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1 Introduction

As electrowetting-on-dielectric (EWD) digital microfluidic 
systems mature beyond the realm of research, EWD applica-
tions are gaining traction in commercial laboratory-on-chip 
(LoC) applications (Illumina 2016; eplex 2016). Despite this 
progress, long mixing times, due to the laminar flow regime 
in which these devices operate, persist as a problem for LoC 
assay development. In the EWD environment, active mixing 
is typically carried out by intra-droplet hydrodynamic flows 
generated during transport operations among neighboring 
electrodes (Lu et al. 2008) or in stationary droplets perturbed 
by rapid actuator oscillation (Mugele et al. 2006; Baret et al. 
2007; Ko et al. 2008; Lee 2010). Although these methods 
are many times faster than diffusion alone, EWD-based mix-
ing is limited by the response time of the droplet and may 
require frequency tuning to resonantly drive droplet oscil-
lations that ultimately yield complete homogenization (Ko 
et al. 2008; Lee 2010). While others have sought to achieve 
active micromixing through the integration of piezoelectric 
materials onto the EWD bottom plate, which complicates 
EWD device fabrication and limits choices of EWD sub-
strates to piezoelectric materials, we introduce the use of 
a piezoelectric transducer assembled into the top plate of a 
parallel-plate EWD device to generate intra-droplet circu-
lating flows in stationary droplets with ultrasound-induced 
acoustic streaming (Li et al. 2012). With a simple modifi-
cation to conventional fabrication methods, our approach 
liberates the design space of piezoelectrically enabled EWD 
devices from the material constraint imposed by bottom 
plate integration. Additionally, the integration methodol-
ogy discussed herein offers flexibility in terms of transducer 
selection and placement, which directly impacts the imple-
mentation of ultrasound-mediated LoC applications.
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The EWD phenomenon involves modulation of the wet-
ting behavior of a polarizable liquid droplet on a hydro-
phobic, insulated electrode by an applied electric field 
(Lippmann 1875; Berge 1993). The Young–Lippmann 
equation (Eq. 1) is frequently used to approximate the 
mechanism of EWD actuation:

where � is the voltage-dependent electrowetting contact 
angle, �0 is Young’s angle of the system at zero voltage, d is 
the thickness of the dielectric with permittivity, �0�r, �LV is 
the interfacial tension between the droplet and the surround-
ing medium, and � is the electrowetting number. The wet-
ting behavior captured in the Young–Lippmann model arises 
from the generation of a localized electrowetting force that 
counteracts surface tension forces acting at a fluid interface 
and reduces the macroscopic contact angle of the droplet, 
� (Lippmann 1875; Pollack et al. 2002; Mugele et al. 2006; 
Mugele 2009). As shown in Eq. 2, the electrowetting force 
is proportional to the square of the applied voltage, V, and 
is oriented normal to the droplet interface, �̂�, at the contact 
line.

During actuation the electrowetting force acts on 
lengths of the contact line exposed to energized electrodes, 
effectively pulling the droplet toward regions of greater 
wettability. As a droplet settles on an activated electrode, 
the symmetry shared between the contact line of the drop-
let and the actuator geometry results in axially symmetric 
electrowetting forces that stabilize the droplet in place. 
Thus, the electrowetting force can be exploited as a means 
of driving droplet transport or, in the present case, as an 
immobilization force that resists an external acoustic per-
turbation of the fluid interface.

In general, acoustofluidic micromixers rely on mechani-
cal couplings between a fluid volume and piezoelectric 
devices or materials to enhance fluid mixing through the 
induction of fluid flow. Oscillating sidewall microstruc-
tures (Huang et al. 2013) or trapped bubbles (Liu et al. 
2002; Ahmed et al. 2009), excitation of resonance modes 
in microfluidic channels (Bruus 2011, 2012), and prop-
agating shear waves (Shilton et  al. 2008; Luong et  al. 
2011; Alghane et al. 2012) represent the most common 
demonstrations of acoustofluidic micromixers. While 
many studies focus on generating flows in continuous-
flow microfluidic devices, few address the challenge of 
coupling ultrasound to single droplets in EWD devices. 
One such study reports enhanced intra-droplet mixing 

(1)cos � = cos �0 +
�0�rV

2

2d�LV
= cos �0 + �,

(2)𝐟EWD =

�0�rV
2

2d
�̂�.

by acoustic excitation of interdigitated lithium niobate 
(LiNBO3) microstructures for generating surface acous-
tic waves (SAW) near an immobilized droplet (Li et al. 
2012). While elegant and effective, integration of exotic 
piezoelectric films onto an EWD substrate may not always 
be an option for device fabrication. In seeking a simpler 
approach, we investigated the integration of a piezoelectric 
ultrasound transducer into the EWD top plate for applica-
tion of localized acoustic perturbation within an EWD-
immobilized droplet. In contrast to the SAW approach, 
which exploits in-plane mechanical shear waves to drive 
intra-droplet fluid flow, the present work exploits a thin 
(5 mil, 127 μm) planarizing film to couple ultrasonic PZT 
oscillations directly into a 200-nL droplet held in place by 
EWD actuation.

Pioneered by Rayleigh (1884) and Eckart (1948), 
acoustic streaming is a steady fluid flow formed by vis-
cous attenuation of an acoustic wave (Riley 2001; Wiklund 
et al. 2012). As an acoustic wave propagates through a 
fluid, the amplitude of the wave attenuates and, in doing 
so, drives a nonzero net displacement of fluid during each 
oscillation. Over many cycles, the net displacement is 
observed as a steady time-averaged momentum transfer 
into the fluid (Wiklund et al. 2012). Acoustic streaming 
fluid velocities obey the time-averaged continuity equation 
and Navier–Stokes equation, shown in Eqs. (3) and (4), 
respectively (Muller et al. 2012).

where the time average over a full period of oscillation, T, is 
denoted by the angled brackets, ⟨...⟩ = 1

T
∫ t0+T

t0
...dt; the pres-

sure, p, density, �, and velocity, v, fields result from summa-
tions over respective zeroth-, first-, and second-order terms: 
p = p0 + p1 + p2, � = �0 + �1 , and � = �1 + �2; � is dynamic 
viscosity; and � is the viscosity ratio, which is typically 1

3
 for 

simple fluids (Muller et al. 2012). In most cases, a single 
moving boundary, ��, drives the system with harmonic 
oscillation of the form: �1(t)|�=�� = �be

−i�t, where �b is the 
velocity of the boundary, the angular frequency of the oscil-
lation is given by � = 2�f , and t is time.

The present work leverages a lead zirconate titanate 
(PZT) piezoelectric transducer disk to expose aqueous single 
droplets and a surrounding silicone oil filler fluid to bursts of 
ultrasound energy that drive second-order acoustic stream-
ing velocities in the droplet vicinity. The objective of this 
study was threefold: (1) to demonstrate the simple assembly 
of a PZT-enabled EWD device with a thin coupling film; (2) 
to identify experimental parameters for generating acoustic 
streaming flows within EWD-immobilized droplets; and (3) 
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to characterize the induced flow fields using fluorescence 
microscopy and particle image velocimetry.

The accessibility of the acoustic coupling method pre-
sented in this work provides a viable path for implement-
ing acoustic streaming in conventional EWD platforms 
for enhanced mixing in LoC applications. At the cost of a 
modest increase in fabrication and operational complexity, 
our approach offers an acoustically active EWD top plate 
applicable to a general digital microfluidics platform. The 
novelty of the design presented here lies in the use of a thin, 
flexible polyester film for coupling acoustic energy directly 
into droplets held on independently driven EWD devices. 
Key advantages of our approach over other methods for 
piezoelectric integration include a fabrication methodology 
that is decoupled from the EWD bottom plate and greater 
flexibility in transducer material and geometry.

2  Experimental methods

Intra-droplet acoustic streaming was demonstrated with the 
use of 1.8 μm diameter fluorescent polystyrene microspheres. 
The device configuration shown in Fig. 1a illustrates the 

approach used to deliver out-of-plane ultrasound excitation 
to an underlying droplet held in place by an EWD actua-
tor. Two key features differentiate the PZT/EWD device 
configuration from an otherwise standard parallel-plate 
EWD device. First, a PZT disk transducer is inserted into a 
through-hole machined into the EWD top plate. Second, a 
127 μm Mylar coupling film is used to planarize the through-
hole that accommodates the PZT disk. Figure 1a shows the 
PZT/EWD device schematic, while Fig. 1b shows a com-
pletely assembled test device. Figure 1c shows the hydro-
dynamic and acoustic streaming flow fields expected in the 
absence (left) and presence (right) of ultrasound excitation 
applied to the PZT transducer.

EWD devices were equipped with top plates that included 
a single embedded ultrasonic PZT transducer. Once fabri-
cated, the PZT/EWD devices were staged in an inverted 
fluorescence microscope and operated under programmatic 
control. Droplets containing fluorescent microspheres were 
dispensed and transported to the center of the PZT trans-
ducer. Once in place, the droplets were exposed to controlled 
bursts of 250 kHz ultrasound, the resonant frequency of the 
PZT transducer. Ultrasound bursts consisted of 500 cycles 
each and were applied with a pulse repetition frequency 

Fig. 1  Schematic, device, and concept of the integration of a piezo-
electric component into an electrowetting-on-dielectric digital micro-
fluidic device for intra-droplet acoustic streaming. a Device schematic 

(not drawn to scale). b Assembled test device. c Approximate flow 
fields observed in the absence (left) and presence (right) of 250 kHz 
ultrasound perturbation
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(PRF) of 50 Hz. The amplitude of the ultrasonic excitation 
was varied from 0 to 50 VRMS, while fluorescence micro-
photographs were captured at 10 frames per second (fps). 
Microparticle image velocimetry (μPIV) was conducted to 
quantify hydrodynamic and acoustic streaming observed in 
the droplets. The following sections outline experimental 
details of the device fabrication, acoustics, optics, fluidics, 
and data analysis methods applied.

2.1  Design considerations

Several factors were taken into consideration in the choice 
of ultrasound frequency. First, previous analyses suggest 
good coupling and no deconstructive interference effects at 
an excitation frequency of 250 kHz (Madison 2015). Sec-
ond, the ratio of acoustic radiation to streaming velocities, as 
computed by Barnkob et al. (2012), for 1.8 μm polystyrene 
microparticles in water exposed and to 250 kHz perturba-
tion is expected to be ∼ 0.3 . This suggests that at 250 kHz, 
acoustic streaming flow should dominate over radiation 
forces and result in circulating flow rather than the acous-
tophoretic concentration of particles at field nodes present 
in the droplet during insonation. Third, Landau and Lifshitz 
report that acoustic streaming is particularly pronounced 
under the condition: 𝜆 ≫ h ≫ 𝛿𝜈, where � is the acoustic 
wavelength, h is the characteristic height of the microfluidic 
channel, and �� is the viscous penetration depth for an oscil-
lating flow, which is given by (Landau and Lifshitz 2006):

A frequency of 250 kHz applied to an aqueous droplet in a 
microfluidic channel of height, h = 175 μm, ensures that the 
Landau–Lifshitz condition is met as � = c0 ⋅ f

−1
∼ 6 mm and 

�� = 1.1μm, where c0 is the speed of sound in water, 1495 
m ⋅ s−1. These considerations suggest that the a resonant PZT 
frequency of 250 kHz will support acoustic streaming in the 
EWD device and that any induced fluid flow observed may 
be characterized by neutral-density tracer particles whose 
motion will couple to the acoustic streaming flow via the 
Stokes drag relation:

where ap is the radius of the suspended particles.

2.2  Fabrication

Conventional EWD microfabrication methods were used to 
batch-produce EWD bottom plates as previously described 
(Madison 2015; Madison et al. 2016). We made one criti-
cal modification to an otherwise typical fabrication process 

(5)�� =

√
2�

�0�
.

(6)�d = 6��ap
�
�p − ⟨�2⟩

�
,

to integrate a piston-shaped PZT transducer with EWD top 
plate. A transducer pocket was formed by milling a through-
hole into the polycarbonate (PC) top plate substrate with a 
computer numeric control (CNC) end mill (Roland Modela 
MDX-20) and subsequently applying an adhesive-backed 
Mylar polyester (Grafix Plastics, Inc.) film to planarize the 
top plate. The planarizing film is a critical element that pro-
vides multiple functions in the PZT/EWD device including 
a mounting substrate for the PZT transducer, a smooth, flat 
surface, the EWD ground electrode, and a flexible acoustic 
coupling to the fluid layer.

A piston-shaped PZT transducer measuring 5 mm in 
diameter by 7 mm in height (APC International, Ltd.) was 
inserted into the transducer pocket, and a backing machined 
out of PC to accommodate the PZT disk was fixed to the top 
sides of the transducer face and the top plate with Loctite 
cyanoacrylate glue (Hankel Corp.). Strain relief was pro-
vided to the electrical leads of the PZT by securing a loop of 
the electrical leads to the transducer backing with 2 mil, 1/2” 
wide Kapton polyimide tape (McMaster-Carr). Additional 
detail on the fabrication procedure developed for integrating 
the PZT transducer with an EWD top plate is included in the 
Electronic Supplementary Material (ESM).

2.3  Acoustics instrumentation

Signal generation, amplification, and impedance matching 
instrumentation were required to produce controlled bursts 
with a 250 kHz ultrasound excitation applied to the PZT 
transducer in the PZT/EWD top plate. A waveform genera-
tor, programmed to output 5 V square pulses with a pulse 
repetition frequency (PRF) of 50 Hz, was used to trigger a 
second waveform generator, which was programmed to out-
put 500 cycles of the 250 kHz sine wave of variable ampli-
tude (0–250 mVp-p), centered at 0 V. This 250 kHz signal 
was then amplified with a 55 dB RF amplifier to produce 
the signal applied to the PZT element, which ranged from 0 
to 50 VRMS. Impedance matching was found to be critical to 
the acoustic induction of fluid flow. Accordingly, we used 
an impedance matching transformer (Model JT-2-2-13, Elec-
tronics & Innovation, Ltd.) to match the impedance of the 
PZT transducer to that of the RF amplifier to more efficiently 
drive the PZT transducer. Additional detail on the acoustics 
instrumentation utilized for driving the PZT transducer is 
included in the ESM.

2.4  Inverted fluorescence microscopy

Inverted fluorescence microscopy was used to observe all 
electrowetting and acoustic streaming experiments. Yellow-
green 1.8 μm fluorescent beads (Fluoresbrite YG Micro-
spheres, Polysciences, Inc.) were used as neutral-density 
tracer particles to quantify the flow fields induced through 
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EWD-based droplet immobilization and the application of 
ultrasound acoustic energy to a droplet held on an EWD 
actuator.

To accurately observe particle fluorescence, a custom 
PZT/EWD chip stage was machined to accommodate the 
inverted fluorescence microscope (Axio Observer, Zeiss). 
A drawing of the PZT/EWD chip stage is shown in Fig. 2a. 
Key features of the chip stage design include: the stage 
form factor, which matches that of the insert slot for the 
motorized stage of the microscope; a pocket for mounting 
the spring-loaded SOIC test clip and stage clips used for 
mechanically holding the top and bottom plates of the EWD 
system together; and an observation window beneath the 
mounting cite of the EWD chip for close proximity place-
ment of a microscope objective. A schematic of the optical 
system used for μPIV in the PZT/EWD device is illustrated 
in Fig. 2b.

2.5  Fluidic manipulation and acoustic excitation

With the PZT/EWD test platform test apparatus assembled 
into an ultrasound-ready inverted fluorescence microscope 
arrangement, fluids were loaded onto the device where 
200-nL droplets of aqueous suspensions of fluorescent 
microspheres were dispensed, immobilized under the PZT 
transducer, and exposed to 250 kHz ultrasound during 
observation.

Approximately 25 μL of 2 cSt silicone oil (Advanced 
Liquid Logic, Inc.) was added to the EWD devices via 
the pipette inlets near the fluid reservoirs. A basic EWD 
apparatus was used for all DMF droplet actuation, as previ-
ously described (Madison et al. 2016). The electrowetting 

waveform was set to a 1 kHz, 35 Vp-p (12.4 VRMS) sine wave, 
and an EWD control graphical user interface1 (GUI) was 
used to energize the reservoir electrodes on one side of the 
PZT/EWD device. A dilute suspension of YG microspheres 
was prepared by pipetting 0.5 μL of the stock suspension 
into 1 mL of 0.05% Tween-20 in a 1.5-mL microcentrifuge 
tube, producing a final concentration of 2.8 × 106 particles 
⋅mL−1. With the EWD reservoir electrodes activated, 2 μL 
of the diluted suspension of YG microspheres was pipetted 
into one EWD reservoir.

Once the EWD reservoirs were loaded with the YG 
microsphere suspension, single droplets were dispensed 
and actuated to the electrode centered beneath the PZT 
transducer. Droplets were then exposed to 500 bursts of 250 
kHz ultrasound while being held in place by a single EWD 
electrode energized with a 1 kHz, 35 Vp-p (12.4 VRMS) sine 
wave. Each acoustic burst consisted of 500 cycles of a 250 
kHz sine wave repeated at 50 Hz for a total ultrasound expo-
sure of 1 s applied over 10 s. The preamplified ultrasound 
signal was varied from 0 to 250 mVp-p. After amplification 
through a 55 dB RF amplifier, the amplitude ranged from 0 
to 50 VRMS as verified with an oscilloscope (Model 54624A, 
Agilent Technologies) and 1:100 probe.

2.6  Data acquisition and analysis

Sequences of fluorescence micrographs, recorded at a wave-
length of � = 525 ± 25 nm, were acquired at a frame rate of 
10 fps before, during, and after exposure using  MetaMorph® 

Fig. 2  Inverted fluorescence microscopy for flow field visualization. a Schematic of the microscope stage used for testing the PZT/EWD device; 
b optical system used to record μPIV measurements

1 The EWD control GUI software is available upon request.
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microscopy automation and image analysis software. Expo-
sure times of 20 ms were used for each micrograph taken in 
each 200-image (20 s) sequence. The resulting image stack 
was analyzed using the open-source μPIV suite PIVlab v.1.4 
in  MATLAB® to quantify induced particle velocities for the 
range of excitation amplitudes incident on the PZT trans-
ducer (Thielicke and Stamhuis 2014).

3  Results and discussion

The application of 250 kHz ultrasound to a single, EWD-
immobilized droplet of 1.8 μm polystyrene microspheres 
was found to reproducibly induce fluid flow within EWD-
immobilized droplets. Streaming velocities as high as 2.5 
mm ⋅ s−1 were observed in flow fields that did not breach the 
droplet interface. Induced velocity distributions were well 
approximated by a gamma distribution with a median value 
proportional to the square of the excitation voltage.

An overlay of 8 fluorescence micrographs captured in the 
absence (a) and presence (b) of a 30 VRMS excitation to the 
droplet is shown in Fig. 3. Corresponding magnitudes of the 
velocity fields computed with μPIV before and during the 
application of a 30 VRMS excitation are shown in Fig. 3c and 
d, respectively. Figure 3a and c depicts the hydrodynamic 
flow in a droplet under oscillating electrowetting bias only, 
while Fig. 3b and d shows the droplet during exposure to 
the 250 kHz perturbation. A comparison of Fig. 3a and c 
to b and d qualitatively reveals the occurrence of acous-
tic streaming activity. Moreover, the particle trajectories 
observed for 1 s of ultrasound exposure shown in Fig. 3b 
indicate the presence of several closed circulation paths that 
arise throughout the extents of the droplet. Conversely, par-
ticle trajectories observed for a similar period in the absence 
of ultrasound excitation are much more subdued, appearing 
primarily in the corners of the immobilized droplet where 
regions of greater curvature drive hydrodynamic flow.  Fur-
ther, the magnitude of the velocity field, as visualized by 
shaded surface with vector arrows, is significantly greater 

Fig. 3  Fluorescence micro-
graphs and μPIV results. An 
overlay of 8 fluorescence 
micrographs of a single 200 nL 
droplet of 1.8 μm particles 
immobilized on an EWD 
electrode reveals the particle 
trajectories observed for 1 s in 
the absence (a) and presence 
(b) of ultrasound excitation; 
grayscale intensity indicates 
relative time measure where 
light gray pixels correspond to 
t = t0 − 1 s and black to t = t0. 
Computed velocity fields in the 
absence (c) and presence (d) of 
the ultrasound excitation; the 
droplet interface is indicated by 
the dotted line. A time series of 
raw fluorescence micrographs 
and processed frames resulting 
from the μPIV are shown in two 
movies included in the ESM 
(color figure online)
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in Fig. 3d than in c. Second, the vector plot reveals the 
presence of fluid flow that comprises multiple circulating 
regions within the exposed droplet. Lastly, the droplet inter-
face shows slight deformation in response to inertial forces 
present in the streaming field, which was characterized by 
a median and maximum fluid velocities of 0.13 and 0.37 
mm ⋅ s−1, respectively.

Fluorescence micrographs similar to those shown in 
Fig. 3 were captured at 10 fps throughout the entire 20 s 
ultrasound exposure for each excitation voltage applied to 
the PZT transducer. Intra-droplet microstreaming veloc-
ity profiles were computed, and descriptive statistics of 
the microstreaming velocity were calculated for the intra-
droplet region. This analysis produced time-correlated his-
tograms of the fluid velocity field within the droplets for 
each excitation amplitude. Figure 4a shows distributions 

the intra-droplet velocity magnitudes in the absence (red) 
and presence (blue) of a 45 VRMS 250 kHz excitation. The 
baseline fluid velocity of 0.032 ± 0.057 mm ⋅ s−1, which 
was observed during PZT quiescence, indicates hydro-
dynamic flow due to the 1 kHz oscillating EWD actua-
tion bias. In contrast, an induced streaming velocity of 
0.554 ± 0.430 mm ⋅ s−1 was measured at a PZT driving 
voltage of 45 VRMS indicating significant acoustic stream-
ing activity at 250 kHz.

Time-correlated statistics of the velocity magnitude 
reveal a striking contrast in control of intra-droplet fluid 
flow for the experimental range of input ultrasound ampli-
tudes. Figure 4b shows a time series plot of the average intra-
droplet velocity for the experimental range of excitation 
potentials applied to the PZT transducer. Note the abrupt 
change in average velocity magnitude that occured when the 

Fig. 4  Quantification of intra-droplet acoustic streaming flows. a 
Distribution of intra-droplet fluid velocity in the absence of acoustic 
excitation, i.e., under oscillating electrowetting bias only (red) and in 
the presence of 45 VRMS acoustic excitation (blue); solid bars indi-
cate μPIV measurements, while the respective lines indicate fits to a 

gamma distribution. b Time series plot of average intra-droplet veloc-
ity for 0, 10, 20, 30, and 40 VRMS throughout the full 10 s exposure 
schema. c Distribution, median, and quartiles of the acoustic stream-
ing flows observed for a range of excitation voltages applied to the 
PZT transducer (color figure online)
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ultrasound excitation was asserted and deasserted. The data 
clearly indicate a rapid increase in average fluid velocity that 
scales with excitation amplitude.

Trends observed in median intra-droplet fluid velocity 
magnitude suggest a quadratic relationship between the 
applied excitation potential, VRMS, and the acoustic stream-
ing field, ⟨�2⟩. Figure 4c shows a plot of the median of the 
intra-droplet velocity magnitude (white circles) with error 
bars indicating the upper and lower quartiles of the distribu-
tion as measured by μPIV. Nonlinear curve fitting was used 
to elucidate the coefficients of the quadratic relationship 
between median fluid velocity magnitude,vmd, and excita-
tion amplitude to be: a = 1.898 × 10−4 mm ⋅ s−1 ⋅ V−2 and 
c = 0.012 mm ⋅ s−1 with R2

= 0.949 for the parabolic fit 
function, vmd = aV2

RMS
+ c.

In addition to the quadratic dependence on PZT driving 
voltage, the data also indicate that the spread in the intra-
droplet velocity distribution increased with the PZT driving 
voltage. The intra-droplet velocity distribution was found to 
be well approximated by the gamma distribution function, 
f�  with a mean value, v, proportional to the amplitude of 
ultrasound excitation squared, as shown in Eq. 7

w h e r e  � = 2 ,  � (�) = ∫ ∞

0
v�−1e−vdv ,  a n d 

v =
�

�
= 2.72 × 10−4V2

RMS
+ 0.013 (R2

= 0.948). To illustrate 

this trend, log-spaced contours of the gamma distribution 
probability density for a quadratically increasing mean in 
intra-droplet velocity magnitude are plotted as a shaded sur-
face beneath the median of the intra-droplet velocity 
magnitude.

3.1  Droplet breakup

Droplet excitation was found to be unstable for excitation 
voltages in excess of ∼ 50 VRMS. Rapid droplet breakup 
and ejection from the EWD actuator were repeatedly 
observed at elevated excitation amplitudes of the PZT 
transducer. The absorption of momentum from the inci-
dent acoustic wave may drive the droplet interface with 
greater force than the electrowetting force used to immo-
bilize the excited droplet. We define the EWD stabilization 
number, StEWD, as the ratio of the electrowetting number, 
�, to the Weber number, We. In the present case, StEWD 
represents effects of the electrowetting force acting at the 
droplet contact line relative to induced inertial forces from 
the acoustic streaming field:

(7)f� =

1

� (�)�−�
v�−1e−v� ,

(8)StEWD =

�

We
=

�0�rV
2

2d�U2l
,

where V is the root-mean-square of the EWD voltage, U 
is the magnitude of the induced fluid velocity, and l is the 
droplet diameter. The fluidic and electrowetting parameters 
employed in our experiments, d = 2 μm, � = 1000 kg ⋅m−3, 
l = 700 μm, � = 2.9, and V = 12.4 VRMS, suggest that inertial 
forces from the acoustic streaming activity balance with the 
electrowetting forces at a critical streaming velocity mag-
nitude of ‖⟨�2⟩‖ = 22 mm ⋅ s−1, which is within an order of 
magnitude of the maximum streaming velocity measured for 
PZT driving voltages around 50 VRMS. Hence, it is feasible 
that high-amplitude ultrasonic excitation may drive stream-
ing fields that simply overpower the electrowetting holding 
force leading to interfacial instability and ultimately droplet 
dispersion from the EWD electrode.

4  Conclusion

Acoustic streaming activity was demonstrated within 
200 nL droplets immobilized on an EWD electrode. Pulsed 
ultrasound excitation of 250 kHz and variable amplitude 
was used to generate circulating fluid motion of control-
lable velocity magnitude within droplets held in place on 
single electrodes. During ultrasound exposure, particle 
image velocimetry revealed streaming velocities as high as 
2.5 mm ⋅ s−1 for aqueous droplets containing suspensions 
of 1.8 μm fluorescent beads. The velocity distributions 
measured during ultrasound exposure were well approxi-
mated by a gamma distribution function with a mean value 
that scaled quadratically with the PZT excitation voltage. 
One limitation of the method was observed at high PZT 
excitation amplitudes where droplet dispersion occured. 
Droplet dispersion and, ultimately, breakup of immobi-
lized droplets exposed to high-amplitude ultrasonic per-
turbation illustrate the competing action between the EWD 
holding force and the induced acoustic streaming activity 
generated within and around the droplet.

Controllable piezo-driven acoustic streaming, as dem-
onstrated in this work, provides a viable path toward 
implementing active micromixing in a EWD platform with 
a straightforward modification to the top plate geometry. 
The combination of through-hole geometry and thin pla-
narizing film was sufficient for establishing a mechani-
cal coupling between a compact PZT transducer and an 
underlying discretized fluid layer. This simple arrangement 
opens up the possibilities for exploring the utility of ultra-
sound applications in the EWD environment by obviating 
the need for advanced piezoelectric materials fabrication.
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