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Materials and Manufacturing Methods for EWOD Devices:
Current Status and Sustainability Challenges

Oriol Caro-Pérez,* Jasmina Casals-Terré, and Maria Blanca Roncero

Electrowetting-on-dielectric (EWOD) devices have proven to be effective tools
for precise microfluidic manipulation or in liquid lenses that surpass
conventional solid lenses in versatility. However, the fabrication of these
devices presents many challenges, such as their scalability or the growing
concern on their environmental impact due to materials used in their
fabrication. This review provides a comprehensive analysis of the materials
currently used in the fabrication of EWOD devices and the characteristics they
must meet. In addition, a discussion of future challenges in the fabrication of
EWOD devices is presented, in particular the environmental problems
presented by some of the materials currently in use.

1. Introduction

The handling of small-volume for nanometer-scale liquids is one
of the biggest challenges in the analytical industry today. Mi-
crofluidics is the science and technology that offers an optimal
solution to these challenges. Among the solutions offered by mi-
crofluidics, digital microfluidics (DMF) has gained great interest
in recent years (Figure 1). DMF is a single drop handling-based
technology that uses electrowetting-on-dielectric (EWOD) effect
to manipulate fluids without the need for complex microfluidic
channels. The EWOD effect explains the decrease in the contact
angle (CA) of an ionic liquid that is subjected to an electrical volt-
age. Its simplicity lies in its pump-less or valve-less operation. Its
strengths include the ability to manipulate fluid just without the
need of external pressure sources and its wide range of lab-on-
chip applications.
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The origin of the EWOD use goes back
to Lippmann in 1875, with the first stud-
ies on electrocapillarity using mercury and
other conductive liquids.[1] Later, when elec-
trowetting (EW) investigations focused on
the behavior of ionic liquids on metal di-
rectly, A. Frumkin described, the changes
in the CA of the ionic liquids subjected to
a voltage on a metal surface.[2] However,
the studies were more focused on the elec-
trochemistry than on the EW effect. It was
not until 1981 that Beni[3] named the phe-
nomenon electrowetting as the basis for a
display device that could change from being
transparent to white (diffusely reflecting) as
a result of a change in the behavior of a

liquid inside a capillar when an electric voltage was applied. But
the EWOD implementation for liquid handling was not possible
until the incorporation of dielectric layers in 1993 with the studies
of Berge,[4] renamed as electrowetting-on-dielectric.

Initially, the use of this phenomenon was focused on the field
of liquid optics,[5] DMF, and lab-on-chip[6,7] applications. How-
ever, novel functionalities such as self-cleaning surfaces[8,9] or
surface functionalization[10] have recently been proposed. On lab-
on-chip applications, EWOD devices have the advantage over
the other microfluidics devices to allow handling of small vol-
umes individually. This technique dilutes without dead-volume
losses compared to other techniques that have important dead-
volumes such as paper-based microfluidic or conventional capil-
lary driven-microfluidics. This advantage is critical, as the num-
ber of analytes to be analyzed has increased in clinical practice,
but the sample size remains the same. It is also compatible with
automation trends in clinical analytical practice. In optical appli-
cations, EWOD devices are able to change the lens focal length
without adding other lenses or complex mechanical parts.

EWOD devices present three main functional layers: the con-
ductive layer, the dielectric layer, which insulates the electric cur-
rent of the ionic liquid, and the hydrophobic layer, which reduces
the surface energy to a minimum.

The conductive layer can be made out of a wide range of ma-
terials. Even though, most of the studies focus on the electrode
gap reduction[7,11,12] and the electrode geometry,[13–15] more than
in the material itself. The studies on electrode geometry aim
to facilitate the speed of droplet manipulation[16,17] or the easi-
ness of the droplet transfer directions,[12] to enable the droplet
splitting/joining or to perform dilutions or concentrations of a
solution.[18,19]

On the other hand, the study of the dielectric layer pursues
the understanding of the effects of its thickness, the dielectric
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Figure 1. Exponential rise in the number of EWOD studies. Results from Google Academics for “digital microfluidics.”

constant and the breakdown field[20,21] on the EWOD phenom-
ena. The objective is to achieve a lower actuation voltage,[22] a
lower CA, an understanding of the saturation phenomenon,[23–26]

and/or the search for different materials, which can provide more
flexibility on the kind of fabrication processes used.

Another fact to consider is that these devices must have a very
high CA in order to reduce surface adhesion, therefore materi-
als with low surface energy are required.[22] Currently, most de-
signs use fluoride materials, which produce a high environmen-
tal impact at the end of their life cycle. Novel strategies are in-
corporated to improve CA without the use of harmful materi-
als such as biomimetic surface structuring following the lotus
effect.[23]

The following review will provide an overview of the require-
ments of an EWOD device, starting from a number of studies
which explain in a simple way the theorical background of the
EWOD effect. This overview is necessary to address the issues
that are arising when transferring this technology to the everyday
use. An overall picture of current trends is presented by analyz-
ing the manufacturing methods and the driving voltages required
of devices in state-of-art papers. This includes an analysis of the
novel materials and manufacturing processes that have appeared
and can help to meet the growing trends and needs in our soci-
ety, such as lowering the social environmental impact. The use of
biodegradable materials or the ability for on-site manufacturing
should be important features to be considered when design new
EWOD devices.

2. EWOD Theory

The behavior of a droplet on a surface was first described by
Thomas Young[27] Thomas reported that a droplet resting on a
solid surface forms, a characteristic CA on this surface (𝜃0). The
cosines of this CA can be calculated from the relationship be-

tween the free energy of the liquid-fluid (ϒlf), solid-liquid (ϒsl),
solid-liquid (ϒsl), and solid-fluid (ϒsf) interfaces as

cos 𝜃0Υlf = Υsf − Υsl (1)

Thus, we understand a hydrophilic surface as one that has a ϒsl
smaller than ϒsf, with a positive cosine, which means a CA of less
than 90°. When, ϒsl is greater than ϒsf, the cosine will be negative,
therefore, the CA is greater than 90°. This relationship is always
applicable to a perfectly smooth[28] and chemically homogenous
surface.[29]

A liquid’s behavior on a solid surface can be explained by the
spreading parameter (S)

S = ΥSF −
(
ΥLF + ΥSL

)
(2)

if S is positive, then the wetting is complete. Otherwise, if S is
negative, the wetting is partial, and the droplet remains on the
surface.

When a drop hits a solid surface, the liquid expands across the
surface up to a maximum diameter. At this point, two forces are
present that counteract each other until an equilibrium. The ratio
of these two forces is called the capillary number. The capillary
number is a dimensionless value representing the ratio between
the viscous force of a liquid and the surface tension force:[30]

Ca = 𝜎R
ΥLF

=
𝜂ΥLF

ΥLF∕R
(3)

where R is the radius of the drop, ϒLF is the liquid-fluid interfa-
cial tension, and 𝜂 is the viscosity of the liquid. Upon impact, the
kinetic energy of the droplet is transformed into surface energy,
spreading the liquid on the surface. The surface tension (ΥLF/R)
retracts the liquid to form the droplet again, while the viscous
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force of the liquid (𝜎 = 𝜂ΥLF) dissipates it. When Ca > 1, the sur-
face forces prevail the viscous forces. When Ca< 1, surface forces
are predominant over viscous forces.

However, real surfaces present irregularities that can be either
due to the chemistry of the surface or the roughness of the sur-
face. For instance, chemical modifications change the surface en-
ergy of the surface.[31] These surface irregularities cause differ-
ences between the observed and the predicted CA as well as an
increase in the hysteresis, which causes a different forward and
backward CA.

The surface roughness size has a great influence on the CA of
a liquid on a surface. In a large roughness surface, the forward
and backward angles of a droplet’s hysteresis are well captured by
Equation (1).[32] However, this is not true, in small roughness sur-
faces (<1 μm). In this case, the droplet rests at its minimal free en-
ergy, with a CA different from the one predicted by Young (Equa-
tion (1)). Wenzel introduced the roughness factor in its equation
and according to him,[33] the CA could be explained as

cos 𝜃w = r
Υsf − Υsl

Υlf
= r cos 𝜃0 (4)

where r is the roughness factor and 𝜃w is the Wenzel CA. This r
is the ratio between the actual contact area and the area projected
by the droplet.

Therefore, for a perfectly smooth surface, r = 1, while on a
rough surface, r > 1. Under this situation, a surface that is hy-
drophilic becomes more hydrophilic. While, a surface that is hy-
drophobic becomes more hydrophobic.

In a simplified model, where the roughness is made up of reg-
ular columns,[34,35] r can be calculated with following formula[35]

r = G + W + 2H
G + W

(5)

where G is the pore size, H is the pore depth, and W is the pore
spacing (Figure 2).

To explain the CA in the case of a rough surface where air is
trapped between the liquid and the surface, in 1944, Cassie and
Baxter[36,37] studies assumed that the rough surface was com-
posed of air pockets and the solid. The Cassie Baxter CA was
calculated as the sum of the cosines of the CA generated by the
liquid on the two material, weighted by the amount of available
surface. If one of the surfaces is just air, the cosine of the CA on
this surface is −1, leading to the following equation

cos𝜃CB = r
(
cos𝜃0 + 1

)
− 1 (6)

where 𝜃CB is the apparent CA in Cassie-Baxter state and r is a
roughness factor. If r decreases, the less CA there is between the
droplet and the surface due to the trapped air.

The Cassie-Baxter and Wenzel effects can be observed on dif-
ferent areas of the same surface, depending on how the droplet is
formed.[38] When a drop falls on a rough surface, either of these
two states can occur, as long as, the energy of the surface rough-
ness is less than the capillary force[[39]]. To go from a Cassie-Baxter
to Wenzel state, there is an energy barrier, the Wenzel effect being
understood as a state of minimum energy.[40]

In the electrowetting effect, an ionic liquid is subjected to an
electric potential. A layer of ions with a charge opposite to the

Figure 2. The different variables present on a rough surface that modify
the contact angle presented by a drop. Reproduced with permission under
the terms of the CC-BY license.[35] Copyright 2016, the Authors. Published
by Springer Nature.

electric potential accumulates at the solid-liquid interface. This
layer is referred as the electric double layer.[41–43] The resulting
electrostatic force pulls this layer towards the outside part of the
droplet, causing a decrease in the CA at the three-phase interface
or triline.[41] A dielectric layer prevents the contact of the liquid
volume with the two electrodes, avoiding a short circuit and the
electrolysis of the liquid.[44]

The behavior of an EWOD device is described by a capacita-
tor with a distributed electrostatic potential when the system is
charged.[45] This charge distribution changes the initial CA be-
tween the liquid and the surface defined by the Lippmann-Young
equation (Equation (1)).[46] Therefore, the resulting Lippmann-
Young equation that relates the change of the CA to the applied
voltage field and the material properties is

cos𝜃v − cos𝜃0 =
C
2𝛾

V2 (7)

where 𝜃v and 𝜃0 are the CA under the electric field and without
the applied electric field, respectively. The capacitance is repre-
sented by C, ϒ is the surface tension of the liquid, and V is the
voltage due to the applied electric field.

Capacitance is the difference between the magnitude of the
charge on one of the conductors and the potential difference be-
tween them

C = 𝜀0 𝜀d𝜀h
A

𝜀dtd+𝜀hth

(8)

where 𝜖 is the dielectric constant and t is the thickness of the
layer, differentiated by the subscripts 0, d, and h corresponding
to the free space, the dielectric layer, and the hydrophobic layer,
respectively. The area projected by the electrode is A.

The potential energy accumulated on the droplet can cause
the shift between the Cassie-Baxter energy state and the Wenzel
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Figure 3. The effective contact line length (red dashed line) increases with droplet displacement.

energy state. Once this energy barrier is overcome, the new irre-
versible state of minimum energy is the Wenzel energy state.[47]

Even though the formula forecasts a voltage for the complete
wetting (𝜃v = 0), experimentally, it is not possible to reach this
value, since there will not be further change in the CA. This
phenomenon is known as CA saturation,[19] which is still under
study.[48,49]

In certain configurations, the movement of an EWOD-driven
droplet can be achieved by the unbalance of the electrostatic
forces, the surface tension forces and/or the hydrostatic pres-
sures in the front part and rear part of the droplet.[50] The electro-
static force causes a decrease of the CA on the side of the droplet
that is in contact with the connected electrode.[51] Since the size
of the electrode is larger than the fraction of the droplet laying on
it, this electrostatic force pulls the droplet towards the part of the
electrode that is not covered by the liquid.

The motion is achieved due to the unbalance of forces between
an active and a nonactive electrode. The capillary force applied at
the triple line (fw), which is the interface between the droplet, the
surface and the substance surrounding the droplet, is defined as

fw = 𝛾lf

(
cos𝜃v − cos𝜃0

)
(9)

where fw is the capillary force, ϒlf is the free energy liquid-fluid, 𝜃v
and 𝜃0 are the CA under the electric field and without the applied
electric field, respectively.

Performing the integral, we can obtain the vector force (Fx) in
the direction of motion, which is expressed as

Fx = L𝛾lv

(
cos𝜃v − cos𝜃0

)
(10)

Substituting Equation (7) into Equation (4), the force required
to generate the EWOD effect is obtained. This force can also be ex-
pressed in terms of the voltage and the material properties, when
the two electrodes are considered a parallel plate capacitor

Fx = 1
2

𝜀f 𝜀rL

d
V2 (11)

where L is the effective length of the contact line (red dashed line
in Figure 3). The length of the contact line (L) is determined by
the formation of the boundary structure of the adjacent electrode
(Figure 3), d is the distance between electrodes, 𝜖r is the dielectric
constant, and 𝜖f is the free space permittivity.

Finally, the driving force moving the droplet can also be ex-
pressed as a pressure gradient within the body of the ionic liquid
itself, with the lower pressure side corresponding to the faction of
the droplet on the active electrode by EWOD. The formula defin-
ing this force is as follows:

Fe =
(
Pt − Pa (v)

)
h (12)

where Pt is the hydrostatic pressure in the non-EWOD actuated
part of the droplet, Pa(𝜈) is the hydrostatic pressure in the EWOD
actuated part of the droplet, and h is height difference between
the top of the nonactuated droplet and the EWOD actuated part
of the droplet.

The sum of the electrostatic forces (Equation (11)) and hydro-
static pressure (Equation (12)) would provide the total electromo-
tive force of the device. However, there are forces that oppose the
motion. In terms of friction force (Ff), this is determined by the
normal force of the droplet (Figure 4) and the friction constant of
the device:

Ff = μFN (13)

where FN is the droplet normal force and μ is the coefficient of
surface friction. In a recent paper,[52] it has been shown that the
friction force is directly proportional to the normal component
of the surface tension. As a result, Amontons’ first and second
laws of rigid body friction are analogous to the FN of a droplet.
The value of friction has been replaced by the normal force of the
vertical component of the contact angle

FN = 𝜋wΥLFsin
(
𝜃e

)
(14)

where 𝜋 is the value of pi, w is the droplet diameter, and 𝜃e is the
contact angle at saturation.

The coefficient of friction is defined as

𝜇 =
k
(
𝜃F − 𝜃B

)

𝜋
(15)

where k is a dimensionless shape factor for the three-phase con-
tact line, 𝜃B is the back contact angle, and 𝜃F is the front contact
angle of the droplet.
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Figure 4. a) Components of the contact angle. b) Forces involved in droplet displacement on the surface of an EWOD device.

Figure 5. Different prototypes of EWOD devices. a) Conventional EWOD device, where the electrode drives the electrical voltage from the top of the
droplet while on the surface, under a thin dielectric layer, is the grounded electrode. b) EWOD coplanar device with parallel plate, where the drive electrode
is on the surface behind the dielectric layer and the grounded electrode is a plate on top. c) Single-plate coplanar EWOD device, where drive electrode and
grounded electrode are located on the surface of the device behind the dielectric layer. Reproduced under the terms of the CC-BY license.[27] Copyright
2019, the Authors. Published by MDPI.

3. Types EWOD Configurations

The EWOD devices have three main configurations: conventional
(Figure 5a), parallel-plate coplanar (Figure 5b), and single-plate
coplanar (Figure 5c).

The different configurations are applied according to the need
and/or the application of the device. In applications were no mo-
tion is required, conventional EWOD devices are used. Such as
the Fresnel lens combining several EWOD-driven liquid lenses
designed by Enrico et al.[53] or the combination of different opti-
cal lenses that could be actuated independently and modulate the
light accurately allowing a precise change of the focal length.

Coplanar EWOD devices are specially designed for the dy-
namic handling of droplets on their surface. There are two types
of coplanar EWOD devices: open-plate or single-plate (Figure 5c)
and closed-plate or parallel-plate (Figure 5b) devices.

The most common EWOD device design is parallel-plate, in
which a bottom plate contains directional electrodes and the top
plate has a single grounded electrode. This configuration allows
precise volume control.[45] Moreover, this type of electrode is
mostly used for droplet transport, droplet splitting and/or droplet
fusion.[54]

There is another version of the parallel-plate EWOD devices,
which incorporates a conductive wire instead of a full plate on
the top (Figure 6). This disables the fusion or fission of droplets.
Moreover, since two surfaces are in contact with the droplet,
therefore the adhesion forces are higher and the handling speed
is lower. In this case, the minimum driving voltage of the EWOD
device is higher than in the open configuration.[55,56]

In the open configuration, both electrodes are on a single sur-
face. This fact allows a more efficient use of the voltage and a
higher droplet velocity. Because the fluid is only in contact with
one of the surfaces and the adhesion and the dragging forces are
lower.[54,57]

4. EWOD Materials

In general, EWOD devices are made out of four functional lay-
ers: the substrate, the conductive layer, the dielectric layer, and
the hydrophobic layer. Depending on the final application of the
device, each layer must meet certain characteristics.

4.1. Substrates

The substrate mainly supports the functional layers of the EWOD
device. In addition, it must be compatible with the purpose of the
device. In an EWOD device that is designed for optical purposes,
the substrate must be transparent. Li et al.[58] designed an EWOD
device coating the electrodes on a glass. This device has the ability
to move and split an aqueous droplet. Another work that built the
EWOD device on glass was designed by Högnadóttir et al. for the
purpose of condensing moisture on its surface.[59]

Besides transparency, another characteristic that is some time
pursued by EWOD designers is flexibility. For instance, Cao
et al. designed an EWOD flexible parallel-plate device with
polytetrafluoroethylene.[60] The possibility to build flexible and
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Figure 6. Parallel-plate EWOD with wire. Reproduced with p[55] Copyright 2022, Elsevier.

Figure 7. 5×5 matrix EWOD flexible and transparent device. At each point
of the matrix, a liquid lens capable of focusing individually is obtained.
Reproduced under the terms of the CC-BY license.[62] Copyright 2019, the
Authors. Publihed by MDPI.

transparent devices created novel applications such as: a self-
cleaning surface[61] and focus-tunable micro arrays of lenses with
adjustable focus through voltage[62] (see Figure 7).

When no transparency nor flexibility is required, the most
common substrate materials are either the printed circuit board
(PCB) or glass. These two common materials are readily available
and have been widely used, but their current production method-
ology is not sustainable. Nowadays, it is intended to resort to the
use of biodegradable materials to contribute to the sustainabil-
ity and protection of the environment. The use of paper, a fully
biodegradable material, is considered an alternative to provide
flexible behavior when pressure is applied. In year 2019, Mogi
et al. designed a paper-based EWOD device[63] on paper.

The purpose of the device may limit the materials available
to build the device. A flexible substrate has the ability to adapt
its shape to the surface. However, it has the disadvantage that in
the actuation of the device, a deformation of the soft substrate
occurs on the triple contact line. This deformation on a micro-
scopic scale is a consequence of the vertical force component oc-
curring at the triple line of the droplet. This is known as a wetting
ridge.[64] This wetting ridge moves along with the triple droplet
line on the surface.[65] The presence of this wetting ridge dissi-
pates the electromotive force of the device on the droplet.[65] This
means that EWOD devices with flexible substrates are less effi-
cient and have a higher saturation angle. Another limitation that
some materials may have due to their nature is roughness. In
fact, the use of paper as a substrate is interesting because of its
low environmental impact compared to the most commonly used
materials, but it has a higher roughness. This implies a signifi-
cant increase in the friction constant, which is linked to the fric-
tion force that opposes the electromotive force of the device.

4.2. Electrodes

4.2.1. Materials

The material used to create the electrodes does not depend on the
final purpose of the device. However, the manufacturing technol-

ogy and the substrate nature limit the options of materials to be
used.

Certain deposition methods require the use of specific equip-
ment. Nampoothiri et al. designed a cooling EWOD-based
device[14] and its electrodes were made out of chromium and gold
by sputtering deposition. Basu et al. used thermal vapor deposi-
tion to build aluminum electrodes.[66] These methods allow pre-
cise and high-resolution electrodes; however, the equipment is
normally placed in environment controlled clean rooms, not al-
ways available for all designers.

EWOD devices offer the possibility to create highly accurate
point-of-care device, which are of particular interest in country
where public health system suffers from chronic burden. How-
ever, if their manufacturing process is complex, the adoption of
this technology in growing economies is limited.

Places with limited resources or difficult access, such as disas-
ter areas or during a pandemic, would benefit from other man-
ufacturing methods. Joshi et al. in 2020 used inkjet printing to
define silver electrodes for their EWOD devices.[16] In another
work, Mog et al. 2020,[63] in which an EWOD device was designed
on paper substrate, the electrodes were printed by a conventional
inkjet printer using conductive ink.

Beyond the manufacturing methods, recent works have fo-
cused on the introduction of novel materials with interesting
properties. For instance, Palma et al. in 2018 designed an EWOD
device that uses conductive crystalline silicon.[67] The use of this
material allows an electric current to be induced using a light
pulse.

4.2.2. Geometry

The geometry or shape of the electrode is a critical point in the
design of the coplanar EWOD device. Shape and electrode gap in-
fluence on the droplet velocity, its directionality, and the capacity
to split or merge the droplet.

Jain et al. studied electrode geometries and electrode spacing
with a parallel-plate copper electrode EWOD device.[55,68] Figure
8 presents the four geometries studied: square, interdigitated,
zigzag, and zigzag flat-base. The gap size ranged from 80 to
110 μm. The 80 μm gap electrode with zigzag flat-based geometry
was the most efficient. According to Equation (11), the length of
the contact line L (Figure 3) is directly proportional to the actu-
ating force of the device. In addition, this geometry enables four
possible directions of motion.

In similar way, Wang et al. presented an asymmetrical, heart-
shaped design.[16] This geometry causes a longer contact length
of the droplet with the next electrode, which enhances the driving
force. However, the droplet can only move in one direction. Fig-
ure 9 shows the Basu et al. triangular electrode design.[66] Even
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Figure 8. Geometries with their corresponding contact line lengths in the study by Jain et al. Reproduced with permission.[55] Copyright 2017, Elsevier.

Figure 9. Experimental images of the triangular electrode design by Basu
et al. Reproduced with permission.[66] Copyright 2020, Elsevier.

though this geometry is not as efficient as Wang design, in terms
of force generated, it allows a bidirectional droplet movement.

Zhang et al. chose a honeycomb design. This design allows the
movement of a droplet in eight different directions.[69] Another
advantage of using a honeycomb design is that fewer drive elec-
trodes are required, 7, compared to other designs, 9 in the square
or 12 in the triangular design (Figure 10). However, as each side
has a straight profile, the speed is lower than in zig-zag profiles.

Electrode geometry is not the only factor that defines speed or
directionality. Wang et al. designed electrodes with different sizes
(five) in their EWOD device.[70] Therefore, they performed up to
49 different dilutions with their device.

Using a similar approach, Lejard-Malki et al. presented an
EWOD device able to concentrate the sample’ parasites.[71] The
authors optimized different electrode shapes in order to remove
part of the droplet volume without loss of parasites, decreasing
the initial volume from 10 microliters down to few nanoliters.
The creation of vortices during the displacement of the droplet
prevented the deposition of the parasites on the surface of the
device.

Högnadóttir et al. took advantage of asymmetrically shaped
electrodes to achieve moisture condensation into increasingly
larger droplets.[59] In this way, the device could be used as a self-
cleaning surface or to capture moisture from the environment
(Figure 11).

The critical issues of these designs are that they are limited to
the application that they are thought for. Guan et al presented a
design with n-electrodes that can be connected at the same time,
generating a metaelectrode.[12] The size of this metaelectrode is
dependent on the total number of active electrodes (Figure 12). It
additionally allows the electrode drop to move from strip to strip,
achieving a more fluid displacement on the surface. The design
of this device has made it possible to compare the droplet dis-
placement velocity of rectangular electrodes versus square elec-
trodes.

Macromol. Mater. Eng. 2022, 2200193 2200193 (7 of 18) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 10. According to the adjacent vertices of each electrode with its neighbor, we can observe that in the case of a square geometry 9 are needed, 14
in the case of a triangle geometry, and 7 for the hexagon geometry. Reproduced under the terms of the CC-BY license.[69] Copyright 2020, the Authors.
Published by AIP Publishing.

Figure 11. Photograph of droplet growth and coalescence on the device surface. Reproduced with permission.[59] Copyright 2020, AIP Publishing.

Figure 12. Differences design between stripped electrode and square electrode shapes. Reproduced with permission.[12] Copyright 2020, AIP Publishing.

Macromol. Mater. Eng. 2022, 2200193 2200193 (8 of 18) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 13. Images taken at times 1.5, 3.5, 5.5, and 25 s respectively show-
ing the homogenization process of the two volumes. Reproduced with
permission.[72] Copyright 2021, Elsevier.

More complex electrode geometries not only move, split or re-
combine the samples. There are electrodes designs capable to
achieve droplet mixing. Force instance, Chen et al. in 2021 de-
signed an EWOD device with fylfot crosslike flake electrodes (Fig-
ure 13) to mix two samples.[72] The device was able to mix two
liquids efficiently by oscillating the droplet as it moved across the
electrodes.

As it has been mentioned, the geometry of the electrodes has a
major impact on the velocity, directionality, and manipulation of
droplet volumes (droplet fusion and fission). However, there are
other important features to take into consideration. The method
used to create the electrode formation must be appropriate to the
material used and the substrate used. A smaller electrode spac-
ing increases the efficiency of the electrostatic forces of the de-
vice (Equation (11)). This fact implies that the techniques for elec-
trode deposition, the materials used and the substrate on which
the electrodes are defined are of great importance. For example,
in inkjet printing on substrates such as paper or synthetic poly-
mers, where materials exhibit capillarity and therefore, a huge
dispersion component, can difficult the achievement of small
gaps without electrode-to-electrode contact. In addition, the use
of conductive inks involves curing at quite high temperatures.
The ink must meet two conditions: 1) its rheological character-
istics must be compatible with the substrate to obtain accurate
patterns and 2) the substrate must withstand the curing temper-
ature of the ink.

4.3. Dielectric Layer

The existence of the dielectric layer between the electrodes and
the conductive liquid produces the capacitor effect. This gener-
ates an electrostatic potential difference distributed around them
when the system is charged. The dielectric layer is critical in the
optimal operation of the EWOD device.[73]

Dielectrics with high dielectric constant such as silicon diox-
ide (SiO2) (dielectric constant 3.7),[74] aluminum oxide (Al2O3)

(dielectric constant 9.34),[75] and tantalum pentoxide (Ta2O5) (di-
electric constant 71.62) have been used.[76]

Khan et al. designed an EWOD device with SiO2 as the dielec-
tric layer.[74] Two deposition methods, electron beam and sputter-
ing, were evaluated in the study. The thicknesses achieved were
400 nm in both methods, with 120 V driving voltage. According
to their results, the sputtering creates a dielectric layer more re-
sistant to electrical breakdown because it has fewer surface ir-
regularities. A device with a more break-resistant dielectric layer
allows for a wider range of CA change.

Ribet et al. achieved a 10 nm thick aluminum oxide dielectric
layer by plasma-enhanced chemical vapor deposition.[75] The de-
vice presented a very low driving voltage (18–20 V) due to the
reduced dielectric thickness and the high dielectric constant of
aluminum oxide. Chen et al.[76] took advantage of the high dielec-
tric constant of Ta2O5 to achieve by anodization a 165 nm thick
layer. This device works with a voltage of 25 V, being able to de-
crease the CA from 115° to 92°. High dielectric constant materials
enable the deposition of reduced thickness when building the di-
electric layer. However, complex manufacturing technologies are
required, making it difficult to scale beyond the laboratory. For
this reason, current studies are focusing on new manufacturing
methods. In 2020, Yi et al. used a 10 μm stretched Parafilm layer
but with a 140 V DC minimum driving voltage.[77] However, the
most used manufacturing method to deposit dielectric layers is
spin coating, since it allows a wide variety of materials to be de-
posited. Table 1 compares recent works that uses spin coating to
create the dielectric layer.

SU-8 and polydimethylsiloxane (PDMS) are the two common
materials deposited using this method, since both share a rea-
sonable dielectric constant (3 for SU8 and 2.3 for PDMS) and are
well known in conventional microfluidics manufacturing pro-
cesses. Ciou et al. designed a device which required between
140 and 180 V driving voltage due to the use of 1.8 μm thick
SU8 dielectric layer manufactured by spin coating.[85] Basu et al.
used a 15 μm thick graphene oxide-PDMS composite as dielec-
tric layer[67] and characterized higher values of the dielectric con-
stant, higher breakdown electric field, and lower actuation volt-
ages than a single PDMS dielectric layer. Although these mate-
rials can be applied by spin coating and are biocompatible, they
are not biodegradable.

Zhang et al. used a combination of cellulose triacetate (CTA)
and poly(lactic-co-glycolic acid) (PLGA) at 7% and 2% respec-
tively and achieved a 2 μm dielectric layer by spin coating at
5000 rpm for 5 min.[89] This CTA/PLGA combination doubles
SU-8 or PDMS dielectric constant 6 F m−1 and the driving volt-
age of the device was reduced to 60 V.

The researchers have also focused on novel materials with
higher dielectric constants. For instance, Narasimhan et al. in-
corporated an ionic gel, with 12 F m−1 as dielectric material in
their EWOD device.[21] The thicknesses studied ranged from 18
to 5 μm and the driving voltage 70 V.

Even though, spin coating is a technique that provides more
flexibility in terms of materials and less requirements in terms
of setup, the minimum achievable thickness is around 1 μm.
Therefore, thicker layers cause a lower capacitance in spin-coated
dielectric layer devices, resulting in less efficient devices.[92] Au-
thors have tested alternatives to decrease the thickness, Clement
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 14392054, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.202200193 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.mame-journal.de

Table 1. Different spin coated dielectric layers.

Material Dielectric constant Thickness Voltage Author and ref.

SU-8 3 4 μm 0–350 V DC Ciou et al.[78]

SU-8 3 15 μm 0–100 V DC Wang et al.[79]

Si3N4 7.2 35 μm 70 V DC Torabina et al.[80]

AZ 1500 photoresist 4.03 5 μm 14,8 V DC Li et al.[81]

SU-8 3 500 nm 220 V AC Chao et al.[82]

Cyanoethyl pullulan 18 6 μm 100 V DC Yu et al.[83]

PDMS 2.35 2 μm 160–360 V DC Bansal et al.[84]

PDMS 2.35 500 nm 275 V DC Jain et al.[56]

Ion gel 12 N/A 0–80 V DC Narasimhan et al.[21]

SU-8 3 4 μm 0–350 V DC Ciou et al.[85]

SU-8 3 15 μm 0–100 V DC Wang et al.[86]

PDMS 2.35 8 μm 0–250 V DC Li et al.[87]

SU-8 3 10 μm 200 V AC Nahar et al.[17]

Cellulose triacetate/PLGA 6 1.8 μm 110 V DC Kojima et al.[82]

PDMS 2.35 N/A 1500–5000 V DC Chen et al.[88]

Cellulose triacetate/PLGA 3 6 μm 40–100 V DC Zhand et al.[89]

Ion gel 3 5 μm 150 V AC Clement et al.[53]

SU-8 3.8 2 μm 130 V AC Yi et al.[77]

SU-8 3 2.5 μm 0–100 V DC Chae et al.[73]

SU-8 3 2 μm 10–100 V DC Chen et al.[76]

SU-8 3 N/A 100 V DC Huang et al.[90]

HN-008N 3 500 nm 175 V DC Yang et al.[91]

PDMS + graphene oxide 3.2 15 μm 100 V DC Basu et al.[66]

et al. used the same ionic gel and reduced the thickness of the
dielectric layer to 500 nm using dip-coating techniques.[92]

Recently, new material deposition technologies have appeared
such as ink-jet printing. Jet printing could form thin layers of
dielectric materials that improve the capacitance of the devices
and provide more material flexibility. For instance, nowadays SU-
8 can be ink jet printed. This may facilitate the fabrication of the
devices by printing the electrodes and the dielectric layer with the
same technology.[93]

High voltage devices are the main bottleneck for the commer-
cialization of EWOD technology.[73] This is mainly because the
high-voltage power supply can be heavy, which limits its use as
a portable device, the main requirement of point-of-care devices.
The capacitance is key to lower this voltage. A higher capacitance
allows the achievement of the same CA reduction with less volt-
age (Equation (7)) and consequently lower probability of dielectric
breakdown. In order to obtain high capacitances, materials with
high dielectric constant and/or low layer thicknesses are used
(Equation (8)). However, in the choice of material, the first crite-
rion is the deposition method available. Generally, complex meth-
ods (that involve the use of a cleanroom) allow the deposition of
nanometer layers with materials with higher dielectric constants.
In this way, there is a need to explore new materials that can be
deposited with more simple methods and that have high dielec-
tric constants. Finally, the stiffness of the dielectric layer must
not be forgotten. A device with an elastic substrate designed to
adapt to a surface requires a dielectric with the same character-
istics. However, the use of these elastic materials will affect the

efficiency of the device due to the appearance of wetting ridges.
Instead, it is desirable to use a rigid dielectric material in rigid
devices for higher efficiency.

4.4. Hydrophobic Layer

The movement of the droplet on the surface of the device occurs
when the imbalance of forces between the contact line on the
connected electrode and the contact line on the unconnected elec-
trode exceeds the drag or adhesion forces.[51] Therefore, an elec-
trical pulse strong enough is needed to overcome these forces and
to create the motion of the droplet on the surface. A low surface
energy surface decreases the force needed to initiate the droplet
movement with a lower voltage.[22] Therefore, the last layer of an
EWOD device uses materials with low surface energy, especially
fluorinated materials such as Teflon or Cytop. In addition, this
layer must be thin enough, in the order of nanometers to avoid
increasing the required voltage to drive the device.[73]

Chae et al. studied different Cytop and Teflon thicknesses
achieved by spin coating. A 3 nm Teflon layer presented a 116° CA
and a 7 nm Cytop layer 111° CA. According to the results about
the surface wettability, the CA hysteresis, and the EWOD perfor-
mance, the optimum hydrophobic layer thickness was found to
be 12 nm.[73]

Huang et al. designed a device to manipulate mouse embryos
with a Teflon coating.[90] The thickness of the hydrophobic coat-
ing was 20 nm and the device presented a CA of 120°. Wang et al.
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designed an EWOD device to handle cell cultures with a Teflon
coating.[16] By spin coating they achieved a 60 nm Teflon layer
with a 121.6° CA. At a voltage of 100 V DC, CA reduction up to
60° was observed. Seo et al. designed an EWOD-based liquid lens
with 70 nm Cytop layer spin coated.[94] The initial CA was 110°

and the minimum CA was 72°, under 45 V DC. Zhang et al. de-
signed an EWOD device with a CTA/PLGA layer, to which they
incorporated carbon tetrafluoride (CF4) and silicon oil.[89] The
combination of CF4 and the roughness of the CTA/PLGA surface
allows a CA of 160° to be displayed. Without this CF4 treatment,
the initial CA was 60°. The combination of CTA/PLGA provides
a roughness that allows CA above 120° to be observed.

Even though Fluorinated materials present remarkable con-
tact angles, it should not be forgotten that these materials are not
safe for the environment, since they are active contributors to the
global warming. There is a need to explore alternative materials
that are ecologically sustainable. Jain et al. designed an EWOD
device with a hybrid dielectric-hydrophobic PDMS coating.[47] By
spin coating, a 15 μm PDMS layer from 160 to 360 V driving
voltages were used in their study. These high voltages are due
to the high layer thicknesses. If smaller thicknesses were used,
the drive voltages could be greatly reduced.

Another way to increase the contact angle is by modifying the
surface roughness.[95] Yasmeen et al. designed an EWOD device
by mixing paraffin or PDMS with granular materials.[96] These
granular materials, such as sugar or albumin, create roughness
that increases the contact angle due to the Cassie-Baxter effect,
and drops with a CA of 160° can be observed. Kim et al. designed
a conventional EWOD device with 85 nm diameter Teflon-coated
ZnO nanorods to study their CA change.[97] The combination of
roughness due to the ZnO nanorods and the Teflon coating al-
lows observing an initial CA of 138°. Wang et al. used an EWOD
device with a rough surface to study the variations of the contact
angle, the travel distance achieved and the sliding direction of a
droplet.[98] It was shown that surface roughness can increase the
CA of a droplet, but there may be differences in the CA of left
and right. Also, in its displacement on a nonhomogeneous sur-
face, there may be irregularities on the surface that can increase
the adhesion forces. However, on a surface with ridges whose
roughness exceeds the values indicated by Ra (arithmetic aver-
age of the absolute values of the profile height deviations from
the mean line), the sliding direction of the droplet can be con-
trolled and the sliding distance can be increased.

Different characteristics of hydrophobic and hydrophilic ma-
terials on the surface of the devices can be examined in order to
achieve lower driving voltages or increased velocities. Sun et al.
designed an EWOD device with periodic hydrophilic semicircu-
lar regions of microscopic size on a hydrophobic background that
they called anisotropic ratchet carriers (ARCs).[99] These ARCs
had Cytop as the hydrophobic part and SiN2 as the hydrophilic
part (Figure 14). The droplet was moved over this surface at
13 mm s−1 with only two electrodes, using an AC at 50 Hz.

Mogi et al. designed a coplanar EWOD device with dimpled
structures.[63] These dimpled structures allow a better defini-
tion of the droplet direction, avoiding spontaneous out-of-control
movements (Figure 15).

However, roughness may not be useful in coplanar EWOD
devices since it can increase the force required for the droplet

Figure 14. Top and cross-sectional view of the EWOD device with rack-
ets made of SiO2 and Cy-top. Reproduced with permission.[99] Copyright
2020, AIP Publishing.

motion. An example of this is found in the work of Shirinkami
et al.[100]

In their design, they measured the height between the elec-
trode and the substrate after the incorporation of the hydrophobic
Cytop layer. The measured height of this layer was 85 nm, which
is an obstacle in the droplet motion and increases the adhesion
and the drag force. With a chemical-mechanical polishing step,
they were able to smooth the surface and then increase the speed
up to 100% in 3.5 μL samples.

The hydrophobic layer is the component that provides the
highest possible initial CA in the device. This can be achieved
by two actions: either increasing the surface roughness or us-
ing highly hydrophobic materials on the surface. Micro- and
nanoscale surface roughness can increase the CA, but has other
drawbacks such as increased friction forces (Equation (13)) and
irregularities between the CAs observed at the ends of a static
droplet.

However, it is possible to design patterns on the surface (such
as channels or rackets) that can facilitate directional movement.
This enhances the hydrostatic force component (Equation (12)).
Generally, the materials that exhibit high hydrophobicity have
a high environmental impact. It is worth mentioning here that
these devices may be designed for point-of-care use. This implies
single-use devices. The use of materials with high environmen-
tal impact would be recommended in such devices. There is a
need to explore materials with high hydrophobicity and no envi-
ronmental drawbacks.

In addition, most authors do not consider the hydrophobic
coating effects on the capacitance of their devices, even if it is a
small effect. This effect should not be neglected when exploring
new materials.

5. EWOD Devices Applications

EWOD devices have seen an exponential increase in their
use and their commercialization since 2000.[101] Conventional
EWOD devices have their market in the use of liquid lenses.
Mobile phones are already using this technology in their lenses,
as for example the Xiaomi Mi Mix mobile. On the other hand,
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Figure 15. Fabrication process of the EWOD coplanar device with dimpled structures. These structures are formed by pressure on a flexible substrate.
Reproduced with permission under the terms of the CC-BY license.[63] Copyright 2019, the Authors. Published by MDPI.

Digital microfluidics is of great commercial interest in analytical
and biomedical devices. For example, Illumina’s NeoPrep Library
Prep System uses co-planar EWOD-driven digital microfluidics
to manipulate biological samples. A side from commercial
success, research is continuously working on the development
of novel EWOD devices in the following areas:

5.1. Lens Applications

Manipulating the CA of a droplet by EWOD affects the value of
the reflection of light passing through the liquid. This fact allows
a tunable focal shift across different electric potentials,[5] avoid-
ing the use of complicated mechanisms to precisely manipulate
solid lenses.[102] Furthermore, liquid lenses have the advantage of
being flexible. Li et al. presented an EWOD device that doubles
as a microlens but was also flexible.[102] This device was compat-
ible with curved surfaces without adding distortion to the image
captured through the lens. The lens allowed to change the focal
length from 38 to 29 mm on flat surfaces and from 41 to 31 mm
on curved surfaces and could also provide zoom (Figure 16).

Kopp et al. designed an EWOD device that can handle two
liquids in an oily environment.[103] Figure 17 shows the digital
change of the zoom lens by the independent modulation of the
two drops within an oily environment.

When dealing with optical lenses, optical aberrations are de-
fects that appear in the images captured. The most common
problem is chromatic aberration. Song et al.[104] partially elim-
inated these chromatic aberrations creating a triple liquid lens
EWOD with a larger numerical aperture (Figure 18).

Even though, there are other devices that add the zoom ca-
pability to the focusing capability without adding more lenses.
Park et al. designed an EWOD device with the ability to focus and
zoom using a single liquid lens.[105] Figure 19 shows the two com-
pletely different mechanisms that the device presents. First, the
conventional EWOD device modulates the curvature of its sur-
face to adapt the focus. Second, the liquid chamber mechanism
is capable of incorporating or capturing liquid from the lens, in-
creasing or decreasing the thickness of the liquid lens.

Figure 16. Flexible liquid slow device presented by Li et al. a) The PDMS
substrate allows it to be folded without difficulty. b) Adaptation of the de-
vice to a curved surface. c) Adaptation of the device on a spectacle lens.
Reproduced with permission under the terms of the CC-BY license.[102]

Copyright 2014, the Authors. Published by MDPI.

Liquid lenses are presented as an innovation in the field of op-
tics. It allows to have the same characteristics as conventional
solid lenses while eliminating the mechanical parts that are sus-
ceptible to failures. But, they have the disadvantage of being de-
pendent on an electrical source.

5.2. Analytical Applications

Digital microfluidics has the ability to precisely manipulate and
move small, discrete volumes of fluids. Therefore, EWOD is one
of the most promising methods to miniaturize analytical tools.
In the use of EWOD as digital microfluidics, we can differenti-
ate several purposes:[106] cell cultures manipulation,[107] chemical
reactions,[80] sample preparation,[108] chemical analysis,[109] and
biological analysis.[110]
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Figure 17. EWOD-based optical device with two liquid lenses in an oily
environment. Reproduced with permission under the terms of the CC-BY
license.[103] Copyright 2017, the Authors. Published by Optica Publishing
Group.

Figure 18. Schematic of the triple liquid device of Song et al. Reproduced
under the terms of the CC-BY license.[104] Copyright 2020, the Authors.
Published by Springer Nature.

5.3. Cell Cultures Manipulation

One of the main problems when working with cell cultures is the
maintenance of a sterile environment. When handling culture
media, sterile materials should always be used to avoid contami-
nation. The use of digital microfluidics allows the use of a single
sterile platform for sample handling without the need for addi-
tional instruments. Li designed an EWOD-based microfluidic de-
vice for the mouse embryo manipulation.[107] They manipulated
two-cell mouse embryos up to a blastocyst. The embryo culture is
a more complex protocol than the conventional cell culture and
therefore requires special care in the materials chosen for device
fabrication.

Another work related to the mouse embryos, Alias et al. ex-
tracted cell-free DNA from a mouse embryo culture.[111] This
method achieves an extraction yield of 23%, compared to 14%
achieved for the conventional method. The use of a digital mi-
crofluidic device provides the ability to handle small volumes
with almost no dead-end fluid losses, such as it might occur with
the use of micropipettes due to capillary forces or conventional
microfluidics. Lee et al. designed an EWOD-based digital mi-
crofluidic device that simultaneously detects two growth factors
in embryo cultures with human culture medium.[112] The analy-

sis of these growth factors in these cultures faces two challenges:
the requirement of a dose on the order of a few microliters and
the low concentration of these growth factors. Traditional meth-
ods, such as enzym-elinked immunosorbent assay (ELISA), re-
quire larger quantities. The use of digital microfluidics allows the
use of a microliter volume and the combination with antibodies
without sample loss.

5.4. Chemical Reactions

Some samples undergoing analysis contain potentially haz-
ardous substances. Lee et al. designed a digital microfluidic de-
vice based on EWOD coupled to mass spectrometry (MS) and gas
chromatography-mass spectrometry. The objective was the anal-
ysis of highly toxic substances used in chemical warfare.[113] This
device allows samples tMEMo be handled, prepared, and trans-
ported to analysis and waste areas without human exposure to
the highly toxic substances.

Wang et al. designed a device for handling radioisotope sub-
stances. This device reduces the amount of radiation shielding
for technicians and reduces handling times for analyses such as
positron emission tomography, where short-lived radioisotopes
are needed.[114]

5.5. Biological Analysis

In biological or medical analysis, the EWOD device offers the ca-
pability to handle very small samples. This avoids contamination
of samples and increases the safety of the technicians in charge of
handling them. The recent Coronavirus disease 2019 (COVID19)
pandemic has raised the focus of clinical personnel safety. Health
care workers and scientists have had to work on the COVID19
study with a shortage of personal protective equipment. Jain et al.
designed an EWOD platform that allows the COVID19 sample to
be fused with the analysis reagent to transport the resulting so-
lution to the analysis site.[115] Handling COVID19 samples with
EWOD safeguards the safety of scientific/healthcare personnel
and avoids contamination of other samples (Figure 20).

In a similar manner, Petralia et al. designed an EWOD-based
microfluidic device to add the necessary reagents to perform
real-time polymerase chain reaction (RT-PCR) in 96-well sam-
ple cartridges.[116] This microfluidic system allows RT-PCR anal-
ysis on many simultaneous samples automatically. In addition,
it avoids crosscontamination or technician errors. Another ap-
proach was presented by Rui et al. to perform PCR using the
droplet itself as a biological reactor.[110] The use of droplets as
bioreactors allows the use of PCR with minimal DNA concentra-
tion, one strand per droplet, with only the site of interest being
amplified using specific primers. Once the sequence of interest
is amplified, it can be easily detected by fluorescence.

Wheeler et al. designed a parallel-plate device for sam-
ple preparation and analysis by matrix-assisted laser desorp-
tion/ionization mass spectrometry.[117] The use of the EWOD par-
allel plate allowed the handling of very small volumes, the mixing
with other indicators, and the sample transport. The use of digital
microfluidics avoids loss of sample volume. Min et al. presented a
single-plate EWOD device for ion analysis.[118] In the fabrication

Macromol. Mater. Eng. 2022, 2200193 2200193 (13 of 18) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 19. Schematic diagram of the functioning of the liquid lens presented by Park. Reproduced with permission.[105] Copyright 2018, Elsevier.

Figure 20. Digital microfluidic device to perform each step of a PCR without the need for manual sample handling. Reproduced under the terms of the
CC-BY license.[115] Copyright 2020, the Authors. Published by Springer Nature.

of the device, ion-selective electrode sensors were capable of per-
forming selective detection of ions along with other interfering
ions.

Digital microfluidics can also be used for immobilization of
particles on the device surface in order to functionalize it. Malic
et al. demonstrate a digital microfluidic device for simultaneous
immobilization of different DNA probes on the surface with the
aim of creating dynamically configurable surface plasma reso-
nance biochips.[119] This technique demonstrates the ability to
regulate probe density and orientation.

5.6. Other EWOD Applications

The ability to move discrete fluids as a droplet can present wide
variety of uses. One of the most studied case is the cooling of

surfaces by droplets of coolants on demand.[120–123] Ahmad et al.
designed a method for cooling hot spots in electronic devices.[78]

Current electronic devices are capable of performing a wide va-
riety of specific functions, resulting in nonuniform surface tem-
perature. To specifically cool certain hot spots, an EWOD device
moves coolant droplets to specific areas to cool these areas. The
use of refrigerants on demand can make refrigeration systems
more efficient with lower consumption.

Capturing moisture from a surface is another potential
application of the EWOD devices. Yan et al. presents an
EWOD device that has the ability to capture ambient moisture
through the nucleation of droplets that occur on a surface due
to condensation.[124] The water capture capacity increases by
138.96%, 171.87%, and 220.43% with the use of 20, 40, and 60 V
voltages, respectively. This application can also be used to create
self-cleaning surfaces.

Macromol. Mater. Eng. 2022, 2200193 2200193 (14 of 18) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 21. Working principle of the EWOD device as a gas valve presented
by Ribet et al. Reproduced with permission.[75] Copyright 2020, Elsevier.

Manipulation of a droplet also allows its use as a gas valve. The
movement of a droplet can open or close a gas inlet opening. Ri-
bet et al. designed an EWOD device that is used to prevent evapo-
ration of electrolytes used in electrochemical gas sensors.[75] The
EWOD device has the ability to move droplets toward the elec-
trolyte inlets, blocking diffusion when necessary. This prevents
evaporation of the electrolyte when it is not needed. Figure 21
shows that system can extend the life of this type of sensor, since
there is no possibility of refilling and recalibration.

6. Conclusions

The EWOD effect describes the change in the contact angle be-
tween a solid and an ionic liquid due to a potential difference
applied between them. This phenomenon allows the creation of
different devices for multiple applications. Although there are al-
ready some commercial products that make use of this EWOD
effect, this review article has revealed certain shortcomings or
disadvantages in the devices created on this basis. The main lim-
itations are the need to use high voltages for operation and, the
use of harmful environmental impact materials in their manufac-
turing. The material used in the individual layers of the EWOD
device depends mainly on the function of the layer itself in the
device and the application of the device. The substrate layer may
require transparency and flexibility to adapt to nonflat structures,
which precludes the use of common materials such as PCB and
glass. In this case, there has been a need to find cheap, bio-
compatible and biodegradable materials that meet these require-
ments. The conductive layer has the widest range of possible ma-
terials. It has been found that there are a multitude of methods
for manufacturing this layer and that the efficiency of the device
depends mainly on the geometry and the distance between elec-
trodes, rather than on the material from which it is made. In this
case, the novelty would be to design efficient geometries using
the least amount of material to minimize costs in this layer. With
regard to the dielectric layer, it is clear that the material used must
have a high dielectric constant in order to create the thinnest pos-
sible layer so that the device can work with lower voltage without

losing efficiency. In this sense, it has been observed that the mate-
rials that meet these requirements require manufacturing meth-
ods that limit the scalability of the production of the devices on
an industrial level. A simple method such as spin coating would
enable the manufacturing this type of devices without the need
for complex installations, which would facilitate its implementa-
tion in places with scarce resources. But the material to be used
with this method is yet to be discovered and initial attempts are
being done in more biocompatible and ecofriendly materials. Re-
garding to the hydrophobic layer, materials are sought for provid-
ing the lowest surface energy. In the literature, novel strategies
use the creation of surfaces with nanoroughness to avoid harm-
ful materials, but although they increase the contact angle, they
difficult the droplet to motion. Currently, the main problem re-
lated to this layer is still the type of materials used, which are
usually fluorocarbons, whose harmful environmental impact is
well known.

Therefore, although devices based on the EWOD effect have
great potential, the research now focuses on developing manu-
facturing processes that comply with the concepts of eco-design
and bioeconomy and achieve the accuracy required.

7. Experimental Section
In this review the current trends were focused in the use of novel ma-

terials, especially those that are environmental friendly and new manufac-
turing techniques that have recently appeared and are more sustainable.

A methodical search was carried out in the SCOPUS and Google
Scholar databases, using the keywords “electrowetting-on-dielectric,”
“EWOD,” “digital microfluidics.” The criteria for inclusion of papers in the
review are: 1) studies published not earlier than 2017, 2) their novelty in
the use of a material in one of its layers or novel manufacturing processes
more sustainable, and 3) it is a clear example of how to use a material in
a certain way to meet the needs of EWOD devices.
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