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Acoustic streaming of ink particles inside a water microdroplet generated by a surface acoustic

wave (SAW) has been studied numerically using a finite volume numerical method and these

results have been verified using experimental measurements. Effects of SAW excitation frequency,

droplet volume, and radio-frequency (RF) power are investigated, and it has been shown that SAW

excitation frequency influences the SAW attenuation length, lSAW, and hence the acoustic energy

absorbed by liquid. It has also been observed that an increase of excitation frequency generally

enhances the SAW streaming behavior. However, when the frequency exceeds a critical value that

depends on the RF power applied to the SAW device, weaker acoustic streaming is observed

resulting in less effective acoustic mixing inside the droplet. This critical value is characterised by

a dimensionless ratio of droplet radius to SAW attenuation length, i.e., Rd/lSAW. With a mean value

of Rd/lSAW� 1, a fast and efficient mixing can be induced, even at the lowest RF power of 0.05 mW

studied in this paper. On the other hand, for the Rd/lSAW ratios much larger than �1, significant

decreases in streaming velocities were observed, resulting in a transition from regular (strong) to

irregular (weak) mixing/flow. This is attributed to an increased absorption rate of acoustic wave

energy that leaks into the liquid, resulting in a reduction of the acoustic energy radiated away from

the SAW interaction region towards the droplet free surface. It has been demonstrated in this study

that a fast and efficient mixing process with a smaller RF power could be achieved if the ratio

of Rd/lSAW� 1 in the SAW-droplet based microfluidics. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4758282]

I. INTRODUCTION

Recently, there has been much interest in surface acous-

tic wave (SAW) technology for miniaturized microfluidic

and lab-on-chip applications.1 This technology consists of a

set of interdigitated transducer (IDT) electrodes on the sur-

face of a piezoelectric substrate as shown in Fig. 1. Surface

acoustic waves can be launched by applying an alternating

electric field to the IDT. When liquid (either in bulk or drop-

let form) lies in the propagation path of the SAW emitted by

the IDT, it attenuates and changes its mode to a leaky surface

acoustic wave (LSAW) upon its arrival at the boundary

between solid (substrate) and liquid, due to acoustic velocity

mismatch between the solid and the liquid medium.2 This

leakage of the SAW inside the droplet leads to the generation

of a longitudinal pressure waves that propagates at a Ray-

leigh angle into the fluid,3 as shown in Fig. 1. The absorption

coefficient per unit length scale of the Rayleigh wave due to

emission of longitudinal waves can be estimated using2,4,5

al ¼
1

lSAW
¼

qf cf

qck
; (1)

where q and qf represents the densities of the LiNbO3 sub-

strate and the fluid, respectively, cf the velocity of longitudi-

nal wave in the fluid, c the SAW velocity in the substrate, k
is the SAW wavelength, and lSAW is the attenuation length of

the Rayleigh wave. The leaking of acoustic energy into the

fluid medium results in a net body force, F, that generates a

bulk liquid circulation within the droplet, which is known as

acoustic streaming,6,7 in a similar manner to that presented

in Fig. 1.

The SAW streaming phenomenon inside microdroplets

or microchannels has been previously demonstrated as an

efficient technique for many microfluidic functions, such as

microdroplet mixing, stirring, pumping, ejection, and atom-

ization.8–11 For digital microfluidics, Strobl et al.12 have

shown experimentally that fluorescence dye particles dis-

solved in water microdroplets mixed efficiently under a SAW

excitation, and they reported that the duration time of the

mixing process strongly depended on the radio-frequency

(RF) power applied to the SAW device. Wixforth et al.13,14

also have observed a similar phenomenon, where a dried fluo-

rescent dye deposited underneath a 50 nl water droplet was

dissolved and rapidly mixed with the whole droplet volume

under SAW excitation. Shilton et al.15 conducted an experi-

mental study investigating the effect of IDT design on the

mixing performance of SAW-driven digital microdroplets.

a)Authors to whom correspondence should be addressed. Electronic addresses:

Richard.Fu@uws.ac.uk and B.Chen@hw.ac.uk.
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He demonstrated that the highest mixing efficiency in micro-

droplets was generated with transducers designed to focus

the radiated SAW. Compared with the conventional IDT

design shown in Fig. 1, which launches a plane wave, the fo-

cusing of the radiated SAW from the curved IDT enhances

the acoustic streaming in the microdroplet. An experimental

investigation by Rathgeber et al.16 demonstrated that an

effective mixing of liquid volumes contained in micro wells

could be achieved within a couple of seconds by using SAW.

For microchannel flow, Sritharan et al.17 reported that, when

a SAW device was placed under the junction of a Y-shaped

microchannel into which two different liquids were injected,

an effective mixing of the two liquids was observed under

various applied powers with SAW propagating in the same

direction of fluids flow in channel. Tseng et al.18 investigated

the effects of IDT placement (compared to SAW propagation

direction) within a channel on the mixing efficiency using a

parallel and transversal orientation within a Y-shaped micro-

channel. Results revealed that the acoustic streaming of a

SAW device located in parallel within the channel performed

better mixing performance than the transversal orientation,

depending on the RF power applied to the SAW device.18

Although it is well known that the leakage of acoustic

energy into the fluid medium is responsible for the SAW

streaming phenomena, and the wavelength of the Rayleigh

wave k (as a part of the absorption coefficient, al) deter-

mines the portion of acoustic energy absorbed by the fluid,

few studies have been conducted concerning the effects of

wavelength (or excitation frequency) on SAW acoustic

streaming.19 For example, Tan et al.20–22 reported that when

the width of a grooved microchannel fabricated on the sub-

strate surface was increased beyond an acoustic wavelength,

the induced fluid flow in the microchannel by SAW excita-

tion changed from an axially symmetric laminar flow to a

vortical mixing flow, and became more chaotic with further

increase in the channel width. However, there was no report

on a systematic study of its mixing efficiency. Maezawa

et al.23 reported that modulation of the frequencies of SAW

device improved mixing efficiency of liquids contained

inside a liquid cell driven by a SAW, but there was no

discussion of the effect of cell volume on the mixing per-

formance. Strobl et al.12 studied SAW-driven flow inside

microdroplets, and experimental observations showed that a

laminar flow within 5 ll droplet was disturbed by switching

the device frequency between 114 and 340 MHz, which

resulted in an efficient mixing for dye particles placed in

water droplet.

Clearly, apart from applied SAW power that plays

an important role in SAW induced mixing, the excitation

frequency applied to the SAW devices represents another

key parameter for enhancing the streaming phenomenon and

mixing performance. Nevertheless, current literature does

not provide sufficient information to quantitatively describe

the influence of excitation frequency on the efficiency of

mixing in SAW-based microdroplet systems. This paper

investigates the effects of different flow parameters, includ-

ing SAW excitation frequency, droplet volume, and applied

power, using a 3D systematic simulation with experimental

verification. The results provide a good guidance for the

selection of optimum excitation frequency for an effective

mixing device, with a minimized applied SAW power for

reducing acoustic heating.

II. NUMERICAL ANALYSIS

A. Computational experiment setup

For the simulations, water droplets with volumes of 2.5,

5.0, 7.5, and 10 ll, were positioned on the SAW propagation

path, as schematically illustrated in Fig. 1 and excited using

128� YX-LiNbO3 SAW devices with an IDT aperture of

500 lm. Given an uniform finger spacing and SAW

width,24,25 the resonant frequency for each design IDT layout

can be calculated by f ¼ c=k ¼ c=4d, where c ¼3992 m/s,26

where d is the IDT finger spacing or width. In this study,

wavelengths ranging from 32 to 1061 lm were used.

B. Streaming model

In order to simulate the internal fluid flow of acoustic

streaming for SAW-droplet coupling, the continuity equation

(2) and Navier-Stoke’s equation (momentum equation) (3)

were used for the laminar incompressible flow driven by an

external SAW body force. The verification and preliminary

results of this model have been reported previously.27,28

r�~U ¼ 0; (2)

@ ~U

@t
þ ð~U �rÞ~U ¼ ~F �rPþ vr2~U ; (3)

where, U represents the acoustic streaming velocity, P the ki-

nematic pressure, and v is the kinematic viscosity. F is the

acoustic body force per unit mass due to the SAW-liquid

interaction, which is written as; F ¼ �ð1þ a2
i Þ

3
2 A2 x2 ki

exp 2ðkixþ aikiyÞ,29 where ki is the wave number, ai the

damping factor, x is angular frequency, and A is the SAW

amplitude which can be described using A
k ¼ 8:15� 10�6

PD
0:225 þ 5� 10�6PD

0:8.30 PD is the RF power applied to the

SAW device in Watts.

C. Mixing model

In order to evaluate the mixing performance of SAW-

induced streaming in microdroplets, the conservation equa-

tion of mixing species was used;31

FIG. 1. Schematic illustration of SAW propagation from an IDT into a drop-

let showing the induced streaming patterns.

084902-2 Alghane et al. J. Appl. Phys. 112, 084902 (2012)
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@m

@t
þ ~U �rm ¼ Dr2m; (4)

where m denotes the mass fraction of mixing species (such as

dye particles in this study), which is defined as the ratio of

the mass of the mixing species in a given volume to the total

mass of the mixture contained in the same volume. The diffu-

sion coefficient D (diffusivity of dye in water in our case)

was assumed to be 1� 10�20 m2 s�1, and the viscosity of the

dye/water solution was estimated the same as that of pure

water.32 Thus, the mass fraction function (or colour indicator)

can be given as

m ¼ðVolume occupied by dye speciesÞ=
ðtotal volume of the mixtureÞ: (5)

The values of the mass fraction m in Eq. (5) should be

0�m� 1, where zero corresponds to water with no dye, and

a value of 1 corresponds to a volume that consists only of the

dye species. Any values between 0 and 1 represent a mixture

of water and dye species. By calculating the distributed val-

ues of the mass fraction, m, inside the droplet, it is possible to

evaluate the mixing performance of SAW-driven microdrops.

D. Boundary conditions and solution

In this study, the maximum RF power applied to the

SAW device was limited to 0.5 mW, a value which is large

enough to induce efficient acoustic streaming, but without

any induced droplets deformation or pumping.27,28 In this

case, the water droplet can be considered as a hemispherical

body, as depicted in Fig. 2. The droplet domain was con-

structed using a curvilinear mesh with a grid resolution

depending on the SAW wavelength, to ensure the capture of

any high energy dissipation.2 For the flow model, a non-slip

boundary condition was assumed at the droplet/substrate

interface, while a stress free boundary condition was applied

at the interface of droplet and air. For the mixing model,

zero gradient mass fractions were assumed at all the droplet

boundaries. In order to visualize the whole mixing process

inside the microdroplets and to evaluate the mixing perform-

ance of the SAW devices for different design parameters, the

water droplets were initially (at time t¼ 0 s) assumed to have

dissolvable dye particles on the droplet base with a 70 lm

height from its base and with a mass fraction of m¼ 1 (the

red colour base as shown in Fig. 2). In this study, an open

source CFD based code OpenFOAM-1.6 (OpenCFD Ltd)

was used for 3D simulations, which is based on the finite

volume numerical method.31

E. Mixing index

In order to quantify the mixing performance of such dye

within the water droplet under the excitation of SAW, a mix-

ing index parameter (MIP) has been used, which can be

determined from the analysis of mass fraction intensity

extracted from the simulation results

MIP ¼

XN

i¼1
Vimi

V0mmax
; (6)

where, N is the total number of computation cells in the drop-

let mesh, Vi is the localized cell volume, V0 is the total drop-

let volume initially occupied by the dye species (m¼ 1.0), as

shown in Fig. 2, and mmax is the maximum initial mass frac-

tion of dye species (set to 1 in this study). Here, the value of

MIP varies between 0 (unmixed) and 1 (complete mixed).

Equation (6) represents the percentage of the initial dye par-

ticles at the bottom of the droplet (seen in Fig. 2) that have

been propelled by the internal acoustic streaming into the

pure water, or driven away from the bottom of the droplet

after a SAW excitation. Thus, the defined mixing index pa-

rameter, MIP, can be used as a measure for describing mixing

efficiency across the different simulated regimes.

III. EXPERIMENTAL

For experimental verification, the SAW devices were

fabricated on 128� YX-black LiNbO3 substrates by sputter-

ing 200 nm thick aluminium to form the IDTs, with an IDT

aperture of 500 lm. The details of the SAW device fabrica-

tion have been documented elsewhere.33 The surface of the

LiNbO3 wafers is hydrophilic with a water contact angle of

about 35� as can be observed. In this study, a spin-coated

CYTOP
VR

(Asahi Glass Co., Ltd., Tokyo Japan) layer was

prepared to make the surface hydrophobic and increase the

contact angle from about 35� to 110�. To agitate the liquid

droplets, the SAW was generated on the surface by applying

an RF signal to the IDTs using a standard signal generator

MI 2019 A amplified by an MI TF2175 RF power amplifier.

Water droplets with volumes ranging from 2.5 to 10 ll were

loaded at the centre of the SAW propagation path by using a

micro-volume kit micropipette, as shown in Fig. 1. In addi-

tion to droplet volume and SAW wavelength, the effect of a

moderate range of applied RF powers from 0.05 to 0.5 mW

were evaluated. These were selected to ensure that the drop-

let would not be dramatically deformed but sufficient energy

would be available to induce internal streaming and mixing

inside the droplets. In order to determine the streaming ve-

locity, polystyrene particles with average diameters of 6 lm

were placed inside the water droplets and their motion was

recorded using a high speed camera (Kodak Motion Corder

Analyzer—600 frames per second). In order to experimen-

tally visualize the whole mixing process inside the

FIG. 2. Illustration showing the initial mass fraction used in this study with

a value of m¼ 1.0 (dyed water) at the droplet base for a 70 lm height from

its base in Y direction, and value of 0.0 elsewhere (pure water).
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microdroplets and to evaluate the mixing performance of the

SAW devices for different design parameters, dried particles

of food dye were initially placed underneath the droplets (at

time t¼ 0 s), and their mixing process inside the droplets af-

ter the SAW power was tracked.

IV. COMPARISON AND DISCUSSION

A. Acoustic mixing process

The characteristic mixing process of SAW-induced

microdroplets mixing will be discussed first. Figure 3

presents sequential images of the simulated mixing process

of the dye in a 5 ll droplet. Here, an RF power of 0.5 mW

was applied to the SAW device, and an excitation frequency

of f¼ 39.92 MHz (corresponding wavelength, k¼ 100 lm)

was used. First column (a) in Fig. 3 shows 3D volume

images of the changes of dye concentration with the time pe-

riod after the SAW excitation. After applying an RF power

to the IDTs of the SAW device, a SAW was launched and

coupled with the water droplet. Its energy is radiated into the

droplet at a Rayleigh angle, inducing an effective acoustic

momentum (body force) that decays exponentially away

from the SAW interaction region. This momentum source at

the SAW-droplet interaction region establishes a flow field

that drives the fluid upwards at a Rayleigh angle, resulting in

build-up of a progressive flow within the droplet, as seen in

the left hand column of Fig. 3 after 0.03 s. It can be observed

that in Fig. 3 (column (a)), the streaming velocities are the

highest near the SAW source, especially during the early

stages of flow development.

Simultaneously, the generated flow in the droplet indu-

ces an advection for the dye particles at the bottom of the

droplet towards the top of the droplet at the same Rayleigh

angle of longitudinal pressure wave. This is clearly observed

in the early stage images presented in column (a) of Fig. 3.

The flow is guided by the curved droplet/air interface back

down towards the droplet base where it is then directed back

towards the SAW excitation source along the base of the

droplet. When this reverse flow reaches the region near the

SAW source, the SAW drives the reverse flow upwards

again, causing an advection for more dye particles that trav-

els away from the droplet bottom into the droplet volume.

Finally, after a few seconds, the developed flow reaches a

steady stage of the double vortex (butterfly) flow patterns,34

as shown by the velocity vectors in the latest stages of col-

umn (a) (time¼ 7 s) in Fig. 3. This steady flow pattern is

dependent on the excitation frequency, the applied SAW

power, the droplet size, and the fluid properties.27,28,35

For further analysis, the mass fraction data were divided

into two groups; with the first group covering the mass frac-

tion range of 0-0.5 and the second one from 0.5 to 1.0. The

second column (b) in Fig. 3 shows the simulated contours of

mass fraction ranging from 0 to 0.5 using 3D clips (e.g., 3D

droplet volume images with cutting planes along the Y and Z

axis showing half of hemispherical body). These results

show that the dye particles follow the fluid flow in similar

patterns with an increasing dye mixing volume inside the

whole droplet. The dye mixing volume increases continually

as the dye is fed from the dye particles at the droplet bottom,

through streaming-induced advection. This advection of the

dye particles results in a decrease in the volume of the high

concentration zone (m	 0.5) with the development of

streaming flow, as shown in the third column (c) of Fig. 3

that covers a higher mass fraction range of 0.5-1.0. Also, it

can be observed from Fig. 3(c) that the quantity of dye

particles driven from the droplet base decreases with the

duration of streaming flow. Eventually, the concentration of

the dye particles that dissolved in the water droplet reaches

a steady state value and the solution nearly becomes

homogeneous.

Figure 4 shows that the simulation results are identical

to our experimental observations as well as those from litera-

ture.12,36 For comparison, dried particles of food dye were

deposited underneath a 5 ll water droplet before applying

the RF power. Figure 4 depicts four snapshots of such mix-

ing experiments of SAW-induced streaming. After applying

the RF power, the dye is quickly mixed in the droplet in a

few seconds. As can be observed from the snapshots of the

dye mixing in droplet, the coupled SAW from the bottom of

the droplet induces an acoustic streaming that leads to an

advection for the food dye particles at the bottom of the

droplet (in blue colour) towards the top of the droplet at the

Rayleigh angle of longitudinal pressure wave, as indicated

by the black dashed arrow in Fig. 4 at time of 1 s, which

agrees well with the results presented in Fig. 3 at the same

duration time. Finally, the dissolving process of the dye par-

ticles reaches a steady state distribution inside the droplet

volume, as can been seen from both the numerical and exper-

imental observations presented in Figs. 3 and 4, respectively,

at a duration of 7 s.

B. Mixing efficiency versus SAW excitation frequency

The relation between the mixing efficiency and excita-

tion frequency (or wavelength) was studied and the values of

the MIP were investigated as functions of droplet volume,

wavelength, and RF power. Figure 5(a) shows the derived

mixing efficiency as a function of a dimensionless ratio

between the droplet radius, Rd, and the estimated attenuation

length of a Rayleigh wave, lSAW,
2 i.e., Rd/lSAW. In this case, a

5 ll water droplet was used, and a 500 lm aperture SAW de-

vice was excited with an applied RF power of 0.5 mW. In

order to derive more information about the effectiveness of

SAW-induced convective mixing, the relationship between

MIP and Rd/lSAW was studied for different ranges of mass

fraction. As can be observed in Fig. 5(a), the MIP profile that

covers the whole range of mass fraction (m� 1.0) shows

only minimal variation with Rd/lSAW and gives little insight

into the effectiveness of the value of Rd/lSAW on the mixing

efficiency of SAW devices. Comparing these results with

other mass fraction ranges in Fig. 5(a), the trends for both

the profiles for m� 0.1 and m� 0.5 are similar and show

clearly that there is a critical value of Rd/lSAW¼ 0.92, beyond

which there is a considerable decrease in the mixing effi-

ciency (e.g., reducing lSAW as an increase in the excitation

frequency or a decrease in wavelength). With the acoustic

energy loss being the dominant mechanism for the genera-

tion of acoustic streaming, coupled with minimal acoustic
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FIG. 3. Three dimensional images of the simulated mixing process for a 5 ll water droplet, using 128� YX-LiNbO3 SAW devices with 0.5 mm SAW

aperture and excited by frequency of 39.92 MHz at an RF power of 0.5 mW. The first row shows different illustrations of the droplet at different views and

mass fraction ranges; Column (a): the mixing process in 3D volume images using mass fraction range 0.0�m� 1, and the black arrows indicate to the

velocity vectors of the flow field; Column (b): 3D images of the mixing process looking through the droplet that induced by cutting slices into it, as shown

in the first row, using smaller range of mass fraction 0.0�m� 0.5; column (c) similar to column (b) but covers the largest mass fraction range of

0.5�m� 0.1.

084902-5 Alghane et al. J. Appl. Phys. 112, 084902 (2012)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

137.195.59.30 On: Wed, 16 Jul 2014 12:29:16



heating resulting from the low RF power and fluid viscos-

ity,37,38 this flow phenomenon can only be explained by the

acoustic energy that is absorbed by the liquid layer. Based

on the results presented in Fig. 5(a), the MIP profile has

more sensitivity to the variation of the Rd/lSAW ratio when

the mass fraction of m� 0.1 (a value that corresponds to

mean mass fraction, mmean¼ 0.1). Hence, the mass fraction

range of m�mmean was used in this study to quantify the

SAW mixing efficiency, where mmean is the mass fraction of

homogenous mixing, which can be calculated by the ratio of

initial dye volume to total droplet volume and the maximum

initial mass fraction, mmean ¼ mmaxV0=Vtot.

Figure 5(b) presents the simulated steady state (the time

after which there is no changes in the dye concentration)

results of 3D clip images, showing the effect of Rd/lSAW ratio

on the dye homogeneity (or mixing efficiency). From the

image of first column (corresponding to Rd/lSAW¼ 0.92), the

droplet mixture is shown to be extremely homogeneous and

the dye particles are distributed uniformly across the whole

droplet volume, with a mass fraction value of m� 0.1 every-

where inside the droplet. In contrast, when the Rd/lSAW ratio

is larger than one, such as 1.43 in Fig. 5(b)), an inhomogene-

ous mixture is obtained with less dye particles transported

into the droplet volume, due to the weakness of acoustic

streaming flow, which can be seen from the results of

m� 0.1 shown in Fig. 5(a). This flow becomes much slower

with further increases in the Rd/lSAW ratio. For example, a

value of 3.35 in Fig. 5(b) resulted in larger area of the dye

FIG. 3. (Continued.)

FIG. 4. Side view snapshots of SAW-

induced internal streaming in a 5 ll

water droplet, where dried particles of

food dye were placed underneath the

droplets. After the SAW excitation, the

dye colour quickly fills the whole drop-

let volume. The black arrow with dash

line shows the fluid flow inside the drop-

let, and the red arrow indicates to the

direction of the SAW propagation.
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particles that clustered at the droplet bottom, with high con-

centrations (e.g., m	 0.5). This can also be verified by mix-

ing efficiency shown in Fig. 5(a) for the curve of m	 0.5.

When the value of Rd/lSAW exceeds a unity, the percentage of

the droplet volume that contains a high concentration dye

particles significantly increases and reaches up to 60% with

further increases in Rd/lSAW, indicated by the case of m> 0.5

show in Fig. 5(a). This clearly shows that the SAW mixing

becomes poorer at high frequencies.

Figure 6 presents the MIP as a function of Rd/lSAW ratio

at three different RF powers (0.05, 0.15, and 0.50 mW) using

a 2.5 ll droplet with an initial dye concentration similar to

that shown in Fig. 2. Generally, the relationship for each

power in Fig. 6 shows a similar trend to that of 5 ll droplet

in Fig. 5(a) for equal mass fraction range of m� 0.1. This

indicates that the mechanism of the dye mass transported by

a bulk liquid circulation of SAW excitation is similar. How-

ever, beyond a critical Rd/lSAW ratio which is dependent upon

the RF power, further increase in this ratio results in a con-

siderable decrease in the mixing efficiency. The results show

FIG. 5. Normalised mixing intensity results for a 5 ll droplet, using 500 lm aperture SAW device at a RF power of 0.5 mW, and with an initial mass dye par-

ticles concentration of m¼ 1 for a 70 lm high from the droplet base and m¼ 0 elsewhere (pure water); (a) deviation in the steady state mixing intensity as a

function of Rd/lSAW for different mass fraction ratios (b) 3D captured clips of the droplet showing the effect of Rd/lSAW ratio on mixing efficiency.

FIG. 6. Variation of mixing efficiency for 2.5 ll droplets as a function of

Rd/lSAW for different RF power, using 500 lm apertures SAW devices.
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that the critical ratio of Rd/lSAW decreases from 0.86 at an RF

power of 0.5 mW to about 0.6, when a lower RF power of

0.05 mW is applied to the SAW device. This could be the

result of less acoustic energy being absorbed by the water

droplet with the same fluid inertia, causing a slow streaming

flow, and thus a less mixing efficiency.28 It is also interesting

to note from the results that when the Rd/lSAW ratios are

much smaller than one, a mixing efficiency of 100% can be

obtained even with a small value of SAW powers of 0.05

mW. This reveals that if the condition of mean critical ratio

of Rd/lSAW� 1.0 has been reached, the devices with a lower

frequency could induce an efficient mixing, even with low

SAW powers.27

In order to further clarify the role of the Rd/lSAW ratio

(e.g., acoustic wavelength or frequency) in the SAW-droplet

based mixing system, a probability distribution function

FIG. 7. PDF quantifying the distributions of the dye particles for different

Rd/lSAW ratios at 0.5 mW RF power; (a) for 2.5 ll droplets; (b) for 5 ll drop-

lets. The probability values of the histogram were obtained through moraliz-

ing the total mixing volume Vi by a total droplet volume Vtot.

FIG. 8. Variation of mixing efficiency, and streaming velocity (both from

experiment and simulation) as a function of droplets radius, using 500 lm

apertures SAW devices with Rd/lSAW� 1.1 and 0.5 mW RF power.

FIG. 9. Mixing efficiency (MIP% for mmen) as a function of time for (a)

2.5 ll water droplets—RF power of 0.5 mW, (b) 5 ll water droplets—RF

power of 0.5 mW, (c) of 2.5 ll water droplets at Rd/lSAW¼ 0.56 for different

RF powers of 0.015, 0.05, and 0.5 mW.
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(PDF) of the dye particles concentration, m, was calculated

at three different Rd/lSAW ratios for two droplets of 2.5 and

5.0 ll, and at a duration time of steady state mixing (no vari-

ation in the dye concentration in droplets with further

increase in duration time). The PDFs were obtained through

calculating the total mixture (e.g., dye/water) volume con-

tained in the droplet, Vi, for a set of mass fraction groups, mi,

which were further normalized by the total volume of the

droplet, Vtot. The mass fractions were classified into 10

groups ranging from 0 to 1.0, in order to distinguish and

quantify the mixing performance for each Rd/lSAW ratio, as

shown in Fig. 7, using log-scale. Figure 7(a) shows that for a

2.5 ll droplet, the value of PDF initially is about 10% (with

mass fraction of one). Under SAW excitation, the dye

particles distribute across the volume of water droplet and

reach a steady state distribution in a few seconds. However,

the mixing behavior depends strongly on the value of the Rd/
lSAW ratio. For the ratios smaller than a mean value of 1.0,

such as Rd/lSAW¼ 0.43 presented in Fig. 7(a), the histogram

of PDF has only one component at a mass fraction of

mi¼ 0.1, indicating a homogeneous mixture, and an effective

SAW-induced mixing. In contrast, for larger Rd/lSAW ratios,

such as 1.37 and 2.47 presented in Fig. 7(a), non-uniform

distributions of the dye particles inside the water droplet are

obtained. With further increases in the Rd/lSAW ratio above

one, clustering of high concentration dye particles of m	 0.5

at the droplet bottom is observed, as shown in Fig. 5(b), indi-

cating that mixing is inefficient. In general, the data in Fig.

7(b) for a 5 ll water droplet show similar behaviours to those

in Fig. 7(a) where good mixing is achieved when the Rd/lSAW

ratios are less than 1.0.

However, results show that the SAW-induced mixing

within a small droplet is more homogeneous than that of

larger volumes with the same Rd/lSAW ratios. Figure 8 shows

the variation of the MIP as a function of droplet radius Rd at

an RF power of 0.5 mW with an Rd/lSAW ratio of �1.1. As

can be seen clearly, an increase in the droplet radius (or size)

results in a decrease in the mixing efficiency. This can be

explained by the increase of liquid inertia for a larger drop-

let, resulting in a slower streaming velocity (e.g., measured

at the top centre of droplets) as shown in Fig. 8. This has

been verified based on both simulations and experimental

observations using a high speed camera (Kodak Motion

Corder Analyzer—600 frames per second).

Effects of the Rd/lSAW ratios on variations of MIP as a

function of time were also investigated for different droplet

volumes and RF powers. Figures 9(a) and 9(b) show the

development of dye particles mixing inside water droplets

of 2.5 and 5.0 ll volumes, respectively, with an applied

SAW power of 0.5 mW. After an RF power is applied to

the SAW device, a non-zero MIP value is obtained, which

increases gradually and finally approaches a steady-state

value, depending on the SAW power, excitation frequency,

and droplet volume. As clearly shown in Figs. 9(a) and 9(b),

the mixing rate and efficiency are determined by the value

of Rd/lSAW ratios (or SAW frequencies). Fast mixing proc-

esses are obtained when the Rd/lSAW ratios are smaller than

one. In contrast, when Rd/lSAW ratios are larger than one,

lower mixing rates and efficiencies are induced, as shown in

Figs. 9(a) and 9(b). For instance, from data in Fig. 9(b), the

values of mixing rate and mixing efficiency for the Rd/lSAW

ratio of 0.54 are � 48 s�1 and �79%, respectively, whereas

these are only �18 s�1 and �37% for an Rd/lSAW ratio of

1.74. From the profiles in Figs. 9(a) and 9(b), the mixing

efficiencies for the Rd/lSAW ratios less than an unity are simi-

lar for the same droplet volumes and are about 100% for of

2.5 ll and 80% for of 5 ll droplet, even though the mixing

rate was different for the different ratios. These results con-

firm that the SAW-driven convective mixing is inefficient

when the Rd/lSAW
 1.0.

Figure 9(c) shows the variation of the MIP as a function

of time for three different applied RF powers of 0.05, 0.15,

FIG. 10. Simulated streaming velocity profiles

measured along two different axis into a 2.5 ll drop-

let for a range of Rd/lSAW ratios, using 500 lm aper-

ture SAW device with an RF power of 0.5 mWatt;

(a) measured along the z axis at 500 lm height from

the droplet bottom; (b) radial distribution measured

along the y axis at the droplet centre.
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and 0.5 mW for a 2.5 ll droplet with the Rd/lSAW ratio fixed

at 0.56. This shows that the mixing rate is enhanced and mix-

ing time is reduced with an increase in the RF power. For

example, the mixing duration is only 4 s at an RF power of

0.5 mW, while it is 61 s at 0.05 mW. Nevertheless, the steady

state value of mixing efficiency is not influenced signifi-

cantly by the applied RF power, whereas the results pre-

sented in Figs. 9(a) and 9(b) clearly show that the mixing

efficiency changes significantly with the Rd/lSAW ratio (e.g.,

SAW excitation frequency).

C. Acoustic streaming versus SAW wavelength

The effects of a droplet volume and applied power on

the streaming flow have been reported.28 In this section,

acoustic streaming phenomena and flow patterns were inves-

tigated for different Rd/lSAW ratios. Figures 10(a) and 10(b)

present the distribution of simulated streaming velocities for

a 2.5 ll water droplet with different Rd/lSAW ratios, measured

along the z and y axis of the droplet. Clearly, a decrease in

the Rd/lSAW ratio results in an enhancement in the streaming

velocities. When the Rd/lSAW ratio is less than one, higher ve-

locity gradients are observed inside the droplet, whereas

smaller gradients are seen for Rd/lSAW ratios larger than one,

indicating a weakness of flow circulation by SAW excitation.

These results support those in Figs. 5 and 6, i.e., with the

higher the velocity gradient in the droplet, the better the mix-

ing process, due to a stronger streaming-driven convection

being produced. Therefore, the larger the shear velocity

gradients across the droplet axis, the faster the convective

velocities that transport the dye particles into the bulk drop-

let, resulting in a more efficient mixing process.

To clarify the physics behind the effects of the Rd/lSAW

ratio, the characteristic flow parameters of a 5.0 ll droplet

with an applied power of 0.5 mW were calculated, and the

results are listed in Table I. This shows that although the

streaming force is enhanced, the increase in the excitation

frequency (or decrease in wavelength) offsets the increase of

streaming velocity (measured at the top centre of droplet).

These conflicting mechanisms can be attributed to the

decrease in the SAW attenuation length, lSAW,2,4 due to the

increase in the excitation frequency, which causes the SAW

acoustic energy to be strongly absorbed by the liquid, and

hence the higher rate of energy dissipation. Consequently,

the more rapid the acoustic energy dissipation, the smaller

the energy to be reach the droplet top free surface, which in

turn results in a slower flow circulation due to a large fluid

inertia, and less effective mixing.

Figure 11 shows the simulated distribution profiles of

SAW streaming force along the propagation path of the lon-

gitudinal wave starting from the SAW interaction point (near

SAW source) towards the top centre of a 5.0 ll water droplet

and for different Rd/lSAW ratios, using a 500 lm aperture

SAW device at an applied RF power of 0.5 mW. Fig. 11

shows that the streaming forces decrease with the distance

from the interaction region of SAW, which indicates damp-

ing of the wave. Comparing results for the different Rd/lSAW

ratios, the value of streaming force at the interaction region

(near the SAW source) is enhanced by increasing the ratio of

Rd/lSAW. Nevertheless, the momentum of acoustic energy

(streaming force) that is transferred away from the SAW

interaction region decreases significantly with an increase in

the Rd/lSAW ratio, especially when the Rd/lSAW ratio is larger

than one. This is attributed to an increase in attenuation rate

with increasing the SAW excitation frequency as listed in

Table I.

TABLE I. Characteristic flow parameters for numerical simulation of 5.0 ll droplet at RF power 0.5 mW.

Wavelength (lm) Excitation frequency (MHz) Rd/lSAW SAW amplitude (A�) Streaming force (N/kg) Streaming velocity (m/s) MIP %

200 19.96 0.543743 2.971 14.524 0.032573 78.61178

117.888 33.862 0.922474 1.752 24.641 0.021347 78.42174

100 39.92 1.087486 1.485 29.012 0.016342 75.35968

75.7857 52.6748 1.434949 1.125 38.288 0.008128 57.87846

58.944 67.7274 1.844947 0.875 49.282 0.00312 30.50193

32 124.75 3.398393 0.4755 90.778 0.00027 7.487235

FIG. 11. Measurements of acoustic streaming force at SAW interaction

point and along the propagation direction of the longitudinal wave towards

the top centre of 5.0 ll droplet, and for Rd/lSAW ratios; the black line into the

droplet show the measuring path of acoustic streaming force.
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Figure 12 presents the simulation results of the flow

streaming patterns induced by SAW excitation in a 2.5 ll

droplet with an applied RF power of a 0.5 mW for a range of

Rd/lSAW ratios. These results show that the flow patterns are

strongly affected by the frequency, especially for a high exci-

tation frequency, or the Rd/lSAW ratios larger than one. There-

fore, the streaming patterns can be classified into two groups

based upon the shape of the flow axis of rotation. The first

group is associated with the ratio of Rd/lSAW� 1.0 and the reg-

ular butterfly patterns are observed, where the fluid flow

rotates about one elliptical axis of rotation through the droplet

centre in a similar manner to those shown in the first and sec-

ond column in Fig. 12. In the second group, when the ratio of

Rd/lSAW 
 1.0, such as 1.41 and 2.93, an irregular (weak)

streaming pattern results, where the fluid flow rotates about

two individual axes of rotation, as shown in the third and forth

column in Fig. 12. When the regular butterfly patterns are

induced by the SAW with a ratio of Rd/lSAW� 1.0, the strong

interaction between the driving flow and back flow contributes

to the mixing efficiency. This is confirmed by results of differ-

ent mixing index parameters presented in Figs. 5 to 8, show-

ing effective mixing and better homogeneity for the solution

mixture. In contrast, an ineffective mixing were induced for

an Rd/lSAW
 1.0, where the longitudinal pressure wave arriv-

ing at the droplet free surface is strongly attenuated thus

resulting in a weak acoustic streaming force. This demon-

strates that the streaming velocity, flow profiles, and mixing

efficiency all are influenced by the SAW excitation frequency.

V. CONCLUSIONS

In summary, a SAW-driven mixing process of the dye

particles inside microdroplets has been simulated numeri-

cally and verified experimentally, in order to investigate the

effect of SAW excitation frequency (or wavelength) in the

flow streaming and mixing process for a range of droplet vol-

umes and RF powers. It has been shown that a higher RF

power and a decreased droplet size results in an increase in

the streaming velocity and mixing efficiency, whereas a

higher excitation frequency can result in less effective mix-

ing with a slower mixing rate, due to weakness of streaming

flow. The SAW attenuation length, lSAW (a factor directly

related to the SAW excitation frequency and wavelength),

has been identified as a parameter indicating the efficiency

of SAW-inducing convective mixing. A fast and effective

mixing process results until lSAW reaches a critical value,

beyond which a significant decrease in streaming velocity

and mixing efficiency is observed. The magnitude of stream-

ing velocity, mixing rate, and efficiency were determined by

the droplet size to be a highest when the ratio of the droplet

radius to SAW attenuation length Rd/lSAW� 1.0, even at

small SAW powers, such as 0.05 mW. In contrast, inhomo-

geneous mixtures with slower mixing rates were obtained

when Rd/lSAW 
 1.0, due to the higher attenuation rate of

acoustic energy and minimization of energy reaching the

droplet free surface. As a high power results in a significant

heating effect, this mean critical ratio (Rd/lSAW� 1) can be

used as a guideline in the SAW device design for microflui-

dic applications that include temperature sensitive biological

samples inside the microdroplet.38,39
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