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Scalable Fabrication of Height-Variable Microstructures

with a Revised Wetting Model

Prabuddha De Saram, Nam-Trung Nguyen,* and Navid Kashaninejad*

Varying the height of microstructures is crucial for tuning surface properties such
as wettability, adhesion, and optical characteristics, which are essential in appli-
cations from microfluidics to biosensing. However, conventional techniques for
fabricating height-variable microstructures are often costly and labor-intensive,
involving multiple intricate steps. Herein, an innovative, rapid, and cost-effective
approach using CO, laser-machined poly (methyl methacrylate) (PMMA) molds to
produce height-variable microstructures in polydimethylsiloxane (PDMS) is intro-
duced. The method leverages varying laser fluence to precisely control feature depth
on PMMA substrates, creating high-fidelity negative molds without requiring
surface chemical modifications. The applicability of Cassie-Baxter and Wenzel
equations to height-variable microstructures is systematically investigated. To this
aim, six sharkskin surfaces with controlled height gradients are fabricated and their
wettability behavior is studied. Results show pronounced anisotropic hydro-
phobicity, with variations in contact angles and sliding angles in one direction
depending on height-induced curvature effects. These conclusions establish
that classical wetting models neglect to consider fully the effect of height
gradients on droplet behavior. By proposing a modified equation that includes
the variable contact plane curvature according to heights, the prediction
validity of wettability onto structured surfaces is enhanced. These insights
provide a fundamental understanding of wetting behavior on height-variable

which can be produced using any micro-
manufacturing techniques capable of form-
ing 3D structures and subsequently casting
polymer replicates with the mold.!"! While
photolithography remains a widely used
method for mold manufacturing, newer
techniques have emerged to enhance mold
fabrication efficiency and complexity.”
Among these, 3D printing offers versatile
capabilities for creating molds with diverse
microstructure geometries.>*! Direct laser
machining, another promising technique,
is well-documented in soft lithography
for mold fabrication.”! However, almost
all studies with laser micromachining to
date have focused on 2.5D geometries with
fixed structural heights.®

Direct laser micromachining offers sev-
eral advantages, such as contact-free oper-
ation, reduced processing times, enhanced
design flexibility, good resolution, and no
requirement for postprocessing.”! CO,
lasers, in particular, are noted for their
cost-effectiveness and ease of use, requir-

microstructures.

1. Introduction

Soft lithography is a well-established technique for fabricating
polymeric microstructures, especially in microfluidic applica-
tions. This method typically involves creating a negative mold,
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ing less specialized technical knowledge.®
The use of CO, laser micromachining for
directly fabricating microstructures, partic-
ularly microchannels, in polymethyl meth-
acrylate (PMMA) has been extensively studied.”'” CO, lasers
emit a beam with a Gaussian intensity profile, which results
in a Gaussian-shaped ablation profile on PMMA. This ablated
profile can be directly utilized to create microchannels. The
depth, width, shape, and surface properties of the machined fea-
tures are influenced by laser parameters such as power, speed,
number of passes, focus, and the material properties of PMMA.
Numerous studies have explored the relationships between these
parameters and their optimization to achieve the desired
outcomes.['*12]

Variable-height microstructures, such as micropillars and
ribs, have proven valuable in various microfluidic studies, includ-
ing cell mechanobiology, fluid manipulation, and surface prop-
erty modulation. These structures are crucial for advancements
in biosensing and electrode development.">'® For instance,
varying the height of micropillars can modulate extracellular
matrix stiffness, allowing researchers to investigate cell mecha-
notransduction processes.'”! The challenge of fabricating struc-
tures with varying heights remains a significant barrier for
widespread applications of height-varying structures. Traditional
photolithography involves complex steps, even for creating just
two distinct height levels."*! Although rapid prototyping methods
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like micro-stereolithography, two-photon lithography, and local-
ized electrochemical deposition can directly fabricate these micro-
structures, they require costly and sophisticated equipment.*®**!

Sharkskin is renowned for its unique microstructured surface,
which offers remarkable properties such as reduced drag, anti-
fouling, and antibacterial effects.”” These attributes stem from
its unique riblet structures with varying heights,?") a feature often
overlooked in artificial replicas. Bhushan et al. extensively studied
the effect of riblets and sharkskin patterns on fluid drag reduction
on surfaces.”>?*! Riblets can reduce the fluid drag by controlling
the turbulent vortices leading to less momentum transfer and
sheer stress, reducing the drag. Primarily, riblets lift the vortices
above the surface, pinning them to the riblet tips. This reduces the
shear stress caused by the interaction of vortices with the large
surface area to riblet tips. Also, riblets can confine the streamwise
vortices within the riblets, reducing their ability to interact with
each other and the outer turbulent boundary layer, which could
cause further energy loss.”>** Mechanisms of drag reduction
by sharkskin structures are comprehensively reviewed else-
where.”®! Except for a few, most of these studies have not captured
the height-varying nature of natural sharkskin structures. Bixler
et al. studied the relationship between fluid drag and riblet param-
eters such as height, inter riblet space, and shape showing the
changes of drag with riblet height.***®l However, they have not
varied the riblet height within the substrates. Using two-photon
lithography, Cui et al. developed a sharkskin-like surface with
three riblet height levels.™ While their structure demonstrated
enhanced drag reduction and antifouling compared to uniform-
height designs, it did not fully capture the natural height variability
pattern of sharkskin.

Manipulation of surface wettability is a widely used method to
control droplet transportation on surfaces.””! Riblet-like structures
can induce directional variability in contact angles, while riblet
geometry can influence droplet sliding resistance on surfaces.”*®
When riblets are sufficiently high, fluids sit on the riblets in the
Cassie-Baxter (CB) state. In this state, the microstructures on the
surface create air pockets beneath the liquid, reducing the solid—
liquid contact area, and making the surface hydrophobic. Taller
structures can induce higher contact angles by trapping more
air beneath the droplet. Thus, by adjusting the structural height,
it should be possible to manipulate the contact angle on the same
substrate.””! Some studies have highlighted the impact of height
variability on drag and droplet dynamics,?'*%*! but a comprehen-
sive understanding of how height variations affect surface proper-
ties remains limited, as fabricating height-varying riblet structures
using conventional processes is challenging.

In this study, we seek to fill this gap by applying CO, laser
milling to fabricate sharkskin-type riblet constructs with height
gradients, thereby facilitating a systematic evaluation of the
breakdown of classical wetting models in situations of height
change. Sharkskin-like surfaces are particularly interesting due
to their height gradients, which introduce anisotropic wettability
effects. Unlike previous studies focusing only on applications,
the current work aims to use these structures as a controlled
model system for the fundamental assessment of wettability
on height-variable surfaces. Eight different heights were fabri-
cated from PMMA molds replicated in PDMS, and the effects
of height gradients on the contact angle, sliding angle, and
contact angle hysteresis were analyzed systematically. The
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experimental data showed significant deviation from CB and
Wenzel’s predictions, revealing the necessity for a modified the-
oretical framework. By including height-dependent contact plane
curvature correction, we propose an improved model that offers
enhanced predictions of wettability on structured surfaces.

2. Experimental Section

2.1. Surface Fabrication

We fabricated six distinct sharkskin-like surfaces with varying
height gradients using replicating techniques with PMMA
molds. These molds were produced using a Trotec Speedy 300
CO, laser cutting machine. The machine allows for the adjust-
ment of laser power and speed coded as colors of the design,
enabling control over the height gradients with a single machin-
ing pass. The CO, laser operates at a wavelength of 10.6 pm and
delivers a maximum power of 90 W.

To create structures with varying heights, we varied the laser
power in steps of 0.2, 0.4, 0.6, 0.8, and 1%, starting from an initial
power of 4.6%. The laser scanning speed was kept constant at 4%
of the machine’s maximum speed, which is 3.55 ms™". For com-
parison, a control surface with a uniform height was fabricated
using a fixed laser power of 6.2%. The six surfaces were desig-
nated as GO (Gradient 0) through G5, with GO representing the
control surface (no laser power variation) and G5 corresponding
to the highest variation (1% at each height level). The riblet geom-
etries were oriented such that their longer axis was parallel to the
laser scanning direction. The design width of the riblets was set
at 130 pm. The machine software automatically performed four
overlapping laser passes with offsets of 30, 20, and 30 pm. The
scanning was executed at a resolution of 1,000 dpi. The final
structured surfaces were then replicated using a PDMS mixture
(prepolymer and cross-linker) in a 10:1 ratio. The PDMS was cast
into the molds and cured in a vacuum oven at 80 °C for 3 h.

2.2. Ablation Model

The theoretical modeling of laser ablation is well-documented
in the literature.??3*! In the context of polymer laser machin-
ing, certain factors, such as heat conduction, play a less critical
role than metals. Prakash et al. have extensively studied laser
ablation depths in PMMA and proposed a simplified model
based on energy balance to estimate the ablation profile for a
continuous wave laser beam with a Gaussian intensity profile,
Equation (1).** This model focuses on the balance between
the material vaporization energy and the energy supplied by
the laser without accounting for factors such as molten material
ejection, cooling rates, or heat conductivity. Despite these lim-
itations, experimental results reported by Prakash et al. demon-
strate that this model can predict machining depths with over
90% accuracy in PMMA.P**!

a(f) 2 -y

P
N S LS. 1
2y) pe, AT+ Hy) Vaw? T'° @)

where z is the depth of each y location across the machined
profile, p, c,, and Hy are density, specific heat capacity, and
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the latent heat of vaporization of the material, respectively. AT
indicates the temperature rise from the ambient to the degra-
dation point. The radius w of the laser spot is defined as where
the laser intensity drops to 1/¢* of the maximum intensity. P
and U refer to the power and scan speed of the laser, respec-
tively. The absorptivity a(0) of the laser energy from the material
surface is influenced by the angle 8 at which the laser impinges

on the surface. For the first pass, 6 =0, from the second

dz(

pass onward, tan 6 = dY) of the previous pass. As the laser no

y
longer focuses on the machining surface from the second pass

onward, the laser spot diameter changes. Additionally, the heat-
affected zone can alter the material properties and absorptivity.**!

2.3. Surface Characterization

The 2D surface features of the fabricated surfaces were charac-
terized using an inverted brightfield microscope (Olympus IX73,
Olympus Corporation, Tokyo, Japan). Structural heights and sur-
face roughness measurements of the final replicated designs and
molds were measured using a 3D laser scanning microscope
(Olympus LEXT OLS5100, Olympus Corporation, Tokyo,
Japan) equipped with a 10x-objective lens. A scanning electron
microscope (SEM) (Thermo Fisher Scientific Apreo 2, Thermo
Fisher Scientific, Waltham, MA, USA) was employed to observe
microfeatures.

2.4. Surface Wettability Characterization

Water contact angle (CA) and sliding angle measurements were
conducted using an optical tensiometer (Biolin Scientific
ThetaFlex, Biolin Scientific, Gothenburg, Sweden). All measure-
ments were performed with 10 pL droplets of Milli-Q water on
the surfaces, with contact angle and sliding angle data recorded
both parallel and perpendicular to the long axis of the structures.

Sharkskin-like surfaces are known for their distinctive wetta-
bility properties. We evaluated the fabricated surfaces for CA, CA
hysteresis, and sliding angle to explore these characteristics. We
utilized 10 pl droplets, which are comparable in scale to the struc-
tural features, and observed their behavior on the patterned sur-
faces. The droplets stabilized on the patterned surfaces in
specific locations, minimizing contact with higher-height struc-
tures. The static contact angle for each droplet was measured 15 s
after placement to allow stabilization on the surface. It should be
noted that PDMS was used as the substrate material, with tests
conducted one week after fabrication. Over time, PDMS surfaces
can undergo changes due to the migration of low-molecular-
weight species and the adsorption of airborne contaminants.
Initially, flat PDMS exhibited a static contact angle of 114.6°.
After being stored for five months at room temperature and pro-
tected from direct light, the same sample displayed an average
static contact angle of 114.1°. This minor variation could be
attributed to the aging effects of PDMS or random measurement
fluctuations. Notably, the same fabrication method is versatile
and can be applied to produce height-varying structures using
other moldable polymers tailored to suit specific environmental
conditions.
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3. Results

3.1. Geometrical Features Characterization

Figure 1a,b displays the SEM images of the PMMA mold and
replicated design with PDMS, while Figure 1c,d depicts colori-
metric height maps generated by the 3D laser scanning micro-
scope. All fabricated surfaces were characterized to determine
their structural heights. The average height of each laser power
level was calculated by averaging measurements of average
height along the riblet tips of four distinct riblets machined with
similar laser parameters. This procedure was applied to all six
surfaces to compute their respective structural height levels.
Table 1 summarizes the laser parameters and resultant height
gradients achieved with the machining process. Height gradient
refers to the average inclination of the angled plane that goes
through the tips of structures that come into contact with the
droplets in contact angle experiments. The deviation from the
gradient is calculated as the square root of the sum of the squared
differences between each average height level and the gradient
plane. This parameter represents the stability of the height varia-
tion process.

The penetration depth of the laser is primarily influenced by
the laser fluence, which quantifies the energy delivered per unit
area. Since the scanning speed was kept constant in our experi-
ments, variations in laser power were used to tune the height.
Figure 2a illustrates the average structural height variation with
respect to laser power across all fabricated surfaces. The repeat-
ability of each structural height level was characterized by the
standard deviation (o). In Figure 2a, error bars represent the stan-
dard deviation of heights at each laser power level, and overall,
structural height variation tends to minimize at higher laser
powers. Among all the fabricated structures, the heights exhibit
a pooled standard deviation of 24.2 pm, which can be assumed as
the tolerance of the process with the equipment used.

3.2. Surface Roughness

To assess surface quality, the profile roughness (Ra) and areal
roughness (Sa) of the fabricated structures were measured using
surface laser scans. Figure 2b illustrates the variation in average
Ra values along the top edge of the structures as a function of
laser power. Surface roughness slightly increased with the laser
power, consistent with observations in the literature.>®! The
direction of laser scanning significantly influences the measured
surface roughness values. Figure 2c shows the surface roughness
of the G4 surface, both parallel and perpendicular to the laser
scanning direction. A cutoff wavelength (Ac) of 30 pm, smaller
than any of the designed geometric features, was applied to elim-
inate surface waviness. The results indicate a higher average sur-
face roughness perpendicular to the scanning direction, likely
due to the offset between consecutive laser passes and the resid-
ual waviness caused by the greater number of height variations
along this axis.

The areal roughness of the riblets was estimated on the G5
surface to capture the complete topography. The average Sa val-
ues for riblet areas machined with increasing heights, from the
lowest to the highest in equal steps, were 2.4, 3.5, 6.1, 9.2, 12.8,
13.3, 23.3, and 17.7 pm, respectively, demonstrating a gradual
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Figure 1. a) SEM image of PMMA mold of G4 surface. The recast layer around the cavities is visible. This resolidified PMMA layer defines the surface
quality of the mold. b) Replicated height-varying pattern with PDMS. The scale bars represent 500 pm. ¢) and d) Color metric height maps of the mold and

the replicated design of the G4 surface.

increase with height. This rise in areal roughness is directly asso-
ciated with the increase in laser power applied across the height
gradient. The Sa values reflect only the riblet areas, with a similar
cutoff wavelength to that used for surface roughness measure-
ments. Additionally, a periodic waviness pattern with a wave-
length of ~50 um was observed along the top edge of each
riblet (Figure 2d). This pattern could be attributed to the inherent
resolution of the laser machine or mechanical vibrations in the
laser system. Figure 2e,f shows the microtexture of the internal
surface of the PMMA mold and replicated design. The recast
layer, which was formed by the resolidification of molten
PMMA, is clearly visible on the PMMA mold. The texture of this
layer is copied to the surface of the final PDMS design.

3.3. Theoretical Profile Estimation

The ablation model described earlier was evaluated against
actual machining parameters to assess its accuracy in predict-
ing structural heights. Figure 3a compares the theoretical pro-
files estimated by the model with the experimentally machined
profiles of the G5 surface, which features the widest range of
laser power variations. The positive replicas were used for this
comparison since PDMS can replicate features down to the
nanoscale. The design width of the structures was set at
130 pm, with the laser machine software calculating four passes
with respective offsets of 30, 20, and 30, which were also used
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for theoretical calculations. Experimental absorptivity values for
PMMA, as reported by Prakash et al. were used in the model. In
the first pass, the laser beam strikes the surface perpendicularly.
From the second pass onward, the laser hits the angled surface
created by the previous pass, leading to asymmetric machining
profiles due to the addition of offsets and changes in absorptiv-
ity (Figure 3b). The model’s predictions align more closely with
higher power levels within our experimental range. The contin-
uous blue line in Figure 2a represents the maximum height
of structures estimated by the model over the whole range.
The average percentage difference between predicted and actual
heights is 25.7% across the entire range. However, for laser
powers larger than 7 W, this difference decreases to less
than 10%.

3.4. Contact Angle Variation and Theoretical Model
Development

The wetting of micropillars with variable height is determined
by the behavior of the contact line of a droplet, taking into
account the gradient of structural heights. The two classical wet-
ting models, i.e., CB and Wenzel equations, predict the effective
CA by considering the solid-liquid interface and the surface
roughness factor. However, these models do not account for
height variations over a given surface, which adds an extra geo-
metric restriction to droplet spreading and deformation.

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Table 1. Geometrical features of the fabricated surfaces and associated laser parameters.

Surface Laser power and variation 3D micrograph (color metric height map) Cross-sectional height profile Average height Deviation from
(% from 90 W) 1000um — (height in um) gradient gradient line [um]
Go 6.2% constant 0.009 10.9
Gl 4.6% to 6% in 0.2% steps 0.066 21.5
G2 4.6% to 7.4% in 0.4% steps 0.121 11.0
G3 4.6% to 8.8% in 0.6% steps 0.178 29.7
G4 4.6% to 10.2% in 0.8% steps 0.265 13.9
G5 4.6% to 11.6% in 1% steps 990 0.298 17.1

490

-10

To systematically explore the limitations of conventional wetting
models, we designed height-variable micropillar structures inspired
by the riblets of shark skin. Sharkskin-like riblet patterns are par-
ticularly suitable for this study as they provide gradual height var-
iations that would allow for the controlled study of local curvature
effects on contact angle formation. With their anisotropic wetting
behavior, they serve best for the evaluation of anisotropic discrep-
ancies in classical wetting models, while their structured geom-
etry provides a viable platform to test for the applicability of both
the CB and Wenzel equations when applied in nonuniform height
conditions. In this way, sharkskin-like riblet patterns can cover
fundamental aspects of wettability and assess the theoretical chal-
lenges posed by height variations in predicting contact angles.

The measurement conventions are depicted in Figure 4a, illus-
trating the impact of height gradients on droplet alignment.
Because of the difference in height structure, the contact line

Adv. Eng. Mater. 2025, 2500234 2500234 (5 of 10)

presents a slanted configuration, causing contact angle and sliding
angle changes toward a specific direction. Since the aforemen-
tioned anisotropic effect imposes the necessity to reformulate
the classical wetting models based on the isotropic roughness
or solid fraction distribution assumption, it will thus be necessary
to figure quantifications of the deviations. The analysis was further
carried out on droplet shapes and the contact angles at different
stabilization points, as shown in Figure 4b. The figure shows the
shapes of 10 pl droplets on each surface at location 1, and
Figure 4c depicts the variation of contact line angle with the struc-
tural height gradient.

3.4.1. Limitations of CB and Wenzel Equations

The angle of the contact plane gradually increases with the struc-
tural height gradient. We observed that when viewed parallel to
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Figure 2. a) Variation of measured mean structural heights and theoretically predicted height with laser power. b) Surface roughness variation with laser
power along the laser scanning direction. c) Surface roughness measurement of G4 surface. 1-5 measurements are along the laser scanning direction
and 6-10 are perpendicular to the laser scanning direction. d) Observed waviness pattern along the tip of riblets. The scale bar represents 200 pm.
e) Internal surface of PMMA mold after laser machining. The scale bar is 50 pm. f) Surface texture of the replicated pattern. The scale bar represents
100 um. All the error bars represent twice the standard deviation of each data point.

the riblets, droplets consistently remained in a CB state without
wetting the side surfaces of the structures. The effective contact
angle can be estimated using the CB equation, Equation (2),
where the height gradient does not exist.

COS Oeffective = 01(cOs Oy +1) — 1 (2)

where o7 represents the solid fraction of the contact area and 6, is
the contact angle on flat surfaces. However, the model is accurate
for predicting the contact angle of structures with uniform
heights but does not take into account localized curvatures
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due to height variations at the contact line. This is crucial for
periodic height-variable micropillars, which cause distinct energy
minima for different droplet stabilization levels.

Similarly, when viewed perpendicularly to the riblets
(Figure 4a), the droplet wets the microwaviness pattern on
the structure’s top surface, as mentioned in the surface
roughness section. The contact angle from this direction can
be theoretically estimated using the Wenzel equation,
Equation (3),%”)

COS Ocffective = 1COS 0, (3)
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Figure 3. a) Comparison between theoretically predicted and practically machined G5 profiles. b) Theoretically predicted change of profile shape with
each laser pass (height level 5 riblet of G5 surface). The asymmetric shape of the practical profile is reflected in the theoretical profile as well.

where r is the roughness factor calculated from the laser
microscopy scans along the tip of the riblet, with an average
value of 1.37. However, the Wenzel model also assumes a uni-
form surface roughness, whereas, in reality, height variations
create a structured curvature that influences droplet stability.

3.4.2. Height-Gradient Correction in Contact Angle Estimation

3D contact plane geometry and droplet deformation influence
the actual contact angle. Overall, the surfaces form a wave pat-
tern, with periodic wells-like geometries formed by the height
variation, with the highest points being level 8 riblets and the
lowest points being level 4 riblets as the patterns overlap in oppo-
site directions. To better model the influence of height variation,
we introduce a correction factor based on the spherical approxi-
mation of the droplet’s contact plane geometry. This approach,
adapted from Wu et al.*® assumes that the bottom contact plane
of the droplet follows a curved profile rather than a flat surface.
The modified equation is as follows

v =0 )+ n-f0) “

sin® @

where f(0) = (2 — 3 cos 0 + cos’d) /4, V¥ =3V, /(4xR?) 0" = 6/ — 6.
Vi and R are droplet volume and the radius of the bottom surface
of the droplet. 0 is the new contact angle with the horizontal plane
and ¢/ is the contact angle on a similar surface without height vari-
ation. n=1 for the concave surfaces.

This equation introduces an additional correction factor that
accounts for the nonuniform contact geometry caused by height
variation, leading to improved accuracy in predicting the
observed contact angles.

3.4.3. Experimental Validation and Deviation Analysis

Accurate measurement of the top width of the needle-like struc-
tures from a side view proved challenging. We approximated the
average contact area width as 55.1 4 10.1 pm based on top views
of the droplets, considering the visible contact line and distance
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between riblets is 333.9 4 0.6 pm. Although significant interge-
ometry gaps exist, slight variations in top surface width had a
minor effect on the final effective contact angle. Flat PDMS, fab-
ricated using the exact same procedure, exhibited a contact angle
of 114.6° £ 1.3°. Based on the CB equation, the contact angle for
the GO surface, when viewed parallel to the riblets, was estimated
at 155.3°, where the measured average is 143.5° with a maximum
value of 150.5°. This difference can be explained by the large con-
tact angle hysteresis reported in the next part.

Figure 4d illustrates the measured variations in contact angles
and estimated contact angle with the height gradient of the struc-
tures. Static contact angles were measured relative to the angled
contact line in surfaces where a height gradient is present. On
the GO surface, the droplet was symmetric. With increasing
height gradients, the visible top and bottom contact angles
(CA1 and CA2) deviate from each other. Theoretically, estimated
values are derived using Equation (4), and the contact angle is
calculated using the CB equation for nonheight varying surfaces
and the contact line angle to compare them with the measured
CA1 values. Estimated CA values show average errors of 5,9, 8, 9,
1, and 0% compared to measured values in order from lowest to
highest height gradient. In surfaces with lower height gradients,
droplets could attach to the lower areas between higher patterns,
deforming the droplet shape, causing unexpected contact angle
changes. The above sharp decrease of error values after 4th pat-
tern could be associated with the detachment of droplets from
lower height levels and sitting purely on height variation with
a spherical contact plane.

As droplets usually come into contact with more than one rib-
let, the CB equation can predict the change of contact angle due
to discontinuities.’” Considering the average solid fraction
along the riblet long axis of 0.73, measured from droplet top
views, the theoretical CA can be estimated at 135°, which
aligns closely with the measured value 139.3° +1.7°. As height
variability increases, the surrounding structures rise, geomet-
rically restricting the droplet and reducing the effective
contact angle.

Figure 4e illustrates the practical variation of the contact angle
perpendicular (CAP) to the riblets, which consistently decreases
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Figure 4. a) Measurement convention of angles, directions, and locational stabilization of droplets on height variable sharkskin patterns. b) Variation of
droplet shape with height gradient of the surface. All these droplets are stabilized at location 1 as depicted on the (a). Scale bar represents 1 mm.
c) Measured contact line angle changes with the structural height gradient. d) Variation of 10 pl droplet contact angles against the height gradient
on fabricated sharkskin surfaces viewed parallel to riblets. The black color line represents the theoretically estimated contact angle using
Equation (4). e) Variation of 10 ul droplet contact angles on fabricated sharkskin surfaces viewed perpendicular to the riblets. f) Variation of droplet
sliding angles with structural height gradient (length of all the error bars equal to two times the standard deviation of each data point).

with the height gradient. According to the literature, Equation (4)  perpendicular direction yields increasing CA values with increas-
can also be used, combined with the Wenzel equation for non-  ing height gradient, which contradicts the results. This could be
planer surfaces. However, correction with Equation (4) in the  associated with the convex shape of the contact plane viewed
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perpendicular to the riblets by droplet pinning on low-height
riblets at the edges.

Dynamic contact angles (advancing and receding) were mea-
sured from both parallel and perpendicular viewing directions to
the riblets to more accurately quantify the surface properties by
inflating and deflating the sessile drop. Due to the large interrib-
let gaps on these surfaces, the contact line jumps between geom-
etries as the droplet volume changes.

Viewed parallel to the riblets, as the droplet initially shows dif-
ferent contact angles based on the location (CA1 and CA2), the
droplet continually advances in the direction with a lower contact
angle. Due to surface geometry, the contact line shows a wavy
behavior over the droplet, and all angles were measured relative
to the local contact line. The measured average advancing angle
slightly decreases with the height gradient, while the receding
angle shows no evident variation (Figure 4d).

Generally, the stable contact angle can take any value between
the advancing and receding angles based on the droplet placement
method and geometrical restrictions. Droplets were placed on the
surface using the tensiometer’s built-in pipette, which moves
down and deposits the droplet on the surface. Inconsistencies
in the droplet placement process due to surface height variations
and large contact angle hysteresis could have caused the signifi-
cant variations of CA1 and CA2 values depicted as the error bars
in Figure 4d. Relatively lower contact angle hysteresis in the
perpendicular viewing direction to the riblets explains the more
stable variation of the CAP values in Figure 4e.

The sliding angle of the droplet directly depends on the advanc-
ing and receding contact angles. The following Equation (5) gives
the relationship between dynamic contact angles (6,, 6,) and
sliding angle (fgiaing) on a flat surface according to the force
balance.*”!

W}/Lk

Sin Ogiding = “ng (cos @, — cosd,) (5)

where w, y;, and mg are the width of the contact area, the surface
tension of the water, and the droplet’s weight, respectively. “k” is a
constant that depends on the droplet shape, which is the predom-
inant factor that alters the sliding angle in this situation. Generally,
for flat surfaces, k can be approximated as 1. Sliding directions 1,
2, and 3 of droplets are selected as depicted in Figure 4a.

On the GO surface, without a height gradient, the average max-
imum riblet contact width is estimated to be 1,066 + 42 pm from
the droplet images captured perpendicular to the riblets.
Considering k=1, for 10 pL droplets sliding in any direction
on the GO surface, the sliding angle can be calculated as 24.4°,
which is comparable with the practically measured value of 23.6°
+ 2.3°. For other surfaces with height gradients, the contact area
length (w) increases with the height gradient, which causes an
increase in the sliding angle in both directions 1 and 2. The geo-
metrical inclination of the contact plane added to the sliding angle
in direction 2, while it has an adverse effect on the sliding angle in
direction 1. However, the increasing structural heights impose
geometrical constraints that restrict sliding in direction 1, result-
ing in a lack of clear, practical variation as a cumulative effect of
these factors. Figure 4f shows the variation of sliding angles with
structural heights. The sliding angle in direction 2 kept increasing
as no negative factors were affecting it.
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Considering sliding direction 3, along the riblets, the contact
area width shows significantly smaller values as the droplet con-
tacts only with 4 or 5 riblets depending on the droplet placement
conditions. With a measured average contact area width of
55.14 10.1 pm per riblet, Equation (4) estimates a sliding angle
of less than 5° for measured dynamic contact angles for GO sur-
face, which is significantly smaller than the practically measured
value of 22.8° + 3.2°. When viewed perpendicularly to the riblets,
the surface exhibits large continuous geometries, resulting in
reduced contact angle hysteresis, as shown in Figure 4e.
However, practically, once the droplet moves slightly, it gets
attached to the edges of riblets, causing a significant increase
in dynamic contact angles and force required for depinning,
increasing the sliding angle. In G1 to G5 surfaces, variable height
structures pose a geometrical restriction on sliding, further
increasing the sliding angles.

Usually, surfaces with high contact angles are associated with
low sliding angles, which make droplets slide off the surface eas-
ily. On these surfaces, fluid contact shows hydrophobic proper-
ties with large contact angles only wetting the tip of droplets.
Droplets in two directions (directions 2 and 3) show increasing
sliding angles with height gradient while sliding in direction 1
remains primarily stable. The rose petal effect is a similar phe-
nomenon that shows large contact angles with high adhesion
induced by the hierarchical structures on the surfaces. These sur-
faces show similar properties in specific directions, making them
both anisotropic and unidirectional for droplet sliding.

As a final note, it is worth mentioning that micro- and nano-
scale surface modifications are among the most critical factors
in enhancing surface-based sensing or catalytic performance.*!
Microscale surface modifications, such as micropillars, signifi-
cantly increase the effective surface area and improve the interac-
tion of analytes with the surface.”~*9 When there is a flow on the
surface, height-varying structures can induce more chaotic flow
behavior, thereby enhancing mass transfer to the surface. As such,
the height-varying micropillars could have essential applications in
improving biosensing efficiency or catalytic performance.

4. Conclusion

This study demonstrated the feasibility of using direct laser
machining with varying laser fluence to fabricate height-variable
microstructures for soft lithography applications. Compared to tra-
ditional methods, this approach simplifies fabrication, reduces
costs, and accelerates processing. The fabricated structures exhib-
ited consistent height variability and demonstrated hydrophobic
properties, with anisotropic wettability effects influenced by struc-
tural orientation. These findings suggest potential applications in
droplet manipulation, surface flow control, and sample storage.

Beyond fabrication, we systematically investigated the limita-
tions of classical wetting models (CB and Wenzel equations)
when applied to height-variable microstructures. Experimental
results revealed that traditional models fail to fully capture the
effect of height gradients on droplet behavior, necessitating a
modified theoretical framework. By introducing a corrected
equation incorporating height-dependent contact plane curva-
ture, we improved the predictive accuracy of wettability on struc-
tured surfaces. Our findings provide a refined theoretical
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framework for wetting mechanics on nonuniform microstruc-
tured surfaces.

The proposed fabrication method can also be extended to cre-
ate height-varying microstructures such as micropillars, which
can be leveraged for biosensing and surface fluid manipulation.
Future work will explore the integration of these structures in
biosensing platforms, focusing on their ability to enhance mass
transfer and analyte interaction. Additionally, computational
modeling and further experimental validation will refine the
modified wetting model, validating its applicability for diverse
microfluidic and engineered surface applications.
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