
Fabrication of transparent and microstructured
superhydrophobic substrates using additive

manufacturing

Ahmed Aldhaleai and Peichun Amy Tsai⇤

Mechanical Engineering, University of Alberta, Edmonton, Alberta T6G 1H9, Canada

E-mail: peichun.amy.tsai@ualberta.ca

Abstract
We report facile one- and two-step processes for
the fabrication of transparent ultra-hydrophobic
surfaces and 3D-printed superhydrophobic (SH)
microstructures, respectively. In the one-step
method, polydimethylsiloxane (PDMS) solution
is treated thermally at 350�C for 4 hours, while
PDMS soot is generated and deposited on a glass
slide to obtain a transparent SH surface without
further chemical modification. For the two-step
approach, SH surfaces are obtained by incorpo-
rating a 3D-printing technique with a convenient
hydrophobic coating method. Herein, we first 3D-
print microstructured substrates with particular
surface parameters, which are designed to facili-
tate a stable gas-trapping, Cassie-Baxter (CB) wet-
ting state based on a thermodynamic theory. We
subsequently coat the 3D-printed microstructures
with candle soot (CS) or Octadecyltrichlorosilane
(OTS) solution to make superhydrophobic sur-
faces with mechanical durability. These surfaces
exhibit an ultrahigh static water contact angle (CA,
✓ ' 158± 2� and ✓ ' 147± 2� for the CS and OTS
coating, respectively) and a low roll-o↵ angle for
water droplets. Both static and dynamic (in terms
of the advancing and receding) contact angles of a
water droplet on the fabricated SH surfaces are in
good agreement with the theoretical prediction of
Cassie-Baxter contact angles. Furthermore, after
a one-year-long shelf time, the SH substrates fab-
ricated sustain good superhydrophobicity after ul-
trasonic water treatment and against several chem-

ical droplets. All these methods are simple, cost-
e↵ective, and highly e�cient processes. The pro-
cesses, design principle, and contact angle mea-
surements presented here are useful for prepar-
ing transparent and superhydrophobic surfaces us-
ing additive manufacturing, which enables large-
scale production and promisingly expands the ap-
plication scope of utilizing self-cleaning superhy-
drophobic material.

Introduction
Superhydrophobic (SH) surfaces consist of hy-
drophobic material with micro- and nano-scale
roughness or structures, with a static water con-
tact angle (CA) greater than 150�,1 and have
attracted significant interest due to their impor-
tance in both scientific research and practical ap-
plications. Many natural living systems such
as lotus leaves,2–4 ramee leaves,5 rice leaves,6

and butterfly wings7 exhibit superhydrophobicity,
giving rise to self-cleaning,8–10 water or oil re-
pellency,11,12 drag-reduction,13 anti-icing,14 anti-
fouling,15 and many other appealing applications.
These applications have inspired many researchers
to develop artificial SH surfaces with biomimetic
structures of an ultrahigh CA, but ultralow water
adhesion.

The wettability of SH surfaces strongly depends
on both the surface geometry (e.g., surface rough-
ness and structures) and chemical nature (e.g., sur-
face free energy). Therefore, most studies have
mainly focused on either altering the chemical
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Figure 1. Schematic of the three processes for preparing superhydrophobic (SH) surfaces. In (a), transparent SH
surface and SH powder were prepared using a one-step heating procedure of liquid PDMS at 350�C for four hours.
When the liquid PDMS is heated, it decomposes and generates soot, depositing on a glass slide (GS) to form a
transparent SH surface. The remaining silicon powder left in the pyrex also shows SH properties for water droplets.
In (b) and (c), using two-step processes, we first 3D-printed microstructures (MS) and subsequently coated them
with a hydrophobic coating with candle soot (top) or OTS solution (bottom) for 10 mins. The inset on the right
shows the microscope (top-view) image of the 3D printed microstructures after a hydrophobic coating. The scale
bar corresponds to 500 µm.

composition of the material or creating e�cient
micro- or nanoscale structures to fabricate robust
SH structures. The e↵ect of micro- or nanoscale
structures on surface wetting is commonly at-
tributed to two wetting modes: first, homogeneous
Wenzel (W) wetting state, where the liquid fills in
the surface cavities and completely wets the sur-
face textures,16 and second, heterogeneous wetting
of Cassie-Baxter (CB) mode, in which the liquid
drop sits on the top of the hydrophobic texture with
gas trapped beneath the drop.17 The gas-trapping
CB wetting state, contributing to a large contact
angle and a low CA hysteresis, is critical to re-
silient superhydrophobicity, which is beneficial for
various applications in surface engineering. How-
ever, the long-term stability of the preferred CB
state on SH surfaces is still challenging and can
be lost through an irreversible wetting transition to
Wenzel state, when exposed to a high-temperature
environment,18 droplet evaporation,19,20 or surfac-
tant additives.21–23

In so far, numerous e↵orts have been made in

fabricating artificial robust hydrophobic or SH sur-
faces using several micromachining technologies,
including lithography,24 chemical etching,25 deep
reactive-ion etching (DRIE),26 polymer coating,27

replica molding,28 self-assembly,29,30 electrospin-
ning,31 and so forth. These techniques are able to
fabricate mostly two-dimensional (2D) patterns or
3D random structures or random roughness, un-
less using costly or multiple masks with specific
geometries or simple 3D structures.32–34 Albeit
some studies reported complex 3D structures, their
fabrication process is rather complicated, time-
consuming, and expensive.35,36

Additive manufacturing (or 3D-printing technol-
ogy) has recently attracted much interest because
it can produce 3D structures with well-defined ge-
ometries on both rigid and flexible substrates via
a one-step process and also utilize a wide variety
of resin materials.37,38 Besides, aiming at large-
scale applications of superhydrophobic (or hybrid)
surfaces, a few promising methods have been put
forward lately, despite multiple chemical/material
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engineering processes involved. Han et al.39 used
3D-printed waveform microstructures to fabricate
biomimetic hybrid (hydrophilic/hydrophobic) sur-
faces for water harvesting. This method involves
multiple processes, including 3D-printing, solvent
etching, mixture molding, and finally, hydrophilic
sputtering to create nano/micro-roughness, result-
ing in a water contact angle of 136�. Liao et al.40

fabricated a superhydrophobic conductive cotton
fabric (of PDMS@AgNWs) in a size of 3 cm ⇥ 3
cm via a dipping-thermal curing method. The re-
sult yielded a high water contact angle of 156� and
a good separation e�ciency (of 95.6%) for an oil-
water mixture. Wang et al.41 developed highly hy-
drophobic composite coatings, by adding spheri-
cal and ellipsoid potato starch granules into PDMS
solution that will be cured using a hot air gun
for fifteen minutes. The obtained PDMS@starch
composite coating has a water contact angle close
to 150� and can separate an oil-water mixture,
with the separation e�ciency above 99% and a
flux as high as 9460 L/m2 /h. Although a few
of studies have lately demonstrated that a 3D-
printing technology is e↵ective in manufacturing
SH surfaces,42–54 there are still some challenges
in the fabrication of resilient SH surfaces due to
their short-term wetting stability or some addi-
tional complicated steps involved in the fabrica-
tion.

Here, we report facile and simple (one- and two-
step) approaches to fabricate SH surfaces with
a high CA and low roll-o↵ angle (ROA) for
self-cleaning and water-repellent applications (see
Fig. 1). Using the one-step method, we are able to
produce transparent superhydrophobic (TSH) sur-
faces with random roughness, to study the influ-
ence of random structures vs. regular patterns on
the wetting properties and contact angles of water
droplets on the SH surfaces fabricated. In the two-
step process, we incorporate a 3D-printing tech-
nique with a hydrophobic coating to produce ro-
bust SH textures composed of regular square pil-
lars, which are designed according to a thermody-
namic theory for a stable gas-trapping CB state.
Finally, our measurements of static and dynamic
CAs of water droplets on all the prepared SH sur-
faces show high values and agree well with those
predicted by using the Cassie–Baxter model.17

Material and Methods

Chemicals and devices
Polydimethylsiloxane (PDMS) (Sylgard184, Part
A) with a curing agent (methylhydrosiloxane with
Pt catalyst, Part B) was supplied by (Dow Corn-
ing Corporation). Microscope glass slides (GS,
26 mm ⇥ 76 mm ⇥ 1 mm) were purchased from
(Bio Nuclear Diagnostics Inc) for the fabrication
of the transparent SH surfaces. A mu✏e furnace
(Thermo scientific) was used for the heat treat-
ment process. Pyrex was used as a container for
the PDMS during the heat treatment. Octadecyl-
trichlorosilane (OTS), toluene, sulfuric acid, hy-
drogen peroxide, acetone, and ethanol were ob-
tained from Sigma-Aldrich Canada. Commercial
candles were used for the hydrophobic coating of
candle soot. All of the reagents were used as re-
ceived without any further treatment. The water
used in this experiment was ultra-pure Milli-Q wa-
ter (PURELAB Ultra, resistivity: 18.2 M⌦.cm).
3D microstructured substrates were 3D printed
with a clear resin using a 3D printer (Formlabs,
Form 2).

One-Step Fabrication of Transparent
Superhydrophobic Surfaces
A glass slide (GS) was used as the solid substrate,
which was repeatedly and ultrasonically cleaned
with acetone, ethanol, and rinsed with Milli-Q wa-
ter several times, and finally dried using a nitrogen
gun. The substrates were subsequently placed in
a freshly prepared “piranha” solution,55 a mixture
of H2SO4/H2O2, 4:1 (v/v), for 1 h and rinsed sev-
eral times with flowing Milli-Q water and finally
dried with nitrogen. PDMS base and curing agent
(at 10:1 mass ratio) were poured and mixed in a
pyrex container for 10 mins. The mixture was then
degassed in a vacuum desiccator until all the air
bubbles were removed. The GS subsequently was
placed upside down on the top of the pyrex, which
contained the PDMS solution and was heated in
a mu✏e furnace at 350�C for 4 hours. The dis-
tance between the PDMS liquid and the GS, as
shown in Fig. 1a, was about 1.5 cm. After the
heat treatment (350� for 4 h), the liquid PDMS de-
composed and generated soot, which in turn de-
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posited on the upper GS, forming a transparent SH
surface56 (see Fig. 2a). The surface coated with
PDMS soot had an average static water contact an-
gle of ✓ ' 170 ± 2�, as shown by the side-view in
Fig 2a. The remaining white silicon powder left
in the pyrex also shows super-repellency against
water.

Two-Step Fabrication Processes of 3D-
printed Superhydrophobic microstruc-
tures
To obtain SH microtextures, we designed our sur-
faces to have regular micron-sized square pillars of
width, D, height, h, and interspace, S , in a square
lattice with a periodicity, P = D+S (see Fig. 2b-c).
The microstructures were characterized with two
crucial geometrical parameters: solid-liquid pack-
ing fraction, �, which is the ratio of the liquid-solid
surface area (pillar-top area) to the total (liquid-
solid and liquid-gas) areas, and surface roughness,
r, corresponding to the ratio of the total surface
area to the projected one (on a 2D plane). These
parameters can be calculated using the following
relations:59,60

� =
D

2

P2 , (1)

r =
P

2 + 4Dh

P2 . (2)

Generally, r describes the relative change in the
liquid/solid area for a rough surface compared to
a flat surface in a Wenzel state.16 � describes the
percentage of the liquid-solid contact area in a CB
mode.17

To design SH surfaces with a stable CB state,
we use a model based on the comparison of the
global surface energies, ECB and EW, for a CB and
the Wenzel wetting droplet on the microstructures,
respectively. The total surface energy ECB or EW

is the magnitude of the total energies needed for
creating interfaces when placing a CB or Wenzel
drop onto the microstructures. The total surface
energy for a CB or a Wenzel droplet on the 3D-
printed micro-texture, denoted by ECB and EW , re-
spectively, can be modeled by:1,19,55,58,61

ECB = N [�lsD
2 + �sg(4Dh + P

2 � D
2)

+ �lg(P2 � D
2)] + �lgS cap,

(3)

EW = N [�ls(P2 + 4Dh)] + �lgS cap, (4)

where N = S b
P2 is the number of asperities beneath

the drop, �ls, �sg, and �lg are the interfacial tensions
for the liquid-solid, solid-gas, and liquid-gas inter-
faces, respectively, S cap is the spherical cap sur-
face area of the water drop entirely in contact with
the air, and S b is the base surface area. Here, we
assume flat menisci beneath the drop. Using the
Young–Duprè equation,62 �ls = �sg��lg cos ✓Y, the
total surface energies for the two states on the su-
perhydrophobic microstructures can be calculated
using the roughness, r, and the solid fraction, �:

ECB = S b [�sgr + �lg(1 � � (1 + cos ✓Y))] + �lgS cap ,
(5)

EW = S b [�sgr � �lgr cos ✓Y] + �lgS cap. (6)

The energy di↵erence, ECB � EW , allows us to
predict the critical contact angle ✓⇤ when ECB =

EW . Using the above two equations, one can ar-
rive at the physical criterion of the critical contact
angle ✓⇤ that delineates the surface parameters for
a stable CB vs. Wenzel state, by equating ECB =

EW:1,19,55,58,61

cos ✓⇤ =
� � 1
r � � . (7)

Theoretically, a CB droplet is thermodynamically
more stable when ECB < EW , which corresponds
to a larger contact angle, ✓ > ✓⇤. According to ther-
modynamics, a stable CB occurs when ECB has
a lower energy compared to that of a W wetting
mode, i.e., ECB < EW , by tuning the surface pa-
rameters of r and �.

This criterion is plotted in Fig. 2d. For the given
important surface properties of r, �, and ✓F, which
is Young’s contact angle of a water droplet on the
flat surface of the same material, a stable CB state
can occur on the hydrophobic micro-structures
with a high roughness r > (� � 1)/ cos ✓F + �
(i.e., the upper (yellow) area in Fig.2 d). Based
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Figure 2. (a) Side-view of a water droplet deposited on the transparent PDMS-soot SH surface fabricated, revealing
a Cassie-Baxter (CB) wetting state with an extremely high contact angle of ✓ = 169.7�. Side-view of a water droplet
deposited on the 3D-printed microstructures coated with candle soot (CS) in (b), while with OTS in (c). After the
hydrophobic coating, the additive manufactured microtextures become superhydrophobic (SH) with a large contact
angle (✓ > 150�), revealing a gas-trapping CB wetting state for a water droplet. The insets in (b) and (c) show the
top-view of the SH micro-structures fabricated. The microtextures are 3D-printed with a square pillar pattern of
pillar width (D), height (h), and separation distance (S ), which are designed according to a thermodynamic theory
to have a stable CB wetting state. Here, D, h, and S are of the order of magnitude of 10�4m, yielding the surface
roughness and packing fraction to be r = 2.87 and � = 0.27, respectively. The small inset in (c) shows an optical
microscopic image of the top-view of the superhydrophobic surface coated with OTS (4). The scale bars in (b) and
(c) correspond to 500 µm. (d) Phase diagram based on the energetic argument55,57,58 can be divided into a stable
CB state region (in the upper region, e.g., yellow) and a stable W phase (in the lower region, e.g., green, pink, and
blue) for di↵erent Young’s angles (✓F). For a comparison, we also plot previous experimental data by Yeh and Chen
using square-pillar microstructures59 (with ⇤, ⌅, denoting a CB and Wenzel state, respectively). The critical CB-W
separation lines based on Eq. (7) are plotted for di↵erent Young’s contact angles on flat surfaces, for Yeh and Chen’s
OTS-coated surface with ✓F = 110� 59 ( ) as well as our surfaces coated with OTS of ✓F = 123� ( ) and with CS
of ✓F = 135� ( ). At high surface roughness (r) and high solid-fraction (�), the initial drop shape always exhibits
CB states (denoted by the open symbols 4 & ⇤), whereas a Wenzel state (denoted by the filled symbols ⌅) is more
likely observed experimentally at low r and �.

on the criterion above, we designed using Solid-
Works and subsequently printed two microstruc-
tured substrates using a Formlabs (Form 2) 3D-
printer. In our designs, considering the printing
resolution of our 3D printer, the microstructures
are printed in an area size of 66 mm ⇥ 20 mm,
with square-shaped micropillars of h = 750 µm, D

= 410 µm, and S = 400 µm. The printing time for
every two identical substrates was around 8 hours.
The corresponding surface parameters, according
to eqs. (1)–(2), are r = 2.87 and � = 0.27, indi-
cated by the symbol (4) in Fig. 2 d, and theoret-
ically a stable CB wetting is expected for a water
droplet on the SH microstructured fabricated.

We experimentally measured the contact angles
of a water droplet on the flat 3D-printed surfaces
coated with candle soot and OTS to be 135� and
123�, respectively, so as to estimate ✓F for these
materials. With these values of ✓F measured, using
eq. (7), we plot the critical criteria for the di↵erent
✓F-values in Fig. 2d. Based on the thermodynamic
model, a stable CB drop occurs in the upper region
above the critical criterion (i.e., higher r), whereas
a Wenzel state is more favorable for low-roughness
surfaces (i.e., the grey, pink, and blue regions for
di↵erent Young angles, ✓F) since EW < ECB. In a
good agreement, we always observed a CB state
of the initial drop on the SH substrates fabricated
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with 3D printing since our microstructure design
has r = 2.87 and � = 0.27, shown as (4) in Fig. 2d,
which is located in the upper (yellow) region of a
stable CB state (above the critical criterion bound-
ary for the Young angle of interest, e.g., ✓F = 135�
and 123�).

From the two 3D-printed microstructures, one
of the printed substrates was subsequently coated
with candle soot,63–66 while the other with an OTS
solution67–69 to achieve super-repellent properties
with a high contact angle. The former 3D-printed
microstructured substrate was brought horizon-
tally over the center of the candle flame upside
down and moved across back and forth for 10 mins
until the substrate became black to obtain a uni-
form layer of soot deposition (see Fig. 1b for the
schematic procedure). The substrate treated with
candle soot, shown in Fig. 2b, had an average
static water contact angle of ✓ ' 158 ± 2�.

The second microstructure was dipped into an
OTS/toluene solution (0.2 ml of OTS into 100 ml
of toluene, 0.2 vol%) for 10 mins to allow the OTS
to uniformly deposit on the sample (see Fig. 1c
for the illustration). Substrate modified with OTS
was cleaned by sonication in toluene and by rins-
ing again with toluene, ethanol, and Milli-Q water
several times, and finally dried with nitrogen. The
surface treated with OTS, shown in Fig. 2c, had an
average static water contact angle of ✓ ' 147 ± 2�.

Characterization
The surface morphologies of the as-fabricated
transparent PDMS-soot glass substrates were ob-
served with field-emission scanning electron mi-
croscopy (FESEM, Zeiss Sigma), at an accelera-
tion voltage of 5 kV and at di↵erent magnifica-
tions, ranges from 1k to 99k x. From the SEM
images, shown in Fig.3e-f, the deposition layers
are shown to be a large number of micron-sized
clusters, with sizes ranging from 200 nm to 1
µm, while nanosized shoot particles of O(10 nm)
are coated on the clusters. As illustrated in the
high-magnification SEM images, each cluster dis-
plays nanowrinkle structures, forming multi-scale
roughness of TSH surface on the glass substrate.
Both roughness and low-surface-energy are vital
for ultra-hydrophobicity. Herein, PDMS solution
and nanoscale wrinkles were beneficial to the hier-

archical structure, and PDMS can reduce surface
energy for fabricating ultra-hydrophobic coatings.

Fourier transform infrared spectroscopy (FT-IR)
measurements were carried out for the plain glass
and the PDMS-soot coating using an FT-IR spec-
trometer (Nicolet 8700) to examine the SH sam-
ple transparency. The transmittance data of the
PDMS-soot coated glass was close to 80% for
wavenumber ranging from 2500 – 4000 cm�1,
maintaining their optical transparency, when com-
pared with the plain glass.

Results and Discussion

Wetting State and Contact Angle Mea-
surements
The wettability of both the TSH and the 3D-
printed SH microstructures (shown in Fig. 2) is
characterized using static water CA, dynamic CA
(in terms of the advancing and receding CAs), and
the ROA. The roll-o↵ angle (ROA) or so-called
“the angle of inclination” is the minimum tilting
angle at which a water drop rolls o↵ a tilted SH
surface. The ROA is measured experimentally us-
ing a movable stage (Thorlabs TTR001), which
allows for accurately tilting from its initial hori-
zontal position to an inclined position. While still
horizontal, a 10 µl Milli-Q water droplet was gen-
tly deposited on the testing surface, after which
the stage was slowly tilted until this droplet be-
gan to roll over the surface. At this point, the
stage angle relative to the horizontal was measured
and recorded. This measurement was performed at
least seven times for each sample, and all reported
ROAs are averages of all measurements.

On the one hand, static water droplet CAs on
the TSH surface with random roughness showed
a greater contact angle with ✓ ' 170 ± 2�. On
the other, the static CA on the 3D-printed SH
microstructures coated with CS and OTS were
smaller, with ✓ ' 158 ± 2� and ✓ ' 147 ± 2�, re-
spectively. All these fabricated substrates were su-
perhydrophobic, i.e., ✓ � 150� as shown in Fig. 4.
From Fig. 4a-b, we can clearly see the trapped air
between the surface microstructures underneath
the drop. Since both the 3D-printed microstruc-
tured SH surfaces have the same surface structure
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Figure 3. SEM images of the transparent PDMS-soot glass substrates at di↵erent magnifications: (a) 1k, (b) 5k,
(c) 10k, (e) 20k, and (d) 50k, (f) 99k ⇥ of magnification. (g) and (h) are the cluster/particle size distributions of the
SEM images in (b) and (f), respectively. The total numbers of counts in (b) and (f) are 296 and 760, respectively.

(� = 0.27 & r = 2.87) but have di↵erent static wa-
ter droplet CA (by ⇡ 10�), revealing that not only
the surface pattern but also the coating chemical
composition can alter the SH CA on the surfaces.

Two classical models have been used to describe
surface wettability in terms of surface roughness
r and solid-liquid contact area �: Cassie-Baxter
(CB) and Wenzel (W) models. In a CB state, the
surface structure assumed to be partially wetted by
the liquid. In this case, the liquid droplet is in con-
tact with the top of the surface pattern, while a thin
air layer is trapped beneath the drop. Surface tex-
ture, in the later, is assumed to be completely wet-
ted with liquid in a W state. The contact angle for
each model is formulated as follows:16,17

cos ✓CB = � cos ✓F � (1 � �), (8)

cos ✓W = r cos ✓F, (9)

where ✓CB is the CA of water droplets on a rough
surface in a CB state, �, as defined earlier, is the
solid-liquid area fraction to the projected area, ✓F
is the Young CA of a water droplet on a smooth,

flat, rigid, homogeneous, and chemically inert sur-
face, ✓W is the CA of water droplets on a rough
surface in a W state, and r is the surface roughness
factor.

To compare with our experimental data, static
water droplet CAs are then theoretically estimated
using the CB equation (8) and the Young CAs on
the flat GS as well as the flat 3D-printed surfaces
coated with OTS and CS, i.e., ✓F ⇡ 35�, 123� and
135�, respectively. As shown in Fig. 5a, the exper-
imental CAs agree well with the CAs modeled by
the CB equation (8), revealing that all the studied
surfaces wetted in a CB mode with air trapped be-
neath the drop. Since the valid range of the cosine
function is between -1 and 1 and the multiplica-
tion of the terms (r cos ✓F) is either < -1 or > 1, the
Wenzel equation is not applicable in our case.

In addition to the static water droplet CA, the dy-
namic CAs (i.e., advancing and receding CAs) and
ROAs are measured to evaluate the surface adhe-
sion. Fig. 5 b-c shows water droplet advancing and
receding CAs on the three types of SH surfaces
fabricated. The average advancing CA and the
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Figure 4. Comparison of water droplet static, dynamic (in terms of advancing and receding), and roll-o↵ contact
angles on (a) Glass substrate coated with PDMS-soot, (b) 3D-printed microstructures (r = 2.87, � = 0.27) coated
with candle soot (CS), and (c) 3D-printed microstructures coated with OTS. Both the glass coated with PDMS-soot
and the CS microstructured SH surfaces show a high static contact angle and a low roll-o↵ angle, ✓Roll < 5�.

standard deviation of seven water droplets on the
TSH surface was about ✓Adv ' 168.9± 1.4�, which
is close to that on the 3D-microstructured surface
coated with CS, ✓Adv ' 167.4 ± 2.5�. While the
advancing CA on the 3D-microstructured surface
coated with OTS was around ✓Adv ' 154.3 ± 2.6�,
which is lower than the former by approximately
13�. The average receding CAs were also mea-
sured to be large, as illustrated in Fig. 4 and
Fig. 5c.

The measured advancing and receding CAs of
water droplets on the studied surfaces were con-
sistent with the theoretical prediction using the
CB equation due to the presence of air pockets
between water droplets and surface cavities. We
determined the contact angle hysteresis (CAH),
which is the di↵erence between the advancing
and receding contact angles. The average CAH
values (with the standard deviation of seven wa-
ter droplets) are ✓CAH ⇡ 11� (±3�), 10� (±2�),
17� (±4�) and on the TSH, 3D microstructures
coated with CS, and 3D-microtextures coated

with OTS, respectively. Furthermore, the ROAs
of both the 3D-printed microstructured surface
coated with CS and the GS surface coated with
PDMS-soot were extremely low, ✓Roll . 5�, which
makes them great candidates for self-cleaning and
water repellent applications. The 3D-printed mi-
crostructures coated with OTS, however, showed a
higher ROA of approximately ✓Roll > 15�, which
makes the droplet adhere more to the surface.

Chemical and Mechanical Stability of
the SH Surfaces
Superhydrophobic surfaces’ longevity and stabil-
ity are vital for their applications in practice, as
some rough micro/nanostructures required in fab-
ricating superhydrophobic surfaces may be too
fragile to resist chemical and mechanical dam-
ages. Therefore, we further investigated the super-
hydrophobic substrates’ chemical and mechanical
stability under severe circumstances, including ex-
posing them to di↵erent chemicals and mechanical
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Figure 5. Comparison of measured static water droplet CA in (a) and dynamic CAs (in terms of advancing (b) and
receding (c)) with Cassie-Baxter theoretical model on glass substrate coated with PDMS-soot (⇤, ), 3D-printed
microstructures (r = 2.87, � = 0.27) coated with candle soot (CS) (�, ), and 3D-printed microstructures coated
with OTS (3, ) for seven drops on di↵erent spots on each surface.

ultrasonic vibration.
First, we conducted the surfaces’ chemi-

cal stability by exposing all three surfaces
to 6 di↵erent solvents such as acetone,
poly(diallyldimethylammonium chloride) solution
(PDADMAC), hexadecane, hexane, propylene
glycol, and acetic acid. All of the reagents were
obtained from Sigma-Aldrich Canada and used as
received without any further treatment. Shown in
Fig. 6 are the additional measurements of static
CAs for various droplets of di↵erent chemicals
on the SH surfaces. From all the CA data, both
the PDMS-soot and the 3D-microstructured CS
surfaces still retain superior superhydrophobicity
towards water and all the used solvents, except the
OTS-coated surface lost its super-repellency to-
ward hexadecane, hexane, propylene glycol, acetic
acid with a moderate CA decrease.

Next, we examined our SH surfaces’ mechan-
ical stability since, for some applications, super-
hydrophobic coatings may degrade when work-
ing under aqueous solutions with turbulent flow.
Therefore, we performed a harsh underwater ultra-
sonication test to evaluate the mechanical stability
of the studied surfaces. Herein, all the three su-
perhydrophobic coatings were directly immersed
into Milli-Q water, treated with 20 kHz ultrasoni-
cation for a di↵erent amount of time, ranges from
0 to 60 minutes. All samples were dried using a
nitrogen gun before contact angle measurements.
As shown in Fig. 7, the static water CAs of the
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Figure 6. Comparison of the measured static CA for
various liquids on glass substrate coated with PDMS-
soot (⇤, ), 3D-printed microstructures (r = 2.87, �
= 0.27) coated with candle soot (CS) (�, ), and 3D-
printed microstructures coated with OTS (4, ) for
five drops on di↵erent spots on each surface.

PDMS-soot, candle soot, and OTS coatings de-
creased to about 158�, 153�, 143�, respectively, af-
ter ultrasonication treatment for 60 minutes. The
results suggest that the top loose coating layer
may be dissolved/removed in water. At the same
time, the remaining firmly attached part to the sub-
strate showed superhydrophobic properties with
high water contact angle, especially for PDMS-
soot and candle soot. Based on the stability test
results, these SH surfaces/coatings reveal an ex-
cellent candidate for self-cleaning and underwater
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turbulent drag reduction applications.
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Figure 7. Mechanical stability of the superhydropho-
bic surfaces (in terms of static water CA) against a ul-
trasonication treatment for di↵erent durations. Com-
parison of the measured static CA on glass substrate
coated with PDMS-soot (⇤), 3D-printed microstruc-
tures (r = 2.87, � = 0.27) coated with candle soot (CS)
(�), and 3D-printed microstructures coated with OTS
(4) for five drops on di↵erent spots on each surface.

Moreover, to test the longevity of the SH sur-
faces against the air-exposure time, we con-
ducted more measurements of static contact an-
gles (SCAs) on the three studied surfaces at dif-
ferent time slots, ranging from an hour after sur-
face preparation (0 days) to after being placed in
the lab for 12 months (⇡ 365 days). Even after one
year since the fabrication, these samples (kept in
a petridish) still show good superhydrophobicity
with their CAs slightly decrease from averagely
170�, 164�, 156� to 167�, 158�, 147� (by ⇡ 3�,
6�, 9�) for the glass substrate coated with PDMS-
soot, 3D-printed microstructures coated with can-
dle soot (CS) and coated with OTS, respectively.

Some recent studies reported facile methods that
are applicable for large-scale fabrications of hy-
brid or superhydrophobic materials for the appli-
cations of water harvesting,39 oil-water separation,
quick deicing,40 piezoresistive sensing for human
motion,40 and oil-water separation.41 These meth-
ods used PDMS in a liquid state by either pour
it onto a 3D-printed mold39 or mix it with nano-
particles40,41 and usually involve multiple chemi-
cal and material engineering processes. In com-
parison, our methods yield more robust superhy-
drophobicity with a water CA of 160� on average,
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Figure 8. Comparison of the measured static wa-
ter droplet CA and Cassie-Baxter theoretical model on
glass substrate coated with PDMS-soot (⇤, ), 3D-
printed microstructures (r = 2.87, � = 0.27) coated with
candle soot (CS) (�, ), and 3D-printed microstruc-
tures coated with OTS (3, ) for seven di↵erent sam-
ples. The error bar represents the standard deviation of
seven droplets on each surface.

while possessing long-term material and mechani-
cal stability.

Method Reproducibility for Mass Pro-
duction
For the tests of reproducibility and mass produc-
tion, six more samples were fabricated and eval-
uated by measuring the static, dynamic (in terms
of the advancing and receding) CAs, and ROAs
(the static CA showed in Fig. 8). All the samples
showed superhydrophobic behavior with a large
CA and a low ROA, and the results agree well
with the previous ones. From the agreeable re-
sults of the seven samples, we confirmed the re-
producibility of these methods to obtain robust SH
surfaces that can be mass production using a 3D
printing technology. These superhydrophobic sur-
faces fabricated enable a stable CB wetting for a
water droplet and can benefit various applications
such as self-cleaning and drag-reduction.
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Conclusions
In summary, superhydrophobic surfaces are
facilely obtained using simple one and two-step
fabricating processes. For the former, a trans-
parent SH surface was created via an only sin-
gle heating process of PDMS at 350� for 4 h, by
depositing PDMS-soot on the GS. The surface
obtained using this method showed great super-
hydrophobicity and super-repellency properties
with an ultrahigh CA and ultra-low ROA. The
latter, two-step method was composed of, first,
3D-printed microstructured surface and, second,
a hydrophobic coating using either CS or OTS.
The 3D-printed microstructures coated with CS
showed better superhydrophobic properties with a
high static water CA and low ROA, compared to
those with OTS coating. This reveals that addi-
tional nano-roughness from the candle shoot (on
top of hydrophobic MS) enhances the non-wetting
property or superhydrophobicity greatly.

In terms of applications, a water droplet exhibits
a spherical shape on the GS coated with PDMS-
soot and 3D-printed CS surfaces, which can be
easily rolled-o↵ by incline the surface few de-
grees to remove dirt or contaminants in their way.
Our SH surfaces possess robust superhydropho-
bicity against the various chemical droplets tested,
a ultrasonic treatment in water bath (for 1 hr),
and at least one-year-long shelf life. Finally, we
provide here promising facile, cost-e↵ective, and
highly e�cient fabrication strategies for preparing
transparent super-repellent and superhydrophobic
surfaces using a 3D-printing technique by incor-
porating a thermodynamic model. The method
provided is capable of a large-scale production
and can be applied widely in the applications of
self-cleaning and super-repellent materials in the
fields of surface engineering and material.
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