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ABSTRACT
The rice leaf, combining the surface properties of lotus leaves and shark skin, presents out
standing superhydrophobic properties motivating its biomimesis. We created a novel biomi
metic rice-leaf superhydrophobic surface by a three-level hierarchical structure, using for a first 
time stereolithographic (SLA) 3D printed channels (100µm width) with an intrinsic roughness 
from the printing filaments (10µm), and coated with TiO2 nanoparticles (22 and 100nm). This 
structure presents a maximum advancing contact angle of 165° characterized by lower both 
anisotropy and hysteresis contact angles than other 3D printed surfaces, due to the presence of 
air pockets at the surface/water interface (Cassie-Baxter state). Dynamic water-drop tests show 
that the biomimetic surface presents self-cleaning, which is reduced under UV-A irradiation. 
The biomimetic surface further renders an increased floatability to 3D printed objects meaning 
a drag-reduction due to reduced water/solid contact area. Numerical simulations of a channel 
with a biomimetic wall confirm that the presence of air is essential to understand our results 
since it increases the average velocity and decreases the friction factor due to the presence of 
a wall-slip velocity. Our findings show that SLA 3D printing is an appropriate approach to 
develop biomimetic superhydrophobic surfaces for future applications in anti-fouling and 
drag-reduction devices.
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1. Introduction

Biomimesis aims to solve human problems by 
mimicking the solutions that nature has already 
found through the collaboration of different scientific 
fields, such as chemistry, biology, physics, nanotech
nology, tribology, material sciences, and engineering. 
An example of this is the biomimicry of the topogra
phy of natural surfaces, which aims to reproduce the 
unique arrangement of hierarchical micro and nano- 
structures found in the surfaces of the lotus leaf [1], 
the rice leaf [2], and insect wings [3–5], among others. 

It has applications in the development of new materi
als with topographies that allow anti-biofouling, drag 
reduction, detection of analytes, and improved cataly
sis. Recent investigations report the use of nanoarch
itectonics for the development of new biomimetic 
surfaces, which construct micro and nano-metric 
topographies through the manipulation of atoms and 
molecules [6].

One of the challenges solved by nature is the control 
of the interaction between water and a surface through 
superhydrophobic structures [7], allowing for a drag 
reduction in fluids [8]. Viscous drag and pressure 
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resistance are the two main mechanisms by which 
objects resist the movement of fluids, or vice versa, play
ing a crucial role in the development of hydrodynamic 
structures. From the different contributions to the total 
drag force, viscous drag is the most relevant requiring the 
largest amount of energy to overcome [9]. Nature faces 
this problem using surfaces that either repel water (for 
laminar flows) or stabilize the flow behavior or vortices 
(for turbulent flows). For instance, the shark skin experi
ences drag reduction for turbulent flows due to the 
presence of denticles with riblets on their surfaces [10]. 
The specific surface morphology and superhydrophobi
city found in nature can add other functionalities such as 
self-cleaning, which is found for the lotus leaf [1], the rice 
leaf, and butterfly wings [3]. These naturally occurring 
surfaces repel droplets of water without opposing any 
resistance to their movement due to the presence of air 
pockets at the interface, thus motivating a biomimetic 
design of materials to solve relevant industrial problems 
such as pollution, corrosion, icing, and biofilm formation 
[7,11–14].

Superhydrophobicity is a type of wettability tending 
to repel a drop of water with contact angles above 
150°, a contact angle hysteresis below 10° (difference 
between the advancing and receding angle), a sliding 
angle of less than 5°, and high stability in the Cassie- 
Baxter state (i.e. presence of air trapped between the 
surface and the water droplet) [15,16]. In nature, 
superhydrophobic surfaces have a hierarchical struc
ture at the micro-and nanometric scale [17]. 

Regarding different natural materials featuring this 
behavior, the rice leaf is highlighted because it com
bines the properties of the lotus leaf and the shark skin 
[8], thus having a three-level hierarchical structure as 
depicted in Figure 1a. This structure is based on 
a micrometric arrangement of channels or riblets 
(around 50µm in height with a peak separation sepa
rated of 200µm) with rough papillae on top of them 
(around 2µm) covered by wax (changed surface chem
istry) [18]. This hierarchical structure provides 
a superhydrophobic behavior with a contact angle of 
164° and a sliding angle anisotropy of approximately 
6° [2,8].

Hierarchical superhydrophobic surfaces can be 
manufactured using either physical modification (for 
instance by plasma and molding processes) [19,20], or 
hydrophobic coatings (for instance by spin-coating, 
aerosol, and electrochemical deposition) [21,22]. 
Apart from those processes, 3D printing has been 
gaining interest in the last years since it allows for 
the creation of objects with many possibilities in 
terms of precision, sizes, shapes, mechanical and sur
face properties, including from delicate prototypes to 
robust engineering products. By adding layers of 
a polymeric material, 3D printing can create micro
patterns needed in the hierarchical structure of 
a superhydrophobic surface through techniques such 
as fused deposition modeling (FDM) [23–25], inkjet 
printing [26], one-step 3D printing [27], immersed 
surface accumulation-based 3D (ISA-3D) printing 

Figure 1. (A) Scheme of the hierarchical structure of the superhydrophobic rice leaf surface composed of micrometric riblets and 
hydrophobic papillae with nanometric features on top of them. This structure forms air pockets between the surface and the water 
droplet. (b) Geometry and coordinate axis of the biomimetic surface studied and simulated. Here, the flow moves through the x 
axis with a velocity u, while h represents the height of the microchannel, H stands for the gap between microchannels, W is their 
width (d), and h is the distance between the bottom and the top of the channel. (c) Silanization process of the TiO2 nanoparticles, 
where the HTMS chains attach via the hydroxyl functional groups and provide a hydrophobic behavior. (d) Perpendicular and 
parallel views of the surface for contact angle measurements orientation.
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[28], and mold imprinting [2,3,8], among others. 
However, irrespective of the method used, the printed 
structure cannot reach a superhydrophobic wettability 
by itself as polymeric resins are mostly hydrophilic 
[29]. Moreover, they do not have a hierarchical struc
ture, which directly asks for a surface modification 
such as the application of a nanostructured, hydro
phobic coating. Titanium dioxide (TiO2) based coat
ings are studied since they can provide 
a superhydrophobic character to different materials 
such as cellulose sponges [30], polydimethylsiloxane 
(PDMS) [31], and flat glass pieces [32]. They can be 
applied by dip-coating, spraying, and spin-coating, 
among others [33]. Additionally, coatings consisting 
of TiO2 nanoparticles have been combined with other 
substances due to their photocatalytic, bactericidal, 
and self-cleaning properties [32,34–37]. Rice leaf bio
mimetic surfaces have also been developed using both 
nanostructured silica coatings and 3D printing includ
ing fused deposition modeling (FDM) and mold 
imprinting [8,23], although other coatings can also 
be used for this purpose (for example polydivinylben
zene powder) [2].

Regarding the printing process, stereolitho
graphic (SLA) 3D printing has advantages over 
other 3D printing techniques regarding its deposi
tion speed (105 mm3h−1) and high precision 
(25µm) [38], besides being the oldest and, there
fore, the most mature 3D printing techniques [39]. 
However, despite all these advantages, it has been 
barely used to manufacture biomimetic surfaces. 
Few examples can be found dealing with lotus 
leaves with a contact angle of 139° without any 
additional coating and shark skin with a drag 
reduction of 10% in pipe experiments [40], as well 
as a cactus surface coated with TiO2 nanoparticles 
having a contact angle below 160° [41]. 
A biomimetic surface based on a rice leaf is yet to 
be explored by SLA. Moreover, the use of the 
microstructure provided by the SLA 3D printing 
filaments for the construction of a biomimetic hier
archical structure has not been reported yet. 
Consequently, this study aims at mimicking the 
three-level hierarchical structure of the rice leaf 
using SLA 3D printed microchannels modified by 
the incorporation of TiO2 nanoparticles functiona
lized by hexadeciltrimethylsiloxane (HTMS). Our 
results show that besides the morphology of the 
designed 3D printed structure generated by SLA 
(of around 100µm), the imperfections from the 
presence of SLA 3D printed filaments (of around 
10µm) render a hierarchical structure providing 
a further roughness to the printed surface, to 
which the nanoparticles (22 and 100nm) were 
added. The combination of SLA 3D printing and 
TiO2 coatings can be used in many applications, as 
it allows for the printing of infinite shapes with 

a biomimetic surface. Numerical simulations were 
further carried out to confirm the underlying 
mechanism of the dynamic superhydrophobic 
properties arising from air pockets that the biomi
metic material provides.

2. Experimental methods

2.1. Mathematical model and numerical schemes

Superhydrophobic surfaces found in nature have 
special water-repellent properties when a Cassie- 
Baxter state exists (i.e. air gaps trapped between 
a drop of water and the surface) [42]. The air 
gaps endure when the surface is exposed to laminar 
flows of water, as for turbulent flows the pressure 
differences at the solid-water interface will probably 
eliminate the air gaps and penetrate the micro
metric topography. Nevertheless, there is a wide 
consensus that riblets also allow drag reduction in 
turbulent flows [9,43–48], as can be observed in the 
shark skin [8]. These investigations also report that 
a superhydrophobic coating over a riblet geometry 
can increase drag reduction up to 10% at turbulent 
Reynolds numbers [9]. The drag reduction 
mechanism for turbulent flows over surfaces with 
riblets is different compared to laminar flows, as 
the micrometric structure stabilizes vortex forma
tion without the existence of air gaps [8].

Numerical simulations were carried out to visualize 
the effect of the air pockets, considering a laminar 
water flow on the superhydrophobic biomimetic 
structure. For this purpose, the software FreeFem++ 
(v. 4.6) was used to solve the Navier–Stokes equations 
within a channel domain. FreeFem++ is a free and 
open-source software designed to solve partial differ
ential equations (PDE) using Finite Element Method 
schemes (FEM) [49]. This method is widely used in 
engineering and science to numerically model fluid 
dynamics and multiphysics problems [50,51]. The 
material geometry and coordinate axis for the defini
tion of the equations used in the numerical simula
tions are shown in Figure 1b.

The following aspects were considered for the 
numerical simulations: the fluid (water) will flow 
inside a closed rectangular channel, where only the 
bottom-wall surface has the biomimetic microchannel 
structure (riblet). The top wall will be hydrophilic, 
which translates to a no-slip boundary condition. 
The fluid will be water at ambient conditions (20°C 
1atm), and the flow regimen will be laminar. The fluid 
flow direction will be parallel to the microchannels. 
The lateral walls of these rectangular channels pre
sented periodic boundary conditions to replicate the 
periodic arrangement of the experimental biomimetic 
surface, so lateral boundary conditions are non- 
existent since they are not relevant to understanding 
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the phenomena at the bottom wall. The air trapped 
between the microchannels is considered incompres
sible. The flow will be produced by a pressure differ
ence between the entry and the output of the channel. 
The system will be stationary. The boundary condi
tions of the biomimetic surface are the no-slip bound
ary condition at the solid-water and solid-air interface, 
and shear force and velocity continuity at the air– 
water interface.

The mathematical schemes that define the above- 
mentioned conditions are described below. 
Considering a fully developed flow, where the fluid 
moves parallel to the microchannels (infinitely long 
channel on x), the velocity field is defined by 
u ¼ f y; zð Þ. Because of this, 

@u
@x
¼
@v
@x
¼
@w
@x
¼ 0 (1) 

In the case of incompressible flows, the continuity 
equation is reduced to: 

Ñ � V ¼ 0 (2) 

V is the velocity field of the fluid. As the flow has 
a laminar regime parallel to the microchannels, no 
secondary currents are induced. Then, v ¼ w ¼ 0. 
Momentum equations will be: 

ρ
�

u
du
dx
þ v

@u
@y
þ w

@u
@z

�
¼ �

@p
@x

þ μ
� @2u
@x2 þ

@2u
@y2 þ

@2u
@z2

�
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ρ
�

u
dv
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@v
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�
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@p
@y

þ μ
� @2v
@x2 þ

@2v
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@2v
@z2

�

(4) 

ρ
�

u
dw
dx
þ v

@w
@y
þ w

@w
@z

�
¼ �

@p
@z

þ μ
� @2w
@x2 þ

@2w
@y2 þ

@2w
@z2

�

(5) 

And the conditions of the problem reduce these 
equations to: 

0 ¼ �
@p
@x
þ μ
� @2u
@y2 þ

@2u
@z2

�
(6) 

0 ¼ �
@p
@y

(7) 

0 ¼ �
@p
@z

(8) 

The presented equations are valid for both fluids 
(water and air). The boundary conditions presented 
before can be written as:
No-slip for the fluid–polymer interface

For the top wall: 

z ¼ H;"x; y! u ¼ v ¼ w ¼ 0 (9) 

For the top of the microchannel that is in contact 
with water: 

z ¼ h; W � y �W þ d! u ¼ v ¼ w ¼ 0 (10) 

The model will only consider one microchannel 
(0 � y �W þ d) (as the behavior will be the same 
for n microchannels), so there will not be any lateral 
walls. The boundary conditions for the sides of the 
channel will be: 

y ¼ 0; y ¼W þ d; h � z � H !
@u
@y
¼ 0 (11) 

In the case of the air trapped inside the 
microchannels, 

y ¼ 0; 0 � z � h; y ¼W; 0 � z � h;

z ¼ 0; 0 � y �W ! u ¼ 0 (12) 

Shear force and velocity continuity for the air– 
water interface

If the interface remains horizontal, 

z ¼ h; 0 � y �W! uair ¼ uwater (13) 

z ¼ h; 0 � y �W! μair
@uair

@z
¼ � μwater

@uwater

@z
(14) 

Experiments will be performed within the laminar 
range for the regimen flow, as turbulent regimes are 
known for eliminating the air pockets that the super
hydrophobic surfaces can provide. For this, a range of 
pressure gradients from 100 to 10,000Pa/m will be 
applied to the channel. Reynolds number will be cal
culated as: 

Re ¼
4RHu

υ
(15) 

Here, RH is the hydraulic radius, u is the average 
velocity within the channel and υ is the kinematic 
viscosity of the fluid (water). The friction factor will 
be calculated as: 

f ¼ �
@P
@x

4H
ρu2 (16) 

Here, @P
@x is the pressure gradient applied to the 

system, H is the height of the channel, and ρ is the 
density of the fluid (water).

Sci. Technol. Adv. Mater. 23 (2022) 303                                                                                                                                              B. BARRAZA et al.



2.2. 3D printing of the microchannels

The microchannels were designed using the software 
Autocad (v. 2021), considering the characteristic 
dimensions and morphology of the rice leaf, which 
contains riblets having a height of 50µm, a width of 
100µm, and a separation of 200µm (Figure 1b) [2]. Flat 
samples were also designed to compare the effect of 
the hierarchical structure.

For the manufacturing of the biomimetic surfaces, 
a Form 2 SLA 3D printer (Formlabs, USA) was used. 
This printer uses a 405nm laser beam to solidify 
a photocurable resin layer-by-layer, based on 
a computational design. The base material is 
a polymeric photocurable resin-type Clear of the 
brand Formlab, which allows for the highest resolu
tion (25µm). According to the manufacturer informa
tion, its components are (%w/w): urethane 
dimethacrylate (55–70), methacrylate monomers 
(15–25) and a photoinitiator (<.9) [52]. Isopropyl 
alcohol (technical grade, Avalco, Chile) was used to 
wash and clean the printed polymeric surfaces.

2.3. Surface modification with TiO2 nanoparticles

The hydrophobic coating is prepared according to 
Zhang et al. [30]. Commercial TiO2 nanoparticles 
with a bimodal size distribution are used to favor the 
hierarchical structure (<22 and <100nm, according to 
the datasheet from Sigma-Aldrich, China, and 
Germany), as this kind of distribution of nanoparticle 
sizes allows a rough and robust coating [30]. Their 
surface wettability was modified using HTMS (techni
cal grade, Sigma-Aldrich, Germany), with absolute 
ethanol as a solvent (p.a., Merck, Germany) 
(Figure 1c). In this reaction, HTMS hydrophobic 
chains are covalently bonded to the nanoparticles’ 
surface through the condensation reaction between 
methoxysilane moieties and the OH groups placed at 
the surface of the nanoparticles, turning the nanopar
ticles hydrophobic. The steps to produce the coating 
are as follows: (i) mixing 1.58mL of HTMS with 
201.6ml of absolute ethanol at room temperature 
(RT), (ii) adding 8.4g of TiO2 nanoparticles (22nm), 
and magnetically stirring the solution for 2hours, (iii) 
addition of 8.4g of TiO2 nanoparticles (100nm) and 
magnetically stirring the solution for .5hours, followed 
by (iv) ultrasonication for 2.5hours.

Dip coating was used to coat the 3D printed 
structures, where the material is submerged for 
2seconds one time (a single layer). After this, the 
sample is dried in a vacuum stove at 60°C for 
one hour. Then, the sample is washed under ultra
sonic irradiation with ethanol (technical grade, 
Avalco, Chile) as a solvent for 5 min. The surface 
is then dried on the stove for 15 min, and then the 
dip-coating process is repeated (two layers). One of 

the advantages of this technique is that the coating 
can be retouched as many times as needed. Due to 
photocatalytic reactions reported for TiO2 nanopar
ticles [37], samples must be stored in a dark 
environment.

2.4. Chemical and topographical characterization

X-ray diffraction spectroscopy (×RD) spectra of the 
modified nanoparticles were obtained using 
a Bragg-Brentano powder X-Ray Diffractometer 
(model D8 Advance, Bruker), having a linear 
LynxEye detector (40 kV/30mA). Transmission 
electron microscopy (TEM) images of the nanopar
ticles were acquired from a Hitachi HT7700 micro
scope (120 kV). The thermogravimetric analysis 
(TGA) was performed between 28°C and 700°C at 
10 °C/min under a nitrogen atmosphere in 
a NETZSCH TG 209 F1 Libra® instrument 
(Germany). Surface modification of the TiO2 nano
particles was studied through attenuated total 
reflection Fourier-transform infrared spectroscopy 
(ATR-FTIR). ATR-FTIR spectra were acquired 
from a Thermo Scientific Nicolet iS 10 spectrophot
ometer coupled to an ATR Smart iTX accessory 
with a monolithic diamond crystal. The surface 
topography was observed using a field emission 
scanning electron microscope (FE-SEM). FE-SEM 
images were acquired with an FEI QuantaTM 250 
microscope equipped with an Octane silicon drift 
detector for elemental analysis via energy-dispersive 
X-ray spectroscopy (EDS).

2.5. Contact angle measurements

Distilled water was used for the contact angle 
measurements using a Drop Shape Analyzer 
DSA25 goniometer (Krüss, Germany). These were 
performed using dynamic measurements (advan
cing and receding angle), as it becomes impossible 
to place a still drop over a superhydrophobic sur
face without gravity affecting its shape [53]. The 
drops were filled until they reached a volume of 
10µL. Two measurements on each direction (per
pendicular/parallel views to the microchannels, 
Figure 1d) were made per sample, three samples 
were analyzed per type of surface, and the error 
values presented correspond to standard deviation. 
The presence of the Cassie-Baxter state for each 
case was observed from the goniometer’s optical 
images.

Due to the inherent directionality of the printing 
filaments, the printed surface is anisotropic indepen
dent of the design used. To characterize this effect the 
advancing and receding contact angles were measured 
for the parallel and perpendicular orientation 
(Figure 1d). The first is measured by adding volume 
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to the droplet, while the latter is the contact angle 
upon volume reduction [53]. Anisotropy was quanti
fied by the difference between the perpendicular and 
parallel values [18,23], while hysteresis was character
ized by the difference between the advancing and 
receding contact angles for the same orientation. 
Hysteresis measures the adhesion of a liquid droplet 
to the surface (or resistance to its remotion) as the 
pinning force is known to be proportional to the con
tact angle hysteresis [54], and a value <10° is required 
for superhydrophobic surfaces.

Dynamic experiments for drops velocity anisotropy 
and drops bouncing dynamics were recorded using 
a Chronos 1.4 high-speed camera (Kron Technologies, 
Canada).

3. Results and discussion

3.1. Numerical results

As discussed above, superhydrophobic surfaces enable 
the existence of air pockets between a drop of water 
and the surface arising from their hierarchical struc
ture [17,55]. To confirm the effects that a rice leaf 
biomimetic surface with trapped air could have on 
the dynamics of water transport, we carried out 
numerical simulations of a simplified system consist
ing of water moving inside a rectangular channel 
under laminar flow conditions (that favor the exis
tence of the air pockets) [56]. The superhydrophobic 
surface was simulated through a simplified structure 
consisting of a flat hydrophilic surface on the top wall 
and a single superhydrophilic microchannel surface at 
the bottom formed by the presence of a solid-riblet 

(right-side) and air pocket (left-side). The boundary 
conditions at the bottom surface are zero velocity at 
the solid-water interface as well as shear force and 
velocity continuity at the air–water interface. The lat
eral walls of the rectangular channels presented peri
odic boundary conditions to replicate the periodical 
arrangement of the experimental biomimetic surface. 
Both channels have the same height of H=9.5 · 10−4 

m (not including the microchannel), the channel 
width is 2 · 10−4 m, the microchannel width is 1 · 
10−4 m and its height is 5 · 10−5 m. We aim at compar
ing the velocity profiles obtained from this superhy
drophobic surface having microchannels with the 
results from a flat surface. The simulations were con
ducted for pressure gradients of 100, 500, 1000, 5000 
and 10,000Pa m−1 to allow a laminar flow under the 
specific channel dimensions.

An example of the velocity profiles obtained for each 
configuration of the channel (flat and with microchan
nel) is displayed in Figure 2(a,b) for a pressure gradient 
of 5000Pa m−1. In this context, the effect of the micro
channel at the bottom wall can be approximated as 
a change in the shape of the velocity profile (Figure 2b), 
as a non-zero value at the biomimetic surface (H=0) 
increasing the maximum velocity at the center of the 
channel by 9%, and the average velocity by 13%. This 
phenomenon is known as ‘slip velocity’ [57] and occurs 
when the shear force exhorted by the surface (air/water 
interface) over the fluid is not enough to stop the layer 
that advances at the interface (boundary layer), which 
can be theoretically modeled as a penetration of the 
boundary layer into the material [58]. For superhydro
phobic surfaces, this slip velocity is generated through 
the decrease in the shear force exerted by the air pockets 

Figure 2. (A) Velocity profiles obtained via numerical simulations for a pressure gradient of 5000 Pa m −1 on a flat channel (left) 
and a surface with one microchannel at the bottom wall (right). Maximum velocities are at the center of the channel (red): .58m 
s −1 and .63m s −1, respectively. No-slip boundary conditions can be observed at the solid–fluid interface (yellow), and velocity 
continuity (slip velocity) can be observed at the air-water interface (microchannel, red line). (b) Velocity profiles were obtained 
via numerical simulations for the flat channel and the surface with one microchannel for a pressure gradient of 5000 Pa m −1. 
the plotted velocity value corresponds to the average velocity for each channel height.
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compared to the solid surface due to its small viscosity 
compared to water [59]. The values obtained for the 
average velocity, slip velocity, shear stress, and friction 
factor for each case are presented in Tables 1 and 2 (for 
the flat and biomimetic bottom walls, respectively).

The microchannel surface allows for a 26% reduc
tion of the friction factor compared to the flat channel. 
Under these conditions, the Re values also increased 
proportional to the velocity increase, although show
ing values lower than 2200 meaning laminar flow in all 
the cases (controlled by the pressure gradients). The 
slip velocity has a direct proportionality with the pres
sure gradient, and its value is about 24% of the average 
velocity on the experiments with microchannels. Flat 
channels do not provide a slip velocity, as a no-slip 
boundary condition was imposed for this type of sur
face. At higher pressure gradients (displaying turbu
lent flow), the air pockets formed by the biomimetic 
surface are not present [56]. The simulated slip length 
provided by the biomimetic configuration can be esti
mated by extending the velocity profile slope obtained 
at the surface/water interface until reaching the posi
tion where the boundary layer would theoretically end 
[60], obtaining a value of b=8.96×10−5 m. This corre
sponds to 10% of the total height of the channel, which 
could allow for 23% of drag reduction in a Poiseuille 
flow configuration according to Choi et al. [61].

Considering the effect of a biomimetic wall in 
the simulations carried out, it is expected that the 
experimental results show a relevant change in the 
interaction of water droplets with the different sur
faces given the presence of air gaps, decreasing the 
adhesion of the material with the fluid. This effect 
will be reflected in the advancing and receding 
contact angle measurements, where less friction of 
the material with the water will deform the droplets 
interacting with the surface less. The speed of the 
droplets, when deposited on inclined surfaces, 
should increase considerably.

3.2. Surface characterization

3.2.1. Analysis of TiO2-HTMS nanoparticles and 
coated surface
The modified nanoparticles (TiO2-HTMS) were 
characterized through XRD and TEM techniques. 
Figure 3a shows the powder XRD diffractogram of 
TiO2-HTMS nanoparticles presenting diffractions 
peaks at 2θ=25.3 °, 37.0 °, 37.9 °, 38.5 °, 48.0 °, 
54.0 °, 55.1 °, 62.7 °, 68.9 °, 70.3 °, 75.2 °, and 
2θ=27.5 °, 36.1 °, 41.3 °, 53.8 °, and 56.6 °, corre
sponding to mixed phases of anatase and rutile, 
respectively [62,63]. TiO2-HTMS nanoparticles 
exhibit compact self-organization, as shown in the 
TEM image of Figure 3b arising from the attractive 
interaction of the alkyl chains on the surface of the 
nanoparticles. The size of the spherical nanoparti
cles is shown in Figure 3c as a distribution histo
gram. The mean size of TiO2-HTMS is 35nm, 
exhibiting a high frequency of nanoparticle sizes 
between 10–20nm and 35–40nm. The chemical 
modification of nanoparticles does not change the 
commercial product’s size. Figure 3b otherwise 
shows well disperse nanoparticles meaning 
a posterior efficient and well-packed coverage.

TGA estimated the degree of functionalization of 
TiO2-HTMS nanoparticles. Thermal degradation of 
silanized metal oxide nanoparticles provides infor
mation of the organic content [64]. Figure 3d 
shows the thermogram of TiO2-HTMS under 
a nitrogen atmosphere. The curve exhibits a 5.25% 
mass loss between 100°C and 650°C corresponding 
to the organic HTMS moiety. The mass loss in two 
steps could be due to the different sizes of nano
particles, each one having a different modification 
degree due to the different surface area. The che
mical modification of TiO2 nanoparticles and the 
coating of the 3D printed structures were studied 
via ATR-FTIR spectroscopy (Figure 3).

Table 1. Numerical simulations results for the flat bottom wall.
Flat bottom wall

Pressure gradient [Pa/m] Re Average velocity [m/s] Slip velocity [m/s] τ bottom wall [N/m2] Friction factor f [-]

100 14 7.53×10−3 0 4.36×10−5 6.16×10−3

500 72 3.77×10−2 0 2.18×10−4 1.23×10−3

1000 143 7.53×10−2 0 4.36×10−4 6.16×10−4

5000 715 3.77×10−1 0 2.18×10−3 1.23×10−4

10000 1431 7.53×10−1 0 4.36×10−3 6.16×10−5

Table 2. Numerical simulations results for the biomimetic bottom wall.
Biomimetic bottom wall

Pressure gradient [Pa/m] Re Average velocity [m/s] Slip velocity [m/s] τ bottom wall [N/m2] Friction factor f [-]

100 22 8.53×10−3 2.01×10−3 4.12×10−5 4.54×10−3

500 108 4.26×10−2 1.00×10−2 2.06×10−4 9.09×10−4

1000 216 8.53×10−2 2.01×10−2 4.12×10−4 4.54×10−4

5000 1080 4.26×10−1 1.00×10−1 2.06×10−3 9.09×10−5

10000 2160 8.53×10−1 2.01×10−1 4.12×10−3 4.54×10−5
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Figure 3e shows the FTIR spectra of the nanoparti
cles before and after silanization with HTMS as well as 
the 3D printed resin before and after the application of 
the hydrophobic coating. The spectrum of TiO2 (blue 
line in Figure 3a) shows a broadband at 3350cm−1, 
corresponding to the stretching vibration mode of the 
O-H bonds of hydroxyl groups, a weak band at 
1630cm−1, corresponding to the bending vibration 
mode of the O-H bonds of moisture water, and an 
intense band at 600cm−1 associated to stretching 
vibration mode of the Ti-O-Ti bonds [65,66]. The 
spectrum of TiO2-HTMS (green line in

Figure 3a displays two new sharp and medium 
intensity bands at 2920cm−1 and 2850cm−1, corre
sponding to the asymmetrical and symmetrical 
stretching of the Csp3-H bonds of alkyl chains 
[67]. It also shows bands around 1465cm−1, 
1170cm−1, and 1030cm−1, corresponding to scis
soring of Csp3-H bonds, and symmetrical as well 
as asymmetrical stretching of Si-O-Si bond 
(formed by condensation), respectively [68]. The 
shoulder of the band observed in the TiO2-HTMS 
spectrum at 950cm−1 corresponds to vibrational 
modes of Ti-O-Si bonds [69], which implies that 
the nanoparticles were successfully modified by 
HTMS.

The commercial photo-cross-linkable resin used 
for the 3D printing is based on urethane dimethacry
late and other methacrylate monomers [52]. This resin 
presents bands at 3350cm−1, 2950cm−1, 2860cm−1, 

1700cm−1, 1530cm−1, 1452cm−1, 1240cm−1 and 
1150cm−1, corresponding to the respective vibrational 
mode of N-H (stretching), Csp3-H (asymmetrical 
stretching), Csp3-H (symmetrical stretching), C=O 
(stretching), C-N (stretching) combined with 
N-H (bending), Csp3-H (bending), C-O (ester, stretch
ing) and C-O-C (stretching) bonds (magenta line in 
Figure 3a), respectively [70]. After coating the 3D 
printed structure with TiO2-HTMS (red line in 
Figure 3e), the characteristic bands of TiO2-HTMS 
and the polymer substrate were observed, confirming 
the physical bonding of the modified nanoparticles on 
the 3D printed structure. FE-SEM image with elemen
tal analysis results (Figure 3f) shows two of the ele
mental components of the commercial resin (C and 
O), and further confirms the effective coating of the 
3D printed structures by dip coating (Ti).

3.2.2. Surface topography
FE-SEM images of the flat and the micropatterned 
printed surfaces are displayed in Figure 4. The flat sur
face (Figure 4a) displays a roughness of around 10µm 
that is characteristic of the printing filament used for 
SLA 3D printing. This roughness implies that the 
printed surface is anisotropic depending on the printing 
direction. The surface topography of the printed micro
channels shows rounded edges (Figure 4b) instead of 
the designed perfect rectangles due to the spot-size of 
the laser beam (around 140µm) used [71], as the 

Figure 3. Microstructural and chemical characterization of TiO2-HTMS nanoparticles and coated surface. (a) Powder XRD 
diffractogram of TiO2-HTMS nanoparticles (blue and red indices correspond to anatase and rutile phases, respectively). 
(b) Representative TEM image of TiO2-HTMS nanoparticles. (c) Histogram of TiO2-HTMS nanoparticle’s size distribution. 
(d) TGA curve of TiO2-HTMS nanoparticles under a nitrogen flow (dotted line corresponds to the first derivative of the 
TGA curve). (e) ATR-FTIR spectra of TiO2 (blue line, a), TiO2-HTMS (green line, b), pure 3D printed resin (magenta line, c), 
and TiO2-HTMS coated 3D printed resin (red line, d). (f) SEM-EDS elemental analysis for the surface of the TiO2-HTMS 
coated polymeric resin (top left) showing the presence of carbon (green), oxygen (red), and titanium (blue).
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microchannels are printed perpendicular to the print
ing layer orientation (the printing layers are added in 
the plane zy, adding height on the axis x of Figure 1b). 
However, this mismatch between the designed and 
obtained morphologies even amplifies the biomimetic 
aspect of the surface as rice leaves have wavy riblets. 
The printed channels further mismatch the designed 
dimensions, especially their height (from 50 to 30µm). 
To overcome this limitation, three structures with dif
ferent heights (50, 75, and 100µm) were 3D printed 
allowing for further analysis of the effect of this variable. 
Noteworthy, the roughness arising from the 3D printed 
filaments (observed in the flat surface) is also displayed 
in this case providing a hierarchical roughness to the 
microchannels thus improving the similarity to the 
papillae observed on the rice leaf surface (Figure 1a). 
After applying TiO2–HTMS coating with two particle 
sizes (22 and 100nm) (Figure 4c), the nanoparticles are 
distributed over the printing filaments (Figure 4(d,e)). 
Figure 3b shows a TEM image of the nanoparticles used 

to coat the surface, where the different nanoparticle 
sizes are arranged randomly and close-packed over 
the treated surface (Figure 4e).

These results show that the surface coating of an SLA 
3D printing material mismatches the original rectangu
lar design (Figure 5a) and allows for the generation of 
a three-level hierarchical structure biomimicking the 
morphology of the rice leaf surface associated with: 
3D printed microchannels (100µm scale), roughness 
from the printing filaments (10µm scale), and nanopar
ticles (22 and 100nm scale), as displayed in Figure 5b.

3D printing has been previously used for develop
ing biomimetic structures and characterized regarding 
the roughness. For instance, the characteristic rough
ness of the SLA 3D printing technique is also reported 
in the work of Wang et al. [72] for developing hydro
phobic surfaces, where structures of micrometric posts 
(diameter of 300µm) are manufactured and roughness 
of the order of 30µm is obtained on their sides. 
However, by using this configuration the printing 

Figure 5. (A) Designed two-level hierarchical surface for the biomimetic material: designed microchannel and nanoparticles. (b) 
Actual three-level hierarchical surface for the biomimetic material: printed microchannel, printing filament, and nanoparticles.

Figure 4. FE-SEM images of the 3D SLA printed surfaces (perpendicular view, plane zy): (a) flat surface showing printing layers, (b) 
printed microchannels (100µm designed height) with printing layers on top, (c) biomimetic coated microchannels, (d) TiO2-HTMS 
nanoparticles deposited on the microchannels, and (e) top view of the TiO2-HTMS nanoparticles placed over the printing filaments.
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filaments do not interact with a drop of water, since 
they are not present on the upper face of the posts and 
do not necessarily contribute to the wettability of the 
surface unless the drop penetrates the air spaces 
(where roughness could even increase the adhesion 
of the fluid). Li et al. [40] used the multiscale SLA 
3D printing technique to produce a lotus flower sur
face and shark denticles but did not report 
a characteristic roughness for the printing filaments. 
3D printing by TPP (two-photon polymerization) is 
another technique that has been used to produce bio
mimetic microstructures [73] inspired by the surface 
of the Salvinia molesta plant. Although they managed 
to print eggbeater-like structures of the order of 10µm, 
their surfaces are smooth and without roughness on 
a smaller scale, which is observed in the natural sample 
of the plant. The Salvinia molesta surface has also been 
mimicked using immersed surface accumulation 3D 
printing [28]. Likewise, 3D printing by FDM (fused 
deposition modeling) has been used to manufacture 
biomimetic structures of the lotus flower [74] and 
others similar to the rice leaf [23]; however, none of 
these works report a hierarchical roughness attributa
ble to the 3D printing technique.

3.2.3. Surface wettability
Examples of the contact angles measured for the flat 
and the coated biomimetic surfaces are shown in 
Figure 6 for the advancing (Figure 6(a,e)) and receding 

(Figure 6(b,f) contact angle in the perpendicular direc
tion as well as the advancing (Figure 6(c,g)) and reced
ing (Figure 6(d,h)) contact angles in the parallel 
direction, respectively. By measuring these values, 
two relevant parameters were measured: anisotropy 
and hysteresis.

● Uncoated surfaces

The contact angles obtained for the perpendicular 
orientation are summarized in Figure 7a. The flat sur
faces display values of 106±7° and 96±8° for the advan
cing and receding contact angle, respectively, with an 
average hysteresis value of 10°. The hydrophobic beha
vior observed for the flat uncoated surfaces can be 
explained through the chemical composition of the 
polymeric resin main component (urethane dimetha
crylate), which structure is mainly apolar.

Surfaces having microchannels with a depth of 50 
and 75µm maintain an advancing contact angle of 
around 106±5°, but these samples decrease the reced
ing contact angle to 85±11° and 82±8°, respectively, 
thus increasing the hysteresis to around 21° 
(Figure 7b). Surfaces with 100µm microchannels exhi
bit an increased advancing and receding contact angle 
of about 121±7° and 102±4°, respectively, which 
implies a hysteresis of 18°. Hysteresis results from 
the higher adhesion of a drop during its volume reduc
tion or receding process (Figure 6b) and contact angle 

Figure 6. Optical images of the wettability of the flat uncoated surface: (a) perpendicular advancing, (b) perpendicular receding, 
(c) parallel advancing, and (d) parallel receding; and biomimetic surface (100µm coated microchannels): (e) perpendicular 
advancing, (f) perpendicular receding, (g) parallel advancing, and (h) parallel receding. Trapped air in the biomimetic surface 
can be observed in images (e) and (f) in the blue circle. the printed microchannel direction (view) is indicated by a red arrow ( "
perpendicular and ! parallel).
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measurements show that the topography increases this 
adhesion thus duplicating the hysteresis (~20°) as 
compared with the flat samples (10°). All uncoated 
samples (including the flat surface) show advancing 
contact angles associated with a hydrophobic wettabil
ity (>90°), with microchannels of 100µm presenting 
the highest hydrophobicity (15° higher values com
pared to the flat sample) thus confirming the relevance 
of the topography. Receding contact angles behave 
hydrophobically for the flat surface and microchan
nels of 100µm (96 ° and 102 °, respectively), while the 
surfaces with microchannels of 50 and 75µm pre
sented hydrophilic values <90°.

The contact angles for the parallel orientation are 
presented in Figure 7c shows lower values (less hydro
phobic) compared to the perpendicular measurements 
for all uncoated samples. In this case, the drop of water 
does not have to move through changing topography 
during the dynamic tests, meanwhile, for the perpendi
cular tests, the drop must move alternately between the 
peaks and valleys of the riblets. For instance, for all 
uncoated surfaces, the advancing contact angles have 
values lower than 74±7°, while the receding contact 

angles decreased to values lower than 60±5°. Despite 
these changes, hysteresis values for both orientations 
are similar in the case of the uncoated surfaces 
(Figure 7b). This implies that the pinning force between 
the material and the fluid does not depend on the orien
tation of observation.

The results of the anisotropy measurements are pre
sented in Figure 7d. The flat surface shows a difference 
of 32±4° and 35±4° between perpendicular and parallel 
measurements for the advancing and receding contact 
angle, respectively. This confirms that the printing fila
ments create a slightly anisotropic surface, as can be 
seen in Figure 6(a–d). This behavior is amplified by the 
presence of microchannels, which increase the aniso
tropy to values around 45±4° for the advancing and 
receding angles (50 and 75µm microchannels), and 55 
±4° (100µm microchannels), respectively. This ten
dency results from the higher perpendicular contact 
angles obtained for increased structural depths while 
keeping the contact angle constant in the parallel direc
tion across all depths fabricated.

● Coated surfaces

Figure 7. (A) Contact angle measurements (advancing and receding) perpendicular to the printing filaments, (b) contact angle 
hysteresis measurements for the perpendicular and parallel orientations, (c) parallel measurements of the contact angle 
(advancing and receding), and (d) contact angle anisotropy (difference between the perpendicular and parallel direction 
measurements for the advancing and receding contact angle) for the flat surfaces and the ones with microchannels (50, 75, 
and 100µm), with and without TiO2-HTMS coating.
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Perpendicular measurements show that all coated 
surfaces become more hydrophobic as compared to 
the uncoated surfaces (Figure 7a). The flat-coated sur
face increases its advancing contact angle to 130±21° 
(25° higher than uncoated surface), and all microchan
nels presented angles higher than 161±4°, which 
implies a superhydrophobic behavior, surpassing the 
values obtained by previous studies [2,8,23]. In the 
case of the microchannels with a depth of 100µm, an 
average value of 165±4° was obtained, which coincides 
with the characteristic value of 164° of the actual rice 
leaves. The receding contact angle presented a similar 
tendency increasing to 128±20° for the flat-coated sur
face and to values higher than 155±7° for all micro
channels. The hydrophobic coating decreased the 
hysteresis values (Figure 7b) to 2° and lower than 9° 
for the flat and microchannel surfaces, respectively, 
which is a further requirement for superhydrophobic 
surfaces (<10°) [15]. Pictures from these tests show 
that air pockets exist at the interface between the drop 
and the surface explaining this superhydrophobic 
behavior through a Cassie-Baxter state (Figure 6e).

The advancing contact angle in parallel orientation 
(Figure 7c) also increased significantly after coating to 
124±20° for the flat surface (50° higher) and to 160±8° 
(100° higher) for all microchannels. The receding con
tact angle values increased to 117±21° for the flat sur
face (57° higher) and to >153±4° for all microchannels 
(at least 113° higher). These higher differences com
pared to the perpendicular values mean that the coat
ing significantly decreases the adhesion of the fluid to 
the surface in the parallel direction. Hysteresis values 
(Figure 7b) are lower than 7° for all coated surfaces 
and do not show significant differences compared to 
the perpendicular measurements.

Anisotropy measurements (Figure 7d) show that 
the coating has a pronounced effect on all surfaces. 
Flat samples reduce their anisotropy values to 7±5° 
and 16±4° for the advancing and receding contact 
angle, respectively (over 20° difference compared to 
the uncoated case). Microchannels having a depth of 
50 and 75µm decrease their anisotropy values to <4±2° 
(compared to 45° for the uncoated case), while 100µm 
microchannel with a depth of 100µm show values of 5 
±4° and 2±1° for the advancing and receding contact 
angle, respectively (compared to 55° for the uncoated 
case). This tendency coincides with the behavior of 
both a natural rice leaf with an advancing contact 
angle anisotropy of 6° and previous biomimetic rice 
leaf surfaces developed via mold imprinting coated 
with silica nanoparticles (5°) [2]. The decreased aniso
tropy after coating confirms the presence of air pock
ets at the interface that avoid the direct interaction 
between the fluid and the surface.

Regarding previous investigations, Figure 8 
shows the comparison between the advancing con
tact angle measurements obtained for Bixler et al. 

[8], Lee et al. [23], Wu et al. [2], Lee et al. [18], and 
this research. Bixler et al. [8] report a contact angle 
of 155 ° for a polymeric urethane surface molded 
with a natural sample of the rice leaf and coated 
with silica nanoparticles, which implies an increase 
of 37 ° compared to the uncoated sample. This 
increase is less than the one obtained for the mate
rial developed in this work, which corresponds to 
44 ° for the surface with 100µm microchannels. 
Regarding the hysteresis of the contact angle, the 
authors report around 8 ° for the coated biomi
metic surface, a value very similar to the 9 ° 
obtained for the perpendicular orientation of the 
newly developed material. This indicates that both 
materials have a very similar adhesion to a drop of 
water, reflecting the great biomimetic aspect of the 
material developed in the present investigation 
compared to a surface developed with a mold of 
a natural rice leaf. However, the perpendicular con
tact angle obtained in this work exceeds the refer
ence by 10 °.

Lee et al. [23] reported a contact angle of 114 ° for 
a smooth PLA material printed in 3D by FDM and 
coated with silica nanoparticles, which is less than the 
advancing contact angle measured on the flat-coated 
surface developed in this work both in the perpendi
cular and parallel direction (130 and 124 °, respec
tively). In the case of the surfaces presented by the 
authors with 100µm microchannels, they reported 
a perpendicular contact angle of 157 ° and parallel 
contact angle of 150 °, lower values than those 
reported in this work (165 and 160 °, respectively). 
Although the authors do not report hysteresis values 
for the contact angle, they do report the sliding angle, 
which corresponds to 12 ° for the perpendicular orien
tation and 10 ° for the orientation parallel to the 
microchannels. This does not coincide with the <5 ° 
limit required in the slip angle for superhydrophobic 

Figure 8. Comparison between the advancing contact angle 
(perpendicular direction) obtained for previous investigations 
and this research.
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surfaces that do not adhere to water, therefore this 
material does not meet the requirements to be non- 
adherent and possible reducer of drag forces.

Wu et al. [2] developed biomimetic structures of the 
rice leaf using PDMS molds and silica nanoparticles, 
using different dimensions (10–60µm deep and 20– 
200µm wide). They report a contact angle of 160 ° (5 ° 
less than in this work) and measure the adhesion of the 
surface to a drop of water by the sliding angle. These 
surfaces, as they are not printed, do not show roughness 
due to the presence of printing filaments, and only show 
a hierarchical two-level structure (microchannel – 
nanoparticle). The authors indicate that the anisotropy 
of the sliding angle increases with the depth of the 
microchannels and the spacing between them, the latter 
being the most relevant parameter. All reported sliding 
angle values are <8 °, which implies that all configura
tions show low adhesion to a drop of water.

Lee et al. [18] reported micro-grooves 40µm 
wide (PDMS) coated with nano-silica, which 
depending on the number of coating layers can 
have a contact angle of 170 ° (RMS roughness 
80nm), a value that can even be exceeded when 
the coating generates an isotropic surface (comple
tely covers the microchannels). For the best aniso
tropic case (roughness RMS 80nm, 9 coating 
layers), the hysteresis of the contact angle has 
a value close to 10 °, thus fulfilling the requirement 
for a superhydrophobic material that does not 
adhere to a drop of water. However, for the case 
with 2 coating layers (comparable with the present 
work), which corresponds to an RMS between 20– 
40nm as indicated by the authors, the static contact 
angle barely reaches 150 ° for the perpendicular 
orientation (<150 ° for the parallel orientation, at 
least 15 ° less than in this work), and the authors 
indicate that the droplets adhere to the surface. 
According to this, the material presented in this 
work does not exceed the wettability properties 
granted by the hierarchical structure developed in 
the present investigation.

Therefore, superhydrophobic biomimetic materials 
can be designed through an SLA 3D printer and 
a nano-coating that is different than previous investi
gations that mimicked a rice leaf hierarchical structure 
surface and wettability using silica nanoparticles 
[2,8,23].

The contact angle results confirm that only the print
ing filaments, the printed microstructure, or the nano
particle coating, cannot reach a superhydrophobic 
wettability by themselves or combine only two of 
them. Therefore, the three-level hierarchical structure 
must be present to obtain the desired superhydropho
bic behavior. Hereafter, complementary experiments 
were carried out on the 3D printed biomimetic surface 
with the highest depth of 100µm resulting in the great
est superhydrophobicity.

3.3. Dynamic experiments

3.3.1. Dynamics of water drops
Dynamic experiments were conducted on an inclined 
surface (25°) to observe the movement of a water 
droplet (having methylene blue for visualization pur
poses) using both the uncoated 3D printed flat surface 
and the 3D printed biomimetic rice leaf material 
(Supporting Video 1). On the uncoated hydrophilic 
3D printed flat surface, the water droplets spread and 
attach to the material (Figure 9a), while on the biomi
metic surface the water droplets do not experience 
resistance to motion thus flowing over the material 
(Figure 9b).

This behavior agrees with the results from the con
tact angle measurements (Figure 7) as the presence of 
a three-level hierarchical structure formed by the 
printing filaments, 3D printed microchannels, and 
the nanoparticle coating renders superhydrophobic 
characteristics to the material due to the presence of 
air pockets at the interface.

The anisotropy of the biomimetic surface was stu
died measuring the velocity of drops that roll over 
inclined surfaces, in the perpendicular and parallel 
direction to the printed microchannels (Figure 10, 
Supporting Video 2). Three different drops with an 
average volume of 14µL were placed over the inclined 
surface (25 °) in each direction, and then a video was 
recorded using a high-speed camera (2873 fps). 
Results show that drops have an average velocity of 
239mm/s in the parallel direction, and 154mm/s in the 
perpendicular direction (55% higher in the parallel 
direction). This represents the natural behavior of 
water drops that roll over rice leaves, which prefer 
the parallel direction to the microchannels, as riblets 
act as a guide for the droplets to move over the surface.

3.3.2. Self-Cleaning properties
One of the main properties arising from natural 
superhydrophobic surfaces is self-cleaning, which 
can be observed in leaves that remove pollution by 
a simple rain shower as water drops roll over the 
surface thus removing the contaminants [75]. In 
plants, hydrophobic self-cleaning surfaces may 
both protect against harmful microorganisms, 
which are growth-inhibited by dry plant surfaces 
and ensure efficient gas exchange by keeping 
a thin film of air clinging to the surface when 
the leaves are submerged [76]. This effect has 
been drawing attention in the last few years for 
different applications in materials science, such as 
fabrics, photovoltaic panels surfaces, anti- 
corrosion, and fog-harvesting surfaces, among 
others [77–79]. To test the self-cleaning behavior 
in our case, activated carbon powder was scattered 
over inclined surfaces (both flat and biomimetic 
3D printed materials) mimicking organic 
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contamination, and then water drops were added 
(Supporting Video 3) [32]. In the case of the 
uncoated inclined flat 3D reference surface 
(Figure 11a), the water drops adhered to the mate
rial. Although they adsorbed the carbon powder, 
the contaminant was not removed from the sur
face (even after the addition of 30 drops). In con
trast, when water drops were located on the top of 
the inclined 3D printed biomimetic surfaces 
(Figure 11b), they rolled off removing the con
taminant. The surface stayed with a very low 
amount of carbon after the addition of just 30 
water drops, mimicking the self-cleaning charac
teristic of the rice leaf. This is due to the 
decreased shear force that the biomimetic surface 
exerts over the water drops allowing them to roll 
over it easily due to the air pockets existing 
between the material and the fluid (Figure 6e). 
This self-cleaning property has been previously 
reported on flat plates coated with TiO2 nanowires 
[32], PDMS biomimetic surfaces coated with silica 
nanoparticles [8], perfluorosilane-coated titanium 
dioxide nanoparticles sprays [33], and perfluoro
decyltriethoxysilane-modified silica/PDMS sprays 
[80], all without the involvement of 3D printing, 
and on 3D multijet printed biomimetic feathers of 
the bird Anser cygnoides domesticus [81].

3.3.3. Effect of UV-A irradiation
Previous investigations have shown that TiO2 coated 
surfaces can change their wettability when exposed to 
UV light irradiation going from superhydrophobic to 
hydrophilic behavior, because of the photocatalytic prop
erties of TiO2 nanoparticles [32]. Our rice leaf biomimetic 
surface was placed under UV-A light radiation (365nm, 
48 W) for 30minutes and then, the dynamic adhesion 
experiment was repeated (Figure 11c) showing 
a dramatic change in the surface behavior since the 
drops adhered to the surface after irradiation instead of 
freely rolling off (see Figure 9b).

This change from superhydrophobic to hydrophilic 
behavior can be explained through the photocatalytic 
properties of TiO2 molecules, which increase the -OH 
groups after UV-A irradiation [82]. These groups can 
react and easily attach water molecules, which explains 
the affinity of the surface for water droplets. The UV 
irradiation effect provides the material a tunable wett
ability and can increase the application possibilities for 
the new biomimetic surface. An example of this is mist 
collecting surfaces, which are characterized by com
bining superhydrophobic and hydrophilic areas to 
direct dew drops that settle on the surface, for which 
they stand out as a low-cost, accessible, and energy- 
saving mechanism, that provides a feasible alternative 
to obtain freshwater [83,84].

Figure 9. Dynamic adhesion experiments: (a) flat uncoated surface with inclination, water drops (blue) are placed over the material 
with a pipette (blue) and they adhere to it. (b) inclined biomimetic surface (100µm designed coated microchannels), a water drop 
(blue) is placed over the surface, and it rolls off without any resistance to motion induced by the material.
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3.4. Floatability experiments

Floatability is observed in nature in the insect 
known as water strider (Gerris remigis), which can 
float and walk over water due to its superhydro
phobic legs that trap air on its surface [85]. The 
trapped air enabling the superhydrophobic beha
vior also influences the dynamics of a submerged 
object. This was verified in a study presented by 
McHale et al. [86] in which the air plastron (i.e. 
trapped air) formed over the surface of submerged 
spheres allowed up to 10% of drag reduction, 
observed as an increment on their terminal velo
city. Dong et al. tested the effect of 
a superhydrophobic surface on the velocity of 
model ships, obtaining 39% drag reduction com
pared to uncoated flat surfaces [87].

A small boat (Figure 12a) was 3D printed to con
firm the drag reduction effect in our biomimetic 
superhydrophobic surface by floatability experiments 
as compared to a standard 3D printed surface. Three 
types of 3D printed surfaces were tested: flat uncoated, 

and both uncoated and coated 100µm microchannels. 
The boats, having a weight of .8 grams and measuring 
10mm of length, 4mm of height, and 2mm thick, were 
gently placed over water (with methylene blue to 
improve the visual analysis) and a picture was taken 
when their movement was stabilized (Figure 12(b–d). 
Both uncoated boats reached an equilibrium charac
terized by a partially submerged state without surpass
ing the water/air interface (Figure 12(b,c)), meaning 
a floating state, for which the bottom and the lateral 
parts of the boats were in contact with water. In con
trast, the biomimetic boat (Figure 12d) perfectly 
floated over the water surface, and only the bottom 
surface was in contact with it (approximately 15% of 
the boat volume), where the keel of the boat is partially 
submerged with trapped air. This means that the bio
mimetic surface decreases the contact area of the boat 
with the fluid, therefore decreasing the drag force that 
the fluid can exhort over the structure [88], which 
implies a decrease in the thrust force exerted by the 
water proportional to the decrease in the submerged 

Figure 10. Drop velocity comparison for the biomimetic inclined surface (25°) between the parallel and perpendicular direction to the 
printed microchannels. the drops have a volume of approximately 14µl, the surface has a width of 20mm and a length of 40mm.
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Figure 12. Floatability experiments for a small boat (a) on water (colorized with methylene blue) for an uncoated flat surface(b), 
100µm microchannel uncoated surface (c), and a rice leaf biomimetic surface (100µm microchannel coated surface) (d). the 
position of the boat is indicated by a white circle. Trapped air can be observed at the keel of the biomimetic boat (d).

Figure 11. (A) Self-cleaning experiment for the flat printed surface inclined and covered with activated carbon and washed with 
distilled water. as the drops adhere to the surface, the contaminant cannot be removed. (b) Self-cleaning experiment for the 
biomimetic surface (100µm designed coated microchannels) inclined and covered with activated carbon. as the water drops do 
not adhere to the surface and roll off easily, they carry the contaminant away and clean the surface. (c) Dynamic adhesion 
experiment for an inclined biomimetic surface after 30minutes of UV light radiation, drops of water (blue) are placed over the 
surface and they adhere to the material.
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volume (~85%). This means that the biomimetic boat 
could carry on its surface a mass of water equivalent to 
85% of its volume before being submerged in 
a position equivalent to the flat boat. This effect com
bined with the fact that air pockets exist inside the 
biomimetic microchannels (Figures 6e and 12d) 
reduces the resistance to motion of an object in the 
water.

3.5. Recyclability test

The capability of the biomimetic material to maintain 
its wettability after being in contact with a drop of 
water was tested. A drop of water (4µL) was placed on 
the same spot over the biomimetic surface, then the 
perpendicular contact angle was measured, and the 
drop was removed being absorbed with paper. The 
process was repeated every 2minutes until 30 cycles 
were reached. This experiment was repeated on three 
different spots over the surface. The averaged results, 
presented in Figure 13, show that the surface goes 
from superhydrophobic to hydrophobic (contact 
angle >140°), as the surface decreases its contact 
angle 19°. As the printed structure remains the 
same, the change in the contact angle value is due 
to the detachment of the nanoparticles, which can be 
solved by a simple reapplication of the coating. Also, 
the wettability of the surface can be affected by the 
photocatalytic activity of the TiO2 nanoparticles 
(Figure 11c), so the material must be kept away 
from sunlight.

3.6. Drop bouncing dynamics

Drop bouncing dynamics defines the capability of 
a surface to repel water droplets during their impact 
as observed in practical applications such as self- 

cleaning, anti-icing, anti-corrosion, and water repel
lent surfaces in general [89]. A water drop, having 
a volume of 6µL, was released over the four different 
surfaces using the goniometer dispensation system, 
and then the bouncing dynamics were recorded at 
2873 fps (see Supporting Video 4). The releasing 
height (h) of this experiment was varied from 20 to 
100mm (distance from the tip of the needle to the 
surface), which translates to a range of Weber number 
(We ¼ ρν2D

σ ) between 11 and 57. Depending on the 
interactions between the water drop and the surface, 
two main processes can be observed: adhesion on the 
surface or a conventional bouncing. In the case of the 
flat-uncoated and microchannel-uncoated surfaces for 
all heights, and for the flat-coated surface for h>20, the 
drop adheres to the material. This behavior means that 
the material does not repel falling water drops. These 
results coincide with the observations made in the 
inclined surface experiments, where the drops do not 
roll over. Otherwise, in the case of the flat-coated sur
face with h=20, the drop bounces having a contact 
time of 14ms and a bounce dynamic, measured 
through the pancake quality, of Q= Dmin

Dmax
=.5 (where 

Dmin is the minimum jumping diameter and Dmax is 
the maximum spreading diameter), which is in the 
range of conventional bouncing [90]). In the case of 
the microchannel-coated surface (biomimetic) for all 
the heights, the drop bounces off the material showing 
a conventional bouncing. The material therefore 
repels the fluid, where the drop spreads over the sur
face showing a pancake shape (Q <.6) during impact 
but regroups and jumps recovering the shape of 
a droplet. Figure 14 displays photograms showing 
the highest position reached by the drop during the 
bouncing dynamic in the case of h=60mm for the 
different surfaces, where the drop only bounces off 
the biomimetic surface (Figure 14d).

Figure 13. Recyclability experiment for the perpendicular contact angle of the biomimetic surface. a drop of water (4µl) was 
placed over the material 30 times (cycles).
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Figure 15 presents the contact time and pancake 
quality for each Weber number found during the 
test on the biomimetic material, which values coin
cide with previous studies [89–91]. When the velo
city of the falling drop increases (higher heights), 
the contact time also increases, and the pancake 
quality decreases, due to the penetration of the 
fluid inside the air gaps that the biomimetic surface 
allows. An increase in the contact area implies an 
increment in the shear force over the drop’s sur
face, but the kinetic energy of the drop allows for 
a higher bounce. Because of this, the biomimetic 
surface repels falling drops at a range of Weber 
numbers. This observation, together with the pre
vious dynamic experiments, shows that the new 
material has a promising prospect in dynamic 
water-repelling applications.

Figure 14. Drop bouncing dynamics comparison (first contact and highest position): (a) flat uncoated, (b) microchannels uncoated, 
(c) flat coated, and (d) microchannels coated (biomimetic). the drop, having a volume of 6µl (scale bar showing 10mm), falls from 
a height of 60mm (We=34), only bouncing off the biomimetic surface (d).

Figure 15. Contact time and pancake quality (Q) for the 
biomimetic surface (100µm microchannels coated), for drop 
releasing heights from 20 to 100mm (11 < We <57). 
Conventional bouncing is observed in all the experiments 
(Q <.6), where contact time increases with the impact velocity 
of the drop (6µl).
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4. Conclusion

The combination of SLA 3D printed microchannels 
with a TiO2 -HTMS coating presented in this 
study can mimic the superhydrophobic behavior 
of the rice leaf. Our results show that apart from 
the designed channels and the presence of nano
particles, the roughness generated by the SLA 3D 
printing filaments is relevant to adding 
a hierarchical structure to the material. On the 
flat printed surfaces, the presence of these fila
ments provides 35° of anisotropy and allows 
a hydrophobic wettability (contact angles measured 
>95°) in the perpendicular direction, and 
a hydrophilic behavior in the parallel direction 
(contact angles measured <74°). The TiO2-HTMS 
coating allowed to reach superhydrophobic states 
for all microchannel surfaces, showing contact 
angles >160°. The best biomimicry is obtained 
with 100µm coated microchannels with an advan
cing contact angle value of 165°, a contact angle 
hysteresis <9°, and a contact angle anisotropy of 
5°, which meets the requirements of a rice leaf 
biomimetic superhydrophobic surface. This wett
ability was reached by a hierarchical three-level 
structure: printing filaments (around 10µm scale), 
microchannels (around 100µm scale), and nano
metric coating (22–100nm scale). Air pockets 
under the drops placed over the biomimetic sur
face confirm the Cassie-Baxter state of the mate
rial. Dynamic tests show the self-cleaning property 
of the surface and its tunable wettability under 
UV-A irradiation. Floatability experiments show 
that the biomimetic surface can modify the contact 
area of an object placed over water. Numerical 
simulations confirm that the presence of air in 
a channel having a biomimetic bottom-wall 
increases the average velocity and decreases the 
friction factor, as a slip velocity exists on the 
biomimetic boundary layer. Our findings show 
that the combination of SLA 3D printing with 
a TiO2-HTMS coating is an excellent strategy to 
develop biomimetic superhydrophobic surfaces for 
future applications in fog-harvesting, anti-fouling, 
and drag reduction devices.
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