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Energy minimization-based analysis of electrowetting for

microelectronics cooling applications”

V. Bahadur and S. V. Garimella’
School of Mechanical Engineering and Birck Nanotechnology Center, Purdue University,

West Lafayette, Indiana 47907, USA

Abstract

Electrowetting(EW)-induced droplet motion has been studied over the last decade in view of
its promising applications in the field of microfluidics. The objective of the present work is
to analyze the physics underlying two specific EW-based applications for microelectronics
thermal management. The first of these involves heat absorption by liquid droplets moving
on the surface of a chip under EW actuation. Droplet motion between two flat plates under
the influence of an electrowetting voltage is analyzed. An energy minimization framework
is employed to predict the actuation force on a droplet. This framework, in combination
with semi-analytical models for the forces opposing droplet motion, is used to develop a
model that predicts transient EW-induced droplet motion. The second application is targeted
at hot spot thermal management and relies on the control of droplet states on artificially
structured surfaces through an applied EW voltage. The influence of an electrowetting

voltage in determining and altering the state of a static droplet resting on a rough surface is
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analyzed. An energy-minimization-based modeling approach reveals the influence of
interfacial energies, surface roughness parameters and electric fields in determining the
apparent contact angle of a droplet in the Cassie and Wenzel states under the influence of an
EW voltage. The model is used to establish preliminary criteria to design rough surfaces for
use in the hot-spot mitigation application. The concept of an electrically tunable thermal
resistance switch for hot-spot cooling applications is introduced and analyzed.

Keywords: electrowetting, droplet movement, contact angle, Cassie, Wenzel

1. Introduction

Surface tension-based control of fluid motion at the microscale is attractive for a variety of
microfluidic applications because of the dominant influence of surface tension at these length
scales and the elimination of mechanical moving parts. A number of surface tension-based
fluid handling techniques have been discussed in the literature, the most significant among
which include electrowetting (EW) [1] (reduction of interfacial tension by the application of
an electric field), thermocapillarity driven pumping [2] (reduction of surface tension by
temperature, leading to fluid motion) opto-electrowetting-based [3] pumping (light-
controlled surface tension-induced pumping) and vapor bubble-based pumping [4].
Electrowetting (EW) is a surface tension control-based technique and has been used to
demonstrate droplet actuation [5-12] and other microfluidic operations such as the formation,
mixing and splitting of droplets [13]. Bahadur and Garimella [14] developed a generic

energy minimization-based modeling framework for EW systems and used it to estimate the



EW actuation force on a droplet moving between two flat plates. The actuation force model
was combined with semi-analytical models for predicting the forces opposing droplet motion
to develop a model to predict transient EW-induced droplet motion. The first objective of
the present work is to highlight the electromechanical nature of electrowetting-induced
droplet motion. It is shown that the actuation force predicted by using the concept of an
interfacial energy change as described by Bahadur and Garimella [14] is the same as that

obtained from a purely electromechanical approach.

The heat dissipation enabled by EW-induced droplet movement offers enormous
potential for microelectronics cooling applications. Paik et al. [11] experimentally
demonstrated that EW can be used for hot-spot cooling by measuring the decrease in hot-
spot temperature resulting from EW-induced motion of an aqueous droplet on a flat surface.
Electrowetting can also be used to provide hot-spot thermal management solutions through
the use of rough surfaces in conjunction with EW. This cooling scheme would involve the
use of specially designed rough surfaces to minimize the droplet-substrate contact area while
the droplet is being moved to the hot spot by EW-induced actuation. This would result in
lower frictional resistance (lower EW voltages) and reduced pre-heating of the droplet in this
phase. An additional EW voltage applied at the hot spot would then cause the droplet to
spread out and also wet the grooves of the rough surface, thereby enhancing heat transfer.
Krupenkin et al. [15] demonstrated such a wetting transition from hydrophobicity to
complete wetting in low-surface-tension liquids on nanostructured surfaces under the

application of an EW potential. Bahadur and Garimella [16] developed an energy



minimization based modeling approach to analyze the influence of an electrowetting voltage
in determining and altering the state of a static droplet resting on a rough surface. In the
present work, an energy minimization framework is utilized to analyze the effects of
interfacial tensions, EW fields and surface morphology, and hence to predict wetting
behavior on artificially roughened surfaces. The model is then used to establish preliminary
design criteria for rough surfaces to be used in the proposed hot-spot cooling scheme. A
discussion on the nature, design and fabrication of the rough surfaces is also presented along

with proof-of-concept experimental results.
2. Analysis of EW-induced droplet motion

The traditional concept of EWOD (ElectroWetting on Dielectric) is based on a reduction
in the dielectric-liquid interfacial energy by the application of a voltage between a
conducting droplet and an underlying dielectric layer. This reduction in dielectric-liquid
interfacial energy y upon the application of a voltage V is given by Lippman’s equation
[17] as:

ke V2
—,0 _ % 1
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where yg is the dielectric-liquid interfacial energy in the absence of an EW voltage and k

and d are the dielectric constant and thickness of the dielectric layer. To actuate droplets, the
interfacial energy at one end of the droplet is reduced by applying a voltage to an electrode

on that end. The electric field-induced reduction in interfacial energy causes the droplet to



spread locally. The resulting change in contact angles sets up a pressure gradient which
drives the droplet towards the actuated electrode. Alternatively, EW-induced droplet motion
can also be analyzed using energy-minimization considerations, according to which the
droplet minimizes its surface energy by transiting to the actuated electrode. This principle is
used in the present work to estimate the actuation force on the droplet as it transitions to the

actuated electrode.

2.1 Physical model

A device for effecting droplet movement [5] using EW is illustrated schematically in
Figure 1. The device shown consists of two flat plates separated by a selected spacing.
Control electrodes are fabricated on the lower plate and are individually addressable. They
are covered by a dielectric layer and a thin hydrophobic layer to ensure high initial droplet
contact angles. The upper plate consists of a single, grounded electrode plane. The top
electrode is also coated with a dielectric layer and a hydrophobic layer. The droplet size is
chosen to be slightly larger than the electrode pitch so that it overlaps more than one
electrode. When a voltage is applied to the electrode on the right on the bottom plate, the
dielectric-liquid interfacial tension on the right end of the droplet decreases. The droplet
moves towards the energized electrode as a result, and reaches equilibrium when it is at the
center of the energized electrode where the surface energy of the droplet is minimized. By

pulsing voltages along an array of discrete electrodes, the droplet can be moved continually.



It is important to note that the droplet is electrically conducting and is typically surrounded

by a (non-evaporating) filler fluid such as silicone oil [5] to minimize evaporation.

Figure 1. Electrowetting-induced droplet transport device [14].

The EW-induced actuation force on a droplet can be modeled by estimating the system
energy as a function of the droplet position. Figures 2a and 2b show side and top views of
an idealized droplet transition, in which the position of the droplet leading edge is tracked by
the coordinate x. The droplet is sandwiched between two plates with a separation d as
shown in Figure 2a with the electrode width set equal to the droplet diameter. A voltage V
applied to the right electrode on the bottom plate initiates the transition. The left electrode
on the bottom plate and the top plate electrode are grounded. The droplet is assumed to
move as a rigid body, maintaining its circular shape during transition. The total system
energy consists of the energy stored in the dielectric layers on the top and bottom plates and
the energy stored in the filler fluid. The droplet areas covering the actuated electrode A; and

the ground electrode A; can be estimated from the droplet geometry.

Figure 2. Schematic of a droplet undergoing transition: (a) side view, and (b) top view
[14].
All the capacitances corresponding to the dielectric layers can be represented as parallel-

plate capacitors (Figure 2a) which form the capacitive network shown in Figure 3. The



electric field lines in all the parallel-plate capacitors are assumed to be perfectly straight and
fringing effects at the sides are not accounted for in the present model. The droplet is

assumed to be perfectly conducting; consequently there is no voltage drop across the droplet.

Figure 3. Capacitive network for the estimation of equivalent capacitance of the system.
2.2 EW-induced actuation force using an electromechanical approach

The physical model outlined above is set into an analytical framework in this section to
estimate the actuation force on a circular droplet during transition. For a droplet of radius r
that maintains a circular shape during the entire transition, the areas of the three parallel-

plate capacitors are given by:
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The capacitances of the three parallel-plate capacitors are

c, (1) =A% ©

C, (x) =22l ©



()

where (kq,d;) and (kz,d,) are (dielectric constant, thickness) of the lower and upper dielectric
layers, respectively (Figure 3a), C; is the capacitance of the lower plate dielectric with area
A4, C, is the capacitance of the lower plate dielectric with area A,, and Cj is the capacitance
of the upper plate dielectric (Figure 3a). From the circuit in Figure 3, the total lumped

capacitance of the system can be expressed as:

_ C(C,+Cy)
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The energy stored in the capacitive system can then be expressed as a function of the

transition position of the droplet as:

1
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The derivative of this energy variation gives the electrical actuation force on the droplet as a

function of the transition position x as:

(Cz +C3 _Cl) dC1V2

F
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(10)

The actuation force obtained from Equation 10 using a purely electromechanical approach is
identical to the actuation force obtained by employing Lippman’s equation by Bahadur and
Garimella [14]. This emphasizes the electromechanical nature of electrowetting-induced

droplet pumping since the EW-induced reduction of dielectric-liquid interfacial tension,



implied by Lippman’s equation, is never used in arriving at Equation 10. Alternatively, the
Lippman equation-based (Equation 1) reduction of dielectric-liquid interfacial tension can
itself be considered as having electromechanical origins; consequently use of Lippman’s

equation leads to the same actuation force results as those from an electromechanical model.

All the actuation force results arrived at in [14] can be reproduced using the
electromechanical approach outlined above. Most significantly, it can be shown that for the
same dielectric material, the top plate dielectric layer must be thinner than the bottom plate
dielectric layer (i.e., d2/d; < 1) to ensure a positive actuation force during the entire
transition. Furthermore, the actuation force on the droplet at all stages during transition is
maximized when the top dielectric layer is absent; however, a top-plate dielectric is often
necessitated to avoid chemical reactions in the droplet. This maximum actuation force in the

absence of a top dielectric layer can be derived as:

_lﬁvz

© 2 dx (1)
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2.3 Modeling EW-induced droplet motion

The dominant forces [14] opposing EW-induced droplet motion are the shear forces due to
the top and bottom plates, the viscous drag exerted by the filler fluid, and the contact-line
friction force. Significant challenges exist in modeling each of these force components;
however, the present work is not aimed at resolving these challenges. Semi-empirical

expressions are therefore used to model the opposing forces as shown in Reference 14.



The overall differential equation governing EW-induced droplet motion is then given as:

d? 6.4 2 1 2
m#‘: Fact—(%vj(Zﬂr )—(ECpr j(Zrd)—(g“v)(47rr) (12)

where mis the droplet mass. The first opposing force on the right hand side of Equation 12
is the viscous force on the droplet due to the top and bottom plates (v is the droplet velocity
and g, is the droplet viscosity). The second opposing force on the right hand side of
Equation 12 is the viscous stress due to the filler fluid, which is estimated by considering the
droplet as a rigid body moving through the filler fluid (C is the drag coefficient for a

cylinder in cross flow and p, is the filler fluid density). The third opposing force on the

right hand side of Equation 12 is the contact-line friction force, which is assumed to be

proportional to the droplet velocity as per the approach of Ren et al. [5]. ({ is a

proportionality coefficient with a value ¢ =0.04 Ns/m? [5])

2.4 Droplet movement results

The above differential equation (Equation 12) can be solved to obtain the droplet position
and velocity variation with time. Figure 4 shows the transition time required for a 1 mm
radius water droplet to move to the actuated electrode as a function of the applied voltage for
three plate spacings. (The actuation force is obtained for the no-top-plate dielectric condition
which ensures the maximum actuation force during transition. The bottom plate has a 1 pm
thick dielectric layer with a dielectric constant of 3). From Figure 4, it is seen that droplet

transition times strongly depend on the actuation voltage, which underscores the dominant
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influence of the voltage on the actuation force. No significant dependence of transition time
on the gap spacing is seen, except in the low-voltage, low-velocity regime where a slight
decrease in transition time is observed with increased gap spacing. While an increase in gap
spacing leads to an increased droplet mass, the opposing viscous forces also change with gap
spacing. The net effect is the absence of any substantial dependence of transition time on
gap spacing. Average and peak velocities of 7 cm/s and 10 cm/s respectively were obtained
for an actuation voltage of 50 V which are comparable to the experimental results of Pollack

et al. [5] and the modeling results of Oprins et al. [12].

Figure 4. Droplet transition time dependence on voltage and plate spacing (transition
distance is 2 mm) [14].

3. Electrowetting on rough surfaces for hot spot thermal management

Surface morphology can substantially alter the contact angle of a droplet and effectively
reduce the contact area of the droplet with the substrate [18]. EW voltages can be
significantly reduced if the surface resistance offered to droplet motion is decreased. EW
can be used in conjunction with rough surfaces to develop a hot-spot cooling scheme in
which a droplet is directed to a particular hot spot in this low EW voltage, low contact area
mode. This is also desirable from a thermal standpoint since the low contact area ensures
less pre-heating of the droplet, which maximizes its cooling capacity once it reaches the hot

spot. Once at the hot spot, the droplet is spread by an additional EW voltage, resulting in
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intimate contact with the enhanced area offered by the surface features, and hence, enhanced
heat transfer. The droplet is then retracted to its hydrophobic state by turning off the

additional voltage and pumped away in the low surface resistance mode.

3.1 Droplet states on rough surfaces

The design of surfaces for this application first requires an understanding of static droplet
behavior on rough surfaces under the application of an EW voltage. The influence of surface
roughness is generally understood by a study of two extreme configurations in which a static
droplet can rest on a given rough surface. In the first configuration shown in Fig. 5a, the
droplet rests entirely on the tips of the rough surface; a droplet exhibiting such composite
contact with solid surfaces and the intervening air is referred to as a Cassie droplet [19]. If
alternatively, the droplet wets the entire surface including the grooves as shown in Fig. 5b, it
is referred to as a Wenzel droplet [20]. He et al. [21] provided experimental evidence that
both Cassie and Wenzel droplets are possible on the same surface based on the way the
droplets are formed. The Cassie state was achieved by gently depositing the droplet on the
rough surface while the Wenzel state was realized by dropping the droplet from a height.
Patankar [22] showed that the surface energy of the Cassie and Wenzel droplets is minimized
when the apparent (macroscopic) contact angle equals that predicted by the Cassie and
Wenzel equations. However, the Cassie and Wenzel droplets differ in their surface energies,
and the stable equilibrium state of the droplet corresponds to the state which has a lower
energy. The influence of EW on droplet behavior on rough surfaces has been the focus of a

few research efforts. Krupenkin et al. [15] demonstrated that a droplet resting on a
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nanostructured surface can be made to transition to a completely wetting (Wenzel) state from
an initial hydrophobic (Cassie) state by the application of an EW voltage. Bahadur and
Garimella [16] developed an energy-minimization based modeling approach to predict the
contact angle in the Cassie and Wenzel states under the influence of an electrowetting

voltage.

Figure 5. Droplet states on electrowetted rough surfaces: (a) Cassie state, and (b) Wenzel
state.

In the Cassie state, the droplet sits on a composite surface of air and solid. The apparent

contact angle 6. of such a droplet can be obtained [18] from energy-minimization principles

as:

cosf, =—1+¢(1+cosb,) (13)
where ¢ is the fraction of the solid contacting the liquid and 6, is the contact angle of the
droplet on a flat surface. The hydrophobicity of a Cassie droplet increases as ¢ decreases

because of enhanced contact with air. In the Wenzel state, the droplet is in intimate contact

with the surface features. For such a droplet the apparent contact angle 4, is obtained as:
cosg, =r, cosd, (14)

where ry, is the roughness factor defined as the ratio of the total surface area (including the

sides and base of the roughness elements) to the projected surface area (not including the
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sides of the roughness elements). The Wenzel state thus amplifies the initial hydrophobicity

or hydrophilicity of the droplet.

3.2 Droplet states on electrowetted rough surfaces

An energy-minimization approach can also be used to develop expressions for the
apparent contact angle of a droplet resting on a rough surface in the presence of an EW
voltage [16]. The rough surface under consideration must be electrically conducting and is
coated with a thin dielectric layer of thickness d and dielectric constant k that conforms to the
surface roughness features (not shown in Figure 5). An EW field is established across the
dielectric by an electrode contacting the conducting droplet and the electrically conducting
substrate. The energy-minimization approach consists of estimating the total droplet surface
energy as the sum of the solid-liquid, liquid-air and solid-air interfacial energies. EW
changes the surface energy content of the droplet by lowering the solid-liquid interfacial
energy as predicted by Lippman’s equation [17]. Minimization of the surface energy subject
to a constant droplet volume constraint gives the apparent contact angle of the droplet on the
electrowetted rough surface. The dimensions of the droplet are such that the effect of gravity
is neglected; consequently the droplet shape is assumed to be that of a truncated sphere, and

is used in estimating the interfacial areas.

The apparent contact angle of a Cassie droplet under the influence of an EW voltage can

be obtained following a procedure similar to that adopted by Patankar [22] for no applied

14



voltage. The total surface energy E of a Cassie droplet of radius R and apparent contact

angle 6 under the application of an EW voltage V can be expressed as:

E:[A_A+ASL(1_¢):|7I(_)A+¢ASL[7SL_72A_kgzo(\j/ j (15)
where A , =27R?(1-cos ) (16)
and A, =7zR*sin’@ (17)

A, and A, are the apparent liquid-air and solid-liquid interfacial areas, respectively, and

0 0

Vi 7V

a7y and yzA are the liquid-air, solid-liquid and solid-air interfacial energies,
respectively. At equilibrium, the total surface energy of the droplet is minimized subject to a

constant droplet volume constraint:

3

ﬁg (1-cos 6)2 (2+cos8) (18)

V =

The method of Lagrange multipliers is employed to solve this constrained minimization

problem [22], and results in the following equations:

%o 09
oR oR
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where A is the Lagrange multiplier. Elimination of A from Equations 22 and 23 yields the

apparent contact angle of a Cassie drop on an electrowetted surface 65 as:
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coSOE =1+ ¢£1+M+UJ (21)

The interfacial energies can be related to the droplet contact angle 6, on a flat surface by

Young’s equation:

7gA _}/gL =7/I(_)A cos g, (22)
which yields:
cosg; =-1+¢(1+cos6, +7) (23)

where 1) is the electrowetting number expressed as:

_keV?

n= (24)
2d 7EA

A similar procedure can be applied to estimate the apparent contact angle €, of a Wenzel

drop under an EW voltage as:

cos@, =r,(cosé,+n) (25)
An EW voltage decreases the apparent contact angle in both the Cassie and Wenzel

states, similar to the well-known EW effect on a flat surface. It is seen that the contact angle

on a rough surface with an EW voltage (Equations 23 and 25) can be obtained from the

equations in the absence of EW (Equations 13 and 14) by replacing cos g, with (cosé, +7) .
A comparison of the EW number and coséd, therefore gives a direct measure of the relative

influence of electrostatic energy and interfacial energies in determining the contact angle of

the droplet.
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Patankar [22] showed that the surface energy of a constant-volume droplet can be
expressed solely in terms of the apparent contact angle. Furthermore, the droplet surface
energy increases with the apparent contact angle of the droplet. This implies that the lower
of the Cassie and Wenzel angles corresponds to the stable equilibrium position of the
droplet. This principle can be used to design rough surfaces on which the droplet states are
manipulated dynamically by changing the relative energy content (and relative stability) of
the Cassie and Wenzel states. For instance, a surface can be designed such that the Cassie
state is lower in energy than the Wenzel state in the absence of an EW voltage. The droplet
can then be made to transition to the Wenzel state by applying an EW voltage, as long as the
roughness parameters and the applied EW voltage are such that the electrowetted Wenzel
state is lower in energy than the electrowetted Cassie state. EW is thus a powerful tool to

manipulate droplet behavior on rough surfaces.

3.3 Design criteria for rough surfaces for hot-spot cooling

The relationships developed in section 3.2 can be used to design rough surfaces for the
hot-spot cooling application discussed earlier. The requirements of low sliding resistance
and low contact area while the droplet is moving to the hot spot dictate that the Cassie state
must be lower in energy than the Wenzel state in the absence of an EW voltage. This
implies that the Cassie angle 6. must be lower than the Wenzel angle g, or:

cos 6, > cosé, (26)

Equation 13 and Equation 14 yield two conditions required to satisfy the above restriction:

17



g, >90" 27)

and cosg, < —((rl;_q;)) (28)

Equation 27 implies that the contact angle of the droplet on a flat surface should be more

than 90° and Equation 28 can be used to decide the roughness ry, for a specified ¢ .

The requirement of increased contact area of the droplet and intimate contact with the
surface features on application of an EW voltage implies that the electrowetted Wenzel state

must be lower in energy than the electrowetted Cassie state. This implies that:
cosd, >cosdy , (29)

which leads to:

(1-¢)

n>—Cos6), =9 (30)

Equation 30 can be used to estimate the minimum voltage required to switch from the Cassie
state to the Wenzel state. The application of an EW voltage will also lead to a contact angle
decrease in both states which further increases the droplet area available for heat transfer.
The magnitude of this area enhancement depends on the applied EW voltage, and the contact

area increases with voltage until the onset of the contact angle saturation phenomenon [17].
3.4 Electrowetting-based thermal resistance switch

The hot-spot cooling application described above can be better understood by treating the

Cassie and Wenzel droplet states as the ‘off’ and ‘on’ positions of a thermal resistance

18



switch. The droplet in its Cassie (off) state offers a high thermal resistance (between the
base of the substrate and the base of the droplet) to heat transfer from the substrate to the
droplet due to the low contact area and the air gap resulting from the grooves. The thermal
resistance in the Wenzel (on) state is dramatically reduced when the contact area is increased
and the droplet wets the grooves. This concept of a thermal switch can be examined by
calculating the change in thermal resistance to heat transfer to the droplet, resulting from the

application of an EW voltage.

One such rough silicon surface (coated with a thin hydrophobic layer) which meets all

the design criteria using a water droplet can be described by ¢= 0.1 and r, = 3. Assuming

an array of 10 um square pillars, the pitch and the height of the pillars can be estimated as
31.6 pum and 50 um, respectively. A steady-state conduction analysis was carried out to
obtain a preliminary estimate of the thermal resistance to heat transfer to the droplet in the on
and off states. In the off (Cassie) state the thermal resistance between the droplet base and
the substrate was calculated by estimating the thermal conduction resistances of the air gap
and the silicon pillars as being in parallel. In the on (Wenzel) state the thermal resistance
was calculated by estimating the thermal resistance of the water-filled grooves and the
silicon pillars as being in parallel. The reduction in thermal resistance in the on state is due
to two factors. The apparent contact angle of the droplet decreases upon the application of
an EW voltage and the droplet spreads out, which increases the heat transfer area. The
second contribution to the decrease in thermal resistance comes from the filling of the

grooves with water instead of air. Conduction calculations reveal that for the surface being
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considered, the thermal resistance decreases by a factor of 9.7 when the droplet switches
from the off to the on state. This reduction in thermal resistance is primarily because of the
increased heat transfer area as a result of the contact angle reduction. The thermal
conductivity of silicon is more than two orders of magnitude higher than air and water;
consequently, filling the grooves with water (which is significantly more conducting than

air) does not lead to a significant reduction in thermal resistance, since most of the heat flows

through the silicon pillars. For the rough surface being considered, 6. =160" while

g, =111° for an EW number n=0.3. This large change in contact angle increases the

apparent area for heat transfer by 9.4 times, leading to a significant reduction in thermal
resistance. The filling of the grooves would also contribute to significant reduction in
thermal resistance in situations where the thermal conductivity of the solid is comparable to

that of the droplet fluid.

3.5 Rough surfaces for the thermal resistance switch application

Droplet behavior on structured surfaces has been studied for more than five decades and
well-characterized fabrication techniques for the creation of artificially structured surfaces
are available. Silicon-based rough surfaces required for the thermal resistance switch
application can be fabricated by deep reactive ion etching using an electrically conductive
silicon substrate, as demonstrated by Krupenkin et al. [15] Advances in thick-film
photoresists offer the possibility of fabricating rough surfaces out of thick photoresists as

demonstrated by Herbertson et al. [23] who fabricated rough surfaces from SU-8 for
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electrowetting applications. An important consideration in the design of such surfaces
concerns the size scale of the roughness elements. Krupenkin et al. [15] fabricated
nanostructured surfaces and demonstrated EW-induced Cassie-Wenzel transition on such
surfaces. Patankar et al. [21] and Herbertson et al. [23] demonstrated Cassie-Wenzel
transitions on surfaces in which the roughness elements were on the micron-scale. The
optimum length scale of the roughness elements is not yet fully understood and will also
determine the frictional resistance to fluid motion once the droplet penetrates the grooves.
Another key issue encountered in preliminary EW experiments on rough surfaces concerns
the lack of reversibility between the Cassie and Wenzel states. Krupenkin et al. [15] and
Herbertson et al. [23] did not observe the droplet transitioning back to the Cassie state upon
the removal of the EW voltage. Krupenkin et al. [24] recently demonstrated reversible
transition by passing a heat pulse through the substrate while the droplet was in the Cassie
state, thereby evaporating a part of the liquid adjacent to the substrate. The opposing forces
inhibiting reversibility need to be further understood, quantified and factored into the surface

design to enable reversible surfaces for application as thermal resistance switches.

Experimental investigations of droplet behavior on artificially structured surfaces are
underway with the objective of resolving these issues. Figure 6 (on the left) shows a water
droplet on a microstructured silicon surface in the absence of an electrowetting voltage. The
droplet is clearly in the Cassie state as is evident from the light visible through the silicon
pillars. The droplet can be made to transition to the Wenzel state (droplet on the right in

Figure 6) upon the application of an EW voltage of 80 V. To the authors’ best knowledge,
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this is the first reported direct visual confirmation of droplet state transition induced by an
electrowetting voltage.  Extensive experimentation is underway to understand and

experimentally quantify droplet behavior on artificially structured surfaces.

Figure 6. Droplet states on electrowetted rough surfaces, The droplet on the left is in the
Cassie state in the absence of an EW voltage, but transitions to the Wenzel state (shown on

the right) at an EW voltage of 80 V.

4. Conclusions

An energy minimization-based approach is used to estimate the EW-induced actuation
force on a droplet as it transitions to the actuated electrode. It is shown that the actuation
force obtained using a purely electromechanical approach is the same as that obtained from
the use of interfacial energy change predicted by Lippman’s equation. The actuation force
model is then combined with semi-empirical models for predicting forces opposing droplet

motion to yield a simplified model for predicting transient droplet motion.

The second part of the paper uses the energy minimization principle to develop a theory
for predicting the behavior of static droplets on rough electrowetted surfaces. Existing
equations for contact-angle prediction on rough surfaces are extended to account for the
effects of EW. It is seen that EW is a powerful tool to control droplet behavior on rough

surfaces. The model developed is applied to establish basic design criteria for rough surfaces
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for use in a hot-spot cooling application, which works on the principle of an electrically

tunable thermal resistance switch. The dramatic switch in thermal resistance resulting from

an EW voltage highlights the potential of EW for developing site-specific thermal

management solutions.
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