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ARTICLE INFO ABSTRACT

These authors experimentally investigate the influence of multi-scale roughness on contact angle
measurements, and they propose a model combining the Wenzel and Cassie-Baxter equations with the
3D roughness parameters defined by 1IS025178. To do this, a generic methodology based on a statistical
method (bootstrap and correlation coefficient) is developed and applied to a polypropylene textured
femtosecond laser (55 surfaces, ablation depths=5-45um and depth/diameter=0.07-0.53). A mixed
model is proposed according to the correlations obtained between the contact angle of a plane surface,
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6o, and a textured surface, 0, with the roughness parameters as the developed surface, Sy, closed hills
area, Sy, and the closed dales area, Sy, with regard to the models of Wenzel and Cassie-Baxter.

1. Introduction

Polymers such as polypropylene (PP) are frequently used in
industrial applications, such as the automobile and cosmetics indus-
tries. However, surface treatments are necessary to improve the surface
wetting and adhesion properties to permit the esthetics aspects.

Surface texturing is essential in many industrial applications,
such as liquid coating, lubrification, painting, and jet-printing [1].
According to Etsion [2], laser surface texturing can produce micro-
dimples on the surface and each of these can serve either as a
micro-hydrodynamic bearing in cases of full or mixed lubrification
or a micro-reservoir for lubricant in cases of starved lubrification
conditions. We can then ask, what is the contact between the
lubricant and the textured surface? Before turning to the para-
meters, such as the contact pressure, the wettability properties are
often studied [3].

Wettability properties are usually quantified in terms of the
apparent contact angle, which is the angle between the solid
surface and the liquid-air interface [1].

The wettability of surfaces depends on the liquid chemical
properties but can also be strongly affected by surface roughness.
The first approach was made by Wenzel [4]. His theory was based
on the assumption that a rough surface extends the solid-liquid
interface area in comparison to a projected smooth surface. In the
general case, the Wenzel theory uses the equation:

COS =T CosS 6y (1)

* Corresponding author.

where 6 is the apparent contact angle, and r is the ratio of the real
rough surface area to the projected perfectly smooth surface. ¢, is
the contact angle corresponding to the ideal smooth surface.
Another attempt to describe the surface heterogeneity was made
by Cassie and Baxter [5]. The Cassie-Baxter theory proposes an
equation of the apparent contact angle for the heterogeneous
contact of a liquid droplet (water) on a composite surface that is
composed of a solid (on an area fraction f) and air (on an area
fraction 1—f), which is

cos O =f cos 6y—(1-f) ()

where 6, is the contact angle of the liquid droplet on the flat solid
surface.

For real heterogeneous and complex rough surfaces, different
scenarios can be obtained and described in Fig. 1. The drop can be
seen on the rough surface, like in the Wenzel and Cassie-Baxter
models, or as two mixed states. First, the drop follows the Wenzel
model for nanometric scale roughness and the Cassie-Baxter
model for micrometric scale roughness. Second, the drop follows
the Wenzel and Cassie-Baxter for micrometric and nanometric
scale, respectively. These scenarios can be found in the nature of
super-hydrophobic surfaces, like lotus or rose leaves [6].

To describe real surfaces, different authors proposed a combination
of these two theories [6,7]. The surfaces are described by 2D and 3D
parameters defined by EUR15178N and ISO25178. The correlation
between these parameters and the contact angle are studied [8-10].
The relevant parameters define the multi-scale surfaces; however,
there is no answer to the question: “What is the pertinent scale of
roughness to analyze the behavior of the interface drop-substrate?”
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Fig. 1. Schematic of the different wetting scenarios for the roughness surface
models and the multi-scales roughness surfaces, see Ref. [6].

The aim of this paper is to statistically demonstrate the relevant scale
of the measurement parameters on real multi-scale surfaces created by
femtosecond laser treatment in order to describe the surface
wettability.

2. Experiments
2.1. Tested material

The PP used in this study was characterized by infrared
spectroscopy (IRS) and differential scanning calorimetry (DSC).
It is an isotactic polypropylene with a degree of crystallinity
approximately 55% (measured on 10 samples). The cooling of the
PP after laser treatment is considered homogenous.

2.2. Surface preparation

Tested surfaces are prepared by femtosecond laser ablation.
This method presents different advantages, including a reprodu-
cible finishing process and multi-scale surface texturing [11].

The femtosecond laser source used in our experiments is a Ti laser:
sapphire developed by Thales™. This laser delivers pulses with an
average duration of 130 fs with a repetition rate of 5 kHz. The wave-
length of the emitted light is centered around 1=800 nm. The laser
was used at normal incidence to the surface of the sample; the beam
diameter is kept constant at @=60+5 pm and is measured on a
reference steel with the laser parameters, N=20 and P=30 mW. The
beam is focused by multiple mirrors and a diaphragm, and the shape
of the beam depends on the optimization of the optical path of the
beam [12]. The shape of the beam obtained and used in this study is a
top-hat beam with a cylindrical shape.

The different values of surface roughness were obtained by
changing the lag beam, horizontal A, and vertical A,, (5 conditions).

(An=1/2 @; Ay=1/2 0), (An=1/2 0; Ay=0), (An=1/2 @; A, =2
), (Aph=0; Ay,=0), and (Ap=2 0; A,=2 O);

the power density, P, (9 conditions).

P=150 mW, P=200 mW, P=250 mW, P=300 mW, P=350 mW,
P=400 mW, P=450 mW, P=500 mW, and P=550 mW;

and the number of pulses N (2 conditions).

N=5 and N=10.

Twelve representative surfaces are presented in Fig. 2. All
specimens (55 surfaces) were prepared following the same pro-
cedure; however, due to specific laser-polypropylene interactions,
the impact diameter increases with the power density [13]. The
displacement of the beam, A, and A,, is chosen according to
the impact diameter, @, to produce a wide range of ablation
depths, H=5-45 pm, and a wide range of aspect ratios, A=0.07-
0.53. A representation of tested surfaces is presented in Fig. 2.

The different displacements of the beam along the horizontal
and vertical axis created a principal direction on 33 surfaces, called
anisotropic surfaces. The other 22 surfaces are considered
isotropic.

It is important to note that the product morphology can be
decomposed to the form component (um) and the roughness compo-
nent (nm). The drop is posed on several grounds as representative of
the surface topography. The drop and the periodic structures analyzed
have the same sizes (um). A study involving evaporation of the drop
shows a strong influence on the contact drop/surface. Finally, in the
study, it is considered that there is no chemical modification of the
polymer after laser texturing. The treatment conditions chosen cannot
distinguish the modification of the surface chemistry by IR or XPS
analysis.
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Fig. 2. Interferometric imaging of the textured surface treated by laser ablation.
Each image has the same scale: 1 mm x 1 mm. The horizontal beam lag, Ap, the
vertical beam lag, A,, the power density, P, and the number of pulses are modified
to obtain a range of different roughness.



2.3. Contact angle measurements

The contact angle between the water and the tested materials
has been measured using the sessile drop method for both
directions defined by the anisotropic samples. The principle of
the measurement is presented in Fig. 3. The anisotropic properties
are not the objective of this study. The contact angles are
measured along the horizontal and vertical axes defined by the
structuration to obtain the greater dispersion measures. The drop
volume was taken within the range where the contact angle did
not change with the variation of the volume (3 pL). Tests were
conducted at an ambient temperature of T ~22 °C and at a relative
humidity HR ~45%. The equilibrium contact angles were observed
and measured rapidly (t <20 s) after the drop was deposited on
the polymer. During this period the evaporation of the drop water
is negligible and its volume is assumed to be constant.

2.4. Surface morphology measurements

The surface roughness parameters of the treated surfaces were
calculated from the topographical data measures by a 3D optical
white light interferometer. The measurements were based on the
non-contact vertical scanning interferometry (VSI) measurement
mode with the use of an 10x objective. Six topographical measure-
ments were performed for each analyzed surface with the follow-
ing size of the measured regions (1 mm x 1 mm). These profile
dimensions take into account the real surface. In fact, the surface
patterns are periodic (~5 periodic patterns). Moreover, the con-
tact area of the drop is close to 4 mm2 (10-12 periodic patterns).

The topographical 3D parameters were calculated according to the
following standards defined by EUR15178N and [SO25178.
A total of 63 different roughness 3D parameters were calculated for
all 55 tested surfaces and for 100 surfaces generated by the multi-
scale decomposition for each of the 55 surfaces. This procedure
generated a huge amount of data; therefore, the statistical method
was used to analyze and determine the most relevant parameters that
influence the contact angle measurement. The selected parameters
are presented and defined in Table 1. These parameters can be
associated with the Wenzel (Sg) and Cassie-Baxter (Syq, Shq) para-
meters r and f in the following expressions

r = (Sg+100)/100 3)

f = Sha/(sha +Sda) (4)

2.5. Multi-scales decomposition

The topography induced by the femtosecond laser is multi-
scale, comprising the form and the roughness. If we set a spatial
reference scale, two visions of the surface topography can be
considered. The first is to quantify the form beyond this level by
ignoring from the roughness measured below. The second is to
analyze the roughness refraining the form. For this, a Gaussian
high-pass filtering (roughness) with a cut-off, 2, and a Gaussian

6 =100°t5°

=111.2°+0.9°

low-pass filtering (form) with a cut-off %, are used. This is
followed by a multi-scale decomposition. For each filter, a 50
spatial scale, 1 (cut-off), is selected. Each surface gives access to
100 surfaces.

Fig. 4 shows the multi-scale decomposition for the low-pass
and high-pass filters at different scales (1,=220 and 1,=40 um)
and one type of surface that is fairly representative of the extent of
the surfaces studied. Fig. 4 shows the 2D profiles corresponding to
the surface A,=1/2 @, A,=20. The first profile (2*=220 um)
presents a sinusoidal profile. When the cut-off is 2*=40 pm, the
profile contains more details. On this profile, the edges of impact
are present. The profile obtained with A* < 40 pm has a roughness
added to the form. These different stages are found for other
surfaces. The first filter (high A%) introduces the form component of
the profile, whereas filters at smaller scales introduce the rough-
ness added to the form (Fig. 4(a)). With low-pass filtering, the
smallest scale gives access to the integral profile.

Unlike with high-pass filtering, the highest scale gives access to
the integral profile, as seen in Fig. 4(b). This figure shows the 2D
profiles corresponding to the surface A,=1/2 @, A,=20 with a
high-pass filter. The first profile (17=220 um) presents a profile
compound of the shape and the roughness. When we decrease the
cut-off (2#=40 pm), the form disappears in favor of the roughness.
We can see that the roughness is higher in the laser-modified are.

After this decomposition, each surface corresponds to 100 differ-
ent surfaces, for which the 3D roughness parameters can be
calculated. Fig. 5 shows the evolution of the S, parameters according
to the scale decomposition (A' and i"). We see two regimes with a
transition 4; ~45 pm corresponding to half the impact diameter, @.
For the high-pass filter, the filters less than A" <50 um characterize
the roughness with a fractal structure type [14]. For A" > 50 um, the
structures are of the Euclidian type, and S, characterizes the
macroscopic morphology that seems does not depend on the shape.
The evolution of Sy, is then constant.

2.6. Statistical analysis (bootstrap and standard deviation)

In this section, we present an original methodology developed
to investigate the nature of the relationship between a roughness
parameter taken at a given spatial scale using a standard filter set
(high-pass or low-pass) and the wettability properties. The objec-
tive is to determine the most relevant roughness parameters (63
3D parameters), filtered to an optimal scale (50 cut-off, (4;, for each
filter)) using the best filter (high-pass or low-pass).

Table 1
Syntheses of the most relevant morphological parameters that influence the
wetting phenomenon, selected by statistical analysis.

3D parameters (EUR 15178N; 1SO25178) Correlation coefficient

Sha Closed hills area 0.85
Sda Closed dales area 0.85
Sar Developed area ratio 0.84
Ssk Skewness of height distribution 0.83

L
=124.5°£1.3°

Fig. 3. Representation of the experimental measurements of the contact angle on a smooth surface and a textured surface in both directions of the surface texture.
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Fig. 4. Examples of multi-scales decomposition by a low pass filter (a) and a high pass filter (b) for two surface morphologies representative of all the surfaces. The blue line
indicates the vertical direction, and the red line indicates the horizontal direction. The map and the profile are calculated for two values of cut-off, ;=220 um and 4;=40 pm,
and two filters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

We propose to illustrate this sequential method using roughness
parameters, S, calculated at the whole scale, and the contact angle, 6,
for 5 textured surfaces (Ap=1/2 @; A,=1/2 @), (Ap,=1/2 @; A,=0),
(Ah=1/2 0, Ay=2 @), (Ah=@; A,,:@), and (Ah=2 0, Ay=2 @)) with
laser parameters, P=300 mW and N=10.

The search for a phenomenological model involves several
steps:

(1) To determine the estimated uncertainties of the experimental
values.

(2) To search for the scale relevant for each 3D parameter.
(3) To search for a relationship between the roughness parameters
and the contact angle.

The measured data (contact angle and roughness parameters)
are independent. To write a relationship between these quantities,
it is necessary to reduce the data of each quantity, usually to their
average. In this case, the value corresponds to the variability of the
experimental values estimated by the bootstrap analysis [15,16].
The bootstrap analysis allows for estimation of the sampling
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distribution by resampling methods. One standard choice for an
approximating distribution is the average of the measurements.
Each average is obtained by random sampling in the original data.
A total of 100 000 drawings are made from the surface.

Fig. 6(a) shows the variability of the roughness parameters,
Sar- The averages are strictly different. However, in Fig. 6(b), the
variability of the contact angle, 9, is not statistically distinguish-
able, except for the surface with A=A, =20;. This result causes
a strong dispersion in the analysis of the results presented in
Fig. 10.

Fig. 7 presents the classification of all the roughness para-
meters, at all scales, versus the correlation coefficient [17] between
the roughness parameters and the contact angle. The roughness
parameters, Sy, and Sy, are relevant (R2=0.85) for a low-pass filter
with 2/=40 pm, and Sy, is relevant (R2=0.84) for a high-pass filter
with AH=220 um.

3. Results and discussion

Different approaches are possible to determine the relationship
between the roughness parameters and the contact angle. The first
consists of using the classical model with the roughness para-
meters, like the r=f(Sy) of (Wenzel) and the f=f(S;,) of Cassie-
Baxter. We can see in Fig. 8 that these models do not correspond to
the experimental results. The scatter of the experimental data
suggests, in Fig. 8 and the following Figs. 9.and 10, poor precision
of the collected data. This dispersion is explained by Fig. 6. We can
see that despite the differentiation of the surfaces by the rough-
ness parameter Sy, which is very sensitive to micro-cavities, the
contact angle does not allow differentiation of the resulting
contact angles for different Sy,

In the previous section, we have shown in Fig. 7 that the Sg; is
relevant for a scale of /=220 um with a high-pass filter, and Sjq
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and Sy, are relevant for a scale of A'=40 pm with a low-pass filter.
Fig. 9 shows the Wenzel and Cassie-Baxter models with the
roughness parameters calculated at relevant scales. The Wenzel
model is not always appropriate, but the Cassie-Baxter model
shows a better correlation.

A mixed model based on the Cassie-Baxter and Wenzel
theories is proposed. Fig. 7 shows a high correlation coefficient
between Sy and 6 when A <50 pum, and only the roughness
component, as seen in Fig. 4. This leads us to say that the
roughness is important only on the bottom of the hills. The
developed area ratio at this scale is r'=(Sg—+100)/100.

Moreover, Sp,, Which characterizes the Cassie-Baxter model, is
relevant for A' > 40 pym with a low-pass filter, a scale that takes
into account the component form, as seen in Fig. 4. In this way, it is
possible to determine a fraction of the “microscopic” area on
which the drop is in contact with the polymer, f “=Sa/(Sha=+ Sda)-
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From Eq. (2), the relation of the apparent contact angle versus
the topographic parameters that we proposed is

cos é):fL(rH cos 6p)—(1 —fL) ©)



140

130

120

110

Contact angle 6 (°)

100

o Experimental data
? o Mixted model

90

80

0 50 100 150 200 250 300 350

Developped area ratio S, (%)

Fig. 10. Contact angle versus roughness parameters calculated at their relevant
scale. Comparison between the experimental data and the developed mixed model
according to the equation cos#=cosd=f" ("' cos 6p)—(1—f")where f-=Su4/
(Sha+Sda), '=(S4+100)/100, and 6, is the contact angle on a flat surface of the
polymer.

where 6, is the contact angle on the smooth surface of polypro-
pylene (95°).

Fig. 10 shows the comparison between the experimental data
and this mixed model. This model describes the Wenzel-Cassie-
Baxter Model presented in Fig. 1.

We also mentioned that several surfaces are anisotropic; they
present a main direction. Note that the contact angles obtained in
the main direction of texturing are greater than the theoretical
values. The model predicts the average value obtained by both
directions.

4. Conclusion

An experimental investigation of the static contact angle
measured on polypropylene textured surfaces by a femtosecond
laser with multi-scales roughness shows the dependence of the 3D
roughness parameters Sg;, Spe and Sg.

The 3D profile of the multi-scales textured surfaces are decom-
posed by a Gaussian high-pass and low-pass filter for 50 different
cut-offs, 4;. The statistical analysis showed that Sy, is relevant for a
scale of 2! <220 um for a high-pass filter, and S, and Sy, are
relevant for a cut-off A > 40 um with a low-pass-filter. The rough-
ness parameter Sy, is relevant to describe the roughness of the
textured surface, and the parameters, Sy, and Sy, are relevant for
the form component description of the profile.

The proposed physical approach shows that the drop is not in
the state described by Wenzel or Cassie-Baxter, even with the

roughness parameters calculated at the relevant scales. Finally, the
authors proposed a model using both approaches.

The proposed model depends on the roughness parameters Sg;,
Sha and Sy, for the relevant scales. Several conditions are required:
the polymer surface is chemically homogenous, the parameter
calculation is performed on a similar surface to the contact surface
of the drop and the cut-off of the filters associated with the
roughness parameters are small compared to the drop diameter.

The proposed mixed model expression is

cos 0 =frH cos 6p)—(1—fh)

where f£=Sp4/(Sha+Sda), '=(S4r+100)/100, and 6, is the contact
angle on a flat surface of the polymer.

Further investigations are needed to validate this approach for
different materials and textures.
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