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The static contact angle calculation for superhydrophobic surfaces is systematically investigated. The water drop profiles with different
volumes, contact angles, rotational angles and apex coordinates are numerically generated based on the Laplace equation. Thereafter, the
goniometry, θ/2 method, circle and ellipse fitting algorithms and an improved axisymmetric drop shape analysis-profile (ADSA-P)
algorithm are used to calculate the static contact angle. The results reveal that the contact angle errors by the θ/2 method, circle and
ellipse fitting algorithms increase with the drop volume/contact angle. The goniometry will introduce significant error. The ADSA-P
algorithm can accurately obtain the contact angles (error < 0.3°) for the drop profiles regardless of the water drop volume, contact angle,
rotational angle and apex coordinate. The ADSA-P algorithm should be selected to calculate the static contact angles for the
superhydrophobic surfaces. Static contact angle measurements of the superhydrophobic surfaces validate the aforementioned analysis.
Figure 1 Coordinates system for axisymmetric liquid–fluid interfaces
1. Introduction: Surfaces with water contact angles larger than
150° and sliding angles smaller than 10° are generally classified
as superhydrophobic surfaces [1]. Superhydrophobic surfaces
have experienced extensive exploration [2]. For material with a
flat surface, the water contact angle of the material is not more
than 120° [3], even when coated with a monolayer of perfectly
close-hexagonal-packed-CF3 groups. Therefore, hydrophobic
surfaces, and micro and nanostructures [4, 5] are generally
required to realise superhydrophobic surfaces. Wettability is
crucial for superhydrophobic surfaces and it is directly
characterised by the static contact angle [5, 6].

Owing to ease of use, goniometry [6] is often used to calculate
the contact angle. On the basis of the approximate or exact
models, the θ/2 method (height–width method) [7], the circle [8]
and the ellipse fitting algorithms [9, 10], the axisymmetric
drop shape analysis-profile (ADSA-P) algorithm is proposed
[11–13] and is prevalent in static contact angle calculation. The
ADSA-P algorithm has relatively high accuracy for the drop
images with large contact angles. However, the algorithm is more
complex and time-consuming. The other four algorithms
are relatively simple and efficient to compute and sometimes they
may actually be preferable to calculate the contact angle. Whether
the ADSA-P algorithm can be replaced by the aforementioned
four simple algorithms is still unknown. To sum up, the contact
angle algorithm selection for superhydrophobic surfaces must be
studied.

In this Letter, an improved ADSA-P algorithm [11], the goni-
ometry [14], the θ/2 method [7], the circle and the ellipse fitting
algorithms [8, 9] are implemented. The accuracies and the applic-
ability of the aforementioned five algorithms are analysed and the
selection rule of the contact angle algorithm for superhydrophobic
surfaces is given. The results are validated by the static contact
angle measurements of the real water drop images of the superhy-
drophobic surfaces.

2. Validation of the Laplace equation
2.1. Laplace equation: Generally, in static contact angle
measurement, the surfaces, even the superhydrophobic surfaces,
are considered to be the homogeneous surface [9, 11, 15]. Fig. 1
represents the meridian profile of an axisymmetric sessile drop
resting on a horizontal surface.
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The profile can be written as the following system of ordinary
differential equations [11]

dx

ds
= cos u

dz

ds
= sin u

du

ds
= 2b+ cz− sin u/x

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(1)

where s is the arc length measured from the origin, c = gΔp/γ is the
capillary constant of the system and b is the curvature at the origin
of the coordinates, θ is the tangential angle as shown in Fig. 1, Δρ is
the difference in the densities of the two bulk phases, g is the grav-
itational acceleration and γ is the interfacial tension.

2.2. Validation of the Laplace equation: The Laplace equation has
been extensively used in the analysis of the static contact angle
algorithm [8, 9, 16]. However, its validity has not been
systematically analysed. To validate further the Laplace equation,
the following analysis is given. The water drop image with a drop
volume of 40 μl is acquired by a SL200B contact angle
measuring instrument, and the surface is the room temperature
vulcanised silicone rubber coating which is covered with a
pollution layer [9]. The fitted and the calculated results for the
image are shown in Fig. 2.

As shown in Fig. 2, the profile obtained by the ADSA-P algo-
rithm gives good agreement with the experimental water drop
profile. The calculated contact angle 151.86° is an accurate value.
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Figure 2 Calculated results of the real water drop image of the superhydro-
phobic surface by the three algorithms
a Circle fitting algorithm
b Ellipse fitting algorithm
c ADSA-P algorithm
The θ/2 method gives a contact angle of 126.23°. If the contact
angle given by the ADSA-P algorithm is considered to be the
correct value, then the errors of the θ/2 method and the circle and
the ellipse fitting algorithms are −25.46°, −26.34° and −13.98°,
respectively.
To validate the Laplace equation, a water drop profile with a

volume of 39.66 μl and a contact angle of 152.17° (similar to the
real water drop image) is numerically generated based on (1). The
obtained edges of the circle and the ellipse fitting algorithms, and
the ADSA-P algorithm for the aforementioned numerically gener-
ated profile are illustrated in Fig. 3. The contact angles calculated
by the θ/2 method, the circle and the ellipse fitting algorithms
and the ADSA-P algorithm are 126.17°, 123.59°, 137.60° and
152.17°, respectively, and the errors are −25.99°, −28.58°,
−14.57° and 0.02°, respectively.
From the comparison of Figs. 2 and 3, it can be seen that not only

the calculated contact angles but also the edges in Fig. 3 agree well
Figure 3 Calculated results of a numerically generated water drop profile
similar to the real water drop image by the three algorithms
a Circle fitting algorithm
b Ellipse fitting algorithm
c ADSA-P algorithm
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with that of the real water drop image in Fig. 2. As a result, the
Laplace equation is well validated by the aforementioned results.
Therefore the analysis in Sections 3 and 4 is reliable.

3. Comparison of different algorithms: Two water drop profiles
with a rotational angle [11] of 2° are numerically generated and
the contact angles are 165.08° and 165.19°, respectively, and the
drop volumes are 1.12 and 104.79 μl, respectively. Apart from
the θ/2 method, the calculated and the fitted results by the other
algorithms are displayed in Figs. 4 and 5, respectively.

As shown in Fig. 4, the errors are −4.21°, −6.48°, −5.31° and
0.23°, respectively. The goniometry is performed ten times, and
the mean value and the standard deviation of the errors are
−5.26° and 0.92°, respectively. The calculated contact angle and
the error by the θ/2 method are 158.84° and −6.24°, respectively.
From Fig. 5, it can be seen that the errors are −8.75°, −50.68°,
−25.28° and 0.14°, respectively. The mean value and the standard
deviation of the errors of the goniometry are −10.12° and 1.58°, re-
spectively. The contact angle result and the error by the θ/2 method
are 119.50° and −45.69°, respectively.

Obviously, apart from the ADSA-P algorithm, the other algo-
rithms will give rise to significant errors when they are used to cal-
culate the static contact angle for the superhydrophobic surfaces.
The accuracy of the ADSA-P algorithm is high and the maximum
error is 0.23° only, and at the same time, the calculated edges coin-
cide with the experimental profiles, which also validates the
algorithm.

For the above two profiles, the goniometry introduces significant
errors. However, the calculated results are relatively stable.
Generally, the results may be considered as the accurate values
by the operators and thus the significant error will be neglected.
For Figs. 4b, c and 5c (the circle and the ellipse fitting algorithms
are used), the whole or a large fraction of the obtained edges coin-
cide with that of the desired ones. However, the contact angle errors
are −6.48°, −5.31° and −25.28°, respectively. The results may be
considered as accurate ones by the operator even if the fitted
edges are shown. Therefore the significant error may also be
neglected.
Figure 4 Calculated results of a water drop profile with a volume of 1.12 μl
and a contact angle of 165.08° by the four algorithms
a Goniometry
b Circle fitting algorithm
c Ellipse fitting algorithm
d ADSA-P algorithm
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Figure 5 Calculated results of a water drop profile with a volume of 104.79
μl and a contact angle of 165.19° by the four algorithms
a Goniometry
b Circle fitting algorithm
c Ellipse fitting algorithm
d ADSA-P algorithm

Figure 7 Change of the contact angle errors of the four algorithms with the
contact angle
The aforementioned cases reveal that algorithm selection is vital
for the static contact angle measurements for the superhydrophobic
surfaces. If the inappropriate algorithm is selected, then the large
errors may be introduced by the algorithm and more importantly,
the operator may not recognise it. However, the improved
ADSA-P algorithm has high accuracy, and it can effectively
handle the drops with different parameters and avoid the aforemen-
tioned issues.

4. Analysis of the influencing factors: The goniometry has
relatively low accuracy and high workload, and there are so many
water drop profiles that need to be processed in this Section.
Therefore goniometry is not used to calculate the static contact
angles.

4.1. Water drop volume: In the static contact angle measurements
for the superhydrophobic surfaces, the water drop volumes can be
selected as about 2 μl [2], 3 μl [4], about 4 μl [5], 5 μl [1, 3], 20
μl [17], respectively. Without loss of generality the contact angle
is set to about 165°. At the same time, on consideration of
slightly unrealistic or excessive volume, the range of the water
drop volume is in the interval of 1–50 μl. The contact angle
errors of the four algorithms with different water drop volumes
are shown diagrammatically in Fig. 6.
Figure 6 Change of the contact angle errors of the four algorithms with the
water drop volume

8
& The Institution of Engineering and Technology 2014
As can be seen from Fig. 6, the contact angle errors of the θ/2
method, and the circle and the ellipse fitting algorithms increase
with the water drop volume. The three algorithms introduce signifi-
cant errors and the maximum errors are −35.6°, −39.1° and −22.0°,
respectively, when the water drop volume reaches 54.98 μl.
However, as the ADSA-P algorithm is developed on the basis of
the Laplace equation, it has high accuracy and the maximum
error is −1.50 × 10−3 only.

4.2. Contact angle: The contact angles of the superhydrophobic
surfaces are greater than 150° and may reach about 180° [2].
Without loss of generality, the water drop volume is selected as
about 10 μl, and the range of the contact angle is in the interval
of 150°–179°. The contact angle errors are displayed in Fig. 7.

As can be seen from Fig. 7, the contact angle errors of the θ/2
method, and the circle and the ellipse fitting algorithms increase
with the contact angle and the maximum errors are −24.11°,
−25.28° and −20.48°, respectively, when the real contact angle
reaches 179°. However, the ADSA-P algorithm has high accuracy
with the contact angle from 150° up to 179°, and the maximum
error is −0.16° only.

4.3. Rotational angle: Without loss of generality, the water drop
volume and the contact angle are selected as 9.68 μl and 164.77°,
respectively, and the rotational angle [11] is in the interval of −2°
and 2°. The contact angle errors are demonstrated in Fig. 8.

It can be seen in Fig. 8 that the errors of the four algorithms are
−17.42°, −18.53°, −13.13° and 0.19°, respectively, and remain
nearly constant with the increasing of the rotational angle. Similar
Figure 8 Change of the contact angle errors of the four algorithms with the
rotational angle
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Figure 9 Change of the contact angle errors of the four algorithms with the
apex coordinates
to Figs. 6 and 7, the ADSA-P algorithm has high accuracy with dif-
ferent rotational angles.

4.4. Apex coordinates: Without loss of generality, the water drop
volume is selected as 9.68 μl, the contact angle is 164.77° and
the x and y coordinates of the apex are in the interval of −5 and
5 times of the drop height. The contact angle errors are illustrated
in Fig. 9.
From Fig. 9, we discover that the errors of the four algorithms are

−17.37°, −18.48°, −13.13° and −8.49 × 10−4, respectively, and
remain constant with the increasing of the apex coordinates.
Similar to Figs. 6 to 8, the ADSA-P algorithm has high accuracy
with different apex coordinates.

4.5. Discussion: To sum up, the contact angle errors of the other
algorithms increase with the water drop volume and the contact
angle. Thus, the small volume’s and the contact angle’s water
drops will correspond to relatively small errors. A water drop
profile with a volume of 1.10 μl and a contact angle of 150.06° is
numerically generated and used to evaluate the accuracy and the
applicability of the aforementioned three algorithms. The errors
are −3.83°, −4.07° and −2.74°, respectively. Generally, the static
contact angles of the superhydrophobic surfaces are higher than
150° [1], even close to 180° [2] and then even if the water drop
volume is selected as 1 μl, the errors of the aforementioned three
algorithms are large. At the same time, a too small water drop
volume will cause difficulty in the conduction of the static
contact angle measurement. If the real contact angle is equal to
150°, the critical water drop volumes of the aforementioned three
algorithms corresponding to contact angle errors of 1°, 2° and 3°,
expressed by V1, V2 and V3, respectively, are listed in Table 1.
The critical water drop volumes in Table 1 may be too small to

operate in the static contact angle experiments. However, the accur-
acy of the ADSA-P algorithm in different contact angles and water
drop volumes is high and the maximum error is only 0.23°. As a
consequence, in conjunction with the analysis in Sections 3 and
4, not the goniometry, the θ/2 method, or the circle and the
Table 1 Critical water drop volumes corresponding to the contact angle
errors of 1° (V1), 2° (V2) or 3°(V3) and the real contact angle of 150°

Algorithm V1, μl V2, μl V3, μl

θ/2 0.16 0.42 0.77
circle 0.13 0.37 0.70
ellipse 0.22 0.70 1.33
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ellipse fitting algorithms but the ADSA-P algorithm should be
selected to calculate the static contact angles for the superhydropho-
bic surfaces.

5. Experimental validation: An image of the water drop dropped
onto the superhydrophobic surfaces is acquired. The water drop
volume is approximately 9 μl, and the sample is the aluminium
surface with a micro/nanostructure [18]. The principal objective
of the current Letter is to decrease the error caused by the
algorithm selection. To avoid the interferences caused by the
seeing of the contact line, in this Letter, it is detected manually.
All the five algorithms are used to calculate the static contact
angles. Apart from the θ/2 method, the fitted and the calculated
results of the other algorithms are plotted in Fig. 10.

As seen in Fig. 10, the profile obtained by the ADSA-P algorithm
gives good agreement with the experimental water drop profile.
This consists of the results in Section 3, and the contact angle cal-
culated by the algorithm, 166.15° is an accurate value. The θ/2
method gives a contact angle of 148.16° and the errors of the goni-
ometry, the θ/2 method and the circle and the ellipse fitting algo-
rithms are −14.26°, −17.99°, −18.44° and −13.44°, respectively.
Similar to the results in Sections 3 and 4, the aforementioned
four algorithms will introduce significant errors.

The fitted edge obtained by the circle fitting algorithm is incon-
sistent with the experimental profile, which consists of the results in
Section 3. Apart from the contact points of the water drop, the fitted
edge obtained by the ellipse fitting algorithm agrees well with the
experimental profile. The difference may not be recognised by the
operator, and the result may be considered to be an accurate one.

The mean value and the standard deviation of the contact angle
according to ten times of calculation by the goniometry are
152.18° and 1.14°, respectively. The error of the goniometry is
−13.97°. The results coincide with the results in Section 3, that
is, the contact angles calculated by the goniometry have significant
error. However, the calculated results are relatively stable.
Therefore the results may be considered as the accurate values by
the operators and thus the significant error will be neglected.

To further confirm the validity of the aforementioned analysis, a
water drop profile with a volume of 8.99 μl and a contact angle of
166.36° (similar to the first real water drop image) is numerically
Figure 10 Calculated results of the real water drop image of the superhy-
drophobic surface by the four algorithms
a Goniometry
b Circle fitting algorithm
c Ellipse fitting algorithm
d ADSA-P algorithm
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Figure 11 Calculated results of a numerically generated water drop profile
similar to the real water drop image by the three algorithms
a Circle fitting algorithm
b Ellipse fitting algorithm
c ADSA-P algorithm
generated based on (1). The errors of the θ/2 method, the circle and
the ellipse fitting algorithms and the ADSA-P algorithm are
−17.39°, −18.47°, −13.44° and 2.64 × 10−4, respectively. The
obtained edges of the latter three algorithms for the numerically
generated profile are illustrated in Fig. 11.

Similar to Fig. 10, the difference between the fitted edge obtained
by the ellipse fitting algorithm and the desired profile may not be
recognised by the operator, and the significant error may be
neglected. The above results coincide with Fig. 10 and the results
in Section 3. The Laplace equation is further validated by the
above results.

The mean value and the standard deviation of the contact angle
according to ten times of calculation by the goniometry are
142.55° and 0.79°, respectively. The error of the goniometry is
−9.31°.

The aforementioned analysis results can also be used as a refer-
ence to the static contact angle measurements for the surfaces with
more than 150° contact angle.
6. Conclusion: The superhydrophobic water drop profiles with
different volumes, contact angles, rotational angles and apex
coordinates are numerically generated based on the Laplace
equation. The goniometry, the θ/2 method, the circle and the
ellipse fitting algorithms and the improved ADSA-P algorithm are
implemented and used to calculate the static contact angles of the
generated profiles and the real water drop images of the
superhydrophobic surfaces. The following conclusions can be
drawn from this study:

1. The goniometry will introduce significant error. However, the
calculation result shows low scatter, as such, and the large errors
may be neglected by the operators.

2. The errors of the θ/2 method, and the circle and the ellipse fitting
algorithms increase with the water drop volume/contact angle.
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3. The significant error may be introduced in the circle and the
ellipse fitting algorithms. However, it is not easy to be recognised
by the comparison of the fitted and the desired edges.

4. The ADSA-P algorithm should be selected to calculate the static
contact angle for the superhydrophobic surfaces, and the other four
algorithms are not suitable for it.
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