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ABSTRACT

Hydrophobic materials are one of the main components in electrowetting-on-
dielectric (EWOD) devices, acting as the actuating surface upon which
droplets move. EWOD technology has been extensively utilised as a platform
for particle detection due to its versatility, simple design, and minimal waste.
However, the technology could be more widely adopted if the materials and
fabrication costs could be reduced. This study presents an investigation into
two off-the-shelf hydrophobic materials as alternatives to conventional
materials for the actuating surface component of the device. The surfaces were
prepared using two different deposition methods, which were spin coating and
spray coating. For each method, samples with two thicknesses were prepared,
consisting of one layer and two layers. The contact angle hysteresis and sliding
angle of the commercial hydrophobic surfaces were measured. One of the
surfaces exhibited good performance with a contact angle hysteresis and
sliding angles of 28° and 34°, respectively. These promising findings suggest
the potential use of commercial hydrophobic materials for the future
development of disposable and low-cost EWOD devices.

Keywords: Hydrophobic Materials; Contact Angle Hysteresis; Sliding Angle;
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Introduction

Hydrophobic surfaces are materials that exhibit strong water-repellent
behaviour, causing water droplets to bead up and roll off instead of spreading
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out and wetting the surface. The key principle underlying hydrophobicity is
the minimisation of the contact area between water and the surface, which
arises from two main factors, surface roughness, and low surface energy due
to the presence of specific chemical compounds [1]-[2]. This unique response
of the surface to water results in self-cleaning and anti-fouling properties,
which are very useful in many applications, including industrial and aerospace
coatings [3]-[5], medical devices [6], electronics [7], and, textiles [8], among
others.

Electrowetting-on-dielectric (EWOD) is another technology that
harness the distinctive property of hydrophobic materials to facilitate droplet
motion [9]-[10]. In an EWOD-based device, a low-energy surface is desired as
the actuating surface where liquid droplets are moved across the device using
electrostatic energy. A basic set-up of the EWOD device consists of four main
components: a substrate, an electrode or an array of electrodes, a dielectric
layer, and a hydrophobic actuating surface, as shown in Figure 1. The contact
angle of a liquid droplet sitting on the surface is regulated by the Young-
Lippmann equation given as follows:

0, = cos 0, + 2 1
cos 6, = cos 6, 2ig 1)

where 6y is the apparent contact angle, 6, is the Young’s contact angle, & iS
the relative permittivity, & is the dielectric material’s constant, V is the applied
voltage, yq is the liquid-gas interfacial energy, and d is the dielectric layer
thickness.

When a voltage is applied across the droplet, electrostatic energy will
be stored in the dielectric layer which will cause the droplet contact line to
move forward. This will result in the spreading of the droplet and its contact
angle, 6 is reduced according to the Young-Lippmann equation. The detailed
interpretation of the mechanism can be found in [11].

Hydrophobic surface

Dielectric layer
Conductive layer
Substrate

Figure 1: Basic set-up of an electrowetting-on-dielectric system (left), the
droplet is activated when a voltage is applied across the droplet (right)
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EWOD is widely used in lab-on-a-chip technology to perform specific
functions such as Deoxyribonucleic Acid (DNA) assays (e.g., polymerase
chain reaction) [12]-[14], cell-based assays (e.g., cell sorting and cell culture)
[15]-[16], and immunoassays (e.g., rubella antibody detection) [17]. The self-
cleaning property of the hydrophobic surface of EWOD devices has also been
exploited to collect contaminants from surfaces exposed to specific
environments using water droplets, to detect harmful particles [18]-[20]. The
most commonly reported hydrophobic materials in EWOD are Teflon™ AF
and Cytop®. They offer high initial contact angles of above 90° and high
electrowetting reversibility which is the ability of droplet contact angle to
return to its initial value after voltage application. Some devices utilise
superhydrophobic materials with contact angles exceeding 150° as a strategy
to reduce particle adhesion to the surface when liquid droplets laden with
biomolecules or proteins are used [20]-[22].

EWOD stands out as one of the most popular mechanisms in lab-on-a-
chip technology due to its high throughput and versatility in both architecture
and application. An integrated EWOD platform, including the microcontroller,
the detection system, and other auxiliary components, is compact and can be
made portable [13], [23]-[24]. While many EWOD devices have been
developed and proven successful in performing their intended functions, one
obstacle to implementing them widely outside laboratory settings is their
affordability [25]-[28]. The cost of an EWOD device can be quite expensive
due to the high costs of materials and the fabrication process. Teflon™ AF and
Cytop® are proprietary technologies and superhydrophobic surfaces often
require specific processes and equipment for synthesis. To overcome this,
some studies have utilised commercial hydrophobic products such as Rain-X
[29]-[32], Nevosil Si-7100 [33], Avam [33] and superhydrophobic material
such as NeverWet® [22], [34]. The findings of these studies have
demonstrated the feasibility of using commercial coatings in the fabrication of
EWOD devices, however, the surface properties—namely contact angle
hysteresis and sliding angle—of any of these alternative materials have not
been thoroughly investigated and reported yet. This paper aims to fill this gap
by investigating the surface properties of commercial materials, which are
crucial indicators of how effectively droplets can move across a surface.

To reduce high material costs, two commercially available hydrophobic
materials are proposed for the investigation. One product, Renapur Protector,
is approximately 12 times cheaper, while the other, Liquiproof LABS, is
roughly 6 times less expensive than Cytop®. The hydrophobicity through
contact angle measurement and the sliding angle and force required to instigate
motion on these surfaces were examined. Different deposition methods were
used in the preparation of the samples to explore which technique produces the
best-performing surface.
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Methodology

Hydrophobic sample preparation

Two types of commercial materials were employed: Liquiproof LABS
Premium Protector (Liquiproof LABS, Wirral, UK) and Renapur Protector
(Renapur Limited, Ashington, UK). Both materials are available in liquid form
in a spray bottle and marketed as products for shoe protection from dirt and
water. The substrate used for the sample was the standard microscope glass
slides (Sail Brand, China).

Two deposition methods were used for both materials: spin coating, and
spray coating. For each type of deposition method, two types of thickness were
prepared: 1-layer and 2-layer samples. The spin coating (VT M-100, China)
was performed at 2000 rpm for 60 s. All samples were cured on a hot plate at
100 °C for 15 minutes. For the two-layer samples, a second layer was applied
after the curing process and the same deposition and curing steps were
repeated.

Surface roughness
Surface roughness measurement was conducted using Surftest SV-600
(Mitutoyo America Corporation, Illinois, USA).

Contact angle measurements

Contact angle measurement was conducted using Water Surface Analysis
System VCA 3000S (AST Products, Inc., Massachusetts, USA). A droplet of
5 uL was used for the static contact angle measurement. For the advancing and
receding angles measurements, the protocol for the advancing and receding
angles measurement was closely followed as suggested by Huhtaméki et al.
[35], using the needle method. An initial 3 pL droplet was dispensed onto the
sample’s surface before the measurement was started. Droplet volume was
then added gradually up to 10 pL. During this process, the droplet contact line
was observed to measure the contact angle the moment the droplet contact line
started to move outward. This contact angle was recorded as the Advancing
Contact Angle (ACA). The receding contact angle (RCA) was measured by
withdrawing the droplet volume gradually from 10 pL back to 3 uL. The
contact angle reached RCA once the droplet contact line began to move inward
and measurement of the contact was performed at that instance. Figure 2 shows
the measurements of ACA and RCA of a water droplet on one of the
hydrophobic samples [35]. The Contact Angle Hysteresis (CAH) measurement
was repeated four times for each sample type.
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Advancing angles Receding angles
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Figure 2: Contact angle hysteresis measurement using needle method, (a)
advancing angle and (b) receding angle

Sliding angle measurements

Sliding angle measurement was conducted to determine the required tilting
angle to initiate the sliding down motion of a deionised (DI) water droplet from
its resting position. Approximately half of the sample’s substrate was
positioned on top of a static platform while the other half was taped to a small
laboratory jack. The substrate was ensured to be horizontally positioned on
the platform and the laboratory jack surface using a bubble level before
measurements were taken. Three droplet volumes were employed for the
measurement: 5 pL, 10 pL, and 15 pL. The sample was tilted gradually by
increasing the height of the laboratory jack slowly and stopped when the
droplet started to slide down the surface. A laboratory protractor was used to
measure the sliding angle of the substrate.

Results and Discussion

Surface roughness

Table 1 displays the surface roughness, Ra, of two commercial hydrophobic
materials: Liquiproof and Renapur. There are four types of samples for each
material, varying in deposition methods (i.e. spin coating, and spray coating)
and the number of layers (1-layer and 2-layer). Overall, Renapur exhibits lower
roughness compared to Liquiproof. Between the two deposition methods, spin
coating produces the lowest roughness for both Liquiproof and Renapur
materials. Spray-coated samples have the highest surface roughness for both
materials, and the highest roughness for all types of samples is 2-layer spray-
coated Liquiproof with 0.596 um. In terms of the number of layers, the 2-layer
samples exhibit higher roughness compared to the 1-layer samples.
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Table 1: Surface roughness, Ra of the Liquiproof and Renapur hydrophobic
materials for different deposition methods and number of layer.

Surface roughness, Ra, (um)

Deposition method Number of layers Liquiproof Renapur
Spin coating 1 0.007 0.008
2 0.010 0.008
Spray coating 1 0.195 0.087
2 0.596 0.110

In general, the deposition method significantly influenced the surface
roughness of the samples, with spray coating yielding higher roughness
compared to the spin coating method. Spin-coating produces a smoother
surface due to the more uniform spreading of the hydrophobic material, as the
automated spinning action distributes the material evenly across the substrate.
In contrast, spray-coating ejects droplets of the material that spread upon
impact with the substrate. The resulting layer is less even due to the varying
sizes of the droplets and the manual operator's technique of pressing the spray
button. The samples in this study produce surface roughness comparable to
that of conventional hydrophobic materials, particularly the spin-coated
samples. The reported roughness of Cytop® is 0.007 um using the spin coating

method [22].

Contact angle measurements

Static contact angle

One of the desirable properties for actuating surface in an EWQOD device is a
high initial contact angle indicating good hydrophobicity. Figure 3 shows the
Young’s contact angle of DI water sitting on the four different surfaces of the
hydrophobic samples. All types of surfaces have a contact angle higher than
110° ranging between 114° - 118°. The 1-layer spray-coated Renapur has the
highest contact angle with 118.4°. These values of contact angle are
comparable to conventional hydrophobic materials such as Cytop® and
Teflon™ AF which have contact angles of 110° - 117° [21].
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Figure 3: Static contact angle of the hydrophobic Liquiproof and Renapur
hydrophobic materials varying in deposition methods and number of layers

Contact angle hysteresis

Contact angle hysteresis (CAH) is the difference between the advancing angle,
0, and the receding angle, 6g; i.e., 6, — 6. The value can be a good indicator
of the force or work required to move the contact line of a droplet sitting on a
surface. Equation (2) represents the force required for contact line movement:

F = y4(cos O — cos 6,) 2

where, y,4 is the liquid-vapour surface tension. From Equation (2), the higher
the hysteresis the higher the force needed to move the droplet contact line [36].
Figure 4 illustrates an example of one of the four hysteresis cycle runs
for the 2-layer spin-coated Renapur and Liquiproof materials. As shown in the
figure, during the advancing angle measurement, the initial contact angle
increases slightly as the volume increases until it reaches 64 and then
stabilizes. When the volume decreases for the receding angle measurement, the
contact angle decreases until it reaches Or and stabilizes again. Similar
behaviour was observed across all surface types with varying CAH values.
Figure 5 summarises the average contact angle hysteresis for all types
of surfaces. The best performing surface is a 2-layer spin-coated Renapur with
the lowest recorded CAH at 27.5°. Generally, spin-coated surfaces have a
lower CAH compared to spray-coated surfaces for both types of hydrophobic
materials. The Ra values on spray-coated surfaces are higher compared to the
spin-coated samples, implying that the CAH also increased as the surface
became rougher. This observation aligns with the findings of Suzuki et al. [37],
who studied the effect of roughness on the CAH of fluoroalkyl silane coatings.
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Figure 4: One of the four runs of hysteresis cycle for 2-layer spin-coated (a)
Liquiproof and (b) Renapur materials. The red data points indicate the onset
of the advancing (6,a) and receding angles (6r), and the contact angle
hysteresis (CAH) is the difference between the two angles.
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Figure 5: Contact angle hysteresis of the hydrophobic Liquiproof and
Renapur hydrophobic materials varying in deposition methods and number of
layers

Among samples of the same material and deposition method, the
number of layers most significantly affects Renapur spin-coated samples.
There is an approximate 36% reduction in CAH when a second layer is
deposited on the surface. Chae et al. [21], reported similar findings, where
CAH decreased with increasing layer thickness for both Teflon™ AF and
Cytop® hydrophobic materials. While Renapur material follows the same
trend as the previous study, for Liquiproof, the CAH increased with layer
thickness albeit insignificantly.

Butt et al. [38] proposed that heterogeneity and surface roughness are
the two main contributors to the CAH mechanism on solid surfaces. Molecular
interaction also plays a role in CAH and Law [39] emphasized that CAH is
primarily attributed to differences in liquid—solid interaction near the contact
line during its movement. Although our study does not investigate the surface
elemental composition of the hydrophobic materials, it has been established
that chemical heterogeneity, as demonstrated by Suzuki et al. [37], can
influence  CAH. Moreover, small hydrophilic areas or patches of
heterogeneous areas may exist on the hydrophobic surface, particularly for
spray-coated samples during the deposition process, given the process's
reliance on the manual operator's skills and consistency. Consequently, a future
elemental surface analysis could provide a comprehensive understanding of
the CAH behaviour of these surfaces.

291



M. Z. Yaacob, E. N. A. Latip

Sliding angle measurements and force required for droplet
movement

The sliding angle measurements for hydrophobic surfaces are presented in
Table 2. The measurements were conducted using three droplet volumes: 5 pL,
10 uL, and 15 pL. All types of spin-coated samples demonstrated droplet
sliding for 10 pL and 15 pL droplets when tilted. Two types of spray-coated
samples, namely, 2-layer Liquiproof, and 1-layer Renapur, failed to exhibit any
droplet movement after tilting the substrate up to 90° when 10 puL droplet was
employed. For the 5 pL droplets, only two of the surfaces were capable of
inducing droplet movement when tilted, specifically both of the spin-coated
Renapur surfaces. Initiating movement for the 5 pL. droplet is more challenging
due to the relatively low volume, which makes it less susceptible to
gravitational forces.

For a 15 pL droplet, the 2-layer spin-coated Renapur surface
demonstrates the best performance, requiring the smallest sliding angle at 34°.
Renapur material consistently outperforms Liquiproof, particularly in spin-
coated samples, where it necessitates a lower sliding angle to initiate droplet
sliding. The 2-layer spin-coated Renapur also requires less force compared to
the 1-layer counterpart, which aligns with the CAH results for where this
surface exhibits the lowest hysteresis.

Table 2: Sliding angle required to initiate droplet sliding on the Liquiproof
and Renapur hydrophobic surfaces with varying deposition methods and
number of layer

Hydrophobic Deposition Number _Sliding angle, & (°) Force, F (uN)
material method  of layers 5yl 10pL 15pL  5pL  10pL  15pL

Spin 1 - 60 42 - 84.8 983

Liquiproof coating 2 - 64 47 - 88.0 107.4
Spray 1 - 82 67 - 970 1352

coating 2 - - 90 - - 146.9

Spin 1 78 53 37 479 782 884

Renapur coating 2 67 52 34 451 772 821
Spray 1 - - 71 - - 138.9

coating 2 - 85 74 - 97.6 141.2

The force required to initiate droplet movement is computed based on
the diagram in Figure 6 using the following equilibrium equation:

F =mgsina 3)
where, F is the force required to initiate droplet sliding, m is the mass of the

DI water droplet, g is the gravitational acceleration (9.81 ms?) and « is the
sliding angle recorded when the droplet begins to move. The mass of the water
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droplet is m = pV, where p is the DI water density (0.997 g/mL) and V is the
DI water volume. The results are analysed and presented in Table 2 and Figure
7. Surfaces that failed to initiate any movement after 90° sliding angle are not
indicated in Figure 7 and the force was not calculated.

F

/"

mg sin‘a/

a

Figure 6: Droplet begins to slide on the tilted sample surface at an angle, a.
The force required to initiate the movement is mg sin «

When comparing the two deposition methods (Figure 7), spin coating
yielded the best results, as almost all samples were able to induce sliding for
the 5 uL, 10 pL, and 15 pL droplet volumes. The 2-layer spin-coated Renapur
surface demonstrates the best overall performance, requiring the least force to
initiate droplet sliding at 82.1 uN. For the spray coating method, the 1-layer
Liquiproof surface exhibits the lowest force required for droplet movement,
measuring 97.0 uN and 135.2 pN for droplets of 10 uL and 15 pL, respectively.
The subpar performance of the spray-coated samples for both Renapur and
Liquiproof is postulated to be a result of their higher surface roughness
compared to the spin-coated surfaces, leading to increased resistance to
motion. The sliding angle increases with surface roughness for hydrophobic
surfaces, but decreases significantly when the roughness reaches a certain
threshold, transitioning the surface behaviour to superhydrophobic [40]-[41].

The relationship between contact angle hysteresis (CAH) and sliding
angle can be expressed by Equation (4) [38]-[39]:

@ = y,4(cos O — cos O,) 4)
where w is the width of the droplet. From Equation (4), it is evident that a
droplet can move easily with a low sliding angle when the CAH is very small
[42]. Figure 8 depicts a plot of sin a against cos 8z — cos 6,4, where the slope
represents the constant y,,w/mg. Each of the eight data points represents the
CAH and sliding angle measurements of the eight surfaces for the 15 pL
droplet. As observed from the plot, the experimental data approximately
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conforms to Equation (4), indicating that the sliding angle and the resistance
force to droplet motion increase linearly with CAH. The dashed blue line
represents the linear regression fit for the data.
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Figure 7: Force required for droplet sliding down on the Liquiproof and
Renapur hydrophaobic surfaces prepared using different deposition methods
with different numbers of layers. 1R, 2R, 1L, 2L represent 1-layer Renapur,

2-layer Renapur, 1-layer Liquiproof, and 2-layer Liquiproof respectively
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Figure 8: Sliding angle, « of 15 pL droplet as a function advancing and
receding angles on the eight hydrophobic surfaces. Each data point represents
each of the sample types. The dashed line is the linear fit to the experimental

data.

Conclusions

In this study, two hydrophobic materials were investigated, with the Renapur
material showing particularly promising surface performance, especially when
applied using the spin coating deposition method. The best-performing sample,
a 2-layer spin-coated Renapur, recorded the lowest contact angle hysteresis at
28° and the lowest sliding angle at 34°, which corresponds to a force of 82.1
UN required to move the droplet contact line.

For comparison, the benchmark hydrophobic material for
electrowetting applications, Cytop®, has a sliding angle of 27° - 30° and a
CAH ranging between 3° - 12° depending on the film thickness [43]. We
hypothesise that the hydrophobic material Renapur, proposed by this study can
be further improved to achieve performance as good as or better than Cytop®
and Teflon™ AF by increasing the film thickness of the spin-coated surface,
as indicated by the results obtained so far.

Low-cost materials with easy deposition methods can pave the way for
wider adoption of electrowetting-on-dielectric (EWOD) technology,
specifically for single-use disposable chips used in point-of-care diagnostics
during disasters or in remote areas. The results from this study demonstrate
that commercial hydrophobic materials have the potential to be utilised as the
actuating surface in the future development of EWOD devices.
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