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ABSTRACT

Bioinspired, micro/nano-textured surfaces have a variety of applications including superhydrophobicity,
self-cleaning, anti-icing, anti-biofouling, and drag reduction. In this paper, a template-free and scalable
roll coating process is studied for fabrication of micro/nano-scale topographies surfaces. These
micro/nano-scale structures are generated with viscoelastic polymer nanocomposites and derived by
controlling ribbing instabilities in forward roll coating. The relationship between process conditions and
surface topography is studied in terms of shear rate, capillary number, and surface roughness parameters
(e.g., Wenzel factor and the density of peaks). For a given shear rate, the sample roughness increased with
a higher capillary number until a threshold point. Similarly, for a given capillary number, the roughness
increased up to a threshold range associated with shear rate. A Peak Density Coefficient model is proposed
to relate capillary number and shear rate to surface roughness. The optimum range of the shear rate and
the capillary number was found to be 40-60 s and 4.5x10°- 6x10°, respectively. This resulted in a
maximum Wenzel roughness factor of 1.91, a peak density of 3.94x10* (1/mm?), and a water contact

angle (WCA) of 128°.

INTRODUCTION

In nature, the application of micro/nanotextured surfaces include
superhydrophobicity, self-cleaning, anti-icing, anti-biofouling, and drag reduction [1-6].
More specifically, these micro/nano surface topographies enable dragon fly wings to
maintain a clean surface [7], geckos to adhere to branches [8], and water striders to
travel on top of water [9]. One example in nature with a growing interest in the
scientific community is the lotus leaf, which has micro papillae (~10 um in diameter)
that exist on the surface and are part of a dual hierarchial structure that enable

superhydrophobic properties [10]. Researchers have successfully fabricated
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microstructured surfaces replicating that of lotus leaves to achieve superhydrophobicity
[10,11].

Superhydrophobic surfaces have a WCA above 150° and a hysteresis angle lower
than 5°[12]. This phenomenon is often enabled by adding small protrusion-like textures
on a surface. With a dense population of added textures, the spacings in between
cannot be occupied by the liquid and instead, become filled with air. In this case, the
wettability of the surface enters the Cassie-Baxter regime. In this regime, the WCA
depends on the area of the surface that is in contact with the liquid. Thus, surface
topography has an extreme effect on the wettability of the material surface. Some of
the technologies utilized to fabricate these superhydrophobic surface topographies
include photolithography, laser cutting, 3D printing, and nanoimprinting [13-17].
However, there are still overarching challenges including cost, manufacturing scalability,
and durability. For example, photolithography, the most common method for producing
such surfaces, is limited to small area substrates [18]. As a result, manufacturing a large
area of a bioinspired surface is very challenging with this process.

To address these scalability issues, Park et al. utilized a two-roll coating method
to fabricate micro and nano-scale 3-dimensional (3D), topographic surfaces [19]. The roll
coating method successfully achieved hydrophobic surfaces in a scalable way; however,
the process parameters (the viscoelastic properties of the coating materials, roll-coating
speed, and shear rate) to engineer the surface morphology were not studied

extensively.



88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

Journal of Micro and Nano-Manufacturing

The difficulty associated with scalable manufacturing of superhydrophobic
surfaces has prompted the authors to investigate a common roll-to-roll manufacturing
defect known as ribbing, in which spatially periodic patterns occur transverse to the roll-
coating direction [20-23]. This defect is undesirable in common roll coating applications
such as polymer thin films [24,25], painting [26,27], and flexography printing [28,29].
The ribbing is generated by a positive pressure gradient in the downstream meniscus of
the coating fluid [30]. When this pressure gradient exceeds a critical value, a finger-like
growth (ribbing) is observed [31,32]. While this phenomena is generally undesirable,
controlling these ribbing patterns can assist in replicating microstructures with
superhydrophobic properties that are obtained by the previously outlined methods.

The ribbing phenomena occurs in both Newtonian and non-Newtonian fluids,
and it has been studied through experimental and computational models to mitigate its
effect in roll-coating applications [20—-23,33]. Prior research has demonstrated that the
ribbing amplitude and wavelength (Ag;pping) have a strong relationship with process
parameters, including the roller radius R, roller gap d, viscosity n, surface energy y, and
roller speed U, as well as material properties [31,32,34,35]. The onset conditions for
ribbing in a Newtonian fluid can be described by two dimensionless parameters: the
geometric factor R/d and the capillary number Ca = nU/y. In Newtonian fluids, the
critical Capillary number, Ca*, showed a linear proportionality with the geometric factor
[20,21,23,32,36,37]. It is important to note that the critical capillary number is much

lower for non-Newtonian fluids than for Newtonian fluids [37]. Furthermore, the
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theoretical prediction of the Ca™ in viscoelastic fluids is not obtainable; however, it can
be obtained in Newtonian fluids.

In previous works, Lopez et al. found a relationship between viscoelastic fluids
and the critical capillary number. By controling the elasticity with a varying
concentration of polymer molecules in a Newtonian fluid (Glycerol/Water), Lopez et al.
found similar trends in the Ca™ and the normal stress parallel to the flow as the
concentration of the polymer increased [37]. Thus, these results imply that the
viscoelastic fluid increased the stress in the flow direction by restricting the flow and
causing the ribbing instability to occur at a slower roller speed or Capillary number. In
addition to these findings, computational simulations performed by Zevallos et al.
showed that at any given C, there is a critical Weissenberg number (Wi) that dictates
the threshold where the flow becomes unstable [30]. Prior research has focused on the
identification of the critical Capillary number in non-Newtonian fluids; however, the
fluid propagation and ribbing formation beyond these conditions have yet to be
explored [22,38,39].

This study focuses on the physical properties of roll-coating pastes and how they
influence ribbing instabilities to achieve scalable manufacturing of superhydrophobic
surfaces that are similar to the surface topography of lotus leaves. When generating
superhydrophobic surfaces using roll-coating, the ribbing patterns can flatten when the
roller stops. This is due to the surface tension dominating over viscosity. It is critical to

retain the ribbing pattern after the rollers stop in order to manufacture super
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hydrophobic surfaces. This can be avoided by altering the coating fluids viscoelastic

properties through nanoparticle addition [40-42].

MATERIALS AND METHODS

The nanocomposite material used in this study was synthesized by dispersing 10
wt % of multiwalled carbon nanotube (MWCNT, 10-nm diameter, and 100-um length) in
polydimethylsiloxane (PDMS) polymer. This non-Newtonian viscoelastic paste was
mixed initially through a centrifugal planetary mixer. To ensure effective dispersion and
homogenization of the highly entangled MWCNTSs within the polymer matrix, a three-
roll milling machine was used to perform mixing for approximately 30 mins.

A two-roll coating machine was then used to fabricate the textured samples.
Two rollers with a diameter of 50.8 mm and a length of 300 mm were placed in parallel
and the high viscosity CNT-PDMS polymer composite was placed between the rollers.
The speed of the rollers can be independently varied from 0 to 120 rpm. A schematic of
the two-roll coating machine is shown in Fig. 1. Here, V1 is the velocity of roller 1 and V>
is the velocity of roller 2. Roller 1 has a removable polyimide sleeve which is used to
remove the sample after fabrication. Once the rollers begin rotation, the paste gets
transferred onto the roller with a higher speed and is spread across the circumference
of the roller as depicted.

In the study, initially, Vz is held higher than V> when the paste is inserted. Thus,
the paste is coated as a smooth film onto roller 1 as materials prefer to transfer to the

roller with higher velocity. Then, V> is kept constant and V; is gradually reduced to be
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below V,. When V; is less than V;, the coating paste on roller 1 demonstrates a capillary
bridging phenomenon [10]. Here the coating paste is in contact with both rollers, but as
the rollers keep rotating, the paste moves along with the rollers only to split shortly
afterward due to the surface tension and capillary forces. This phenomenon creates
micropatterns with high aspect ratios which can be observed in Fig. 1. After coating, the
samples were cured at 125 °C for 25 mins.

The rheology properties of the 10 wt% CNT-PDMS composite paste, such as the
apparent viscosity, storage modulus, and loss modulus were measured by a
temperature-controlled rotational rheometer (TA Instruments Discovery Hybrid-3). The
experiments were conducted with a 1000 um gap height, 8 mm cross-hatched steel
plates, and a temperature of 25 °C. The amplitude sweep was conducted with 5x1073 to
5 oscillation strain percentage at 1 Hz frequency. The frequency sweep was conducted
at 0.03 strain percentage.

The 2D and 3D surface profiles were characterized by the non-contacting, laser-
scanning, confocal microscope (Keyence VK-X1100, 0.5 nm height resolution, and 1 nm
width resolution). A 20x lens was used to scan the surface of the sample with a total
magnification of 480X. The multifile analyzer software was used to retrieve the results
from the scanned image.

Detailed surface features were further analyzed by the Scanning Electron
Microscope (Field Emission Scanning Electron Microscope - Verios 460L). The resolution

of this equipment is 0.6 nm from 2 kV to 30 kV. The WCA of the samples were measured
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in 5-8 locations per sample, using the contact angle goniometer. The average values of
the WCA are reported in the study.

The surface energy was measured using the Owens-Wendt Model. Four different
test liquids were used to measure the liquid contact angles on the surface. Based on the
contact angle results, the Owens-Wendt model was plotted and the surface energy of
the solid surface used was measured. From the conducted experiment, the surface

energy, or the surface tension of 10 wt% CNT-PDMS was found to be 22.47 mJ/m?.

RESULTS AND DISCUSSION

Rheology Property of the Paste

The viscosity of the composite paste reduces as the shear rate increases (Fig.
2(a)). This confirms that the non-Newtonian composite paste followed a shear thinning
behavior. Storage Modulus (G’) is defined as the measure of elasticity of the material.
This is the ability of the material to store energy. The Loss Modulus (G”) is defined as the
measure of the viscosity of the paste. This is the ability of a material to dissipate energy.
These moduli were plotted for oscillatory strain to locate the Linear Viscoelastic Region
(LVR). The stable moduli value for a range of oscillatory strains in Fig. 2(b) confirms the
LVR for the 10% CNT — PDMS composite paste used in experimentation. It also
demonstrates a satisfactory strain resistance before it yields. The viscoelastic behavior
at the LVR is presented in Fig. 2(c). Fig. 2(c) plots the frequency sweep for the two
moduli. It had a very linear trend without any fluctuations. It was also seen that the

value of the storage modulus (G’) is greater than the value of the loss modulus (G”).
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Thus, the experiment confirmed that the composite paste has an elastic solid-like

nature.

Experimental Design

A preliminary study was conducted to see how the composite paste behaved in
our two-roll coating set-up. The roll coating experiment was established and the initial
samples were fabricated with various roller speeds. The gap between the rollers was
kept constant at 0.5 mm throughout the experiments. To clearly understand the effect
of the process speeds and the composite paste property, two parameters were
described. Shear rate is defined as the ratio between the difference of the two roller
velocities and the gap between the rollers as shown in the equation. The capillary
number (Cg) is defined as the product of viscosity and fluid velocity over the surface

tension.

[V1—V2|
d

Shear rate =

(1)

__ ViscosityxAvg. Velocity

Ca

(2)

Surface Tension

The shear rate defines the effect of the process, while the capillary number
defines the effect of the paste on the two roll coating experiments. Table 1 shows the
process parameters and the surface morphology of the preliminary results. These
process parameters were selected based on a literature survey and an experimental
design was created by incrementing and decrementing the shear rate based on prior
studies to obtain a process window [19,43]. Six samples A-F were fabricated in the

preliminary study. Sample E was the only sample to show the desired rough-textured
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surface. All other samples showed a smooth surface. The smooth surface was
characterized through visual analysis of SEM imaging. The SEM used to determine
whether a surface was smooth or rough can be found in Table 1. To better understand
the results, the process parameters were plotted based on the surface roughness as
shown in Fig. 3.

Fig. 3 shows the parameter plot used to finalize the process window for the
fabrication of the samples. The shear rate was plotted for various samples in Fig. 3(a).
The roughness designation is indicated by different colors. Sample E shows the roughest
surface (red) with a shear rate of 42.56 s. It is seen that a shear rate below 80 s
always produces smooth surfaces. Also, if the shear rate is very low in magnitude (say
20 s), it might not be enough to produce rough surfaces. Thus, we attain an operable
range for a shear rate of around 20 s to 80 s*.

A similar plot was made for the capillary number in Fig. 3(b). Sample E, the
roughest surface (red) had a capillary number of 5.38 x 10°. It is seen that surfaces with
capillary number approximately below 4 x 10° only produces smooth surfaces. While we
are unaware of the upper limit of this capillary number for attaining the rough surface, it
is concluded that it must possess a minimum capillary number for the rough textures to
appear. It is also expected that there is a higher possibility to attain rough surfaces for a
capillary number greater than 4.5 x 10°. In addition, to achieve a rough surface, the
conditions for both the shear rate and the capillary number must be satisfied.

Based on the preliminary results, the parameters were selected from the defined

process window. 4 levels of shear rate and 3 levels of the capillary number were used to

10
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fabricate the samples. Thus, in this study 12 samples were fabricated and analyzed as

documented in Table 2.

Surface Morphology Results

At a certain shear rate, a micro/nanostructured rough topography develops over
the entire film area. The formation of this instability pattern is strongly related to the
dynamic rheological property and the process parameters. Even after removing this
shear stress, the deformed shape was retained due to the recovery of the high viscous
non-Newtonian paste. A large yield shear stress of the polymer composite makes the
composite behave like a solid in absence of shear stress.

Fig. 4 shows the SEM images of all 12 samples. A basic understanding of the
samples was obtained using these SEM images. It was seen that the medium and high C,
samples were rougher than the low C, samples. Also, samples with shear rates 42.56 s
and 58.52 s showed rough surfaces compared to others. However, these images were

compared with the surface descriptors obtained using the laser confocal data.

Surface Roughness Results

The relationship between the process conditions and the rough-textured surface
characteristics was studied using the shear rate, capillary number, and the surface
roughness descriptor. Basic roughness values like Ra, Rg, and Rz cannot describe both
the horizontal and vertical roughness of the sample. To understand the overall

roughness description of any sample, we need better descriptors that consider both the

11
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2D and 3D texture of the surface. Two such descriptors used in this study are Wenzel
roughness factor (r) and peak density (Spd).
Wenzel roughness factor is defined as the ratio of the Actual (textured) surface

area to the cross-section area of the sample.

__ Actual Surface Area

(3)

Cross Section Area

The laser confocal Multifile analyzer software gives the Developed Interfacial
Area Ratio (Sdr) of the sample. Sdr is defined as the difference between the Actual
textured surface area and the footprint cross-section area over the footprint cross-

section area.

Actual Surface Area—Cross Section Area
Sdr = (4)

Cross Section Area

From this Sdr, the r-value can be obtained by adding 1 to it.
r=1+Sdr (5)

So, from the equation, it is obvious that a high value of r means that the
roughness of the sample is also higher.

Peak density is the number of peaks in a given area. Here, the area is considered
as 1 mm?2. Thus the number of peaks in a 1 mm? area is reported as Spd. This value is
directly obtained from the Multifile analyzer software. Again, a high value of Spd means
that the roughness of the sample is also higher.

The results from the laser confocal roughness measurement were obtained and
documented in Table 3. The variation in the Wenzel roughness factor (r) with respect to
the capillary number for various shear rates was plotted in Fig. 5 (a). It can be seen that

the lowest and highest shear rate had a linear increasing trend. The r of the mid shear

12
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range (40 - 60 s!) showed an initial increase and then decreased with an increase in C.
A sample was considered as a good textured sample if the r value was greater than 1.5.
From our results, we found that, for the r-value to be greater than 1.5, the range of the
capillary number should be from 4.5 x 10° to 6.0 x 10> and the shear rate should be
greater than 40 s1. Almost all of the samples that had a capillary number around 5 x 10°
and a shear rate greater than 40 s (Sample 2b, 3b, 4a) had a high r-value. The sample
with high roughness and the textured surface was obtained with a shear rate of 42.56 s
and a capillary number of 5.38 x 10°. All samples with a shear rate greater than 40 s!
have more than 10,000 peaks which guaranteed a minimum textured surface.

Fig. 5(b) shows the variation of peak density with the capillary number. The
samples with mid-C, showed high roughness in terms of the number of peaks. Samples
with high capillary numbers showed an increasing trend, while other samples showed an
initial increase in peak density and then decreased. All samples with a shear rate greater
than 40 s'* have more than 10,000 peaks which guaranteed a minimum textured
surface. Samples in the mid capillary number region showed higher peak density than
other samples.

Fig. 6(a) shows the variation of the Wenzel roughness factor (r) with respect to
the shear rate for various capillary numbers. It can be seen that the mid-C, samples
showed high r values. The samples with high C, showed an increasing trend with respect
to shear rate while the r-value of the low and mid C, samples increased initially and then
decreased. The reason for this was attributed to the decrease in viscosity. Similarly, Fig.

6 (b) shows the variation of the peak density with respect to the shear rate for various

13
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capillary numbers. The low and mid C, showed an initial increase and then a decrease in
the peak density of the sample as the shear rate increased. The high C, samples showed
an increase in peak density as the shear rate increased. The sample with the highest
shear rate (79.80 s) and the highest C, (5.38 x 10°) resulted in the highest peak density
(3.94 x10* mm?2).

The samples with high C, showed an increasing trend of Wenzel roughness with
shear rate. While on the other hand, the r of the low and mid C, samples increased
initially with shear-rate and then decreased. Since the paste is a shear-thinning fluid, the
viscosity was inversely proportional to the shear rate. As the shear rate increased, the
viscosity kept reducing until a shear rate of 60 s™. At this shear rate, the viscosity
becomes less than 9 x 10* Pa-s, which we hypothesize to be the threshold value till the
microstructures breakdown occurs and the coating paste loses its elastic nature. Thus,
at a higher shear rate, the material loses its integrity and a decrease in roughness was
observed.

To more clearly demonstrate the relationship of the surface roughness with
respect to capillary number and shear rate, a Peak Density Coefficient model (PDC) was
used.

PDC = zycalte(g)-o-7 (6)

The PDC includes both the capillary number and shear rate (y) and was derived
by observing how the PDC changes as peak density fluctuates. As seen in Fig. 7, the peak

density has a linear relationship with the PDC .
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Water Contact Angle Results

Fig. 8 shows the statistical plot of the WCA for each sample. The summary from
the WCA experiment is reported in Table 3 and Fig. 9. Sample 4a had the highest WCA
while sample 1c showed the lowest WCA. The average WCA was plotted for shear rate
and capillary number in Fig. 9. This trend was very similar to the peak density and
Wenzel roughness factor plots that are shown in Fig. 5. Since the superhydrophobicity
depends on the peaks or textured surface of the sample, the WCA showed a very similar
trend to the peak density plot shown in Fig. 5 (b). Thus, these WCA results validated
both the surface descriptor and SEM results and aided in identifying the optimum
conditions to fabricate a superhydrophobic, rough-textured surface. From the WCA
results, we found that for a high contact angle, the range of capillary number should be
from 4.5 x 10° to 6.0 x 10° and the shear rate should be from 40 s to 60 s%. Almost all
of the samples with capillary numbers around 5 x 10° and shear rates greater than 40 s!
(Sample 2b, 3b, 4a) had high WCA values. It is important to note that fabricated samples
exhibited hydrophobicity not superhydrophobicity; however, the trend of peak density
with respect to the Capillary number and shear rate are promising to produce
superhydrophobic samples. A smaller parameter sweep of both capillary number and
shear rate to maximize peak density can be performed to maximize the WCA.
Additionally, the viscoelastic material can be varied to achieve a maximized peak density
and thus this manufacturing process has the potential to produce a surface that exhibits

superhydrophobicity.

CONCLUSION

15
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Twelve samples with various shear rates and capillary numbers were fabricated
using roll coating. The SEM, surface roughness, and the WCA for all these samples were
analyzed to gain insight on the optimum process conditions to best mimic bioinspired,
micro/nanotextured, rough surfaces. Thus, the critical factors involved in fabricating a
rough-textured surface were identified and reported through this study. The optimum
regions of the capillary number and shear rate were found and reported.

The capillary number should be in the range of 4.5 x 10° to 6.0 x 10° and the
shear rate should be in the range of 40 s to 60 s. The introduction of the PDC model
can be used to optimize operating parameters to finely tune surface roughness. The
results from the SEM, surface descriptor, and the WCA found that samples 2b, 3a, and
4a showed a high rough optimum surface texture similar to the bioinspired surfaces.
The sample with high roughness and a textured surface was obtained with a shear rate
of 42.56 s* and a capillary number of 5.38 x 10°. All samples were hydrophobic with a
maximum WCA of 128°. Thus, these two roll coating process parameters can be used to
mimic bioinspired surfaces that are effective in superhydrophobic, self-cleaning, anti-

icing, anti-biofouling, and drag reduction applications.

FUTURE SCOPE

In the current study, the two-roll coating process was effectively used to produce
random, rough topography structures. All the samples produced in the optimum

processing conditions were hydrophobic with a maximum WCA of 128°. The future

16
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target of this study is to use the two-roll coating process, and the optimum parameters
defined, to produce a desired topography surface that is superhydrophobic with a WCA
greater than 150°. The next step in this direction will be to use other particle geometries
(sphere, nano-rod, etc.) in the polymer composite. This will reduce the entanglement for
uniformity of the coating surface. The nanoparticle wt % and other process parameters
(i.e. roller distance) can be varied to reach the optimum condition. Additionally, this
study focuses on the fundamental concepts present for roll-to-roll technology and in

future work will be scaled up to a continuous web condition.

ACKNOWLEDGMENT

The efforts of this research were additionally supported by Dr. Yong Zhu and

Yuxuan Liu of North Carolina State University.

FUNDING

This research is based upon work supported by the National Science Foundation
(NSF) under grant no. 2031558. J. Ryu was also supported by the new faculty start-up
fund at NC State University and the NCSU Faculty Research and Professional
Development award. Part of this work was performed in part at the Analytical
Instrumentation Facility (AIF) at North Carolina State University, which is supported by
the State of North Carolina and the National Science Foundation (award number ECCS-

2025064). The AIF is a member of the North Carolina Research Triangle Nanotechnology

17



403

404

405

Journal of Micro and Nano-Manufacturing
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NOMENCLATURE

ARibbing

Ca

Ca*

WCA

GI

GI’

LVR

Spd

Sdr

ribbing wavelength

roller radius

roller gap

viscosity

surface energy

roller speed

Capillary number

critical Capillary number

velocity

Water Contact Angle

storage modulus

loss modulus

Linear Viscoelastic Region

Wenzel roughness factor

peak density

developed interfacial area ratio
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572 Table Caption List
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Table 1 Surface morphology of preliminary experiments
Table 2 Process parameters of the fabricated samples
Table 3 Roughness and WCA results of the samples
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Figure List
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~

Fig. 1: Experimental set-up and visualization of the capillary bridging effect during
forward roll-coating that develops the micro/nanostructures

26



583

584
585

586
587
588
589
590
591
592

Journal of Micro and Nano-Manufacturing

a) b) c)
107 : : 107 ; ; ; 108
LVR
>
1074
6 | | 5] 4 6
& 10 i 10 ‘% 10
) - ) .
. Hd 1 4
& ¢l 510
108 T T 10° ; ; ; 104
0.1 1 10 100 0.001 0.01 0.1 1 10 0.1 1 10 100
Frequency (rad/s) Oscillation strain (%) Shear-rate (1/s)

Fig. 2: (a) Storage and loss modulus at varying frequencies (b) The storage modulus and

loss modulus of the CNT-PDMS paste as oscillations strain percentage increases with the

Linear Viscoelastic Region (LVR) (c) The viscosity of the CNT-PDMS mixture as shear rate
increases
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Fig. 3: (a) The shear rate of various samples and the identified process parameters of 20
s1to0 80 s (b) The capillary number for various samples and the onset of ribbing
occurring above 4 x 10°
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Fig. 4: Surface morphology of the respective samples in Table 2
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a line of best fit to demonstrate linearity
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Fig. 8: WCA results for each respective sample outlined in Table 2
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Table List

Table 1: Forward roll-coating conditions, the material properties, and their respective
surface morphology of preliminary experiments

S;;wni)(lee Vi (rom) Vs (rpm) She(ir/f)ate Visccz)s(iltgs()Pa.s) CapiII?;yllol\;l)meer SEM Image
A 43 58 79.80 0.69 4.28
B 33 53 106.40 0.54 2.84
C 33 63 159.59 0.38 2.24
D 20 41 111.72 0.52 1.93
E 33 41 42.56 1.19 5.38
F 26 41 79.80 0.69 2.84
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640  Table 2: Process parameters and material properties of the fabricated samples
641

Sample 2] V> Vi V> Shear Rate Viscosity Capillary
Name (rpm) (rpm) (em/s)  (cm/s) (s1) (x10°) (Pa-s) Number (x10°)
1la 36 41 9.58 10.91 26.60 1.79 8.39
1b 26 31 6.92 8.25 26.60 1.79 6.21
1c 16 21 4.26 5.59 26.60 1.79 4.03
2a 43 51 11.44 13.57 42.56 1.19 6.83
2b 33 41 8.78 10.91 42.56 1.19 5.38
2c 23 31 6.12 8.25 42.56 1.19 3.93
3a 50 61 13.30 16.23 58.52 0.91 6.14
3b 40 51 10.64 13.57 58.52 0.91 5.03
3c 30 41 7.98 10.91 58.52 0.91 3.93
4da 56 71 14.90 18.89 79.80 0.69 5.38
4b 41 56 10.91 14.90 79.80 0.69 4.11
4c 26 41 6.92 10.91 79.80 0.69 2.84
642
643
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644  Table 3: Wenzel roughness factor, peak density, and average WCA of each respective

645  samples
646
Wenzel .
S;::)Le Roughness :S;ﬁ;;?:ig}; Avg. WCA (°)
Factor
la 1.236 1.22 118.09
1b 1.054 0.50 116.62
1c 1.051 0.93 116.32
2a 1.324 1.08 118.17
2b 1.913 3.61 123.86
2c 1.483 1.95 119.05
3a 1.393 2.21 122.55
3b 1.891 2.82 126.53
3c 1.238 2.58 119.72
4a 1.817 3.94 127.88
4b 1.375 3.07 123.08
4c 1.153 1.41 119.68
647

648



