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Abstract

The wetting of solid surfaces is directly involved in a large number of processes as
important as the lubrication or corrosion of materials, and indirectly in the
biocompatibility of implants or bacterial adhesion, and as such is currently a very
active field of research. The surface roughness of the material plays an important
role in its interaction with the wetting liquid. One of the parameters used in one of
the most used models to analyze the wetting of materials, the Wenzel model,
captures the roughness of the material through the so-called Wenzel roughness
parameter, which by definition is the ratio between the surface area that develops a
rough surface and the one it would have if it were perfectly flat. This model was
intuitively developed in 1936 to account for experimental results showing that the
wettability of a material increased by imposing roughness. In this brief note we
present a characteristic of this parameter, and it is that for a series of topographies
structured in the form of periodic patterns of protrusions whose height can vary
from the order of nm to macroscopic values, of hemispherical, conical, cylindrical,
and pyramidal shapes, this parameter does not show any variation with the height
of the same (thereby predicting a null influence of the roughness in the wetting).
We present this broad set of topographic designs (to which more can be added) to
account for this limitation of the Wenzel roughness factor and contribute to the
debate about its applicability and usefulness in the analysis of real-world materials
and phenomena.
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1. Introduction
1.1. Some fundamentals on the Wenzel roughness factor.

The wetting of rough surfaces can be analyzed by several models, the Wenzel and
Cassie-Baxter models being the most commonly used. The Wenzel model assumes
that the liquid completely wets the irregularities of the material, i.e., it completely
penetrates the irregularities, as shown in the Fig. 1. The Cassie-Baxter model
assumes that the liquid is suspended not only over the material, but also over
pockets of trapped air, thus "seeing" a surface composed of material and air. Both
models assume that the average size of the surface irregularities are much smaller
than the droplet size, which is generally the case.

Although both models are widely used in the description of surface wetting, a
phenomenon involved in a multitude of processes of both scientific and industrial
interest, discrepancies between the measured values and those predicted by the
theoretical models are frequently published.! There is heated debate in the
scientific community about the applicability and usefulness of these models,
although they are in fact widely applied by a large community ranging from
industrial engineers to microbiologists.?
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Figure 1. Scheme of the Wenzel and Cassie-Baxter interpretation of the wetting of a
solid surface by a liquid drop.

In this note we focus on analyzing one of the features of the Wenzel model.
According to this model, proposed by Wenzel in 1936, the modification of the
equilibrium contact angle that produces roughness can be modeled using the
Wenzel equation, which was proposed intuitively, not formally deduced, in view of
experimental results and is shown below3:

cos 6 =r-cos®. .
rough intrinsic .
Equation 1
where
AS‘
r =
A
p .
Equation 2

In this equation, Bintrinsic is the intrinsic contact angle of the (smooth) surface, while
Brough is the contact angle on the rough surface. r is the so-called Wenzel roughness
parameter, which by definition, is the ratio between the surface area developed by
the topographic irregularities (As) and the vertically projected area (Ap). r is
dimensionless. Evidently, r is always = 1, with 1 corresponding to a perfectly
(atomically or molecularly) flat surface. If, for example, the imposed roughness
increases the surface by 20%, r will take the value 1.2. We can interpret from this
equation that roughness amplifies the hydrophilic or hydrophobic character of the
surface. That is, it makes an intrinsically hydrophilic surface even more hydrophilic,
and a hydrophobic surface even more hydrophobic.

Values of r can be obtained from Equation 1, but in many cases it is not possible to
know the Oinrinsic value (i.e., the material is naturally roughened). Experimental
estimates have been obtained with different techniques, such as AFM or Confocal
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Microscopy.*>

In practice, materials of interest in science or industry undergo physical or chemical
surface conditioning processes. Values of r on commonly used surfaces are between
1 and 2. In general, a value of r greater than 2 is considered to be a very rough
surface. To illustrate r with experimental values, we can cite several examples:
values in the vicinity of 1.3 were achieved by grit blasting a steel. Much higher
values, reaching about 4.5, were achieved by incorporating periodic micrometric
irregularities into its surface.® Values of up to about 5 were achieved on the polymer
by treating it with a femtosecond laser’. Values between 1.2-1.5 were measured for
a microtextured superhydrophobic silicon surface, and between 1.25-2.10 for a
regular untextured aluminum surface (after treatment with a strong acid).®

In this short essay, we analyze the Wenzel roughness factor on a set of simple, yet
scientifically and technologically relevant, topographical configurations, where it is
clearly shown that r need not be an adequate descriptor of surface roughness, since
on such surfaces r is practically invariant to changes in what is commonly considered
roughness of a material. That is, although it is an experimental fact that a material
that has been conferred surface roughness exhibits a different contact angle than
the smooth analog, surface roughness is not well determined by r, as we shall see,
since we shall show that there are examples of very rough materials that have
exactly the same value of r as the less rough counterpart. | present this short essay
to contribute to the current debate on the validity of the Wenzel and Cassie-Baxter
models in the analysis of wetting phenomena and related phenomena using contact
angle values (surface forces, evaluation of Gibbs free energies and their influence on
adhesion or adsorption processes...)>0:

1.2. Some fundamentals on the surface roughness of materials.

The most commonly used parameters are the so-called amplitude parameters. They
characterize the surface according to the vertical variations of the sample profile.
Many of them are closely related to statistical parameters used for sample
characterization (arithmetic average, interval amplitude...).!* We define here the
two parameters, easy to compute, that we will use later to get a numerical
descriptor of the variations of the height profiles.

Saverage (height arithmetic average), represents the average of the heights (zj or z(x) in
the continuous case) of all points (N) in the scanned sample area (of length |):
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N l
1 1 -
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average N ioq 1 l B

Equation 3

It is a value directly proportional to the heights of the surface points, by definition.

R, (maximum height), represents the height difference between the highest and
lowest point within the scanned area.

2. Results and discussion

In this Note, we will analyze geometrically ordered topography surfaces where
topographic irregularities take the form of hemispheres, cones, cylinders, and
pyramids, being adjacent to each other (Fig. 2). This type of surface structuring can
be found both in nature and created by humans ad-hoc for applications or for use in
research studies related to topography. In all these cases we will derive the Wenzel
roughness factor, r, and see its behavior with the height of the topographic
irregularities (commonly referred to as roughness).

e W ww s

Figure 2. Scheme of the types of ordered topographies that will be shown and
analyzed in this Note. The 2D arrangement is shown for the case of the
hemispheres, and is the same for the other geometries.

2.1. Ordered pattern of hemispherical protrusions.

Examples of the use of this type of topography can be found in the literature. 1213 |n
Fig. 3 we show the geometric characteristics of the elements of this surface.
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Figure 3. Scheme of the side view and from above the surface, where the
dimensions of the hemispheres can be seen.

Consistent with the character of the roughness parameter of r, one expects the
roughness parameter to increase with increasing height of the protrusions. That is, a
surface texture formed by hemispheres of 10 nm in diameter is a much flatter
surface than one formed by hemispheres of 1000 nm (1 um), and this in turn is
flatter than one formed by hemispheres of 100,000 nm (100 um). All of them meet
the requirement of being much smaller than the capillary length of the liquid, 2.7
mm in the case of water, the maximum size allowed for the drop.

A liquid drop on this surface rests on the upper surface of the hemisphere and on
the 4 parts that remain at the vertices of the square. This is the "unit cell" which can
be thought of as repeating itself to form the entire structured surface. The area of a
hemisphere is 1/2nD?, if we put it in function of the lateral dimensions of the
protrusions (diameter, in this case). The area of the four parts remaining at the
vertices can be calculated as: D? - nD?/4. The total surface area that wets the liquid
will therefore be: As = 1/2nD? + D? - nD?/4. Therefore, the Wenzel roughness factor,
r, can be expressed as:

. EGmyp’ o .
r=—= - = 1.785 # f(height of protrusions, I
!

Equation 6

Interestingly, Wenzel's model predicts the same contact angle whatever the heights
of the hemispheres. This is obviously contrary to experience, since experimentally
we know that the roughness varies with the amplitude of the irregularities of the
material (roughness). This analysis shows that the Wenzel factor does not capture
the full essence of the influence of roughness on the equilibrium contact angle of
the droplet.
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This is illustrated in Fig. 4, where the relative sizes of the hemispherical protrusions
could be even more exagerated (always meeting the requirement of being much
smaller than the droplet size), since the size variation factor could perfectly be in the
environment of 1,000 (from 10 to 10,000 nm, for example) and in the scheme
shown in Fig. 4 the variation is in the environment of only 30:

Droplet of diameter >>> D

D/2

—1 4 F TS T T T— -1 e 1 = ] I - b s
All same value of r, irrespective protrusion height (D/2).
Same contact angle, then. ¢?
Figure 4. Scheme illustrating the result of computing r in a topography of the
ordered pattern type of spheres by varying their dimensions.

This inconsistency in the predictions of the Wenzel model seems to be due to
Wenzel's own definition of the roughness parameter. This constancy of the
parameter r with the height of the protrusions contrasts with the behavior of other
roughness parameters, which do describe the increase in roughness. Let's look at
the average height Saverage- In the case of a hemisphere, the average height of its
points gives a S2ver&e yalue = 2/3 R, that is, it is proportional to the height of the
protrusions (R or D/2). Now, not all the points are on the lateral surface of the
hemisphere. There are also height 0 (ground) in the 4 areas adjacent to the vertices.
The percentage of points that are on the hemispherical surface with respect to the
total is 1/2nD? / (1/4nD? + D?), that is, 88%. The remaining 22% are on the ground.
Therefore, the value of Saverage Must be corrected to account for only 88% being on
the hemispheres. Saverage, cOrrected, is Saverage (COrrected) = 0.88 Saverage, Which is still
proportional to D/2. Also the parameter R,, which in this case has the value R,=D/2,
is proportional to D.

This type of behavior of the roughness parameters is more consistent with the
evidence of being "rougher" (that is, presenting more variations in height) than the
behavior of r, which is shown to be constant.

2.2. Orderly pattern of conical protrusions.

Examples of the use of this type of topography can be found in the literature. #*In
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Fig. 5 we show the geometric characteristics of the elements of this surface.

Figure 5. Scheme of the side view and from above the surface, where the
dimensions of the cones can be seen.

Now we calculate r for a surface formed by adjacent cones, of height equal to the
radius of the base. The lateral area of the cone can be calculated as A = tRg, where
g is the generatrix. In this case, since the height of the cone is equal to the radius,
the generatrix is the hypotenuse of a right triangle with legs D/2: g =D - V2/2. The
total area that wets the liquid will be the sum: As = (vV2/4)mD? + D2 - nD?/4 = /2-1/4)
1tD? + D2. Therefore, the Wenzel roughness factor, r, can be expressed as:

A )’

r=--= o = 1.325 # f(height of protrusions, I
p

Equation 7

Again, we find a topographic configuration for which the Wenzel model predicts the
same value of r and therefore of B:ougn, regardless of the height of the topographic
irregularities (D/2 or R, in this case).

Regarding the behavior of other roughness parameters, Saverage (average height of
the points) takes the value Saverage = D/4 (the average height of the points of a cone
is half its height), that is, it is proportional to the height of the protrusions (D/2).
This can be seen by considering Fig. 6. The equation of any of the lines whose
revolution around the z axis gives rise to the cone is: z = h- h/(D/2)-x. Integrating this
equation between the limits 0 and D/2 and dividing by the amplitude of the
integration interval (D/2), the average value of the height is obtained, which is
Saverage = D/4. Again, you have to correct the value for the points on the ground. In
this case there is 84% on the lateral surface (v2/4)rtD? / (v/2-1/4)ntD? + D?) and 26%
on the ground. Therefore, Saverage (corrected) = 0.84 Saverage, Which is therefore still
proportional to D/2. This behavior directly proportional to D is the one expected
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since Saverage has dimensions of length and for D=0 it takes the value 0, the expected
value for a perfectly smooth surface. Finally, also the parameter R,, which in this
case has the value R,=D/2, is proportional (equal) to D/2.

i

N Vi

/ D/2

Figure 6. Detail of one of the lines, whose revolution around the z axis gives rise to
the cone.

¥

2.3. Orderly pattern of cylindrical protrusions.

Examples of the use of this type of topography can be found in the literature. 1*2%|n
Fig. 6 we show the geometric characteristics of the elements of this surface.

I- 1[)
>

D

Figure 6. Scheme of the side view and from above the surface, where the
dimensions of the cylinders can be seen.

Now we calculate r for a surface formed by adjacent cylinders, of height equal to the
radius of the base. The surface area of the cone can be calculated as the sum of the
side area plus the area of the top: As = D? - (i/4)D? + (1/2)D? + (rt/4) D? = (1+m1t /2) D2.
Therefore, the Wenzel roughness factor, r, can be expressed as:

(1+2)D°
Py —=1 $=,= 2571

D Equation 8

Again, a topographic configuration that gives a value of r independent of the heights

9
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of the protrusions.

Regarding the behavior of other roughness parameters, Saverage (average height of
the points) takes the value Saverage = D/4 (the average height of the points of a
cylinder is half its height), that is, it is proportional to the height of the protrusions
(D/2). Again, you have to correct the value for the points on the ground. In this case
there is 91.4% on the lateral surface (((rt/2)D? + (r/4) D?)/ (D? - (n/4)D? + (t/2)D? +
(m/4) D?)) and 8.6% on the ground. Therefore, Saverage (cOrrected) = 0.914 S,yerage,
which is therefore still proportional to D/2. Also the parameter R,, which in this case
has the value R,=D/2, is proportional (equal, in this case) to D/2. Both parameters
take the value 0 for D =0, as expected.

2.4. Orderly pattern of square-based pyramidal protrusions.

Examples of the use of this type of topography can be found in the literature. 1421, In
Fig. 7 we show the geometric characteristics of the elements of this surface.

D/2] o & .]:D
>

D

Figure 7. Scheme of the side view and from above the surface, where the
dimensions of the pyramids can be seen.

Now we calculate r for a surface formed by adjacent pyramids, of height equal to
half the side of the base square (D/2). The lateral area of the pyramid can be
calculated as Aj = Ppase * Ap, Where Ppase is the perimeter of the base and Ap is the
apothem. In this case, since the height is half the side of the base square, the
apothem is the hypotenuse of a right triangle with legs D/2: Ap = (v/2/2)-D.
Therefore, doing simple calculations: A = v/2:D2. In this case, then, r takes the value:

A
r = 5="‘*‘1"§ =2 = 1.414

A
P
Equation 9

Again, we find a topographic configuration for which the Wenzel model predicts the
same value of r and therefore of B:ougn, regardless of the height of the topographic

10
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irregularities (D/2, in this case).

Regarding the behavior of other roughness parameters, Saverage (average height of
the points) takes the value Saverage = D/4 (the average height of the points of a
pyramid with a square base of height D/2, the demonstration being equal to conical
case), that is, it is proportional to the height of the protrusions (D/2). In this case
there is 100% of the points are on the pyramid surface, so it is not necessary to
correct Saverage- Finally, also the parameter R, which in this case has the value
R,=D/2, shows an increasing value, proportional (equal), to D/2. Again, both
parameters take the value 0 for D = 0, as expected.

3. Conclusions

We have theoretically constructed and analysed a wide set of not especially complex
topographies for which the Wenzel model predicts an invariance of the equilibrium
contact angle with the height of the topographic protrusions (invariance of the
Wenzel roughness factor), a fact that contradicts the experimental evidence. This
characteristic of the Wenzel model, a consequence of the definition of the Wenzel
roughness factor, may be interesting to shed light on its applicability, usefulness,
and the reasons for discrepancies between what is theoretically predicted and what
is obtained experimentally in the scientific community that uses this phenomenon,
either as a direct objective of study, or as a basis for understanding other
phenomena related to it.
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