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Abstract

To investigate the role of roughness in superhydrophobic coatings a variety of superhydrophobic and non-superhydrophobic
surfaces were synthesized using various polymer binders, nanosilica particles and fluoro chemistry on both glass and
polycarbonate substrates. The roughness of the coatings was measured by profilometry and atomic force microscopy (AFM)
and analyzed by a variety of statistical methods. Superhydrophobic surfaces showed a peak to peak distance below 5
microns and a radius of less than 0.5 micron, but this information alone was insufficient to predict superhydrophobicity. The
skewness and kurtosis for the surfaces indicated that all coated samples, both superhydrophobic and non-superhydrophobic,
had a random Gaussian roughness distribution, but there was no significant difference in the skewness and kurtosis values
Jor either superhydrophobic or non-superhydrophobic surfaces. The power spectral density function (PSDF) was found
to be an effective tool to predict the required roughness for superhydrophobicity and provides information over the entire
range of length scales.

The average peak radius for the micro and nano scales calculated from ACL and RMS values were found to be less than
3 um and 520 nm, respectively, which supports the accepted theory is that superhydrophobic surfaces require tightly
packed asperities and small micron and nano roughness. The characterization of the surfaces allowed experimental
verification of theoretical models for the roughness factor and critical roughness parameters. It was found that the
RMS/ACL values should be 0.35 or higher for designing surfaces with contact angles above 150°. This work shows
a unique method for measuring, quantifying, and understanding the role of roughness, that can be used to design
surfaces for superhydrophobicity and future applications such as self-cleaning, icephobicity, anti-biofouling, corrosion

resistance, and water repellency.
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Introduction

The level of interest in superhydrophobic surfaces, which are
characterized by a contact angle (CA) above 150° and a sliding
angle (SA) below 10°, has increased in the last decade due to their
potential for use in applications such as self-cleaning, anti-corrosion,
anti-fog, drag reduction, low water permeation, super-omniphobic
surfaces and ice-repellency[1-22]. However, most of the state of the
art superhydrophobic coatings lack durability, thus the development
of a durable coating has been the subject of recent efforts [23-28].

Superhydrophobic surfaces are comprised of hierarchical roughness
(micro and nano size) combined with hydrophobic chemistry.
The hierarchical structure is needed for stability of trapped air
and prevention of droplets from filling the valleys between the
asperities and pinning the droplets [29]. However, the specific level
of roughness required is still unresolved and different models have
been proposed to optimize the level of roughness [30-34]. A few
hierarchical structures have been suggested, among them circular
pillars with diameter, D, height, H and pitch, P, and pyramidal
nanoasperities with rounded tops [35]. The circular pillars should

have dimensions at the interface, (V2P — D)¥/R < H, so the droplet
droop is much smaller than the depth of the cavity and where
the rounded nanoasperities should have a small pitch to handle
nanodroplets (less than 1 mm down to a few nm radius). Later studies
indicated that the specific surface texture of a ~3-pm-diameter pillar
array with 7 pm height and different center to center spacings of
4.5, 6,9, and 12 um affected the wetting properties of the surface.
In addition, nanopillars with aspect ratios of 2 and 5 with different
spacings were shown to affect the contact angle [36]. It was also
shown that superhydrophobicity can be obtained using flower-like
sub-microsphere roughness, but also by micropillar arrays and
micropyramid structures, when a hydrophobic nanostructure was
added on top of the microstructures [37-42].

Predetermining the exact diameter, height or pitch is usually not
applicable for engineering or natural surfaces, since the textures of
most of these surfaces are random, either isotropic or anisotropic,
and either Guassian or non-Gussian depending upon the processing
method. In order to characterize the roughness of these surfaces
several amplitude roughness parameters have been used [43]. The
most common is the arithmetic average of the absolute values of
the profile height deviations from the mean line, Ra, but this does
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not give information about the shape or size of the roughness. It has
been shown that different surface structures, both superhydrophobic
and non-superhydrophobic, can have the same Ra value. Another
parameter that is used to characterize surface roughness is the root
mean square (RMS) value of the height fluctuations. A large value
of the RMS indicates a rough surface and a small RMS indicates
a smooth surface. The RMS, however, does not define the length
scale parallel to the surface. Among the amplitude parameters such
as Ra and RMS, skewness and kurtosis are also derived from the
profile height distribution and give information about the height
and shape of surface features (i.e., peaks and valleys). Skewness
is the dimensionless measure of asymmetry of surface heights
around the mean plane. A surface with positive skewness would
be composed of “hills”, while negative skewness corresponds to
“valleys”. Kurtosis is also a dimensionless measure of the shape of
surface heights. A surface with high kurtosis exhibits spiky features,
while a surface with low kurtosis shows more blunt topography.
It was found that surfaces with high skewness and high kurtosis
(values of 5.02 and 25.13, respectively), corresponding to a “spiky
mountains” morphology, exhibited high contact angle and low
hysteresis, whereas surfaces with negative skewness and low kurtosis
(values of —1.27 and 7.36, respectively), represented a morphology
similar to rounded valleys and displayed high contact angle, but
high hysteresis [44].

Neither Ra, RMS, skewness, nor kurtosis provide information about
the surface features in the horizontal direction. They characterize
only roughness in the vertical direction perpendicular to the mean
plane. To characterize the roughness in the horizontal direction of the
surface, spatial functions are used. Among them are: autocorrelation
function (ACF), structure function (SF), or power spectral density
function (PSDF), which represent the wavelength distribution or
spatial size of the features in the horizontal direction.

PSDF, which is the Fast Fourier Transform (FFT) of the ACF,
expresses the relative weight of each roughness component of a
surface structure as a function of its spatial frequency/wavelength.
It describes the roughness power per unit frequency over the
sampling length. The use of PSDF enables a more comprehensive
characterization of structures and contains all the information about
both the vertical and the lateral structural properties. The PSDF
can be derived from surface profiles measured by an optical or
mechanical profiler or from AFM surface profile data.

Previous work studied the correlation between superhydrophobicity
and the PSDF of randomly rough surfaces and showed that
superhydrophobic surfaces had a higher roughness power per
unit frequency along the entire sampling length compared to non-
superhydrophobic surfaces [45]. A surface containing both micro
and nano roughness, will give a PSDF with higher roughness with
small length scales (shorter than 500 nm) compared to a surface
containing only micro or nano roughness [46]. Ice adhesion strength
for superhydrophobic surfaces was found to be dependent primarily
on the autocorrelation length [47]. The results suggested that surface
features with small spacing are associated with a higher capillary
pressure and better ability to resist a small droplet from physically
penetrating into the space between the surface features.

Two parameters are extracted from PSDF that are of interest,
they are the RMS roughness and the autocorrelation length [48].
The RMS roughness is related to height fluctuations and the

autocorrelation length (ACL) is defined as a maximum distance
over which significant correlation occurs, or the distance between
two statistically independent points. Smoother surfaces generally
have large correlation lengths, while rougher surfaces have low
values of correlation lengths. More specifically, ACL describes the
horizontal distance over which the surface profile is autocorrelated
with a value larger than 1/e (0.368) [49]. Usually a rough surface
corresponds to high values of RMS height and low values of ACL.

In spite of considerable work on superhydrophobic surfaces,
there still remains a lack of knowledge on the specific roughness
characteristics that lead to superhydrophobic coatings. Moreover,
techniques to quantify the roughness of superhydrophobic surfaces
are still needed. To reach this objective, in this work a variety
of superhydrophobic and non-superhydrophobic surfaces were
synthesized using identical nanosilica particles and fluorine
chemistry, and various polymer binders on different substrates [50].
The resulting morphology was analyzed by a variety of experimental
and statistical methods. Various parameters were used to study
the role of feature roughness on superhydrophobicity, including
common amplitude parameters comprised of Ra, RMS, kurtosis,
and skewness, followed by statistical parameters such as ACL,
and PSDF. The wide variety of the coating morphologies obtained
allowed us to experimentally verify the theoretical models for the
roughness factor and critical roughness parameters. It was found that
the PSDF is a powerful tool for graphically predicting if a surface
will be superhydrophobic. For the case of a man-made random
surface morphologies, superhydrophobicity requires a tightly packed
rough surface with an average peak radius in the micro and nanoscale
smaller than 3 pm and 520 nm, respectively.

Experimental

Methodology

A variety of surfaces were prepared using three different binders,
nanosilica particles (NPs), and fluorosilane and their surface
characteristics were studied with respect to their contact and sliding
angles. To investigate the roughness effect on superhydrophobicity,
the micro and nano roughness of the synthesized surfaces was
investigated. Ra was calculated to elucidate whether a distinguishable
Ra value can be obtained for superhydrophobic formulations
compared to non-superhydrophobic ones. Then, the average radius
and peak to peak distance were determined for all surfaces, using
kurtosis and skewness calculations. The RMS and ACL were
extracted to confirm if the surfaces were random Gaussian surfaces.

Materials and Methods

Fumed silica nanoparticles (CAB-O-SIL® TS-720 Cabot Corporation,
USA) were used throughout the study. The particles were mixed
with a fluoroalkylsilane (Dynasylan® F8263, Evonik, Germany)
in isopropyl alcohol (IPA). The fluoroalkyl functionality provides
low surface energy. The average particle (aggregate) diameter was
0.2-0.3 pm.

Three binders were used: ethyl cyanoacrylate resin (ECA) (Loctite®
Super Glue, Henkel Corporation, USA), a two component epoxy
(EPO-TEK® 301, Epoxy Technology, USA), and a one part
ultraviolet (UV) curing urethane acrylate resin (UA) (NOA 61,
Norland Products Incorporated, USA). The carrier solvent for the
coating was acetone (Sigma Aldrich, USA).

The silica NPs (constant concentration of 2.5 wt %) were dispersed
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in the fluoroalkylsilane solution (in isopropyl alcohol, (IPA)) and
stirred at room temperature for 10 min. Each binder was dissolved
in acetone and stirred for 10 min at room temperature. Then, the
two solutions were mixed together and stirred for another 10 min.
For each formulation, the binder concentration ranged from 5 to
25 wt % (in increments of 5%). A total of 15 formulations were
prepared [50].

Coating

Glass microscope slides and polycarbonate (PC) sheet cut to 2.54 cm
x 2.54 cm squares served as substrates for the coating. The substrates
were rinsed with ethanol and dried under air pressure. One ml of
solution was spin coated on the substrate at 1250 rpm for | minute.
Ethyl cyanoacrylate and epoxy formulations were cured at 110 °C
for 2 hours. Urethane acrylate was cured under UV radiation for
2 minutes. A medium pressure mercury lamp (Heraeus Noblelight
America LLC) with a 365 nm wavelength at 100% intensity was
used for the UV-curing.

Characterization

The contact angle was measured according to the sessile drop method
using a commercial video-based, software-controlled, contact angle
analyzer (DSA 100, KRUSS GmbH,Germany). Deionized water was
used for the measurements. The sliding angle was measured using
a tilting unit incorporated into the contact angle analyzer. A drop
was first deposited on the horizontal substrate and after equilibrium
the substrate plane was tilted until the onset of drop motion. Both
contact and sliding angles were measured using a 5 ul water drop.

The profile of the surface was scanned using a stylus profilometer
(DEKTAK, KRUSS GmbH,Germany). The stylus radius was 0.2
pm, the scan length 10 mm, and the scan time 120 sec.

Topography images were taken using Atomic Force Microscopy
(AFM, PSIA XE-100) in noncontact mode. A scan size of 5X5 um,
with a scan rate of 0.5 Hz/sec was used and 256X256 pixel images
were kept for all the samples.

Skewness and kurtosis were analyzed using two different software
programs: XEI 100 (AFM PSIA 100 image analysis software) and
Gwyddion 2.41 version (free software). The results of the two
software programs were compared. The Power Spectral Density
Function (PSDF) was extracted from AFM images using Gwyddion
software.

The roughness factor (R,) was calculated using Eq.1:

Rf=J1+2"ZM ........... 1
13

I3

and the critical value of roughness factor (m ) was calculated using

Eq. 2:
mo = (3 [FERCERE) .2

where / is the sampling interval or short-wavelength limit, which is a
distance between the measured data points, ¢ is the RMS roughness
and B* is the ACL.

Results and Discussion

Contact and Sliding Angles

The superhydrophobicity of glass and PC substrates coated with
silica NPs dispersed in different binders was evaluated by contact
and sliding angle measurements. The weight ratio between binder
and the NPs was varied and total of 30 formulations were prepared
for coatings using the three binders coating on two substrates. Three
samples were prepared for each formulation and the average values
are shown in our previous work [51].

The contact angle measurements showed different results for the
three binders on glass and PC. The effect of substrate and coating
formulations on the resulting coatings’ topographies were studied
in our previous work [51]. It was shown that the interfacial tensions
and spreading coefficients of the as prepared solutions and during
the evaporation stage of the spin coating were the critical factors
determining the localization of the NPs either on the surface or
within the binder phase. The thermodynamic investigation was
in good agreement with respect to the localization of the NPs as a
function of the binder concentration and substrate type.

Amplitude Parameters Analysis

Microscopy and Profilometry Characterization

The localization of NPs on the top layer of the coating is a
prerequisite for obtaining a superhydrophobic surface as it provides
the needed nanoroughness [51]. However, not all surfaces with
nanoroughness are superhydrophobic. Superhydrophobic surfaces
require the correct micro and nanoroughness. To quantify the
roughness effect on superhydrophobicity, the first section of this
paper is directed toward analysis of the micro roughness and its
variables, such as height (amplitude), and interval (wavelength). A
10 mm length scan was performed using a contact profilometer to
calculate the average roughness, Ra. (The results are included in
supporting section S1). As expected, Ra measurements alone did
not show a clear distinction between superhydrophobic and non-
superhydrophobic formulations. The results indicate that higher
values of profile height are not essential for superhydrophobicity and
most superhydrophobic formulations showed lower overall height
(on glass and PC) compared to the non-superhydrophobic ones.
The Ra parameter expresses the relative departure of the profile in
the vertical direction, but does not provide any information about
the slope, shapes, and sizes of the asperities or about the frequency
and regularity of their occurrence [46] .

Profilometry Scans
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Figure S1: Ra roughness values of ECA, epoxy and UA formulations
A) on glass B) on PC.

In order for a surface to show superhydrophobic characteristics,
sharp structures having needle-like shapes with high aspect ratio
and small spacing are needed to increase capillary pressure and
trapped air [52]. Conversely, structures that have low projections
cannot trap sufficient air and are not superhydrophobic. To provide
detailed information on the microroughness surface structure with
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varying binder wt %, a 500 pm scanned area was selected from the
10-mm scans. The surface profiles for all binder concentrations are
included in the supporting section (S2-S4).

Profilometry Scans

loss of superhydrophobicity. From Tables 1-3 it can be determined
that the presence of sharp and dense microroughness is not sufficient
to predict superhydrophobicity or to characterize superhydrophobic
surfaces comprising micro and nanoroughness, since it is limited to
microroughness only.

S wt% SH | 10wt% SH [ 15 wt% SH | 20 wt% SH |25 wt% SH .
A Table 1: Profilometry Summary for ECA Based Formulations
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Figure S2: Surface structure for all ECA formulations A) on glass | 3% Y Y Y Y Y Y
B) on PC (SH refers to superhydrophobic) 10% Y Y Y Y Y Y
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Figure S4: Surface structure for all UA formulations A) on glass
B) on PC (SH refers to superhydrophobic)

The profilometer results indicate that sharp structures with high aspect
ratio and small spacing (frequency) are needed for superhydrophobic
surfaces to prevent water drops from penetrating between the peaks
as opposed to the non-superhydrophobic surfaces. Comparison of
microroughness profilometry results with NPs localization analysis
from our previous study is presented in Tables 1-3. It shows that for
ECA formulations NPs were seen on the surface a sharp (high aspect
ratio) and packed (high packing density) topography was obtained for
all the formulations on glass substrates. In the case of PC substrate,
although NPs were seen on the surface, with increasing ECA wt %,
the sharpness and the dense packing of the surface structure was lost,
along with superhydrophobicity. The loss in sharpness was shown
to be due to poor wetting of the ECA on the substrate that led to
uncovered areas of the substrate with increasing binder concentration.
For epoxy formulations on glass, sharpness and dense asperities were
retained for all epoxy wt %, however, only 5 and 10 epoxy wt% were
superhydrophobic since NPs were located on the surface. For PC, for
all epoxy wt% sharpness and dense asperities were preserved, but
the lack of correct nanoroughness (which cannot be determined by
profilometry) did not produce superhydrophobicity. Urethane acrylate
formulations exhibited sharp and dense structures on glass and PC,
but only 5 and 10 UA wt % were superhydrophobic with NPs located
on the surface. With increasing UA wt %, nanoroughness was lost
due to penetration of the nanoparticles into the binder, resulting in

Binder UA
wt% Glass PC
Sharp | Dense | Superhydrophobic | Sharp Dense | Superhydrophobic

5% Y Y Y Y Y Y

10% Y Y Y Y

15% Y Y N Y Y N

20% Y Y N Y Y N

25% Y Y N Y Y N

Since nanoroughness was shown to be critical for superhydrophobicity,
a detailed study of the coating’s nanoroughness was carried out using
AFM with a 20 pum scan length. AFM images for all formulations

on glass and PC substrates are shown in SI 5-7.
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Figure S5. Surface profile of ECA formulations A) on glass B) on PC
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Figure S6: Surface profile of epoxy formulations A) on glass B)
on PC.
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Figure S7: Surface profile of UA formulations A) on glass B) on PC

AFM topography images show the presence of NPs to different
extents on the coated surfaces. In some formulations NPs cover the
entire surface, and in some formulations they are mostly embedded
in the coating [51]. Differences in surface structures were also
observed when using other types of binders. (The surface profile
was extracted from AFM images and results are shown in supporting
section (S8-S10). A rigorous analysis of the surface profiles prepared
by the different formulations, showed nanoroughness comprising of
pyramidal asperities with a rounded tips in a few cases when coating
glass. In the case of coating PC, the morphologies had hemispherical
asperities with lower aspect ratios compared to the case of glass
substrates. These results were in agreement with previous work
on roughness of superhydrophobic surfaces where a preferable
structure was shown to be comprised of pyramidal asperities with
rounded tips [47].

The profiles were further analyzed for their average peak to peak
distance and average peak radius. This was based on previous
characterization for bio-inspired work on superhydrophobic leaves
that exhibited characteristic average peak to peak distance and
peak radius for the different leaves [51] .The average peak to peak
distances for the synthesized formulations are given in Table 4.
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Figure S8: 20 um AFM scan size of ECA A) 5 wt% B) 10 wt% C)
15 wt% D) 20 wt% E) 25wt% , on glass. F) 5 wt% G) 10 wt% H)
15 wt% 1) 20 wt% J) 25wt% , on PC.

Figure S9: 20 um AFM scan size of epoxy A) 5 wt% B) 10 wt%
C) 15 wt% D) 20 wt% E) 25wt%, on glass. F) 5 wt% G) 10 wt%
H) 15 wt% I) 20 wt% J) 25wt% , on PC.
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' { ' '
S Sum

Figure S10: 20 um AFM scan size of UA A) 5 wt% B) 10 wt% C)
15 wt% D) 20 wt% E) 25wt% , on glass. F) 5 wt% G) 10 wt% H)
15 wt% 1) 20 wt% J) 25wt% , on PC.

u Ly

Table 4: Average Peak to Peak Distance for All Formulations
(SH refers to superhydrophobic)

exhibited average peak to peak distance below 5 pm, which shows
that peak to peak distance is only one topography requirement for
superhydrophobicity. In addition to the peak to peak distance, the
other parameter to be analyzed is the average peak radius, which
is shown in Table 5.

Table 5: Average Peak Radius Values for All Formulations
(SH refers to superhydrophobic)

Binder ECA Epoxy UA
wt% Glass PC Glass PC Glass PC
Average (um) | Average Average | Average | Average Average
(um) (um) (um) (um) (um)
5% 0.35,, 0.30,gy,, 0.23 ., 0.79 0.22,, 0.32g,,
10% 0.31 g 0.31 gy 0.42 0.95 0.33 0.26,,,
15% 0.32, 0.31 0.36 1.26 0.93 2.00
20% 0.45 g, >5.00 1.09 1.51 1.16 2.20
25% 0.44 >5.00 1.05 1.62 1.35 >5.00

The observed results show that for all superhydrophobic formulations,
the average peak radius was below 0.5 um, which is smaller than the
typical droplet size. It should be noted that a few formulations showed
an average peak radius below 1 pm with no superhydrophobicity,
but in those cases the surfaces did not have a peak-to-peak distance
shorter than 5 pm. Table 5 also explains why the 20 and 25% epoxy
on glass samples did not show superhydrophobicity since they did
not have average peak radii less than 0.5 pum. Thus, one requirement
for superhydrophobicity is a peak to peak distance of less than 5 pm
and a peak radius below 0.5 pm. However, our previous results51
and in general, for superhydrophobic surfaces characterization of
the average peak to peak distance and peak radius at the microscale
are not sufficient to predict superhydrophobicity [53-55]. Statistical
parameters such as skewness and kurtosis were calculated to further
characterize the surfaces. The two parameters were calculated using
two different software programs (XEI and Gwyddion) for the 20 um
scan size to study the asymmetry of pillar heights and peakedness or
bluntness of the surfaces. For reference, the skewness and kurtosis
for dry lotus leaves were also calculated and their values were 0 and
3 respectively [46]. The results are shown in Tables 6-8.

Table 6: Skewness (Sk) and Kurtosis (Ku) Values for ECA
Formulations
(SH refers to superhydrophobic)

B“;j‘/e‘ ECA Epoxy ua ECA XEI Gwyddion
Wt/
Glass PC Glass PC Glass PC Sk Ku Sk Ku
Average Average Average | Average Average Average o 0.06 301 0.03 204
@ | wm | em | em | ) (wm) 3% s : : : :
5% 162, | 228y, | 260 | 182 343, 254, 10% o, | -0.45 3.41 0.49 3.05
10% 1.8, 237, 251, 5.08 498, 417, Glass 15% ) -0.12 2,77 0.85 2.88
15% 196, 12.78 5.65 7.52 8.04 7.88 20% 0.24 3.22 0.78 3.06
20% 152, 12.54 3.20 15.00 7.42 6.79 25% g 2081 292 0.42 780
25% | 209, 17.66 335 17.00 >10.00 >10.00 5% 0.66 518 20.05 238
The results in Table 4 indicate that all superhydrophobic formulations 10% (o) 042 3.13 0.04 2.45
exhibit tightly packed structures as needed for superhydrophobicity PC 15% 0.01 2.49 0.97 3.44
with peak}-ltcgpeeilk 1tfllisffancesl sl.lorterhthali 5 p{n. Thke (rinajority of 20% 0.48 4.2 0.23 224
non-superhydrophobic formulations show loosely packed structures, .
which may cause destabilization of the interface between the surface 25% 0.26 216 085 2.98

and the water drop and a loss of superhydrophobicity. A few non-
superhydrophobic formulations, such as 20 and 25% epoxy on glass,
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Table 7: Skewness (Sk) and Kurtosis (Ku) Values for Epoxy
Formulations
(SH refers to superhydrophobic)

Epoxy XEI Gwyddion
Sk Ku Sk Ku
5% sH) -0.25 2.45 0.58 2.79
Glass | 10%, | -0.14 2.99 0.19 3.03
15% -0.52 4.22 -0.23 2.38
20% -0.49 2.75 0.12 2.56
25% -0.20 3.31 0.30 2.26
5% -1.83 7.23 0.64 2.89
10% -0.16 3.00 0.00 2.47
PC 15% -0.02 3.28 0.55 2.47
20% -1.00 4.14 0.60 2.15
25% 0.06 2.64 0.53 2.32

Table 8: Skewness (Sk) and Kurtosis (Ku) Values for UA
Formulations
(SH refers to superhydrophobic)

UA XEI Gwyddion
Sk Ku Sk Ku
5% o) -0.68 4.02 0.33 2.75
10% g -0.40 3.65 0.22 2.98
Glass 15% -0.72 2.98 -0.24 2.92
20% 0.36 3.17 -0.10 2.52
25% 0.34 2.75 -0.15 2.01
5% o) -0.44 4.36 0.16 2.99
10% g 0.33 242 -0.05 2.63
PC 15% 0.10 2.54 -0.13 2.48
20% 0.40 2.58 0.04 2.46
25% 0.73 4.22 -0.24 2.30

entire range of length scales as opposed to characterization of a single
set of values. This is particularly important for random Gaussian
surfaces where there is not the level of control over the aspect ratio
and sizes as in surfaces created with periodic defined structures.

Microroughness Parameters

Starting with microroughness, PSDFs for all the 20 um scan sizes
were computed and are shown in Figure 1. Blue curves are indicative
of superhydrophobic surfaces (contact angle above 150°), while red
curves are for non superhydrophobic surfaces (contact angles below
150°). The black curve shows the dried lotus leaf for comparison.
Figure 1 shows the PSDF (Amplitude at different wavelengths) for
all the surfaces and the dry lotus leaf at the micron scale.

®0.0%
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Figure 1: PSDFs for all formulations on glass and PC

The graphs show the logarithm of the PSD of surface roughness
plotted versus the logarithm of the length scale, or in other words
the graph describes the mean surface roughness at each length scale
in a given image.

A close analysis of the PSDF curves indicate that most
superhydrophobic and non-superhydrophobic plots (except for Epoxy
10-25 wt% on PC) overlap each other indicating a similar spectral
microroughness range. Since it has been shown previously that
larger spectral roughness (high spectral strength) at long wavelength
regions represents the aggregates, we can say that the presence of
micro aggregates is not enough to indicate a superhydrophobic
structure [57]. RMS and ACL values for all surfaces were extracted
from the PSDF plots and are shown in supporting information S11.

As can be concluded from the results, the skewness and kurtosis
values did not vary much between the two software programs. All
surfaces, both superhydrophobic and non-superhydrophobic, showed
nearly Gaussian distribution values similar to the dry lotus leaf
indicating roughly similar numbers of hills and valleys (Sk values
close to 0.0) with more blunt topography (Ku values close to 3.0).
Hence, a random surface roughness (superhydrophobic and non-
superhydrophobic) with a Gaussian distribution is produced by spin
coating. Additionally, the Tables show that the skewness and kurtosis
values do not provide information to predict superhydrophobicity
in a coating since all samples show similar values. The fact the
surfaces are Gaussian permits the use of the power spectrum density
function to extract parameters to characterize the roughness [56].

Power Spectrum Density Function (PSDF) of Surfaces

The dry lotus leaf, which can be used as a model for the necessary
characteristics of a superhydrophobic surface, possesses both micro
and nanoscale roughness. Consequently, the PSDF was analyzed
for both the dry lotus leaf and the engineered surfaces. Both a
microroughness and nanoroughness study were carried using PSDF.
The significance of the PSDF is that it provides information over the

Table S11 : RMS and ACL for all formulations on glass and PC. 20
um scan size. Bold values for superhydrophobic surfaces

Dry Lotus ECA Epoxy
RMS | ACL RMS | ACL | RMS | ACL | RMS | ACL
(jum)
Glass 5% 0.28 0.74 0.44 1.08 0.29 0.69
10% 0.23 0.68 0.19 0.73 0.49 0.95
15% 0.38 0.82 0.62 1.48 0.61 1.54
20% 0.38 0.85 0.44 1.43 0.49 1.98
25% 0.33 0.93 0.53 2.69 0.67 2.35
PC 5% 0.36 0.65 0.18 1.21 0.32 0.67
10% 0.29 0.70 0.22 1.91 0.66 0.80
15% 0.37 1.25 0.24 1.61 0.50 1.73
20% N/A N/A 0.28 1.57 0.92 1.12
25% N/A N/A 0.10 1.54 0.32 1.32

The results show lower range of ACL for all superhydrophobic
formulations indicating tightly packed asperities. All non
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superhydrophobic formulations exhibited higher range of ACL
indicating less packed asperities. ECA 20 and 25 wt% on PC were
not analyzed because our previous SEM micrographs showed the
presence of coated and non-coated regions on the PC for high ECA
concentrations with coated areas exhibiting superhydrophobicity
and uncoated areas that were non-superhydrophobic [51]. Thus,
these formulations were not included in the analysis. As opposed
to ACL, no significant trend was observed in RMS values for
superhydrophobic surfaces. This is probably due to the high scanning
range size and lack of accuracy in scanning nanoscale features, which
is a necessary size range for superhydrophobicity. Thus, to study
the nanoroughness it was necessary to reduce the scan size to 5 pm.

Nanoroughness Characterization

AFM images for all the formulations on glass and PC, as well as
for dry lotus, are shown in SI 12-15. PSDFs are given for all the
formulations in Figure 2.
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Figure 2: Power spectral density as a function of wavelength for
all formulations on glass and on PC

PSDF results show that all superhydrophobic surfaces (blue curves)
exhibit larger spectral roughness (high spectral strength) at long
wavelength regions, while non-superhydrophobic surfaces show
lower spectral strength than the dry lotus at the longer wavelengths.
At short wavelengths all superhydrophobic surfaces have higher
spectral strength than the dry lotus. At short wavelengths (nanoscale)
four non-superhydrophobic surfaces (epoxy 20% on glass, epoxy
10% on PC, UA 15% on glass and on PC) also had spectral strength
higher than the dry lotus, however, they did not show spectral
roughness at the long wavelength that was equal or greater than
the dry lotus. Thus, using the dry lotus as a guide to the overall
roughness required for superhydrophobicity we can see that
both micro and nanoscale roughness is required. The results also
indicate the importance of having sufficient micron scale roughness
(long wavelength) for superhydrophobicity and that the amount
can be quantified graphically. Thus, the use of the PSDF enables
the characterization of the entire spectrum of sizes and can be
used to determine if the characteristics of the surface will provide
superhydrophobicity. Numerical values of RMS and ACL were also
extracted from PSD curves and the results are shown in supporting
information S16.

Table S16: RMS and ACL values extracted from PSDF results. 5
pm AFM scan size. Bold values are for superhydrophobic surfaces

Dry Lotus ECA Epoxy UA

RMS | ACL RMS | ACL | RMS | ACL | RMS | ACL
(nmm) | (nm) | (nm) | (nm) | (nm) | (nm)

Glass 5% 153 227 121 250 218 336

10% 136 268 146 202 127 254

15% 157 199 82 214 146 394

20% 240 273 97 247 71 190

25% 200 291 81 353 56 288

120 330 PC 5% 193 155 74 210 143 234
10% 109 152 83 163 197 329

15% 95 227 39 227 89 224

20% N/A N/A 10 224 89 224

25% N/A N/A 21 301 89 313

A statistical approach has been used previously to model the contact
between multiple-asperities and showed that for a random surface
with a certain 6 (RMS rou8hness) and B*(ACL), the average peak
radius, R, is defined by [58]:

R,

]

B)?
T

The calculated values for R in the microscale range are shown in
Table 9 and the nanoscale range in Table 10.

Table 9: Calculated values for Rp (micron scale)

ECA Epoxy UA
Rp (um) Rp (um) Rp (um)
5% 1.95(SH) | 2.65(SH) | 1.64 (SH)
10% 2.01 (SH) | 2.80(SH) | 1.84(SH)
Glass 15% 1.77 (SH) 3.53 3.89
20% 1.90 (SH) 4.65 8.00
25% 2.62 (SH) 13.65 8.247
5% 1.17(SH) 8.13 1.40 (SH)
10% 1.69 (SH) 16.58 0.97 (SH)
PC 15% 422 10.80 5.98
20% 3.4 8.80 1.36
25% 2.51 23.71 5.44

Table 10: Calculated values for Rp (nanoscale)

ECA Epoxy UA
Rp (nm) Rp (nm) Rp (nm)
5% 336.79 (SH) 516.53 517.87 (SH)
(SH)
10% 528.12 (SH) 279.48 508 (SH)
(SH)
Glass
15% 252.24 (SH) 558.49 1063.26
20% 310.54 (SH) 628.96 508.45
25% 423.40 (SH) 1538.38 1481.14
5% 124.48 (SH) 595.95 382.91 (SH)
10% 211.96 (SH) 320.11 549.44 (SH)
PC 15% 542.41 1321.26 563.77
20% N/A 5017.6 765.11
25% N/A 431433 1100.77
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Our results show that all superhydrophobic surfaces had average
peak radius in the micro and nanoscale smaller than 3 pm and 520
nm, respectively. It should be noted that the statistical results for
average peak radius were greater than the measured values (Table 5)
but still low compared to the non superhydrophobic surfaces. These
results are consistent with a previous study on the lotus leaf with
average peak radius of 3 to 4 um (dried or fresh) and 100 to 150 nm
at the micro and nanoscale, respectively [59]. The results show that
random surfaces created using a polymer composite, exhibiting a
quantifiable surface structure similar to superhydrophobic biological
surfaces, will also show superhydrophobicity. The surfaces should
have packed asperities (peak to peak distance below 5 um) together
with small peak radii the micro and nanoscale to distinguish
superhydrophobic from non superhydrophobic surfaces.

A previous theoretical study related the roughness factor (RMS/ACL
ratio) for different sampling interval (I)/ACL ratio of a random surface
roughness having a Gaussian distribution [60]. A critical value of the
roughness parameters [mo = tan(-00)] was used to define the transition
from the Wenzel to the Cassie-Baxter state. It was found that for most
natural and engineered materials with Guassian roughness, the ratio
RMS/ACL should be much smaller than 0.1 and the critical value of
the roughness parameters (m,) (equation 2) should be much smaller
than 1 [60]. Using the large number of surfaces generated in this work
to experimentally verify this theory, (all have Gaussian distribution
(with skewness~0 and kurtosis~3)) the roughness factor and critical
value of roughness parameters for all surfaces were calculated together
with the absolute slope value. All samples were divided to groups by
their different sampling interval (I)/ ACLratio. 0, is the contact angle
for the flat surface of ECA, epoxy and UA coated with FAS having
the values of 1100, 115 o, 110 o respectively. The calculated results
are shown in supporting information SI 17.

Table S17: Contact angle (CA), RMS/ACL ratio (¢ / *), roughness
factor (Rf) and critical value of the roughness parameter (mo) for
all formulations divided by their sampling interval/ ACL ratio (1/f*)

Epoxy 20% on PC 108 0.04 1.01 2.47
Epoxy 15% on PC 115 0.17 1.18 2.47
Epoxy 5% on PC 142 0.35 1.6 2.47
Epoxy 15% on 154 0.38 1.69 1.96
0.09 glass
UA 15% on PC 151 0.4 1.77 3.27
ECA 15% on PC 154 0.42 1.84 2.47
ECA 5% on glass 160 0.67 | 2.68 5.67
UA 20% on glass 123 0.37 1.6 8.14
Epoxy 20% on 135 0.39 1.82 1.96
0.10 glass
Epoxy 10% on 160 0.72 2.69 1.96
glass
ECA 15% on glass 160 0.79 | 2.89 5.67
0.12 Epoxy 10% on PC 123 0.51 1.86 2.47
0.13 ECA 20% on PC 130 0.34 1.42 2.47
ECA 25% on PC 130 0.45 1.70 247

The calculated critical values of the roughness parameters (m,), as
shown in SI17, were in good agreement with the theory that contact
angle may approach superhydrophobicity (>160) prior to reaching
the critical values of the roughness parameter (for example 20 and
25 wt% ECA on glass).

The relationship between roughness factor and RMS/ACL is
presented in Figure 3 using Eq. 1 and the dependence of the contact
angle on RMS/ACL is presented in Figure 4. Due to a lack of data
points for few sampling interval/ ACL ratios, Figures 3 and 4 include
the dependence of roughness factor to RMS/ACL for sampling
interval/ACL of 0.06, 0.07, 0.08, and 0.09 only.

4 ® 006

3.5

® 007

1/p* Formulation CA c/p* Rf mo

0.05 UA 15% on glass 151 037 | 2.09 8.14
Epoxy 25% on PC 104 0.07 1.04 2.47

0.06 UA 25% on PC 124 0.28 1.6 3.27
Dry Lotus 160 035 | 272 -
UA 10% on PC 160 0.6 2.87 3.27
UA 5% on glass 160 0.65 3.12 8.14
UA25% on PC 117 0.19 1.29 3.27
Epoxy 25% on 125 0.308 | 1.82 1.96
glass

0.07 ECA 10% on glass 160 0.51 2.28 5.67
ECA 5% on PC 160 0.19 2.47
ECA25%onglass | 160 | 0.308 | 1.82 5.67
ECA 20% on glass 160 0.51 2.28 5.67
ECA 20% on PC 135 0.68 | 3.01 3.27

0.08 ECA 10% on glass | 160 0.69 | 3.06 3.15
Epoxy 5% on glass | 160 0.88 | 3.72 1.96
UA 10% on Glass 160 0.5 22 8.14
UA 5% on PC 160 0.61 2.5 3.27

3
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Figure 3: Roughness factor (R ) as function of RMS/ACL ratio (o /
B*) for Gaussian surfaces for different sampling interval/ACL values

& 0.0

Figure 4: Contact angle as function of RMS/ACL ratio (¢ / *)
for Gaussian surfaces for different sampling interval/ACL values
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The results are consistent with previous work that both the roughness
factor and the contact angle increase with increasing RMS/ACL and
these engineered surfaces fit the theoretical models [60]. In contrast,
the RMS/ACL results for the present engineered Gaussian surfaces,
however, show that for realistic values of RMS/ACL (i.e. RMS/
ACL> 0.1) it is possible to achieve high contact angles.

Of critical interest for designing surfaces is the result that surfaces
must have RMS/ACL values of 0.35 or higher in order to provide
superhydrophobicity. This corresponds to a roughness value of ~2
(Figure 3) to achieve superhydrophobicity in these systems.

Conclusion

This research was focused on understanding and quantifying
the role of roughness for random Gaussian superhydrophobic
coatings. Thirty different surface structures were prepared and
studied comprising three different binders, five different binder/
NPs ratio on two substrates with different wetting characteristics
(hydrophilic and hydrophobic). The surfaces were analyzed by AFM
for peak to peak distances and average radius. It was found that
superhydrophobic surfaces require a peak to peak distance below
5 microns and a radius of less than 0.5 micron, however, this is not
sufficient to predict or characterize superhydrophobic surfaces.
The surfaces were also analyzed using two different data analysis
programs. Skewness and kurtosis for all the surfaces were determined
and showed that the engineered coatings had a random Gaussian
roughness distribution, but there was no significant difference in
the skewness and kurtosis values for either superhydrophobic or
non-superhydrophobic surfaces. The power spectral density function
(PSDF) was found to be an effective tool to study the roughness
needed for superhydrophobicity. Comparison with the PSDF for a
dry lotus leaf provided distinction between superhydrophobic and
non superhydrophobic surfaces. Both RMS roughness and ACL
were determined from PSDF of the AFM scans for the coatings
and compared to a dry lotus leaf. The results showed that the
ACL for all superhydrophobic formulations were in the micron
and submicron range indicating that tightly packed asperities are
essential for superhydrophobicity. The significance of the PSDF is
that it provides information over the entire range of length scales
as opposed to characterization of a single set of values. This is
particularly important for random Gaussian surfaces where there is
not the level of control over the aspect ratio and sizes as is surfaces
created with defined structures (such as in periodic lithographic
patterning).

The average peak radius for the micro and nano scales calculated
from ACL and RMS values were found to be less than 3 pm and
520 nm respectively. The results support the accepted theory is that
superhydrophobic surfaces require tightly packed asperities and
small micron and nano roughness.

The surfaces were found to fit theoretical models for the roughness
factor and critical roughness parameters, providing experimental
verification. The accepted theory is that superhydophic surfaces
require both micron and nano roughness. In this work, the results
indicated that surfaces required both a critical distance and radius
for superhydrophobicity. It was found that the RMS/ACL values
should be 0.35 or higher for designing surfaces with contact angles
above 1500. The work presented here provides a critical tool for
measuring, quantifying, and understanding the role of roughness
for a range of superhydrophobic surface applications. Ultimately,

the results can be used to design surfaces for superhydrophobicity.
As such, it gives a much needed methodology to quantify surface
structures for applications such as self-cleaning, icephobicity, anti-
biofouling, corrosion resistance, and water repellency.
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Figure S1. Ra roughness values of ECA, epoxy and UA formulations

A) on glass B) on PC.
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Figure S2: Surface structure for all ECA formulations A) on glass
B) on PC (SH refers to superhydrophobic)
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Figure S3: Surface structure for all epoxy formulations A) on glass
B) on PC (SH refers to superhydrophobic)
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Figure S4: Surface structure for all UA formulations A) on glass
B) on PC (SH refers to superhydrophobic)

Figure S5. Surface profile of ECA formulations A) on glass B) on PC
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== Figure S8: 20 um AFM scan size of ECA A) 5 wt% B) 10 wt% C)

15 wt% D) 20 wt% E) 25wt% , on glass. F) 5 wt% G) 10 wt% H)
15 wt% 1) 20 wt% J) 25wt% , on PC

Figure S6. Surface profile of epoxy formulations A) on glass B)
on PC

Figure S9: 20 pm AFM scan size of epoxy A) 5 wt% B) 10 wt%
C) 15 wt% D) 20 wt% E) 25wt%, on glass. F) 5 wt% G) 10 wt%
H) 15 wt% I) 20 wt% J) 25wt% , on PC

Figure S10: 20 um AFM scan size of UA A) 5 wt% B) 10 wt% C)
15 wt% D) 20 wt% E) 25wt% , on glass. F) 5 wt% G) 10 wt% H)
15 wt% 1) 20 wt% J) 25wt% , on PC.
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Table S11 : RMS and ACL for all formulations on glass and PC. 20
um scan size. Bold values for superhydrophobic surfaces

Dry Lotus ECA Epoxy UA
RMS | ACL RMS | ACL | RMS | ACL | RMS | ACL
(jum)

Glass 5% 0.28 0.74 0.44 1.08 0.29 0.69
10% 0.23 0.68 0.19 0.73 0.49 0.95
15% 0.38 0.82 0.62 1.48 0.61 1.54
20% 0.38 0.85 0.44 1.43 0.49 1.98

25% | 033 | 093 | 053 | 2.69 | 0.67 | 235
PC | 5% | 036 | 0.65 | 0.8 | 121 | 032 | 0.67 Figure S15: 5 um AFM scan size of dry lotus

10% 0.29 0.70 0.22 1.91 0.66 0.80
15% 0.37 1.25 0.24 1.61 0.50 1.73

Table S16: RMS and ACL values extracted from PSDF results.
5 pm AFM scan size. Bold values are for superhydrophobic

20% | NA | N/A | 028 | 157 | 092 | L12 surfaces
25% | NA | N/A | 010 | 154 | 032 | 1.32 Dry Lotus ECA Epoxy UA
RMS | ACL RMS | ACL | RMS | ACL | RMS | ACL

(nm) (nm) (nm) (nm) (nm) (nm)

Glass 5% 153 227 121 250 218 336

10% | 136 | 268 | 146 | 202 | 127 | 254

15% | 157 | 199 | 82 | 214 | 146 | 394

20% | 240 | 273 | 97 | 247 | 71 190

25% | 200 | 291 81 353 56 | 288

1201330 Fpe | s | 103 | 155 | 74 | 210 | 143 | 234

: 10% | 109 | 152 | 83 163 | 197 | 329

Figure S12: 5 um AFM scan size of ECA A) 5 wt% B) 10 wt% C) 5% | 95 | 227 | 3% | 227 | 8 | 224

15 wt% D) 20 wt% E) 25wt%, on glass. F) 5 wt% G) 10 wt% H) 20% | N/A | N/A |10 ] 224 | 89 | 224

15 wt% 1) 20 wt% J) 25wt% , on PC 25% | NA | NA | 21 301 89 313
Al s R - B

Table S17: Contact angle (CA), RMS/ACL ratio (¢ / B¥*),
roughness factor (Rf) and critical value of the roughness
parameter (mo) for all formulations divided by their sampling
interval/ ACL ratio (I/p*)

1/p* Formulation CA | o/p* Rf mo
0.05 UA 15% on glass 151 0.37 | 2.09 8.14
: R > . - Epoxy 25% on PC 104 0.07 1.04 2.47
. 4 Al *— UA 25% on PC 124 | 028 | 1.6 3.27
Figure S13: 5 um AFM scan size of epoxy A) 5 wt% B) 10 wt% 0.06 Drv Lotus 160 035 | 272 -
C) 15 wt% D) 20 wt% E) 25wt% , on glass. F) 5 wt% G) 10 wt% t . .
H) 15 wt% I) 20 wt% J) 25wt% , on PC UA 10% on PC 160 0.6 2.87 3.27
UA 5% on glass 160 0.65 3.12 8.14
UA25% on PC 117 0.19 1.29 3.27
Epoxy 25% on 125 0.308 | 1.82 1.96
glass
0.07 ECA 10% on glass 160 0.51 2.28 5.67
ECA 5% on PC 160 0.19 2.47
ECA 25% on glass 160 0.308 | 1.82 5.67
ECA 20% on glass 160 0.51 2.28 5.67

ECA 20% on PC 135 0.68 | 3.01 3.27

Figure S14: 5 um AFM scan size of UA A) 5 wt% B) 10 wt% C) ECA 10% on glass | 160 069 | 3.06 315

15 wt% D) 20 wt% E) 25wt%, on glass. F) 5 wt% G) 10 wt% H) | 0.08

15 wt% I) 20 wt% J) 25wt% , on PC Epoxy 5% on glass | 160 0.88 3.72 1.96
UA 10% on Glass 160 0.5 2.2 8.14
UA 5% on PC 160 0.61 2.5 3.27
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Epoxy 20% on PC 108 0.04 1.01 2.47
Epoxy 15% on PC 115 0.17 1.18 2.47
Epoxy 5% on PC 142 0.35 1.6 2.47
Epoxy 15% on 154 0.38 1.69 1.96
0.09 glass
UA 15% on PC 151 0.4 1.77 3.27
ECA 15% on PC 154 0.42 1.84 2.47
ECA 5% on glass 160 0.67 | 2.68 5.67
UA 20% on glass 123 0.37 1.6 8.14
Epoxy 20% on 135 0.39 1.82 1.96
0.10 glass
Epoxy 10% on 160 0.72 2.69 1.96
glass
ECA 15% on glass 160 0.79 | 2.89 5.67
0.12 Epoxy 10% on PC 123 0.51 1.86 2.47
013 ECA 20% on PC 130 0.34 1.42 2.47
ECA 25% on PC 130 0.45 1.70 247
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