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Abstract: This study investigates the influence of microstructure patterns on the hydrophobic proper-
ties of surfaces of 3D-printed objects generated using photopolymer resin. Various arrangements
and designs of microstructures on the surface of 3D-printed objects were examined. Leveraging the
superior resolution of stereolithography printers (SLA) over fused deposition modeling, intricate
microfeature designs were well-implemented. The experiments involved a range of structures on the
surface of the 3D-printed objects, including precisely defined arrays of microcylinders, microchannels,
and other complex designs generated by parametric equations. The hydrophobicity of the 3D-printed
objects was assessed through the water droplet test, revealing a spectrum of results ranging from
hydrophobic to weakly hydrophobic, and to hydrophilic surfaces. Light microscopy was employed
to characterize the surface morphological properties of the 3D-printed objects, which were then
correlated with the measured contact angles. It was discovered that the 3D-printed objects with
microstructures formed using parametric functions exhibited patterns with irregularities and fluc-
tuations along all directions or axes, resulting in a higher degree of hydrophobicity compared to
structured matrices with pillared arrays. However, some surfaces created with parametric functions
resulted in an anisotropic system where the material properties varied along one direction, while
the other direction exhibited a flat, planar surface. These anisotropic systems were found to be less
hydrophobic according to the water droplet test.

Keywords: hydrophobic surfaces; 3D-printed objects; light microscopy; anisotropic systems; contact angle

1. Introduction

The fabrication and functionalization of surfaces with distinct wettability properties have
significant interest in modern engineering due to their vast array of practical applications.
Among these, hydrophobic surfaces stand out for their ability to repel water, a characteristic
that allows for innovative solutions in sectors ranging from anti-corrosion coatings to anti-
icing technologies. This paper explores the possibility of leveraging 3D printing technology to
fabricate surfaces endowed with hydrophobic properties, a cutting-edge approach that could
revolutionize the way we create materials with tailored surface characteristics.

To more concretely define a hydrophobic surface, a surface can be classified as hy-
drophobic depending on the contact angle (CA) that a droplet of water makes with its
surface plane. There are generally three categories for hydrophobicity: a CA of 0◦ < θ < 90◦

is considered hydrophilic (absorbs or dissolves water easily, or water-loving surfaces), a
CA of 90◦ < θ< 150◦ is considered standard hydrophobic (water-fearing surfaces), and a
CA of 150◦ < θ is considered superhydrophobic. Hydrophobic surfaces can also be further
classified by their type: the Cassie–Baxter or Wenzel state. The Cassie–Baxter state is the
conventional terminology for hydrophobicity where a droplet of water flows freely across
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the surface of an object because in this state, the droplet of water floats slightly above the
surface of the object and air bubbles are trapped below the droplet. This creates a composite
air–material interface that leads to reduced adhesion and improved repellency. Wenzel
state is when the water droplet adheres to the surface roughness and no air bubbles are
trapped within. This means higher amounts of adhesion, and the liquid droplets are less
likely to move. Both of these states can still exhibit hydrophobicity but via two different
mechanisms [1,2].

Hydrophobic surfaces have importance in many physical applications and offer so-
lutions in anti-corrosion and anti-icing applications. As such, there are currently many
methods of making hydrophobic materials. The common method of producing these
materials is generally in the form of hydrophobic chemical sprays, but these chemicals
wear out and wash away, creating only a temporary solution for hydrophobic surfaces.
Another method that is similar to what this study describes is placing microstructures on
the surface.

Research has been devoted to diverse methods and techniques to create superhy-
drophobic surfaces [3,4], which are determined by their distinctive properties and appli-
cations that such materials offer. Traditional methods include nanoimprint lithography
(NIL), plasma etching, chemical vapor deposition (CVD), electrospinning, and various
combinations thereof. NIL involves a multistep process where a pre-etched stamp is used
to create miniature architectures on a substrate [5]. Plasma etching bombards the substrate
with energized gas ions to generate a rough surface [6–8], while CVD utilizes chemical
and physical processes to coat the substrate with a structured layer that render the sur-
face hydrophobic [9–11]. Electrospinning can produce a hydrophobic fiber mesh on the
substrate’s surface [12–14]. These techniques offer versatile approaches to achieve hy-
drophobicity on various substrates, contributing to advancements in hydrophobic material
research. More recently, Rahman and Jacobi explored the use of micromachined hydropho-
bic surfaces for frost prevention and deicing on metal surfaces. The study showed that
micro-milled grooves on metal plates exhibited hydrophobic properties [15]. More recently,
research has expanded to study the fabrication of micropatterned surfaces through additive
manufacturing or 3D printing to generate hydrophobic surfaces, conducted by several
researchers [16–21]. Other innovative ways consist of altering the chemical and physical
properties of either the surface or the sprays that are applied onto the surface; a few exam-
ples are using natural plant material, as proposed in the work of Lee and Kwon [22], or
chemically via molecular etching, as described in the work of Vandencasteele et al. [23].
Recently, success has been demonstrated in the single-step approach that flames offer,
directly converting the surfaces of various types of materials into possessing hydrophobic
properties. The process is ultrafast, requiring only the introduction of the substrate into a
tailored carbon-rich zone of the flame, which is ideal for forming C-layers on the surfaces
of substrates [24–30].

Inspired by the studies focusing on manipulating micropatterned features across
different surfaces to attain hydrophobicity, our research extends this concept by exploring
the use of diverse microfeature shapes to render 3D-printed surfaces hydrophobic. The
experimental scope ranged from defined microstructures, such as cylinders and channels,
to those characterized by parametric equations.

2. Materials and Methods

To create hydrophobic microstructures, we utilized masked stereolithography (MSLA)
3D printing technology, known for its exceptional resolution and precision in fabricating
intricate geometries. This capability makes MSLA ideally suited for producing complex
micro-fixtures. In our study, we focused on cylinder grids, channels, and surfaces defined
by cosine and sine waves.

The MSLA printer utilized in this work was the Elegoo Mars 3 4K. This MSLA printer
is equipped with a 405 nm LED array capable of curing photopolymer resin with a layer
resolution of approximately 25 µm. To achieve the desired surface topologies, the printer
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settings were calibrated, with the layer height set to 50 µm to balance between the printing
resolution and the time efficiency.

The resin 3D printing process began with a digital model of the desired object using
Spaceclaim 2023 R2. This digital model was then sliced into thin layers using slicing
software, which generated instructions (G-codes) for the printer to follow. The printer’s
build platform was lowered into a tank filled with liquid resin (Figure 1(a1)). The 3D
printing process then commenced with the first film or layer of resin being exposed to UV
light emitted by the LED array. This UV light initiated the solidification of the resin on the
platform, forming the initial base of the object. Once solidified, the build platform moved
incrementally (Figure 1(a1)), allowing fresh liquid resin to cover the solidified layer. The UV
light then exposed the succeeding layer of resin as per the sliced pattern, solidifying it and
bonding it to the layer beneath. This sequence repeated for each subsequent layer, gradually
building up the object (Figure 1(a1)). This method resembles traditional fused deposition
modeling in its layer-by-layer approach to 3D printing, with the distinction that material
hardening occurs through light-induced polymerization rather than thermal processes.
After printing, the samples underwent a two-stage post-processing procedure utilizing the
Elegoo Mercury Plus, a system designed for both cleaning and curing 3D-printed parts. In
the first stage, the samples were cleaned in a basin filled with 95% ethanol (Figure 1(a2)).
The cleaning process was started by placing a model into a basin filled with 95% ethanol and
running a vortex generator around the object for 15 min. This cleaning process dissolved
the remaining non-hardened toxic resin, leaving the print mostly free of residue. After
the cleaning process, the samples were exposed to UV light for approximately 15 min
to achieve the final hardened state. Mercury Plus’s vortex generator was used to ensure
uniform exposure of the printed samples to the solvent, effectively removing uncured
resin from their surfaces (Figure 1(a2)). Following the cleaning process, the samples were
subjected to a curing stage on a rotating plate under a 405 nm UV light for 30 min. This
post-curing exposure was timed to guarantee complete polymerization of the resin and
ensure no toxic components were left on the print.

The resin selected for this experiment was a proprietary Elegoo UV-curable photopoly-
mer, specifically formulated for high-resolution 3D printing. This material was chosen
under the Elegoo’s recommendation, which allowed detailed features that are essential
for the successful implementation of hydrophobic microstructures. The resin used was
standard photopolymer resin manufactured by Shenzen Elegoo Technology Limited (Shen-
zhen, China) and available through Elegoo. The exact composition can be found in the
MSDS published by Elegoo; the major compositional elements are 3,3,5-trimethylcyclohexyl
acrylate and 4,4′-Isopropylidenediphenol [31].

Models of the desired hydrophobic microstructures were created and expanded on
based upon the microstructures found in the previous studies of Rahman and Jacobi [15].
The 3D-printed blocks were cubic and had physical dimensions of 20 × 20 × 20 mm. Each
surface was designed with different surface geometries, including parallel microgrooves,
pillar arrays, and randomized rough surfaces made using a combination of sinusoidal
units, to explore their effects on hydrophobicity [15,32]. It is analogous to the work of
Zhang and Resasco, who used various arrays or pillars of single-walled nanotubes to create
hydrophobic surfaces; however, in this case, the arrays are created using a calcination
process [33]. To further define the randomized rough surfaces, we used a combination of
sine and cosine functions across a 2D surface, which, when summed, created a pseudo-
random surface type. Concretely, a 1D version is described in Equation 1, where each of
the constants an. . .gn define arbitrary constants that vary the frequency, amplitude, and
phase of each of the sine and cosine components.

f (x) = ansin(bnx + cn) + dncos(enx + gn) (1)

The expanded form of Equation (1) is Equation (2), which defines the pseudo-randomized
form with arbitrary constants an. . .mn implemented in this paper that define the surfaces
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of the sample printed. Various forms of this equation were implemented with varying
constants that generated a variety of different surface features.

Z = f (x, y) = ansin(bnx + cn) + dncos(enx + gn) + hnsin(iny + jn) + kncos(lny + mn) (2)

These models were then exported to the MSLA printer for fabrication after being
designed using the Spaceclaim 2023 R2 CAD software.

More accurate descriptions of the blocks can be observed the following Table 1, which
shows a few examples of the equation with simple integer constants.

Table 1. Examples of three different parametric surfaces to demonstrate the construction of the
surfaces using Equation (2).

(a) Z = cos (Y)
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The graphs in Table 1 represent a few examples of Equation (2) being used with simple
integer constants for a more accurate mathematical description of the blocks.

The upper row (a) shows a parametrically described surface, with the X and Y values
ranging from 0 to 10 units, and the Z value being the value of the cosine of the X unit. It can
be observed that this equation produces a cosine wave effect that is propagating in the Y
direction. The middle row in Table 1b shows the same effect, except the value of the height
(Z) is modified based on the cosine of X. The bottom row (c) combines the two effects to
produce a rough surface that is used to describe the top of the blocks.

The hydrophobicity of the printed surfaces was evaluated by measuring the contact
angle (CA) of water droplets placed on them. A camera was utilized to photograph a
droplet of water deposited with a syringe delivering droplets of distilled water onto the
surface of each sample. The samples were photographed from the three angles described
in Figure 1(b1–b3).
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Figure 1. (a) The processes involved in masked stereolithography 3D printing, curing, and washing,
and (b) the method used to image the contact angle of a water droplet on the 3D-printed surface
when viewed from (b1) the perpendicular view from the top, (b2) parallel, and (b3) orthogonal
directions. A dotted frame in each photograph encloses a representative water droplet resting on the
engineered surface.

Following the photography process, the images collected were post-processed, and
then, using goniometer software, the CA was attained. The CA was collected as the
maximum of the parallel and orthogonal CAs. The CA was measured with at least three
measurements taken for each sample to ensure accuracy and reproducibility.

Based on the measured CAs, the surfaces were classified into hydrophilic, standard
hydrophobic, and superhydrophobic categories. Additionally, the Cassie–Baxter and Wen-
zel states can be inferred from the droplet behavior and surface morphology. Furthermore,
surface analysis of the 3D-printed objects was performed via a Keyence Digital Microscope
(VHX-7000 Keyence Ultramicroscope, Keyence Corporation of America, Itasca, IL, USA),
where we were able to observe the surface structures and obtain a surface roughness analy-
sis. Additionally, for further image clarity on a micro-scale, a scanning electron microscope
(SEM) was used to capture high-resolution images of the surface of the blocks. Prior to
placement in the SEM chamber, the resin blocks were treated with a sputter coater (Emitech
K-575D, Ashford, UK) for about 16 seconds, resulting in the deposition of a very thin
layer (~4 nm) of iridium (Ir) on their surfaces. The SEM employed for analysis was the
Thermo-Quattro S-field-emission environmental scanning electron microscope (FE-ESEM),
produced by Thermo Fisher Scientific (Waltham, MA, USA).

3. Results and Discussion

The hydrophobic properties of the 3D-printed surfaces were evaluated through CA
measurements, a direct indicator of hydrophobicity. The results reveal significant variations
in the CAs, ranging from 51◦ to 147◦, depending on the microstructural geometry of the
surface. The surfaces designed with a randomized structure seemed to exhibit nearly supe-
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rior hydrophobicity (CA > 150◦), with their CAs consistently exceeding 100◦, categorizing
them as hydrophobic (CA > 90◦). In contrast, the surfaces with simpler, less complex mi-
crostructures demonstrated CAs within the 40◦ to 100◦ range, leading to a variety of levels
of hydrophobicity. To compare the CAs of the engineered blocks, a 3D-printed sample with
no microstructures underwent the water droplet test and served as a control block. This
block achieved a contact angle of 57◦.

3.1. Sample Analysis

To study the effect of the microstructure’s shape on the hydrophobic properties of
the 3D-printed objects, objects with a variety of different microstructure were designed
and 3D-printed. Figure 2 presents the surface of a 3D-printed object defined in two
dimensions with sinusoidal waves. Figure 2(a1) presents an isometric view of the CAD
generated sinusoidal object, and the digital light microscope imaging analysis shows that
along all three axes or directions features with similar irregularities and fluctuations were
present (Figure 2(a3–a5)). The periodicity and amplitude can be observed in the light
micrographs in Figure 2(a3–a5). Figure 2(a6,a7) display the surface roughness and structure
perpendicular to the reference plane. The isometric images in Figure 2(a6-1,a7-1) display
the stereoscopic shape “or slicing” and the cross section of the selected profile or area
on the surface of the object. Figure 2(a6-3,a7-3) graphically display the roughness across
the planes. The surface of the 3D-printed object, created with sinusoidal waves, resulted
in symmetrical microstructures with rounded or blunted peaks (Figure 2(a1–a4)). It is
interesting to observe the spectacular pattern of the microstructures created using the sine
function and a relatively inexpensive 3D printer.

The extruding structures from the surface of the 3D-printed object were continuous
and smooth, without abrupt changes in direction or magnitude (Figure 2(a3–a6)). The
surface morphonology of this block exhibited isotropic properties. The contact angle of a
water droplet placed on the surface of the object created with sinusoidal waves was 115◦

for both the parallel (Figure 2(a8)) and orthogonal directions (Figure 2(a9)). Figure 2(a10)
shows an image from top view of a droplet resting on the surface of the 3D-printed object.
Figure 2(a11–a13) are SEM images of the 3D-printed surface. The roughness and variation
in surface topography can be visibly discerned, by the change in contrast of the SEM images,
as darker colors represent a lower height and the lighter values a higher height.

The surface of a 3D-printed block with crossed arrays of square-shaped pillar mi-
crostructures was prepared and tested for hydrophobic properties (Figure 3). The protrud-
ing rectangular prisms has a face length of 100 µm and depth of 600 µm. “Crossed” indicates
that this pattern repeats in each of the X and Y directions, resulting in a grid-like pattern.

Figure 3(a1) displays a view of the CAD-generated arrays with a selected magnified
area (Figure 3(a2)). The arrays were equally spaced in both directions, as observed in the
micrographs (Figure 3(a3,a4)). However, the isometric view of the targeted area for the
roughness measurement (Figure 3(a5–a7)) under the light microscope reveals a pattern
where one direction displays a flat, planar surface, while the orthogonal direction exhibits
fluctuations. Significant differences in certain features are observable when comparing the
surfaces of the 3D-printed objects created using a sinusoidal function with those created
using an array of pillars with a squared cross-sectional area. The squared pillars’ surface
exhibited a rougher texture along one axis compared to the other side (Figure 3(a6,a7)). The
difference in roughness between the two directions is indicated by the amplitude profiles
displayed in Figure 3(a6,a7). A critical difference pertains to the contact angle of the texted
water droplet. The water droplet placed on the surface of the object with the squared pillar
arrays extended as if along a longer axis (Figure 3(a10)). The contact angle was measured
to be 118◦ (parallel) and 106◦ (orthogonal), as shown in Figure 3(a8,a9), respectively.
Figure 3(a11–a13) show SEM images of the 3D-printed surface. Each individual grid
section can be seen, along with smaller imperfections around the pillars.
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generated fixtures on a parametrically defined surface; (a3–a7) showcase light microscopy images,
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surface along orthogonal and parallel planes, respectively.
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Figure 3. Light and SEM microscopy images showcasing surface morphology, along with a water
droplet test conducted on a 3D-printed object with a structured matrix of pillared arrays 100 um
apart and 600 um deep. Figures (a1,a2) display CAD-generated fixtures of pillared arrays; (a3–a7)
feature light microscopy images, including ‘slicing’ along the cross-section in both directions; (a8–a10)
include photographs of a water droplet; and (a11–a13) portray SEM images that clearly identify
details of the pillared arrays on the engineered surface.

The surface of the 3D-printed block with features formed using a pseudo-random cosine
and sine wave pattern was prepared and tested for its hydrophobic properties (Figure 4). As
observed in both the CAD graphics and digital microscope images, the surface exhibited an
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anisotropic property. Specifically, along the Y direction, it featured a flat, planar surface, while
in the other direction, irregularities were present (Figure 4(a1–a5)).
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Figure 4. Light and SEM microscope images showcasing surface morphology, along with a water
droplet test conducted on a 3D-printed object formed using the parametrically defined equation
Z = 0.11sin(100x) + 0.11cos(32x). Figures (a1,a2) display CAD-generated parametric fixtures on the
engineered surface; (a3–a7) feature light microscopy images, including ‘slicing’ along the cross-section
in both directions; (a8–a10) include photographs of a water droplet; and (a11–a13) highlight details of
the engineered microstructures collected by SEM.

Figure 4(a6,a7) display the profile area in the horizontal and vertical directions. The
CA in the parallel arrangement was 120◦, compared to 51◦ in the orthogonal direction.
The pattern uniquely affected the CA, creating a surface displaying hydrophobicity in one
direction (CA 90◦ < θ< 150◦) and a hydrophilicity in the other direction (CA 0◦ < θ < 90◦).
Figure 4(a11–a13) shows similar surface topologies as in Figure 2(a11–a13), where the
surface can be observed to be rough, with no clear repetition of the surface structures.

Figure 5 showcases a block that features a surface formed by a one-dimensional
modulated sine wave. The modulated sine wave created an alteration in the amplitude,
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resulting in deeper peaks and much closer spacing than those created by the sine wave in
the block in Figure 4.
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Figure 5. Light and SEM microscope images showcasing surface morphology, along with a water
droplet test conducted on a 3D-printed object formed using the parametrically defined surface
Equation Z = sin(sin(23x + 0.33) + cos(15x + 0.43)). Figures (a1,a2) depict CAD-generated fixtures
on a parametric defined surface; (a3–a7) showcase light microscopy images, including ‘slicing’
along the cross-section in both directions; (a8–a10) present photographs of a water droplet; and
(a11–a13) illustrate SEM images.
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Figure 5(a5–a7) show the structural morphology and general composition of the sur-
face of the block. While there are variations, likely created by the 3D printing manufacturing
process, between the actual block and the CAD design, the general surface likeness is imi-
tative. It should be noted that the magnification employed in the digital microscope was
significantly increased for this block to better observe the details of the waved structure.

Unlike in block shown in Figure 4, the surface of the block in Figure 5 was superhy-
drophilic across all directions and was unable to support a water droplet, as the droplet
spread out extensively and quickly upon contact (Figure 5(a8–a10). Figure 5(a11–a13)
present additional SEM microscope images. The one-dimensional surface structures are
visible, as all the surface features travelled upward, from left to right. This caused the water
droplets to be hydrophobic only in one axis.

This leads to the following theory: microstructures displaying hydrophobic properties
should not only have random surface features but also a high resolution. It appears that
the most crucial aspect is maintaining a non-consistent average surface height on a micro-
scale. However, on the macro-scale, heights should remain consistent enough to ensure
the repeatability of patterns, thus maintaining the surface’s hydrophobicity. This theory is
examined in the next section.

3.2. Contact Angle Analysis

Figure 6 presents a compilation of the 3D-printed blocks with various patterns on
the surface with a conducted water test for hydrophobicity. The figure is arranged from
top to bottom in ascending order of the average roughness for a portion of the samples
investigated; roughness values across different axes show the roughness for each axis.

Figure 6(1a–5a) illustrate the overall trend of an increasing contact angle in correla-
tion with the average surface roughness. Notably, this trend deviated at the instances
represented by the blocks in Figure 6(6a,7a), which are distinguished from the remainder
by their unique microstructural configuration. Specifically, the blocks in Figure 6(6a,7b)
exhibit a circular grid pattern with varying heights, a structural characteristic that, despite
contributing to an increased roughness, appears to inadequately support the maintenance
of the water droplet surface tension.

This suggests that the uniform grid pattern, while enhancing surface roughness, does
not effectively facilitate high contact angles due to its inability to adequately support the
water droplet. In contrast, the blocks in Figure 6(1a–5a), which feature pseudo-random
cosine and sine wave patterns, demonstrate a different interaction with the water droplet.
The undulating surface contours of these blocks create a cradling effect, akin to a bowl
that gently supports the water droplet. This structural support prevents the disruption
of the surface tension, thereby enabling the droplets to sustain higher contact angles.
This phenomenon underscores the critical role of microstructure geometry in influencing
hydrophobic properties, suggesting that not only the surface roughness, but also the
specific pattern and type of microstructure significantly affect water droplet support and
the resultant contact angle measurements.

To further explain why some microstructures do not support hydrophobicity, in
Figure 6(6a–7a), the intended design had a high roughness, which theoretically means that
the surface should be hydrophobic. However, the results show that this structure was not
hydrophobic. This could be because, while there was a sufficient difference in height from
the top of the tallest feature down to the bottom of the surface, the majority of the surface
was still flat, and this left most of the surface relatively flat. This indicates that while the
surface roughness may have been increased, the surface itself did not have enough features
to be hydrophobic.



Micro 2024, 4 453

Micro 2024, 4, FOR PEER REVIEW 12 
 

 

surface roughness may have been increased, the surface itself did not have enough fea-
tures to be hydrophobic. 

 
Figure 6. (1a–7a) Collection of CAD renderings used for 3D-printed objects. (1b–7b), (1c–7c) Corre-
sponding contact angles of a water droplet test in the parallel and orthogonal directions. (1d–7d) 
The water droplet from the perpendicular view from the top as it sits on the surface of the object. 

It could be hypothesized that significantly increasing the surface roughness involves 
fully populating the surface with highly irregular features. This contrasts with the surfaces 
shown in Figure 6(6a–7a), where roughness was achieved using large, extruded pillars with 
empty voids between them. By eliminating these voids and filling them with equally rough 
surfaces, we mitigated the effect of flat spaces and prevented the overall loss of hydropho-
bicity. This approach was implemented in the creation of parametrically defined surfaces, 
where each section was crafted to be sufficiently rough, ensuring no voids between the mi-
crostructures. This ensured that the water droplets would be adequately supported by the 
microstructures in all directions and could not collapse into any imperfection. This is sup-
ported by Haishuo Liu et al. [34], who similarly produced a grid of large pillars but with a 
higher resolution, which left minimal space between the pillars. This has the same effect as 
filling the empty flat space with parametrically defined surfaces, as carried out in our study. 

Figure 6. (1a–7a) Collection of CAD renderings used for 3D-printed objects. (1b–7b), (1c–7c) Corre-
sponding contact angles of a water droplet test in the parallel and orthogonal directions. (1d–7d) The
water droplet from the perpendicular view from the top as it sits on the surface of the object.

It could be hypothesized that significantly increasing the surface roughness involves
fully populating the surface with highly irregular features. This contrasts with the surfaces
shown in Figure 6(6a–7a), where roughness was achieved using large, extruded pillars
with empty voids between them. By eliminating these voids and filling them with equally
rough surfaces, we mitigated the effect of flat spaces and prevented the overall loss of
hydrophobicity. This approach was implemented in the creation of parametrically defined
surfaces, where each section was crafted to be sufficiently rough, ensuring no voids between
the microstructures. This ensured that the water droplets would be adequately supported
by the microstructures in all directions and could not collapse into any imperfection. This is
supported by Haishuo Liu et al. [34], who similarly produced a grid of large pillars but with
a higher resolution, which left minimal space between the pillars. This has the same effect as
filling the empty flat space with parametrically defined surfaces, as carried out in our study.
Both these approaches minimized the empty space and led to an increase in the contact
angle of the water droplet, indicating a higher level of hydrophobicity. Furthermore, by
increasing the surface roughness in a way that eliminates large voids, the surface can more
effectively trap air pockets beneath a water droplet, supporting the droplet’s surface tension.
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With low-resolution pillars, when a water droplet lands on them, air escapes through the
open voids, causing the droplet to break at the corners of the pillars and fall into the voids.
However, with smaller and self-contained air pockets, the water droplet immediately and
completely covers them, leaving no room for the air to escape. This trapped air adds a force
that ultimately supports and maintains the water droplet’s surface tension.

3.3. Comparing Roughness and Contact Angle

The plot in Figure 7 illustrates a deeper look into the average roughness and contact
angle of various 3D-printed patterns. The water droplet test revealed (i) the pattern of the
microstructures and that (ii) in certain patterns, the distances, depths, and sizes of similar
patterns can influence the hydrophobicity of the 3D-printed objects.
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Figure 7. Plot displaying the correlation between the surface roughness (Ra) and the contact angle
conducted on the various 3D-printed objects. (1b, 2b, 1c, 2c, 1d, 2d, 1e, and 2e) represent the
renderings of selected CAD designs with patterns of the different microstructures. The SEM images
in the left column (labeled as Block 4, 5, 16 and 17) depict the surface morphology corresponding
to the CAD designs in the top row, while those in the right column (labeled as Block 2, 3, 6 and 8)
correspond to the CAD designs in the bottom row.

For instance, the patterns in the blocks of Figure 7(1b,2b) are related. Both blocks are
crossed microstructures with a width of 100 µm. The major difference in structure between the
blocks is the oscillating Z microstructure of 275 µm. However, one resulted in hydrophobicity,
and the other in hydrophilicity (Figure 7(1b,2b)). Similar trends were observed for the other
patterns. The diameters of the pillars in block 3 (Figure 7(1e)) and block 6 (Figure 7(2e)) were
the same, at 100 µm. However, there was a difference in the pillar depth: block 3 had a depth
of 300 µm, while block 6 had a depth of 100 µm. Reducing pillar depth appeared to negatively
affect the hydrophobicity property of the 3D-printed block (Figure 7(1e,2e)).

It is difficult to discern blocks formed of similar patterns by simple eye inspection. For
instance, considering block 17 and block 16 in Figure 7(1c,2c), respectively. Although both
blocks were generated from a sinusoidal function, their hydrophobic properties significantly
varied. Block 16 was created using a double randomized larger cosine amplitude, while
block 17 was created using a double randomized larger sine amplitude. The block formed
using the sine amplitude exhibited excellent hydrophobic properties compared to the one
formed using the cosine function (see Figure 7(1c,2c)).
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The contact angles presented in Figure 7a were obtained from the water droplet test
and indicate the measurement with the higher contact angle.

The scatter plot presented in Figure 7a reveals more experimental correlation between
the surface roughness (Ra) of the printed samples and their water contact angles (CAs). The
Ra, arithmetic average roughness, is a measure of the average deviation of the roughness
profile from the mean line or centerline within a sampling length. It is calculated by aver-
aging the absolute values of the height deviations from the mean line over the evaluation
length. The Ra provides a general indication of the roughness of a surface. The data points
in Figure 7a suggest an initial positive correlation: as the surface roughness increases, there
is a tendency for the contact angle to increase as well. This correlation aligns with the
widely accepted theory that micro-scale and nano-scale surface roughness enhances the
hydrophobicity of a material by trapping air and reducing the liquid–solid contact area,
thus increasing the CA. The roughness of each of the samples generally increased over the
blocks generated with more complex shapes, like those generated by the pseudo-random
sinusoidal structures.

The plot also shows that sinusoidal structures have the capability to produce consis-
tently hydrophobic surfaces, with the majority of the pseudo-random sinusoidal blocks
landing within an average roughness between 40 and 70.

There are three outliers to the positive correlation between the average roughness and
the CA within average roughness values between 80 and 126. These values correspond
to samples or block with cylindrical microstructures (Figure 6(7a)), a block with a single
channel microstructure, and that from one of the pseudo-randomized blocks with the
surface described by Equation (3).

f (x, y) = 0.11 ∗ sin(100x) + 0.31 ∗ cos(32x) + 0.1 ∗ sin(30y) + 0.31 ∗ cos(20y) (3)

A possible reasoning to the outlier points are that (i) they are relatively simple struc-
tures, that is, an outliner point belonging to a simple replica of 100 um pillars is a much
simpler structure that is unlikely to fully support the water droplets; (ii) meanwhile, the
profile of a structure with high roughness from a randomized sine is simple.

To further investigate the reasoning behind this outlier, we can look at the light
microscope surface profiles of a block (e.g., a low performance block, such as block 16 in
Figure 7), formed using a double randomized large cosine amplitude (Figure 8(a1–a5))
compared to a higher performance hydrophobic block (block 17 in Figure 7), formed using
a double randomized large sine amplitude (Figure 8(b1–b5)).

The 3D-printed block using the cosine function resulted in an Ra (arithmetic average
roughness) of 96.21 µm and an Rz (average roughness) of 337.84 µm (Figure 8(a1–a5)).
The object formed with the sinusoidal sine function resulted in an Ra of 78.15 µm and
an Rz of 261.73 µm (Figure 8(b1–b5)). That is, there were differences in the Ra and Rz of
16.93% and 25.40%, respectively. The parameter Rz measures the average peak-to-valley
height of the roughness profile within a sampling length. The Rz provides information
about the height variations on the surface and is useful for assessing the depth of surface
irregularities. The roughness of the cosine block (Figure 8(a1–a5)) was, to some extent,
larger than that of the sine function, but not significantly. The structures of the cosine
block were more uniform in height (Figure 8(a3)); however, the block formed with the
sine function had features of two different heights (arrows in Figure 8(b3)). Although the
roughness value was smaller, it had multidimensionality (the height of the features varies),
and it appears to be an important parameter for making this surface more hydrophobic.
That is, it resulted in a more inconsistent and “rough” type surface with higher variation
and peaks and troughs. A similar analysis can be applied to all the other 3D-printed objects.
Furthermore, the SEM images in Figure 8 (a6,b6) show the roughness of the surface at
a micro-level. The micro-scale roughness depicted in the SEM images more accurately
represent the individual section roughness better than the global scale surface scan, as
shown in Figure 8(a3).
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4. Conclusions

This investigation into the influence of micro-structured surfaces on hydrophobicity,
fabricated using MSLA 3D printing, provides substantive insights into the roughness re-
quirements and a possible surface equation that can be applied to producing hydrophobic
surfaces. The results indicate that while increased surface roughness is conventionally
linked to enhanced hydrophobicity, the contact angle, a quantifiable measure of hydropho-
bicity, is majorly influenced by the microstructural design of the surface and minorly by
the average surface roughness.

The empirical data depicted in the results show a predominant trend where increasing
roughness correlates with larger contact angles, but some deviations observed in specific
samples underscore the importance of the microstructural geometry. Surfaces with pseudo-
random cosine and sine wave-type microstructures demonstrated a superior capacity to
support water droplets, resulting in higher contact angles. This effect suggests the emer-
gence of a possible Cassie–Baxter state, which is desirable for hydrophobic applications.

Future research should concentrate on carefully creating and adjusting the shapes
and patterns on surfaces to better understand how these details affect hydrophobicity. It
will also be important to test how durable these 3D-printed surfaces are over time and in
different environments to ensure real-world applications are viable. The outcomes of this
research could have significant effects on numerous fields, including the development of
waterproof materials and surfaces that resist dirt and grime, potentially leading to new
advances in the field of materials science and engineering.
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