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Abstract 

 

Electrowetting is potentially one of the most versatile techniques for manipulating 

submillimetre-sized droplets in microfluidic systems. By applying a voltage between a 

droplet and an electrode buried beneath the substrate of a microfluidic chip, it is possible to 

alter the wetting behaviour of the liquid so as to generate surface tension gradients around the 

droplet. This concept has subsequently become known as electrowetting-on-dielectric 

(EWOD) and has developed into one of the most popular technologies for droplet 

manipulation. Combining a large number of individually addressable electrodes onto a single 

microfluidic chip makes it possible to dispense, transport, split and merge individual droplets 

without the need for any moving components, and opens up the possibility for fully-

controllable ‘digital’ microfluidic systems where the samples and reagents are manipulated 

using a standard set of droplet handling operations. 

This chapter presents an overview of electrowetting and discusses the fundamental droplet 

handling operations that are common to all electrowetting applications. The use of open and 

covered EWOD systems is then discussed, together with the important effect of changing the 

shape of the electrodes to avoid droplet pinning. Finally, an overview is given of droplet-

based electrowetting technologies in biological and chemical applications. The article aims to 

highlight the potential benefits of digital microfluidics and also discusses some of the 

challenges that need to be overcome for the successful design of EWOD-based microfluidic 

devices. 
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1 Introduction 

The ability to handle small volumes of liquid, typically from a few picolitres (pl) to a few 

microlitres (μl), has the potential to improve the performance of complex chemical and 

biological assays [1-6]. The benefits of miniaturisation are well documented [7-9] and 

include smaller sample requirements, reduced reagent consumption, decreased analysis time, 

lower power consumption, lower costs per assay, and higher levels of throughput and 

automation. In addition, miniaturisation may offer enhanced functionality that cannot be 

achieved in conventional macroscale devices, such as the ability to combine sample 

collection, analyte extraction, preconcentration, filtration and sample analysis onto a single 

microfluidic chip [10]. Microfluidics-based lab-on-a-chip devices have received considerable 

attention in recent years, and are expected to revolutionise clinical diagnostics, DNA and 

protein analysis, and many other laboratory procedures involving molecular biology [11-13]. 

Currently, most lab-on-a-chip devices employ continuous fluid flow through closed 

microchannels. However, an alternative approach, which is rapidly gaining popularity, is to 

manipulate the liquid in the form of discrete, unit-sized microdroplets – an approach which is 

often referred to as digital microfluidics [14-18]. The use of droplet-based microfluidics 

offers many benefits over continuous flow systems; one of the main advantages is that the 

reaction or assay can be performed sequentially in a similar manner to traditional 

(macroscale) laboratory techniques. Consequently, a wide range of established chemical and 

biological protocols can be transferred to the micro-scale without the need to establish 

continuous flow protocols for the same reaction. In addition, droplet-based systems avoid 

many of the problems associated with single-phase microfluidics such as sample cross-

contamination and diffusional dilution. 

One of the most important consequences of miniaturisation is the increase in the surface-

to-volume ratio of the fluid. For example, the surface-to-volume ratio for a device with a 
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characteristic length of 1 m is of order 1 m
-1

 whilst the surface-to-volume ratio for a 

microfluidic device having a characteristic length of 1 µm will increase to 10
6
 m

-1
. In other 

words, the surface-to-volume ratio of the fluid scales according to the inverse of the 

characteristic length [8]. Consequently, as devices are reduced in size, inertial forces will 

decrease while viscous effects and surface energies will become increasingly important. In 

the case of submillimetre-sized liquid droplets, capillary forces dominate the motion [19]. 

Under these circumstances, the control of the surface energy provides a useful tool for 

manipulating droplets [20-23]. Although chemical and topographical patterning of substrates 

has received considerable attention in recent years [24-26], the static nature of these surface 

treatments prevents the active control of droplets, as required in a fully-controllable digital 

microfluidic system. As a consequence, considerable work has been dedicated to the 

development of techniques that allow the wettability of the substrate to be varied both 

spatially and temporally. The most promising droplet actuation technique for digital 

microfluidic applications appears to be electrowetting [27-32], although other mechanisms 

have been demonstrated including dielectrophoresis [33-35], thermocapillary actuation [36-

38] and optoelectrowetting [39-43]. In addition, other promising droplet handling techniques 

such as surface acoustic wave (SAW) actuation have been developed [44-47] although in this 

case, the droplet movement is achieved via the creation of acoustic waves rather than by 

changing the wettability of the surface. Furthermore, electrowetting can be combined with 

electrophoresis/dielectrophoresis, to provide a method for particle separation or sample 

enrichment [48-51], or can be used to collect or separate magnetic particles [52-54]. 

Over the last few years, electrowetting has become an increasingly important technology 

for droplet manipulation. Electrowetting can commonly achieve contact angle variations of 

more than 40 degrees and the switching cycles can be performed hundreds of thousands of 

times without any detrimental effects to either the fluid or the chip. The switching response 
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time for millimetre-sized droplets is relatively fast (typically several milliseconds) and is only 

limited by the inertia of the droplet rather than the switching time of the equilibrium contact 

angle [31]. Within just a few years, a rapidly expanding community of researchers has taken 

the concept of electrowetting from the initial research stage into fully-integrated digital 

microfluidic devices that are capable of complex chemical and biological assays [55-57]. 

 

2 Theory of electrowetting 

The phenomenon of electrocapillarity (or electrowetting) was first described by Lippmann 

[58] in 1875 when he showed that the capillary depression of mercury in contact with an 

electrolyte solution could be controlled by the application of a voltage. As well as 

formulating the basic theory for electrocapillarity, he also proposed several practical devices 

that made use of the phenomenon, including a very sensitive electrometer which was later 

used to record the world’s first electrocardiogram (ECG). Unfortunately, the application of 

electrowetting to aqueous electrolytes is severely restricted due to the electrolytic 

decomposition of water beyond a few hundred millivolts. In the 1990s, however, Berge [59] 

and Vallet et al. [60] realised that the problem of electrolysis could be overcome by the 

introduction of a thin insulating layer to separate the conductive liquid from the metal 

electrode. This concept is nowadays referred to as electrowetting-on-dielectric (EWOD) [61] 

or electrowetting-on-insulator-coated-electrodes (EICE) [28] and involves applying a voltage 

to modify the wetting behaviour of a conductive liquid in contact with a hydrophobic, 

insulated electrode. Thorough descriptions of electrowetting have been published by Mugele 

and Baret [31], Berthier [62] and Berthier and Silberzan [63] whilst investigations into the 

types of liquids that can be transported by EWOD have been conducted by Pollack [64], 

Srinivasan [65] and Chatterjee et al. [66]. 
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In most practical electrowetting applications, the droplets reside on a horizontal planar 

substrate and are usually composed of aqueous solutions with a typical droplet diameter of 1 

mm or less. The medium surrounding the droplet can either be air or another immiscible 

liquid such as silicone oil. However, recent work by Brassard et al. [67] has shown that it is 

possible to use an alternative mode of operation where the aqueous droplet is enclosed in a 

thin layer of oil which in turn is surrounded by air; this technique is referred to as water-oil 

core-shell droplets.  

The relative importance of the gravitational force to the surface tension force can be 

expressed by the Bond number [62], 
2

lvBo /g Rρ σ= Δ
 
where ρΔ  is the difference in density 

between the droplet and the surrounding medium, g is the acceleration due to gravity, R is the 

radius of curvature of the droplet, and lvσ  is the liquid-vapour surface tension. (The Bond 

number is sometimes referred to as the Eötvös number, Eo). In most electrowetting 

applications, the Bond number is usually less than unity [62], implying that gravitational 

forces are small in comparison to the surface tension force; it is therefore appropriate to 

ignore gravity in electrowetting applications [31]. 

In the absence of an external electric field, the shape of the droplet is determined solely by 

the surface tension, according to standard equilibrium theory (Young’s equation) [62]. As 

shown in Fig. 1(a), a surface tension (a force per unit length or an energy per unit area) is 

associated with the interface between each of the three phases; the solid substrate (s), the 

liquid droplet (l) and the surrounding ambient phase, which for simplicity is often denoted as 

vapour (v). Each interface exerts a force on the three-phase contact line, and the balance 

between the interfacial surface tensions i.e. svσ (solid-vapour), slσ (solid-liquid) and lvσ

(liquid-vapour) must be in equilibrium: 

 
sv sl lv eqcos 0σ σ σ θ− − = , (1) 
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where 
eqθ is the equilibrium (or Young’s) contact angle. Rearranging eqn. (1) yields the 

familiar form of Young’s equation: 

 sv sl
eq

lv

cos
σ σθ
σ
−

= . (2) 

It should be noted that the vertical component of the surface tension force is balanced by 

normal stresses within the solid substrate [31]. 

 

 

 

Fig. 1 A schematic diagram of wetting and electrowetting. (a) In the absence of an external electric 

field, the sum of the forces along the three-phase contact line must balance, leading to an equilibrium 

contact angle, eqθ  (b) Application of a potential difference between the liquid and the substrate creates 

a capacitance, C, at the solid-liquid interface which causes the solid-liquid interfacial surface tension 

to be reduced by . This causes the droplet to spread and reduces the contact angle to 2 / 2CV EWθ . 

Applying a potential difference, V, between the liquid and the substrate will change the 

shape of the droplet, as shown schematically in Fig. 1(b). This is due to the fact that the solid-

liquid interface effectively behaves as a parallel-plate capacitor, with a capacitance per unit 
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area, C. The energy stored in the capacitor is  whilst the work done by the external 

supply voltage is and therefore the free energy of the droplet per unit interfacial area is 

reduced by . Application of the voltage therefore causes the solid-liquid interfacial 

surface tension to be reduced to , leading to a new force balance equation: 

2

2

2

2σ −

( )2

EW

/ 2CV

CV−

/ 2CV

sl / 2C V

 , (3) 
sv sl lv EW/ 2 cos 0C Vσ σ σ θ− − − =

where θ is the steady-state contact angle after the application of the electrowetting voltage. 

Combining eqns. (1) and (3) leads to the Lippmann-Young equation governing the contact 

angle of the droplet: 

 

2

EW eq

lv

cos cos
2

CVθ θ
σ

= + . (4) 

Equation (4) shows that the contact angle will decrease (i.e. the surface will become more 

hydrophilic) as the applied voltage increases. 

Early electrowetting experiments were conducted with exposed metallic electrodes in 

direct contact with the conductive liquid or electrolyte. In this case, the potential difference 

between the liquid and electrode forms an electrical double layer at the solid-liquid interface. 

The specific capacitance (i.e. the capacitance per unit area) of the ionic double layer can be 

estimated by making the assumption that the counter-ions in the liquid are located at a fixed 

distance from the surface; this is sometimes referred to as the Helmholtz model [31,62]. The 

specific capacitance of the electrical double layer is therefore given by 

 
0 l

H

D

C
ε ε
λ

= , (5) 

where 0ε  is the permittivity of free space ( ), 12

0 8.8541878 10 F/mε −= × lε  is the relative 

permittivity of the conductive liquid and Dλ  is the Debye screening length [68], typically in 

the nanometre range. Substituting eqn. (5) into the Lippmann-Young equation leads to 
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2

0 l
EW eq

D lv

cos cos
2

Vε εθ θ
λ σ

= + . (6) 

As discussed by Mugele and Baret [31] and Berthier [62], it is sometimes necessary to 

modify the Lippmann-Young equation to account for the spontaneous charge which occurs 

when a conducting surface is immersed in an electrolyte: 

 
20 l

EW eq pzc

D lv

cos cos ( )
2

V V
ε εθ θ
λ σ

= + − , (7) 

where V  is the potential difference at zero charge. Usually, the electrical double layer has a 

relatively high capacitance, and therefore large changes in contact angle can be achieved 

using relatively small applied voltages. Unfortunately, direct application of electrowetting 

using metallic electrodes is somewhat limited due to the electrolytic decomposition of the 

aqueous liquid above a certain voltage. 

pzc

To overcome the problem of electrolysis, a thin dielectric layer can be used to insulate the 

conductive liquid from the electrode. The main advantage of EWOD over conventional 

electrowetting is that higher potential differences and, therefore, greater contact angle 

changes can be employed without any detrimental electrochemical reactions on the electrode. 

In addition, the surface of the microfluidic chip can be coated with highly hydrophobic 

compounds to enhance the contact angle changes due to electrowetting. A practical 

demonstration of EWOD-based actuation is shown in Fig. 2 (Berthier et al. [69]) which 

illustrates the variation in the wettability of a water droplet on a Teflon surface. 
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(a)  (b) 

Fig. 2 Experimental visualisation of electrowetting clearly demonstrating the control of the contact 

angle: (a) in the absence of an external electric field, the water droplet exhibits a strong hydrophobic 

contact with the Teflon substrate (DuPont® AF 1600), (b) application of an electric potential of 80 V 

to the droplet causes a significant reduction in the contact angle. Reproduced from Berthier et al. [69] 

with kind permission from Elsevier. 

With the introduction of a dielectric layer, the EWOD system is effectively composed of 

two capacitors in series with each other; namely, the capacitance due to the electrical double 

layer at the solid-liquid interface, , and the capacitance due to the dielectric layer, C , 

which is given by 

H dC

 
0 d

dC
d

ε ε
= , (8) 

where dε  is the relative permittivity of the dielectric layer and d is the thickness of the layer. 

Comparing eqns. (5) and (8) leads to 

 
H l

d d

C d

C D

ε
ε λ

= . (9) 

Since Dd λ>>  and l dε ε> , then  i.e. the capacitance of the electrical double layer, 

, is usually much larger than the capacitance of the dielectric film, . Since the 

capacitors are in series, the total specific capacitance, C, is given by 

HC C>> d

H dC C

 

H d

1 1 1

C C C
= + , (10) 
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which can be approximated by . Thus, for electrowetting-on-dielectric actuation, eqn. dC C≈

(6) is replaced by 

 

2

0 d
EW eq

lv

cos cos
2

V

d

ε εθ θ
σ

= + . (11) 

The last term on the right-hand side of eqn. (11) is sometimes referred to as the dimensionless 

electrowetting number, and is a measure of the relative 

importance of the electrostatic energy compared to the surface tension [31]. One of the 

disadvantages of EWOD is that the lower specific capacitance of the dielectric layer requires 

significantly larger potentials to achieve a given reduction in contact angle. For example, 

considering a 1 µm thick dielectric layer composed of Teflon AF 1600 (

2 2

0 d lv lv/ (2 ) / (2 )V d C Vη ε ε σ σ= =

d 1.93ε = ) with water 

as the conductive liquid ( lvσ = 0.072 N/m), gives a dimensionless electrowetting number of 

approximately . This implies that external voltages of between 30 to 80 V [62] are 

required to create substantial reductions in the contact angle. One of the other disadvantages 

of using a dielectric layer is the fact that biomolecules can sometimes bind nonspecifically to 

the hydrophobic surface. Yoon and Garrell [70] have shown that biomolecular adsorption can 

be controlled by minimising the time during which the electrodes are switched off and also 

by carefully choosing the pH of the solution and the polarity of the electrodes. In addition, 

Luk et al. [71] have shown that low concentrations of Pluronic F127 can limit the extent of 

protein adsorption. 

4 210 V
−

In practical EWOD applications, the substrate usually comprises of a metallic electrode, a 

dielectric layer (Parylene, SiO2 or Si3N4) and a hydrophobic layer (spin-coated Teflon or 

plasma deposited SiOC). In some cases, the situation is further complicated by the fact that 

the dielectric layer is formed from a sandwich structure composed of SiO2/Si3N4/SiO2. The 

effective capacitance of the combined substrate (formed from n parallel layers) can be 

determined from the usual law for capacitors in series: 
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1

1 1n

i iC C=

=∑ . (12) 

The capacitance of the electrical double layer at the solid-liquid interface is usually neglected. 

However, direct calculation of the capacitance of the dielectric layer can sometimes be 

avoided by fitting the Lippmann-Young equation to experimental data of contact angle versus 

applied voltage. This is usually done by plotting ( )EW eqcos cosθ θ−  against . The gradient 

of the fitted line is equal to 

2
V

lv/ (2 )C σ and therefore knowledge of the liquid-vapour surface 

tension, lvσ , leads to an estimate of the capacitance, C. This technique is sometimes preferred 

to direct computation, due to uncertainties in estimating the thickness and relative 

permittivities of the deposited layers.  

A significant advantage of controlling the variation in the wetting angle via electrowetting, 

rather than by thermocapillary effects, is the speed with which the contact angle can be 

modified. Mugele and Baret [31] indicate switching times of typically several milliseconds, 

and this makes the technique potentially fast enough to be used in video display screens [72]. 

The manipulation and transport of droplets above a solid surface are equally as fast; velocities 

of between 1 mm/s and 100 mm/s have been reported [73,27,29,74] while droplets have been 

shown to be split in less than one second [74]. Other potential applications for electrowetting 

include variable focal length liquid micro-lenses [75-77], dynamically tuneable fibre-optic 

devices which act as switches and waveguides [78,79] and adaptive cooling of integrated 

circuits [80].  

 

2.1 Contact angle saturation and dielectric breakdown 

An important observation that is common to all EWOD studies is that the contact angle 

variation in the Lippmann-Young equation is only valid below a critical threshold voltage, 

after which the electrowetting process saturates and the contact angle becomes independent 
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of the applied voltage [81-84]. The essential features of contact angle saturation are 

illustrated in Fig. 3 which indicates that there is an effective upper limit to the electrowetting 

force, implying that it is impossible to achieve perfect wetting of EW EW0  ( cos 1)θ θ= = . 

However, Krupenkin et al. [85] have shown that it is possible to achieve complete wetting at 

voltages as low as 22 V, by using superhydrophobic nanostructured surfaces. 

 

 Voltage (V)
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Fig. 3 Variation of measured contact angle versus applied voltage for a glycerol-NaCl water droplet 

with silicone oil as the ambient medium and a 5 μm thick layer of Teflon AF 1601 as the dielectric. 

The filled symbols denote increasing voltage and the open symbols denote decreasing voltage. The 

solid line denotes the fitted parabolic variation in the value of EWcosθ
 
as predicted by the Lippmann-

Young law - eqn. (11). Adapted from Mugele and Baret [31] with permission from IOPscience 2005. 

Although contact angle saturation is well documented [86,87], the physical explanation for 

the saturation limit is not fully understood [62] and a number of different (and sometimes 

conflicting) theories have been developed to explain the phenomenon. Verheijen and Prins 

[88] have proposed that the injection of charges into the insulating layer at higher voltages 

causes a screening, or trapping effect, which reduces the density of the charges at the solid-
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liquid interface thereby weakening the electrowetting force. On the other hand, Vallet et al. 

[86] have explained the phenomenon by the ionisation of the air in the vicinity of the contact 

line. This reduces the electric charge density and prevents the electrowetting force increasing 

with applied voltage. However, Vallet et al.’s explanation assumes that the droplet is 

surrounded by air and therefore cannot explain the occurrence of contact angle saturation 

when the droplet is surrounded by another liquid, such as silicone oil. Other researchers, such 

as Papathanasiou and Boudouvis [83], have explained the phenomenon by the presence of 

‘fringe’ effects at the contact line. These fringe effects can increase the electric field strength 

in the dielectric by an order of magnitude, or more, causing breakdown in the dielectric, and 

leakage of electrical charge.  

 

2.1.1 Modified Lippmann-Young equation 

Despite the lack of consensus as to the physical explanation for contact angle saturation, it 

is possible to derive a constitutive relationship for the contact angle variation in terms of the 

saturation contact angle, sθ . At low voltages, the Lippmann-Young equation (4) indicates 

that there is a linear relationship between EWcosθ  and  whilst at large voltages, the contact 

angle asymptotes to a fixed value, 

2
V

sθ . This situation is analogous to paramagnetism where 

the induced magnetic moment is a linear function of the magnetic field at small field 

strengths and asymptotes to the saturation limit at large field strengths. The work on 

paramagnetism was pioneered by Langevin in the early 20
th

 century and led directly to the so-

called Langevin (or sometimes, Langevin-Debye) function, L, defined by  

 
1

( ) coth (3 )
3

L x x
x

= − . (13) 
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Berthier et al. [69,62,63] have shown that the Langevin function can be used to modify the 

standard Lippmann-Young equation to account for contact angle saturation. Firstly, the 

Lippmann-Young formula (eqn. (4)) is written in the following form: 

 

2
EW eq

s eq lv s

cos cos

cos cos 2 (cos cos )

CV

eq

θ θ
θ θ σ θ θ

−
=

− −
. (14) 

The modified Lippmann-Young equation, accounting for contact angle saturation, can then be 

obtained by introducing the Langevin function into the right-hand side of eqn. (14) to give: 

 

2
EW eq

s eq lv s eq

cos cos

cos cos 2 (cos cos )

CV
L

θ θ
θ θ σ θ θ

⎛ ⎞−
= ⎜⎜− −⎝ ⎠

⎟⎟ . (15) 

Experimental evidence [69] suggests that the Langevin approximation provides a fairly 

accurate constitutive law for the variation of contact angle with applied electrical potential.  

 

2.1.2 Dielectric breakdown  

If the electric field strength exceeds a critical value, denoted as BDE , the dielectric will 

suddenly break down resulting in an electrically-conductive pathway through the material 

which degrades or even destroys the insulating properties of the dielectric layer. It is 

therefore necessary to ensure that the operating conditions within the EWOD system are 

below the critical value of the electric field strength. For a dielectric layer of thickness, d, the 

breakdown voltage, , is related to the critical electric field strength,BDV BDE , by 

 BD BDV E d= . (16) 

Taking Teflon as an example insulator, the critical electric field strength is 60 V/µm. Thus, a 

1.5 µm thick layer of Teflon should be able to withstand an applied voltage of just under 

90 V. However, dielectric breakdowns are sometimes observed at voltages lower than theory 

would suggest; these are thought to be caused by defects in the dielectric layer or in the 
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underlying substrate. In addition, anomalous dielectric breakdowns can occur when cells or 

proteins adhere to the dielectric layer [63]. In this case, geometrical inhomogeneities in the 

relative permittivity are thought to increase the local electric field strength causing dielectric 

breakdown. 

The choice of dielectric thickness is crucial to the design of any EWOD system since the 

thickness not only affects the breakdown voltage but also the capacitance of the dielectric 

layer which in turn affects the dimensionless electrowetting number, η . Increasing the 

thickness of the dielectric layer reduces the electrowetting number which leads to larger 

electric potentials to achieve a given reduction in contact angle. A criterion for the dielectric 

thickness can be obtained by rearranging the Lippmann-Young relationship (eqn. (11)) in the 

following form: 

 ( )lv
EW eq

0 d

2
cos cos

d
V

σ θ θ
ε ε

= − . (17) 

For a fixed reduction in the contact angle, it can be seen that the externally applied voltage, V, 

varies according to the square root of the dielectric thickness, d. However, to prevent 

dielectric breakdown, the thickness of the layer also needs to satisfy eqn. (16). Combining 

eqns. (16) and (17) then leads to a minimum dielectric thickness [62]: 

 ( )lv
min EW eq2

0 d BD

2
cos cosd

E

σ θ θ
ε ε

= − . (18) 

If the dielectric layer is thinner than this limit, the voltage required to create the desired 

contact angle of EWθ  will cause the dielectric to break down. 

 

2.2 Contact angle hysteresis 

Experimental evidence indicates that electrowetting and thermocapillary processes exhibit 

dynamic hysteresis whenever the three-phase contact line is in motion [31,89,90,62]. This is 

due to the different contact angles at the advancing and receding menisci. Increasing the 
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applied voltage on a droplet reduces the solid-liquid interfacial surface tension, slσ , causing 

the droplet to spread; this situation gives rise to an advancing contact line. Conversely, when 

the voltage is decreased, the droplet will revert to its original (equilibrium) shape creating a 

receding contact line. Experimental observations indicate that, for a given electrowetting 

voltage, the advancing contact angle is always larger than the receding contact angle. The 

change in the contact angle away from the equilibrium (static) value can be defined as the 

electrowetting hysteresis angle, α . In the case of de-ionised water surrounded by silicone oil 

on an SiOC substrate, the hysteresis angle is typically between 1.5 and 2°. However, de-

ionised water surrounded by air on a Teflon substrate has a much larger electrowetting 

hysteresis angle of between 7 and 9° [90]. Contact angle hysteresis can therefore have an 

important effect on EWOD-based droplet manipulation [91]. 

 

2.2.1 Minimum actuation potential 

Contact angle hysteresis is responsible for the minimum or threshold potential that has 

frequently been observed when transporting droplets between different control electrodes 

[90]. It is informative to consider the motion of a droplet straddling two adjacent control 

electrodes, as shown schematically in Fig. 4. One of the control electrodes is assumed to be 

actuated whereas the other electrode is switched off. In the absence of contact angle 

hysteresis (i.e. 0α = ), the droplet would be able to move under the smallest of applied 

voltages. However, experimental evidence indicates that, in practice, the droplet will not 

begin to move until the electrical potential exceeds a certain threshold, . At the onset of 

droplet motion, the contact angle above the actuated electrode will be 

minV

EWθ α+  (i.e. an 

advancing contact line) whereas the contact angle above the non-actuated electrode will be 

eqθ α−  (a receding contact line). The potential at the threshold of droplet motion can then be 
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determined from the requirement that there must be a net positive electrowetting force 

towards the activated electrode, i.e.  

 

  ( ) ( )EW eq EW eqcos cosθ α θ α θ α θ α+ ≤ − ⇒ + ≥ − . (19) 

This expression can be combined with the Lippmann-Young formula (eqn. (4)) to determine 

the minimum actuation potential, V . It can readily be shown that min

 
2

min EW min eq

lv

tan sin ( ) sin
2

C
V Vα θ θ

σ
⎡ ⎤= +⎣ ⎦ . (20) 

Assuming V and min α  are small, then 
EW min eq( )Vθ θ→ and eqn. (20) can be simplified to 

 
lv eq

min

sin
2V

C

σ α θ
≈ , (21) 

where α  is expressed in radians. It can be seen that a large dielectric capacitance, C, a large 

equilibrium contact angle, 
eqθ  , (i.e. a very hydrophobic surface), a small hysteresis angle, 

 α , and a low surface tension, lvσ , are desirable in order to minimise the actuation potential 

of the droplets. 

 

 

 

 

Fig. 4 Schematic diagram of the advancing and receding contact angles at the onset of droplet motion. 

Due to contact angle hysteresis, the contact angle above the actuated electrode is EWθ α+  whilst the 

contact angle above the non-actuated electrode is eqθ α− . For the droplet to move, 

EW eqθ α θ+ < −α . 
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2.3 AC actuation 

The theoretical descriptions of electrowetting discussed so far are applicable to the static 

conditions that occur in DC actuation. In the case of a very slowly varying AC voltage, the 

contact angle will follow the instantaneous value predicted by the Lippmann-Young equation. 

However, if the frequency of the applied AC voltage exceeds the hydrodynamic response 

frequency of the droplet, then the liquid will have insufficient time to adjust to the voltage 

variations, and the response then depends on the time-averaged voltage on the control 

electrode. (In EWOD applications involving millimetre-sized droplets, this will typically 

occur when the AC frequency exceeds approximately 100 to 200 Hz). Thus, in the case of 

AC droplet actuation, the voltage in the Lippmann-Young equation has to be replaced by the 

RMS (root-mean-square) value. As discussed by Mugele and Baret [31], the use of the 

Lippmann-Young equation for AC conditions is appropriate as long as the basic assumptions 

used to derive the equation are still valid. One of the most important assumptions is that the 

liquid can be treated as a perfect conductor. This is valid at low and moderate frequencies but 

above a critical frequency, cω , the liquid will start to behave as a dielectric, and the 

Lippmann-Young equation will begin to break down. The value of cω for a 10
-4

 M aqueous 

solution of NaCl is of order 10
8
 s

-1
 but demineralised water, for example, has a much lower 

value of cω ≈ 4×10
3
 s

-1
 [31]. 

AC actuation is often preferred for transporting solvents such as acetone, chloroform, 

dimethylformamide, ethanol etc. since it has been found difficult or impossible to transport 

these liquids with DC voltages [64]. In addition, AC actuation has a number of other 

advantages including reduced dielectric hysteresis of the capacitance-voltage characteristics, 

and increased reliability by avoiding the build up of charges on the insulators. As a 

consequence, AC actuation has become the favoured method in most EWOD applications 
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[14]. Actuation using a square wave is also considered a useful transport option in EWOD 

systems [92].  

Section 2 has presented a brief overview of the theoretical considerations behind electro-

wetting-on-dielectric actuation. In the interests of brevity, the descriptions of the underlying 

theory and the mathematical derivations have been kept as concise as possible. However, it is 

hoped that the reader will have obtained an increased awareness of the many subtleties that 

underpin electrowetting theory. For a more detailed description of the fundamentals of 

electrowetting, the reader is referred to the comprehensive review article by Mugele and 

Baret [31], and the appropriate chapters in Berthier [62] and Berthier and Silberzan [63]. In 

addition, there is now a growing volume of literature on the modelling and simulation of 

droplet-based electrowetting, with important work reported by Shapiro et al. [93], Zeng and 

Korsmeyer [94], Zeng [95], Lienemann et al. [96], Walker and Shapiro [97], Berthier et al. 

[69,90], Lu et al. [98], Song et al. [99] and Clime et al. [100]. The main goal of the present 

chapter is to focus on the progress that has been made in the development of droplet-based 

electrowetting technologies for chemical and biological applications. The next section 

therefore discusses the various types of EWOD systems that are currently used in digital lab-

on-a-chip applications. 

 

3 Implementation of EWOD-based digital microfluidics 

EWOD-based microfluidic systems can be divided into two distinct categories depending 

on whether the system is open to the atmosphere or is covered. In open EWOD systems, the 

droplets are manipulated on a horizontal solid substrate which is exposed to the atmosphere, 

whereas in covered EWOD systems, the droplets are confined between two horizontal 

parallel plates, typically separated by a distance of between 50 to 200 µm. Each of these 
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approaches has advantages and disadvantages. For example, it has been found that 

dispensing, transporting and splitting of droplets are best performed in covered EWOD 

systems, whereas droplet mixing and evaporation (so as to increase the concentration of the 

sample) are best performed in open EWOD systems [62]. 

Figure 5 illustrates a typical cross-section through a covered EWOD microfluidic chip. 

The lower plate of the chip contains the individual addressable electrodes and is usually 

fabricated from silicon or glass. The electrodes are then covered with a thin dielectric layer 

(Parylene, SiO2 or Si3N4), typically about 1 µm in thickness, and finally the surface is coated 

with a highly hydrophobic layer (spin-coated Teflon or plasma deposited SiOC) to achieve an 

equilibrium contact angle larger than 90°. In closed EWOD systems, the upper confining 

plate usually contains a continuous electrode. Alternatively, the upper plate can be fabricated 

from conductive ITO (indium tin oxide) glass to provide the necessary electrical contact to 

the droplets. The upper plate is usually treated with the same hydrophobic coating as the 

lower plate, and the gap between the plates is generally filled with a silicone oil to prevent 

droplet evaporation and reduce surface contamination. In the case of open EWOD systems, 

the electrical contact to the droplets is achieved either through the use of a network of 

conducting wire electrodes (catenae) located a suitable distance above the surface of the chip 

[69,62], or via the use of a co-planar design in which the lower plate contains both the buried 

activation electrodes and the contact electrodes [101,14]. Co-planar designs have also been 

used successfully with closed EWOD systems; in this case, the upper conducting plate is 

simply replaced by a passive confining plate. 
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Fig. 5 A typical cross-section through a covered EWOD microfluidic chip. 

The basic concept of EWOD microfluidics is illustrated conceptually in Fig. 6. The chip is 

arranged with an array of equispaced control electrodes so that the droplets can be directed to 

various locations on the chip. In most applications, the electrodes are typically between 500 

µm and 1 mm square, although considerable effort is currently being directed towards further 

miniaturisation of the technology. Sequential activation of the control electrodes creates 

zones of increased wettability which can be used to dispense, transport, split and merge the 

droplets in order to perform chemical and biological assays. 

 

Fig. 6 Schematic representation of EWOD-based digital microfluidics showing each of the four main 

droplet handling operations: droplet dispensing, droplet transport, droplet merging and droplet 

splitting. 
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Many research groups have developed practical systems to implement EWOD-based 

droplet actuation. Some of the earliest demonstrations of EWOD microfluidic systems were 

presented by Pollack et al. [27,29], Lee et al. [61], Moon et al. [102], Cho et al. [74], Paik et 

al. [103,104], and Srinivasan et al. [105,106]. Within a very short period of time, 

electrowetting technologies have developed to the point where it is now possible to conduct 

on-chip multiplexed assays to determine the concentration of target analytes. An example of a 

fully automated and integrated EWOD-based multiplexed lab-on-a-chip assay is shown in 

Fig. 7 which shows a pipelined glucose assay developed by Srinivasan et al. [105]. In 

addition, Srinivasan et al. [107], Wheeler et al. [108] and Moon et al. [109] have 

demonstrated the use of EWOD-based systems for multiplexed proteomic sample preparation 

for high-throughput MALDI-MS (matrix assisted laser desorption/ionisation mass 

spectrometry). Figure 8 shows a conceptual representation of the sample pre-treatment 

developed by Moon et al. [109] which consists of seven individual stages. Initially, droplets 

of the sample are dispensed from the sample reservoir and transported to the deposition sites 

where they are dried under vacuum for between 1 to 2 minutes. A series of water droplets are 

then dispensed from the rinsing water reservoir and moved over the protein deposition sites in 

order to remove any impurities from the samples; the rinsing droplets being discarded in the 

waste reservoir. Finally, droplets of 2,5-dihydroxybenzoic acid (DHB) are dispensed from the 

matrix reservoir and transported to the deposition sites where they are again dried under 

vacuum for between 1 to 2 minutes. After the drying stage is complete, the MALDI mass 

spectra can then be collected. The complex droplet handing protocols in this example serve to 

illustrate the huge potential of EWOD-based digital microfluidic systems for many laboratory 

procedures. However, one of the issues in developing fully-integrated digital microfluidic 

devices that can be used for chemical and biological assays is related to devising suitable 
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protocols for the activation of the control electrodes. Some of the challenges of automating 

the droplet control operations in highly parallelised digital microfluidic chips have been 

addressed by Böhringer [110] and Griffith et al. [111]. 

Fig. 7 Example of a fully automated and integrated EWOD-based system for conducting multiplexed 

lab-on-a-chip glucose assays. Reproduced from Srinivasan et al. [105] by permission of the Royal 

Fig. 8 Schematic view

Society of Chemistry. 

 of an EWOD-based system for multiplexed sample preparation for MALDI-

MS. Reproduced from Moon et al. [109] by permission of the Royal Society of Chemistry. 
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One of the practical limitations of EWOD-based actuation is the requirement to fabricate a 

paved track of control electrodes beneath the surface of the microfluidic chip. In EWOD 

applications which require a large number of electrodes, it is sometimes difficult to address 

each of the electrodes individually; this is especially the case if the electrical control circuitry 

is arranged on a single plane within the substrate of the chip. An elegant solution to the 

problem is the use of multiplexing, where groups of electrodes are attached to the same 

electrical control line. Multiplexing is particularly efficient for high-throughput parallel 

applications where the same droplet manipulation sequence is simultaneously performed on a 

large number of droplets. However, in some EWOD applications, there may be specific 

requirements to address all the electrodes separately. In this case, the control circuits need to 

use multiple conducting layers as found in IC (integrated-circuit) technologies. Gascoyne et 

al. [112] demonstrated the feasibility of individually addressing a large number of electrodes 

with a 32×32 programmable element dielectrophoresis chip based on CMOS (complementary 

metal-oxide-semiconductor) technology. More recently, Li et al. [113] have reported the 

integration of EWOD actuation on a standard CMOS chip. In addition, Gong and Kim [114] 

have investigated the use of EWOD-based systems fabricated from low-cost multilayer PCB 

(printed circuit board) substrates. Four different PCB post-processing methods were 

investigated, resulting in PCB-EWOD devices with varying degrees of performance and 

fabrication cost. The droplet handling operations on the best performing PCB substrate were 

found to be comparable to those on polished glass or silicon, making the PCB-EWOD 

approach valid for low-cost/disposable applications. A number of highly innovative, low-cost 

microfabrication approaches have also been developed by Abdelgawad and Wheeler 

[115,116]. These enable EWOD systems to be manufactured without the use of specialist 
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photolithographic and vapour deposition equipment, thus increasing the accessibility of 

electrowetting-on-dielectric technologies. 

One of the most important parameters in electrowetting-on-dielectric devices is the voltage 

required to manipulate the droplets. Early EWOD applications typically required control 

voltages in the region of 80-100 V. However, by carefully selecting a dielectric material with 

a high relative permittivity, dε  (both barium strontium titanate or bismuth zinc niobate appear 

to be very promising materi s in this respect), and by carefully controlling the thickness of 

the dielectric layer, control voltages can be substantially reduced. This is enormously 

beneficial in EWOD applications due to the difficulties of implementing high-voltage CMOS 

technologies. The use of better dielectric materials has enabled EWOD-based droplet 

actuation to be reduced below 15 V in some applications [113]. 

Considerable effort is currently being directed towards imp

al

roving the properties of the 

hydrophobic layer in order to create as large an equilibrium contact angle as possible. One of 

the most promising techniques for creating superhydrophobic surfaces is to pattern the 

substrate with nanostructured pillars [117]. Verplanck et al. [118] have studied a variety of 

wettability switching technologies for superhydrophobic surfaces, and have concluded that 

electrowetting droplet actuation is still the most promising approach compared to other 

control techniques such as optical, mechanical or thermal switching. However, electrowetting 

on superhydrophobic surfaces is still in its infancy and there are a number of problems to be 

overcome associated with the non-reversibility of the EWOD effect [62]. Another promising 

area for EWOD-based digital microfluidics is the development of all-terrain droplet 

actuation (ATDA) [119] which removes the requirement to perform the droplet manipulation 

on a single horizontal plane. ATDA has been demonstrated for a wide range of non-planar 

geometries including inclined, vertical, twisted and upside-down surfaces and is a powerful 
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technique that will enable the development of three-dimensional EWOD microfluidic 

systems, by stacking multiple layers on top of each other. In addition, ATDA should allow 

EWOD-based devices to be readily integrated into other microfluidic technologies. For 

example, Abdelgawad et al. [120] have recently demonstrated a hybrid device that integrates 

digital microfluidics and microchannels on the same substrate. This is an important step 

towards fully-integrated lab-on-a-chip systems for automatic sample processing and 

separation. Furthermore, Fan et al. [121] have demonstrated that ATDA technologies can be 

used to manipulate droplets against gravity around a flexible 8-inch (203 mm) long curved 

pathway, opening up the possibility of EWOD-based ‘droplet-on-a-wristband’ technologies 

for point-of-care applications. 

 

4 Droplet manipulation using EWOD 

ploying EWOD actuation relies crucially on the 

acc

4.1 Dimensional considerations 

e of the gravitational force to the surface tension force 

wa

The success of any microfluidic assay em

uracy of the on-chip droplet handling operations which need to be precise, in terms of the 

volumes of the droplets produced, and repeatable over many operating cycles. It is therefore 

informative to consider each of the fundamental unit droplet operations in detail. However, 

before discussing the underlying theory and practical issues related to droplet manipulation, it 

is useful to assess the relative importance of the various forces that affect the droplets in 

EWOD devices. 

  

In Section 2, the relative importanc

s shown to be expressed by the Bond number, Bo. In most electrowetting applications, the 

Bond number is usually less than unity, implying that gravitational forces are small in 

comparison to the surface tension forces. However, when dealing with droplets in motion, it 
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is necessary to consider additional forces acting on the droplet, including the electrowetting, 

viscous and inertial forces. As previously discussed in Section 2, the strength of the 

electrowetting effect can be expressed by the dimensionless electrowetting number, 

2

lv/ (2 )C Vη σ= . In addition, the ratio between the viscous force and the inertial and surface 

in a droplet can be expressed by the non-dimensional Ohnesorge  

number, Oh [69]:  

 

tension forces 

lv

Oh ,
l

μ
ρ σ

=  (22) 

where μ  is the dynamic viscosity of the liquid and l is the characteristic dimension of the 

droplet. Above a critical Ohnesorge number, critOh 0.03≈  [62], viscosity is found to play an 

important role in droplet handling operations. a typical EWOD application using 

millimetre-sized droplets of water gives 
3 210  Ns/mμ −= , 

31000 kg/mρ = , 0.001 ml =  and 

lv 0.072 N/m

Considering 

σ = - yielding an Ohnesor h
 

ge number, O 34 10−≈ ×  which is an order of 

magnitude less t tes that the 

ider the ratio between the inertial and surface tension forces 

wh

 

han the critical value of 0.03. This indica effects of the viscosity of 

the liquid are generally quite small in most EWOD applications. However, it should be noted 

that in certain applications, involving highly viscous ionic liquids, the Ohnesorge number 

may exceed the critical value and the resulting droplet motion will then be significantly 

damped by the viscous forces. 

It is also necessary to cons

ich can be determined from the non-dimensional Weber number, We [69]:  

2

We ,
v lρ

=
lvσ

 (23) 

where v is the velocity of the droplet. Above a critical Weber number, crit  [62] the 

droplet will start to become distorted by the inertial forces and droplet break-up is a strong 

We 1.1≈
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possibility [122]. Again, it is useful to consider the Weber number for typical EWOD 

applications involving millimetre-sized droplets. Experimental evidence indicates that droplet 

transport is relatively fast with typical transit times of order 20 ms to move a droplet between 

two adjacent electrodes spaced 800 µm apart [69]. This gives a characteristic velocity of 

approximately 0.04 m/s and leads to a Weber number (for a 1 mm diameter droplet) of 

We 0.022=  which is well below the critical value. Inertial effects are therefore relatively 

unimportant in most EWOD systems. However, in certain applications, surfactants are added 

 in order to allow easier spreading and splitting of the droplets. The addition of a 

surfactant reduces the liquid-vapour interfacial surface tension [123] and therefore increases 

the Weber number, making droplet distortion more likely. 

The analysis of droplet motion often makes use of two further dimensionless numbers; the 

capillary number, Ca, and the Reynolds number, Re. The ca

to the liquid

bet

pillary number expresses the ratio 

ween the viscous and surface tension forces and is defined as 

 

lv

Ca
vμ

σ
= . (24) 

However, the capillary number can be written in terms of the Ohnesorge and Weber numbers: 

Ca Oh We=  and therefore the capillary number is not strictly an independent 

inertial and vis

dimensionless parameter. Similarly, the Reynolds number expresses the ratio between the 

cous forces and is defined as 

 Re
v lρ
μ

= . (25) 

The Reynolds number can be also written in terms of the Ohnesorge and Weber numbers 

using the relationship: Re We / Oh= . Consequently, EWOD-induced droplet handling is 

usually classified in terms of the Ohnesorge and Weber numbers.  
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4.2 Droplet transport 

Droplet motion in EWOD-systems is carried out by sequentially activating the buried 

control electrodes one-at-a-time in order to set up suitable surface tension gradients on the 

rface of the microfluidic chip. This causes the droplets to move incrementally between 

in accordance to changes in the electrowetting force. Since the 

W

wer plates of the chip. An estimate of the maximum 

(st

su

neighbouring electrodes 

eber number in most EWOD applications is relatively low, the inertial forces acting on the 

droplets are generally small. Thus, the droplets will respond quickly to any changes in the 

electrowetting force and will rapidly accelerate up to a steady velocity before finally 

decelerating again once the droplets reach the target electrode. However, as discussed in 

Section 2.2.1, droplet motion can only be induced once the applied voltage exceeds a certain 

threshold voltage, minV , due to contact angle hysteresis. In practice, the threshold voltage can 

be reduced by immersing the droplets in silicone oil although the magnitude of the reduction 

in the threshold voltage has been found to depend on both the viscosity of the silicone oil as 

well as the viscosity of the liquid in the droplets [64]. Alternatively, simply exposing the 

surface of the chip to silicone oil and then drying has also been found to be effective at 

reducing the threshold voltage [64]. 

The droplet transport velocity is found to depend on the magnitude of the applied 

electrowetting force, as well as many other factors including the viscosity of the liquid, the 

electrowetting hysteresis angle and, in the case of covered EWOD systems, the separation 

distance between the upper and lo

eady-state) velocity of the droplet can be obtained by considering a simple force balance 

between the electrowetting force causing the motion and the viscous damping force due to the 

shear stress along the surface of the chip. In the case of covered EWOD systems, Berthier 

[62] has shown that the droplet velocity can be approximated by 
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 ( )lv cos cos
6

h
v

r
a r

σ θ θ≈ − , (26) 

where h is the separation between the upper and lower plates, r is the radius of the droplet in 

π μ

the horizontal plane, and aθ  and rθ  are the contact angles at the advancing and receding 

contact lines, given by a EWθ θ α= +  and 
r eqθ θ α= − , respectively. If the actuation voltage is 

u

 

less than the saturation voltage, and assuming that contact angle hysteresis is small, then the 

Lippmann-Young equation can be s bstituted into eqn. (26) to obtain  

2

12
v C

rπ μ
≈ (27)

indicating that the droplet velocity varies with the square of the appl

h
V   

ied voltage. Repeating 

the analysis using the modified Lippmann-Young equation (15) which accounts for contact 

angle saturation, leads to:  

 ( )
2

s eq

lv s eq6 2 (cos cos )

h CV

r

σ
π μ σ θ θ

⎛ ⎞
⎜ ⎟−⎝ ⎠

where L is the Langevin fu

lv cos cosv Lθ θ≈ − ⎜ ⎟ , (28) 

nction. Similar expressions to eqns. (26) and (27) can be derived 

for open EWOD systems, giving [62]: 

 ( ) 2lv
a r

4 2
cos cos

5 5r r

H H
v CV

σ θ θ≈ − = , (29) 

droplet above the surface of the chip. The dynamics of 

EWOD-based droplet transport have been considered by a number of investigators including 

Ren et al. [124], Bahadur and Garimella [125], Chakraborty and Mittal [126], Baird et al. 

a 

icrofluidic chip using an incremental displacement from one electrode to the next. Ideally, 

π μ π μ

where H is the maximum height of the 

[127], Bavière et al. [128], Ahmadi et al. [129], Chatterjee et al. [130] and Song et al. [99]. 

 

4.2.1 Geometry of the electrodes 

Section 4.2 has shown how droplets can be transported across the substrate of 

m
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the control electrodes should be placed as close as possible to each other in order to minimise 

the

nsures that at least part of the droplet extends onto the neighbouring 

ele

 

 gap between the electrodes. Unfortunately, the method of fabrication often places a 

restriction on the proximity of the electrodes which usually have to be separated by a gap of 

between 10 and 30 µm, depending on the precision of manufacturing process. The separation 

gap effectively creates a permanent hydrophobic halo around each electrode which can cause 

difficulties when trying to move a droplet to an adjacent electrode. This is especially the case 

in covered EWOD systems where the droplets are usually similar in size to the control 

electrodes. If a droplet comes to rest entirely within the perimeter of a single electrode, it 

becomes impossible to transport it any further, and the droplet is left permanently stranded or 

‘pinned’ at the location. 

An ingenious solution to the problem of droplet pinning is to incorporate jagged or 

crenellated edges around each of the electrodes, as shown in Fig. 9. The use of crenellated or 

interdigitated electrodes e

ctrode, thereby avoiding the problem of droplets becoming stranded. Clearly, the use of 

crenellations introduces additional complexity into the fabrication process but experimental 

evidence has shown that it is a very effective design strategy for aiding droplet motion. 

However, for the technique to be effective, the geometry and dimensions of the indentations 

have to be carefully selected. Berthier and Peponnet [131] have developed a detailed 

mathematical criterion that can be used to assess the effectiveness of the indentations, using 

the assumption that the crenellated edge can be approximated by a sinusoidal boundary. The 

effectiveness of the indentations can be found from the value of the function, G: 

( ) [ ]1 2

/
, , ,

/ / 1 /

e
G e n

e n

λλ δ
δ θ θ π

=
+ −

where 

, (30) 

λ  is the size of the indentations, e is the width of the electrode, δ  is the separation 

gap between the electrodes, n is the total number of indentations along one side of an 
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electrode and 1θ  and 2θ  are the contact angles on the non-activa d and activated electro

(a) 

 

(b) 

Fig. 9 Examples of crenellated and jagged electrode design. Reproduced from (a) Moon and Kim 

[132] with permission from Elsevier and (b) Pollack et al. [29] with permission from the Royal 

Society o istry. 

4.3 Droplet splitting and merging 

 are important droplet handling operations that are found in almost 

all EWOD application  The basic principle of droplet splitting is illustrated in Fig. 10 and 

y Pollack et al. [29]. During the splitting process, the 

outermo  which reduces the contact angle. This creates two 

hydrophilic zones that stretch the droplet in the longitudinal direction. At the same time, the 

 a hydrophobic region which tends to exert a ‘pinching’ force 

on the droplet which causes the neck of the droplet to split. In practice, splitting is very 

te des, 

respectively. It should be noted, however, that not all EWOD applications make use of inter-

digitated electrodes; a simple alternative is to ensure that the droplets are sufficiently large so 

that they alway  exten onto the adjacent electrodes. 

 

 

s

m

non-actuated central electrode is

d 

ing

s.

st electrodes are activated

f Che

 

Splitting and merg

involves three electrodes as described b
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difficult to achieve in open EWOD systems since the droplet tends to ‘escape’ to one of the 

hydrophilic electrodes. However, droplet splitting is feasible in covered EWOD systems, 

provided the plate separation distance is sufficiently small. By considering the pressure 

difference inside the droplet due to the different surface curvatures above the hydrophilic and 

hydrophobic electrodes, it is possible to show that for a square electrode of dimension, e, an 

approximate criterion for the maximum plate separation is given by [69]: 

 
max cos

h

e
eqθ= − , (31) 

where it is assumed that the equilibrium contact angle, 
eqθ , is larger than 90° so that 

eqcosθ  is 

negative. Taking a typical EWOD system with a hydrophobic contact angle of 
eq 110θ = °  and 

1 mm square electrodes, implies that the vertical separation of the plates should not exceed 

  

340 µm. In practice, however, the plate separation is usually between 50 and 150 µm for 1 

mm square electrodes. 
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Fig. 10 Time-lapse sequence of images showing the successful splitting of a 900 nl droplet of 0.1 M 

KCl into two equal-sized daughter droplets in a covered EWOD system. Initially, only the left-hand 

electrode is energized (A). The middle electrode is then activated (B) and, after a short time delay, the 

voltage is switched from the middle to the right-hand electrode (C) resulting in division of the droplet 

(D). The electrodes are spaced at a pitch of 1.5 mm and the plate separation distance is 300 µm. The 

droplet is surrounded by 1 cSt silicone oil. Reproduced from Pollack et al. [29] by permission of the 

Royal Society of Chemistry. 

 

A criterion for droplet splitting has been developed by Cho et al. [74] using Laplace’s 

theorem [19,31] to estimate the pressure within the droplet. Assuming that the principal radii 

of curvature of the droplet above the hydrophobic and hydrophilic electrodes are R1 and R2, 

respectively, then it can be shown that droplet splitting will occur when 
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 ( )2 2
2 1

1

1 cos cos
R h

R R θ θ= − − , (32) 

where 1θ  and 2θ  are the contact angles on the non-activated (hydrophobic) and activated 

(hydrophilic) electrodes, respectively. The cutting operation is initiated by a pinching process 

in the middle of the droplet, yielding a concave contact line and a negative value of R1. This 

condition can be achieved either by having a large value of ( )2cos cos 1θ θ−  due to the 

electrowetting process, or by employing a small plate separation distance, h. It is interesting 

to note that the contact angle along the upper plate of the EWOD system does not affect the 

droplet splitting process. Neglecting contact angle hysteresis, then 
1 eqθ θ=  and 2 EWθ θ= . The 

droplet splitting criterion can be then found by substituting the Lippmann-Young expression 

(11) into eqn. (32) to yield: 

 

2

0 d2 2

1 l

1
2

VR R

R h d

ε ε

vσ
= − . (33) 

The radius of curvature above the hydrophilic electrode, R2, can be approximated from the 

size of the control electrode, e. At the point of droplet splitting 1R  is usually much larger 

than 2R  and hence the voltage required to split the droplet can be determined from  

eqn. (33). Recently, Song et al. [99] have presented a more detailed criterion for droplet 

splitting, based on the critical capillary number for droplet break-up, 
3

critCa 10−≈ . In 

practice, the voltage required to split a droplet can also be determined by CFD 

(computational fluid dynamics) simulations. As an example, Fig. 11 shows the results of a 

simulation using the commercial computational fluid dynamics software tool, CFD-ACE+ 

[133]. The simulations allow the determination of the minimum actuation voltage for droplet 

splitting. 
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(a) 50 V (b) 55 V 

(c) 60 V (d) 65 V 

 
Fig. 11 Simulation of droplet splitting in a covered EWOD system using the commercial 

computational fluid dynamics solver, CFD-ACE+ [133]. The images show the maximum elongation 

of the droplet as a function of applied voltage. Below a critical threshold voltage, the droplet fails to 

split. 

The merging of droplets in EWOD systems is an important handling operation since it 

enables the dilution of samples/reagents. For example, merging a sample droplet of 

concentration, C, with a buffer droplet of equal volume results in a droplet of twice the 

volume but with a concentration of C/2. Splitting this droplet then yields two droplets of 

concentration, C/2. By repeating this process of merging and then splitting the diluted 

droplets yields an exponential dilution of 2
N
 after N steps. Fortunately, the merging of 

droplets is relatively straightforward in EWOD systems and simply involves displacing the 

two droplets using electrowetting onto a common electrode. For applications involving 

aqueous liquids, the droplets generally coalesce very quickly due to the relatively high 
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surface tension of water. However, the speed of coalescence is found to be reduced at higher 

Ohnesorge numbers. 

One of the most challenging aspects when merging droplets is to ensure that the combined 

droplet is adequately mixed afterwards. This is especially important if the merging operation 

is part of a dilution assay. Droplet mixing is best performed in open EWOD systems since the 

presence of the confining plate in covered EWOD devices tends to suppress the natural 

droplet oscillations during the coalescence stage, thereby slowing the mixing processes [134]. 

The relatively poor mixing behaviour in covered EWOD systems is demonstrated in Fig. 12 

which shows an experimental visualisation of the mixing following two identical droplet 

merging operations using an open and a covered EWOD system. Paik et al. [103,104] have 

investigated a number of strategies to overcome the lack of mixing in covered EWOD 

systems. One possible remedy is to ‘shuttle’ the merged droplet backwards and forwards 

several times along a row of electrodes; the repeated changes in direction tend to increase the 

level of mixing inside the droplet. Alternatively, successive merging and splitting of the same 

droplet is also found to aid the mixing process. Another mixing strategy that is sometimes 

favoured is to transport the droplet in a looped motion, around a 2×2 or 2×4 array of 

electrodes, to promote a simultaneous stretching and folding motion in the liquid [104]. 

The success of any dilution study using repeated merging and splitting depends crucially 

on the reproducibility of the droplet volumes. The conventional ‘three electrode splitting 

procedure’, as described by Cho et al. [74], can lead to relatively large errors in the volumes 

of the individual droplets [14]. This in turn leads to significant errors in the accuracy of the 

dilution assay. To enhance the uniformity of the droplet splitting procedure, Ren [135] 

developed a novel electrode design which automatically aligns the droplet at the centre of the 

electrode. The design replaces the single central electrode by three specially-shaped 
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electrodes [14] that help guide the droplet into the correct symmetrical position. After droplet 

alignment, conventional side electrodes are then activated to complete the splitting process. 

 

Time: 0 s 
 

Time: 0 s 

 
Time: 3.7 s 

 
Time 3.8 s 

(a) (b) 

Fig. 12 Comparison of the mixing behaviour of two identically-sized droplets in an open EWOD 

system (a) and a covered EWOD system (b). Reproduced from Cooney et al. [134] with kind 

permission of Springer Science and Business Media.  
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4.4 Droplet dispensing 

Droplet dispensing or droplet creation is the process of dividing a larger volume of liquid 

into smaller droplets that are suitable for manipulation within the EWOD system. As pointed 

out by Fair [14], droplet dispensing is one of the most crucial procedures in EWOD 

applications because it represents the interface from the macroscopic outside world to the 

microfluidic world within the chip. A typical droplet dispensing procedure is illustrated in 

Fig. 13 and is usually composed of three individual steps. Initially, the liquid is extruded from 

the reservoir by activating a number of electrodes to create a hydrophilic region that draws 

fluid out of the reservoir (see Fig. 13(a) and (b)). The extrusion of liquid is assisted by 

switching off the electrode(s) under the reservoir, creating a hydrophobic region that tends to 

push fluid out of the reservoir. Once the extruded ‘finger’ of liquid has reached the electrode 

where the droplet is to be created, the voltage is deactivated on the ‘cutting’ electrode, 

causing a pinching effect as illustrated in Fig. 13(c). In some applications, this pinching step 

is sufficient to create the droplet. However, a ‘back-pumping’ stage [69,62] is sometimes 

used to assist the droplet formation process; this consists of reactivating the control 

electrode(s) under the reservoir to create either a hydrophilic ( EW 90θ < ° ) or a neutral  

( EW90 95θ° < < ° ) contact angle. This reduces the pressure within the liquid which enhances 

the pinching effect, causing the droplet to detach from the main body of liquid. A detailed 

mathematical analysis of the criterion required for droplet detachment has been presented by 

Fair [14] and Song et al. [99]. Alternatively, the voltage required to draw liquid out of the 

reservoir and the voltage required for the back-pumping stage can be determined from 

computational fluid dynamics simulations. As an example, Fig. 14 shows the results of a 

numerical simulation using CFD-ACE+ [133] for determining the contact angle (and hence 

the required voltage) in the reservoir during the back-pumping stage. Experimental evidence 
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and numerical simulations show that the magnitude of the surface tension, lvσ , has very little 

effect on the droplet dispensing process [69,62]. Instead, the main factor affecting the 

successful creation of droplets is the aspect ratio of the electrode size to plate separation 

distance, . Droplet dispensing becomes easier as the value of  increases and it has 

been found that droplets can be created using a single cutting electrode when the ratio is 

larger than about six [14]. In some applications, the dispensing process can be assisted by 

incorporating a plastic wall to separate the reservoir from the main part of the fluidic chip 

[69,62], as shown in Fig. 13. 

/e h /e h

 

  

 

 

Fig. 13 Visualisation of droplet dispensing from a reservoir. Reproduced from Berthier et al. [69] 

with kind permission from Elsevier. 
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Fig. 14 Simulation of droplet dispensing from a reservoir using the commercial computational fluid 

dynamics solver, CFD-ACE+ [133]. The image shows the ‘back-pumping’ stage when the control 

electrode under the reservoir has been reactivated to reduce the pressure in the droplet in order to aid 

the cutting process.  

EWOD microfluidic chips generally have a minimum of three reservoirs; one containing 

the sample, one for the reagent and the third for collecting the waste droplets once they have 

been analysed. In some applications, additional reservoirs are needed to store a range of 

calibration solutions. An example of the layout of reservoirs on a typical EWOD system is 

shown in Fig. 15. One of the critical parameters affecting the overall reliability of EWOD 

systems is the shape of the electrode under the reservoir. This is important because the 

volume of liquid in the reservoir progressively decreases each time a droplet is dispensed. It 

is essential to ensure that the droplet in the reservoir is always in contact with the first 

working electrode along the dispensing track, otherwise the droplet creation mechanism will 

fail. One of the most popular designs for the reservoir electrode involves a tapered shape, as 

shown in Fig. 15. The tapered geometry is able to guide the droplet automatically into the 
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correct position at the start of the dispensing track. In other applications, star-shaped 

electrodes have been found to be particularly effective at centralising the reservoir droplet at 

a predetermined location on the chip [69]. 

Section 4 has reviewed the fundamental EWOD droplet handling operations that are used 

in digital microfluidic systems. The final section of this chapter discusses how these 

individual operations can be integrated together to enable complex biological and chemical 

assays to be performed. 

 

 

Fig. 15 An example of an EWOD multiplexed assay chip developed by Srinivasan [65] which 

contains one sample reservoir, one waste reservoir and three reagent reservoirs. Reproduced from Fair 

[14] with kind permission of Springer Science and Business Media. 
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5 Chemical and biological applications of EWOD 

One of the most common application areas for digital EWOD-based microfluidics is 

determining the concentration of target analytes in multiplexed assays, where multiple 

analytes are detected in a single sample. The fluidic steps usually involve the following 

operations: (1) loading of the sample and reagents into the reservoirs, (2) dispensing droplets 

of the sample and reagent, (3) transport of the droplets to other parts of the chip, (4) mixing 

the sample and reagent droplets together, and (5) detection of the reaction products, either in-

situ or remotely. In some applications, sample dilution, sample purification and particle 

separation may also be required. In most EWOD systems, the droplets containing the sample 

and the reagents, by necessity, have to be transported along the same fluidic tracks and 

consequently, there is potential for cross-contamination of the droplets. Experience has 

shown that non-biological electrolytes can be transported relatively easily, in both air and 

silicone oil, without cross-contamination being a major issue. However, the transport of 

droplets containing proteins, enzymes, or human physiological fluids is more problematic due 

to the fact that biomolecules can sometimes bind nonspecifically to the hydrophobic layer, 

thus contaminating the surface of the chip. To avoid bio-fouling, silicone oil is normally used 

to isolate the droplet from the surface of the chip. In addition, proteins such as bovine serum 

albumin or casein are sometimes added to biological samples to reduce the level of 

nonspecific binding [62] while biocompatible surfactants such as Pluronic F127 can also be 

used to the limit the extent of protein adsorption [71]. Furthermore, experience suggests that 

the voltages required to perform the fundamental EWOD droplet handling operations are 

generally higher when the droplets contain biological macromolecules, proteins, cells or 

whole blood [62]. Despite these difficulties, a wide range of EWOD-based technologies have 
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been developed. This section attempts to highlight some of the possible application areas in 

chemistry and biology. 

 

5.1 EWOD-based glucose assay 

One of the first successful EWOD-based lab-on-a-chip devices for performing multiplexed 

assays was developed by Srinivasan et al. [105,106] for determining the concentration of 

glucose in human physiological fluids. The device has already been illustrated in Fig. 7 of 

Section 3, and is based on a colorimetric enzyme-kinetic method based on Trinder’s reaction 

[136]. The microfluidic device consists of fluid injection ports, reservoirs for the sample and 

reagents, fluidic tracks for droplet transport, an area for droplet mixing, and optical detection 

sites which use light-emitting-diodes (LEDs) and photodiodes to measure the absorbance of 

the sample. The glucose assay is performed as follows: droplets of the sample and reagent are 

dispensed from the appropriate reservoirs and then merged and mixed by shuttling the 

combined droplet across three electrodes for 15 seconds at a frequency of 8 Hz. After mixing, 

the droplet is then transported to the detection site where a photodiode measures the 

absorbance of the droplet at a wavelength of 545 nm for 30 seconds. The device is thus able 

to measure the concentration of glucose in less than 60 seconds and repeated measurements 

on the same sample concentration reveals changes in the measured concentration of less than 

2%, indicating minimal variation in the volumes of the droplets. Cross-contamination was 

avoided by filling the chip with silicone oil which effectively isolates the droplets from the 

Teflon AF hydrophobic layer.  
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5.2 EWOD-based TNT assay 

Pamula et al. [137] have demonstrated the use of EWOD-based microfluidics for detecting 

nitroaromatic compounds such as commercial-grade 2,4,6-trinitrotoluene (TNT) or 2,4-

dinitrotoluene (DNT). The most widely-accepted solvents for performing TNT analyses 

include acetone, acetonitrile or methanol. Unfortunately, none of these solvents are 

compatible with oil-based EWOD systems since they are miscible with silicone oil. To 

overcome this difficulty, Pamula et al. used dimethyl sulfoxide (DMSO) as the solvent since 

this dissolves nitroaromatic compounds whilst being immiscible with silicone oil. The basis 

of the assay involves reacting TNT or DNT with potassium hydroxide (KOH) to form 

coloured Jackson-Meisenheimer complexes [138] which can easily be detected on the chip 

using optical measurements in the UV and visible parts of the spectrum. Since the coloured 

complexes formed by reacting TNT and DNT with KOH are mutually independent, the assay 

is able to measure the concentration of TNT in the presence of DNT. The microfluidic chip 

developed by Pamula et al. was found to be capable of detecting TNT concentrations down to 

approximately 2.6 µg/ml. 

 

5.3 EWOD-based PCR systems 

The feasibility of EWOD-based polymerase chain reaction (PCR) devices was first 

demonstrated by Pollack et al. [139] for single-nucleotide polymorphisms (SNPs) and by 

Chang et al. [140] for a detection gene for the Dengue II virus. PCR involves the exponential 

amplification of fragments of DNA using a thermal cycling procedure which theoretically 

doubles the DNA concentration each cycle. At present, PCR is normally performed in large 

thermocycler systems that heat and cool 96-, 384-, or 1536-well assay plates between three 

predetermined temperatures that are associated with the denaturation, annealing and 
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extension phases of the DNA amplification process. One of the key advantages of being able 

to perform PCR in digital microfluidic systems is the ability to reduce the volume (and 

thereby cost) of the reagents and also to reduce the time taken to perform the thermal-cycling 

due to the smaller thermal mass. 

Pollack et al. [139] showed that the electrowetting actuation mechanism does not affect 

the PCR amplification process, thus demonstrating that EWOD can be used in PCR 

applications. In addition, they found that the higher ambient temperatures associated with 

PCR amplification tended to reduce the threshold voltage for droplet movement, enabling 

faster droplet transport. To date, most PCR-EWOD systems apply the thermal cycling to the 

entire chip, allowing heating and cooling rates of between 1 to 2 °C/s. However, alternative 

designs of EWOD chip are currently being investigated where the thermal regulation is 

performed on the chip itself to provide faster cycling times [62,140]. One option is to use 

stationary droplets above a zone which is repeatedly heated and cooled while the other 

possibility is to transport the droplets between regions having different temperatures. A 

particularly promising technology for temperature regulation on EWOD-chips is the use of 

mini-Peltier devices to cool (or heat) specific regions of the chip. However, there are a 

number of difficulties associated with PCR-EWOD systems. Firstly, the relatively high-

temperature of the denaturation stage (95°C) can lead to the formation of bubbles which 

disrupt the droplet transport mechanism and can also damage the dielectric layer. Rigorous 

de-gassing protocols are therefore essential in order to avoid problems with bubble formation. 

Evaporation is also a major issue at high temperatures and therefore it is essential that the 

droplets are surrounded by silicone oil. However, the main concern regarding EWOD-based 

PCR systems is the possibility of cross-contamination of DNA from one individual droplet to 

the next. Although cross-contamination can occur via the silicone oil, it is more likely to be 
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caused by adsorption/desorption of the DNA on the hydrophobic layer of the chip. Pollack et 

al. [139] conducted experiments to ascertain the level of cross-contamination in a PCR-

EWOD system, by repeatedly transporting DNA-containing and DNA-free droplets across a 

common electrode. After transporting the droplets for 45 minutes (and 75 thermal cycles), 

during which there were 15,000 separate opportunities for cross-contamination, little 

evidence was found for the transfer of DNA into the DNA-free droplets. Nevertheless, there 

are still some concerns regarding the problem of adsorption of DNA on to the surface of the 

chip, especially if the EWOD-chip is to be reused several times for different PCR assays. 

 

5.4 EWOD-based DNA sequencing 

Recent advances in digital microfluidics have opened up the possibility of performing 

DNA sequencing by synthesis. Figure 16 shows a prototype EWOD-based digital 

microfluidic device for DNA pyrosequencing that has been developed by Advanced Liquid 

Logic (Fair [14]). ‘Sequencing-by-synthesis’ involves taking the DNA strand of interest and 

synthesising its complementary strand enzymatically, one base pair at a time. The 

pyrosequencing method is based on detecting the activity of DNA polymerase (a DNA 

synthesising enzyme) using a chemiluminescent enzyme (luciferase). The assay is carried out 

by sequentially adding solutions of the four nucleotide bases - adenine (A), thymine (T), 

cytosine (C), and guanine (G) to the DNA sample of interest and detecting (by 

chemiluminescence) which of the nucleotides is added at each stage; this then allows the 

sequence of the unknown strand of DNA to be determined. 
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Fig. 16 Prototype DNA pyrosequencing chip developed by Advanced Liquid Logic. The chip contains 

reservoirs for dispensing solutions of A, T, C and G nucleotides and also a reservoir for the 

chemiluminescent enzyme (luciferase). The DNA is immobilised at location ‘S’. Reproduced from 

Fair [14] with kind permission of Springer Science and Business Media. 

 

 The operating sequence for the EWOD-based pyrosequencing chip involves dispensing a 

droplet containing one of the nucleotides (A, T, C or G) and transporting it to the site labelled 

‘S’ containing the immobilised single-stranded DNA. The droplet is allowed to incubate at 

the site to allow time for polymerisation to take place, and is then transported away from the 

site and allowed to react with a droplet containing the chemiluminescent enzyme. After 

mixing, the combined droplet is transported to an optical sensor that detects 

chemiluminescent activity in the droplet. The system has no limitations on the number of 

bases than can be read since the synthesis and optical detection are physically separated on 

different parts of the chip. However, one of the practical difficulties appears to be the on-chip 

immobilisation of the DNA strand since the movement of the droplets over the site can cause 

the DNA molecules to be dislodged after many droplet operations. Nevertheless, the 
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prototype EWOD-based pyrosequencing chip developed by Advanced Liquid Logic 

graphically demonstrates the power of digital microfluidic systems. 

 

6 Future trends and concluding remarks 

Droplet-handling technologies based on electrowetting have the potential to revolutionise 

many areas of analytical science by providing new functionalities and paradigms that are not 

possible in conventional laboratory procedures. The recent developments in EWOD-based 

microfluidics have demonstrated that complex biological and chemical assays, including 

DNA and protein analyses, can be performed in digital microfluidic systems. EWOD-based 

microfluidic technologies are still very much in their infancy. However, the growing 

literature on electrowetting-on-dielectric droplet manipulation suggests that the technique 

will become an important technology in the development of the next generation of 

microfluidic devices. 

Initial results have demonstrated that the use of digital microfluidics provides all the usual 

benefits associated with miniaturisation including smaller sample requirements, reduced 

reagent consumption, decreased analysis time, lower power consumption, lower costs per 

assay, and higher levels of throughput and automation. However, the introduction of fully-

controllable ‘digital’ microfluidic systems where the samples and reagents are manipulated 

using a standard set of droplet handling operations takes the technology beyond that which 

can be achieved using continuous flow microfluidics. The elegance of digital (droplet-based) 

microfluidics originates in the fact that the reactions or assays can be performed sequentially 

rather than as a continuous reaction, enabling complex chemical and biological protocols to 

be performed on a relatively simple microfluidic chip. 

Undoubtedly, one of the factors that would make the use of electrowetting more attractive 

is further miniaturisation of the technology. The reduction in the volume of the droplets by 

50 



scaling the control electrodes from the current dimensions (typically hundreds of microns) 

down to tens of microns, and the associated increase in the electrowetting switching speed 

will bring enormous benefits to EWOD-based applications. For example, miniaturisation of 

the technology would enable massively parallel DNA sequencing to be to be carried out, 

which would make sequencing a 1 million base-pair long genome feasible on a single 

microfluidic chip. Without doubt, further miniaturisation will be enormously challenging, not 

only due to the limitations and difficulties in device fabrication, but also due to fundamental 

issues associated with the fluid mechanics of micron-sized droplets. However, overcoming 

these challenges will enable EWOD-based digital microfluidic systems to play a major role in 

the next generation of microdroplet technologies. 
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