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Abstract

Over the past few decades, self-cleaning surfaces have been significantly investigated due to their commercial applica-
tions in various fields. However, the researchers are still lagging in developing better mathematical models and fabricating
hydrophobic surfaces for direct espousal in industry. In this study, a force-balanced system-based mathematical model is
modified for a rectangular pillared array-based micro-structure and MATLAB simulations were used to validate it theoreti-
cally. The same pattern was developed on Al-surface using a single-point diamond turning (SPDT) machine experimentally.
The experimental results were validated using coherence correlation interferometry (CCI), optical microscopy, drop shape
analyser (DSA), and field emission scanning electron microscopy (FESEM). The experimentally estimated and theoreti-
cally predicted contact angles of the rectangular pillared array are found in close agreement. Further, the advancement in
mathematical models and models-based surface manufacturing strategies can boost the research in this domain to develop
robust self-cleaning hydrophobic surfaces.

Highlights

A force-balance mathematical model is reformed for a rectangular pillared array structure.
MATLAB simulations are used to validate it theoretically.

Rectangular pillared array structure was developed on Al-surface using SPDT.

The experimental results are validated using CCI, DSA and FESEM.
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R, (mm) The radius of the drop's projected contact
circle with the surface

V (mm)  Drop height

Q@ The angle formed by the tangent of the droop

and the normal to the rectangular pillar

1 Introduction

The fundamental mechanism of hydrophobic or superhydro-
phobic surfaces has been the subject of numerous theoretical
models in recent years, but it has been difficult to employ
any of these models to support an experimental observa-
tion for real-world application. As a result of their ability
to partially clean themselves, these surfaces have numer-
ous uses in various domains such as anti-fogging [8, 26],
anti-corrosion [11, 20-22], anti-icing [17], drag reduction,
self-cleaning surfaces [5, 20, 21, 29], etc. Numerous meth-
ods for preparing hydrophobic surfaces have been proposed
till now. Bottom-up and top-down techniques are frequently
used to create micro/nano textured surfaces including laser
etching, lithography, electrochemical methods, and so on
[7,9, 14, 16, 31]. The need of generating nanoscale features
on metallic or non-metallic surfaces forced the researchers
to use highly precise techniques like single-point diamond
turning (SPDT). The SPDT machining is the most efficient
method [25] for manufacturing technology patterned sur-
faces with high precision and accuracy. This technique can
produce a smooth textured surface with controlled rough-
ness of 2—10 nm [30]. The SPDT can be used for metallic,
non-metallic and polymers to design the desired patterns.
Aluminium has been selected as the substrate material in
the current study due to its low cost, light-weight, high ther-
mal conductivity, and ease of availability [28]. Aluminium
is a hydrophilic material, and it has a water contact angle
of 85.6°. Aluminium has a wide range of uses, particularly
in the biomedical, modern engineering, civilian industries,
automobile, aircraft, and transportation [13, 34]. However, in
extreme environments, the use of aluminium is constrained
by its vulnerability to corrosion and surface contaminations
[18]. It is preferable to improve aluminium surface qualities
through surface modifications in order to avoid such issues.
Creation of a hydrophobic surface on Al is a good alterna-
tive to avoid the corrosion of Al. Hydrophobic surfaces are
a combination of micro/nano texturing features that support
the formation of air pockets between the solid—liquid inter-
face and the water droplet. One of the key elements directly
influencing a water droplet's wetting behaviour on a rough
surface is surface geometry [1, 15]. The wetting properties
are largely caused by two primary factors: the material's low
surface energy and surface roughness [3, 6]. As a result,
surface characteristics are attributed to a material's intrinsic
properties, providing a more accurate interpretation of the
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structures. This concept is directly related to the wetting
theories of the surfaces. Young's equation, which was appro-
priate for smooth and homogeneous surfaces, first provides
the wetting theory [33]. Then, Wenzel’s theory came into the
picture. It was also effective for homogeneous surfaces but
had some roughness components which had certain limita-
tions. Ideally, it is almost impossible to manufacture a single
surface that is entirely homogeneous and flawlessly smooth.
Hence, there is always some degree of surface roughness
exists. To disprove Wenzel's idea, the Cassie-Baxter equa-
tion which is only applicable to heterogeneous surfaces with
surface roughness factor was introduced. Air pockets may
cause the surface to become extremely hydrophobic. Water
droplet forms a spherical shape and roll off the surface as a
result of the droplet of liquid being unable to pass through
the roughness between the cavities. Although it is simple
to characterise the states of the classical Cassie-Baxter and
Wenzel models for surfaces having ordered roughness, it
is frequently challenging to determine the roughness and
fractional surface values on such textured surfaces [23]. The
fundamental mechanism of these surfaces has been the sub-
ject of numerous theoretical models in recent years, but it
has been difficult to employ any of these models to support
an experimental observation for real-world application [2].
The various geometrical characteristics that can aid in under-
standing the fundamental ideas behind these surfaces are
now being discovered by researchers. The reduction of drag
on micro/nano structured surfaces, slip length on hydropho-
bic surfaces, liquid flow through microchannels, and force
balance system on water droplets sitting on the micro/nano
structures, and viscosity factors for various liquid flows are
all being demonstrated by researchers. Sudeepthi et al. [24]
developed a mathematical model to find the irreversible wet-
ting transitions between the Wenzel and Cassie-Baxter state
on a nano structured surface. In the Cassie-Baxter state, the
liquid sits on top micrometre scale protrusions that origi-
nate from the clustering of the nanoparticles. In contrast,
the solid portion of the coating is completely covered by the
liquid in the Wenzel state, increasing the area fraction [10].

But, till date, the development of hydrophobic surfaces
that can last up to a few years is still not achieved due to
the lack of understanding of hydrophobic surfaces. Hence,
every single parameter is equally important in contributing
to the best wetting regime [32]. Although there are several
experimental investigations on water-repellent surfaces and
similarly many theoretical models available for hydropho-
bic surfaces. However, very limited studies are available on
developing a mathematical model for a hydrophobic surface
and replicating that specific surface on a substrate practi-
cally. The modification of surface wettability on Al sub-
strates offers significant potential for revolutionizing various
industries, including electronics, aerospace, biomedical, and
energy sectors. With the increasing demand for advanced
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materials with modified surface properties, it is crucial to
understand and optimize hydrophobic patterns on Al sur-
faces to enhance performance and functionality. Achieving
hydrophobicity on Al substrates can address challenges
related to corrosion resistance [27], water repellency, and
adhesion in diverse applications. The ability to modify sur-
face properties through theoretical wetting models allows
for the design of materials with improved durability, reduced
maintenance costs, and enhanced performance in harsh envi-
ronments [12]. For real life applications of hydrophobic sur-
faces, such types of research is imperative. Therefore, a force
balanced system based mathematical model is modified for
a rectangular pillared array structure and SPDT machining
is used to manufacture the same structure on Al to vali-
date the theoretical results. This theoretical model not only
enables a systematic understanding of the mechanisms that
govern wetting behavior, but also functions as a predictive
tool for designing surfaces with desired hydrophobic proper-
ties. This theoretical model plays a crucial role in guiding
experimental research, providing insights into the complex
relationship between surface morphology, chemistry, and
environmental factors that influence wetting phenomena.

2 Development of a Mathematical Model

Force balance mathematical model [19] is modified to
investigate the hydrophobic character of rectangular pil-
lared array structure. The shape of a water droplet on a
surface is influenced by several factors, such as water's
surface tension, the material's surface energy, and the
interaction between the water and the surface. Textured
surfaces, depending on their dimensions and spacing, can
affect how a droplet spreads or contracts. The ability of a
water droplet to assume a spherical shape on a textured
surface depends on the specific properties of the surface
texture. If the texture encourages anisotropic wetting and
the energy barrier for the droplet to spread along one axis
is lower than in other directions, the droplet may take
on a more elongated or flattened shape along that axis.
Conversely, if the texture is fine and doesn’t significantly
disrupt the cohesive forces of the water, the droplet may
still tend to be roughly spherical, but with modifications
due to the texture. The contact angle is typically measured
from the solid surface in the direction of the liquid phase.
It is the angle between the solid surface and the tangent
line to the liquid droplet or meniscus at the three-phase
contact point (solid—liquid—air). Pillared textures can influ-
ence contact angle and droplet behavior by providing addi-
tional surface area and trapping air pockets. Theoretical
models often consider the balance of interfacial energies,
including the surface energy of the solid and liquid phases.

Fig.1 a Schematics of different forces influencing a water droplet
at equilibrium conditions to balance water weight determined by the
force balance system; b representation of an array of structures with
rectangular pillars

Figure 1 depicts several forces operating on a water droplet
under equilibrium conditions to balance water weight. The
three reaction forces, which are characterized as reaction
force by the textured surface, surface tension caused by
the drop, and the peripheral surface tension, balance the
weight of the water droplet. The relation between the geo-
metrical parameters and water contact angle were deter-
mined by evaluating these equations.

Assume that water droplets adhere to the surface. The
contact angle is influenced by surface tension and geo-
metrical parameters. Let [ be the length of the pillar and
b be the width of the geometrical shape pillars. The pillars
are assumed to be evenly distributed on the surface. Grav-
ity's influence is ignored along the radial direction. The
droplet's radius does not change before or after it lands on
the surface. The following force-balance equation can be
used to calculate the water droplet’s weight:

W=R+F,+F, (D

where W denotes the weight of water drop, R denotes the
reaction force by the rectangular pillars, F; denotes the sur-
face tension at the periphery and F denotes the surface ten-
sion due to water drop.

The following equation is used to determine weight of
water droplet:

4
W= Z7Ripg @
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where p denotes the density and g denotes the acceleration
due gravity.

Reaction forces due to rectangular pillars can be calcu-
lated as:

7R pg
R=(h+y)lb) 1

\/ﬁ+p)2

3

The water droplet's periphery's surface tension for rectan-
gular pillars is given by:

F, = 27R,cos*0 )

(i
3
1.b.wR*cos*6.p.g 7R2cos*0
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The line of contact between the water droplet and the
pillars tops generates a force called surface tension for rec-
tangular pillars that can be calculated as:

4aT7rR%
2
(\/l.b + p)

Using Egs. (2), (3), (4), and (5), we can reduce the force
balance model for the rectangular pillars as:
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In Eq. (6), 6 denote the contact angle, p denote the
gap between two rectangular pillars, 7 denote the surface
tension.

Taking the parameter p common from the right side
of the above equation, the following expression can be
obtained:

)

1

)

<
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For the simplification, assume sinf = x, . .o _ V-2 utilizing SPDT machining. When compared to other micro-

A= @ and B = 12—’t0 obtain the following expression: machining techniques, diamond turning can produce near

2 ) 12
p <R0(1 x)+3(A+1)I;0\/1 X +2(A+1)2>]‘

4R8.p.g
3

:lR0x+RO—E p2

A’R3(1-x%)pg R (1-x7)
(A + 1) P2(A + 1)

p (®)

4 \/E.Tsin[cos‘1 :
20/ B2 + 15 {BF -2}
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Now, we can find x from the following expression:

2 ) — y2 — 2
4 @4+ 1+B_2<R0(1 x)+3(A+1)RO\/1 X +3(A+1)1;0\/1 X +2(A+1)2>]
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Finally, we can calculate the contact angle 8 as:
4 as1y? B2 [ Ry(1=x%) 3A+DRyV1I-x2 3(A+DHR,VI1—x2 )
0=sin"" |-—"——-1+— + + +2(A+1)
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For calculation of 0, the following values were considered. dimensional tolerances that refers to the allowable devia-
a=+\101b=60x 10_6m, Ry =0.003m,p =85 x 10_6m, tion from the intended dimensions or specifications of a

¢ =9.8m/s%, V = 0.001 mand p = 997 kg/m°. machined component. It represents the degree of accuracy
The graphical results for the contact angle versus parameter ~ and precision that can be achieved during the diamond turn-

a/p were obtained with the help of MATLAB software. ing process.

3 Experimental 3.1 Materials and Specifications

The micro-rectangular pillared array surface was created ~ Aluminium (Al) was used as the work piece material in this
using SPDT machining, one of the well-known production  study to produce micro textured hydrophobic surfaces. Alu-
methods that can create sub-micron to nano level structures ~ minium discs with dimensions of 15 mm in diameter and
with great accuracy. Figure 2 represents the schematic view 3 mm in thickness were used.

of the fabrication of a rectangular pillared textured surface
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3.2 Fabrication of Micro-rectangular Pillared
Arrayed Surface on Al

The wedge was entirely removed from the Al work piece
on both sides using a diamond tool (Fig. 2a). The mirror-
finished surface was prepared for the following stage, which
involves fabricating micron-sized rectangular pillared
structures (Fig. 2¢). After that, the surfaces were cleaned
thoroughly in an ultrasonic bath to get rid of any leftover
residue or machining chips. The work piece was held in
a vacuum chuck to ensure a secure and stress-free grip as
well as to stop undesired chips from adhering to the work
piece. Table 1 displays the parameters of SPDT machining
to develop the desired micro-rectangular pillared arrayed
surface on Al. These variables were picked based on those
that were utilised in the theoretical modelling. As shown in
Fig. 2b, SPDT is utilised to project ordered micro features
onto Al. To ensure a good surface finish during the machin-
ing process, the work piece was offset such that its face was
aligned with the vertical axis. This prevented heat generated
at the cutting zone from the machining process from damag-
ing the tool and the work piece. Chlerosol was employed as
a coolant. The test was carried out under a constant cooling
environment. Under ambient conditions, pillars with a rec-
tangular shape were created on the work piece.

3.3 Characterizations

Coherence Correlation Interferometer (CCI), a white light
interferometer (CCI-6000, Taylor Hobson) was used to
characterize the surface topographies of the rectangular pil-
lared structures at different magnifications. Field emission
scanning electron microscopy (FESEM, Carl Zeiss Ger-
many, model: Zeiss Gemini 300) was utilized to examine
the rectangular pillared array structures fabricated on the

Table 1 The parameters of SPDT machining to develop micro-rectan-
gular pillared arrayed surface on Al

Specifications Machining parameters

Diamond tool Single crystal

Nose radius 0.2 mm
Rake angle 0°

Speed of spindle 1000 rpm
Tool feed rate 1 um/rev
Clearance angle 10°
Depth of cut 5 um
Pitch of rectangular pillared structure 35.04 um
Height of rectangular pillared structure 28.84 um
Width of rectangular pillared structure 47 ym

Al surface. FESEM tests were carried out at an accelerating
voltage of 10.0 kV. An optical microscope (Nikon Eclipse
MAZ200) was used to investigate the surface topographies.
A contact angle goniometer or drop shape analyser (DSA25,
Kruss) was used to determine the water contact angle. The
droplet volume was set at 5 pl for all water contact angle
measurements and deionized water was used.

4 Results and Discussion

Figure 5 displays optical microscopic pictures of the single
scale textured Al surface at various magnifications, includ-
ing 5X, 10X, and 20X. The surface of Al seems exception-
ally smooth with consistent surface roughness due to the
diamond turning single texturing (Fig. 3).

Al-sample area of approximately 8 X 8 mm was scanned
using CCI. The CCI was used to extract the 2D cross-
sectional profile and 3D topology of the textured surface.
Figure 4a—c illustrate the measured 3D and 2D profiles of

Fig.2 Schematic view of the
systematic fabrication of a

rectangular pillared textured
surface using SPDT machine

Al substrate initially

Workpiece Diamond tool

‘ Al substrate- diamond turned

Spindle Coolant

{ Single-point diamond turning setup ‘
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the fabricated rectangular pillars, respectively. Figure 4b
depicts the burr formation on rectangular pillars. A burr
means rough edges or ridges on a metal. Generally, the burr
formation happens during cutting operations on metals. It is
common during SPDT machining of metal samples such as
Al (in current study). The height (28.84 um), width (47 pm)
and inter-pillar spacing (35.04 um) of rectangular pillars was
measured using a 3D profile of the textured surface.

Figure 5 depicts the FESEM images of rectangular pil-
lared textured surfaces at 200 X, and 1000 X. The individual
micro-rectangular pillars on the Al have a slightly tapered
shape, which presumably originates from the chip forma-
tion during machining. However, the micro-rectangular

pillars are found quite smooth, stable, and periodically pat-
terned, providing the first-level roughness with consider-
able structural uniformity (Fig. 5a). Even though the surface
is thoroughly cleaned in an ultrasonic bath before FESEM
characterization, burr formation can be seen at some sites
highlighted by dotted circles (Fig. 5b), which may be caused
by cutting action during the fabrication process. The burr
formation is negligible and can be minimized further by
modifying SPDT process parameters. The width (47 um)
and inter-pillar spacing (35.04 pm) of rectangular pillars was
further verified using FESEM and found in close agreement
with the results of CCI.

Fig. 3 Illustrations for optical microscopy at various magnifications a 5X, b 10X, ¢ 20X

& X=0.8343 mm
S Y=0.8346 mm
2=43.16 ym

(@ (b) Bury formation _w
. 25

\ T After profile 'zo

pm© extraction um e o
07 . ;9 0 i

X=0.8242 mm
Y= 0.8264 mm
Z= 26.84 um 0

Length = 0.8346 mm Pt=29.92 ym Scale = 50.00 pm

T & um

b

28.84um

35.04um

LUV U

T T T T T T T T T

T T T T T T
0 0.05 041 015 02 025 03 035 04

12 I s I ) 1 ) T
045 05 055 06 065 07 075 08mm

Fig. 4 Identification of surface topographies: a Magnified 3-D view of the rectangular pillars, b 3-D surface topology after the profile extraction

and ¢ Extracted 2-D profile of the rectangular pillars
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Fig.5 FESEM images of
rectangular pillared textured
surfaces at various magnifica-
tions a 200 pm at 200 X, b

10 pm at 1 KX

Figure 6a shows the water contact angle of 85.6° on the
Al substrate and Fig. 6b shows the water contact angle of
123.7° +3° on the particular point of the textured surface.
Moreover, Fig. 6¢ depicts the top view of a water droplet
sitting on the textured Al substrate. Figure 6d shows the
side view of the water droplet that indicates the water drop-
let is not immersed inside the rectangular pillars, but it is
sitting on the micro protrusions of Al substrate. The low
water contact angle on non-textured Al indicates its hydro-
philic character; however, the higher contact angle on the
textured Al reveals the hydrophobic nature of it. Thus, the
wetting regime shifts from hydrophilic to hydrophobic one.
The contact angle obtained in Fig. 6b aligns with the theo-
retical expectations for the Cassie-Baxter regime, which is
characterized by reduced wetting. This phenomenon occurs
when a liquid droplet sits on a rough or patterned surface,
and instead of completely wetting the surface, it partially
traps air pockets between the liquid and solid interface. The
result indicates that the observed patterned surface repre-
sents areas where the Cassie-Baxter wetting state predomi-
nates, as higher contact angles are indicative of reduced wet-
ting. Therefore, this study supports the contact angle model
that strengthens the theoretical basis for the application of
hydrophobic patterns on Al substrates. As a result, the single
scale texturing has produced the hydrophobic properties of

(a) (b)

the textured Al. Furthermore, adding double texturing to the
substrate can improve contact angle and it can even lead to
the formation of a superhydrophobic surface [4].

5 Difference Between Theoretical
and Experimental Findings

Generally, the scaling factor (a/p=1) gives the maximum
water contact angle for the desired size to spacing factor. This
implies that maintaining a balanced relationship between sub-
strate size and spacing can optimize the hydrophobic prop-
erties of the surface. In the existing work, the scaling ratio
(a/p=1) for the rectangular pillared structures is considered.
The Roy et al. [19] model with a square pillared textured
surface provided the initial validation of the mathematical
model. An experiment using a single textured surface with
single point diamond turning machining at (1=47 pm and
p=35.04 um) revealed an average CA of 123.7°+3° of the
textured surfaces, somewhat near to the projected value of
136.6°. The difference between the experimental results and
the value predicted by the theoretical model anticipated is
9.4%. Here, aspect ratio is the reason. Our aspect ratio for the
experimental work was close to 1.48, and it has been demon-
strated in the literature that an aspect ratio of 1.0 can result

(c) (d)

WCA- 85.6°

WCA-123.7°% 3°

Fig.6 A visual representation of the contact angle with the water: a
water contact angle (85.6°) on bare aluminium b employing a drop
shape analyser to determine the water contact angle (123.7°+3°) on
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WCA- 123.7°+ 3°
Front view

WCA- 123.7°+ 3°
Top view

textured aluminium, ¢ water droplet sitting on a single textured sur-
face, d illustration of the water contact angle at 123.7° +3° on a par-
ticular one point of the textured surface
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Fig.7 Eor the simulatgd results, (a) | ——a= 60 micron, p= 60-300 micron | (b) | —— p= 300 micron, a= 60-300 micron
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in the highest water contact angle. The single-level textured
surface is another factor. Because the maximum contact angle
is provided by a combination of micro and nano texturing
structures. This demonstrates the differences between theo-
retical and experimental results. Figure 7a depicts a graphi-
cal representation of water contact angle and aspect ratio for
different values of ‘p” while ‘a’ is fixed. Figure 7b depicts a
graph for different values of ‘a’ while ‘p’ is fixed. Figure 7c
represents a graph highlighting the difference between the
theoretical and experimental results.

The machining parameters have a significant impact on
the difference between experimental and theoretical findings.
The lowering in the water contact angle is caused by the
presence of burr formation in conjunction with the rectangu-
lar pillared array. In a rectangular pillared array with three-
dimensional high-frequency vibrating modes, the water
droplet expands in the feed direction, which reduces the wet-
tability performance of the textured surface and causes the
variation. Moreover, the tool feed rate is a significant aspect,
since it influences the radius of the machined groove profile,
which decreases as the feed rate is increased. The rise in feed
rate causes the increase in cutting force, which in turn causes
a burr effect on the textured surface.

An additional important factor that leads to discrepancies
is precipitates [30]. If the stress value does not exceed the
stress limit, the precipitates may be pushed by the diamond
tool and move in the direction of the cutting. In this situa-
tion, the machined surface develops deeper pits and scratch
marks. The surface of the precipitate becomes cracked and
uneven when it is manipulated with a diamond tool, which
further reduces the water contact angle. A thorough analysis
that focuses on fabricating complex structures using SPDT
machining is required. Directly creating nanostructures on

alp

the substrate’s surface via SPDT machining is difficult. To
fulfil the wetting regime, tool optimisation is required since
depth of cut and tool feed rate are crucial factors. Geometri-
cal characteristics, such as the width, pitch, and height of
the structures, are crucial in self-cleaning applications since
they are related to the water contact angle.

6 Conclusions

Force balanced system based mathematical model is modi-
fied for rectangular pillared array based micro-structure to
anticipate the relationship between the water contact angle
and other geometrical parameters that influence the wettabil-
ity conditions. The theoretical model suggested a water con-
tact angle of 136.6° whereas, the average experimental water
contact angle of 123.7° +3° was achieved on the textured Al
substrate. Compared to hydrophilic non-textured Al, the tex-
tured Al exhibited the hydrophobic character. The variation
in theoretical and experimental water contact angles of tex-
tured Al surface are caused by machining issues like depth
of cut, tool feed rate and other factors. Such type of research
can motivate the researchers towards better understanding of
the scientific principles behind the wetting mechanisms of
textured surfaces, which are imperative to develop economi-
cal, real-world self-cleaning materials.
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