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A three-dimensional numerical simulation of the interaction of a surface acoustic wave (SAW) with a droplet of
water is carried out. The mixing produced inside the droplet due to the incident with the SAW and the droplet is
investigated by undertaking a parametric study, with parameters such as frequency, drop size, and the lateral posi-
tion of the droplet on the surface of the substrate. The linear relationship between the input voltage and the mixing
velocity inside the droplet is obtained with variation of the input voltage of the inter-digital transducer (IDT) of the
SAW device within a 10-40 V range. With the variation in frequency, the maximum mixing velocity is observed
at 20 MHz and it appears to be independent of the size of the droplet. Varying the substrate material with lead zir-
conate titanate and lithium niobate produces better mixing. Lithium niobate is preferred due to its availability and
cost-effectiveness. A drop of 600 um diameter produces better mixing. The different velocities inside the drop and
the SAW device are obtained by changing the droplet position in the lateral direction (asymmetrical position) from
the centre of the substrate. Cut planes parallel and perpendicular to the SAW at the core of a half-spherical droplet
are observed to visualise the mixing effects inside the droplet during the interaction. To achieve the best mixing
criteria, the droplet is moved in a lateral direction. An efficient parametric design for the mixing phenomena in

micro-fluidic devices is presented for point-of-care devices.

1. INTRODUCTION

Micro-fluidics and micro-scale tools are the emerging tech-
nologies in the field of life sciences, and droplet micro-fluidics
is proving itself to be a good substitute to continuous micro-
fluidics, especially in biochemical analysis. Nonetheless,
micro-droplet technology has opened a new podium for micro-
scaled chemical reactions, but it still needs effective actua-
tion of individual droplets at microscopic scales.! However,
it is complicated to achieve mixing inside a droplet at a very
low Reynolds number and at a microscopic scale.> A surface
acoustic wave (SAW) device working on the principal of sur-
face acoustic waves can handle the problem of mixing pattern
propagation inside a droplet in an improved manner.> An SAW
could be produced by giving an input voltage to the inter-
digital transducer (IDT), on the facade of the substrate of an
SAW device, as shown in Fig. 1. When a water drop is posi-
tioned in the path of a SAW, the wave becomes a leaky surface

acoustic wave (LSAW). After the interaction with the droplet,
owing to the variation in the wave speed in the droplet and the
solid substrate, the wave propagated with the Rayleigh angle
@, as shown in Fig. 2. Mathematically, @ = sin~'(C;/C,),
where C| and C, were the speed of sound in liquid and sub-
strate material, respectively, and its value was approximately
23% in the case of the water droplet.’ The penetration depth of
the Rayleigh SAW inside the substrate was inversely propor-
tional to the applied frequency.®

The SAW device played a vital role in the generation of
acoustic mixing, which, in turn, facilitated pumping,”® stir-
ring, !9 concentration of particles,!! vibrating,'>2> and atom-
ization.'>'* Acoustic mixing inside a droplet due to a SAW
interaction is a three-dimensional phenomenon, but to reduce
the computational time and complications in geometry mod-
elling, a past two-dimensional analysis was performed to study
this phenomenon.'> For the same reason, there are very few re-
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Figure 2. 3-D schematic of SAW propagation from IDT, that interacts with
the droplet on the surface of the substrate.

ported cases which extend up to the 3-D model design of effi-
cient SAW devices for micro-fluidics and lab-on-chip devices.’
Despite it being a complete understanding of the mixing affects
inside a droplet of water, it can only be undertaken by a com-
plete three-dimensional analysis.

Frommelt et al. introduced a micro pump based on the
SAWs.'® They conducted both a simulation and an experimen-
tation, and concluded that the use of an SAW device is not lim-
ited to mixing and pumping, but rather it can also be utilized in
the “lab-on-chip devices” aimed towards biological and point-
of-care devices.'® Luo et al. studied the effect of droplet posi-
tion on the surface of a substrate using two simulated cases.!”
The first case dealt with a droplet of a size less than the IDT
aperture placed in the path of the SAW, and in the second one,
the droplet position was changed, keeping it partially in the
path of the SAW. They reported completely different flow pat-
terns for both cases, as the flow pattern was symmetric for the
first case, but turned asymmetric in the second. The streaming
velocity at different RF powers was applied to a SAW and they
observed a direct relationship between the applied RF powers
and the streaming velocity.!”

This paper presents the 3-D numerical investigation of a
SAW micro droplet and the flow produced inside the droplet,
as result of SAW interaction, including the effects of frequency,
lateral drop position, input voltage, and substrate material. As
a detailed study undertaking these parameters collectively in
detail is unavailable, the results would provide vital informa-
tion for the selection of input voltage, applied frequency, lat-
eral position of droplet on substrate, and better material usage
for the substrate of a SAW device. This parametric study will
be a benefit for micro-fluidic and lab-on-chip devices recently
having great role in point-of-care and heath recovery devices.
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Figure 3. Flow chart of numerical modelling of the problem.

Section 2 of this document explains the numerical methodol-
ogy, Section 3 provides a detailed discussion of the obtained
results, and Section 4 provides the conclusions drawn from this
work.

2. NUMERICAL ANALYSIS

2.1. Numerical Model

This study considered the liquid as a Newtonian fluid de-
fined by its density, characteristic speed of sound, and viscos-
ity. The flow chart of the whole process is provided in Fig. 3.
The simulation domain covered the contact of the liquid and
the piezoelectric surfaces, connected to each other via appro-
priate boundary conditions, and a no-slip condition with the
liquid interface was also assumed. The interface between the
piezoelectric-air domains and liquid-air domains was consid-
ered as a soft boundary for the acoustic waves where the pres-
sure is zero.

A SAW liquid coupling model was developed using COM-
SOL CFD module (COMSOL Inc.). Owing to the hydrody-
namic behaviour of the droplet, obtained as a result of SAW
interaction with it, the droplet of water was assumed to be gov-
erned by a laminar incompressible Navier-Stokes continuity
and the momentum equation driven by some external force, F,
generated due to the interaction of the SAW with the droplet of
liquid.

N
v.U =0, ey

-
‘Z—ZZ +(UV)U = F - Vp+v.v°U. )
In the stated equations, U represented the acoustic wave
streaming velocity, p was the kinematic pressure and v was the
fluid kinematic viscosity. The calculation of acoustic stream-
ing motion was forced by the external body force F in the mo-
mentum equation. This force was caused by a spatial gradient
of Reynold stress of fluctuating flow due propagation of the
sound wave within the fluid medium as stated by the Lighthill
theory. However, the solutions of Eq. (1) and Eq. (2) required
knowledge of SAW force distribution, F.
According to the theory of acoustic streaming, F could be cal-
culated as:

3
F = (1 + o)’ AW kiexp2 (kix + a1kiz), ?3)
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Figure 4. Optimal meshing geometry of the problem.

where w was the angular frequency and A was representing
the amplitude of the SAW at a point of interaction between
the SAW and the liquid droplet. A leaky SAW wave number
denoted by K; was given by the formula:

K. =K, + JK; 4

For the case of solid-liquid coupling, the wave number could
be obtained by applying the Campbell and Jones method. The
attenuation constant in the above equation, (C) was a; = Ja,

anda =1 - (g—va)z, where C; and Cy were the leaky SAW
velocity and the velocity of sound in a liquid, respectively. The
wave propagates inside the droplet with an angle, named the
Rayleigh angle, which could be calculated as:

O = sin”! (%) (5)

N

The total force of streaming F can be expressed by for-

mula, F = (F2x+ F 2y)l/z, where it was independent of the
y-direction. This study restricted the value of the applied volt-
age to the IDT up to a certain limit to avoid droplet deformation
and movement due to interaction with the SAW.

2.2. Meshing and Solution

A grid independence study was carried out after the creation
of a geometric model for the problem and for this purpose the
mesh size was varied from extremely coarse to fine until the so-
lution became independent of the mesh size. Figure 4 presents
the optimum mesh attained for this study.

A total of sixteen simulations were carried out, varying the
mesh size until the problem became grid independent. The
number of cells versus the velocity inside the droplet is plot-
ted in the Fig. 5. It was evident through Fig. 5 that the problem
was grid independent for all average, maximum, and minimum
values. It should be noted that the grid-independent plot shows
only the results of the five final simulations. Henceforward,
all simulations were performed according to the design of the
experiment listed in Table 1. For the solution, the “Time De-
pendent, Generalized Alpha Method” was used. After 146,829
cells in the domain, the average, minimum, and maximum ve-
locity have negligible change in their values, thus the grid with
146,829 cells was fixed for further simulations.

2.3. Design of Experiment Table for Simulation

Table 1 lists the design of the experiment for the further sim-
ulations.

As shown in the Fig. 1, A = 1665 um was the aperture of
the SAW device and p = 333um was the pitch of IDT. From

Grid independence

= max
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=)

Mumber of cells

Figure 5. Grid independence plots in which number of cells is plotted against
the minimum, average, and maximum velocity inside the droplet, showing
clearly that the problem is grid independent.

Table 1. Showing the design of the experiments for the simulations at different
parameters for finding the efficient parametric values for mixing in “lab-on-
chip” and “microfluidic devices” at the micro scale.

Case Frequency Lateral Voltage | Substrate Drop
Number (MHz) position V) Material size
(um) (um)
Case # 1 20 0 1040 Lithium 600
Niobate
Case #2 20-80 0 10 Lithium 600
Niobate
Case #3 20 0 10 Lithium 600
Niobate,
Quartz,
lithium
tanalate,
& lead
Zirconate
titanate
Case #4 20 0-1000 10 Lithium 600
Niobate,
Case #5 20 100-700 10 Lithium 600-800
Niobate,

the literature, as well as our frequency effect plot as shown in
Fig. 7, it was observed that the maximum mixing results could
be obtained at 20 MHz, so it was kept constant for the whole of
the numerical analysis.”'® Also the value of the SAW device
velocity was kept constant at 3996 m/s for all simulations.!”

3. NUMERICAL RESULTS AND DISCUSSION
3.1. Validation

For validation of the test case results, the input voltage to the
IDT was changed and plotted against different droplet sizes,
as presented in Fig. 6. A linear relationship was obtained be-
tween the input voltage and the maximum velocity. The same
trend was reported by Renaudin et al. and Imai et al., show-
ing linear proportionality between the signal voltage versus the
velocity.?%2! As this study was focused on the inside velocity
of the droplet without a significant alteration in shape and with
no deformation, the increase in input voltage above 40 V lead
to the complete distortion of the droplet shape, hence the max-
imum voltage limit, which lead to the droplet deformation that
was defined for the given parameters.

As shown in Fig. 6, an improved mixing effect was observed
with the droplet of a smaller diameter. Also, with the increase
in the input voltage, the maximum velocity of mixing inside
the droplet also increased. This could be explained due to the
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Figure 6. Shows maximum velocities inside the droplet, when device inter-
acted with a very small amount of water.
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Figure 8. Frequency effect plot shows that the simulations were carried out at
different frequencies and it was observed that effective mixing occurred in the
case of 20 MHZ.
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Figure 7. 600 um diameter at 20 V,40 V & 800 um diameter at 20 V, 40 V.

increase in the intensity of the wave, which was directly pro-
portional to the voltage, i.e. increasing the voltage of the IDT
resulted in an intense wave. Moreover, the intensity was also
in direct relationship with the velocity, so with the increase in
the input voltage, the velocity inside the droplet also increased.

Figure 7 provides the velocity contours of the droplet. Rows
“a” and “b” provide the cut plane from centre of a 600 um
diameter droplet. The droplet had different result at different
times of simulation, which implied that the velocity inside the
droplet was changing with the passage of time. The rows with
an increased input voltage of the IDT had an increased velocity
inside the droplet. A similar trend can be observed in the rows
“c” and “d” in the case of an 800 um diameter droplet. Hence,
we could conclude from this contour that a higher input IDT
voltage provided better mixing.

3.2. Effect of Frequency

The streaming effect caused by the variation in frequency
was simulated at four different frequencies according to the
design of the experiment as presented in Table 1. The graph
obtained as a result of the simulated experiments is presented
in Fig. 8.

Figure 9 shows that a better streaming/mixing effect in-
side the droplet was produced with 20 MHz frequency. As
the velocity obtained was almost constant at 3996 m/s, so by
equation v = fA, the product will remain the same and the
frequency will be inversely proportional to the wavelength.
Hence, a low frequency will provide a higher wavelength,
resulting in a better velocity or streaming effect inside the
droplet.
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Figure 9. Contour for 20 & 50 MHZ frequency respectively row wise, with
the passage of time in simulation there is a definite change in velocity inside
the droplet, increasing.

Streaming could not be attained at the frequency of 50 MHz,
instead this frequency resulted in a turbulent flow. The litera-
ture also designates 20 MHz as the optimum frequency for bet-
ter mixing for any sized droplet, so we limited our experiments
to this frequency.??

3.3. Effect of substrate material

Four different piezoelectric substrate materials were used
namely lithium niobate, lead zirconate titanate, lithim tanta-
lite, and quartz. Better streaming effects were observed in the
cases of lead zirconate titanate & lithium niobite, as shown in
the Fig. 10. This effect could be explained by the high charge
sensitivity of lead zirconate & lithium niobite, which caused
more inside-droplet velocity for all minimum, average, and
maximum values. Results were also dependent on the inter-
molecular bonding of the substrate material as it is different
for each substrate material.>*

The contours for the cut plane perpendicular to the SAW di-
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Figure 10. Showing the results of different substrate materials, it was observed
that an efficient and better mixing occurred in the case of using lead zirconate
titanate (PZT-2) as a substrate material for the SAW device.
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Figure 11. Contours for lithium niobate and quartz as a substrate material,
respectively, in row order at different times during the simulations.

Position effect

- masx
L]

Amin

Velocity inside droplet (m/s)

Lateral position of Half- spherical droplet on surface of substrate {jym)

Figure 12. Lateral position of the droplet on the surface of substrate effect,
it was observed that up to 600 um diameter of droplet, the trend of mixing is
alternatively changing while after 600 um, it remained the same for all onward
lateral positions of the droplet on the surface of substrate.

rection for lithium niobate having the maximum inside-droplet
velocity, and also for the quartz substrate material having less
inside-droplet velocity at a different time of simulation are
shown in Fig. 11.

3.4. Effect of Lateral Position

The droplet was moved from its initially centred position in
the lateral direction on the surface of the substrate. It is clear
from the Fig. 12 that better streaming was produced when the
droplet was at 0, i.e. at the centre of substrate. Also, the results
were alternatively changing its streaming pattern with a change
in position, but after the 700 micro-meter position, the effect of
streaming became constant through the remaining positions, as
it experienced less exposure to the SAW.

Cut plane results for the effect of the lateral position pre-
sented in Fig. 13 shows that the centre position produced some
streaming velocity at 500 um and the streaming effects were
diminished at a distance of 1000 ym.

3.5. Effect of Changing Size and Lateral
Position

In this case, both the droplet size and the lateral position of
the droplet were changed. The average velocity contours are
shown in Fig. 14, by changing the size and the lateral position
of the droplet. The surface map provided the optimal ranges
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Figure 13. Lateral positions of 500 um & 1000 um cut plane results, respec-
tively, in order, row-wise for two cases showing an effective change in results
with the passage of time in the simulation.

Table 2. Showing better ranges for the streaming mixing effect produced in-
side a droplet, in the case of changing droplet size as well as lateral position of
the droplet on the surface of the substrate from the centre.

Parameter Range of Avg. Velocity Inside Droplet

Droplet size 735~765
Lateral position of droplet
on surface of substrate 420~580 um

from centre

700

600

500

o £ (Hm)
8 3

Lateral Position

[
(=]
(=]

100

800 650 700 750 800

Diameter of half spherical droplet (um)

Figure 14. Average velocity contours of the lateral positions and diameter of
a half spherical droplet.

for better mixing or streaming produced inside a small droplet.
These ranges are presented in Table 2.

4. CONCLUSIONS

This study presents the numerical simulations of a SAW to
investigate the effect of different parameters like frequency,
droplet size, lateral position, input voltage, and lateral posi-
tion on the velocity inside the droplet. It is observed that a
higher input voltage and small diameter of a droplet results in
an increase in maximum velocity inside the droplet and the
frequency of 20 MHz provides the best streaming or veloc-
ity results. The substrate material is also changed and it is
concluded that better streaming and velocity values are ob-
tained by keeping lead zirconate titanate and lithium niobate
as a substrate material but lithium niobate is the conventional
material as it is widely used to simulate the experiments. It is
also observed that the streaming and mixing effect is improved
when the droplet is kept nearly at the centre of the substrate
or exactly at the centre and its effect becomes constant after
70 um. It is observed that by changing the lateral position of
the droplet and the droplet size (diameter) together, the 350 ym
droplet at the 300 um lateral position results in the maximum
velocity inside the droplet. All these parameters provide valu-
able information about the droplet lateral position, input volt-
age, etc., to utilize in different micro-mixing processes hence
it can provide vital information for mixing in point-of-care de-
vices.
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