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Abstract—This paper presents details of the design and fabri-
cation of test structures specifically designed for the character-
ization of two distinct digital microfluidic technologies: electro-
wetting on dielectric (EWOD) and surface acoustic wave (SAW).
A test chip has been fabricated that includes structures with a
wide range of dimensions and provides the capability to charac-
terize enhanced droplet manipulation, as well as other integrated
functions. The EWOD and SAW devices have been separately
characterized first of all to determine whether integration of
the technologies affects their individual performance, including
device lifetime evaluation. Microfluidic functions have then been
demonstrated, including combined EWOD/SAW functions. In
particular, this paper details the use of EWOD to anchor
droplets, while SAW excitation is applied to perform mixing.
The relationship between test structure designs and the droplets
anchoring performance has been studied.

Index Terms—Contact angle, electro-wetting on dielectric
(EWOD), integration, surface acoustic wave (SAW), test struc-
ture.

I. Introduction

D IGITAL microfluidic technologies, which involve the
movement of fluidic samples in droplet form instead

of continuous flow within a channel, include surface acoustic
wave (SAW) and electro-wetting on dielectric (EWOD) [1]–
[7]. As methods of manipulating fluids they both have their
attractions, including simple electrode structures and poten-
tially non-complex integration with CMOS integrated circuits
and other electrode technologies, such as electrophoresis and
dielectrophoresis.
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A. SAW Technology

SAW-based technology is relatively mature having been
developed decades ago for radio-frequency (RF)-based signal
processing and sensing devices. It uses RF signals to generate
surface waves by applying an a.c. voltage to interdigitated
electrodes on a piezoelectric substrate. This is shown schemat-
ically in Fig. 1(a), which also includes a second set of
electrodes being used as a sensor capable of detecting the
surface wave. The frequency of the SAW is determined by the
electrode finger width, d [3], the width of a propagated wave
is set by the interdigitated transducer (IDT) finger length, W ,
while the transmission amplitude depends on the number of
finger pairs, N.

B. EWOD Technology

EWOD devices comprise a layer of metal, which forms
the electrode, a dielectric, which insulates the electrode from
the liquid, and a hydrophobic coating such as Teflon-AF or
CYTOP on the top surface. When a DC voltage is applied to
an EWOD electrode, the movement of charges to the liquid-
dielectric interface modifies the surface from hydrophobic
to hydrophilic. Droplets on the surface are attracted to the
hydrophilic electrodes, which is illustrated schematically in
Fig. 1(b). All the basic functions associated with the control
of droplets, such as movement, positioning, merging and
splitting, have been demonstrated [2], [4], [5] by programming
appropriate electrode switching sequences.

C. SAW and EWOD Integration

As mentioned previously, both EWOD and SAW have
specific advantages and integrating the two technologies is
attractive as it can combine the best elements of each to
create improved system functionality [1], [8]. For example, an
integrated device has the potential to combine functions such
as EWOD droplet positioning with SAW mixing and EWOD
droplet transport with SAW sensing [1]. In addition, the
surface switching capability of EWOD and SAW technologies
can also be combined in order to dynamically guide droplets
with more precision. The test structures reported in this paper
have been developed to characterize the design, fabrication,
and operation of devices that integrate the two technologies.
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Fig. 1. (a) Schematic layout of SAW device showing the interdigitated finger
structure of the electrodes. (b) EWOD device splitting and merging droplets
by switching electrode hydrophobicity.

II. Test Structure Design Considerations

A. Test Structure Layout

Fig. 2(a) shows a schematic of an integrated test structure
which was designed to evaluate the fabrication process param-
eters and materials, as well as to characterize basic EWOD and
SAW devices working both independently and together. In this
design, the EWOD electrode array is located in front of SAW
interdigitated transducers so that droplets can be manipulated
by either EWOD or SAW, or by both simultaneously. Since
SAW activation can work in a transmission mode, this test
structure is also capable of performing SAW sensing of EWOD
transported fluidic samples when the EWOD array is located
between a pair of SAW IDTs [Fig. 2(b)].

B. SAW IDT Structure Design Considerations

The important design parameter for a SAW device is the
IDT finger width d, which determines the resonant frequency
f for a given substrate material by

f =
νSAW

λ
(1)

where λ = 4d is the SAW wavelength and νSAW is the sound
velocity of the substrate [3].

Clearly, it is important to be able to determine the per-
formance of SAW devices with high resonant frequencies, as
these have increased sensitivity when using the technology in
the sensing mode.

The IDT finger length sets the width, W , of the SAW wave,
which determines the size of a droplet that can be driven by
a single IDT. For the SAW elements of the test structures the
following design parameters were used: d = 4, 8, 16, 32 μm,
W = 200, 500, 1500, 2500, 5000, 7500 μm, and the number
of fingers N = 15, 30, 60, 90.

C. EWOD Electrode Design

The EWOD electrode size controls the droplet size that
can be held and transported on an EWOD array. It also

Fig. 2. Schematic showing integrated EWOD SAW test structures. (a) Three
EWOD electrodes centered on the SAW axis. (b) Two SAW IDTs with four
electrodes.

determines the position at which droplets will be held relative
to the IDT, which will affect the mixing motion resulting from
SAW activation. For the test structure shown in Fig. 2(a), the
electrodes were 1500×1500 μm, and 1000×1000 μm for the
structure in Fig. 2(b). In each case, the electrode separation
was 10 μm.

The purpose of the electrodes was to perform the normal
EWOD functions and also to act as an anchor for droplet
during SAW mixing. The distance D between EWOD array
and SAW IDTs and the SAW IDT aperture length W were
varied in order to determine the maximum power that could
be used for mixing before the SAW provides the droplet
with sufficient energy to escape from the hydrophilic surface
created by the EWOD electrode.

In most cases the sheet resistance of the conducting layer
that forms the EWOD electrodes does not significantly affect
their performance. However, this is not the case for SAW and
so both Ta and Al based test structures were fabricated in order
to characterize the effect.

III. Test Structure Fabrication and

Characterization Systems

The substrate initially selected for the test structure charac-
terization was 128°-Y-cut LiNbO3, which is readily available.
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Fig. 3. (a) Process flow of anodic Ta2O5 technology based test structures.
(b) Process flow of aluminum electrode-based test structures. (c) Layout of
test structure mask.

A. Test Structure Fabrication

Metals such as Al and Au are commonly used for SAW
IDT electrode fabrication due to their low sheet resistances.
For fabricating EWOD electrodes covered by dielectric layers
on a piezoelectric substrate such as LiNbO3, high temperature
processing is potentially problematic due to its pyroelectric
effect [9] and so low temperature processes are preferred to
help avert any issues with substrate cracking and breakage.

Room temperature anodic Ta2O5 technology [5], [9] was
initially selected as the dielectric as this has been successfully
used to fabricate low voltage EWOD devices. The aluminum
electrode with parylene-C dielectric process was also used for
employing aluminum’s relatively low sheet resistance. Hence,
either tantalum or aluminum was used for both the SAW
and EWOD electrodes of the test structures. Fig. 3(a) and
(b) shows the process flows of the first reported integrated
EWOD-SAW devices which are described in detail in [1]. The
electrodes are defined using a lift-off process. The fabrica-
tion starts by spinning image reversal (negative) photoresist
AZ5214E onto the lithium niobate substrate to act as the
sacrificial layer. The resist is patterned using the mask shown
in Fig. 3(c) and then developed to leave a negative image
of the electrode array. Fig. 3(a) shows that in low voltage
EWOD SAW test structures, tantalum is then deposited and

Fig. 4. Characterization system for EWOD SAW integration test structures.
(a) EWOD contact angle measurement system with control and image capture
units. (b) Screenshot from the contact angle analysis image processing
software.

following lift-off, which removes the resist and excess metal,
the electrodes are anodized to form the dielectric layer. On top
of this, a 20 nm layer of hydrophobic CYTOP is finally spin-
coated and cured [9]. Fig. 3(b) shows that a similar fabrication
procedure was used to fabricate devices using aluminum for
the IDT, with either 0.5 μm parylene or 1 μm parylene together
with 20 nm CYTOP dielectric layers on top.

B. Characterization Systems

The EWOD and SAW functions have been first character-
ized separately on the integration test structures, followed by
both separate and combined microfluidic function demonstra-
tions.

1) EWOD Characterization System: The performance of
EWOD devices depends upon their ability to switch the
surface from hydrophobic to hydrophilic by modifying the
contact angle (CA) [9]. Hence, a quantified study of the
change of the CA has been used to characterize the EWOD
performance on the SAW EWOD integration test structures.
The CA change can be affected by the EWOD dielectric layer
quality, the substrate roughnesses, and evaporation caused by
surface heating.

The EWOD function characterization system shown in
Fig. 4(a) is based on a standard goniometer normally used
for measuring the contact angle, surface energy and surface
tension of droplets sitting on a solid surface. In this system,
the EWOD voltage applied to the test structure is generated
by a fast digital-analog converter with a buffer amplifier in the
control unit, which also triggers a CCD camera to capture a
single frame each time the EWOD test structure switches. This
approach significantly reduces the number of video frames
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Fig. 5. Contact angle change variation during 20 EWOD switching cycles on
LiNbO3 substrates with aluminum electrodes covered by (a) 0.5 μm parylene
+ 20 nm CYTOP sample using 39V DC, and (b) 1 μm parylene + 20 nm
CYTOP sample using 55V DC.

analysed and simplifies the automation of the contact angle
extraction. The system runs fully automatically requiring only
the data for the number of cycles for the characterization,
the timing parameters and the voltage pattern (e.g., a DC
voltage pulse) that is applied to the EWOD electrode when
being switched. Additionally, the system monitors ambient
parameters including temperature and humidity, which should
ideally be kept constant to ensure repeatable results [10].
Fig. 4(b) shows the captured images from which the video
frames are then analyzed by edge detection image processing
software to extract the contact angle readings in switching
cycles.

2) SAW Characterization System: SAW resonator devices
are normally characterized by measuring their resonant fre-
quencies. These frequencies can be affected by the sheet
resistance of the metal electrodes and the surface conditions
such as the topology. Therefore, the reflection and transmission
frequency spectrums of the SAW devices on the EWOD-SAW
integration test structures were measured and recorded using
a HP-8510 network analyzer.

3) Fluidic Function Test System: After the above charac-
terization, the test devices were then used to evaluate fluidic
functions. The fluidic functions performed on the SAW-EWOD
integration test structure was observed by a computer based
microscopic video recording system.

IV. Experiments and Results

A. EWOD Characterization

The devices were initially tested to confirm that EWOD
activation was achievable on the integration test structures
fabricated on LiNbO3 substrate. Next, contact angle change

Fig. 6. RF frequency spectrum for SAW devices (N = 30, W = 2500 μm).
(a) Reflection and transmission spectrum (d = 16 μm) indicates resonance is
being achieved on the integrated device (x-axis: 3 MHz per div). (b) Reflection
spectrum on d = 8 μm devices (x-axis: 0.8 MHz per div).

and switching lifetime test were performed. Fig. 5 shows the
EWOD performance life time results for aluminum electrodes
covered by (a) 0.5 μm parylene or (b) 1 μm parylene together
with 20 nm CYTOP using different DC voltages. The CA
change in the initial 20 switching cycles remains above
20° and is very similar to the results on silicon substrates
reported in [10] (20° is typically sufficient for repeatable
EWOD droplet movement). This result confirms, as would be
expected, that EWOD technology performs in a very similar
manner on both silicon and LiNbO3 substrates.

B. SAW Characterization

The devices with finger widths between 8 and 16 μm
exhibited a good resonance response as shown in Fig. 6. This
has been further confirmed by the microfluidic tests detailed
below. However, high frequency devices with finger widths of
4 μm only exhibited resonance on the aluminum structures,
and not on the tantalum. The reason for this is due to the
high sheet resistance of the 300 nm Ta (∼8 �/�) used in
the structures. This value compared with the 200 nm Al is
considerably higher (∼0.3 �/� for sputtered Al).

When moving or mixing with SAW technology, the force
exerted on the droplet is not just in the direction of the wave;
there is also a component normal to the surface and this can
be observed as the droplet “sits up” when the SAW power
is initially switched on at a low level. Fig. 7 shows the high
degree of droplet distortion that can be achieved when the
power is increased. Clearly, the droplet is almost at the stage of
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Fig. 7. Droplet being moved toward the right by SAW—any increase in
power will cause the droplet to be ejected.

Fig. 8. Three frames from a video showing a droplet being ejected by SAW
energy.

being ejected and characterising the power required to instigate
this action is important, as is the minimum power required to
initiate droplet movement. Fig. 8 shows droplet ejection when
the SAW power exceeds the critical maximum power input on
the same IDT as in Fig. 7. In this case, instead of moving the
droplet along the substrate, it is ejected.

C. Separate Functions on an Integrated Device

Fig. 9 shows examples of test structures fabricated with
both EWOD and SAW elements. The photo sequences il-
lustrate the structures successfully demonstrating a capability
to manipulate droplets using EWOD and SAW activation. In
this structure, the DC voltage required for EWOD activation
was around 15 V for Ta/Ta2O5/CYTOP devices and 60 V for
Al/parylene/CYTOP devices. The SAW input RF powers on
the LiNbO3 substrates ranged between 3 dBm (0.1 W) and
30 dBm (1 W) at a frequency of approximately 57 MHz (when
the SAW was propagated along the y-axis) and 61.5 MHz
(when along the x-axis), for test structures with IDT finger
widths of 16 μm, and 114 MHz (y-axis) and 123 MHz (x-axis)
for d = 8 μm.

D. Combined Microfluidic Functions

Fig. 10 shows SAW induced mixing through the motion of
meso-scale (100 μm) silicon cubes inside a droplet that has
been held in position by the EWOD electrode array. This is
perhaps one of the most important capabilities of EWOD and

Fig. 9. Time sequence shots of microfluidic droplet on the test chip being
moved by EWOD (top) and SAW (bottom).

Fig. 10. Four sequential side view photos of 100 μm silicon cubes being
mixed inside a DI water droplet using SAW activation while being held in
place by EWOD.

SAW integration as it enables droplets to be easily held while
performing mixing.

Fig. 11 shows the detailed steps of this function. First,
the droplet is positioned at the EWOD electrode centered
in front of the SAW IDT, as shown in Fig. 11(a). A d.c.
voltage is applied to the two side-electrodes with the central
electrode grounded, making it hydrophilic while surrounded
by a hydrophobic area. This anchors the droplet while the
SAW power is applied for mixing [Fig. 11(c)].

E. Characterization of Combined Microfluidic Functions

The relationship between the applied EWOD voltage and
the droplet-displacing SAW transportation force (the power
applied to the IDT) for different EWOD/SAW designs has
been characterized using the test structures of Fig. 2(a). Fig. 12
shows the results for different SAW IDT apertures W , with the
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Fig. 11. Test structure shown in Fig. 2(a). Top view (left) and angled view
showing the SAW IDT at the bottom of the frames (right). The photographic
frames show the sequence of a combined function of SAW and EWOD test
structure. (a) Droplet positioned on the central electrode. (b) Droplet held in
position by EWOD force. (c) SAW starts in-droplet mixing. (d) Increased
SAW power ejects the droplet.

IDT electrode width d = 16 μm and the pair number N = 30.
The EWOD electrode was 1500×1500 μm and the EWOD-
SAW distance, D, was 3216 μm.

The maximum power applied to move the droplet forward
on the SAW IDTs was 26 dBm, at which point the current
flow reaches the 2 A compliance on 200 and 500 μm IDT
aperture devices which have a smaller interdigitated capaci-
tance. Fig. 12 reveals that less EWOD force is required to hold
a droplet when the SAW IDT aperture W is reduced. When
the SAW IDT aperture W is 0.2 mm, the droplet cannot be
displaced by SAW even when the maximum power is applied.
Similarly, with a fixed W , increasing the EWOD voltage
enables the droplets to be held when larger SAW powers
are applied, which, in turn, enables more powerful mixing
to be undertaken. The only exception is when W = 2.5 mm
and the EWOD voltage is 20 V. In this case, the SAW power
required to move the droplet reduces to 20 dBm. The reason
for this is that the droplet dimension, which is determined by
the EWOD electrode size, is smaller than W , meaning the
droplet experiences a larger portion of the SAW power as the
EWOD force stretches the width of the droplet on the SAW
wave path.

Additionally, Fig. 13 shows the effect of the distance D

between the SAW IDTs and the EWOD electrode array on the
SAW EWOD combined mixing function. When the distance
D is reduced from 3216 μm to 656 μm, more SAW power
is required to displace the droplet held by the same EWOD
voltage when W = 2.5 mm. This phenomenon is most likely
related to surface acoustic wave divergence, making the width
of the wave more narrow. This results in the two edges of the

Fig. 12. Relationship between applied EWOD voltages and droplet-
displacing SAW power (forward force) in SAW/EWOD test structures with
different IDT aperture length W .

Fig. 13. Relationship between applied EWOD voltages and droplet-
displacing SAW powers (forward force) in SAW/EWOD test structures with
different SAW/EWOD distance D, when W = 2.5 mm.

Fig. 14. Different internal mixing stream patterns related to droplet position.
Droplet in the central region of the SAW (left). Droplet at one edge of the
SAW.

droplet anchored by the EWOD force, experiencing a smaller
portion of the SAW power.

F. Other Combined Microfluidic Functions

The mixing pattern exerted on the droplet depends upon
whether it is in the center or the edge of the propagating SAW.
Fig. 14 shows droplets at different positions in the propagating
wave and it can be observed that different mixing stream
patterns can be achieved as the droplet is moved from the
center to the edge of the wave.
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V. Conclusion

This paper presented test structures for the characterization
of EWOD and SAW integration. Results demonstrated that
a low voltage anodic Ta2O5 EWOD process can be inte-
grated with SAW devices. The test structures were used to
demonstrate integrated microfluidic functions, and showed that
EWOD can successfully anchor a droplet as SAW mixing
power was increased. This enabled the maximum power that
can be applied to the SAW IDT to be increased, while
the droplet was held in position. The characterization also
showed that the SAW IDT aperture W was also important
and needed to be designed ensuring that the EWOD elec-
trodes were suitably placed should mixing or concentration
functions be required. Combined microfluidic functions, such
as different SAW mixing patterns resulting from different
droplet positions, were reported. Future work will involve
modeling the surface acoustic waves in the integrated system
to understand the wave propagation and divergence, and so
on. Other applications, such as SAW sensing on EWOD
electrodes, SAW particle concentrating by controlled droplet
positioning using EWOD [11], will be explored in more
detail.
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