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Tunable Wettability with Stretchable Microstructured Surfaces

Hoang Huy Vu, Nam-Trung Nguyen,* Nhat-Khuong Nguyen, Cuong Hung Luu,
Samith Hettiarachchi, and Navid Kashaninejad*

Analyzing the wettability of stretchable microstructured surfaces is crucial in
applications like soft robotics, wearable biosensors, stretchable electronics, and
electronic skin (e-skin). However, it remains unclear how stretching affects the
surface free energy (SFE) of these stretchable surfaces. In this article, stretchable
microstructured surfaces are designed and fabricated, enabling liquid droplets to
stay on top of the surface gaps. The corresponding SFE values are quantified as a
function of both micropillar geometry and strain. It is observed that stretching could
significantly affect their SFE and wettability. For instance, for the microstructured
surface with pillar and gap dimensions of 10 pm, increasing the strain from 0% to
50% causes a sevenfold increase in the effective SFE. Interestingly, reversible
decreasing of the strain decreases SFE to its original value, suggesting that the SFE
remains unchanged after a complete stretching and releasing cycle. This trend
agrees with the measurement of apparent contact angle (CA) as a function of strain.
The results demonstrate stretching’s capacity to significantly increase the wettability
of microstructured surfaces, leading to a decrease in the CA and an increase in SFE. or
These findings further shed light on understanding the tunable wettability of

microstructured surfaces under various deformation conditions.

1. Introduction

Microstructured surfaces have drawn significant attention from
the research community due to their unique properties, such as
high surface area, low adhesion, and high hydrophobicity.!"
The wetting properties of such surfaces are of great impor-
tance in many applications, including biomedical devices,
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microfluidics, drag reduction, and self-
cleaning surfaces.!”) The design of micro-
structured surfaces with specific wetting
properties depends on the shape and size
of the microstructures.”’

The wettability of micropatterned
surface can also be adjusted by employing
diverse pillar shapes. If pillars are
organized in a square array, the wetting
characteristics exhibit uniformity across
all directions on these surfaces.! This
arrangement causes the sessile droplet to
adopt an almost spherical shape, resulting
in a consistent apparent contact angle
(CA) across the micropatterned surface.
Consequently, it is appropriate to refer
to this as an isotropic surface structure,
more precisely, a quasi-isotropic
surface structure. Conversely, when a
material’s surface structure exhibits varia-
tions depending on different orienta-
tions, it is termed an anisotropic surface
structure. Jokinen et al. demonstrated
the asymmetrical shape of triangles, promoting controlled
directional wetting.’

The wetting property of surface is commonly understood to be
controlled by the chemical composition and physical structure
of the surface!® The factors influencing and tuning the
wettability of micropatterned surfaces are chemical modifica-
tion,! light illumination,”® temperature,[9] pressure, plasma
treatment, 1%V vibration or oscillation,™ and electromagnetic
field.™! Liu et al. utilized a fast and straightforward method
for selectively tuning the wettability of a microfluidic device
using localized corona discharge."* This method effectively
turned the surface area hydrophilic for generating double
emulsions.

Recently, there has been a growing interest in developing
stretchable microstructured surfaces for studying surface wetta-
bility.">*) These surfaces may undergo mechanical deformation
while still maintaining their surface properties, making them
ideal for exploring the effect of surface topography on wettability.
Most importantly, stretchable microstructured surfaces
potentially contribute significantly to the emerging fields of
micro elastofluidics,'”’  stretchable electronics,™®!  e-skin,!*")
wearable microneedles,*” and on-skin wearable systems.!*"
Stretchable microstructured surfaces have been used to develop
soft sensors attached to the skin to monitor various physiological
signals such as temperature, pressure, and humidity. These
sensors can monitor patients with chronic illnesses or track
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athletes’ health status. As such, fundamental understanding of
wettability of these surfaces is of paramount importance.

Whyman et al. initially explored the influence of stretching on
the surface energy and wettability of polymeric surfaces.'” The
apparent CA showed no variation between plasma-untreated
inflated and deflated polyisoprene latex balloons. The apparent
CAs of inflatable balloons were unaffected by their stretching
during inflation, but they exhibited sensitivity to plasma treat-
ment. Following a plasma treatment, the latex balloons showed
a lower apparent CA before inflation than the untreated ones.
The deflation of plasma-treated latex balloons led to a significant
rise in surface charge density, causing complete wetting on the
surface. Zhang et al. demonstrated that mechanical stretching
could significantly improve the water CA of poly(tetrafluoroethy-
lene) (PTFE) films.[?? Later, the same group reported the revers-
ible transition wettability states of an elastic polyamide film with
a triangular net-like structure by extending and unloading the
film.”*! Lin et al. fabricated wrinkled polydimethylsiloxane
(PDMS) structures with dual-scale roughness by coating silica
nanoparticles on the wrinkled PDMS films.** By quantifying
the water CAs on these surfaces, the team showed that the wet-
tability of these surfaces could be tuned by applying a mechanical
strain. Notably, the dual-scale roughness was found to be respon-
sible for the wetting transition from complete wetting (Wenzel
state) to nonwetting (Fakir Cassie state) condition. Subsequently,
Lee et al. investigated the dynamic wetting behavior of hydropho-
bic PDMS substrates with hierarchical wrinkles by quantifying
droplet impacts on these surfaces under 100% stretching.*”!
Coux et al. used a highly elastic polymer, vinyl polysiloxane
(VPS), to fabricate highly stretchable micropillar surfaces.
The team characterized the wettability of these surfaces by mea-
suring the apparent CAs, CA hysteresis, and contact radius of
water droplets under both uniaxial and biaxial extensions.
Recently, Liu et al. investigated the wettability of micropatterned
surfaces using a shape memory polymer, poly(ethylene-co-vinyl
acetate) (EVA).”®! The group fabricated three types of EVA-based
micropatterned surfaces, namely microcubes, microgrooves, and
micropillars. Using a standard static tensile testing machine, the
EVA-based micropatterned surfaces were stretched and recov-
ered. Accordingly, the wettability of the micropatterned surfaces
was investigated by measuring the apparent water CA and rolling
angles under the three states of nonstretched (initial), stretched,
and recovered conditions.

On the other hand, it is well known that wetting conditions
highly depend on the type of liquid used for CA measurements.
For example, most superhydrophobic surfaces (with a water CA
over 150°) have an oil CA of less than 10°.””) As such, to better
quantify the wettability of a surface, its corresponding surface-
free energy (SFE) should also be quantified. Moreover, SFE plays
avital role in determining the interaction between a solid surface
and biological fluids and cells.”®! However, methods for calculat-
ing the SFE of solids assumed that the surface is atomically
smooth and homogenous. To take the effect of roughness into
account, Biolin Scientific® developed an optical tensiometer
with a 3D topography module that can measure the SFE of rough
surfaces.”! Nevertheless, the system assumes that the wetting
condition is Wenzel state, i.e., liquid droplets penetrate entirely
into the cavities, as it is thermodynamically the most stable wet-
ting condition. However, the module cannot be used in the case
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of hydrophobic micropillar surfaces where liquid droplets stay on
top of the pillars, i.e., Fakir Cassie state. Accordingly, normalized
surface free energy (NSFE) can represent the wettability of the
surface.*”!

To the best of our knowledge, the effect of continuous stretch-
ing and releasing on the NSFE of hydrophobic micropillar sur-
faces and its correlation with apparent CAs have not been
investigated in the literature; thus, it is the main focus of our
present study. To this aim, various PDMS-based micropillar sur-
faces are fabricated, and the wettability of these surfaces is char-
acterized by measuring both NSFE and apparent CAs.
Accordingly, NSFE values are first discussed as a function of
the gap and the diameter of the PDMS micropillars. The results
are subsequently compared to the SFE of flat PDMS.
Furthermore, we investigate the effects of systematic stretching
and releasing on the variation of NSFE values and apparent CAs.

The findings of the present study will provide valuable insights
into the behavior of stretchable microstructured surfaces with
tunable wettability and their interaction with aqueous solutions,
biological fluids, and other liquids.

2. Experimental Section
2.1. Fabrication of the Mould

Figure 1 illustrates the fabrication process of micropillars with
identical circular shape, diameters (L), gaps (G), and height
(H =10 pm) using the conventional soft lithography technique.
To start with, a 4-inch silicon (Si) wafer was coated with hexam-
ethyldisilazane (HMDS) (Sigma-Aldrich, Australia) for 30 min
prior to resist coating to promote photoresist adhesion. Next,
the wafer was spin-coated with a positive photoresist layer (AZ
10XT, MicroChemicals GmbH, Germany). The spinning speed
determined the thickness of the coating. After spin coating, the
wafer was baked at 100 °C for 3 min to remove excess solvent and
improve the adhesion of the photoresist on the wafer.
Subsequently, we used a maskless aligner with a 405 nm wave-
length (MLA150 Maskless Aligner Heidelberg Instruments,
Germany) to expose the patterns directly for about 20 min at
an intensity of 1000mJcm™2 After the development, the
exposed photoresist was removed, and different designs of adja-
cent holes were formed on the 4-inch wafer. The wafer was then
rinsed with DI water and dried slowly using nitrogen gas. A mix-
ture of poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow
Corning) and the curing agent with a ratio of 10:1 was poured
on the mould. The PDMS layers were cured in an oven for
2h at 70°C and then peeled off the wafer. As a result, adjacent
pillar arrays were obtained on the surface of the PDMS.
Micropillars with a high aspect ratio (height-to-diameter ratio
of more than 8) fabricated using photolithography are extremely
fragile and can collapse easily.*"! The diameters of the pillar (L)
are 5, 10, 15, and 20 pm, the gaps between neighboring pillars
(G) are 5, 10, 15, and 20 pm, and the nominal height of the pillar
is about 10 pm. The largest aspect ratio is only 2, which is suffi-
cient for the stability of the pillars. The smallest feature of 5 pm
can be achievable with the photolithographic resolution of the
MLA150 machine.
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Figure 1. Fabrication process of the microstructured PDMS. A clean wafer was spin-coated with a positive photoresist AZ10XT. Then, exposure with a
maskless aligner at 405 nm wavelength. With the circular micro-hole arrays standing on the wafer, PDMS was carefully poured onto the mould and then
gently peeled from the mould. The PDMS sample with micropillar arrays on the surface is fabricated.

2.2. Fabrication of the Stretchable Platform

We designed and fabricated a stretching device, as shown in
Figure 2. The stretching device consists of a precision positioner
mounted on a poly(methyl methacrylate) (PMMA) stage. Two
PMMA plates were fitted onto two metal clamps screwed tightly
to the stage. The shape of the device was optimized to minimize
the fluctuation of the stage during measurement and not to
obscure the camera view.

2.3. Contact Angle Measurement
Wetting behavior, the way a surface interacts with a liquid, can be
determined by the CA. We measured the apparent CAs using an

optical tensiometer (Theta Flex, Biolin Scientific, Finland). The
CAs were measured in a single viewing direction, as illustrated in

(a)

Stretchiné
template

Figure 2a. To ensure that surface tension dominated over gravity
and the droplet maintained a spherical shape, a droplet volume of
~5pL was used. The Bond number (Bo) is the ratio between
gravity and surface tension.*”) Bond number is defined as
Bo = W, where p,, and p, are densities of water and air,
g is the gravitational acceleration, r is the radius of the drop,
and y is the surface tension of the liquid.?*! Assuming the typical
values 6 =90°, the droplet volume of V=5 x 10-°m?
pw = 1000kgm™3, pa=1293kgm™3, g=98Nkg!,

— -3 -1 . 3Vsin’d 3 _ 134
}’—72 x107> Nm , r—m:‘ —0001, the Bond

number Bo = 0.24 < 1 indicates that gravity’s effect on the drop-
let was negligible."*”)

The apparent CA of each sample was determined by carefully
placing a small volume of DI water (VA5 pL) onto the surface and
allowing the droplet to stabilize before capturing and analyzing
its image using Thetaflex Optical Tensiometer.

(b)

Figure 2. Schematic setup of the optical tensiometer and the custom-made stretching platform. a) The illustration of the stretching platform. The green
part is made of PMMA to fit onto the stage of the optical tensiometer. The precision positioner (black part) is fixed onto the PMMA stage. The grey part is
devised using PMMA to firmly hold the PDMS sample. b) The setup is placed on the stage of the Thetaflex Optical Tensiometer, and the PDMS sample is
mounted between the two clamps and stretched using the customized micrometre translation stage. A liquid droplet is placed onto the surface auto-
matically using a controlled dispenser. c) The actual design of the stretching platform.
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2.4. Surface-Free Energy Measurement

SFE, i.e., surface tension of the solid, was calculated from the CA
values using the Owens, Wendt, Rabel, and Kaelble (OWRK)
method.®! SFE is a fundamental property of a surface and is
defined based on their ideal (flat) configuration. SFE is not
affected by surface roughness.’” A superhydrophobic surface
is heterogeneous and made up of two components, air and a
solid, both of which come into contact with wetting liquids.
Therefore, even for surfaces that adhere to the Wenzel and
Cassie—Baxter models, which are commonly used to characterize
wettable and nonwettable surfaces, respectively, it is challenging
to establish the corresponding SFE. Accordingly, the term “nor-
malized surface free energy (NSFE)” was defined to address this
problem.*®) NSFE forecasts how various liquids would interact
with actual surfaces. Considering OWRK method and NSFE,
the NSFE of micropillar structures can be obtained by calculating
the dispersive, y&, and polar, y&, components of the microstruc-
tured surface, as follows

. N yv lyV (1 + cos (6
Vs +/ Ev,/ L ! \/>( :) (1)
Yy

where 7§ and y{ are, respectively, the polar and dispersive
components of surface tension of the test liquids, 6, is the actual
CA of the microstructure surfaces. The detailed derivation
of this equation is provided in Section S1 of Supplementary
Information.

It should be noted that Equation (1) is valid only when the
wetting condition is Cassie-Baxter state,*” i.e., liquid droplets
do not penetrate into the gaps of micropillars.

Moreover, to calculate the solid SFE using the OWRK method,
it is necessary to have at least two liquids with known dispersive
and polar components of surface tensions. This is because there
are two unknowns involved in the process, namely, the solid/
liquid interfacial free energy and the solid SFE.

The chosen liquids need to be nontoxic, easily accessible,
nonvolatile, nonreactive nonsurface swelling, and properly stud-
ied.®”! There are some commonly used liquids for experiments,
such as water, diidodomethane, bromonaphthalene, nitrometh-
ane, bromobenzene, toluene, n-hexane, and glycerol.
Diiodomethane, bromobenzene, nitromethane, and bromonaph-
thalene are among those that are harmful and should be mini-
mally used. Toluene and n-hexane are nonpolar liquids that are
volatile and swell polymeric test surfaces like PDMS. Therefore,
we investigated the surface characteristics of the PDMS films by
measuring the apparent CAs with water and glycerol. The polar,
dispersive, and total surface tension of water are 51.0, 21.8, and
72.8 mNm™!, respectively.?® The polar, dispersive, and total
surface tension of glycerol are 30, 34, 64mN m~Y
respectively.*”) These values were then used to calculate the polar
and dispersive components of the NSFE of the solid,
Equation (1).

Finally, the total NSFE of the micropillar surfaces, y¥, was
obtained after calculating the polar and dispersive components
of the solid NSFE, as follows

Adv. Eng. Mater. 2023, 2300821 2300821 (4 of 10)
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2.5. Characterization of Wettability of Micropillar Surfaces
Using the Stretchable Platform

The PDMS micropillar surfaces were mounted on the mechani-
cal stretcher, Figure 2. The whole setup was placed on the stage
of the optical tensiometer. The translation stage was manually

stretched from 0 to 5 mm and released backward. The stretching

. . . __ displacementlength
degree is characterized by the strain e =="TRrtEs

Stretching a 10-mm PDMS sample by 0, 1, 2, 3, 4, and 5 mm
corresponds to strains of 0%, 10%, 20%, 30%, 40%, and 50%,
respectively. Subsequently, it was released back to its original
form. The CA measurement was performed at 0%, 10%, 20%,
30%, 40%, and 50% stretching and releasing strains. Figure S2
(Supporting Information) depicts representative images of
the apparent CAs of water and glycerol droplets on the PDMS
surface with a gap length of 10 pm and diameter length of
5 pm under stretching and releasing. We repeated each experi-
ment at least thrice, and the average values of these CAs were
used to calculate the NSFE of PDMS surfaces with micropillar
arrays.

The quality and uniformity of the as-prepared microstructured
PDMS film were characterized by scanning electronic micros-
copy (SEM).

3. Results and Discussions

3.1. Effect of Stretching on the Dimensions of Micropillar
Arrays

Table S1 (Supporting Information) presents the detailed charac-
terization of micropillar dimensions before and after stretching
at varying strains. Our findings demonstrate that the fabricated
micropillars closely match the intended design with minimal
deviation. Although stretching did not significantly alter the
diameter of the micropillars at various displacement lengths
(data not shown), it caused an increase in the gap between
the pillars, approximately 1 pm for every 1 mm displacement.
This outcome suggests that stretching tends to expand the
gap between micropillars while maintaining the micropillar
diameter.

Figure 3a indicates the successful fabrication of PDMS
sample with micropillars on top of the surface. Figure 3b,c
shows representative scanning electron microscopy (SEM)
images with top and side views of the PDMS array created with
cylindrical micropillar structures, having a diameter of ~10 pm,
a gap of ~10 pm, and a height of ~10 pm. The SEM images
in Figure 3b,c indicate that these PDMS arrays are well
defined with high accuracy and ordered without defects in
large areas.

The results of the stretching experiment on the PDMS surface
indicate that the pillars remained intact even after the stretching
process. We also took SEM images of the surface area where the
clamps are in rigid contact. The result shows that only some
minor defects were present, and the PDMS micropillar arrays
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Figure 3. SEM images of the micropillar array before and after stretching and releasing. a) Representative SEM images of the top section of the fabricated
PDMS structures with cylindrical shapes before stretching and releasing. Scale bar: 50 ym. b) Top view of the micropillar array before stretching and
releasing at a closer distance. Scale bar: 10 ym. c) Cross-sectional view of the micropillar array before stretching and releasing. Scale bar: 10 ym. d) The
top view at a far distance of the micropillar array after stretching where the PDMS surface was in rigid fixation with the two clamps of the stretching
platform. The surface shows only some minor defects. Scale bar: 100 ym. e) Magnified view of the micropillar array after stretching where the PDMS
surface was in rigid fixation with the two clamps of the stretching platform. Scale bar: 50 pm. f) The cross-sectional view of the micropillar after stretching
where the PDMS surface was in rigid fixation with the two clamps of the stretching platform. Scale bar: 10 ym. g) The top view at a far distance of the area
where we conduct our experiment after stretching. The PDMS surface shows no defects. Scale bar: 100 pm. h) Magnified view of the micropillar array area
after stretching where we conduct our experiment. Scale bar: 10 pm. i) The cross-sectional view of the area where we conduct our experiment after

stretching. Scale bar: 10 pm.

showed excellent mechanical stability after the stretching and
releasing process. This finding is of great interest as it has impli-
cations for the design and development of micro and nanostruc-
tures on elastomeric substrates.

Fabricating micro and nanostructures on PDMS surfaces typ-
ically involves lithographic techniques, such as soft or nanoim-
print lithography. These techniques rely on the use of a master
mould that transfers the desired pattern onto the PDMS sub-
strate. However, the challenge with these techniques is ensuring
the integrity of fabricated structures during the stretching pro-
cess. The results presented in this study demonstrate that the
pillars on the PDMS surface remained intact after the stretching
experiment. This finding suggests that the design and fabrication
of micro and nanostructures on PDMS substrates can be
optimized to withstand mechanical deformation. Furthermore,
the results also have implications for the understanding of
PDMS properties. The ability of the PDMS surface to maintain
its structure after stretching suggests that the material has a high
degree of mechanical stability, which is an important property in
micro and nanotechnology applications.

Adv. Eng. Mater. 2023, 2300821 2300821 (5 of 10)

3.2. Quantification of Normalized Surface-Free Energy (NSFE)

3.2.1. Effect of the Gap and Diameter of Micropillars on NSFE

We calculated the surface energy for each design to analyze the
effect of the gap and diameter of micropillars on the character-
istics of the surface. We fixed the diameter of the pillars at 10 pm
and changed the gap between the pillars accordingly to study the
influence of the gap on the NSFE of the sample. Meanwhile, we
fixed the gap between pillars at 10 pm and changed the diameter
of the pillars accordingly to study the influence of diameter on
the NSFE of the sample. We also compared the SFE of flat PDMS
with the microstructured PDMS surface. The surface energy of
flat PDMS was found to be 12mN m ™. This value agrees well
with the surface energy of flat PDMS reported in the literature.[*”!

It is more significant to take into account the dimensionless
values of the parameters related to the pillar. Accordingly, the
dimensionless pillar parameter D*=L/G is used to denote
the relative diameter of the pillars in comparison to their gaps.
Table 1 summarizes all the geometrical measurements for these
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Table 1. Geometric parameters of different pillars fabricated on PDMS
substrate (circular pillar, 10 pm height).

L [pm] G [pm] D¥=1/G
5 10 0.5

10 10 1

15 10 15

20 10 2

10 5 2

10 10 1

10 15 0.67
10 20 0.5

pillar structures. Statistical scattering data of the geometrical
parameters are provided in Table S1 (Supporting Information).

We also consider the dimensionless values of the ratio of the
NSFE of microstructured PDMS and flat PDMS. The symbol ¢*
is used to denote the relative NSFE of microstructured PDMS to
that of flat PDMS, i.e., ¢* = NSEEof microstructured PDMS,

Representative images of the apparent CAs on PDMS surface
with different diameters and gaps of water and glycerol are
shown in Figure S1 (Supporting Information). The results were
then used to calculate the NSFE of each surface.

Figure 4a shows the variation in the relative NSFE ¢* as a func-
tion of dimensionless parameter D*. The values of surface
energy as the sum of polar energy and dispersion energy were
repeatedly calculated three times, and the average values of all
the data were reported in the figure. As the D* value increases,
the relative NSFE, ¢*, decreases. The decrease in relative NSFE
implies that as the diameter of the micropillars increases, the
equivalent surface tension of the microstructured surfaces
decreases. Meanwhile, increasing the gap between pillars
increases the relative NSFE. This indicates that by increasing
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the gap between pillars, the equivalent surface tension of the
microstructured surfaces decreases and becomes closer to that
of flat PDMS. When investigating the diameter effect, we kept
the gap constant and varied the diameter. Similarly, we kept
the diameter fixed and changed the gap to study the gap
effect. The result shows a similar trend for both types of
experiments. In addition, the result also indicates that the
NSFE of our microstructured surfaces was consistently lower
than that of flat PDMS. Therefore, the flat PDMS surface
has a lower surface tension than the microstructured PDMS
surface.

Another interesting point is that the graph in Figure 4a can be
divided into two regions. In the first region of 0 < D*<1, the
trend of diameter and gap effects are similar. This implies that
when the diameter of the pillars becomes smaller or the gap
between the pillars becomes larger, the NSFE of the microstruc-
tured surface reduces in a similar manner. In the second region
of D*>1, the red and black lines are moving farther away, indi-
cating a significant difference in diameter and gap effect. We
conclude that the size and spacing of the pillars do not have a
substantial influence on the way the liquid penetrates and wets
the surface. However, even though the ratio of the size and spac-
ing of the pillars can be the same, each dimension can greatly
affect how a microstructured surface can repel a liquid and keep
the liquid droplets stay on top of the pillars.

Similarly, to analyze the effect of the gap and diameter of
micropillars on the wettability of the surface, we measure the
apparent CA of each design. We kept the diameter of the pillars
constant at 10 pm and varied the gap between pillars to assess the
effect of the gap on the sample’s wettability. We also kept the gap
between pillars constant at 10 pm and altered the diameter of the
pillars to evaluate the impact of diameter on the sample’s wetta-
bility. We measured the apparent CA values three times for each
design and calculated the average of all data. Figure 4b depicts
the apparent CA variation of the PDMS surface as a function of
dimensionless D* value. For the diameter effect, the results

(b)

150 e Diameter effect

® Gap effect

Static contact angle (°)

D* = Diameter/Gap

Figure 4. a) Variations in the relative surface energy ¢* when changing the dimensionless D* value. To investigate the diameter effect, we keep the gap
between pillars at 10 ym and vary the diameter of pillars at 5, 10, 15, and 20 pm, respectively (black line). To investigate the gap effect, we keep the
diameter of pillars at 10 pm and vary the gap between pillars at 5, 10, 15, and 20 pm, respectively (red line). b) Variations in the water apparent contact
angle when changing the dimensionless D* value. To investigate the diameter effect, we keep the gap between pillars at 10 ym and vary the diameter of
pillars at 5, 10, 15, and 20 ym, respectively (black line). To investigate the gap effect, we keep the diameter of pillars at 10 ym and vary the gap between

pillars at 5, 10, 15, and 20 ym, respectively (red line).
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showed that increasing D* value increases the apparent CA.
Meanwhile, for the gap effect, the data revealed that increasing
gap between pillars decreases the wettability. These results are
consistent with those of the NSFE calculations in Figure 4a.
The increasing NSFE decreases the hydrophobicity of the
surface, resulting in a decrease in apparent CA. Conversely, a
reduction in NSFE leads to an increase in the hydrophobicity
of the surface and a corresponding rise in apparent CA.

Based on the current results, we can conclude that our tech-
nique can potentially be used to tune the wettability of micro-
structured surfaces. In the present study, we observed that the
wettability of micropillars is affected by factors such as their
diameter and spacing. While we have not conducted specific
experiments on minimum dimensions, we can extrapolate from
our findings that micropillars with smaller dimensions, such as
shorter heights and narrower diameters, are likely to exhibit
wetting state when subjected to stretching. However, reducing
the gap between micropillars can increase the hydrophobicity
of the surface. This effect can be attributed to the increased
capillary forces and surface tension effects that come into play
when the pillars are closer together. As the gap decreases, the
meniscus formed by the liquid at the pillar interfaces becomes
more pronounced, resulting in a more remarkable alteration in
wettability. It is important to note that the exact minimum
dimensions for practical wettability tuning may vary depending
on the specific material properties and the intended application.
Further experimental investigations would be necessary to pre-
cisely determine these minimum dimensions. Nevertheless,
our current results suggest that micropillars with smaller
dimensions hold promise for significant wettability control with
stretching.

3.2.2. Effect of Stretching and Releasing of Micropillars on NSFE

Figure 5 shows the changes in the NSFE for each design as a
function of the strain when the PDMS micropillars with fixed
gap length were stretched and then released from 0% to 50%
and vice versa. For all four designs, when the PDMS was
stretched increasingly from 0% to 50%, the NSFE increased sig-
nificantly, implying that the hydrophobicity decreased greatly.
The opposite trend occurred when we released the PDMS sam-
ple. As the strain decreased, the SFE decreased. The NSFE of the
stretching process was slightly higher than that of the releasing
process, but the difference was not noticeable. The result indi-
cates that the NSFE remained unchanged after stretching and
releasing.

Figure 6 illustrates the variations in NSFE for each design in
response to the strain when a PDMS sample of fixed diameter
length was subjected to stretching and release from 0% to
50% and vice versa. Our results indicate that the NSFE increased
significantly, indicating a decrease in hydrophobicity, as the
PDMS was stretched from 0% to 50% for all four designs.
Conversely, as the PDMS sample was released, the NSFE
decreased with decreasing strain. The overall changes in
NSFE during the stretching and releasing cycles were not statis-
tically significant, indicating that the NSFE remained unchanged
after the stretching and release cycles.
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Figure 5. Variations in the NSFE when stretching and releasing 0%, 10%,
20%, 30%, 40%, and 50% of the PDMS micropillars with a fixed gap of
10 ym. a) The graph of NSFE versus strain of PDMS sample with micro-
pillars dimension of 5 ym in diameter. b) The graph of NSFE versus strain
of PDMS sample with micropillars dimension of 10 pm in diameter. c) The
graph of NSFE versus strain of PDMS sample with micropillars dimension
of 15 pm in diameter. d) The graph of NSFE versus strain of PDMS sample
with micropillars dimension of 20 pm in diameter.

3.3. Measurement of Apparent Contact Angles

Figure 7 presents the variations in water CA as a function of
strain for each design when the PDMS sample with fixed gap
length was stretched and released from 0% to 50% and then
released to 0% in similar steps. Our findings demonstrate that
for all four designs, as the PDMS was stretched from 0% to
50%, the apparent CA significantly decreased, indicating a sub-
stantial decrease in hydrophobicity. Conversely, as the PDMS
sample was released, the apparent CA increased with decreasing
strain. The wettability of the stretching and releasing processes
was found to be similar, suggesting that the wettability of the
sample remained unchanged after the stretching and releasing
cycles. The results of apparent CA are consistent with the above
results of the NSFE.

In Figure 8, we demonstrate the effect of the strain on the
apparent CA of each design for the PDMS sample with a fixed
diameter length during stretching and releasing from 0% to 50%
and vice versa. Our findings indicate that when the PDMS was
stretched from 0% to 50%, the apparent CA significantly
increased for all four designs, indicating a considerable decrease
in hydrophobicity. Conversely, as the PDMS sample was
released, the apparent CA decreased with decreasing strain.
The wettability of the stretching and releasing process did not
show any significant difference, suggesting that the wettability
remained unchanged after the stretching and releasing cycles.
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Figure 6. Variations in the NSFE when stretching and releasing 0%, 10%,
20%, 30%, 40%, and 50% of the PDMS micropillars with a fixed diameter
length (10 pm in diameter). a) The graph of NSFE versus strain of PDMS
sample with micropillars with a gap of 5 ym. b) The graph of NSFE versus
strain of PDMS sample with micropillars a gap of 10 ym. c) The graph of
NSFE versus strain of PDMS sample with micropillars a gap of 15 um.
d) The graph of NSFE versus strain of PDMS sample with micropillars
a gap of 20 ym.

4. Conclusions

This study demonstrated that the wettability of microstructured
surfaces could be tuned reversibly by stretching and releasing
cycles. More importantly, to better quantify the wettability of
these stretchable microstructured surfaces, the values of NSFE
of these surfaces were quantified as a function of both surface
topography (diameter and gap of the micropillars) and strain.
Comparatively, the obtained NSFE values of all the PDMS micro-
structured surfaces were less than that of flat PDMS. To investi-
gate the effect of surface topography on the NSFE, the variations
of NSFE of microstructured surfaces were obtained as a function
of the dimensionless diameter of the pillars, D*. It was found that
as D* of the pillar decreases, the NSFE of PDMS microstructured
surfaces becomes closer to that of flat PDMS. Interestingly, we
observed that when D* was larger than unity, the effect of chang-
ing the diameter of micropillars on the variation of NSFE was
more pronounced than that of the gaps.

Next, the microstructured surfaces were subjected to stretch-
ing and release from 0% to 50% and vice versa, and the variations
in NSFE for each micropillar surface in response to the strain
were thoroughly quantified. It was observed that stretching could
significantly change the values of NSFE. For instance, in the case
of the microstructured surface with pillar and gap dimensions of
10pm, the corresponding NSFE increased from 5 to over
35mNm™ "' when the surface was stretched from 0% to 50%.
Interestingly, the results were reversible by releasing the surface
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Figure 7. Variations in the water apparent contact angle when stretching
and releasing 0%, 10%, 20%, 30%, 40%, and 50% of the PDMS micro-
pillars with a fixed gap of 10 pm. a) The graph of apparent contact angle
versus strain of PDMS sample with micropillars dimension of 5pm in
diameter. b) The graph of apparent contact angle versus strain of
PDMS sample with micropillars dimension of 10pm in diameter.
c) The graph of apparent contact angle versus strain of PDMS sample with
micropillars dimension of 15 ym in diameter. d) The graph of apparent
contact angle versus strain of PDMS sample with micropillars dimension
of 20 ym in diameter.

to its original deformation. All these results agree well with the
variations of apparent CAs as a function of both pillar dimen-
sions and strain.

Assessing the limitations of our wettability tuning technique
provides a better understanding of the scope and potential
applications. The key limitations are as follows:

Material variation: The success of our technique might vary
based on the material used. Various materials could react
in diverse ways to identical treatment. It is important to
acknowledge that although our approach could be effective
for certain materials, its ability to be used with a wide array
of substances might have some constraints.

Size limitations: The size and dimensions of the surface fea-

tures, such as micropillars, may affect the degree of wettability

tuning achievable. There may be practical limitations regard-
ing how small or large these features can be for our technique
to be effective.

Surface durability: The long-term durability of the modified wet-

tability may be a concern. External factors such as wear and tear,

exposure to harsh environments, or repeated use could poten-
tially diminish the effectiveness of the tuning over time.

Fabrication complexity: Fabricating surfaces with precisely

controlled features, such as micropillars, can be technically

challenging and costly. The scalability of our technique for
large-scale applications might have certain restrictions.
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Figure 8. Variations in the water apparent contact angle when
stretching and releasing 0%, 10%, 20%, 30%, 40%, and 50% of the
PDMS micropillars with a fixed diameter length (10 pm in diameter).
a) The graph of apparent contact angle versus strain of PDMS sample
with micropillars with a gap of 5 pm. b) The graph of apparent contact
angle versus strain of PDMS sample with micropillars with a gap of
10 pm. c) The graph of apparent contact angle versus strain of PDMS
sample with micropillars with a gap of 15 pm. d) The graph of apparent
contact angle versus strain of PDMS sample with micropillars with a gap of
20 pm.

Environmental effects: Depending on the chemicals or
processes used in the suggested technique, there could be
environmental and safety considerations. It would be neces-
sary to assess and deal with any possible environmental
consequences.

By recognizing and discussing these limitations, we aim to
provide a transparent assessment of the boundaries and consid-
erations associated with our wettability tuning technique.
Further research and experimentation, as well as a case-specific
evaluation, will be vital for a more detailed understanding of its
practical applicability.

Finally, the results of the stretching experiment on the PDMS
surface provide valuable insights into the material’s mechanical
properties and its ability to withstand deformation. This finding
has important implications for designing and fabricating micro
and nanostructures on elastic substrates. It opens new avenues
for developing advanced microfluidic devices and other
applications such as wearable biosensors, soft robotics, and
energy harvesting devices.
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