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Abstract: The wetted area of a sessile droplet on a practical substrate is limited by the three-phase
contact line and characterized by contact angle, contact radius and drop height. Although, contact an-
gles of droplets have been studied for more than two hundred years, there are still some unanswered
questions. In the last two decades, it was experimentally proven that the advancing and receding
contact angles, and the contact angle hysteresis of rough and chemically heterogeneous surfaces, are
determined by interactions of the liquid and the solid at the three-phase contact line alone, and the
interfacial area within the contact perimeter is irrelevant. However, confusion and misunderstanding
still exist in this field regarding the relationship between contact angle and surface roughness and
chemical heterogeneity. An extensive review was published on the debate for the dependence of
apparent contact angles on drop contact area or the three-phase contact line in 2014. Following this
old review, several new articles were published on the same subject. This article presents a review of
the novel articles (mostly published after 2014 to present) on the dependency of contact angles on the
three-phase contact line, after a short summary is given for this long-lasting debate. Recently, some
improvements have been made; for example, a relationship of the apparent contact angle with the
properties of the three-phase line was obtained by replacing the solid–vapor interfacial tension term,
γSV, with a string tension term containing the edge energy, γSLV, and curvature of the triple contact
line, km, terms. In addition, a novel Gibbsian thermodynamics composite system was developed
for a liquid drop resting on a heterogeneous multiphase and also on a homogeneous rough solid
substrate at equilibrium conditions, and this approach led to the same conclusions given above.
Moreover, some publications on the line energy concept along the three-phase contact line, and on
the “modified” Cassie equations were also examined in this review.

Keywords: contact angles; three-phase contact line; contact area; Wenzel equation; Cassie equa-
tion; superhydrophobic

1. Introduction

The wettability of a surface can be evaluated by measuring the contact angle (θ) of
a liquid droplet on it [1–3]. Water and other organic liquid droplets can be used for this
purpose. The value of θ is a result of the magnitude of intermolecular interactions between
contacting liquid and solid and provides an inverse measure of wettability. The angle
between the tangent to the solid surface and the tangent to the liquid–fluid interface at
the contact line between the three phases is regarded as θ, as seen in Figure 1. Similarly,
the meniscus of water in a tube or cup also exhibits a contact angle that obeys the same
capillarity laws. Wettability is an important property in many industrial applications, such
as chemical, petroleum, food, cosmetics, nanotechnology industries, life sciences, and in
natural systems, such as soil, botany and marine [1–3]. The volume of a sessile droplet on a
solid substrate is restricted by the three-phase contact line and identified with the geometric
parameters of the drop profile, such as contact angle, contact radius and droplet height, as
seen in Figure 1. However, these parameters are variable along different viewing angles on
anisotropic surfaces. The directional dependency of the contact angles can be determined
by revolving the droplet around its axis, while the position of the video camera is fixed, or
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is moving while the droplet position is fixed [4,5]. Nevertheless, only a single “apparent
contact angle”, which is the θ measured on the macroscopic scale from a single droplet
profile is usually reported in most of the publications on wetting. The apparent contact
angle is generally obtained from an arbitrary video camera direction to the droplet and it is
supposed to represent the “average” contact angle for the entire three-phase contact line of
a droplet [1–3,6,7].
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tual surface roughness and chemical heterogeneity of the substrates [1–3,6,8]. a indicates 
the contact angle when the volume of the droplet is expanded through a syringe (or a 
dispenser) and the three-phase contact line is advanced on a fresh substrate. A maximum 
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Figure 1. Definition of contact angle (θ) and other parameters: h (height), rb (base radius), R (radius
of the sphere) of a spherical droplet on a substrate. γSV (solid–vapor interfacial tension), γLV (liquid–
vapor interfacial tension) and γSL (solid–liquid interfacial tension).

On the other hand, the “advancing contact angle”, θa, and “receding contact angle”,
θr, values are also measured and reported in many articles to express the effect of the actual
surface roughness and chemical heterogeneity of the substrates [1–3,6,8]. θa indicates
the contact angle when the volume of the droplet is expanded through a syringe (or a
dispenser) and the three-phase contact line is advanced on a fresh substrate. A maximum
value of θa is determined before the three-phase line is ruptured or jumped outwards, as
seen in Figure 2.
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Meanwhile, θr designates the contact angle when the volume of a pre-formed droplet
on a substrate is withdrawn by applying the suction of a portion of liquid from the droplet
through a needle, showing the minimum contact angle value before the three-phase line is
broken inwards, as seen in Figure 2. θr shows the strength of liquid/solid adhesion [1–3,6].
Many methods were proposed to measure θa and θr from the droplet profiles [1–13].

Contact angle hysteresis (CAH) is the difference between θa and θr. CAH = 0◦ and
θ = θa = θr on ideal, atomically flat and chemically homogeneous surfaces. In practice, CAH
is around 5–20◦ on most of the practical surfaces, and it may be very large on patterned
substrates. CAH value depends on the magnitude of surface roughness and the surface
chemical heterogeneity of solids [1–3,6,8]. Measurements of θa and θr are required for any
wetting study since there is no single “apparent” θ on a solid surface and its use to describe
a surface is not appropriate [6,8]. In general, an apparent θ will be between θa and θr, and
often nearer to θa, and such an angle will be of a lower degree of scientific usefulness than
a true θa and θr [8,12].

Thomas Young, in 1805, was the first to relate the equilibrium contact angle, θe,
quantitatively to the three interfacial tensions involved—solid/vapor, liquid/vapor, and
solid/liquid—on an ideal surface, which is atomically flat and chemically homogenous,
without proof [14]. Accordingly, the vectorial summation of these interfacial tensions at
the three-phase intersection point (“triple” or “three-phase contact point”) gives [1–3,6–8],

γSV = γSL + γLV cos θe (1)

where γ is the surface tension term, SV denotes solid/vapor; SL solid/liquid and LV
liquid/vapor interfaces, as seen in Figure 1. However, most of the practical systems under
investigation do not meet the ideal surface under equilibrium conditions and there is no
single θe value on such surfaces. Thus, it is common to report θa, θr angles and CAH on
actual surfaces. Unfortunately, many researchers insisted on continuing to report a single
value of an “apparent contact angle” or sometimes “equilibrium contact angle” for practical
surfaces and they assumed such angles were the “average” contact angles for the entire
three-phase contact line of a droplet, but this attitude is scientifically wrong [1,6,8].

Contact angles are used to characterize heterogeneous polymeric surfaces in concert
with other instruments, such as XPS [15–17] and ATR-FTIR [17]. Gibbs free energies of
solid surfaces under air can be calculated using several semi-empirical approaches, based
on the theories of the attraction between macroscopic bodies and can be applied to many
situations [1,6,18–20]. The measurement of contact angles of immiscible oil drops, which
are placed on solids that have been previously immersed in water, and conversely, contact
angles of water droplets placed on solids immersed in immiscible oils, were carried out for
specific applications [21–24].

On the other hand, there is a long-lasting debate on the physical meaning of contact
angles. Is wetting controlled by the interactions through the total solid/liquid contact area
or only at the three-phase contact line (solid/liquid/gas) formed around the droplet? This
debate is generally correlated with the magnitudes of the surface free energies of solids,
which was a rather new concept for Young’s time. The term “Surface free energy” was not
known in 1805, and Lord Rayleigh pointed out that Gauss was the first to introduce this
concept. Gauss proposed that the existence of attractive forces needs a new term to express
the potential energy, proportional to the surface area of the liquid, so that a liquid surface
always tends to contract and exercises a tension [25].

Without considering the conceptual differences between surface tension and surface
free energy, Wenzel [26,27] and later Cassie [28,29] derived surface free energy-based
contact angle equations, depending on the magnitude of the liquid/solid contact area
below the droplet. These models are schematically described in Figure 3.



Colloids Interfaces 2021, 5, 8 4 of 17

Colloids Interfaces 2021, 5, x FOR PEER REVIEW 4 of 18 
 

 

 
Figure 3. Schematic description of sessile droplets on patterned surfaces according to Wenzel and 
Cassie-Baxter states. 

It is well-known that, when a roughness is present on the surface of a solid, then the 
actual surface area is larger than the plan surface area. Wenzel described the situation 
where a liquid drop completely fills up the grooves on a rough surface with full liq-
uid/solid contact, as seen in Figure 3, and related the surface roughness to the contact 
angle by a simple expression, 

s

r

s
e

r
eW

A
A

cos
cosr 


  (2) 

where Ar is the actual area of liquid/solid contact, As is the apparent, macroscopic plan 

area of liquid/solid contact, rW is the “Wenzel roughness ratio”, r
e  is the equilibrium con-

tact angle on the real solid, and s
e  is the equilibrium contact angle on a flat, smooth sur-

face of the same material [26]. This expression indicates that a rough surface is more wet-
ted since there is a greater net energy decrease to induce liquid spreading on the larger 
liquid/solid contact area. Thus, the magnitude of the total liquid–solid interaction is higher 
on a rough surface than that on a flat surface for a given droplet volume, filling the 
grooves. 

Cassie investigated the cases where CAH was present due to the chemical heteroge-
neity on a flat surface [28,29]. The reason for the existence of CAH is the presence of the 
distinctive fields with different surface tensions, which are present on a chemically heter-
ogeneous surface. These fields form barriers to the motion of the three-phase contact line 
of the droplet. Different apparent contact angles are measured in each of these domains 
on such a heterogeneous surface. For example, a hydrophobic domain will pin the motion 
of the contact line of a water droplet while water advances, and thus, θ will increase. On 
the contrary, if hydrophilic domains are present on a flat surface, then they will hold back 
the draining motion of the contact line, thus decreasing the contact angle when the water 
drop recedes. Cassie derived an equation describing contact angles on composite smooth 
solid surfaces with varying degrees of heterogeneity [29], 

 ii
r
e f  coscos  (3) 

where fi is the area fraction of the surface with a contact angle of θi. For a two-component 
heterogeneous surface, the above equation can be written as, 

  21112211 cos1coscoscoscos  ffffr
e   (4) 

When air pockets are present on a rough surface, the Cassie equation was also used to 
estimate the water contact angles by several researchers, as seen in Figure 3. Since the contact 

Figure 3. Schematic description of sessile droplets on patterned surfaces according to Wenzel and Cassie-Baxter states.

It is well-known that, when a roughness is present on the surface of a solid, then the
actual surface area is larger than the plan surface area. Wenzel described the situation
where a liquid drop completely fills up the grooves on a rough surface with full liquid/solid
contact, as seen in Figure 3, and related the surface roughness to the contact angle by a
simple expression,

rW =
cos θr

e
cos θs

e
=

Ar

As (2)

where Ar is the actual area of liquid/solid contact, As is the apparent, macroscopic plan area
of liquid/solid contact, rW is the “Wenzel roughness ratio”, θr

e is the equilibrium contact
angle on the real solid, and θs

e is the equilibrium contact angle on a flat, smooth surface of
the same material [26]. This expression indicates that a rough surface is more wetted since
there is a greater net energy decrease to induce liquid spreading on the larger liquid/solid
contact area. Thus, the magnitude of the total liquid–solid interaction is higher on a rough
surface than that on a flat surface for a given droplet volume, filling the grooves.

Cassie investigated the cases where CAH was present due to the chemical hetero-
geneity on a flat surface [28,29]. The reason for the existence of CAH is the presence of
the distinctive fields with different surface tensions, which are present on a chemically
heterogeneous surface. These fields form barriers to the motion of the three-phase contact
line of the droplet. Different apparent contact angles are measured in each of these domains
on such a heterogeneous surface. For example, a hydrophobic domain will pin the motion
of the contact line of a water droplet while water advances, and thus, θ will increase. On
the contrary, if hydrophilic domains are present on a flat surface, then they will hold back
the draining motion of the contact line, thus decreasing the contact angle when the water
drop recedes. Cassie derived an equation describing contact angles on composite smooth
solid surfaces with varying degrees of heterogeneity [29],

cos θr
e = ∑ fi cos θi (3)

where fi is the area fraction of the surface with a contact angle of θi. For a two-component
heterogeneous surface, the above equation can be written as,

cos θr
e = f1 cos θ1 + f2 cos θ2 = f1 cos θ1 + (1 − f1) cos θ2 (4)

When air pockets are present on a rough surface, the Cassie equation was also used
to estimate the water contact angles by several researchers, as seen in Figure 3. Since
the contact angle of water in air equals 180◦, which corresponds to (cos θair = −1), then
Equation (4) becomes,

cos θr
e = fs (cos θs + 1)− 1 (5)
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where fs is the area fraction of the solid component on a solid/air composite surface, where
θs denotes the water contact angle on the flat solid surface.

1.1. Abandonment of the Use of Wenzel and Cassie Equations on Rough and Patterned SH Surfaces

Pease was the first to disapprove the use of Wenzel’s equation [30]. He showed that
the work of adhesion between the solid and liquid in the drop cannot be calculated using
contact angles since the junction of the air-liquid interface with the solid surface which is
the three-phase contact line is only a one-dimensional system. This line can hold various
possible positions on the plane of the solid surface, and different positions result in different
mean works of adhesion, depending upon the presence of the different chemical groups
exposed on the solid surface [30].

Similarly, Bartell and Shepard reported that Wenzel’s equation could not be applied to
their experimental results, where different values of glycerol contact angles were measured
on smooth and rough paraffin surfaces [31,32]. The advancing contact angle of glycerol
was 98◦ on a smooth and 148◦ on a rough paraffin surface. However, θ decreased down to
98◦ again after adding more glycerol to advance the contact line onto the smooth periphery,
while most of the liquid/solid interface covered beneath the drop was on the rough portion
of the paraffin surface. Bartell and Shepard concluded that the contact angles were not
changed by the magnitude of liquid/solid contact area beneath the droplet and were only
determined at the line of contact of the solid–liquid–air interface [31,32].

Extrand invalidated the Cassie equation by contact angle experiments [33]. He pre-
pared two different samples and a circular lyophobic island made of polystyrene was
formed on a flat lyophilic Si wafer surface and, contrarily, a circular lyophilic island was
formed on a lyophobic film. Water and hexadecane drops were initially deposited on the
center of the island and more liquid was added sequentially up to a 100 µL volume, while
the three-phase contact line was advancing beyond the lyophilic island onto the lyophobic
surrounding area. Both θa and θr were measured to be equal to the angles obtained on the
homogeneous periphery, even though the underlying contact area contained a mixture
of lyophilic and lyophobic domains. Extrand concluded that no area averaging of the
contact angles occurred and only the interactions at the three-phase contact line, and not
the interfacial contact area, could control the contact angles on heterogeneous surfaces,
contrary to the expectations from Cassie’s equation [33].

Gao and McCarty published an important paper entitled “How Wenzel and Cassie were
wrong” in 2007, where they experimentally proved that contact areas under the drop are
unrelated, but only three-phase contact lines are effective on the magnitude of advancing
and receding contact angles [34]. They fabricated three different hydrophobized surfaces
using photolithography, which was applied on silicon wafers—one flat; one rough with a
specific pattern design but chemically homogeneous; one flat but chemically heterogeneous
in order to study the effect of different topographies and different chemistries on contact
angles. The samples were coated with a hydrophobized layer by a vapor phase reaction.
Then, hydrophilic spots were formed on these surfaces by using concentrated sodium
hydroxide droplets with a desired spot diameter, which were located on the hydrophobized
coatings. A hydrophilic circular spot was formed inside the hydrophobic flat sample; a
rough circular spot was formed in the flat sample and a flat circular spot was formed in
the rough sample. When the water drop diameter was increased in order to increase the
interfacial liquid/solid contact area, the magnitude of the water contact angles did not
change and were nearly the same. This result indicates that there is no effect of interfacial
contact area on the resultant contact angles and this is a direct experimental proof, showing
that the Cassie equation is wrong [34].

The differences between the flat homogeneous and rough homogeneous case were
also investigated, and when a large water drop was formed on the large hydrophobic flat
sample, then the contact angles were nearly the same; however, when a small water drop
was formed only inside the rough circular spot, then the contact angles greatly increased.
When the magnitude of the liquid/solid contact area increased with the increase in the
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water drop diameter, then the value of the water contact angles did not change and were
nearly the same. These results show that there is no effect of interfacial contact area on
contact angles for rough surfaces, and this is a direct experimental proof showing that the
Wenzel equation is wrong [34]. After publishing a series of articles, Gao and McCarthy
concluded that θa, θr and CAH values were determined by the liquid/solid interactions the
at the three-phase contact line alone and the interfacial area within the contact perimeter is
irrelevant [34–38].

It was previously proposed that the Wenzel equation is generally wrong, but it can
be used for sawtooth surfaces when the size of a drop is much larger compared with the
scale of the substrate roughness [39]. For this condition, it was suggested that the drop size
has to be infinitely larger than the scale of the roughness. However, when the roughness
scale of practical solid surfaces is considered, such a drop size, which can obey the Wenzel
equation, should be extremely large and such a large drop can be easily distorted due to
gravitational effect and may give improper contact angles.

Bormashenko and co-workers proposed that the Cassie-Wenzel transition is more
likely a 1D than a 2D affair, and force per unit length of the triple line is the more important
parameter [40]. Erbil and Cansoy developed two simple test methods on the validity of the
Wenzel and Cassie equations [41,42]. Contact angle results on 166 micro-patterned samples
containing both square and cylindrical pillars, which were taken from eight different
publications, were used in these tests, and it was found that the Wenzel equation cannot be
used for patterned surfaces other than in a few exceptions. In addition, large deviations of
experimental water contact angles were found when the Cassie equation was applied to the
experimental results and the contact angles cannot be estimated with this equation for 65%
of the patterned samples containing cylindrical pillars, and 44% of the samples containing
square pillars [41]. Later, 36 square micropatterned samples and 24 of cylindrical pillars
were prepared by the same authors using the DRIE technique on hydrophobized Si wafers
and it was reported that the water contact angle results on these surfaces deviated largely
from the Cassie equation up to 88% for square and 76% for cylindrical pillars [42].

The debate between scientist defending and declining the use of Wenzel and Cassie
equations was outlined in a review publication [6]. In this review, it was pointed out that
the Cassie equation is a standard mixing equation of the physical chemistry when more
than one component is present in any system, and it is possible to replace the area fraction
parameter of Cassie (fi) with other quantities, such as the density of the three-phase contact
line, etc. [6].

Yang et al. reported that the state of the outermost three-phase contact line plays
an important role in determining the apparent contact angles of water droplets on micro-
structured hydrophobic surfaces, consisting of cubic pillars and the contact area within
the outermost three-phase contact lines, contact lines are irrelevant to the apparent contact
angle [43]. Similarly, Liu et al. proposed that the effective volume of a droplet on a
micropatterned surface is a monotonic function of the macroscopic contact angle when
the triple contact line is pinned, and concluded that the triple contact line, rather than the
contact area that dominates the contact angle, and the calculated findings are consistent
with the experimental results [44].

1.2. The Persistence of the Use of “Wenzel State” or “Cassie State” Visual Concepts

As shown above, both of the Wenzel and Cassie equations were proven to be wrong
and must not be used in scientific articles. The discontinuation of the wrong equations is a
requisite in science. On the other hand, the use of “Wenzel State” or “Cassie State” concepts
is still continuing in the publications, especially for the visual description of droplets on
patterned superhydrophobic surfaces [6,45]. This behavior is acceptable because these
states have been under use for more than 70 years in the surface field and they help to
visualize the type and conditions of the liquid/solid contact on rough and patterned
surfaces. However, all the scientists working in the surface field must discriminate between
the use of these acceptable “states” and keep away from the use of wrong “equations” [6].
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Drop evaporation experiments on superhydrophobic surfaces are good examples for
the exhibition of “Wenzel” or “Cassie” states [46–49]. The evaporation of water droplets is
followed by the video camera after they are located on top of the surface microstructures
and the collapse of the droplets down into the microstructures is later seen. After the
collapse, the liquid fills the void space between the pillars and the initial Cassie state trans-
forms into the Wenzel state. Finally, the droplet evaporation continues with a completely
pinned contact area [46–49].

2. Line Energy Concept along the Three-Phase Contact Line and Derivation of Modified
Cassie Equations
2.1. Line Energy

The presence of roughness or chemical heterogeneities on a surface resulted in the
development of the “line energy concept” and it was the subject of many studies [50–61].
In theory, the three-phase contact line is mathematically significant, but it was suggested
that the liquid present in the corner of the droplet, which is in the vicinity of this line, can
withstand the force exerted by the solid substrate [52–57]. In this liquid corner, there is a
competition between the cohesion of the liquid to itself and its adhesion to the solid.

Line energy is related to local defects on a surface and its value is dependent on
the type and concentration of those defects on local parts of the surface [50–54]. When
line energy is divided by length, then “line tension” is obtained. Joanny and De Gennes
proposed that local thermodynamic arguments are not adequate to describe a contact angle
with hysteresis alone, and the history of contact line motion is important. When a droplet,
having a low but finite contact angle, spreads over a surface and meets a defect, which
arises from roughness or chemical heterogeneity and if the magnitude of the defect is weak,
they give small line energies; then the spreading contact line moves on and, if the defect is
strong, then the contact line is pinned due to the hysteretical effects, regardless of the size
of the contact area [51].

Line energy may have different values at different regions of the three-phase con-
tact line of a droplet, if the concentration or type of defects is different in those regions.
Some studies investigated the relationship of line energy with the magnitude of drop
volumes, interfacial energies, and contact angles [50–54]. In practice, line energy can be
calculated from θa and θr values, since it is dependent on the departures from an ideal
surface [1–3,51,53,54]. Some authors modified Young’s equation in order to explain the line
energy, showing that the line energy is a function of the Laplace pressure, and suggested
that the small surface deformations associated with the unsatisfied normal component of
the Young equation results in higher intermolecular interactions at the three-phase contact
line [54]. The value of line tension was calculated to be extremely small in the order of
10−10 to 10−11 J/m [55]. However, the measured experimental line tension values were
much larger in the range of 10−9 to 10−5 J/m [56–58].

Some authors distinguished between the presence of macroscopic and microscopic
contact angles and suggested that all the droplets on solids are surrounded by a micro-
scopically thin film adsorbed at the surface, and the surface apart from the droplet is never
completely dry. For volatile liquids, the substrate does not remain dry away from the
droplet but establishes contact with the saturated vapor phase, or at least some mono-
layer of adsorbed molecules which spread over the substrate [59]. It was proposed that a
macroscopic contact angle could be observed and optically measured in the macroscopic
(continuum) region far from the three-phase contact line; however, a microscopic contact
angle was present in the micro region (molecular distance, or a few nm from the contact
line) which is very near to the three-phase line. The surface forces between the liquid and
solid determine the shape of the meniscus in the microscopic region [59–61]. Accordingly,
the θe value, given in the Young’s equation, is assumed to be measured macroscopically,
on a scale above that of the long-ranged intermolecular forces. These suggestions are
somewhat questionable since the experimental validation of microscopic contact angles,
and validation of their dependence to intermolecular forces, are difficult [60].
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Another problem is the distribution of contact angle values around a drop, which
results in the directional dependency of contact angles. This can be determined by revolving
the droplet around its axis while the position of the video camera is fixed or moving the
video camera while the droplet position is fixed [4,5]. It is also possible to use a second
camera for the plan view of the drop and checking the deviations of the three-phase contact
line from a regular circle, which can be expected from a perfect spherical geometry. This
method is useful, especially for drop evaporation studies, as seen in Figure 4.
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the video camera while the droplet position is fixed [4,5]. It is also possible to use a second 
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This method is useful, especially for drop evaporation studies, as seen in Figure 4. 
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Figure 4. (A) Plan and side views and initial contact angle for a water drop on MYLAR (polyester)
surface. (B) Plan and side views and contact angle for the same water drop during evaporation from
the same MYLAR surface. The distortions of the drop perimeter can be clearly seen. (Reproduced
with permission from [4], copyright 2001, American Chemical Society.).

2.2. Modified Cassie Equations

As given in Equation (3), Cassie’s equation is dependent on the surface heterogeneity
and on the interfacial free energy of a system by considering the liquid/solid contact
area fractions, and it has no relation to the line energy or the effect of the corrugation of
the three-phase contact line. However, the excess energy associated with the three-phase
line junction may add a significant contribution to the magnitude of the contact angle
of the system. Thus, several modified Cassie equations were derived by many authors
and reported in the literature. In one of the earlier models, it was pointed out that the
surface is assumed to be composed of distinct and separated patches (or domains) 1 and 2,
similar to the original Cassie equation (Equation (4)). It was proposed that, if the chemical
heterogeneity was not in the form of discrete patches but was of atomic or molecular
dimensions, then the modification of Cassie equation was necessary and carried out by
using theories of van der Waals and electrostatic forces [62].
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Another modified Cassie equation was acquired by applying a generalized Young
equation where the geodesic curvature of the three-phase contact line is assumed to be
equal to the reciprocal of the drop base radius [63,64]. Besides, a general form of Young’s
equation was also derived by applying a standard minimization scheme of the free energy
to both chemically and geometrically inhomogeneous substrates under the influence of
gravity, and a corresponding modified Cassie equation was obtained by using this novel
Young equation [65]. In another study, water contact angles were measured on chemically
heterogeneous surfaces composed of random hydrophilic and hydrophobic patches in the
range of 10–100 nm [66]. It was found that the water contact angle was lower than the
predicted value from the mean field Cassie equation. The contact angle was insensitive
to droplet size, implying that the line tension effects were minimal. Two explanations
were offered for this behavior. The high density of “pinning” sites prevented the contact
angle from relaxing to the equilibrium value or, alternatively, long-range hydrophobic
interactions formed a relatively hydrophobic boundary region around each hydrophobic
patch, and this region altered the equilibrium contact angle [66].

The Cassie equation was also modified for large drops spreading on heterogeneous
surfaces, which were flattened by gravity in an experimental study [67]. Samples having
different surface geometries, ordered and disordered defect fields and from low to high
surface densities were formed using microlithography and the shapes of the contact lines
between the two isolated defects were determined as a function of the distance giving rise
to individual or collective pinning. It was found that these defects deformed the drop edge
on a distance larger than their size, and the contact line radius of curvature between the
two defects increased linearly with the distance between the edges of the defects. Measured
contact angles agreed with a modified Cassie equation where the density of defects was
included. The defect density was defined in terms of the fraction of the contact line on the
defects and on the matrix [67].

Larsen and Taboryski prepared hydrophobized micropatterns, having hexagonal ge-
ometry, and determined that the area-averaged Cassie equation did not fit the experimental
contact angle results. Later, they replaced the area fractions by the line fractions of the
three-phase contact line and obtained a better fit. The line fractions were calculated using
the diameters and the center-to-center distance between the circular patterns [68]. Xu and
Wang developed a modified Cassie’s equation by a homogenization approach using a
channel model, which is formed by two planes parallel to the xy plane and the bottom
of the channel is composed periodically, patterned with two different materials. It was
concluded that the effective contact angle is a local average of the static contact angle
along the contact line, which describes all possible equilibrium states, including the local
minimum of the free energy of the system. The original Cassie equation was found to
correspond only to a global minimum as a special case [69].

Wu et al. developed a modified Cassie equation by applying both analytical and phase-
field simulations, depending on the “surface energy landscape” method on three typical
chemically patterned surfaces [70]. They assumed that the droplet has the form of a quasi-
spherical cap with an elliptical contact baseline on the substrate. Droplet sizes, contact
angles, and the ratios of the hydrophilic area to the hydrophobic area were considered as the
main influencing factors to affect equilibrium droplet shapes. It was found that the droplets
achieve distinct equilibrium shapes due to the contact line pinning effect. The number of
equilibrium droplet shapes increased with the increase in the droplet volume, giving the
enlarged contact area between droplets and the substrates. The triple lines crossed more
energy-discontinuous lines for this case and strengthened the pinning effects [70].

As given above, Cassie equation’s is one of the standard mixing equations of the
physical chemistry when more than one component is present in any system, and the
area fraction parameter of Cassie (fi) can be replaced with other quantities, such as the
density of the three-phase contact line, etc. [6]. Thus, the novel derivation of the modified
Cassie’s equations can help for the better estimation of apparent contact angles on flat and
chemically heterogeneous surfaces where mostly weak (non-pinning) defects are present.
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3. Recent Advances in the Dependency of Contact Angles on Three-Phase Contact Line

Most of the articles showing the importance of the length, shape and contour of the
three-phase line on contact angles, which were published before 2013, were discussed in a
review article entitled “The debate on the dependence of apparent contact angles on drop
contact area or 3-phase contact line: A review” which was published in 2014 [6]. Thus, we
will review only the papers published in 2014 or later in this section. (However, we will also
examine some important articles on this subject which were omitted in the former review.)

3.1. Line Energy–Contact Angle Relationships

Nguyen and co-workers investigated the effect of the eccentricity, which was defined
as the center-to-center offset distance between successive square pillars in a column on
contact angles, and it was reported that the original Cassie equation did not fit the de-
pendency of contact angles on pillar eccentricity [71]. The relation of the contact angles
with the pillar eccentricity was attributed to contact line deformation, resulting from the
changed orientation of the pillars. The effect of eccentricity on contact angles became more
important when the pillar’s relative spacing decreased. When the eccentricity value de-
creased, then the length of the three-phase contact line increased and the contact line tends
to pin to the pillars and line tension becomes more significant at lower pillar separation
distances [71]. In the continuation of this study, Nguyen and co-workers measured the
contact angles by gradually rotating the substrate at different viewing angles and reported
that the variation of the micro-pillar eccentricity on contact angles was more pronounced
for this case. It was concluded that the noncircular corrugated shape of the triple line
regulated the energy barriers to the drop which were proportional with the anisotropic
wetting level and droplet distortion stage [5]. In a review article, Drelich et al., pointed out
that an important task for the majority of research laboratories should be the monitoring of
the shape of the three-phase contact line in conjunction with contact angle measurements
in order to verify the Wenzel and Cassie equations [72].

In a recent article, Huang stated that most of the published experimental contact angle
data support the view that the values of contact angles of droplets, which are placed on a
rough and/or heterogeneous solid surface, are determined by local interactions between
the liquid and solid at the triple contact line [73]. This contact angle is not a constant along
the perimeter of the triple contact line and there is no successful model to describe the
effects of local geometrical and physicochemical features of the triple contact line on the
contact angle. Huang proposed new modified equation, showing that the contact angle is
related to the edge energy of the triple contact line and also to the local roughness at the
triple contact line. Additionally, the contact angle value is independent of the interfacial
area within the triple contact line [73].

The wetting equation at equilibrium, which was derived by Huang, is given below.
The equation of the triple contact line is obtained by applying a variational method where
the variation of internal energy was calculated with respect to the droplet shape. The
equilibrium configuration of the droplet was found by minimizing the total potential
energy. At the end, the new wetting equation was given as,

cos φ =
γSLV km − γSL cos θ

γLV
(6)

where ϕ is the apparent contact angle, θ is the angle due to the presence of surface rough-
ness, and φ is the local contact angle at a specific point on the triple line (φ = ϕ − θ) from
geometry. γSLV is the edge energy of the triple contact line, km is the curvature of the triple
contact line. If the surface is an ideal flat surface, then θ = 0◦ and one obtains,

cos φ =
γSLV km − γSL

γLV
(7)
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Equation (7) has the same mathematical form as Young’s equation (Equation (1))
except for two issues—the first is the replacement of the apparent contact angle with the
Young’s equilibrium contact angle; the second is the γSV parameter in the Young’s equation,
showing that the interfacial tension between solid and vapor was replaced by the string
tension Ts = γSLV km of the triple contact line in Equations (6) and (7). It was pointed out
that, γSLV, km and θ parameters are different at different positions on the triple contact line
on a rough and chemically heterogeneous actual surface. In summary, Huang proposed
that the apparent contact angle is influenced by the string tension of the triple contact line
and local roughness at the triple contact line, independent of the interfacial area within
the triple contact line [73]. The derivation of Equation (6) is interesting and original, but
there is a need that it should be validated by experimental contact angle data on rough and
chemically heterogeneous surfaces.

3.2. Stick-Slip Phenomenon of Drops on Solids

The downward sliding of water drops on the specially prepared chemically het-
erogeneous surfaces by forming alternating hydrophobic and hydrophilic stripes was
investigated and it was reported that the drop average speeds on these surfaces were an
order of magnitude smaller than the speeds measured on a homogeneous surface, having
the same initial static contact angle. The stick-slip motion while crossing the stripes on the
heterogeneous surfaces was the reason for slowing the speed of the moving drop [74].

“Stick-slip” droplet motion on surfaces was also observed during droplet evaporations
on some substrates and for droplets containing colloidal nanosuspensions [75]. For the
second case, the nanoparticles present in a droplet cause the self-pinning of the three-
phase contact line, and concentric rings are formed on the substrate afterwards [76–79].
Initially, the contact angle and height of the droplet decreases during the “stick” (pinning)
phase with a constant contact radius as the droplet evaporates. After the droplet has a
minimum contact angle, then the three-phase contact line “slips” to a more energetically
favorable position, giving a new, smaller contact radius with an increase in both contact
angle and drop height, and this cycle is repeated many times. The pinning effect was
attributed to a potential energy barrier per unit length of the triple line in a model where
the spherical cap geometry was assumed and line tension was neglected [76–78]. Later,
eight slightly modified new equations in two sets were derived in order to remove the
inconsistent calculation results of the potential energy barriers for the practical stick-slip
droplet motion cases [79].

Three-phase contact line motions along all lines of symmetry for the drops, which were
placed on doubly periodic microtextured surfaces, were numerically studied by varying
the drop volumes to calculate advancing and receding contact angles as functions of the
defect concentration [80]. Stick, slip, and jump motions of the contact line were analyzed
and it was determined that the de-pinning process always started from the middle section
of the contact line for the advancing contact lines, which were positioned on one row of
defects. In the case of receding contact lines, the de-pinning process started from some
part of the contact line, where the contact line crossed from one row of defects to the next
row [80]. The numerical results obtained for the receding contact lines of this article agreed
well with the experimental results of Gauthier et al. [81], where the transition of the contact
line to an inner defect row was realized to be kink de-pinning.

3.3. Direct Testing of Wenzel and Cassie Equations

The determination of the actual wetting area under a droplet is important to test
Wenzel and Cassie equations in the wetting studies. An electrochemical approach was
employed to calculate the true wetted area under a droplet in an experimental study, by
using the proportionality between the electrochemically measured double layer capacitance
and the solid–liquid interfacial area when a droplet of aqueous electrolyte was used on
the hydrophilic glassy carbon disc surface [82]. Solutions of sodium sulfate in varying
concentration were used to provide conductivity and the electric double layer formation.
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Experimentally determined interfacial liquid/solid contact area values were then used
to correlate the model predictions. It was reported that the static and dynamic contact
angle results showed a contradictory wetting behavior on the hydrophilic rough surface,
as compared to the predictions from the Wenzel and the Cassie models. Contact angles on
rough surfaces were found to increase, along with the wetted interfacial area under the
droplet while the liquid intruded into the roughness features. Wenzel and Cassie equations
did not explain these results. The Wenzel model is unable to predict either the magnitude
or trend (increase or decrease) in the apparent contact angle for a rough surface [82].

Mackenzie-Dover and Sefiane incorporated microstructural capillary effects to modify
the Cassie’s equation in an experimental study [83]. They fabricated hydrophobized surface
patterns, having flat-topped square micropillars with distinct pillar size and spacing via
photolithography and deep reactive-ion etching. These patterns had a roughness range of
0.12–0.79 and both equilibrium and receding contact angle of water droplets were measured
on these surfaces. It was determined that the agreement between the experimental data and
the data predicted by the Cassie equation was poor, especially when the spacing between
structures was less than the width of the pillars. When the solid area fraction was increased
in samples, then the discrepancy between the predicted and measured values of the initial
contact angle increased too. When the solid area fraction was larger than 0.2, then the
initial contact angle remained stable with the increasing solid area fraction, but the receding
angle decreased. In addition, it was reported that the liquid–gas portion of the contact
line was distorted at the pillar edges and, although the extent of the distortion could not
be quantified, it was possible to predict the experimental contact angles by considering
the effect of capillary bridging. The capillary region was assumed to be semicircular and
half of the width of a pillar was extended into the liquid–gas region of the contact line in
these studies [83].

In another recent article, Gates and Huang investigated the effect of roughness on
the water apparent contact angle on a roughened hydrophobic surface, formed by using
hydrophobic sands [84]. A 3D profilometer was used to measure the roughness of the
surfaces. The authors reported that the apparent contact angle varies around the periphery
of the droplet due to the roughness of the surface on the first contact and the Wenzel and
Cassie equations overestimated the apparent contact angle on these rough surfaces [84].

Roshan and co-workers conducted a series of experiments by using a novel approach
using interferometry to investigate the contact angle localization in order to study the
role of contact area and three-phase contact line on dictating the contact angle [85]. They
found that no change in contact angle was observed when different materials or surface
geometries were introduced under the droplet and the formation of the contact angle is
only dictated by the three-phase contact line and not the contact area. Moreover, an increase
in roughness resulted in wrong contact angle measurements due to the changes in the local
three-phase contact line point [85].

Cheng et al. investigated the apparent contact angle behavior on a sliding plane and
it was found that the droplet did not slide under partial wetting but slid when the side
walls of the grooves had been wetted by part of the droplet [86]. The contact angle values
on all the different grooved samples were around 150◦, which were much higher than
the predicted values from the Wenzel and Cassie models, except for only one sample. It
was determined that the sliding behavior of a droplet was characterized by the droplet
boundary contact line [86].

3.4. Thermodynamic Investigations of Contact Angles on Heterogeneous Solids

Kung et al., investigated the role of solid–liquid interfacial area, three-phase contact
line, the presence of multiple metastable states and the droplet size on the magnitude of
contact angles [87]. It was expressed that there is a lack of theory, which relates either the
geometry (shape, length or continuity) or chemical composition of the contact line to the
apparent contact angle. Thus, the underlying wetting mechanism and its significance on the
measured contact angle value remain unclear. There is no simple method to recognize the
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most stable state of an apparent contact angle, which corresponds to the thermodynamic
state at the global energy minimum, since it is impossible to experimentally measure the
system energy at various equilibrium states (either local or global minimums) [87].

Shardt and Elliott developed a Gibbsian composite-system thermodynamics for a
liquid drop resting on a heterogeneous multiphase solid substrate at equilibrium conditions
and reported that the contact line determines the macroscopic contact angle, not the contact
area which was proposed by the Cassie equation. They derived a novel and well-defined
form of a Cassie-Baxter equation, where a line fraction parameter was used which was
determined at the contact line [88]. They pointed out that three versions of the Cassie
equation are present, according to the existing literature: (i) area fraction based on the
whole solid−liquid interface, (ii) area fraction based on the area in the vicinity of the
contact line; (iii) line fraction. The authors derived novel equations for the third case
where only interactions at the contact line determine the macroscopic contact angle and
that interactions over the complete solid−liquid interfacial area are irrelevant. In these
derivations, they applied many simplifications. They used equilibrium contact angles
and consequently omitted the contact angle hysteresis observed between advancing and
receding contact angles. They assumed that the drop liquid was in the shape of a spherical
cap and the solid−liquid interface was an undistorted circle. The sum of the solid−liquid
interfacial area and the solid−vapor interfacial area was constant for each solid phase.
They also assumed that there were no external forces, such as pinning/depinning forces at
the three-phase (solid−liquid−vapor) contact line or gravity. They stated that their novel
Cassie-Baxter equation, depending on the line fractions, was the more general form and
the original area-based Cassie equation was a special case where the area fractions and line
fractions were equal. This novel equation was used to describe the expected contact angle
values regardless of the spatial distribution of surface heterogeneities when the sizes of
these heterogeneities are much smaller than the drop [88].

In a recent article, Shardt and Elliott extended the application of the Gibbsian ther-
modynamics composite system for a liquid drop resting on a homogeneous rough solid
substrate, having pillars of equal height in the Wenzel mode of wetting [89]. They reported
that the three-phase contact line (orientation and number of pillar intersections) determines
the contact angle instead of the solid−liquid interfacial area. It was suggested that the
surface roughness must be evaluated at the contact line, not over the whole interfacial
area. They derived a novel equation by using a roughness factor, which was evaluated at
the contact line instead of the original ratio of areas, together with the additional terms
that arise from the volume and liquid−vapor interfacial area within the surface asperities.
Finally, it was concluded that the properties at the contact line should be quantified and
used in order to predict the equilibrium contact angle for surfaces for Cassie-Baxter or
Wenzel states [89].

4. Conclusions

It was formerly reported that the advancing and receding contact angles are governed
by the physicochemical events that occur at the three-phase contact line alone and the
interfacial liquid/solid area within the contact line is irrelevant to determine the magnitude
of contact angles. Consequently, the contact area-based Wenzel’s equation is wrong and
must be abandoned. The original contact area-based Cassie’s equation is also wrong and
must be abandoned; however, the modified forms of Cassie’s equations, based on line
fractions or similar approaches, can be derived and used in practical situations [6]. At
present, the physical understanding of the Cassie equation is divided into three different
parts: the first one is the wrong original Cassie equation, which was based on area fraction
on the whole solid−liquid interface; the second is the Cassie equation, based on the area
in the vicinity of the contact line where the experimental determination of the amount
of area cannot be carried out by the known methods; the third is the line fraction-based
Cassie equation. Line fraction approaches are difficult to treat mathematically but the
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development in this direction and the modification of line fraction-based Cassie equations
may bring improvements in our comprehension of the contact angle field.

In this review, we examined the articles which were published mostly after 2014 on
the same subject. In general, they were supporting the above conclusions and added
many new factors to our understanding of the effect of three-phase contact line to the
apparent, advancing and receding contact angles. Many good articles shed light on this
important problem, especially those published in the last three years. The derivation of
the relationship of the magnitude of the apparent contact angle with the properties of the
three-phase line after the replacement of solid–vapor interfacial tension term, γSV, with a
string tension term containing the edge energy, γSLV, and the curvature of the triple contact
line, km, term is an original and useful contribution [73]. The development of a novel
Gibbsian thermodynamics composite system for a liquid drop, resting on a heterogeneous
multiphase solid substrate [88], and also on a homogeneous rough solid substrate, having
pillars of equal height [89] at equilibrium conditions, arriving the same conclusions given
above, are also important contributions to contact angle science, which may be further
improved in the future. In addition, some of the articles on the “line energy” concept along
the three-phase contact line, and on the “modified” Cassie equations were also examined
and it is concluded that some progress has also been made in this direction.
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