phenomena inside the
drop.

A major concern of implementing the pseudopotential
model in the study of SAW streaming and its effect on droplet
dynamics is the presence of spurious (parasitic) velocities. In
the following we investigate these effects and aim to clarify
at which range of wave amplitude are spurious velocities no
longer dominant and streaming can be predicted. We focus
on a resonant frequency of 61.7 MHz and alter the inter-
facial tension through 0.055–0.092 N/m. A range of wave
amplitudes are studied and compared to a droplet at rest, on
a SAW substrate surface, without any SAW interaction. The
flow field and velocity profiles, across the width of the drop,
are analyzed. The culmination of the data reveals a threshold
amplitude at which streaming or mixing can be achieved for
each value of interfacial tension (Fig. 10). The areas above and
below this threshold have been termed as streaming dominant
and spurious dominant, respectively, to reflect the flow field
attained. In our analysis we have defined streaming domi-
nant as an internal flow structure and velocity profile which
resembles the research in Ref. [11] while spurious domi-
nant is outlined as a symmetrical velocity field, comparable
to that of a droplet on a solid surface without any SAW
interactions.

As shown in Fig. 11, the magnitude of wave amplitude
plays an important role in the formation of streaming inside
the droplet. Comparing low amplitude and hence low power
[Figs. 11(c) and 11(d)] to the droplet without SAW interaction
[Figs. 11(a) and 11(b)], we see similarities. First, the flow
field and velocity vectors are comparable with central vortices
dominating. Also, taking a profile across the droplet we see
the largest velocity magnitude at the edges, close to the in-

045301-8



SIMULATIONS OF SURFACE ACOUSTIC WAVE … PHYSICAL REVIEW E 104, 045301 (2021)

FIG. 10. SAW amplitude for different interfacial tensions at
which streaming or mixing is induced for 61.7 MHz. Above dotted
line is streaming dominant and below is spurious current dominant.

terface, yielding a parabola distribution. The main differences
between the two sets of data are that the velocity has been
increased with SAW forcing and the flow field no longer has
exact symmetry. This type [Figs. 11(c) and 11(d)] can be
categorized as a spurious dominant flow. As the amplitude is
further increased, we see a velocity distribution depart from
symmetry to that which resembles a mixing scenario. Look-
ing at Figs. 11(e) and 11(f), we see large velocities on the
left-hand side of the droplet, above the interaction area, and
a vortex located at the right side. Additionally, the velocity
profile reflects this with a large magnitude close to the inter-
action point, diminishing along the length with smaller peaks
near the center and far side of the droplet. The velocity distri-
bution in Fig. 11(f) is the same as those found in Fig. 10(a)
of [11] by experiments and computational fluid dynamics
(CFD) modeling, hence we classify it as a streaming dominant
flow.

We conduct similar tests for two further interfacial ten-
sion variations. Comprehensive results can be found in
Appendix C. From this study it has been discovered that an
increase in interfacial tension requires an increase in wave
amplitude to elicit a streaming mode within the droplet. This
can be partly attributed to the increased spurious velocities
inside the droplet which are a consequence of the interfacial
tension at the intermolecular level. The increased interaction
force between phases causes a higher magnitude of currents
to be established at the interface. To overcome these currents,
a stronger SAW force is required to manipulate and rearrange
into a streaming pattern, as shown in Fig. 10.

In this study, results obtained for mixing or streaming are
all from simulations in the streaming dominant regime, which
are in good agreement with those from experiments, as shown
in Fig. 9.

2. SAW pumping and jetting

Moreover, a further increase in SAW power provides ad-
ditional momentum to the fluid along the Rayleigh angle.
Increased circulatory motion within the droplet causes a wob-

bling effect in the initial few milliseconds, where the droplet
is held in place although the interface moves upwards from
left to right (Fig. 12). After this period, the droplet moves
downwards which causes the rear contact area to begin to
creep forward, hence a pumping state is initiated. As reported
in Ref. [56], a larger disparity between SAW power is required
to initiate pumping at lower frequency to high frequency than
in the previous streaming mode.

In our research we have found that the nondimensional
SAW amplitude (A/λ) is increased linearly with an increase
in SAW frequency, until at high frequencies where the trend
is downward (Fig. 14). Overall, the simulation data are ap-
proximately half those from the experiments for the range
of frequencies. Unlike the mixing or steaming mode, dur-
ing the pumping the droplet moves along the substrate. The
interfacial tension between the fluid and the SAW substrate
is not enough to withstand the body force applied during
the SAW interaction. Comparing the shape obtained from
the experiment to that in the simulation we see some differ-
ences. In the experiment the droplet is slightly more elongated
to the right, with a tip being formed at the top. However,
in the simulation we see no such feature. This could be a
consequence of interfacial tension being dissimilar. Overall,
the simulations are in agreement as there is some upward
movement and slight asymmetry however not as pronounced
as in the physical experiment. Additionally, when we look at
the velocity comparison to the experimental data (Fig. 15) we
find that the predictions are in good agreement. In each of the
simulated cases, the model slightly overpredicts the velocity
at the onset of the pumping mode. In our research, a pumping
mode is initiated at 60 < Re < 140, 0.02 < We < 0.1, and
3 × 10−4 < Ca < 7 × 10−4, hence interfacial tension effects
are dominant in this region.

When the SAW power is increased to such a point where
the droplet is ejected from the surface, it is termed a jetting
mode. Depending on the type of substrate being used, LiNbO3

or zinc oxide film coated on silicon (ZnO/Si), the shape and
overall motion of the jet can be different. The shape can vary
from a thin beam [56] to full ejection of the droplet from the
surface (Fig. 13). For ZnO/Si SAW devices [56], although
able to achieve jetting effects, they require significantly more
power for similar frequency than those for LiNbO3. This is an
area which is planned for future research. For LiNbO3 devices
the droplet is ejected from the surface as the SAW energy
transferred into the liquid is large enough to overcome those
from interfacial tension and gravitational forces. A compari-
son between experimental and simulation results is presented
in Fig. 13. The results are in good agreement with the shape
and general motion of the LB simulations being comparable
to those of the experiments.

From our research we have found that the ratio of SAW am-
plitude to SAW wavelength is almost linear with an increase
in SAW frequency (Fig. 14). Up to frequencies of around
110.8 MHz, the simulation results are in close agreement with
the experimental data. Above this frequency, the association
starts to diminish. In the initial period the droplet is pushed up-
wards, elongating vertically and shrinking horizontally while
the interface is deformed. As the SAW forcing is large, the
left contact area is moved in the x direction toward the right
contact area, causing a balloon shape to emerge. Once the con-
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FIG. 11. Flow field and velocity profiles inside droplet at κ = 0 and 61.7 MHz. Droplet without SAW interaction (a),(b), and with SAW
interaction; 0.03-nm wave amplitude (c),(d) and 0.134-nm wave amplitude (e),(f) (note: flow field in lattice units). View is slice through center
of droplet at 17 ms.

tact area is small enough that the SAW forcing can overcome
the interfacial tension, the droplet leaves the surface along the
Rayleigh angle.

As shown in Fig. 15, the velocity data of the simulations
alongside the experiment agree well. For a SAW device with
frequencies of 61.7, 110.8, and 199.4 MHz the numerical ve-
locity is overpredicted slightly, however with 250.1 MHz it is
underpredicted quite considerably. In our analysis, the jetting
mode commences at 230 < Re < 340, 0.28 < We < 0.6, and
1.2 × 10−3 < Ca < 1.8 × 10−3. In the study by Tan et al. [8]
they witness the onset of single and multiple droplet ejection
at Weber numbers of 0.1 and 0.4, respectively. We observe
similar behavior since at We < 0.1 the droplet remains on
the surface and undergoes a pumping action, as described
previously (see Fig. 16).

In summary, the above comparison between experimental
and LB simulation results demonstrates the ability of the
proposed methodology for capturing the intricate dynamics of
SAW interactions on a microscale sessile droplet. The valida-
tion of mixing, pumping, and jetting has been presented and
analyzed. It is observed that there is a threshold wave ampli-
tude at each frequency, at which the aformentioned modes can
be achieved. Analysis of the data reveals that the amplitude
present in the model is not consistent with the experimental
trend. In spite of this, the results from the study are in good
agreement with experimental findings, being within 4% rela-
tive error in velocity for pumping and jetting. In the following
section, we will examine the effects of surface wettability on
droplet dynamics when surface acoustic wave interactions are
introduced.
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FIG. 12. (a) Experimental images of pumping phenomena for 5-
μl droplet agitated by SAW device with a frequency of 110.8 MHz
and applied power of 1.2 W, (b) LB simulation results. Arrows show
movement of droplet.

B. Effect of surface wettability

In this section, we analytically investigate the effect of
surface wettability on droplet dynamics for the specific case
of resonant frequency 199.4 MHz. All SAW parameters are
kept constant with only the surface wettability being modified.
We choose three wettabilities to be investigated; with initial
static contact angles (θs) of 60◦, 90◦, and 120◦. The shape
and subsequent modes are analyzed to determine the effect
the droplet contact angle has on SAW energy transfer into the
droplet.

FIG. 13. (a) Experimental images of jetting mode for 5-μl
droplet agitated by SAW device with a frequency of 199.4 MHz and
applied power 4.2 W, (b) LB simulation results.

FIG. 14. Relationship between A/λ and frequency for transi-
tioning between mixing, pumping, and jetting. (Experimental data
extracted from [56].)

As shown in Fig. 17, a change in surface wettability can
vastly alter the amount of SAW energy transferred into the
droplet, resulting in different dynamics. For the hydrophilic
surface (e.g., θs of 60°) the SAW interaction results in spread-
ing with slight droplet movement. The increased interfacial
tension, due to lower contact angle, is strong enough to over-
come the SAW force. Moving to the surface with a static
contact angle of 90°, we see no spreading on the SAW surface,
while only a pumping state is achieved as the acoustic forcing
is not sufficient to cause ejection from the surface. Again,
this can be explained by an increased contact area being
able to withstand the forcing for longer as compared to the
hydrophobic surface. An increase in SAW power would be
required to cause a transition from pumping to jetting at this
wettability condition, as shown in Fig. 17.

The findings from the study reveal the importance of sur-
face wettability to effectiveness of SAW energy transfer into
the drop. At the same wave amplitude and frequency, through
altering the wettability of the substrate, different modes can be
achieved, intentionally or unintentionally. Careful design of
the SAW device can allow for more efficient energy transfer,
resulting in less power requirements. This can be particularly

FIG. 15. Velocity of droplet as a function of resonant frequency
at the transition from mixing to pumping (pumping data points) and
pumping to jetting (jetting data points). (Experimental data extracted
from [56].)
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FIG. 16. Comparison between experimental [56] and simulated
data (a) Weber number vs Reynolds number, (b) Capillary number
vs Reynolds number, and (c) Weber number vs Capillary number.

useful for applications involving DNA where cells are suscep-
tible to damage [58].

C. Effect of viscosity ratio

In this section we will investigate the effect of viscosity
difference on droplet dynamics in the presence of surface
acoustic wave interactions. Similar to previous, all compu-
tational parameters are kept constant with the exception of
kinematic viscosity. In order to introduce a viscosity differ-
ence between the liquid and gas or vapor phase we adopt the
conventional methodology, where ν(ρ) = νl for ρ > ρc and
ν(ρ) = νg for ρ � ρc [34].

Considering the above treatments, three different cases are
investigated for the present test: νg/νl = 5, νg/νl = 15, and
νg/νl = 20. As before, a resonant frequency of 199.4 MHz has
been assumed, with droplet shape and motion being compared
when a jetting mode is witnessed.

As can be seen in Fig. 18(a), the effect of viscosity ratio
on droplet dynamics is apparent. An increase in viscosity
ratio has been shown to linearly increase the time taken for

the droplet to be ejected from the surface of the substrate.
This delay in jetting can be explained due to the increased
viscosity of the gas or vapor phase slowing the energy transfer
as the droplet interface is moved along the Rayleigh angle.
Another interesting aspect to note is the reduction in spurious
velocities as a consequence of viscosity ratio [Fig. 18(b)]. The
unphysical parasitic velocities which plague most multiphase
LB models are those which can cause major instabilities in
models, especially dynamic simulations. A reduction can be
useful in both helping to stabilize the computational domain
and when analyzing results.

D. Effect of interfacial tension

To analyze the effect of interfacial tension between the
liquid and gas or vapor, we employ the Xu et al. method
[33], described in Eq. (12), an extension of the already widely
used methodology proposed by Li-Luo [30], to 3D space. It
has been commented in the literature [59] that this approach
is more effective for reducing interfacial tension whereas the
scheme by Huang-Wu [60] is more suited to increasing inter-
facial tension. To the best of our knowledge, currently this
strategy for interfacial tension adjustment has not yet been
extended to 3D which is why the aforementioned has been
selected for this work.

To study the effect of interfacial tension on droplet be-
havior, we look again at a resonant frequency of 199.4 MHz
and a jetting regime. As before, we maintain the same com-
putational setup with only the interfacial tension adjustment
parameter κ being altered. We investigate a range of κ from
−0.25 to 0.25 which will provide some insight into how
increasing or decreasing interfacial tension affects the transfer
of surface acoustic wave energy into the microdroplet.

The results illustrate the effect of modifying the interfacial
tension between the droplet and the surrounding gas or vapor.
At the moment just before the droplet is ejected from the
surface, the shape and dynamics are scrutinized. Looking at
Fig. 19, going from left to right, we see some differences
in the droplet dynamics. At an increased interfacial tension
(κ = −0.25) the droplet is slightly more balloon shaped and
has more of a curvature, leaning further to the right, whereas
with a reduced interfacial tension (κ = 0.25), the droplet is
elongated further along the Rayleigh angle, with less curva-
ture and balloon shape. This demonstrates that the interfacial
tension has a strong influence on droplet shape however has
less impact on droplet dynamics since, in all scenarios, the
droplet is ejected from the substrate at approximately the
same amount of time. Interestingly, the maximum velocity
inside the droplet at the moment before ejection is altered
as a result of interfacial tension adjustment. An increase in
interfacial tension results in a rise in velocity of approximately
4.5% compared to the unmodified droplet. Similarly, when
the interfacial tension is reduced, we see a lesser increase in
maximum internal velocity of ≈1.6%.

VI. CONCLUSIONS

In summary, a three-dimensional numerical model for
acoustic interactions with microscale sessile droplets under
SAW excitation is developed, using a two-phase multiple
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FIG. 17. Simulation results at 10 ms for resonant frequency 199.4 MHz at different surface wettabilities.

relaxation-time pseudopotential lattice Boltzmann method.
The proposed model is initially validated against numerical
benchmark tests. The results are in excellent agreement with
the analytical solutions.

The developed model is then used in the study of SAW
interactions with a microscale sessile droplet on a LiNbO3

substrate. Simulation results are validated against experimen-
tal data, evaluating mixing, and pumping and jetting modes.
A good agreement between simualtions and experiments is
achieved. The results demonstrate the applicability of the
proposed methodology in the prediction of droplet dynamics
subjected to SAW agitations. It is observed that there is a
threshold wave amplitude at each frequency, at which the
aformentioned modes can be achieved. Analysis of the data
reveals that the amplitude in the model is not consistent with
the experimental trend. Despite this, the results from the study
are in agreement with experimental findings, being within 4%
relative error in velocity for pumping and jetting. We ob-
serve the transition of mixing to pumping state at We > 0.02,

Ca > 3 × 10−4, and Re > 60, with the onset of jetting mode
at We > 0.1, Ca > 1.2 × 10−3, and Re > 230.

Furthermore, the effect of surface wettability on droplet dy-
namics is investigated. It is found that on hydrophilic surfaces,
the energy transfer from the SAW to the droplet is impeded
by the large interfacial tension force. This is in opposition to
hydrophobic surfaces where the droplet is moved and ejected

from the substrate more easily. These results can be useful in
the development of more efficient SAW devices.

Moreover, the effect of viscosity ratio and interfacial ten-
sion has been investigated when the droplet is subjected to
SAW interactions. The findings reveal that viscosity ratio can
play a role in delaying the ejection of the droplet from the
surface. Movement of the liquid–gas or vapor interface is
slowed resulting in a longer jetting time. Modification of the
interfacial tension can lead to different droplet dynamics being
witnessed. At larger interfacial tension, the droplet resists the
deformation from the acoustic wave propogation, maintaining
its spherical balloon shape. Alternatively, a reduction in in-
terfacial tension allows the droplet to deform more along the
Rayleigh angle, resulting in a longer jet to be seen. Focusing
on the maximum internal jetting velocity, it is interesting to
note that modifying the interfacial tension alters the velocity
magnitude, nevertheless this has the inconsequential impact
of the ejection time from the SAW substrate surface.

Having constructed a three-dimensional two-phase lattice
Boltzmann model for simulating surface acoustic wave in-
teractions on a droplet, it would be motivating to extend the
method to include multiple components and thermal impacts.
This has the potential to capture more realistic physics which
could be used to broaden our understanding of the underlying
mechanisms dictating the interaction between the acoustic
wave and the fluid medium.

FIG. 18. Numerical results for jetting at resonant frequency 199.4 MHz. (a) Time for droplet to be ejected from surface against viscosity
ratio. (b) Average spurious velocities, in the simulation domain, before SAW interaction against viscosity ratio.
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FIG. 19. Simulation results at 14 ms for resonant frequency 199.4 MHz at different interfacial tensions.
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APPENDIX A: ORTHOGONAL MATRIIX FOR D3Q15 LATTICE

The transformation matrix for the D3Q15 LB model is given by [20].

M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
−2 −1 −1 −1 −1 −1 −1 1 1 1 1 1 1 1 1
16 −4 −4 −4 −4 −4 −4 1 1 1 1 1 1 1 1
0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 1 −1
0 −4 4 0 0 0 0 1 −1 1 −1 1 −1 1 −1
0 0 0 1 −1 0 0 1 1 −1 −1 1 1 −1 −1
0 0 0 −4 4 0 0 1 1 −1 −1 1 1 −1 −1
0 0 0 0 0 1 −1 1 1 1 1 −1 −1 −1 −1
0 0 0 0 0 −4 4 1 1 1 1 −1 −1 −1 −1
0 2 2 −1 −1 −1 −1 0 0 0 0 0 0 0 0
0 0 0 1 1 −1 −1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 −1 −1 1 1 −1 −1 1
0 0 0 0 0 0 0 1 1 −1 −1 −1 −1 1 1
0 0 0 0 0 0 0 1 −1 1 −1 −1 1 −1 1
0 0 0 0 0 0 0 1 −1 −1 1 −1 1 1 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

APPENDIX B: STATIC CONTACT
ANGLE RESULTS

To evaluate the performance of the geometric formulation
in the developed model, numerically obtained contact angles
are compared to the prescribed values. The deviation from
the prescribed angle is calculated according to, (prescribed
angle-measured angle)/prescribed angle, and the results are
provided in Table II. The maximum error is ∼3.7% indicating

TABLE II. Error in measured equilibrium contact angle.

Prescribed contact angle Measured contact angle % error

120 118.030 865 7 1.640 945 2
105 102.691 414 4 2.198 653
90 88.281 570 3 1.909 366 3
75 74.057 646 81 1.256 470 9
60 58.049 076 59 3.251 539
45 43.902 440 78 2.439 020 5
30 28.884 607 54 3.717 974 9

the current implementation can satisfactory capture solid-fluid
adhesion at high density ratio.

APPENDIX C: VELOCITY PROFILES INSIDE DROP WITH
AND WITHOUT SAW INTERACTION

In its current formulation, when comparing the magnitude
of velocities inside the drop we cannot readily distinguish
between spurious currents and acoustic streaming. As can be
seen from a droplet on a surface [Fig. 20(a)], without external
forcing, it displays a symmetrical pattern which is purely
a consequence of the numerical scheme. Comparing it to a
droplet subjected to low SAW forcing [Fig. 20(b)], we see a
more asymmetric pattern, where a streaming state has been
induced.

For a droplet without any SAW interaction there is a large
velocity near the top center and the majority of velocities are
located near the interface where interfacial tension effects are
highest. On the contrary, when SAW is introduced the largest
velocities are found at the left-hand side where the interaction
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FIG. 20. Velocity streamlines and vectors for droplet with (a) no SAW interaction and (b) SAW interaction at 61.7 MHz (note: flow field
in lattice units). View is slice through center of droplet at 17 ms.
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FIG. 21. Velocity profile through center of droplet (5-μl drop at
0.4 mm above surface at 61.7 MHz).

point resides. The direction of the flow field has been altered,
as the momentum of the liquid has been pushed upwards along
the Rayleigh angle, with a primary vortex established at the

right-hand side of the droplet. Although the order of magni-
tude between the two sets of data is similar, the composition
is distinctly different. When SAW is acting, a mixing field is
noticeably produced.

Further indication that a streaming state is initiated is con-
firmed by a velocity profile across the center of the droplet. In
Alghane et al. [11] they provide extensive details on the ve-
locity profiles expected when a low power SAW is interacting
with a 30-μl liquid droplet. They demonstrate a high velocity
near the interaction area [Fig. 10(a) of [11]], diminishing
along the width of the droplet with two lower peaks at the
middle and far side. Now, if we look at the velocity profile
across the droplet in the present study (Fig. 21), at a height of
400 μm from the droplet bottom, we see a similar outcome.
Although it has already been noted that spurious velocities
and streaming velocities cannot be distinguished readily, there
can be no doubt that the forcing scheme employed stimulates
streaming inside the drop which can cause mixing, pumping,
and jetting with increase in wave amplitude (power).

The spurious currents inside the droplet can be rearranged
and reorientated by the SAW forcing, as illustrated in Figs. 22
and 23, if the wave amplitude is sufficiently large. At small
amplitudes it has been shown that the forcing does not add
enough momentum to the fluid to alter the flow structure
already imposed by the numerical scheme, hence a velocity
field similar to that of a droplet without SAW interaction is
achieved. This flow field is maintained with further increase
in wave amplitude until it reaches a threshold, at which point
the forcing is able to reorder the flow resulting in a streaming
or mixing state.
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(a) (b)

FIG. 22. Flow field and velocity profiles inside droplet at κ = 0.25 and 61.7 MHz. Droplet without SAW interaction (a),(b), and with SAW
interaction; 0.03-nm wave amplitude (c),(d) and 0.1-nm wave amplitude (e),(f) (note: flow field in lattice units). View is slice through center
of droplet at 17 ms.
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FIG. 23. Flow field and velocity profiles inside droplet at κ = −0.25 and 61.7 MHz. Droplet without SAW interaction (a),(b), and with
SAW interaction; 0.03-nm wave amplitude (c),(d) and 0.167-nm wave amplitude (e),(f) (note: flow field in lattice units). View is slice through
center of droplet at 17 ms.
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