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Electrowetting and Dielectrowetting on Lubricant Impregnated Surfaces
Glen McHale!, Zuzana Brabcova?, Gary. G. Wells?, Michael I. Newton? and Carl. V. Brown?
ISmart Materials & Surfaces Laboratory, Faculty of Engineering & Environment,
Northumbria University, Newcastle upon Tyne, NE1 8ST, UK
2School of Science and Technology, Nottingham Trent University,

Nottingham NG11 8NS, UK

Electrowetting is limited by the extent to which it can induce the complete spreading of a liquid over an otherwise
non-wetting substrate due to the well-known saturation effect. It is also subject to contact angle hysteresis associated
with pinning forces at the contact line. In recent work, we have shown that interface localized liquid dielectrophoresis
(dielectrowetting) can induce a droplet to spread into a film [1], thus addressing the first limitation of electrowetting.
At the same time, there have been significant advances in the literature in producing lubricant impregnated (LI), or
equivalently slippery liquid infused porous (SLIP), surfaces which almost eliminate the contact angle hysteresis
suffered by droplets. The LIS/SLIPS idea has previously been applied to create a completely reversible and tunable
electrowetting-based liquid lens with improved transient response due to reduced droplet oscillations [2]. However,
that work did not consider the limitation from contact angle saturation. In this work, we consider the use of
dielectrowetting to axisymmetrically spread a droplet in a controllable and hysteresis-free reversible manner on a
non-wetting surface. For comparison, we also consider the electrowetting of droplets on identical SLIP surfaces [3].
In the case of electrowetting we observe a complete removal of hysteresis for voltages above the saturation contact
angle voltage. In the case of dielectrowetting, the contact angle hysteresis is reduced to less than 4° whilst retaining
the ability to fully spread a droplet into a liquid film. In both cases, the cosine of the contact angle retains a quadratic
dependence on applied voltage, consistent with previous theoretical expectations. We show that data for both
electrowetting and dielectrowetting can be scaled onto a universal curve by choice of an initial contact angle at zero
applied voltage and a threshold voltage for film formation extrapolated from each data set (Fig. 1). Our studies show
that fully reversible spreading encompassing a wide range of partial wetting droplet states and a film state can be
achieved in air in a controllable manner with very low levels of hysteresis by the use of lubricant impregnated
substrates. Since the dielectrowetting approach can achieve reversible low hysteresis control between a droplet and
a film state in air without mechanical parts and in a scalable manner, it may be significant for a range of applications,
including liquid-based optics and droplet-based microfluidics.

i B ®
o 6 L o &
0.91 30 pum “yRT o T
o 100 um DEW A
08 « 120 pm g
180 pm o
= 07 ‘ 8
# A LIS/SLIPS
2 06f L] 1
= 05 ni |
= fr L]
2 04 A
- il
< o3 B |
& .
02 of EW
. dins=1.52 pim
011 & ding=1.87 pm

& dins=2.35pm

o 0.2 0.4 0.6 0.8 1 1.2 1.4

. F-”, =

Figure 1. Data scaled onto a universal equation using the initial contact angle & and threshold voltage, V, for film formation.
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Forming fluids to focus photons

Hans Zappe

Gisela and Erwin Sick Chair of Micro-optics, Department of Microsystems Engineering,
University of Freiburg, Georges-Koehler-Allee 102, 79110 Freiburg, Germany

Electrowetting as a means to form fluid surfaces has played a major role in optoflu-
idics, in which fluid surfaces are used to dynamically modulate optical fields. Optofluidic
optical systems have been developed for a wide variety of applications, including tun-
able lenses; fluidic waveguides; optical switches; liquid lasers; and tunable apertures. For
the classical optical engineer, however, optofluidic devices have only had limited rele-
vance, since optical imaging systems require components delivering high imaging quality
and controlled aberrations. To address these issues, our recent work on fluidic optical
components has yielded liquid-based micro-optical imaging systems which demonstrate
tunability, ultra-compact design, and viability for real optical imaging applications.

We will present new concepts in aberration-controlled, multi-element tunable optoflu-
idic devices and systems which advance the state-of-the-art in ultra-miniaturized tunable
and adaptive optics. By combining concepts and technologies from micro-fluidics, micro-
optics and micro-fabrication, a three-dimensional fluidic system has been realized inside
a cylinder, as seen in Figure 1, using complex electrode patterns on its inner surface for
highly-flexible electrowetting actuation. A variety of density-matched, immiscible liquids
with optimized refractive and dispersive properties, all individually tunable, fills the tube
and is used to generate a variety of optical functions. These include individual and mul-
tiple tunable lenses; astigmatism-tunable optics; variable and rotatable prisms; tunable
apertures; and an all-fluidic zoom system, all with excellent imaging properties. These
developments pave the way for the use of optofluidics in an increasingly broad spectrum
of imaging applications.

Figure 1: A complete electrowetting-actuated fluidic optical zoom system in a tube.



Topic no. XX (see website/flyer)

Oral or poster EW Conf. 2018
Title: EWD technology for electronic Changeable Copy Boards
Hans Feil
Etulipa

Light pollution and energy consumption prohibit that LED displays become as abundant as “paper”. Electro-
wetting displays can fullfil that role, because of their highly reflective performance. Etulipa Carbon is the first
electro-wetting product going to market that successfully passes all perception tests on readability under all outdoor
conditions.

Etulipa has chosen to focus upon on-premise electronic changeable copy (eCCB) boards as first product to the
market. The first product introduction of the Etulipa Carbon enables business owners in residential area’s, to easily
get permits for placing digital displays, and operate such digital displays with extremely low energy consumption.
In fact, it can be run off-grid using a battery or solar-energy based solution.

End of 2017 Etulipa started the production of display tiles in Taiwan. Eight of those tiles are combined into panels
and 15 panels are combined into one screen. Short movies of the production line and of the eCCB will be shown.

Among the biggest challenges is to make the displays work reliably at very low and high temperatures, under bright
sunshine and for long periods. A few of the materials science challenges will be discussed.

Figure 1 eCCB prototype

Figure 2 EWD tiles ready for panel assembly
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Creation of aspherical surfaces on a liquid lens
Matthias Strauch, Peter A. A. M. Somers, and H. Paul Urbach
Delft University of Technology (Netherlands)

Since electrowetting liquid lenses have been developed, fast focal switching has merely been considered being a
source of aberrations and a loss of imaging quality [1]. The stimulated creation of surface waves on a liquid lens
has only recently shifted into the focus of research in cryptographic imaging and been studied in more detail [2-3].
This work focuses on how to create aspheres on a liquid lens using an AC voltage actuation signal.

In previous studies [3] it has been demonstrated, that surface waves on a liquid lens surface can be described by
Bessel functions J,(x). The approximation is valid for small surface deviations and frequencies. Scaled Bessel
functions are orthogonal and therefore allow the description of any radially symmetric surface function u(r) as a
sum of Bessel functions
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where f is the frequency, r is the radius, and c is the speed of wave in the approximation of the model. The desired

surface shape can be obtained by determining the coefficients A(f). This is realized by using a Hankel transform:

Hy(k) = f u(r) Jo(kr) rdr
0
The inverse Fourier transform of the coefficients A(f) yields the time dependent voltage actuation signal, that is

necessary to create the desired surface at time ¢t = 0.

The used liquid lens is an Arctic39NO by Varioptic. The surface shape is measured with a Mach-Zehnder
interferometer. The interferogram is analysed using Fourier transforms and phase unwrapping to obtain the surface
profile.

An application of this technique is the creation Zommike function 2% Violtage ignal
of a Zernike polynomial on the liquid lens
surface (see figure). The shown Zernike surface
can be used to correct the spherical aberration
of another optical system, or just the aberration
of the liquid lens itself. The converted time-
dependent voltage signal is pulsed due to the
finite extensions of the liquid lens. The
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It is poss_lble to design qspherlc lens sur-fac'e A spherical aberration is created on the liquid lens to test the applicability
shapes using of-the-shelf liquid lenses. While it of the model. The Zernike polynomial is displayed in figure (a). The

IS theoretlcally pOSSIble to create any surface calculated actuation voltage input for the liquid lens is shown in figure (b).

Shape_ b_y superposition, in practice the shapes The surface reconstruction based on interferometric measurements is
are limited by the frequency response of the

liquid and the simplifications of the surface
model.

shown in figure (c) and the surface profile is displayed in figure (d).
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Particle assisted electrowetting driving multiway optical valves
Lin Chen? Mingliang Jin'?, Guofu Zhou'?, and Lingling Shui**

1 National Center for International Research on Green Optoelectronics, South China Normal University,
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2 Guangdong Provincial Key Laboratory of Optical Information Materials and Technology and Institute of
Electronic Paper Displays, South China Academy of Advanced Optoelectronics, South China Normal University,
Guangzhou 510006, China

Abstract

We report on a high efficiency and position controllable multiway optical valve achieved by electrowetting (EW)
driven and magnetic particle directed oil film dewetting in a microscale space. Under the same working conditions,
with introducing a magnetiv particle, the valve’s opening voltage can be decreased from 24 V to 10 V, and its opening
ration can be increased from 65% to 75%. A 16-way spatial valve has been achieved in single microspace.

Context
Dewetting phenomenon is very important in practical applications like marine oil drilling, underwater coatings for
ships or cables[1]. The surface wettability change by electrowetting can be considered as a wetting and dewetting
process, which can be widely applied in microfluidic manipulation for microlens, displays and optical switches [2-
4]. In this work, we constructed an electrowetting device with a comparable structure by placing a thin dielectric oil
film between upper conductive water and bottom electrode. The oil film dewets and breaks driven by electrowetting
with the determinative parameters of electric field and film thickness. With introducing an extra MP in the device,
the oil film thickness distribution is then rearranged. Thus, the dual water (hydrophilic)-oil (oleaphilic) interface can
be well guided by either a hydrophilic MP (HMP) or an oleaphilic MP (OMP) to break and move to designed direction
and location. In this way, the spatially multiway valves can be achieved by electrowetting actuating and MP guiding
microfluidic flow. The optical performance of these valves like switching speed and opening ratio is improved
compared to those without a MP. As shown in Figure 1, the oil film distribution and resulted oil film dewetting and
opening direction are well tuned.
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Figure 1. Qil distribution in microwells. (a) and (e) The 3D image of the oil film distribution with a 50 pm OMP and HMP in a microwell,
respectively. Insets are the microscopic optical image and the measured contact angle. (b-d) EW driven Off-On-Off phenomenon in
microwells with 15, 30 and 50 um OMPs in the microwells, respectively. The OMPs are located at a corner (top) or in the middle of a wall
(bottom). (f-g) are the HMPs in microwells with the same size and position as the OMPs.

Results and Conclusions

A high efficiency and well-controllable EW optofluidic modulation has been demonstrated by introducing a MP ina
dual fluidic micro-area. The spatially controllable EW driven switching is determined by the surface wettability,
location and size of the MPs. Switching on voltage (Vopen) from 24 V to 10 V and the maximum opening ratio (ORmax)
from 65 % to 75 % has been achieved by introducing a 10 um OMP in a 185x185x6 um® microwell. 16-way spatial
valve has been achieved by moving one MP in single microwell.
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EWOD-Aided Droplet Transport on Texture Ratchets
Di Sun?, and Karl F. Béaringer!
! Electrical Engineering Department, University of Washington, Seattle, 98195, USA

We report a novel droplet transport device using electrowetting-on-dielectric (EWOD) on an open surface with
anisotropic ratchet conveyors (ARC). The micro-sized hydrophilic texture on top of a SiNy and Cytop dielectric layer
is successfully achieved by using parylene-C as a stencil mask without degrading Cytop surface properties. 15 pL
water droplets are transported with a single sine or square wave electrical signal and without control circuitry for
addressing individual electrodes. The average transport speed is 6.6 mm/s under 60 Vy, sine wave at 50 Hz.

Water droplets can be transported under orthogonal vibrations with asymmetric ratchet conveyors (ARC), which
requires patterning hydrophilic textures on a hydrophobic background [1]. However, patterning on hydrophobic
surfaces (like Teflon, Cytop) is difficult using standard photolithography due to poor adhesion between photoresist
and substrate. Methods [2]-[3] have been proposed to reduce the surface hydrophobicity but the original surface
properties will be damaged. By adopting parylene-C as a stencil mask, we create hydrophilic patterns on top of the
Cytop surface without degrading the original surface properties.

The design of the EWOD system with ARC is shown in Fig. 1(A). The center electrode width is 2 mm and the
gaps between the electrodes are 50 um. 220 nm SiNy and 100 nm Cytop are deposited on top of the electrodes as the
dielectric layer. The semi-circular hydrophilic rungs are defined by 50 nm SiO; on top of the Cytop, with 10 um rung
width and 50 um gap between the centers of each rung. The system was fabricated on a 4" soda lime glass wafer. 10
nm Cr and 50 nm Au was patterned to create coplanar electrodes by lift-off. The SiNy layer was deposited using
PECVD and Cytop was spin-coated and cured at 160<C for 1 hour. The wafer was coated with 2.5 um parylene-C as
the stencil mask. 10 nm Al was evaporated on the parylene-C surface as etch stop mask and patterned to define the
ARC tracks. The exposed parylene-C area was etched with RIE, followed by 50 nm SiO; with e-beam evaporation.
The parylene-C layer was carefully peeled off using tweezers before further testing.

AC signals were provided by a function generator and amplified by a voltage amplifier with the factor 200 V/V.
A water droplet was pipetted and the droplet silhouette was monitored by a high-speed camera. For the dynamic
water droplet transport characteristics, a typical position change of the leading and trailing edge of the water droplet
with time is plotted in Fig. 1(B). The leading and trailing edges are three-phase lines (TPL) between liquid, gas and
solid, which periodically wet and dewet the substrate due to electrical field oscillation. The leading edge conforms
to the hydrophilic ARC rungs, creating a larger TPL line fraction and thus a higher pinning force than the trailing
edge, which makes only intermittent contact with the hydrophilic rungs. The anisotropic pinning force causes the
water droplet to move forward. Fig. 1(C) shows the top view of two water droplets moving in opposite directions
under 20 Hz sine wave signal, demonstrating droplet transportation capability without complex circuitry control.

(A) ) ) ] (B) Droplet Position Change vs. Time Flg 1(A) Design of the coplanar EWOQOD
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Fig. 1(C) Top view of the droplet transport
under a 20Hz 60Vpp sine wave electrical
signal. The two adjacent ARC tracks were
designed to transport two droplets in
g8 opposite directions at the same time.
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External-Field-Induced Wetting for Controllable Liquid Transport
Dongliang Tian*?, and Lei Jiang™%*
! School of Chemistry, Beihang University, Beijing 100191
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3 Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100191, P. R.
China
E-mail: tiandl@buaa.edu.cn

Abstract:

External-field-responsive liquid transport has received extensive research interest owing to its important
applications in microfluidic devices, biological medical, liquid printing, separation, and so forth. To realize the
different levels of liquid transport on surfaces, the balance of the dynamic competing processes of gradient wetting
and dewetting should be controlled to achieve good directionality, confined range and selectivity of liquid wetting
[1,2]. Here we will introduce our recent research results on external-field-induced liquid transport on the different
levels of surfaces (Fig. 1), including directional liquid motion on the surface based on the wettability gradient
under an external field [3], partial entry of a liquid into the surface to achieve patterned surface wettability for
printing[4-7], and liquid selective permeation of the film for separation [8]. These works are promising to gear up
the investigation and application of micro/nanofluidic devices, micro/nanoelectronics, biological and chemical
detection and broaden their applications.

o-“fectional Moti, "

Fig. 1 External-field-responsive liquid transport on the different levels of surfaces owing to the dynamic balance of gradient wetting and
dewetting, including directional liquid motion on the surface based on the wettability gradient under an external field, partial entry of a liquid
into the surface to achieve patterned surface wettability for printing, and liquid selective permeation of the film for separation.
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Modeling Droplet Dynamics on Liquid Infused Surfaces
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Inspired by pitcher plants, Liquid Infused Surfaces (LIS) are constructed by infusing rough or porous materials
with a lubricant and they have been shown to exhibit many advantageous surface properties, including self-
cleaning, drag reduction, anti-icing and anti-fouling [1]. In this contribution, we demonstrate how our ternary free
energy lattice Boltzmann model [2] is suitable for studying droplet dynamics on LIS [3]. First, we find that there is
a rich interplay between contact line pinning and viscous dissipation at the wetting oil ridge. As shown in Fig. 1,
the effect of contact line pinning is prominent for relatively large apparent contact angle. For lower apparent
contact angle, viscous dissipation at the wetting ridge is more important and hence the shape of the wetting ridge,
characterised by aspect ratio, is key for determining the droplet mobility. Second, we observe that the advancing
mechanism of the droplet is a combination of sliding and rolling motion, and that the amount of rolling is affected
by the droplet shape and the contact area with solid. Due to the nature of the corrugated substrate, the solid contact
area of the droplet decreases quickly with increasing apparent contact angle. Therefore, droplet on LIS
demonstrates different rolling dynamics compared to smooth surfaces.
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Fig.1 (a) Droplet mobility on smooth surface (black dots) and LIS (red triangles, green diamonds, and blue squares) plotted against droplet
apparent angle 6,,,. 6. is the contact angle of the lubricant phase in the presence of gas and droplet phase, 6,y = 6,, = 6... The droplet
mobility is represented by the capillary number Ca. (b) and (d) droplet mobility versus time for the cases indicated in panel (a). The capillary
number Ca increases and decreases periodically due to pinning-depinning events. (c) and (e) droplet mobility for cases indicated in panel (a)
as a function of Bo-Bo.. Bo is the Bond number. The insets show the critical Bond number, Bo,, at which the droplets start moving under
external body force.
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Elasto-Wetting
Jacco Snoeijer
University of Twente, the Netherlands

Droplets on highly deformable, elastic surfaces exhibit unusual wetting behaviour. The deformability of the
substrate alters the contact angle with respect to Young’s law, and we will contrast this case of “elasto-wetting”
with that of electrowetting. In addition, the spreading dynamics on soft surfaces is fundamentally different
from that on rigid surfaces, owing to viscoelastic effects.We report recent experimental and theoretical
progress on the topic, and highlight some of the salient features of the solid’s surface tension.
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United Kingdom
’Physics of Complex Fluids, MESA+ Institute for Nanotechnology, Department of Science & Technology,
University of Twente, The Netherlands

Liquid barrels—droplets trapped in a wedge
geometry—appear in biological physics, granular
media and microfluidics. Recent electrowetting
experiments show  that the equilibrium
configuration of a liquid barrel is a truncated
sphere that intersects the wedge walls with an
equilibrium contact angle adjusted by the applied
voltage [1] (see Fig. 1). The ability to control the
motion of liquid barrels promises applications of
droplet manipulation in microfluidic channels;
however, the dynamics to new equilibria induced
by sudden changes in voltage has not been studied
in detail. In this talk, we present experiments and
simulations of the dynamics of liquid barrels
driven by electric fields.

The experimental setup (see Fig. 1) consists of )
two glass plates coated with indium tin oxide and Experiment Simulation
fixed to form a wedge. The plates are treated with
a layer of parylene-C using a chemical vapor
polymerization process, and a thin layer of Teflon
AF to form a dielectric hydrophobic coating [1].
Water droplets (KCI electrolitic  solution;
conductivity 5 mS cm™) were immersed in non-
conducting bromohexadecane (of density 0.998 g
cm” to avoid buoyancy effects), and driven by
applying an alternating voltage.

Figure 1. Experiments and simulations of a droplet moved by
electrowetting.

To model the liquid-barrel dynamics, we carried out lattice-Boltzmann simulations of the coupled Navier-Stokes
and Cahn-Hilliard equations [4] (see Figure 1). To account for electrowetting, we equipped our lattice-Boltzmann
algorithm with a solver of the electric potential field; this allows us to analyse in detail the competition of viscous,
capillary and electrostatic forces that act on the shape of the liquid-barrel.

From recent theoretical results [2], one might expect that the liquid barrel follows an exponential relaxation to
equilibrium with a single characteristic time determined by the ratio of dissipative to restitutive forces.
Surprisingly, we found that the dynamics occurs in two steps: a fast initial motion followed by a slow final
relaxation. The dynamics of the first step is consistent with a relatively small dissipation [3], suggesting that a
lubricating film allows the liquid barrel to slide without touching the wedge walls. This is different to the second
step, in which the relaxation is paced by the motion of a contact line.
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Trapped air bubbles attached to surfaces in liquids can be problematic in many applications. In microfluidics bubbles
can block flow in channels and amplify the shear wall stress [1], and in pool boiling based heat exchanger devices
bubbles can form dry patches, which dramatically reduce the heat flux coming from the surface which can lead to
overheating and device failure [2]. Electrowetting on dielectric (EWOD) has previously been used to modify the
wetting behavior of air bubbles, including demonstrating the ability to detach pinned bubbles [3]. Key issues in using
EWOD in this context include the requirement for direct electrical contact with the liquid, plus a lack of subsequent
control after the first actuation. We present a new method of controlling the wetting, the detachment, and moreover
the subsequent surface adhesion behavior, of an air bubble in a liquid through dielectrowetting, an interface-localised
form of liquid-dielectrophoresis [4]. This method allows bubbles to be removed on demand from the surface with the
application of a critical detachment voltage to a patterned electrode on the surface. No electrical contact to the liquid
itself is required, the method works regardless of the electrical conductivity of the liquid. Once detached, bubbles are
free to float and can be prevented from re-attaching to the surface by a thin liquid layer that is maintained even when
the applied voltage is reduced by around an order of magnitude compared to the critical detachment voltage. The
figure shows how a liquid film is maintained between the bubble and the surface (inset). The thickness h of the film
shows a logarithmic dependence on the magnitude of the voltage (main figure). We have developed a theory that
provides an excellent description of how h , and the value of the critical re-attachment voltage at which h tends to
zero, depends on the voltage, on the material parameters of the liquid, and on the geometrical parameters of the
electrode pattern.
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Figure: Voltage control of thickness h of the liquid film between a bubble and a solid surface for two different electrode patterns
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When electrowetting is performed on a flat and smooth surface, fast and reversible apparent contact angle
(ACA) modification is a trivial task. The reversibility however is lost for geometrically micro- patterned surfaces.
Upon exceeding a threshold voltage, the liquid penetrates the surface pattern features and the well-known Cassie -
Wenzel transition sets in. Then the outer liquid /solid / surrounding air three phase contact line (TPL) remains
pinned, even if the voltage is removed; and this pinning appears even when surfaces with extreme hydro- or oleo-
phobic properties are used [1].

Here we illuminate mechanisms of wetting transitions of electrowetting on patterned surfaces by means of
realistic computational analysis (fig. 1)[2,3]. The equilibrium, as well as the dynamics of entire (mm-sized)
droplets are computed by accounting for electric field distribution, coupled with moving interface profiles and
liquid flow on micro-patterned surfaces. We investigate in detail the role of the various characteristics of the solid
substrate (i.e the dielectric thickness, geometry and material wettability) on the spreading dynamics and the Cassie-
Wenzel wetting transitions.
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Fig.1. Spreading and partial penetration of a liquid drop on a patterned surface.

We reveal the critical role of the solid dielectric thickness on the electrowetting induced wetting transitions.
By performing a multi-parameter solution space exploration we construct design maps for realizing reversibility on
patterned surfaces. Such ability is of outmost importance for designing miniaturized devices (e.g. lab-on-a-chip)
where the liquid-solid adhesion can be dynamically controlled.
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Droplet-based microfluidics is a key technology to perform biological assays at a ultra-high throughput. Over
the past years, several platforms for droplet manipulations have been used to miniaturize assays and perform
experiments that can not be done otherwise. The power of droplet-based microfluidics comes for the high level
of parallelization achieved by manipulating emulsion droplets in microchannels. Yet, as millions of droplets
can be manipulated in parallel, there is a need to specifically manipulate one or a few of specific droplets in
large populations of drops, for example to select those droplets containing biological variants with
extraordinary properties. Electric fields provide such a high level of control over emulsion droplets. Here we
will describe and discuss the use of electric fields in droplet-based microfluidics and exemplify how electric
fields provide key functions to perform highly controlled experiments at a ultra-high throughput for screening
or for the bottom-up assembly of complex structures in miniaturized compartments
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In digital microfluidics (DMF) discrete droplets of fluid are actuated on top of an electrode array via
electromechanical forces. Many authors to date have noticed that the dissipative forces on a droplet are linearly
proportional to the droplet velocity, which often results in parabolic voltage-velocity plots [1,2]. There has been at
least one report of contact angle saturation in the electrowetting on dielectric (EWOD) phenomenon, which was
found to correspond to a velocity plateau in the voltage-velocity curve for water droplets moving in a one-plate DMF
device [3]. Here we advocate for the use of force-velocity plots in lieu of voltage-velocity curves, provide a context
for earlier observations of velocity saturation, and demonstrate for the first time that force-velocity plots can be
used to determine the force at which saturation phenomena such as those observed in electrowetted contact
angles occur in two plate digital microfluidic devices.

While complicated, the dissipative forces on a droplet actuated in DMF can be approximated as being linearly
proportional to the droplet velocity. With this approximation, equation (1) shows that one should expect a plot of
droplet velocity versus applied force should be linear.

ma = Fe - Fthreshold - Fcontact - Fviscous = Fe - Fthreshold - (kcontact + kviscous)v
o, —(k +ky; )t/m
U= (1 —-e contact +kviscous)t/ )(Fe - Fthreshold)/(kcontact + kviscous) (1)

In equation 1, v is the velocity of the droplet, Fe is the applied force, Fres is the threshold force that must be overcome
to initiate droplet movement, Feontact iS the dissipative force associated with the contact line of the droplet, and Fuiscous
is the viscous force on the droplet. From equation (1), if measurements of droplet velocity are made at a time ¢t >
m/Keontact + Kviscous), then the velocity of the droplet should be directly proportional to the force applied. An
interesting note is that if this linearity between droplet velocity and force were violated then it could indicate the
presence of a non-linear dissipative mechanism, i.e. saturation.

Force-velocity plots for two surfactant solutions, one non-conductive and one conductive, moving back and
forth between two 5.2 mm x 2.5 mm electrodes are shown in Figure 1. As expected from equation 1 the force-velocity
curves are initially linear, but in non-conductive solutions (Fig. 1a), the velocity deviates from this linearity at around
27 mN/m. This deviation coincides with small droplets being ejected from the mother droplet and this droplet ejection
becomes more vigorous as the force is increased (Fig. 1b). The force-velocity plot for the conductive solution (Fig.
1c) also shows deviation from linearity, but at a higher force and in the absence of droplet ejection. Noting that the
addition of salt can suppress droplet ejection but lead to other saturation mechanisms such as air ionization [4] or
charge injection [5] the passive (non-potentiated) agueous contact angle on surfaces over these electrodes (in fresh
droplets, after completing the actuation) was measured over time at forces around the saturation force (Fig. 1d). As
shown, the contact angles decrease for surfaces that had been operated at or near the force-velocity saturation force,
which is in line with expectations of charge injection or air ionization (no change was seen for 0.1 M NaCl controls).

These results cement the relationship between saturation phenomena seen in EWOD and DMF. We propose
that force-velocity plots will be a useful tool to illuminate saturation characteristics and other device performance
metrics for a wide range of applications.
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Figure 1: (a) Force velocity plot for 0.1 mg/mL L64 solution in DI water (b) Droplet ejection seen at around 40 mN/m for fore 0.1 mg/mL L64
solution (c) Force velocity plot fore 0.1 mg/mL L64 + 0.1 M NaCl solution (d) Contact angle of electrodes running 0.1 mg/mL L64 + 0.1 M
NaCl solution droplet back and forth at 25, 30, and 35 mN/m. Contact angle decreases starting at the saturation force 30 mN/m.
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Anti-Biofouling by Integrating SLIPS (Slippery Liquid Infused Porous Surface)

with Electrowetting and Liquid Dielectrophoresis (L-DEP)

Hong Yao Geng and Sung Kwon Cho
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Biofouling or molecule adsorption to surfaces is one of the critical problems in many lab-on-a-chip systems. In
particular, this is even more detrimental to digital microfluidics based on electrowetting or dielectrowetting (liquid
dielectrophoresis) in which indispensable hydrophobic surfaces are in direct contact with working bio-solutions. Up
to date, there have been attempts to mitigate this critical problem: e.g., using oil for the filler fluid, adding additives
to bio-solutions, treating the hydrophobic surfaces, etc. However, these methods still have their own drawbacks. In
this talk, we present the integration of a SLIPS (slippery liquid infused porous surface) with electrowetting and liquid
dielectrophoresis (L-DEP). This configuration is experimentally confirmed highly effective for efficiently
minimizing biofouling in electrowetting as well as L-DEP droplet manipulations.

The SLIPS [1] consists of a porous layer infused with lubricating oil such that working fluids in the
microfluidic chip virtually have a liquid-to-liquid contact, not direct solid contact, when the SLIPS covers the
microfluidic chip surface. The SLIPS enormously reduces biomolecule adhesion because of the highly mobile and
deformable nature of liquid. That is, biomolecules can move easily on the SLIPS. Previously, there have been
attempts to integrate a SLIPS with electrowetting [2] and dielectrowetting [3]. However, their studies have been
limited to dynamics and contact angle hysteresis with pure liquid sessile droplets. Effects of the SLIPS on biofouling
in digital microfluidics have never been studied. In the present study, the biofouling effects are examined for sessile
droplets as well as laterally transporting droplets by electrowetting as well as L-DEP integrated with the SLIPS.

To integrate the SLIPS, a porous ePTFE thin film (thickness: 8 pum, pore size: 200-500 nm) infused with
Krytox-103 lubricating oil covers the top of the conventional dielectric layer (2-pm thick SU-8 layer) in
electrowetting and L-DEP. Underneath the dielectric layer, the arrayed coplanar electrodes were patterned to a solid
shape for electrowetting as well as L-DEP. As testing fluids, water, protein (fluorescent bovine serum albumin or
BSA, 1 mg/ml), sheep blood and whole milk droplets for electrowetting and propylene carbonate and isopropyl
alcohol (IPA) droplets for L-DEP were selected and examined, respectively.

First of all, it is experimentally confirmed that all droplets of the above six fluids are smoothly and repeatedly
transported from one electrode to next by elelctrowetting or L-DEP, although there exist differences in transporting
speeds. Next, bio-fouling is extensively examined using the BSA droplets. BSA droplets were placed on a regular
hydrophobic Teflon, ePTFE (no lubricating oil) and SLIP surfaces, respectively, and exposed to the atmospheric
condition for a while to evaporate them. After complete evaporation, BSA molecules are widely deposited on the
Teflon and ePTFE surfaces (often forming coffee ring patterns), while they form into a single dot on the SLIPS (Fig.
1, most left photos). This is because the molecules on the SLIPS are mobile so they move laterally as the droplet
evaporates and thus the three-phase contact line recedes. During the evaporation process, the contact angle of the
BSA droplet on the SLIPS maintains at the initial contact angle (~110-) without decreasing. However, with the BSA
droplets on the Teflon and ePTFE surface, the contact angles significantly decrease. Finally, the BSA deposits were
attempted to clean using electrowetting-actuated fresh water droplets as shown in Fig. 1. A fresh droplet covers the
BSA dried area for a while to dissolve the deposited BSA molecules and then is attempted to transported to the left
by electrowetting. On the Teflon surface, the droplet cannot move (third photo in Fig. 1(a)), while on the SLIPS the
droplet can easily move to the left (Fig.1(b), third photo) since most of the deposited molecules are captured from
the SLIPS. Anti-biofouling with the SLIPS was also confirmed by the fluorescent images showing bio-fouled proteins
(green) on the regular Teflon electrowetting chip but no bio-fouled proteins noticed on the SLIPS electrowetting chip
(no green) (most right in Fig.1 (a), (b)). More detailed measurements and discussions will be presented in the talk.
Figure 1 (a) Electrowetting with
a Teflon surface without SLIPS
fails to move a BSA droplet due to
bio-fouling.

(b) Electrowetting with SLIPS
resume to easily move a BSA
droplet (anti-biofouling). The
green in the fluorescent images
(most right) indicate the presence

of bio-fouled BSA residues on the
surface. The scale bar is 1.5 mm.
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This paper presents a demonstration of a reconfigurable ion selective electrodes (ISE) array enabled by an
electrowetting on dielectric (EWOD) digital microfluidics, for the first time. The on-chip fabrication of an ISE
array includes electroplating Ag followed by forming AgCl layer by chemical oxidation, and forming a thin layer
of arbitrary ion-selective membrane liquid on a sensor electrode. Although ISEs are widely used, fabrication and
implementation of typical ISE to miniaturized systems are limited because they are generally bulky to meet the
requirements of supporting matrix and plasticizer to hold liquid membrane stably. Some solid-state sensors can
work as ISE [1], but they do not take advantages of liquid membranes and has limited capability. Recently, a
paper-based ISE has been developed [2] but there are issues such as drift in calibration curve and lack of ability to
change the selective membrane. Moreover, the lifetime of a typical ISE is limited due to dissolving of AgCl layer
[3]. To tackle these problems, we utilized the liquid handling capability of digital microfluidics to build a
reconfigurable ISE.

Demonstration includes; 1) dispense and delivery of nanoliter volume droplets of Ag electroplating solution to
sensor electrodes, 2) on-chip electroplating and chemical oxidation to obtain Ag/AgCl reference and working
electrodes, 3) forming thin-film of ion-selective membrane solutions by using EWOD microfluidic motion, 4) ion
selective sensor performance by Nerstian responses, and 5) dissolving liquid membrane and washing sensor
electrode followed by reconfiguration and renewal of degraded sensors. This successful demonstration promises
that the proposed reconfigurable ISE can provide a sensor device where a user can define and form desirable ISEs
instantaneously at the time of use. Simultaneous (and/or serial) detection of multiple analytes will be available.
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This talk will discuss the use of gallium-based alloys for various electrowetting phenomena. These alloys, which
have both metallic and liquid properties, are notable because they have low toxicity, zero vapor pressure, and react
with air to form a native oxide ‘skin’. We have studied this material for electrowetting in three ways:

1. Liquid metal can simply be ‘painted’ on a substrate (i.e. no vacuum processing) to create soft, stretchable
electrodes for electrowetting-on-dielectric (EWOD), as shown in Fig. la-c. The native oxide, which is ~3 nm
thick, serves as a self-healing dielectric while maintaining the liquid in the shape of a flat electrode. EWOD
occurs without external voltage via short circuiting due to the built in open circuit potential (Fig. 1, d-e)[,

2. Normally the native oxide adheres to the walls of capillaries and limits the ability of the metal to flow. Prefilling
capillaries with water creates a ‘slip layer” between the oxide-coated metal and the capillary walls. This slip layer
enables continuous electrowetting of a plug of liquid metal as a means of translating it back and forth[l,

3. Perhaps most surprising, electrochemical oxidation of gallium alloys significantly lowers the interfacial tension
using 1 VB, At this potential, the metal spreads into fractal shapes (Fig 1. f), suggesting the interfacial tension
approaches zeroPl, Reversing the potential removes the native oxide and returns the metal back to a state of high
tension®. Thus, it is possible to rapidly and reversibly modulate the tension by ~500 mN/m using only 1 V.

Taken in sum, these techniques represent simple and effective ways to move and manipulate liquid metals for
reconfigurable electronics, optics, and switches!’.

d) e)

Figure 1. (a-c) “Paint-on” EWOD electrodes composted of eutectic gallium indium (EGaln). (d-¢) EWOD of a droplet of water without
external potential achieved via short circuiting the needle and liquid metal substrate. (f) Liquid metal forms fractals at 1 V due to oxidation.
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Electrowetting is a powerful method to achieve external wetting control, by exploiting the potential-dependence of
the liquid contact angle with respect to a solid substrate. Addition of a dielectric film to the surface of the substrate,
which insulates the electrode from the liquid thereby suppressing electrolysis, has led to technological advances
such as variable focal-length liquid lenses, electronic paper and the actuation of droplets in lab-on-a-chip devices.
The presence of the dielectric, however, necessitates the use of large bias voltages (frequently in the 10-100 V d.c.
range). Here we focus on a simple, dielectric-free approach to electrowetting using the basal plane of graphite as
the conducting substrate [1]. We find unprecedented changes in contact angle for ultra-low voltages below the
electrolysis threshold, which are reproducible, stable over 100 s of cycles and free of hysteresis.

We vary the concentration of electrolyte in the drop by three orders of magnitude (10-*M to 1M KF in water) and
find a reduction of the electrowetting effect for negative applied potentials, whereas for positive applied potentials
the variation of the wetting angle of the drop with applied potential is independent of the electrolyte concentration
within the studied range.

We exploit the fact that the contact angle remains constant with variations in concentration (for positive applied
potentials) to investigate the influence of electrolyte concentration on the dynamics of spreading. We find that the
characteristic time of spreading increases linearly with the reduction of the electrolyte concentration of the drop
while the drop radius versus time curve remains similar (Figure 1). We show that the hydrodynamic spreading time
scale is limited by the electrokinetic time scale required to form an electrical double layer at the surface of the
substrate, which in turn controls wetting through its capacitance.
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Figure 1: Dimensionless droplet diameter as a function of time for different KF concentrations in water: 1M (red), 0.1M
(magenta), 0.01M (green), 0.001M (blue). The rate of spreading decreases with decreasing concentration. (a) dimensional time,
(b) rescaled time: the characteristic rescaling time varies linearly with concentration.
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Electric field induced wettability modulation of a conducting drop via electrowetting has been used extensively in
plethora of real life applications e.g. Lab - on - a - chip device, liquid lens, electronic displays etc. The wettability
of the drop is mainly manipulated using the electrowetting on dielectric (EWOD) configuration by charging or
discharging of a dielectric insulator between the conducting substrate and the drop. The advantage of introducing a
thin insulator is to protect the system from electrolysis and other electrochemical events. However, the insulator
costs a large bias voltage of the order of tens to hundreds of Volts to induce a significant contact angle change,
which brings dielectric failure risk and hinders the low-power portable applications. Recently, reversible low
voltage electrowetting phenomena on conductive highly-oriented-pyrolytic-graphite (HOPG) surfaces based on the
charging of electrical double layers (EDL)! and pseudo-capacitor (PC) due to intercalation (IC) and de-intercalation
(DIC) of ions? are demonstrated. In this presentation, bias voltage dependent transition of the interfacial

capacitance between EDL and PC on HOPG surfaces for low voltage electrowetting will be discussed.
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Fig. 1: (a) Apparent contact angle of a conducting droplet as a function of voltage on Highly-oriented-pyrolytic-graphite (HOPG). (b) Solid-

liquid interfacial capacitance as a function of frequency for different applied bias voltage.

Fig. 1 (a) shows the apparent contact angle at 0 V of a 5 L. drop of 3 M LiCl aqueous solution on a
freshly cleaved HOPG surface which is around 64 °. The contact angle doesn’t change upon application of negative
voltage on the substrate as well as low positive voltage upto 1.2 V, however, beyond that voltage the apparent
contact angle decreases rapidly to a value around 30 ° at 2.8 V. This sharp decrease in contact angle of the drop is
due to the transition in capacitor formation at the liquid-solid interface; below 1.2 V, EDL based capacitor is
formed whereas above 1.2 V, IC-DIC based PC plays the significant role to change the contact angle. The
appearance of reduction peak at 0.4 Vin the positive CV scans for voltages greater than 1.2 V confirms the
intercalation of Cl- ions into the graphene layers. Fig. 1 (b) shows the measured capacitance of the solid-liquid
interface as a function of frequency for different applied voltages measured by EIS technique. The capacitance
remains constant for the whole range of frequency for voltages lower than 1.2 V, whereas, above 1.2 V the
capacitance increases rapidly for the low frequency range. This quantitative study on the electrowetting and
transition of interfacial capacitance on graphite would provide a deeper understanding to the electrowetting

community on the ultra low voltage electro-capillary phenomenon on conductors for real life applications.
References:

1.D. J. Lomax, P. Kant, A. T. Williams, H. V. Patten, Y. Zou, A. Juel, and R. A. W. Dryfe, Soft Matter, 12,
8798-8804 (2016).
2. G. Zhang, M. Walker, and P. R. Unwin, Langmuir, 32, 7476 - 7484 (2016).


https://www.nature.com/articles/srep26593#auth-2

Topic no. 01(Fundamentals of wetting: dynamics and complex surface structures)
Oral EW Conf. 2018

Oscillating Dynamics of a Protean Liquid Meniscus
Sri Ganesh Subramanian, Shikha Saluja, and