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ABSTRACT

Three-dimensional (3D) printed re-entrant micropillars have demonstrated high static contact angles for an unprecedented
variety of liquids, but have yet to achieve this with low contact angle hysteresis and excellent abrasion resistance. We report on
the demonstration of 3D printed microcell/nanoparticle structures that exhibit high static contact angle, low contact angle
hysteresis, and high mechanical durability. Micropillars and microcells both exhibit high static contact angles with water and
ethylene glycol (EG), but suffer from high contact angle hysteresis, indicative of rose petal wetting. Our modeling results indicate
that micropillars are able to achieve higher static contact angle and breakthrough pressure simultaneously compared with
microcells. However, simulations also indicate that micropillars have higher maximum equivalent stress at their bases, so that
they are more prone to mechanical failure. We address contact angle hysteresis and mechanical durability issues by the creation
of 3D printed microcell/nanoparticle arrays that demonstrate super-repellency and retain their super-repellency after 100 cycles
of mechanical abrasion with a Scotch-Brite abrasive pad under a pressure of 1.2 kPa. The use of interconnected microcell
structures as opposed to micropillars addresses mechanical durability issues. Low contact angle hysteresis is realized by coating
3D printed structures with low surface energy nanoparticles, which lowers the solid—liquid contact area fraction. Our results
demonstrate new 3D printed structures with mechanical durability and super-repellency through the use of microcell structures
integrated with fluorinated nanoparticles.
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of oils and other organic liquids are lower than water, and thus
they tend to spontaneously spread across surfaces and past
trapped air [22-24]. Recent theoretical work has suggested that the
key to achieving high static contact angle for a variety of liquids is
the wuse of re-entrant structures [14,16-18]. Re-entrant
micro-/ nanostructured surfaces create a more robust metastable
solid-liquid-air interface consistent with Cassie—Baxter wetting
such that they are able to repel liquids other than simply water.

1 Introduction

Super-repellent surfaces are desirable for a wide variety of
functionalities such as self-cleaning [1-3], condensation resistance
(or anti fogging) [4-6], stain resistance [7], anti-icing [8, 9], anti-
biofouling [10], and anti-virofouling [11]. Applications are wide-
ranging including for optoelectronics [12], textiles, healthcare, and
household use [13]. Super-repellent surfaces are defined by high
static contact angle > 150° and small contact angle hysteresis < 10°

for not only water, but also various oils with low surface
tension [14-18]. These surfaces achieve high static contact angles
through Cassie-Baxter wetting [19], where the fraction of contact
area between the solid and liquid must be very small [20,21].
Common strategies for creating surfaces with high water static
contact angle have included a combination of hierarchical
micro-/nanostructures and hydrocarbon/fluorocarbon
compounds [4, 7]. Surfaces with high water static contact angle
have been widely demonstrated in the literature due to water’s
relatively high surface tension of 72.8 mN/m.

In contrast, creating surfaces with high oil contact angle is

One versatile method capable of creating complex re-entrant
structures is three-dimensional (3D) printing via direct laser
writing using a non-linear two-photon polymerization
process [25-29], as well as transfer printing [30]. A variety of re-
entrant geometry structures have been demonstrated via 3D
printing  including  springtail-inspired  triply = re-entrant
micropillars [25,28], Salvinia molesta leaf-inspired eggbeater
head microhairs [26], and bi-Gaussian stratified plateau-inspired
re-entrant micropillars [27]. These structures have demonstrated
unprecedented static contact angles with different liquids, but are
not truly super-repellent as they tend to suffer from high contact

significantly more challenging. This is because the surface tensions angle hysteresis (and high rolling angle).
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Creating re-entrant structures with high static contact angle
along with low contact angle hysteresis indicative of super-
repellency for a variety of liquids has yet to be demonstrated by
3D printing. Lie et al. reported on the 3D printed triply re-entrant
micropillar arrays with a contact angle of > 150° for water and
various oils, but the hysteresis value reported for water was
approximately 20° for a pitch of 80 um and top diameter of
30 pm [25]. The structures exhibit higher hysteresis values up to
40° for oil [25]. Stratified re-entrant micropillars similarly
demonstrate a water static contact angle of 156.4°, but a high
contact angle hysteresis of 53.1° [27]. When a surface exhibits high
static contact angle, but also high contact angle hysteresis, this type
of wetting is known as rose petal wetting [31, 32], where droplets
remain adhered to the surface when tilted. The high contact angle
hysteresis is indicative of strong adhesion between the surfaces
and the surface can sometimes even be tilted upside down while
the droplet remains adhered [33]. Rose petal wetting has also been
referred to as parahydrophobicity in the Refs. [33, 34]. This is in
contrast with lotus leaf wetting where the surface exhibits both
high water static contact angle (> 150°) as well as low surface
contact angle hysteresis (< 10°), which is indicative of low
adhesion between the surface and the droplet [10, 35, 36]. In lotus
leaf wetting, water droplets easily roll off the surface, with even the
slightest tilt. Super-repellency requires lotus leaf wetting not only
with water, but also other low surface tension liquids.

An additional major challenge in creating super-repellent
surfaces is that they typically have limited robustness against
mechanical abrasion [37]. Surfaces with high static contact angles
utilize microscale or nanoscale roughness to create very small
fraction of contact area between the solid and liquid, but these
surfaces experience high local mechanical stresses such that they
easily abrade away [38]. Structures with self-similarity [11, 39] or
self-healing [4,40] are some strategies for addressing this issue.
The self-similarity approach has been demonstrated in 3D printed
structures by printing stratified re-entrant micropillars of different
heights [27]. These structures retain their high static contact angle
after frictional abrasion. However, these structures have high
contact angle hysteresis as discussed above (53.1° with water) and
the frictional abrasion assessed consisted of only a triangular
rubber wiper with a normal load of 0.2 N. This represents a very
mild frictional abrasion condition. 3D printed surfaces thus far
have focused on micropillar-like structures, which have limited
mechanical reliability against abrasion due to their protrusive
topography.

In this paper, we report on the demonstration of mechanically
robust super-repellent microcell/nanoparticle structures that
exhibit high static contact angles with water and organic liquids as
well as ultra-low contact angle hysteresis and excellent abrasion
resistance. Our modeling shows the tradeoffs between static
contact angle and breakthrough pressure that exist in creating
these structures. Structures with high static contact angles tend to
have low breakthrough pressures and vice versa.

The modeling demonstrates that in principle, micropillar arrays
may achieve higher static angle and breakthrough pressure
simultaneously compared with microcell arrays. Triply-reentrant
structures as well as dual-leveled structures provide for multiple
metastable wetting states with different failure mechanisms, where
the redundancy provided from the different local energy minima
provides for better stability of Cassie-Baxter wetting. Static
structural finite element simulations indicate that the micropillars
have over 3 times greater equivalent stress than the microcell
structures and this maximum stress occurs at the base of the
structure as opposed as to the top. The modeling work suggests
that while micropillars can achieve higher static contact angle and
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breakthrough pressure simultaneously compared with microcells,
they are less mechanically durable.

Both fabricated re-entrant micropillars and microcells
demonstrate high static contact angles with water and ethylene
glycol (EG), but also high contact angle hysteresis (> 30°).
Coating the micropillars and microcells with fluorinated SiO,
nanoparticles addresses contact angle hysteresis issues. The
micropillar/nanoparticle structures exhibit high static contact
angles with water and ethylene glycol of 170.0° + 1.5° and 161.0° +
2.5°, respectively, and low contact angle hysteresis values of 2.0° +
1.5° and 4.5° + 2.0°, respectively. However, the re-entrant pillar
arrays are easily destroyed after just the very first cycle of abrasion.
The mechanical durability of 3D printed, superomniphobic
structures is improved with interconnected microcells as opposed
to micropillars. Our re-entrant microcell/nanoparticle structures
exhibit static contact angles for water and ethylene glycol oil of
167.3° + 1.8° and 159.5° + 2.5°, respectively. The contact angle
hysteresis values for water and ethylene glycol were 2.5° + 1.5° and
4.5° + 2.0°, respectively. After 100 cycles of abrasion with a Scotch-
Brite abrasive pad under a pressure of 1.2 kPa, the microcells
exhibit static contact angles of 152.0° + 3.5° and 145.0° + 5.5°, for
water and ethylene glycol, respectively, with hysteresis of 7.1° +
2.5%and 13.0° + 6.5°, respectively.

Our results demonstrate new 3D printed structures with
mechanical durability and super-repellency through the use of
microcell structures integrated with fluorinated nanoparticles. The
fabricated re-entrant microcell array can find potential
applications in various industries including but not limited to
electronic devices, medical devices, and optoelectronics.

2 Experimental and simulation methods

2.1 3D printing

The microstructures described were 3D printed by two-photon
absorption polymerization (Photonic Professional GT, Nanoscribe
GmbH) over a 4 mm x 4 mm area. Polished Si wafers (thickness =
500 pm) were used as substrates. The substrates were cleaned by
ultrasonic rinse in acetone (C;H(O), isopropanol (IPA) and
distilled water for 5 min each, and then dried by N,. Negative
photoresist IP-S (Nanoscribe GmbH) with a refractive index of
1.48 at 780 nm was used in the Dip-in Laser Lithography (DiLL)
configuration. The laser power and scan speed were set at 50 mW
and 30 mm/s, respectively. After printing, the samples were
developed in SU-8 developer for 20 min followed by rinsing in
IPA for 5 min. Finally, the samples were dried by gently blowing
with N,. To increase the adhesion of the walls to the Si surface, a
film (10 pm thick) of the resist was first printed on the Si substrate
before the microstructures were printed on the resist film.

2.2 Nanoparticle coating method

SiO, nanoparticles were coated onto the microstructures followed
by drying on a hot plate at 100 °C for 30 min. The preparation of
the nanoparticle solution was as follows: 5 mL of tetraethyl
orthosilicate (TEOS), 250 pL of perfluorinated compound, and
heptadecafluorotrimethoxysilane (HFAS), were dissolved in 25
mL ethanol (C,H;OH). The solution was mixed with ammonium
hydroxide/ethanol solution (6 mL 28% NH;:H,O in 25 mL
ethanol), and stirred at room temperature for 12 h [41]. The
solution was then ultrasonicated (VCX750 Sonics & Materials
Inc.) for 30 min to produce a homogeneous suspension prior to
the coating onto substrates [41]. Upon drying at room
temperature, the treated substrate was further cured at 110 °C for
1h.
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23 Wetting simulations

The wetting properties of the structures were simulated using
Surface Evolver [42] to evaluate the effect of the location of the
liquid-solid-vapor three-phase contact line on (1) the static
contact angle 6 and (2) the breakthrough pressure P, The
droplet was given the surface tension of water (72.8 mN/m). The
water droplet was constrained to be constant volume and total
energy was minimized in the simulation. Gravity was included as
well in the simulations. A 3 x 3 array was utilized for the
micropillars and a hexagon consisting of 6 microcells were used
for the simulations.

24 Mechanical properties simulations

In order to evaluate mechanical properties of designed structures,
the two structures were simulated using static structural finite
element analysis with Ansys. The 3D printed photoresist IP-S is
homogenous and isotropic with a Young’s modulus of 2.6 GPa
and Poisson's ratio of 0.4 [43]. A downward pressure of 1.2 kPa
was applied at the top plane and a coefficient of friction of 0.7 was
assumed for Scotch-Brite pad [44]. The bottom planes for both
structures were fixed. Periodic boundary conditions were used for
the microcell structures. Convergence analysis was performed on
the structures so that the change in maximum equivalent stress
was less than 3%.

25 Breakthrough pressure experiments

Breakthrough pressure experiments were additionally performed
on the structures by observing a single water droplet evaporates on
the samples. A 5 plL drop of water was placed on each substrate
and evaporated while monitoring the decrease of the contact
angle [7]. This experiment was repeated 3 times per sample. The
breakthrough pressure was calculated based on estimates of the
contact line radius at breakthrough transition determined from fits
of the droplet shape by the goniometer.

2.6 Abrasion experiments

A Taber Linear Abraser (model 5750) with weighted Scotch-Brite
abrasive pad was used for abrasion of the samples on a constant
surface area of 4 x 10 m’. A pressure of 1.2 kPa was applied.

3 Results and discussion

Figure 1 shows schematics of the structures fabricated. The cross-
section of the structures consists of triply re-entrant shapes (Fig.
1(a)), which are used to enhance the liquid repellency. Liu et al.
demonstrated that dual-level re-entrant geometry, meaning re-
entrant geometry at the top of the pillar and at the middle of the
height of the pillar can improve the repellency for lower surface
tension liquids [25]. Therefore we utilized a dual-level re-entrant
cross-section for both the micropillars and microcells. The unit
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cell, top view and tilted view of the micropillars and microcells
arrays are also shown in Fig. 1(b). The micropillars consist of
rotating the cross section around a center axis, and the
micropillars are placed in a square array. The microcells consist of
the cross section geometry translated along lines in a triangular
array.

Structures with large static contact angles are typically created
through surfaces with small liquid-solid contact fraction, f,. This is
because in the ideal Cassie—Baxter wetting state

cosfcy = ficosby —f, =f; (cosfy +1) —1 (1)

where 6 is the apparent contact angle in the Cassie-Baxter state
and 6, is the intrinsic Young’s contact angle of the liquid on the
surface. As can be seen from this equation, a small f; is desirable
for a large apparent contact angle, 6cs. The solid fraction for the
micropillar geometry can be calculated as

n?
T )

where D is the diameter of the re-entrant top and P is the pitch.
For the microcell array, the solid fraction is

_ W(2P-W)
50 T Pz

where Wis the width of the re-entrant top and Pis the pitch.

In addition to the apparent contact angle, the breakthrough
pressure is another important design parameter. The
breakthrough pressure determines the thermodynamic stability of
droplets in the Cassie—Baxter state. The breakthrough pressure is
the Laplace pressure at which the droplet transitions from the local
energy minimum in the Cassie-Baxter state into the Wenzel state.
The breakthrough pressure can be calculated from the ratio of the
unit maximum surface energy to the unit stress area [45]. For
micropillar arrays, the breakthrough pressure is

fo=

3)

p __ 4D
b = 4P _mDe!

where y is liquid surface energy [25]. For the microcells, the
breakthrough pressure is

4

B

Pb,c = m}’

(5)

Figure 2 shows the wetting behavior of micropillar arrays of
different diameter and pitch (Fig.2(a)) and microcell arrays of
various width and pitch (Fig. 2(b)). The Figs. 2(a)(i) and 2(b)(i)
apparent contact angle 6. and Figs. 2(a)(i) and 2(b)(ii)
breakthrough pressure P, shown are based on Egs. (1)—(5). We
assume the smallest possible micropillars have a diameter of
D =5 pm and microcells have the smallest width of W = 5 pm
based on 3D printing resolution. In principle, structures as small

Tilted view
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Figure1 Schematic of dual-level triply re-entrant (a) cross section for (b) micropillar array and (c) microcell array. The micropillar array consists of rotating the cross-
section around a center axis while the microcell array consists of translating the cross-section into a triangular lattice.
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Figure2 Static wetting properties of (a) micropillar and (b) microcell arrays. (i) Apparent contact angle fcg and (i) breakthrough pressure P, for various widths and
pitches. The fabricated micropillar and microcell array is marked in the figures with a black circle. P, is plotted on a log-scale. (c) Pareto frontier of fcg and Py,
achievable for micropillars with a minimum diameter of 5 pm and microcells with a minimum width of 5 pm. The fabricated micropillars and microcells are shown

with circles.

as 1 um diameter and width can be printed, though there may be
issues with imprecision and imperfections and the time needed to
create such small structures over larger areas. The contour plots
show all values of breakthrough pressure greater than 1(° kPa for
the micropillars and greater than 10 kPa for the microcells at
those values. As can be seen from Figs. 2(a) and 2(b), there is a
tradeoff between achieving high apparent contact angles and high
breakthrough pressure. Structures with larger pitches tend to have
smaller solid fractions and thus, higher apparent contact angles.
However, larger pitches result in smaller breakthrough pressures
and thus, the Cassie-Baxter wetting state is less stable. Figure 2(c)
plots the Pareto frontier of the apparent contact angle and
breakthrough pressure achievable assuming a minimum
micropillar diameter D = 5 pm and microcell width W = 5 pm.
Micropillars are capable of achieving higher apparent contact
angle and breakthrough pressure simultaneously than microcells.

In order to be able to create structures with both large apparent
contact angles and breakthrough pressures, it is necessary to create
pillars with diameter as small as possible or cells with width as
small as possible. Methods such as reactive ion etching and
chemical vapor deposition have been utilized to create pillar-like
structures at the nanoscale [4,46-48] and nanoscale cavities or
holes [49]. Re-entrant nanopillars have been demonstrated with
high apparent contact angles for a wide variety of liquids and high
breakthrough pressures [4, 7]. For example, glasswing butterfly
inspired surfaces demonstrated static water and ethylene glycol
contact angles of 162.1° + 2.8° and 155.2° + 2.28°, respectively,
with an approximate breakthrough pressure of 30 kPa [4]. Re-
entrant nanocavities have also been created for anti-fogging [5].
However, these nanomanufacturing methods lack the tunable
control of 3D printing described here and are only able to achieve
singly re-entrant structures.

Micropillars and microcells that balance the tradeoff between
apparent contact angle and breakthrough pressure were simulated
in more detail and fabricated. The micropillars have a diameter
D =5 pum and pitch P = 80 pm, while the microcells have a width
W = 10 pm, and pitch P = 80 pm. According to the analytical
equations above, for micropillars, the apparent contact angle
Ocn, = 146.0° and the breakthrough pressure P,, = 1.20 kPa. For
the microcells, the apparent contact angle 6., = 129.6° and the
breakthrough pressure P, = 4.13 kPa. The theoretical apparent
contact angles and breakthrough pressures of the fabricated
micropillars and microcells are shown in Fig. 2 with circles.

Figure 3 shows the detailed simulation results. For both the
micropillars and microcells, the rest of the geometry based on the
schematic shown in Fig. 1 is defined by H = 50 um, H, = 25 pm,
t,=2pm, t,=1pm, t;= 1 pm, W, =4 pm, and W; = 1 um. The
micropillar dimensions are the same as those in Liu et al [25],
which was determined to be optimal for achieving high apparent
static contact angle with micropillars.

The liquid droplet was found to pin in three different
metastable locations on the triply reentrant cross-section of the
micropillars or microcells (Fig.3(a)). Figure 3(b) shows the
simulation results at different three-phase contact line pinning
locations for the water droplet. The results agree fairly well with
that of the analytical equations where the droplets are assumed to
pin at location 1. The static contact angles and breakthrough
pressures are the highest when the droplet is pinned at location 2
on the structures. Figure 3(c) shows the equilibrium shape of the
droplet where the three-phase contact line is pinned at location 2
on the structures and the static contact angles are 8.,, = 151.0°
and B, = 141.0°. Figure 3(d) displays snapshots of breakthrough
pressure simulation when the droplet contact line is pinned at
location 2. In our simulations, two different transition modes were

www theNanoResearch.com | www.Springer.comjjounal/12274 | Nano Research
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Figure3 Simulation results. (a) Schematic showing three locations where the water may be pinned. (b) Static contact angle fp and breakthrough pressure P, for
different contact line pinning locations. Snapshots showing (c) the static contact angle and (d) the breakthrough pressure simulations. (e) Static structural finite element
simulation results showing equivalent stress in MPa under 1.2 kPa normal compressive pressure at the top surface and tangential force corresponding to a coefficient of

friction of g = 0.7 for (i) micropillar and (ii) microcell.

observed when the surface can no longer support the curvature of
the liquid-air interface and the contact line. For pinning location
1, the droplet was observed to depin on the surface and the droplet
continues sliding along the walls of the re-entrant structure. At
pinning locations 2 and 3, the droplet bulges and contacts the
central pillar or wall in the cross section. Base failure is also
possible in these types of structures where the droplet droops and
touches the bottom surface [50], though our structures were
sufficiently high where this transition mechanism was not
observed. These simulations suggest that at least in principle,
doubly re-entrant structures should perform as well as triply re-
entrant structures since the droplet pinned at location 3, in fact,
has a lower static contact angle and breakthrough pressure than
the droplet pinned at location 2. There may be advantages to
printing triply re-entrant structures in practice though due to
printing imprecision and imperfections such as surface roughness.
The dual-level printed structures also add another layer of
redundancy or self-similarity to the structures which may provide
for better stability of Cassie-Baxter wetting in spite of
manufacturing defects and imperfections.

Figure 3(e) shows the results of static structural finite element
simulations performed on micropillars (Fig. 3(e)(i)) and microcell
structures(Fig. 3(e)(ii)). The IP-S photoresist was assumed to have
a Young’s modulus of E = 2.6 GPa and Poisson’s ratio v = 0.4.
Periodic boundary conditions are implemented in the case of the
microcavity to capture the semi-infinite nature of the surface. A
compressive pressure of 1.2 kPa was applied just like in the
experiments and a tangential force corresponding to a sliding
coefficient of friction u = 0.7 was also applied to the surface. The
maximum equivalent stresses for the micropillars and microcells
are 0.61 and 0.19 MPa, respectively. The micropillars resemble
cantilevered beams and the maximum stress occurs near the base
of the pillars (as they do in cantilevered beams) where the bending
moment is maximum. In contrast, the microcells are
interconnected and more truss-like. The maximum equivalent
stress occurs at the corners of the triangular holes near the top of

the microcell. The equivalent stress for the micropillars is not only
over 3 times larger than that of the microcells, but also is in a
location, which is more likely to lead to overall failure of the
structure. While micropillars may in principle, achieve higher
static contact angle and breakthrough pressure simultaneously
compared with microcells, they have the key shortcoming of poor
mechanical stability as will be confirmed experimentally later.
Figure 4 shows the fabricated micropillars (Fig 4(a)) and
microcells and their wetting properties (Fig.4(b)). Scanning
electron microscopy (SEM) images from the top (Figs. 4(a)(i) and
4(b)(1)) and 15° tilted view (Figs. 4(a)(ii) and 4(b)(ii)) are both
shown. For wetting experiments, droplets with 5 pL of volume
were used and the measurements were repeated 3 times per
sample. Representative liquid droplet images of the wetting
behavior of the various substrates are also shown, depicting the
high apparent static contact angle (Figs. 4(a)(iii) and 4(b)(iii)) and
high contact angle hysteresis (Figs. 4(a)(iv) and 4(b)(iv)) with
water. The pillar array before coating shows high apparent static
contact angles > 150° for both water (72.8 mN/m) and ethylene
glycol (47.7 mN/m). The static contact angles are 156.7° + 2.1° and
148.5° + 2.0° for water and ethylene glycol, respectively. However
the contact angle hysteresis values for those liquids on these
surfaces are large. The contact angle hystereses are 30.0° + 3.5° and
58.0° + 10.0° for water and ethylene glycol, respectively. The
apparent contact angles for the microcell array are 147.0° + 2.0°
for water and 138.0° + 2.5° for ethylene glycol. The hysteresis
values are also high with 53.0° + 4.5° and 85.0° + 6.5° for water
and ethylene glycol, respectively. For comparison, the wetting
behavior of a flat photoresist (IP-S) surface was also characterized.
The apparent water contact angle is 56.8° + 3.7° and water contact
angle hysteresis is 40.2° + 4.4° (Figs. 4(c)(i) and 4(c)(ii)). The
apparent ethylene glycol contact angle is 41.9° + 4.3° and contact
angle hysteresis is 53.1° + 5.1°. The high contact angle hysteresis
values are indicative of rose petal wetting, instead of lotus leaf
wetting. Instead of rolling off the surface easily, the droplets
remain adhered to the surface even when ftilted to large angles.
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Figure4 Microstructure and wetting properties of 3D printed microstructures. (a) Micropillar and (b) microcell (i) overhead SEM image, (i) 15° tilted side view SEM
image, (iif) apparent static contact angle, and (iv) tilted image showing high contact angle hysteresis. The water contact angle hysteresis is 30.0° + 3.5 and 53.0° + 4.5°
for the micropillars and microcells, respectively. (c) Flat sample (i) apparent static contact angle and (ii) tilted image before sliding. The contact angle hysteresis is 40.2°

+4.4°

These surfaces are not super-repellent. In addition, the micropillar
array samples have a measured breakthrough pressure of 1,020 +
70 Pa, while the microcell structures have breakthrough pressure
of 550 + 70 Pa.

To reduce contact angle hysteresis, we coated the
microstructures with oleophobic, fluorinated SiO, nanoparticles.
Figure 5 shows the results with the nanoaparticle coating. Contact
angle hysteresis may be reduced by reducing the contact area
fraction [50] and nanoparticles also have re-entrant geometry.
Figure 5(a) shows transmission electron microscopy (TEM)
images of the fluorinated SiO, nanoparticles. The diameter of the
nanoparticles is 39.3 + 8.1 nm, as calculated using Image] software

(a)

(b)

from 5 sample TEM images with an overall count of 247
nanoparticles. Figure 5(b) shows the wetting results of the
fluorinated SiO, nanoparticles on flat photoresist. The apparent
water contact angle is 139.2° + 5.3° and water contact angle
hysteresis is 53.5° + 4.5°. The apparent ethylene glycol contact
angle is 131.8° + 4.4° and contact angle hysteresis is 65.3° + 4.8°.
The nanoparticles alone do not have super-repellency properties.
Nanosphere lithography methods [51, 52] were utilized to coat
the nanoparticles onto the 3D printed structures. The
nanoparticles do not coat the surface uniformly due to the 3D
morphology of the surface and after drying, the nanoparticles
appear clustered on the microstructures. Larger diameter

(i) (i)

Figure 5 Nanosphere coating results. (a) TEM images of fluorinated SiO, nanoparticles. (b) Wetting of flat sample photoresist coated with nanoparticles. (i) Static
contact angle and (ii) 15° tilted image. The contact angle hysteresis is 23.3° + 4.1°. Microstructure and wetting properties of 3D printed samples coated with
nanospheres for (c) micropillar and (d) microcell. (i) overhead SEM image and (ii) 15° tilted side view, (iii) zoomed in SEM image, and (iv) apparent water static
contact angle image. The contact angle hysteresis of the micropillars with nanospheres and microcells with nanospheres are 1.5° + 0.5° and 2.5° + 1.5°, respectively, and

too low to be observed.

www theNanoResearch.com | www.Springer.comjjounal/12274 | Nano Research



5684

(=~ 250 nm) polytetrafluoroethylene (PTFE) nanoparticles were
also tested but led to worse performance as they may compromise
the re-entrant geometry of the micro-pillars. Instead, the smaller
diameter (~ 40 nm) SiO, fluorinated nanoparticles were used
which create nano-reentrant clusters upon drying, as seen in Fig.
5(a). The oleophobic nanoparticles increase the hierarchical re-
entrant roughness (adding both micro-reentrant and nano-
reentrant roughness) which improves the static contact angles,
hysteresis angles, and breakthrough pressures. The wetting
properties are improved without the need for nanoparticle coating
uniformity, which suggests ease of fabrication.

Figure 5 shows the micropillar/nanoparticle (Fig. 5(c)) and
microcell/nanoparticle (Fig. 5(d)) surfaces. SEM images from the
top (Figs. 5(c)(i) and 5(d)(i)) and 15° tilted view (Figs. 5(c)(ii) and
5(d)(ii)) are both shown. A zoomed-in SEM image is also shown
for both structures. For 3D printed micropillars, adding a
nanoparticle coating increased the water and oil contact angle
from 156.7° + 2.1° and 148.5° + 2.0°, respectively, to 170.0° + 1.5°
(Fig. 5(a)(iv)) and 161.0° + 2.5°, respectively. The water and
ethylene glycol hysteresis values reduced from 30.0° + 3.5° and
49.0° £ 5.5° respectively, to 2.0° + 1.5° and 4.5° + 2.0, respectively.
The micropillars with nanoparticles structures have a measured
breakthrough pressure of 1,130 + 40 Pa (up from 1,020 + 70 Pa
prior to coating).

The microcells demonstrate similar improvement. The
microcell water and ethylene glycol contact angle increased from
147.0° + 2.0° and 138.0° + 2.5, respectively, to 167.3° + 1.8° (Fig.
5(b)(iv)) and 159.5° + 2.5°, respectively. The water and ethylene
glycol hysteresis values reduced from 53.0° + 4.5° and 64.3° + 5.0°,
respectively, to 2.5° + 1.5° and 4.5° + 2.0° respectively, after
nanoparticle coating. Microcells with nanoparticles structures have
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Figure 6 Water and ethylene glycol contact angle and hysteresis as a function of abrasion for (a)(i) micropillar/nanoparticles and (b)(i) microcell/nanoparticles. (a)(ii)
and (iii) SEM images of micropillar/nanoparticles after 1 cycle of abrasion, in one direction only. Approximately 70% of pillars were destroyed. (b)(ii) and (iii) SEM
images of microcell/nanoparticles after 100 cycles of abrasion.
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an experimental breakthrough pressure of 1,120 + 40 Pa (up from
550+70Pawithoutnanoparticles). Thestaticcontactangleand contact
angle hysteresis of the structures increased and decreased,
respectively, due to smaller liquid-solid contact fractions, f..
Furthermore, the breakthrough pressures also increase as the
addition of the re-entrant nanospheres may provide for more
metastable states where the droplet may pin. The integrated
micro-/nanostructures demonstrate far better performance than
the micro-/nanostructures alone indicating the importance of
combining the 3D printed microstructures with nanoparticles in
achieving high static contact angles and low contact angle
hysteresis.

The structures were next tested for their abrasion durability.
Figure 6 shows the results of abrasion durability tests
for the micropillar/nanoparticles (Fig.6(a)) and the
microcell/nanoparticles (Fig. 6(b)). Figure 6(a)(i) shows how the
static contact angle and contact angle hysteresis change with the
abrasion cycle for micropillar array. After just a single cycle of
abrasion, the water contact angle dropped significantly from
170.0° + 1.5° to 91.0° + 8.0°. The contact angle hysteresis also
increased from an angle of 2.0° + 1.5° to its maximum value of
more than 90°, where the droplets stayed on the structure and did
not roll off. The oil static contact angle also dropped from 161.0° +
2.5° to 74.0° + 12.0°. Figure 6(a)(ii) shows a SEM image of pillar
array after one abrasion cycle. After just a single abrasion cycle, the
majority of the micropillars, or approximately 70%, are destroyed.
Since the maximum equivalent stress occurs at the base of the
pillars, they are easily destroyed. As most of the micropillars are
destroyed after a single abrasion cycle, the wetting properties do
not change much after that, and almost all the pillars are
completely destroyed after only 10 cycles of abrasion. These results
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suggest that micropillar arrays are not appropriate for real life
applications.

In contrast, the microcell array shows much better mechanical
durability. Figure 6(b)(i) shows the wetting behavior performance
with abrasion of the microcell coated with nanoparticles. After
100 cycles of abrasion, the water contact angle was 152.0° + 3.5°
withhysteresisof7.1°+2.5°. Thecontactangleforethyleneglycoloilafter
100 cycles of abrasion was 145.0° + 5.5° with hysteresis of 13.0° +
6.5°. The microcell array remains superhydrophobic and has very
high oil contact angle even after 100 cycles of harsh abrasion.
Figure 6(b)(ii) shows the SEM image of the abraded sample after
100 cycles. The microcell array retains its morphology, while there
is some residue left from the Scotch-Brite abrasive pad.

4 Conclusions

We report on super-repellent re-entrant microcell/nanoparticle
array with high static contact angle, low hysteresis, high
breakthrough pressure, and high mechanical durability. The re-
entrant microcell/nanoparticle structures show static contact
angles of 167.3° + 1.8° and 159.5° + 2.5° and contact angle
hysteresis values of 2.5° + 1.5° and 4.5° + 2.0° for water and
ethylene glycol oil, respectively. Abrasion tests as well as
mechanical properties simulation results demonstrate that the
microcell has very good mechanical durability. The water and oil
contact angles for microcell arrays after 100 cycles of abrasion by
Scotch-Brite abrasive pad with 1.2 kPa of pressure were 152.0° +
3.5° and 145.0° + 5.5°, respectively, with hysteresis of 7.1° + 2.5°
and 13.0° + 6.5° respectively. On the other hand, micropillar
arrays lose their liquid repellency performance after just a single
abrasion cycle. While micropillars may achieve higher static
contact angle and breakthrough pressure simultaneously
compared with microcells, their protrusive geometry results in
very poor mechanical abrasion durability, which is likely to
preclude their use in many applications. Integration of the 3D
printed microstructures and nanoparticles are key to achieving a
combination of both high static contact angle and low contact
angle hysteresis. The microcell may be useful for a wide range of
applications in medical devices, electronic devices, optoelectronics
and many more.
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