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Influence of Micropillar Height Modulation on Droplet
Evaporation and Wetting State Transitions

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

Controlling droplet evaporation dynamics is critical for numerous applications
across physical, chemical, and biological sciences. This study investigates the
effect of micropillar arrays with triangular height variations on the evaporation
behavior of sessile droplets while maintaining a constant solid area fraction
and similar superhydrophobic wetting properties. All fabricated substrates
exhibited high static contact angles, consistent with the Cassie—Baxter
wetting regime. However, evaporation behavior differed noticeably with
changes in the amplitude and wavelength of the height variation patterns.
Arrays with higher amplitudes and shorter wavelengths promoted a
prolonged Cassie—Baxter state, allowing the droplet to retain a nearly constant
contact angle over a longer duration. In contrast, substrates with lower
amplitude and longer wavelengths induced a gradual transition from the
Cassie—Baxter to the Wenzel state, leading to early contact line pinning and a
constant contact line evaporation mode. Height variation patterns also
impacted the effective water evaporation rate, independent of contact angle
and droplet shape. These findings show that by adjusting height variation
patterns, it is possible to manipulate evaporation dynamics while preserving
overall wetting behavior. Tailoring micropillar height profiles enables precise
control of evaporation while maintaining superhydrophobicity, offering new
design pathways for surface engineering in droplet-based technologies.

physical, chemical, and biological sci-
ences. A fundamental understanding of
droplet evaporation is crucial for various
processes, including spray drying, inkjet
printing, cooling, fire suppression, com-
bustion, crystallization, medical aerosol
delivery, biosensing, and the preven-
tion of aircraft icing.'l For instance,
in spray drying and inkjet printing,
evaporation of the droplet determines
the deposition pattern of pigments on
the surface, which is crucial for the
quality of the outcome.*l The coffee
ring effect is one of the interesting
observations associated with droplet
evaporation with particles suspended in
the fluid.’! The coffee ring effect needs
to be minimized in applications such as
inkjet printing and pesticide spraying,
while it can be useful in biosensing,
self-assembly of particles, and chem-
ical analysis. In combustion, droplet
evaporation determines the fuel atom-
ization, which directly correlates with

1. Introduction

Droplet evaporation is a ubiquitous phenomenon. Evaporation
kinetics play a pivotal role in a wide range of applications across
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combustion efficiency.l®! The ability to

accurately predict and control the droplet

evaporation dynamics is, therefore,
essential for optimizing these processes.

In 1877, Maxwell developed the first analytical droplet evap-
oration model using the analogy between electrostatic potential
and diffusive flux. For a spherical droplet evaporating in a fully
diffusion-controlled, quasi-steady environment, the mass evapo-
ration rate is linearly proportional to the vapor’s molecular diffu-
sion coeflicient in air, the concentration difference between the
droplet surface and the far field, and the droplet radius. The pres-
ence of a solid surface near the droplet restricts the droplet evap-
oration rate through the reduction of space for diffusion and the
decrease in droplet surface area, and complicates the evaporation
process by involving the contact angle and geometrically convert-
ing the droplet into a spherical cap.

Based on the Maxwell evaporation model, researchers have
proposed different modifications to predict the evaporation of
sessile droplets sitting on solid surfaces. Birdi and Vu,!®] Rowan
et al.®’! and Bourges-Monnier and Shanahan!*! were some of
the models recognized in the literature. By considering the ses-
sile droplet as half of a convex lens and using the analogy
between electrostatic potential and diffusive flux, Picknett and
Bexon proposed an extension to the Maxwell model to predict
the evaporation dynamics of a sessile droplet.'!l McHale et al.
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Figure 1. Schematic representation of micropillar height variation patterns and associated parameters. During the evaporation process, the contact line

on Ay substrates encounters multiple height transition points, which have

a high potential for pinning the contact line. On 4, substrates, the contact

line meets a single height transition point at the beginning, while on 45 substrates, the contact line does not encounter any height transitions.

compare the different models for predicting droplet evaporation
on superhydrophobic surfaces and show that the Picknett and
Bexon models can predict evaporation dynamics with reasonable
accuracy.!'?]

However, micro-scale surface morphology influences the
droplet shape-changing characteristics, ultimately altering the
evaporation dynamics. On micropatterned surfaces, droplets can
reside in either the Cassie-Baxter state, where they do not wet
the microstructures, or in the Wenzel state, where they fully wet
the surface.'3] In Cassie Baxter’s state, the droplet shows a higher
volume-to-surface area ratio and additional space for diffusion be-
neath the droplet compared to Wenzel’s state. On the other hand,
Wenzel's state favors faster evaporation through better heat trans-
fer with the surface and alonger contactline. Furthermore, based
on its surface properties, a droplet can transition from the Cassie-
Baxter to the Wenzel state while evaporating, thereby altering
the evaporation dynamics.['*] Droplet physical shape-wise, sessile
droplet evaporation can occur in three modes based on contact
angle and contact line: constant contact angle (CCA), constant
solid-liquid contact area/line (CCL), and a mixed mode (MM)
combining both CCA and CCL*! These modes are closely linked
to the surface’s ability to pin the contact line, which is strongly
influenced by surface microstructures.

Overall evaporation rates are determined by a combination of
the factors discussed above, along with non-morphological in-
fluences, highlighting the complex relationship between evap-
oration dynamics and surface morphology.**] Micropillars are
among the most fundamental and common structural features
used to modify the wettability of solid surfaces, inspired by natu-
ral superhydrophobic surfaces such as the lotus leaf. Several stud-
ies have focused on droplet evaporation dynamics on micropillar-
covered surfaces, revealing notable differences in evaporation
dynamics related to micropillar geometrical parameters.['1¢] In
our previous study, we showed that the height variation of mi-
crostructures can induce changes in contact angle, contact line
pinning, and surface wetting properties.!'’! In this study, we in-
vestigate the droplet evaporation dynamics on surfaces covered
with height-varying micropillars with different height gradients
and height-varying patterns to determine the effect of height vari-
ation on droplet evaporation.
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2. Experimental Section

2.1. Design of the Substrate

Nine distinct micropillar patterns with three different height vari-
ation patterns were designed, each having three height varia-
tions, along with two control micropillar arrays with two different
uniform heights. Across all arrays, the micropillar diameter and
pillar center-to-center gaps were maintained at ~#8 and 25 um, re-
spectively. The height variations follow a triangular wave pattern
with different wavelengths (4) and amplitudes (A), as shown in
Figure 1. The nine patterned surfaces feature three wavelengths:
200 um (4;), 1000 um (4,), and 2000 um (4,), each combined with
three amplitudes: 5 + 1 pm (A;), 8 + 1 ym (A,), and 10 + 1 ym
(A;). These wavelengths were selected such that 4, is smaller
than the initial droplet contact diameter (CD), A, is compara-
ble with the contact diameter, and A, is larger than the contact
diameter. For all patterned arrays, the lowest micropillar height
was maintained at 12 + 1 um, while the tallest micropillar for
each amplitude value reaches 17 + 1 um (A,), 20 + 1 pm (4,),
and 23 + 1 pm (A;), independent of wavelength. The heights of
the intermediate micropillars vary linearly between these values.
For example, in the substrate with wavelength 4, and amplitude
A, (4A,), micropillar height increases from 12 to 17 um in four
equal steps, whereas in 4,A,, the height varies from 12 to 17 ym
in 20 equal steps. The two uniform micropillar arrays (U, and
U,) were chosen to match the height extremes: U, consists of
the lowest micropillars used in the patterned substrates, while
U, consists of the tallest micropillars.

2.2. Fabrication of Micropillar Substrates

Micropillar substrates were fabricated through soft lithogra-
phy, employing laser-machined negative molds.['”!8] Briefly, mi-
cropillar master molds were machined on a copper substrate
using an Oxford femtosecond laser micromachining system
(A1200, Oxford Lasers, Didcot, Oxfordshire, UK). Micropillar
spots were machined using single-spot laser drilling with varying
laser power for varying machining depths. Micropillar diameter
was fixed by the laser spot diameter, and a slight conical shape
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Figure 2. SEM images of micropillar arrays. a) Micropillar array with height variation corresponding to 1;A;. Heights decrease from H; to Hy (H; > H,
> H; > H,).b) Lower magnification view of the same A;A; array shown in (a). The brightness variation across the array reflects height differences, with
darker regions indicating taller pillars. c) Uniform-height micropillar array for comparison.

was observed based on the laser intensity variation over the spot.
This laser had a pulse width of 230 fs and a repetition rate of
200 kHz. For each micropillar, the copper substrate was drilled
for 0.3 s, with average laser power varying from 0.04 to 0.08 W
according to the required height level.

The machined copper substrate was then cleaned with 1 M
HCI for 10 min to remove any remaining Copper Oxide from
the cavities. The cleaned substrate was then silanized using
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane inside a vacuum
chamber for 10 min and baked at 150 °C for an additional 10 min
to remove any remaining silane. The silanized mold was then
castusing a 1:5 mixture of polydimethylsiloxane (PDMS) prepoly-
mer and polymerization agent and degassed in a vacuum cham-
ber for 30 min. Finally, the PDMS was left to solidify at 60 °C
for 3 h and then molded from the copper mold. These molded
substrates were used for the experiment within two weeks after
the casting. Substrate quality and microfeatures were examined
using a scanning electron microscope (Apreo 2, Thermo Fisher
Scientific, Waltham, MA, USA).

2.3. Experimental Analysis

Droplet evaporation dynamics were monitored using an optical
tensiometer (Theta Attension, BiolinScientific, Espoo, Finland).
This optical tensiometer calculates the droplet volume and base-
line diameter from image analysis. Thus, the tensiometer was
calibrated before each experiment. A droplet volume of 10 pL
was maintained. The droplet was deposited on the surface using
the built-in pipette of the tensiometer. This system deposits the
droplet by lowering it onto a surface and then retracting once the
droplet was deposited. This movement was maintained consis-
tently across all substrates relative to their highest points on the
surface. MilliQ water was used for all experiments, and prior to
the experiments, substrates were washed with MilliQ water and
then dried. Droplet images were captured every 3 s for analysis
from the start to the complete evaporation of the droplet. The ex-
periment was conducted in a covered lab space without forced air
circulation to minimise advective effects on evaporation. Room
temperature was maintained between 26 and 29 °C, and humid-
ity was controlled between 50-60% for all experiments. Tem-
perature and humidity were recorded in 3-min intervals using
a Humidity-Temperature Logger (Lascar Electronics Co., Salis-
bury, UK). These values were used to compensate for the effect of
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temperature and humidity. Contact line dynamics were observed
using an inverted brightfield microscope (Olympus IX73, Olym-
pus Corporation, Tokyo, Japan).

Each experiment was repeated at least three times to enhance
the reliability of the data and minimize random errors. Due to the
height variation on surfaces, the placement location of droplets
may affect the contact angle and evaporation dynamics. Thus, on
the surfaces with larger wavelengths (4,,4,), droplets were placed
such that the center of the droplet was at the valleys in each exper-
iment. The static contact angle on each surface was recorded 30 s
after the droplet placement. Advancing and receding contact an-
gles were measured by inflating and deflating a sessile droplet on
the surface at a rate of 1 uL s for 40s. For each droplet, advanc-
ing and receding contact angles were recorded at three different
points, and each experiment was repeated three times.

3. Results and Discussion

Our rapid fabrication technique shows promising results in
the fabrication of height-varying micropillars. The height lev-
els above were mainly selected to ensure that the highest pillars
would not bend on their own and to account for the possible vari-
ation in laser power with the machining system in use. Figure 2
shows SEM images of a few patterns where height variation is
evident.

Bond number (Bo) for a 10 uL droplet under the experimen-
tal conditions was calculated to assess the effect of gravity on
wetting characteristics and droplet shape. Bo = Apgr?/y where
Ap is the density difference between the liquid and the suspen-
sion medium (air), r is the characteristic length and y is the sur-
face tention of the liquid. Considering r as the equivalent spher-
ical radius of a 10 uL droplet, Bo ~ 0.24, which is less than 1
and indicates that droplet shape is primarily governed by surface
tension. Thus, the effect of gravity was assumed to be negligible
in the calculations.

As the first step, we investigated the contact angle of 10 pL
droplets of water on each of the surfaces. On the micropillar sur-
faces, droplets reside in the Cassie-Baxter state of the superhy-
drophobic region. On flat PDMS, the droplet was in the Wenzel
state. On height-varying surfaces with large wavelengths (4,, 4,),
droplets tend to stabilize such that the droplet center is above the
shortest pillars. Table 1 depicts the contact angles on the uniform
control surfaces. Figure 3 shows the behavioral map of static con-
tact angle, advancing contact angle, and receding contact angles
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Table 1. Static, Advancing, and Receding contact angles of uniform sub-
strate for MilliQ water.

Substrate Advancing CA [°] Static CA [°] Receding CA []
Flat PDMS M1.7+1.8 111.1+0.7 85.6+ 15
U1l 164.1+£ 1.2 161.7 £25 146.3 +£2.3
u2 163.0 + 1.2 162.0 +2.2 1455 £ 1.2

with height variations. Considering all the micropillar substrates,
the contact angle shows a slightly larger value on taller micropil-
lars, but any other explicit variation is not observed. Generally,
when micropillars are sufficiently high and features are small rel-
ative to droplet size, pillar height will not have a direct effect on
contact angle. However, the results show a systematic decrease in
the receding angle as both the wavelength and amplitude of the
height variation are reduced. This trend is most plausibly due to
partial Cassie-Baxter to Wenzel transition, which becomes more
likely on substrates with shorter pillars where shallower cavities
are present. At shorter wavelengths, the smaller local meniscus
radius at the contact line increases the Laplace pressure and pro-
motes local wetting transition. Also, the steeper height difference
between neighbouring pillars enhances pinning, increasing the
contact angle hysterisis further.

Droplet evaporation modes, CCA and CCL, are closely inter-
twined with the static and receding contact angles. On uniform
surfaces, a droplet typically begins evaporation with the static
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contact angle. As evaporation progresses and the droplet loses
volume, the contact line remains pinned (CCL mode) until the
contact angle decreases to the receding contact angle. At this
point, the contact line begins to recede while maintaining the re-
ceding contact angle, transitioning into the CCA mode. When
the droplet volume becomes too small to maintain the receding
contact angle stably, it exhibits a mixed mode (MM) of CCA and
CCL, particularly toward the end of its lifetime (Figure 4). While
flat PDMS and other uniform surfaces closely follow this ideal be-
havior, surfaces with varying heights considerably alter the evap-
oration dynamics.

In the droplet evaporation experiments, due to observed
differences in droplet evaporation rates, which depend on
environmental factors and surface properties, the droplet vol-
ume is used for comparing contact angle data. Generally, most
existing studies use time or time-normalized droplet lifetime
for contact angle comparisons. Both methods showcase the dif-
ferent evaporation modes and contact angle changing patterns,
while the time-based graphs are more stretched at the end of the
droplet lifetime due to the lowering evaporation rate with droplet
volume.

As the control, we first studied droplet evaporation on a flat
PDMS surface without micropillars. Unlike micropillar sub-
strates, droplets spread on the surface in the first 3—4 min,
increasing the contact line diameter until the contact angle
reaches 100° (Figure 5a). After reaching the stabilization droplet
pins on the surface, it shows a short CCL mode until the contact

Static CA (°) A Receding CA (°)
164 140
A3 132.9 138.4 .
162 ‘
135
A2 127.9 131.9 1371
160
130
158
A 124.9 129.6 127.8
156 25

A

A

A2
Wavelength (A)

A2
Wavelength (A)

M A2
Wavelength (A)

Figure 3. Behavioral map of contact angles in height-varying surfaces. While both advancing and static contact angles are almost unchanged, the
receding angle shows a gradual increase toward the A;A; corner of the map.(A; = 200 um, 4, = 1000 um, A; = 2000 um; A; =5um, A, =8 um, A; =

10 um.).

L @

Decreasing
Contact Angle

ol

Figure 4. General behaviour of a sessile droplet on a uniform surface. Receding contact angle is highly dependent on the receding rate, where slower

receding gives larger receding angles.
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Figure 5. a) Contact angle changing behavior on uniform control surfaces. b) Behavioral map of contact angle and contact line diameter with surface
parameters. “MM” refers to the mixed mode of constant contact line (CCL) and constant contact angle (CCA) evaporation. “C — W” marks indicate the
points where a transition from the Cassie—Baxter state to a fully Wenzel state is identifiable.

angle reaches 91° degrees, which is slightly higher than the mea-
sured receding angle. Then, the droplet exhibits a long, constant
contact angle mode with the contact line stably receding on the
surface until the droplet volume reaches 1 uL, after which a mixed
mode occurs near the end of its lifetime. This changing pattern
is closely in agreement with the results reported in the literature.

Next, we evaluated the evaporation on two micropillar arrays
(U,, U,) with different micropillar heights to quantify the effect of
micropillars independent of height-varying patterns (Figure 5a).

Adv. Mater. Interfaces 2026, 13, €00577 e00577 (5 0f11)

Compared to plain PDMS, substrates with micropillar arrays are
superhydrophobic and significantly less sticky. Both studies show
short CCL mode until droplets reach a contact angle of ~160° de-
grees, and from there onwards, an extended CCA mode is visi-
ble. At the final stage, when droplet volume reached ~0.2ul, the
droplet transformed from the Cassie-Baxter state to the Wenze
(C — W) state, pinning the droplet on the surface. After pinning,
the contact angle quickly reduces, and evaporation is completed
in a mixed mode.
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Figure 6. a) End of the initial CCL mode on height-varying surfaces. b) Distinct point of the complete C — W wetting transition. Except for substrates
with the lowest wavelength and the two highest amplitudes, all other surfaces exhibited a C — W transition at the end of the initial CCL phase. Transition
points were identified from the averaged contact angle evolution for each substrate (data from Figure 5). The y-axis is the droplet volume related to each

transition point.

According to Figure 5b, evaporation dynamics on the patterned
surfaces show markedly different characteristics based on the
surface morphology. At the start of evaporation, following the
placement of the droplet, all substrates show either constant CCL
or increasing contact line diameter. In all surfaces with A, height
difference (4,A; 4,A; A;A;), independent of wavelength, the
contact line diameter slightly increases over the initial phase, in-
dicating the dominance of droplet spreading. When the height
varying amplitude increases to A, (4,A, 4,A; A;A,), the initial
phase shows an almost ideal CCL, while the surfaces with A,
amplitude (4,A; A4,A; 4;A;) show a slight decrease of contact
line diameter in the initial CCL phase. From top to bottom of the
behavioral map, the endpoint of the initial CCL mode in Cassie-
Baxter state shifts the right-hand side of the graph toward lower
droplet volume gradually for all wavelengths (Figure 6a). This
initial CCL phase ends by either the CCA mode or strongly pin-
ning the contact line onto the surface through the Cassie-Baxter
to Wenzel transition. Regardless of wavelength, amplitude, or
presence of micropillars, all the surfaces show decreasing con-
tact angle in this initial phase as the contact line is mostly fixed.
The change of the contact angle and range of volume is mostly
similar for each amplitude over the three wavelengths in the ini-
tial phase. If the droplet contains particles, the majority of the
coffee-ring effect occurs during the CCL phase, highlighting the
potential to control deposition using micropillar height-varying
patterns.

The surface’s geometric properties primarily influence the sec-
ond stage of evaporation. On smooth, unpatterned surfaces, this
stage typically involves depinning the contact line from its initial
position, followed by its recession while maintaining a constant
or nearly constant contact angle equal to the droplet’s receding
contact angle. However, on height-varying patterned surfaces, all
the surfaces with A; amplitude show an extended CCL mode in-
stead of CCA, while the contact angle is further decreased. How-
ever, when the height-varying amplitude increases (from A, to
A;), the Contact angle variation decreases, and the second stage
becomes closer to a CCA mode. Similarly, when the wavelength
reduces (4, to 4,), the CCA mode becomes stronger again. As a
combination of both of those effects, 4;A; shows an almost ideal
CCA mode in the second stage of evaporation.

Adv. Mater. Interfaces 2026, 13, €00577 e00577 (6 of 1 1)

Where CCA mode is observed in the second stage, this con-
stant contact angle is always larger than the receding angle mea-
sured on each surface. For example, on the U, surface, the CCA
phase is stable at 160° degrees, while the measured receding
angle is 146 degrees. This difference originates from the differ-
ence in the rate of receding of the contact line that the Cox Law
can describe.l*! According to Cox’s law, when the receding ve-
locity of the contact line becomes smaller, the dynamic contact
angles become closer to the static contact angle.['”) The advanc-
ing and receding rates used in our experiment yield contact line
receding rates that are comparable to the values reported in the
literature.2°! However, due to the substantially lower droplet vol-
ume reduction rate in evaporation, the receding contact angle be-
comes very close to the static contact angle in these scenarios.
Other substrates that showed a CCL mode or a CCL-dominant
mixed mode in the second stage of evaporation are related to the
wetting-state transition,[?!] which will be discussed in the follow-
ing sections.

In the final stage of evaporation, droplets usually show a mixed
mode of CCL and CCA. Considering the droplet geometry, con-
tact line pinning is more prominent in the last phase, where the
contact angle reduces rapidly until the droplet disappears. When
the micropillar height variation increases and the pattern wave-
length decreases, the transition from the second stage to the final
state moves toward the lower droplet volume. On all surfaces with
A, height variation, this stage begins when the droplet volume
is &1 pL, whereas in A, substrates, it occurs at even lower vol-
umes. In the A, substrates, this transition further moves toward
lower volumes, making the contact angle change sharper in the
final stage. As A, substrates show a more CCA-like behavior in
the second stage, the final stage can be identified from the rapid
drop in contact angle. 4, A; shows the sharpest contact angle de-
crease in the height-varying pattern, which closely resembles the
uniform micropillar arrays.

A Cassie-Baxter droplet can transform from a wetting state to a
Wenzel state at some point in the evaporation process, depending
on the surface properties. Cassie-Baxter state is a metastable state
with an energy barrier to the more stable Wenzel state.[?2) When
the curvature of the droplet surface increases, with a decreasing
droplet volume, the Laplace pressure increases. If the droplet can
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Figure 7. Droplet geometrical changes during wetting state transition: a) Droplet geometry on a 4,A; substrate, showing an early Cassie-Baxter to
Wenzel transition; b) Bottom view of a droplet on the 4,A; substrate. Two arrows indicate the movement of the transition front as the droplet gradually
shifts from the Cassie—Baxter to Wenzel state c) Droplet geometry on a U, substrate, where the droplet remains in the Cassie-Baxter state until the final
stage of its lifetime; d) Magnified view of the Cassie-Baxter to Wenzel transition in the droplet from (c).

surpass the energy barrier specific to the particular surface, it
transforms into the Wenzel state.?3] In the Wenzel state, liquid
penetrates into the surface structures, which enhances droplet
pinning, indicating a sharp drop in contact angle, an increase
in contact diameter, and an increase in contact angle hysteresis.
The required energy barrier (W) for this transformation on the
2D micropillar surface can be estimated by,[2*]

27R*hy cos 6
W=$

1
’ 1)
where R is the radius of the droplet contact area, y is the surface
tension of the liquid-air interface, and 6 is the intrinsic Young’s
contact angle of the liquid on a smooth surface of the same mate-
rial. h and p are the height and pitch of the micropillar pattern. In
our experiments, p is fixed while h varies, making the energy bar-
rier directly proportional to the pillar height. In general, the Wen-
zel transition begins at the location where the energy barrier is
first overcome. On a uniform surface, once initiated, the Wenzel
state propagates across the droplet base in a very short time.[”]
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However, on surfaces with variable pillar heights, the local en-
ergy barrier also varies, resulting in a gradual transition front
that advances step by step as the droplet penetrates progressively
taller pillars. Additionally, surfaces with shorter wavelength vari-
ations (4,) and larger amplitude (A,) increase resistance to the
Wenzel transition at shorter pillars. This holds the droplet in the
Cassie—Baxter state longer until the required energy is reached
for higher pillars, at which point the transition becomes more
abrupt. The surfaces with A; and A, amplitudes show gradual
transition characteristics. The gradual increase in contact line di-
ameter observed during the initial evaporation phase, which we
previously noted, is associated with this gradual Cassie-Baxter to
Wenzel transition and the attainment of the wetting characteris-
tic of the Wenzel state. The point at which this transition is com-
pleted shows a visible correlation with the amplitude and wave-
length of the surface structure, which together determine the sur-
face energy barrier (Figure 6b). This point depicts how resistant
the surface is to the liquid penetration. Figure 7a,b shows the
side and top views of a droplet on the 4,A; surface. The center of
the droplet is in a valley of a height-varying pattern, and shortly
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after the droplet placement, the Wenzel transition starts from the
center. Movement of the transition front jumps from one row of
pillars to the next, gradually with the droplet evaporation. Once
the transition takes place throughout the droplet, the contact line
remains pinned until the receding angle related to the Wenzel
state is reached. This period corresponds to the extended CCL
phase, as observed in A, and A, surfaces.

Uniform surfaces and A, surfaces show sharper contact angle
drops at the end of the droplet life and non-constant contact line
diameters over the second phase. This behavior is associated with
the higher energy barrier for the Wenzel transformation and the
sudden transformation at the end. Figure 7c shows the droplet ge-
ometry over its lifetime on the U2 surface, and Figure 7d shows
the Wenzel transition of the droplet at the end. The transition
occurs when the contact line diameter is between 350 um and
400 um, and it happens within a few seconds, unlike the grad-
ual transition. Compared to 1,A;; 4,A; and 4;A; show gradu-
ally changing energy barriers due to larger wavelengths, which
explains their intermediate behavior between CCL and CCA in
the second phase. Considered overall, smaller amplitudes and
larger wavelengths promote a gradual Wenzel transition in the
early stage, which explains the movement of the end of the first
stage of evaporation toward lower volumes as wavelengths de-
crease and amplitudes increase.

Based on the Maxwell model, the diffusion-limited, quasi-
steady framework has become the base for the majority of evap-
oration models, including the Picknett-Bexon model used here.
To ensure the diffusion-limited nature, we check the Péclet num-
ber (Pe) for the external air, the mass-transfer Rayleigh number
(Ra)!?®) and Sherwood number (Sh).*”) Pe = U, L/D, where U,
is the external airflow speed, L is the characteristic length, and D
is the diffusion coefficient of vapor in air. Whether Pe < lor Pe
> 1 indicates whether diffusion or advection dominates, respec-
tively. Considering L as the spherical radius of a 10 pL droplet,
U,;, would need to be ~#18 mm s~! for Pe = 1. This is a relatively
high flow speed. Since the experiment was conducted in still air,
any residual airflows should be much smaller than 18 mm s,
making Pe <« 1.

2C, _ { 0.63660 + 0.09516? — 0.061446°
= =

The Rayleigh number describes the buoyancy-driven flow (nat-
ural convection). Ra = gf.L3Ac/vD, where v is the kinematic vis-
cosity of air Ac is the vapor concentration difference, g, is the
compositional expansion coefficient, and L is a characteristic
length. Considering the density change from 100% RH to 60%
RH away from the droplet surface and using equal spherical ra-
dius as characteristic length, Ra can be approximated to 0.2. This
is much lower than the typical threshold range for the onset of
natural convection, indicating that natural convection effects are
negligible.!?8:29]

The Sherwood number represents the ratio of total mass trans-
fer to purely diffusive mass transfer.?”] Sh = h, L/ D, where h,,
is convective mass transfer, D is the diffusion coefficient, and L
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0.00008957 + 0.633360 + 0.11600% — 0.088786° + 0.010330*
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is a characteristic length. From the measured mass transfer of
droplets and employing the Maxwell model, an effective Sher-
wood number of ~0.4-0.7 was obtained for different scenarios.
While classical Sherwood numbers are generally > 1, the values
here reflect diffusion-dominated evaporation with additional re-
sistances that reduce the net transfer rate. This effective reduc-
tion can be attributed mainly to the presence of micropillars and
substrate cooling during evaporation.

The ratio between the vapor-phase adjustment time (to adapt
to droplet shape changes) and the evaporation time can be used
to assess the quasi-steadiness of the process. This ratio can be

calculated by, (R—; /t) where R is the contact radius, D is the diffu-
sion coefficient, and t is the droplet lifetime. Considering droplet
lifetime of ~5 x 10* s and Contact radius of 0.8 mm, this ratio
is ~5-7 X 107, which is much less than 1. Thus, water vapor
concentration adjusts much more quickly than the droplet evap-
oration timescale, confirming that the process can be regarded as
quasi-steady. Maxwell model for a spherical droplet which satis-
fies the above conditions with radius R, can be written as,

p%/ = —47RDAc 2)

where d—‘: is the rate of change of volume, p is the density of the
droplet liquid, D is the diffusion coefficient, and Ac is the differ-
ence between the vapor concentration at the droplet surface and
the ambient value. Assuming the droplet surface air is saturated
with liquid vapor, the difference between the saturated vapor con-
centration and the ambient vapor concentration can be used for
calculations. Based on the Picknett and Bexon model for sessile
droplets, Equation (1) can be written as,['"]

p”;—‘: = —47DC,Ac, (3)

where C, is the electrostatic capacitance of the droplet. They pro-
vide a polynomial fit for C, as a function of contact angle 6,
expressed as:

0<0 <0175 )
0175<0<x *)

In Equation (3), 6 is the contact angle, and R is the radius of
curvature of the spherical cap (i.e., the radius of the sphere from
which the cap is formed). The droplet contact radius, r, defined as
the radius of the droplet’s base on the surface, is related to these
parameters by the geometric relation r = R sinf

The diffusion coefficient is a constant for a liquid at a given
temperature. For water at 25 °C, the diffusion coefficient is
2.4 x 10°m?s~!. However, as the above relationship eliminates
the effects of contact angle, droplet diameter, and external va-
por concentration from the evaporation rate, we can estimate
an effective diffusion coefficient (D,g) for each surface to iso-
late the effect of surface properties on evaporation. To correlate
the impact of surface height variation with D¢, we plot the D 4
against the droplet contact diameter (2r) and also against the
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Figure 8. Behavioral map of the effective diffusion coefficient (D.g) variation with droplet evaporation. Blue color points show D¢ variation with baseline

width, while the red line shows the linear trend of D g variation with drop

normalised droplet lifetime. Generally, the estimated D, 4 should
also be a constant on a particular surface. However, the experi-
ments show that height variation patterns slightly alter the D g
based on the contact line location, micropillar parameters, and
also based on the Cassie-Baxter to Wenzel transition. This en-
ables us to understand how surface micro properties affect the
evaporation independent of wetting characteristics such as con-
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let lifetime (normalized time).

tact angle and droplet shape. Combining results from different
experimental replications to calculate an average variation was
difficult. The following graphs present results from one exper-
iment from each pattern. In the other two repetitions, overall
D shows similar behavior patterns, but they are shifted on the
baseline width axis depending on the slight changes in the initial
location.
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Considering all the micropillar substrates D.; shows an av-
erage value of 1.2 X 10~ m?s~'with a standard deviation of 7.2
x 107¢ m?s7L. Interestingly, the flat PDMS shows a D4 of 2.2
x 107> m?s~! with an SD of 1.2 x 10~ m?s~!, which is higher
than on the micropillar surfaces. An increased standard devia-
tion may result from measurement errors associated with the ex-
tended mixed evaporation mode, where both contact angle and
contact area change. Studies have shown that the highest evap-
oration rate and evaporative cooling occur near the triple-phase
contact line.3%31] Furthermore, this area can account for up to
50% of the total heat transfer in the evaporation process.*?! Thus,
the flat PDMS with a larger contact line could show a higher D
compared to micropillar surfaces, where heat transfer from the
substrate is minimal due to the low contact area, and the contact
line is comparatively shorter due to hydrophobicity. Additionally,
as described in literature, confinement of water vapor inside the
micropillar array creates a diffusion resistive layer, slowing down
the evaporation.''**] This explains the gradual decrease of the
effective diffusion coefficient with increasing pillar height levels.

Considering the above graphs (Figure 8), all the A; amplitudes
show the concentration of blue color points (D, against baseline
width) at the beginning, showing the contact angle pinning in the
early stages. They also show comparatively higher average D ¢
due to early Wenzel transition. With the increase of the ampli-
tude of pillars, the change of contact line diameter becomes grad-
ual, causing the distribution of blue color points to be evenly dis-
tributed over the droplet lifetime. In instances where early con-
tact line pinning is prominent, D s shows an increase toward the
end of the droplet’s lifetime. This effect could be directly related
to the growing Wenzel contact line in the perpendicular direc-
tion to height variation with gradual Wenzel transition. Especially
when we are moving toward the bottom left corner of the behav-
ioral map, the average D, shows a stable decrease. Additionally,
on the 4,A,, and A4, A, substrates, periodic disruptions were ob-
served in the D g4 values, with the spacing between disruptions
corresponding to the height variation wavelength of these sur-
faces. This behavior indicates the ability of these patterns to al-
ter the evaporation dynamics, which can be primarily achieved
through the manipulation of contact line geometry. These re-
sults suggest that micropillar structures decrease the evapora-
tion efficiency compared to flat surfaces. Although the pillars cre-
ate additional space beneath the droplet that could facilitate va-
por diffusion, this confined space may quickly become saturated
with vapor, leading to stagnation and ultimately limiting further
diffusion.

4. Conclusion

In this study, we employed femtosecond laser micromachining
to fabricate master molds for micropillar arrays with controlled
height variations. Compared to conventional techniques such as
lithography, this method enables faster and more efficient fabri-
cation of multilevel structures with considerably fewer process-
ing steps. The replicated PDMS substrates consistently exhib-
ited superhydrophobicity, with contact angle measurements in-
dicating a Cassie-Baxter wetting state across all patterns. Reced-
ing contact angles varied evidently with different height variation
profiles, which in turn influenced the dynamics of droplet evap-
oration. The transition from a Cassie-Baxter to a Wenzel state

Adv. Mater. Interfaces 2026, 13, €00577 e00577 (10 0f11)

www.advmatinterfaces.de

played a key role in these dynamics. Specifically, micropillar ar-
rays with lower amplitude height variations and longer wave-
lengths promoted an earlier wetting transition, leading to droplet
pinning. In most cases, this transition occurred gradually due to
the heterogeneous energy barriers introduced by the height vari-
ations, resulting in distinct evaporation patterns that are difficult
to achieve on uniformly superhydrophobic surfaces.

To decouple the effect of experimental conditions, we intro-
duced an effective diffusion coefficient to quantify evaporation
dynamics independent of droplet size, contact angle, or environ-
mental factors. The results revealed that the effective diffusion
coeflicients on height-varying substrates were approximately half
of those on flat PDMS surfaces, primarily due to reduced contact
line length and diminished heat transfer at the liquid-solid inter-
face and formation of a resistive diffusion layer inside micropil-
lars. In designs with sharp height gradients, the diffusion coef-
ficient was only slightly altered, whereas substrates with long-
wavelength variations exhibited increased diffusion rates toward
the end of droplet life. Notably, in the absence of height varia-
tion, pillar height alone had no significant effect on evaporation
or diffusion under still-air conditions.

Overall, our findings demonstrate that micropillar arrays with
tailored height variations can effectively modulate droplet evap-
oration while maintaining superhydrophobicity. These surfaces
reduce water loss by limiting diffusion and can be designed to
induce early wetting transitions, which is advantageous for ap-
plications requiring slowing down the evaporation and controlled
particle deposition during evaporation.
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