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Abstract: Detachment and jumping of liquid droplets over solid surfaces under electrowetting
actuation are of fundamental interest in many microfluidic and heat transfer applications. In this
study we demonstrate the potential capabilities of our continuum-level, sharp-interface modelling
approach, which overcomes some important limitations of convectional hydrodynamic models,
when simulating droplet detachment and jumping dynamics over flat and micro-structured surfaces.
Preliminary calculations reveal a considerable connection between substrate micro-topography and
energy efficiency of the process. The latter results could be extended to the optimal design of
micro-structured solid surfaces for electrowetting-induced droplet removal in ambient conditions.
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1. Introduction

Active manipulation of liquid droplets, without the use of moving mechanical parts,
is important in a variety of microfluidic applications, ranging from biological /chemical
analysis [1] (rapid tests), to the development of devices [2,3] (liquid lenses, micro-cameras,
displays, etc.) and self-cleaning surfaces [4]. Especially, the process of droplet detachment
and removal from a solid substrate is essential in practical heat transfer applications where
condensation and coalescence of droplets can lead to increased thermal resistance [5-9].
Some of the active methods that have been proposed for droplet detachment utilize air
flow [10,11], electrostatic forces [12], electrowetting actuation [13-15], etc. Among these
methods, electrowetting shows some clear advantages such as low energy consumption
(takes effect at significantly low voltage), large contact angle variations, fast response time
and high reversibility.

In a typical electrowetting-on-dielectric (EWOD) setup, the wettability increases and a
conductive droplet spreads under the effect of the electrical force concentrated at the three-
phase contact line (TPL). The droplet detachment can be induced by instantly switching
the applied voltage off; then the macroscopic contact angle immediately restores back and
the excess surface energy can be converted to kinetic energy, driving the droplet to detach.
Alternatively, as recently suggested [16,17] it is possible to manipulate, in a similar but
more direct and effective way, a non-conductive droplet, surrounded by a conductive fluid,
using reversed electrowetting (REW). In this case the application of the voltage increases
the wettability of the conductive surrounding medium, leading directly to the de-wetting
and, finally, the detachment of the non-conductive droplet.

Apart from experimental studies, it is important to investigate the process using
numerical tools, in order to gain more insight into the droplet dynamics and critical
parameters affecting the droplet detachment. A great amount of work can be found in
the literature covering numerical modelling of droplet detachment under electrowetting
actuation [17-21]. Cavalli et al. [18] used a convectional hydrodynamic model with a
relaxation factor to recover the no-slip boundary condition as well as a critical condition
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for the manual disconnection of the contact line. Raman et al. [19] implemented a three-
dimensional high-density ratio multiphase lattice Boltzmann method (LB), employing
two particle distribution functions to recover incompressible Navier—Stokes equations.
Merdasi et al. [21] suggested the idea of enhancing the droplet dynamics of detachment
under electrowetting actuation by introducing macroscopically a topographic heterogeneity
on the solid substrate. They developed a VOF-CSF (volume of fluid-continuum surface
force) hydrodynamic numerical model with no-slip and contact angle boundary conditions,
considering electrical, capillary and contact line friction forces. In brief, the main goals
of the previous numerical studies regarding electrowetting-induced droplet detachment
and jumping, is to develop a sufficiently accurate model, in order to capture the critical
parameters affecting droplet dynamics and energy efficiency. The current numerical studies
are limited to systems where the solid substrates are treated, at least microscopically, as
perfectly smooth and the superhydrophobic behavior is achieved using oil as a surrounding
medium. However, this is not the case for many practical applications. For example, in heat
transfer applications, the droplet removal must be performed in ambient conditions, using
geometrically or chemically textured hydrophobic surfaces combined with an actuation
method [8,9]. Furthermore, Cavali et al. [18] suggested the use of micro-textured surfaces
for improving the energy efficiency of the droplet jumping process. Thus, a need arises
for numerical modelling of electrowetting induced droplet detachment and jumping over
micro-structured surfaces.

Convectional hydrodynamic models used for simulating droplet detachment suffer
from some important drawbacks. The explicit application of a no-slip boundary condition
for the velocity creates a stress singularity and limits the movement of the contact line
(TPL). Tracking the movement of the TPL is extremely important during the de-wetting
of the droplet. A workaround for this problem is to use a so-called relaxation to a slip
boundary condition. The contact line, in this case, is a moving boundary and an additional
theoretical correlation between the velocity and the dynamic contact angle must be used,
such as the Cox relation [22]. Although this formulation helps in removing the singularity,
it cannot be applied to micro-structured surfaces where multiple, unknown contact lines
are present. Alternatively, diffuse-interface formulations, such as VOFs and phase-field
method, regularize the stress singularity by using a fixed computational mesh and implicit
functions to represent different phases. These methods can be used successfully for simu-
lating multiple contact lines on complex surfaces, but exhibit some drawbacks compared
to sharp-interface, hydrodynamic formulations such as higher computational cost (need
for denser meshes), numerical diffusion, limited accuracy for high deformations and large
thickness of the diffuse interface. Lattice Boltzmann (LB) methods, on the other hand, are
inappropriate for simulating real size droplets due to their high computational cost.

Recently it was presented by our group a novel, continuum-level, sharp-interface
modelling approach, which has been proven particularly efficient for simulating wet-
ting phenomena, especially for complex (geometrically or chemically textured) solid sur-
faces [23-26]. In this work, we demonstrate that with this modelling approach it is possible,
probably for the first time, to study the effects of substrate microtopography and the result-
ing wetting states on critical conditions for detachment and droplet jumping dynamics in
ambient conditions.

2. Materials and Methods
2.1. Hydrodynamic Model

The dynamics of droplet de-wetting, detachment and jumping, are governed by the
Navier-Stokes equations of mass and momentum conservation [27] (see Figure 1):

p(?ﬁ%—uVu) =-Vp+uViu+u Vu=0, 1)

where, p is the fluid density, y is the viscosity, u = (u,,u;) is the velocity field, p, is the
pressure and G = —ge; is the gravitational force.
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Figure 1. Illustration of the de-wetting/jumping setup of an axisymmetric droplet surrounded by a
bulk fluid (air or oil) on a structured solid substrate.

In our formulation the main limitations arising in continuum-level modelling can
be overcome by treating the liquid—ambient and the liquid-liquid interface in a unified
context. This can be achieved with an extension of the stress balance equation to govern the
entire droplet interface. The liquid-solid interactions are described as an effective pressure
term, p"°, which is introduced in the normal component of the stress balance equation:

Tnn|ambient — Tnnljiquia + AP — 11.4C — pt® =0, at S, )

where, Ap, is the pressure jump across the liquid—ambient interface, 7y 4, is the liquid—
ambient interfacial tension, C, is the local mean curvature and S denotes the droplet’s
(liquid—ambient or liquid-liquid) interface. The Derjaguin pressure (also called disjoining
pressure for liquid films), p-°, is commonly defined as the pressure in excess of the bulk
pressure that is generated in a thin liquid film between two parallel plates. The latter can
be attractive (negative Derjaguin pressure) or repulsive (positive Derjaguin pressure) [25].
The Derjaguin pressure is generated by the following Lennard-Jones type of potential:

N G G
Ry LS _ LS i _ c
= [() () ] o

where, Ry, is a characteristic length defined as the radius of a spherical droplet with the
same liquid volume and o,¢, C;, C; are model parameters (see [24,25]). The wettability
parameter, w", can be connected with the Young’s contact angle, 6y, through Young’s—
Dupre equation:

wlS — (lel)(gc(lcflli)ésrmseﬂ @)

The nature of interactions (repulsive or attractive) is determined by the vertical dis-
tance, 4, between the liquid interface and the solid substrate. In general, for non-flat
surfaces, we define, J, as the Euclidean distance from the solid boundary.

The above approach requires that the liquid and solid phases are always separated by a
thin intermediate layer with thickness, é,,;, (Figure 1). The wettability of the solid material
(i.e., Young's angle) in this framework would emerge naturally as the result of the combined
action of the surface tension and liquid—solid interactions. The thickness, d,,i,, is a model
parameter and is chosen to be sufficiently small as compared to other system dimensions.
For a detailed description and theoretical establishment of the model, including values of
the model parameters, see [24,25].
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In order to efficiently account for the movement of the droplet interface (the advection
of the droplet interface by the velocity field) the following kinematic boundary condition
across liquid—ambient interface is solved:

(umesh - u)'n =0, at$5, ®)

where, u,,.,, is the velocity of the moving mesh at the interface. The above model is
implemented in the commercial software package, COMSOL Multiphysics®.

The modification of the wettability (by applying and then removing the voltage) is
indirectly incorporated as an instant change in solid material’s wettability (w’S parameter)
using a step function. Alternatively, it is possible to couple the modified hydrodynamics
equations with the equations of electrostatics (Gauss law) by introducing an electrostatic
pressure term in the stress balance equation across the droplet interface, as explained
in [26].

2.2. Energy Calculations

The critical energy condition which must be, at least, fulfilled to achieve droplet
jumping is:
Ang = EON — EOFF — AEnet > 0, (6)

where Epy is the surface free energy of the stable equilibrium droplet when voltage is
ON, Eorr is the surface free energy of the stable equilibrium state when voltage is OFF
and AE,, is the net free energy of adhesion (voltage OFF). The energy difference, AE,y, is,
actually, the available excess surface energy after removing the net free energy of adhesion.
The net free energy of adhesion, AE,,, is the reversible work required to separate a sessile
drop from a smooth solid surface, to form a free sphere [28,29]. In general, the surface free
energy is defined as:

E=715ALs +7v5saAsa+YLAALA, ()

where 715, Ysa, 7ra is the liquid-solid, solid-ambient and liquid-ambient interfacial ten-
sionand Ays, Asa, Apa are the liquid-solid, solid-ambient and liquid-ambient interfacial
area, respectively. At equilibrium the interfacial tensions are connected with the Young’s
contact angle, 6y, through the Young’s equation:

YsA = YLs + YrLACOSOy 8)

The net free energy of adhesion is given by [28]:

20,0 \2/3
AEnet = TRZyLA {(si,?gg) - “eff} ’ ©)

where, R, is the contact radius (the radius of the solid-liquid interface), 8, is the droplet’s
effective (macroscopic) contact angle for the non-actuated state and 4,7 = ﬁ -
cost, sy is the effective area. We note that, in Equation (9), we treat the micro-structured
surfaces as smooth solids, by replacing the Young’s contact angle in the original formulation
with the value of the effective contact angle.

Combining the Equations (6)—(9) the available excess energy is computed as [30]:

AEex = vra[(ALa,oN — Araorr) — (Ars,oncosfy on — Ars,0rrcosfy, orr)
2
2a, 3 10
nRg[( ff) aeffH (10)

sin(%[,ff

The total energy dissipation can be quantified by calculating the viscous dissipation
function in axisymmetric form, ¢ [31]:
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2
p=1: Vu—Zy[(a”’) + (%) 4 (%) + (2 + %) ] (11)
and integrating over time and the entire computational domain )

= }[({(pd@dt (12)

In Equation (11), T : Vu is the double dot product operation, :, between the stress
tensor, T, and the strain-rate tensor, Vu.
The kinetic energy of the droplet is:

2
Er = [ 3plul® dQ, (13)
Q
The gravitational potential energy (with reference to center of mass) is:

Egmv = Pngh (14)

where, I, is the height of the center of mass with reference to the solid substrate and, Vi, is
the droplet’s volume.

The main advantage of our continuum level, sharp-interface modelling approach is
the removal of the stress singularity near the TPL without the need of theoretical corre-
lations, such as the Cox relation for the contact line movement. As a result, there is no
need for defining empirical constants regarding the slip region around the contact line,
but only the parameters of the solid-liquid interactions. The droplet detachment, if it
occurs, will emerge naturally without the need of a manual detachment condition for
the outer contact line. Furthermore, substrates with any kind of geometrical or chemical
complexity, from macroscale to microscale, can be simulated in a unified manner and at
the same time, the computational cost is kept very low. We report that, for an 2D axisym-
metric simulation of a droplet jumping over a micro-structured surface, the typical size
of the computational problem is of the order of 10% degrees of freedom, which requires,
approximately, a solution time of 2 hours, performed on a dual processor computer (with
2 Intel® Xeon® processors E5-2640 @2.50 GHz) using COMSOL Multiphysics®. Finally,
the calculation of derived quantities, such as the energy dissipation, due to pinning of the
multiple contact lines at the surface structures, is straightforward and there is no need for
extensive theoretical modelling.

3. Results and Discussion
3.1. Validation of Computational Model

We first validate our model against the numerical results of Cavali et al. [18]. We consider
an axisymmetric water droplet of density, p,, = 1000 kg/m?, viscosity, p = 1.0016 mPa s
and volume, V,, = 5.3 uL, surrounded by an oil phase of density, p, = 760 kg/m?3, and
viscosity, , = 0.494 mPa s, on a flat solid substrate. The water-oil interfacial tension is,
Ywo = 24 mN/m. The Young’s contact angle is, 6y = 170" (voltage OFF), and an apparent
contact angle of, §y = 90° (voltage ON), is considered. The activation is achieved after
instantly switching the contact angle from an initial value of 8y to 6y, as a result of switching

1
the voltage OFF. The characteristic length scale is selected as Ry = (%> * ~ 1.1 mm and

4r
e . R3pw
the characteristic time, T, = % ~ 7 ms.
In Figure 2, we present selected time snapshots of a side view of the axisymmetric

water droplet. The colormap corresponds to dimensionless velocity magnitude, |u* | = M‘ZL
where U, = T The results for the droplet shape deformation and the velocity field
around the droplet shown in Figure 2, are in good agreement with the corresponding

snapshots in [18]. Furthermore, we calculate a maximum normalized height of the center
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of mass, I}, = hﬁ% ~ 2, which agrees with the value shown in [18], for the same contact
angle and droplet radius. Some discrepancies arise between numerical results in the time
evolution; particularly our simulations give faster dynamics and an earlier time of droplet
detachment. The detachment time is 16 ms compared to 17.5 ms shown in Figure 4a of [18].
This deviation could be attributed to the finite size of the domain used for bounding the oil
liquid phase. Nevertheless, the model is capable of capturing the dynamics of retraction
and detachment naturally, without the use of any explicit or manually-implemented critical
detachment conditions.

|
1
0.5
0

Figure 2. Time snapshots showing the dynamics during retraction, detachment and jumping of a
5.3 uL water droplet surrounded by oil as predicted by our numerical model. The dimensionless
velocity magnitude |u

*| is visualized as a colormap.

One of the major advantages of our modelling approach as compared to the traditional
hydrodynamics models is that any effect of dynamic contact angle hysteresis, can be
predicted naturally by introducing a friction term (Navier slip) with a slip coefficient to
recover no-slip boundary conditions. The effect of static hysteresis can also be predicted by

the model for the case of a structured substrate, as explained in [23].

3.2. Micro-Structured Surfaces

In many industrial applications it is essential to perform droplet removal in ambient
conditions. An alternative approach for enhancing the hydrophobicity (i.e., to achieve high
contact angles by lowering the adhesion strength) without the use of a surrounding oil
phase is to introduce geometrically micro-structured surfaces. A lower adhesive strength,
could improve at the same time, the energy efficiency of the detachment/jumping process,
as also suggested in [18]. We continue our investigation using our proposed numerical
modelling approach, focusing on the effect of the micro-topography on the dynamics and
the energy efficiency of the process, compared to a perfectly flat surface case, for a droplet
in ambient conditions.

For simplicity we perform computations for an axisymmetric water droplet of volume
Vw = 7.7 uL (Ryp = 1.225 mm) and yy, = 72.8 mN/m (water—air). That corresponds to
a capillary time of, t. =~ 5 ms. The surrounding air medium is not taken into account
in the simulations (negligible density and viscosity compared to water). We examine
flat and structured surfaces with different types of axisymmetric stripes. The Young's
contact angle is stepwisely changed from 107" (corresponding to voltage ON) to 150’
(voltage OFF). Such a high contact angle can be achieved by a secondary roughness scale
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(at the nanoscale) [32,33] which is not simulated but it is incorporated as a part of the
material wettability properties. We use the same values of the Young’s contact angle
for the flat surface in order to directly compare the results. Notice that the effective
(macroscopic) contact angle in the case of the micro-structured surfaces will be higher due
to the enhancement of hydrophobicity due to the structure.

We study two representative cases of micro-structured surfaces: the first one (labeled
as “Stripes 1”), where the droplet detachment is found to be successful, and the second
one (labeled as “Stripes I1”), where the droplet detachment, as our computations showed,
is unsuccessful. A detailed view of the structures and their geometrical characteristics is
shown in Figure 3. The values of the effective (macroscopic) contact angle can be estimated
theoretically by the Cassie-Baxter (CB) relation, assuming that the values of the Young's
contact angle are large enough:

cosOpr = —1 + @s(1 + costly), (15)

where, @ is the fraction of solid area which is in contact with the liquid, calculated by
Equation (16):
s = 45, (16)

where, Ag = Apa + Ars is the droplet footprint area.

(a) (b)
Stripes I Stripes 11
0.00 |- po 1 000 emms
s by o .
= ) Y
r S
0.02 -0.02 ==
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£ 004l | o h
£ -0.04 £ 0.04
0.06 - d -0.06 -
L}
-0.08 | ((((‘\ﬂ SN 1 008} ((ﬂt\\\ W d
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Figure 3. Cross-section and 3D slice of the 2 micro-structured surfaces used. (a) axisymmetric stripes
with & = 85 um, w = 15 um, d = 3 pm and r = 5 pm and (b) axisymmetric stripes with & = 75 pum,
w=20pum,d =5 pmand r = 10 pm.

In Table 1, we show the values of the effective contact angle for the two micro-
structured surfaces (namely, Stripes I and Stripes 1II), calculated using Equation (15), as
well as the ones obtained by our model. In the latter case the contact angle is computed by
the slope of third order polynomial fitting to the computed droplet profile near the three-
phase contact line. For the first micro-structured surface (“Stripes 1”), the Equation (15)
predicts an effective contact angle variation of Af,rr = 39 whereas our model predicts
a value of, Ab,sr = 33°. Similarly, for the second micro-structured surface (“Stripes
II”), the two methods predict a value of Af,ry = 37" and, A6, = 25°, respectively.
For a flat surface, 6,sf = 6y. Both methods qualitatively agree that the second micro-
structured surface is the most hydrophobic, due to a lower fraction of liquid—solid contact.
However, the magnitude of the effective contact angle variation, calculated numerically, is
significantly lower than the one calculated using Equation (15), especially for the second
micro-structured surface. This deviation appears due to the smoothing of the stripe
edges, controlled by the parameter, , which is not introduced in the Equation (16) for
the calculation of, ¢;. Moreover, for, 8y = 107", the Cassie—Baxter relation is, somewhat,
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unreliable since the determination of, ¢;, requires determination of the exact droplet profile,
particularly, in what concerns the contact with the solid surface.

Table 1. Effective contact angles at the two wetting states (voltage ON and OFF) and contact angle
modification, for the flat and the two micro-structured surfaces. The effective contact angles are
computed using third order polynomial fitting and the Cassie-Baxter relation (the values inside

parentheses).
Flat Stripes I Stripes II
Befy = Br et Gery
Voltage ON 107 117 (114") 125" (116")
Voltage OFF 150° 150" (153") 150" (153")
ABef 43 33" (39) 25 (37°)

A magnified view of the droplet equilibrating over surface asperities, before the
restoration of the wettability (when voltage is ON), for both micro-structured substrates,
showing the effective contact angles, can be found in Figure 4.

(a) (b)

9.28 0.26 §
0.24 0.24 -
0.22 0.22 ]
0.2 0.2 ]
0.18 0.18 1
0.16 0.16 B
0.14 0.14 _
€ 0.12 € 0.12 —
E 01 E 0.1 -
0.08 0.08 .
0.06 0.06 -
0.04 0.04 -
0.02 0.02 -
0 0 4
-0.02 -0.02 B
-0.04 -0.04 ||

-0.06 &L 1 L 1 I -0.06 | | || L |

0.8 0.9 1 1.1 1.2 0.8 0.9 1 1.1 1.2

mm mm

Figure 4. Magnification of the droplet equilibrating over surface asperities with a Young’s contact
angle 6y = 107° (equivalent to electrowetting actuated state) for (a) 1 = 85 um, w = 15 um, d = 3 um
and r = 5 um with an effective contact angle of 117" and (b) d = 75 pm, w = 20 um, d = 5 pm and
r = 10 um with an effective contact angle of 125"

In the next section, we present the droplet dynamics for the two micro-structured
surfaces, and compare them with the corresponding dynamics of the droplet on the flat
substrate. The proposed modelling approach allows for a detailed analysis of the de-wetting
process. As seen in Figure 5, for the same Young’s contact angle variation, A8y = 430,
the droplet detaches earlier and jumps at a higher height in the case of the flat surface.
In particular, the detachment time is {; = 10.2 ms and the maximum height of the center
of mass is hpyuxy = 1.49 mm, compared to t; = 12.2 ms and hyuy = 1.28 mm for the
first structured surface (Figure 5b). In the case of the second structured surface, the
droplet does not have enough excess surface energy to overcome the combination of
the energy barrier due to surface adhesion and energy loses due to viscous dissipation.
Therefore, the droplet cannot be detached from the surface. The droplet’s wetting state
under electrowetting actuation (when voltage is ON) affects the efficiency of the excess
surface energy conversion to kinetic energy required for jumping. As discussed above,
introducing a structured topography on the solid surface can increase the hydrophobicity
(smaller adhesion) by decreasing the effective contact area, but at a cost of lowering effective
contact angle variation, increasing pinning effects or leading to a wetting transition from
Cassie to Wenzel state (fully-wetted or collapsed state).
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a)

8 ms 10.2 ms 10.5 ms 13.3 ms
0 3mm
b)
4.5 ms 8.5 ms 12.2 ms 12.7 ms 13 ms

4.5 ms 8.5ms 11 ms 12.5ms 14 ms

Figure 5. Water droplet dynamics in air medium over different topographies. (a) perfectly smooth

c)

surface where the droplet detaches at a time of 10.2 ms and the center of mass reaches at a maximum
height of 1.49 mm (see Video S1 of the supplementary material), (b) surface with axisymmetric
stripes of h = 85 um, w = 15 um, and where the droplet detaches at a later time of 12.2 ms and the
center of mass reaches a smaller maximum height of 1.28 mm (see Video S2) and (c) surface with
axisymmetric stripes of 1 = 75 um, w = 20 pm, d = 5 um and r = 10 um where no detachment
occurs (see Video S3).

A more detailed demonstration of the de-wetting/jumping dynamics can be seen in
Figure 6. In Figure 6a we plot the normalized height of the center of mass. As reported
in previous works [15,16,19], the droplet motion initiates at the contact line (0 < t* < 0.5).
For all cases a global minimum height is achieved at t* ~ 0.5 (states (A2), (B2), (C2)).
The motion continues, located at the upper part of the droplet where the height increases
monotonically (0.5 < t* < 1.5, states (A3), (B3), (C3) and (A5), (B5), (C5)). After that, the
contact radius sharply decreases as the neck develops, breaks and the droplet detaches
from the surface (states (A6) and (B6)). A maximum height is reached after jumping, and
then an almost free spherical shape is formed (states (A7) and (B7)). Again, it is evident
that for the case of the flat surface the jumping process is quantitatively more efficient: the
droplet detaches earlier and reaches a higher maximum height.

In Figure 6b the time evolution of the normalized contact radius, R}, is presented. In
particular, we consider that the contact radius is the position of the outer (or macroscopic)
contact line which is defined as the intersection of the droplet surface with a horizontal
baseline just above the substrate (z ~ 3 x 1073Ry). At t* = 0 (states (A1), (B1), (C1))
the contact radius corresponds to the initial state before changing the wettability (i.e.,
before switching the voltage OFF). The values of the initial contact radius (R} ~ 1.1 for A,
R} =~ 1 for B and R} =~ 0.9 for C) confirm that the adhesion decreases from A to C. The
contact radius decreases as the droplet de-wets the solid surface. The de-wetting on the
micro-structured surfaces is performed gradually, stripe by stripe, causing fluctuations in
the contact radius evolution. However, for the first micro-structured surface (stripes I), at
the moment of detachment, we notice a sudden de-wetting of several stripes (see Figure 7).
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Figure 6. (a) time evolution of the normalized height (center of mass) for the case of the flat surface
(black line, (A)), surface with axisymmetric stripes of h = 85 um, w = 15 um,d =3 umand r = 5 um
(red line, (B)) and surface with axisymmetric stripes of 1 = 75 um, w = 20 pm, d = 5 um and
r = 10 pm (blue line, (C)). States (A6) and (B6) corresponds to detachment and (A7), (B7), (C6) to
acquisition of maximum height. (b) time evolution of the normalized contact radius for the same
cases as (a). States (A1), (B1), (C1) corresponds to initial contact radius before changing the wettability.
For the perfectly smooth substrate the time of detachment is approximately 2t. and for the first
structured substrate is approximately 2.5¢..

(@) (b)

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

-0.02 -0.02
-0.04
-0.06
1 I I 1 1 -0.08 1 I 1 1

-0.2 -0.1 0 0.1 -0.2 -0.1 0 0.1 0.2

Figure 7. Magnification of the droplet (a) before and (b) after detachment from the micro-structured
surface (stripes I), (h = 85 pm, w = 15 um, d = 3 pm and r = 5 um).
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It is worth mentioning that at, t* ~ 1.2 (states (A3), (B3), (C3)) a local minimum contact
radius value is reached for all the three cases. This minimum value is related with a surface
wave developed due to the stepwise modification of the wettability. The onset is close to
the capillary time, which mainly depends on the fluid properties and volume, and appears
independent of the surface topography. The detachment onset for the perfectly smooth
substrate is, t* ~ 2, and for the first structured substrate is, t* ~ 2.5. We attribute this delay
on the presence of the surface asperities which inhibit the liquid retraction.

The surface structure, as our computations showed, affects the droplet dynamics, such
as the maximum jump height and the detachment time. This statement can be supported
by computing the available excess energy and the energy dissipation for each case.

We compare the normalized available excess energies between all the three cases (see
Equation (10)):

AE} = sk, (17)

ex, A

where AE,, 4 is the available excess energy of the droplet for the flat solid substrate.
We calculate a value, AEex g ~ 0.49, for the first (stripes I) and a value, AE;‘X’C ~ 0.39,
for the second micro-structured surface (stripes II); both of them are smaller than unity.
Therefore, in both cases of micro-structures, the available excess energy is lower than the
case of the flat surface. Furthermore, the non-detachable droplet has the lowest available
excess energy: that is 1_?'39100% ~ 61% lower than the detachable droplet from the
flat surface and wmo% ~ 20% lower than the detachable droplet from the first
micro-structured surface The available excess energy is strongly associated with the
macroscopic (effective) contact angle variation and not the microscopic contact angle
variation (which is the same for both three cases). In a similar manner, the numerically
calculated effective contact angle variation, normalized with respect to the contact angle
variation of the flat substrate, is AG:f 1,8~ 0.77 for the first and AG:f 8~ 0.58 for the
second micro-structured surface. The non-detachable droplet has the lowest effective
contact angle variation: that is 1_0'58 100% == 42% lower than the detachable droplet from
the flat surface and 277-0-8 100% ~ 24% lower than the detachable droplet from the first
micro-structured surface The lower available excess energy, due to the lower effective
contact angle variation, is the main reason for not achieving droplet detachment in the
case of the second micro-structure topography. Thus, one could, by performing more
systematic computations, determine the critical contact angle modification for achieving
detachment. Here we just demonstrate the ability of our model to simulate the detachment
from structured surfaces.

Another mechanism affecting efficiency is the pinning of the multiple contact lines
on the substrate asperities which leads to increased energy dissipation. We can quantify
the energy loses due to contact line pinning by calculating the total normalized energy
dissipation E}; (due to viscous dissipation). This calculation is feasible not only for the entire
droplet volume but can also be focused at the multiple contact lines, as an advantage of
the modelling method used. The energy dissipation is normalized with the corresponding
available excess energy, £} = E . For the normalized total (total by means of volume and
time) dissipation we Calculate a value of E; , ~ 0.14 for the flat, a value of E]  ~ 0.22
for the first and a value of Ej - ~ 0.81 for the second micro-structured surface It is clear
that a significantly larger fraction of excess surface energy for the non-detachable droplet
is dissipated.

The results concerning the available excess energies and the energy dissipation support
the observations in Figures 5 and 6 for the maximum height obtained in each case. The
droplet over the flat substrate (A) has the highest available excess energy, dissipates the
lowest energy fraction and, as a result, obtains the highest maximum height. In a same
manner, the droplet over the second micro-structured surface (stripes II or C) has the lowest
available excess energy, dissipates the highest energy fraction and, consequently, cannot
even detach from the surface.
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Finally, we discuss the energy efficiency of the process for the flat and the first micro-
structured surface, where jumping occurs. For simplicity, we define the energy efficiency
as the fraction of available excess energy which is converted to gravitational potential
energy gain:

E —E
_ Egmax 3.0
Moff = ““RE (18)

where Eg max is the gravitational potential energy at the maximum height and Eg g is the
initial gravitational potential energy. The efficiency for the flat surface is n,7¢ 4 ~ 41% and
for the first micro-structured surface is n,¢7 p ~ 55%. Although the jumping process is
more effective in the case of the flat substrate, due to higher available excess energy, the
overall energy efficiency (i.e., the conversion of the excess energy to kinetic/gravitational
energy) is higher for the case of the first micro-structured substrate. As a result, in contrast
to the drawbacks discussed above, such as reduction of available excess energy and higher
energy dissipation due to pinning effects, the use of micro-structured substrates seems
to improve the overall energy efficiency of the detachment/jumping process if a suitable
surface structure is selected. The limit of this improvement is out of the scope of this
study, and remains to be explored. In such study one should also take into account the
effect of the contact angle reversibility when voltage is switch between ON and OFF. A
comprehensive study on the reversibility of electrowetting on structured surfaces can be
found in Kavousanakis et al. [33] and Papathanasiou [34].

Geometric parameters, such as height, width, density and smoothness of surface
structures could be controlled and optimized, using the energy efficiency (Equation (18)) as
an objective function, in order to achieve droplet removal with the lowest possible contact
angle variations and consequently, the lowest energy consumption during EW actuation.

4. Conclusions

In this work we presented the capabilities of a recently developed modelling approach
by our group, in simulating, probably for the first time, electrowetting-induced droplet
detachment and jumping over topographically micro-structured surfaces. We validated
our model against the work of Cavali et al. [18] and performed computations for two
representative cases of micro-structured surfaces in order to show that we can capture,
in detail, the retraction dynamics and jumping and quantify the role of adhesion and
energy dissipation due to pinning on the surface asperities. The outcome of this numerical
study reveals a connection between surface micro-structure and energy efficiency of the
droplet detachment and jumping process. We strongly believe that further numerical
simulations using this modelling approach, could enable the proper design of surfaces, in
order to achieve the highest energy efficiency during droplet removal under electrowetting
actuation. This could be achieved by properly designing the surface structures in order to
minimize the critical contact angle modification required for droplet detachment. Another
possible area of future research would be the coupling of the modified hydrodynamics
equations with the equations of electrostatics in order to predict the required voltage for
detachment from micro-textured surfaces.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/mi12060592/s1, Video S1: Droplet dynamics for the flat substrate (Figure 5a). Video S2:
Droplet dynamics for the first micro-structured surface (Stripes I, Figure 5b). Video S3: Droplet
dynamics for the second micro-structured surface (Stripes II, Figure 5c).
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