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Abstract

®

CrossMark

Droplet motion has been a long-standing interest in microfluidics as it is often limited by the
high operating voltages, which hampers the development of consumer applications. Forces

generated by liquid dielectrophoresis (L-DEP) can enhance surface wetting, without requiring
chemical modification or surface texturing. This work presents a droplet actuating platform to
control the wetting behaviour of water droplets using L-DEP. The exploitation of high electric
fields at the droplet solid-liquid interface reduced the operating voltages. The operating voltage

can be further reduced, to as low as 30 V, by introducing a lubricant layer to minimise the
droplet contact angle hysteresis, thus requiring a smaller L-DEP bulk force. The outcomes of
this study will provide a new pathway for developing energy-efficient and reliable droplet
actuating platforms to clean a variety of surfaces. A particular interest will be the application of
this system in the automobile sector, for instance, to clean headlamps, sensors, cameras, door

mirrors, front side glass, and rear screen.

Supplementary material for this article is available online

Keywords: liquid dielectrophoresis, microfluidics, microfabrication, droplet actuation,

electric field

(Some figures may appear in colour only in the online journal)

1. Introduction

The control of sessile droplets on a planar surface has extens-
ive applications in both industrial and domestic environments,
extending from surface cleaning platforms to medical and
pharmaceutical analysis. The two most conventional methods
for the electrical control of droplets are electrowetting and
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dielectrowetting [1, 2]. Electrowetting behaviour is predomin-
antly investigated with a range of practical constraints [3, 4].
For instance, the contact angle saturation phenomenon is a lim-
iting factor, and it is only compatible with conductive liquids
[5]. Furthermore, the droplet manipulations are typically per-
formed using a sandwich-structure with a covering top-plate
[6]. Dielectrowetting, on the other hand, has been gaining
considerable attention for overcoming the limitations of elec-
trowetting [7]. Dielectrowetting is based on liquid dielectro-
phoresis (L-DEP), which is a bulk force generated when a non-
uniform electric field interacts with the electric dipoles within
a liquid [8]. The spreading of droplets into a thin film was
initially performed to show that dielectrowetting can overcome
the contact angle saturation limitation of electrowetting [9].

© 2021 The Author(s). Published by IOP Publishing Ltd  Printed in the UK
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This critical study also established the foundation of
interface-localised L-DEP, and following it, the L-DEP effect
at the solid-liquid interface of a droplet was thoroughly invest-
igated to verify a relationship between the change of con-
tact angle and applied voltage [10]. The behaviour of droplet
actuation using L-DEP has attracted a great deal of research
interest for diverse applications, notably in the fields of opto-
fluidics and lab-on-a-chip microfluidic devices [11, 12]. The
actuation of deionised (DI) water and other dielectric solutions
in a microfluidic system has also been demonstrated using
L-DEP forces, enabling the further development of smaller
micro-total analysis systems [13—15]. The manipulation of
discrete droplets using dielectrowetting was recently presen-
ted using interdigitated electrodes (IDE’s) to actuate dielectric
droplets [16]. For the first time, a device based on L-DEP was
tested capable of splitting and transporting dielectric liquid
droplets in a discrete manner operating in excess of 340 V. The
actuation of sessile droplets using L-DEP can be explained
through asymmetric electrostatic forces changing the con-
tact angle on one side of the droplet, thus causing motion.
The study also highlights the critical frequency for DI water
and propylene carbonate that guarantees a dielectric response
consistent with expectations of operating above a cross-over
frequency.

Our study presents a programmable platform that is unlike
electrowetting-based designs with a specific focus on the
large-scale actuation of droplets with a variable volume using
an iterative switching method.

2. Material and methods

2.1 Design and fabrication

The conceptual design of a device with four separate layers is
presented in figure 1(a). Standard photolithography was used
to pattern the electrodes on the glass substrate (see figure 1(b)).
70 nm of aluminium was deposited by E-beam evaporation,
followed by a lift-off process. The objective of the sample pre-
paration was based around minimising the thickness of the
covering insulating layers to maximise the device perform-
ance. A common photosensitive epoxy resin (SU-8 2000.5),
with a thickness of 500 nm was used as a dielectric mater-
ial on the electrodes to chemically, electrically and mech-
anically protect them during testing. The thickness of this
layer was measured using a profilometer and was found to
be 500 nm and up to 600 nm. The layer was functionalised
with a hydrophobic self-assembled monolayer (SAM), oct-
adecyltrichlorosilane (OTS), to enhance its hydrophobicity.
The observed contact angle of the OTS surface was found to
be 110°(% 3°), confirming the hydrophobic enhancement of
the SU-8 layer while minimising the overall thickness of the
covering top layers (see figure 1(c)).

2.2. Experimental setup

A modular electronic control system with a relay module was
custom-designed, allowing control of individual high-speed
reed relays by simple commands from a host PC. The general

overview of the electronic-modules is shown in figure 2. Please
refer to the supporting document for more details.

A testing probe station with up to 36 contacts was made
to facilitate the electrical connection between the device and
the electronic-module. The testing stage was designed so that
both the top view as well as the side view of the droplets can be
video recorded using a vertically mounted camera. MATLAB
software was used to connect, control and store picture and
video files. Mbed-OS provided the Mbed (C/C++) software
platform to generate algorithms for controlling the switching
patterns of the electrodes.

3. Results and discussions

3.1 Spreading of droplets

Here, we report on the low-voltage L-DEP actuation of
droplets. The reduction in the operating voltage stems from
the higher electric-field gradient produced by scaling down the
electrode dimensions to the micron scale [10, 17]. The effect
of change in contact angle was limited in previous dielec-
trowetting studies by the fixed thickness of the hydrophobic
and insulting covering layers (a few micrometres) to withstand
higher operating voltages to achieve a complete film formation
(250 V or more).

The smaller electrodes produce a lower penetration depth
into the liquid, hence requiring a thinner insulating cover-
ing layer. Dielectric layers thinner than 500 nm were avoided
because of issues related to dielectric breakdown and lower
operational lifespan. Additionally, the thickness of the OTS
layer is on the nanoscopic scale. Variations of SAMs and SU-8
have already been thoroughly studied and used in many elec-
tronic applications [18-20]. However, the SAM functional-
ised SU-8 dielectric layer is uncommon for a dielectrowet-
ting study. Furthermore, the OTS coating technique is cost-
effective, scalable, and widely available.

COMSOL Multiphysics was used to numerically simu-
late the relationship between the electrode gap distance and
the electric field (see figure 3(a)). The study emphasises the
importance of reducing the electrode gap distance and the cov-
ering dielectric and hydrophobic top layers to produce a suffi-
ciently high enough DEP force at the solid-liquid interface for
a fixed operating voltage. This optimisation mechanism was
based on the previous studies of L-DEP and DEP [10, 21]. The
DEP force is defined by the field factor, and the electrode geo-
metries play a crucial factor during the experimental design.
Notably, deeper penetration of the electric field into the liquid
generates a larger force, but the L-DEP effect is most critical
at the local liquid—solid interface. In addition, testing thicker
insulating layers reduced the device performance.

To better understand the droplet driving behaviour, a series
of single electrodes with different gap geometries were also
tested (see figures 3(b) and (c)). The alternating current
voltages in the experiments denote root-mean-square, and DC
signals are avoided because of lower electric field penetration
into the droplets. The experiment was conducted in ambient
conditions, and the obtained results confirm that a change of
contact angle similar to those reported in previous studies is
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Figure 1. (a) 3D schematic of a typical device with four separate layers: glass, aluminium, SU-8 and OTS. (b) Top view optical microscope
image of an electrode pad. Note that the image is showing part of the electrode pads. (c) Side view image of a water droplet on an OTS

surface.
Host PC ‘ mbed - NXP » Board A
LPC1768 Control System
Function Signal Board B
Generator =» Amplifier - Relay Module
Device Testing
- Stage

Figure 2. The electronic-modules for the programmable platform.
The host PC is connected to a microcontroller to control up to 128
output signals from the control system (board A) to the relay
module (board B). Function generator facilitated AC waveforms
over a wide range of frequencies and amplified with a signal
amplifier. The high voltage signals were connected to the device via
the testing stage with an array of pogo pins.

still possible when smaller electrode gaps with an appropriate
insulating thickness are used. The L-DEP bulk force is fre-
quency dependent, with an optimum crossover frequency of
20 kHz and 40 kHz for propylene carbonate and DI water,
respectively. The dielectrophoretic response is related to the
magnitude of the electric field, and the effect is only visible at
higher frequencies (30-50 kHz), for electrodes with a 20 pm
gap distance (see figure S3). Additionally, the experimental
results confirm that the cosine of contact angle is proportional
to the applied voltage squared, similar to electrowetting (see
figure S4).

3.2. Droplet actuation

From a technological and commercial perspective, lower oper-
ating voltages are desirable to avoid complex electronics, elec-
tromagnetic compatibility, and safety concerns. The droplet
transportation mechanism with the three actuation steps are
presented in figures 4(a) and (b) shows 36 IDE’s, used to actu-
ate DI water droplets. Linear actuation was achieved at 105 V,
with a measured average speed of 20 mm s~'. Higher operat-
ing voltages reduced the average device lifespan and in some
cases, resulted in a dielectric breakdown for thinner dielec-
tric layers. On the other hand, using thicker insulating layers
significantly reduced the bulk DEP force, leading to smaller
changes in the contact angle. Thus far, we have shown that
electric fields can manipulate water droplets to wet a solid
surface using low-voltages, and potential further refinement
is feasible. Even lower operating voltages can be used when
the top layer is coated with a lubricant layer [22]. The surface
treatment reduces the contact angle hysteresis associated with
the pinning forces at the droplet contact line. Indeed, previ-
ous work on electrowetting reported that the contact angle hys-
teresis associated with the pinning effect could be minimised
to produce a reversible spreading of droplets using a thin oil
layer [23, 24]. Note that the surface treatment remained func-
tional without any noticeable change within the testing period
(at least 2-3 months).

The oil treatment is an alternative method to enhance the
hydrophobicity of the surface to minimise the contact angle
hysteresis, and similar results may also be obtained using an
enhanced OTS surface with superhydrophobic wetting prop-
erties [19]. The actuation of DI water droplets was achieved
at a voltage as low as 30 V when a layer of mineral oil with
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Figure 3. Experimental and simulation data. The electric signals
here are presented in root mean square (RMS) voltage.

(a) COMSOL simulation models showing the decay of the electric
field at a fixed voltage of 100 V. (Insert) The sub-figure in here
represents the electric field distribution between two electrode pads
and the red arrow shows the penetration depth in the medium.

(b) Change of contact angle for DI water (sine-wave signal with a
frequency of 40 kHz), and propylene carbonate droplets (sine-wave
signal with a frequency of 20 kHz), at different operating voltages
with an electrode gap distance of 20 um. (c) The change of contact
angle for a DI water droplets with 100 V of operating voltage
(sine-wave signal with a frequency of 40 kHz) for different
electrode gap geometries.

a) Overlap Pad

’EL . :
g _

Figure 4. The Linear actuation of droplets. (a) Three actuation
steps of a 3D water droplet model on a platform: the electrodes are
activated (ON) when an AC voltage source is connected to the
signal and ground terminals. There is an overlap-pad between every
electrode pad for a smooth droplet transition of every switching
step. (b) Top view of the device with 36 electrode sets (6 x 1 mm)
to actuate DI water droplet using 95 V at 40 kHz. Here the activated
electrodes are represented with a rectangular box with an average
actuation speed of 9 mm s~

an average thickness of 100 pm covered the device. The thick-
ness of this layer was regulated by controlling the volume of
the oil injected over a confined area and then spin-coated to
aid uniformity. The surface treatment was possible since the
OTS layer was oleophilic. The actuation speed was severely
reduced due to the drop in the electrostatic energy per unit con-
tact area, which is determined by the applied voltage and pen-
etration of the electric fields in the water layer [10, 21]. Never-
theless, faster switching speeds with lower operating voltages
may still be possible by further reducing the thickness of the
lubricant layer to generate higher forces. The lubricant treat-
ment has limited applications, predominantly in microfluidics.
In contrast, the actuation of droplets at higher voltages (up to
100 V) on a plain OTS surface is suitable for cleaning applic-
ations, i.e. to clean cameras and sensors.

3.3. lterative fractal approach

The manipulation of discrete droplets has been validated in
microfluidic systems using a droplet sensing method within a
feedback control loop. Such as, vision systems, fluorescence
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Figure 5. Actuation of droplets using an iterative approach. (a)—(h) Actuation of three DI water droplets with different volumes (2.5, 4 and
9 pl) in a single test using the iterative algorithm. The actuation is carried out on a thin lubricant layer using 85 V with a signal frequency of
40 kHz. (i) The algorithm used to transport different volumes of water. The cycles are repeated three times to ensure a complete transition of
the droplets to the left side of the device for disposal. This concept can be applied to any number of electrodes on a large surface.

spectroscopy, capacitive sensing, and impedance measure-
ments have all been demonstrated [25-28]. However, these
methods are not suitable for a large-scale droplet actuation,
i.e. in self-cleaning surfaces due to higher costs, design para-
meters and complexity. In our approach, an improved design
is proposed based on an iterative approach to produce droplet
actuation of varying volume without using any active feed-
back control system. Microscale electrodes can be iteratively
combined to effectively realised larger arrays capable of driv-
ing larger droplets (see figure 5(i)). The iterative code for
actuating droplets with varying volumes is based on the pro-
cess of recursion (Please refer to the supplementary material
(available online at stacks.iop.org/JIMM/31/055014/mmedia)
for more detail).

The iteration time between each actuation was set by the
spreading time of a single droplet, which was approximately
100 ms in our system, with an additional delay (100 ms) to
allow precise monitoring of the droplets during the operation
[29]. The iterative cycles were applied to a set of electrodes to
verify the suitability of the hardware and software for actuat-
ing DI water droplets with different volumes (2.5-9 pl), and

the results are summarised in figures 5(a)—(h). The actuation
behaviour is directed towards a cleaning application, and
it resembles a scrubbing like motion, while at the same
time eventually transporting the droplets in one direction for
disposal.

The initial steps in the iterative actuation use individual
IDE’s to move smaller droplets. However, after 1.5 s, the
newly formed larger droplet covers a surface area of more
than three IDE’s (see figure 5(c)), and as a consequence, the
actuation towards the left side of the device is delayed until a
full set of iterations is repeated multiple times. The actuation
process of a droplet moving from one electrode to another
is only possible when the droplet moves to an area over an
IDE which is due to be active. Otherwise, it will move back
to the previous electrode for the next set of iterations. Fur-
thermore, depending on the application, the back-and-forth
motion may be desirable as it can be used to remove impur-
ities from the surface. Alternatively, a direct linear actuation,
which avoids the back and forth motion can be realised using
a longer activation time, or a device with a higher electrode
resolution.
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4. Conclusions

In recent years, the droplet motion by electric means has been
gaining more attention than other methods such as acoustic,
magnetic, pneumatic, and thermal actuation. This is because
of the excellent response time, device lifetime, and accuracy
of the actuation. However, the technology is limited by the
dependence on the droplet size, high fabrication, and experi-
mental setup costs [30]. We verify that the actuation of droplets
with varying volume is possible without the need for any act-
ive feedback control system. Moreover, the introduction of the
iterative switching method is a compelling simple addition that
reduces the experimental setup costs. Also, the SAM function-
alised SU-8 dielectric layers is a simple and cost-efficient tech-
nique to improve the device performance.

The open surface structure in here has advantages com-
pared to the sandwich-structure, including easy droplet access
with the external device. However, there also exists a crit-
ical limitation that the actuating force is substantially reduced,
requiring higher operating voltages. Hence, lowering the
voltages for L-DEP droplet actuation expands the applica-
tion of this technology. Furthermore, for a particular applic-
ation, the electrodes can be fabricated using indium tin oxide
electrodes, which is a widely used transparent conductor with
excellent electrical and optical properties (see figure S1). This
allows the scrubbing motion presented in this work to remove
debris from the surface of a sensor or solar panel.

The L-DEP and electrowetting dominate the microfluidics
in the high and low-frequency limits, respectively. Hence,
the generated electric fields can penetrate mild ionic solu-
tions (such as rainwater) when they are applied with a suffi-
ciently high frequency [31, 32]. As previously discussed, both
of the actuation methods have their pros and cons. This is
notably evident for the electrowetting actuation of conduct-
ive droplets using lower signal frequencies. There are repor-
ted speeds of up to 70 mm s~! (100 V at 67 Hz), using large
electrode pads with a polished surface treatment [33]. Further-
more, the use of large electrode pads that generate a strong
double layer effect is incompatible with the iterative approach
demonstrated here that addresses the droplet volume limita-
tion. The future focus of L-DEP droplet actuation should be
to obtain comparable performance employing similar surface
treatments. This is particularly interesting as the polished sur-
face treatment generated higher electric field values near the
liquid—solid interface.

The operational capability to manipulate a range of differ-
ent liquids using electrowetting and dielectrowetting expands
the application of the iterative method to similar droplet actu-
ation concepts [14]. We can thus expect in the next decade to
witness the utilisation of programmable droplet actuating plat-
forms for a range of different products, i.e. even to tackle the
problem of surface contamination in cars [34].
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