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The superhydrophobic properties of Salvinia molesta are observed to prevent
wetting and submersion in water. Replicating this structure has always been
highly desired because of its excellent superhydrophobicity but has been
constrained by existing fabrication methods. Here, we proposed an electrically
assisted vat photopolymerization (e-VPP) to control the surface roughness of
Salvinia-inspired structures at the micro- and nanoscale through the intro-
duction of multiwalled carbon nanotubes (MWCNTSs). Experimental results
show that using MWCNTs increases the superhydrophobic properties of
printed bioinspired structures at a relatively high concentration compared to
the normal pure resins. Alignment of MWCNTSs also boosts overall perfor-
mance of biomimetic structures, such as mechanical strength, contact angle
and liquid surface attaching forces. Thus, these outputs make it possible to
achieve better interfacial performance with controllable micro-/nano-dual-
scale surface roughness properties by adjusting material composition and
distribution for multiple applications, such as droplet control, micro-droplet
reactor, microdroplet non-loss transportation, anti-bacteria surface, water

robot and oil-water separation.

INTRODUCTION

Over millions of years of evolution, natural
organisms have gained complex hierarchical archi-
tectures with highly integrated structure and func-
tion, which open up an unprecedented path for the
design and manufacture of high-performance func-
tional devices, especially hydrophobicity.* The
eggbeater-like structures of Salvinia molesta, the
floating leaves of water fern, demonstrate superhy-
drophobicity, which helps the water droplet to stay
afloat on the leaves (Fig. la,b).>* The microscale

(Received January 30, 2023; accepted April 28, 2023;
published online May 22, 2023)

eggbeater-shaped hairs are decorated with micro-
scopic granules and nanoscopic wax crystals (dual-
scale roughness), and wrinkled hydrophilic patches
without wax crystals are evenly distributed on the
terminal of each hair (Fig. 1c).” In some of the
previous studies, these Salvinia-based biomimetic
structures have been made using different pho-
tocurable resins. Although it is difficult to increase
the surface roughness properties at multiscale only
using the resin, it is much easier to adjust the
printing parameters to achieve macroscale rough-
ness. The size, number of eggbeater arms and gap
distance between pillars were all variable so it was
possible to examine how they affected the hydropho-
bic property and water adhesion. Notably, the
multiscale roughness at microscale level is easy to
achieve but nanoscale wax-crystal-like roughness is
difficult to obtain without any fillers. The
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Fig. 1. Bioinspired design and manufacturing process. (a) Salvinia molesta leaf in nature, reprinted from Ref. 31 under the terms of Creative
Commons Attribution-Share Alike 3.0 Unported license. (b) Microstructures on leaf surfaces support water droplets, reprinted from Ref. 32 under
the terms of Creative Commons CC BY license. (c) Scanning electron microscope (SEM) image of eggbeater microstructures with dual-scale
roughness; the main image is reprinted with permission from Ref. 3, and the two subplots in the upper right corner are reprinted from Ref. 32
under the terms of Creative Commons CC BY license. (d) Schematic diagram of electrically assisted vat photopolymerization set-up. (e)
MWCNTSs aligned under electrical field. (f) lllustration of the fabrication process of printing eggbeater microstructure.

hypothesis is that the MWCNTs were additionally
included in the liquid resin to both improve surface
roughness at micro-scale and eliminate static
charges generated on surfaces with its high-conduc-
tive nature. Also, the electrical properties help in
their alignment when exposed under electric field,
and both the chemical composition and geometric
structure of an eggbeater surface influence its
unique wetting properties.®

A stable and continuous voltage source is used to
regulate the alignment of MWCNTs, and it is
investigated how to employ this external control to
provide superior mechanical characteristics. Due to
their distinctive structural characteristics and
excellent mechanical qualities, MWCNTs have
shown significant promise as multifunctional nano-
fillers for polymer-based nanocomposites. To further
enhance the multifunctional characteristics,
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controlled alignment of MWCNTSs in polymer matrix
by electric field is studied, which helps obtain better
roughness properties at nanoscale. Thus, superhy-
drophobic structures with multi-scale roughness, at
micro-scale due to the dispersion of MWCNTSs and
at nano-scale due to the alignment of MWCNTSs, can
be achieved. The endeavor to replicate nature-
inspired structures poses a significant challenge,
primarily attributed to the intricate interplay of
multiple factors such as high precision, dual-scale
integration spanning the micro- and nano-levels
and stringent environmental considerations.
Although extensive research has been carried out,
traditional manufacturing methods such as mold-
ing, coating and deposition are far from meeting the
requirements of the fabrication of superhydrophobic
surfaces.”® Benefit is derived from the newly
emerging additive manufacturing (AM) technolo-
gies and widely available materials;>'° AM expands
its capability from primitive prototype verification
to fabricating highly functional devices, sQeciﬁcally
bioinspired superhydrophobic structures.'’'? Nev-
ertheless, current 3D-printed bioinspired sur-
faces'®' have encountered bottlenecks in
reproducing such dual-scale roughness, and the
performances of printed structures still cannot
achieve the same liquid-repellent and air trapping
capability as natural structures.'®

Here, we proposed an electrically assisted 3D
printing method of bioinspired hierarchical struc-
tures with controllable roughness for hydrophobic-
ity enhancement. In our study, the controllable
surface roughness and wettability will be achieved
by using multi-wall carbon nanotube (MWCNT)-
based nanocomposite for the 3D printing of multi-
scale, bioinspired, eggbeater-shaped structures so
that stable and long-term air retention can be
achieved in large dimensions.!” Digital light pro-
cessing (DLP)'® is a novel AM process where the
horizontally sliced images of the structure are
projected to the one after the other on the photocur-
able resin to create a photopolymerized structure.'®
The layer-by-layer printing process helps to create a
structure with controlled micro-scale surface rough-
ness, which is difficult to control using traditional
methods. To fabricate a hierarchical structure that
is structurally strong and possesses nanoscale
roughness, the MWCNTs are added to the resin
and aligned in a specific direction. The directional-
ity of the MWCNTs is determined by the electric
field and fixed with the cured resin, which further
helps to improve the structural hydrophobicity and
mechanical performance.?’ Printed structures are
tested from the aspect of wettability, attaching
forces, contact angle and structural strength. Thus,
the bioinspired hierarchical structures consisting of
microscale superhydrophobic hair with dual-scale
roughness and wrinkled hydrophilic patches can be
achieved with the help of biomimicry?' and novel
electrically assisted 3D printing technique. We

believe that its ‘Salvinia effect’ can be applied in
the field like water wheel propeller, anisotropic
water transport,?>?> water/oil separation and dis-
persion/separation of polar and non-polar sub-
stances®* for biomedical devices.?*?%

MATERIALS AND METHODS

MakerdJuice SF Red Resin was purchased from
MatterHackers. MWCNTs were purchased from
Sigma-Aldrich. Two mixing methods are used to
prepare the mixture with different weight percent-
ages of MWCNTs: (1) vortex mixing for 5 min; (2)
magnetic stirring mixing at 400 rpm for 30 min. All
mixtures are vacuumed to remove air bubbles prior
to printing.

During the printing, the images are projected one
at a time from the projector onto the bottom surface
of the vat tank after the CAD model has been
segmented into slices for VPP (Fig. 1f). The self-
developed program that projects mask images onto
the bottom surface of the vat tank uses a set of sliced
mask images. The exposure time, number of layers
to print, building platform’s travel distance, layer
thickness and images to project are all controlled by
the programming software. As a result, the first
layer is printed on the building platform’s bottom
surface after the first image has been projected onto
the photopolymer resin. Based on the layer thick-
ness specified, the building platform is then raised
to create a new layer and lowered in a control
motion to allow more resin in between for the
following layers. Then, a structure is printed fol-
lowing several iterations. Throughout the project,
curing times for the material are tracked using UV
projector (405-nm wavelength). A shutter connected
to a stepping motor is used to block the light to
prevent overcuring between individual layers (extra
light from the projector during the motion breaks).
It is programmed to open when the image is
projected and close based on the exposure time
after the projection. As an illustration, we estab-
lished specific parameters to produce eggbeater-
shaped structures utilizing a composite of 0.5 wt.%
MWCNTs. Each layer’s exposure time and thick-
ness were set to 0.5 s and 25 um, respectively. The
process of linear motion for preparing a new layer of
liquid takes 30 s per layer, and aligning the
MWCNTs for the last ten layers requires 15 s per
layer under 2 kV. As a result, the entire printing
procedure takes approximately 18 min.

For the measurement of the contact angle, a
syringe needle was used to add a water droplet to
the surface. The droplet maintains its circular form
on the surface. An optical microscope was used to
capture a side view photo of the produced droplet,
which was then imported into ImagedJ software for
contact angle measurement. The morphological
image of the printed eggbeater structure was taken
by JEOL JXA-8530F electron microprobe analyzer.
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The surface roughness of the printing sample in the
single layer was characterized by ZeScope
profilometer.

RESULTS AND DISCUSSION

Electrically Assisted Vat Photopolymerization

Vat photopolymerization®”?® is a technique used

in 3D printing. Photopolymerization process emits
UV light onto liquid 2Bolymer resin to convert that
liquid resin to solid.”” In vat photopolymerization
process (Fig. 1d),%° a transparent tank is filled with
liquid resin and is positioned so that the UV light is
emitted onto the bottom surface of the resin. The vat
tank is set with two copper electrodes (Fig. 1d)
facing each other that are connected to an AC high-
voltage source. The electric field is used to align the
MWCNTs presented in the photopolymer resin.
After curing one layer, the cured layer is lifted
and then lowered on to the bottom surface of the
tank with a new gap layer. This process is continued
until the structure is completely printed and fin-
ished. In between the layers, there will be a time
gap, time taken by the guide tool to lift the printed
portion and come back to the bottom of the tank.
The UV light coming from the projector in these
intervals can cure the resin to some extent. This
causes irregular strands of cured resin in between
the printed structures and is difficult to clean. This
problem is better avoided by using a stepped motor
operated shutter that helps block the UV light in
time interval between each layer. The immersed
electrode set-up inside the resin is connected to an
AC high-voltage output, where the voltage param-
eters can be altered (Fig. 1e). As a result, the e-VPP
process is used with the help of electric field to align
highly conductive materials like MWCNTSs, which
are added as nanofillers to the photopolymer resin
that will be cured to print solid structures.

The 15 x 15-mm building platform is made of the
same Makerduice resin because it is used in the
electric field and improves adhesion between the
new prints and the platform surface. To improve
adherence with freshly printed parts, the platform
surface is roughened with a flat file after each print.
The regulated speed, which is based on the number
of layers to be printed, determines how quickly the
platform lifts and lowers for each cycle. Here, the
platform is raised ten layers of 5 um thickness, or
500 um, with a speed of 50 um/s for each individual
image projected. By doing so, the shape of the
structure that will be printed can be controlled, and
the printed layers can be raised without being
damaged. These prints’ surface roughness is always
influenced by printing speed and print layer depth.
Like other 3D printing processes, the shape of the
structure improves with slower printing speeds. The
mixture and its curing properties have a direct
effect on the layer depth and exposure time. All
other printing parameters remain constant while
the MWCNTs present in the photocurable resin are
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aligned utilizing an electric field. High voltages are
connected to the electrodes using the Hipot Tester.
The platform is set to sleep state for a period of time
to allow MWCNTSs to start aligning at these volt-
ages. When using the Hipot Tester, the set-up is
unaltered. If these AC high voltages are continu-
ously applied to the resin mixtures, the MWCNTSs
adopt the structure of a long chain. When current
begins to flow through them, the Hipot Tester will
shut off promptly. Hipot tester must be turned off
after printing is complete before moving on to the
next step. To print these eggbeaters using e-VPP 3D
printing, a vat tank of 35 mm diameter is filled with
the MWCNT mixed resin. After the printing pro-
cess, a flat base with a thickness of 400 ym is
created so that the eggbeaters can stand upon it.
Next, the eggbeaters’ stems and then the smallest
component, the eggbeater heads, which have a size
of 50 um each, are printed. Because this method of
production is bottom-up, the printed parts are
adhered to the flat surface in the reverse direction
and must be peeled off the tool for additional
testing. The printed item has a rectangular base
with a total size of 11 x 9 mm, with a 400-um-thick
base, and a total height of 1.75 mm. After the
printing is finished, the printed part is cleaned in
ultrasonic bath for 3-5 min for the excessive resin to
wash off, and then it is dried for further tests.

Curing Characterization

Curing time is the amount of time needed for the
photopolymerization of the polymer resin into solid.
The resin cures more quickly or more slowly
depending on the nanofiller added to it. MWCNTSs
are added to the polymer resin, which shatters the
energy that is emitted by UV light. When exposed to
an electric field, the MWCNTSs create microscale
MWCNT strands that align in a horizontal line and
allow more projected UV light beams to initiate the
photopolymerization process of the photocurable
resin. Due to the tightly packed bundles that are
next to one another, this MWCNT accumulation,
which is perpendicular to the 2D light beam, causes
greater light penetration. A relationship was devel-
oped to calculate the cure depth C,; of the photocur-
able resin using the light penetration, volume
percentage and total energy. The following equa-
tion, developed by Griffith and Halloran, could be
used to predict the curing model of MWCNT-based
resin during the e-VPP process:*

LR

where 7 is the refractive index of the photocurable
resin, #p is the refractive index of the MWCNT, / is
the wavelength of incident light, D is diameter of
the MWCNT-based bundle, ¢ is the exposure time, ¢,
is the critical exposure time, and ¢ is the concen-
tration of MWCNTs in the mixture.




Electrically Assisted Vat Photopolymerization of Bioinspired Hierarchical Structures with Controllable

2141

Roughness for Hydrophobicity Enhancement Using Photocurable Resin/Carbon Nanotube

Curing time (s)

Weight percentage of MWCNTs (wt%)

0.10 T T
(b) Magnetic stirring |

»

o
=]
=

e
o
®
T
L
w

Curing depth (mm)
2
~
Curing time (s)

L
-

Weight percentage of MWCNTs (wt%)

Fig. 2. Effect of dispersion conditions on curing properties of randomly distributed MWCNTSs. (a) The curing characterization of the vortex mixing
for 5 min. (b) The curing characterization of the magnetic stirring mixing at 400 rpm for 30 min. The black and red number labels in the chart are

curing thickness and curing time, respectively.

Different concentrations of the random MWCNTs
in the photocurable polymer resin using the vortex
and magnetic mixing method were examined for
their curing depth properties. The concentration of
the MWCNTs directly influences the curing param-
eter since the MWCNT particles scatter the pro-
jected light and further hinder the
photopolymerization. As shown in Fig. 2a, the cur-
ing depth increased gradually as the concentration
of MWCNTs was increased under the condition of
vortex mixing; this is because the particles are
inhomogeneously dispersed and take longer to
solidify precisely to the desired shape. Different
from vortex mixing, the curing depth is greatly
reduced and gradually decreases with the increase
of the proportion of MWCNTSs for magnetic mixing
(Fig. 2b). Moreover, the curing time required for the
same concentration is longer than vortex mixing,
which is caused by the light-shielding properties of
the increasingly aggregated MWCNTSs. Therefore,
the trend of curing depth of the mixture under
vortex mixing is completely different from that of
magnetic stirring, and its characteristic is between
pure resin and homogeneous polymer/MWCNT
mixture. After observing the curing times and
depths for these two different mixture techniques,
the magnetic-stirred mixtures, which already have
a better dispersion rate, show lower curing depths.
The vortex mixture is overcured for the shortest
printing time, whereas the magnetic-stirred mix-
tures are good at that rate and the curing depth can
be fixed for the respective mixtures. This further
helps us to proceed with this technique to prepare
material to print with different concentrations.

Dynamic Alignment Under Electrical Field

While aligning MWCNTs under electric field,
there is a need for voltage source, and it needs to
be regulated (Fig. 3a). As the MWCNT is highly
conductive, it can change its directions at micro-
scale. When it is introduced into AC electric field, it
aligns in the direction of the field. Under high

voltage parameters, MWCNTSs try to increasingly
align, and then the small alignments observed can
lead to formation of thicker chain-like structures in
between the electrodes inside the resin. Some of the
MWCNTSs can also be observed depositing at the
electrodes. This leads to the separation of MWCNTs
from the resin, which is not good for printing. We
recorded the dynamic arrangement process of
MWCNTs with different mixing conditions under
100 V/mm AC electric field. Due to the large size of
vortex stirring particles, they take a longer time to
arrange, but the corresponding bundle size is larger
and the connection between the particles is more
obvious. As time goes on, the particles come
together in a line, and more light passes through
the mixture (Fig. 3b). Because an alternating cur-
rent is used, the particles are arranged in situ
rather than moving towards electrodes as they
would under a direct current field. The use of an
alternating current field greatly improves the sta-
bility of the arrangement. In contrast, magnetic
stirring makes the particle dispersion more uni-
form, and the electrical conductivity of the mixture
is enhanced (Fig. 3b). Besides, the magnetically
stirred MWCNTs took much less time (30 s, Fig. 3c)
to obtain the stable alignment of MWCNTs com-
pared with vortex mixed MWCNTs (90 s, Fig. 3b).
The time taken for the alignment of MWCNTSs in
0.5 wt.% mixture gradually decreased from 73 to
15 s as AC voltage increased from 0.5 kV to 2 kV
because the high voltages activate the MWCNTs to
align faster. The same phenomenon could be
observed in the rest of the mixtures as the align-
ment time decreased from 58 s, 49 s, 42 s and 33 s
to 12 s, 10 s, 10 s and 8 s for 1 wt.%, 1.5 wt.%, 2
wt.% and 2.5 wt.% mixtures, respectively (Fig. 3c).
On observing the variation in time taken for the
MWCNT mixtures for the same voltage of 0.5 kV,
that is 33 s for 0.5 wt.% to 73 s for 2.5 wt.%, the
higher the weight percentage of MWCNTSs present
in the mixture, the more time it takes for them to
align at low voltages, and this gradually decreases
with increase in the AC voltage. Notably, at 2 kV,
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Fig. 3. Dynamic electric alignment of MWCNTSs. (a) Electrically assisted vat photopolymerization set-up. (b) Alignment of vortex mixed MWCNT
particles. (c) Alignment of magnetically stirred MWCNT particles. All the percentages of MWCNTSs are 2.5 wt.%. (d) Electric field application time

required for different voltages under different concentrations of MWCNTSs.

Fig. 4. Eggbeater-shaped structures made from pure resin and resin/MWCNT mixture. (a) Top view of structure made from pure resin. (b) Top
and partial view of structure made from resin/MWCNT mixture. Side and partial view of the structure’s head made from (c) pure resin and (d)

resin/MWCNT mixture.

0.5 wt.% mixture takes 15 s and 2.5 wt.% takes 8 s
to align, which is not a big difference.

e-VPP of Eggbeater Shaped Structures
and Mechanical Performance Simulation

After studying the curing characteristics of the
material and the dynamic alignment process of
MWCNTs in an electric field, we printed the
eggbeater structure using pure resin and resin/
MWCNT mixture, where an electric field was
applied to align the MWCNTs while printing the
mixture. The top and side views of the structure
printed with pure resin are shown in Fig. 4a,c. The
partial view shows that the structure is complete as
a whole, the surface is smooth, and there is no over-

curing between layers. In contrast, after the addi-
tion of MWCNTSs, the surface roughness of the
structure increases, and its sides have many
MWCNT fibers perpendicular to the surface, which
benefits from the electric field applied during print-
ing (Fig. 4b,d). This unevenness on the micrometer
scale and roughness on the nanometer scale caused
by MWCNT fibers synergistically enhance the
superhydrophobic properties of the structure, which
will be elucidated in the follow-up sections.

By adding gravity to the droplets, it was possible
to mimic how water droplets would compress on a
3D-printed eggbeater structure. The model was
designed in SolidWorks and simulated in COMSOL
Multiphysics (Fig. 5a). According to Yang et al.’s
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Fig. 5. Structural mechanical performance simulation. (a) Schematic diagram of the simulation of relative stress by COMSOL Multiphysics for the
water droplet on the top of the superhydrophobic eggbeater arrays for different materials. (b) Maximum stress in different directions of applied

force. The stress type in (a) is von Mises stress, and the unit is N/m?2.

work,?* the modulus is set at 2.06 MPa, 4.13 MPa
and 3.18 MPa for red resin, 1.5 wt.% MWCNT
random mixture and aligned mixture, respectively.
To simplify calculations, the composite is considered
a continuum system, assuming the mechanical
properties of the homogeneous MWCNT/resin com-
posite to be isotropic. After arranging the internal
particles, distinct simulation parameters are uti-
lized in different directions for the composite,
resulting in an anisotropic simulated model. The
water droplet is assumed to be stationary, and the
applied force is the gravity on the droplets to study
the deformation of eggbeater arrays. To observe the
deformation of eggbeater arrays in various direc-
tions, a side force was also applied. As shown in
Fig. 5b, the red resin-made structure has stresses of
40.902 kPa, which are the highest for all the
vertical drop simulations. This is because the struc-
tural strength of the structure made using pure
photopolymer is low compared to the MWCNT
mixture-made structures. The modulus increases
with the help of these nanofillers, and the stresses
induced are reduced to 40.797 kPa. Then, for the
aligned mixture, the stress is slightly increased to
40.845 kPa. The stresses induced at 45° angle
gradually decrease from  120.968 kPa, to
120.597 kPa, to 120.767 kPa for polymer resin
MWCNTSs in random and aligned orientation. The
side force applied induces more stresses on these
structures compared to the vertical drop, as shown
in Fig. 5b, because the structures created using this
e-VPP technique are structurally strong in the
vertical direction, which means they can absorb
more compressive forces.

Evaluation of Superhydrophobicity

To study the effect of spacing on superhydropho-
bicity, a series of structures was printed. The
contact angle increases as the distance between
the eggbeater structures widens (Fig. 6a). The
increased surface area between the eggbeater tip
and the water droplet is responsible for this. The

eggbeater structure with more distance, on the
other hand, does not have any hydrophobicity. This
is due to the size of the water droplet that is dropped
on these structures and its simultaneous distribu-
tion on each arm. The eggbeater arrays function
best when there is a gap of 500 um between them
(Fig. 6b), considering the structures’ superhy-
drophobicity and strength.

The contact angles go from 110.2° to 116.0° and
118.6° for 400 um, 450 ym and 500 um, respectively,
according to Fig. 6b. Then, they decrease for 550 um
and 600 ym at 93.7° and 91.5° for the pure resin as
the eggbeater structure cannot hold the drop on its
heads. This trend is the same for the 0.5 wt.%
MWCNT mixture. It reaches a peak at 500 yum with
a CA of 127.4°, and for other gaps of 400 um,
450 ym, 550 um and 600 ym, the contact angles
obtained are 123.8°, 125.7°, 96.5° and 92.3°, respec-
tively. This explains why the contact angle reaches
its peak at 500 um gap between each individual
eggbeater for both resins. So, further experiments
with 1 wt.%, 1.5 wt.%, 2 wt.% and 2.5 wt.% MWCNT
mixtures can be tested with the same geometry.
This can help the random and aligned MWCNT
mixtures to reach superhydrophobicity. The contact
angles observed for 500 ym are higher for resin/0.5
wt.% MWCNT mixture compared to pure resin.
Though they are not superhydrophobic, there is a
hydrophobic behavior in these two models. So, for
further tests and prints with different concentra-
tions of MWCNTSs, 500 um gap is selected and tested
for research purposes.

A 5-mm cube is designed and printed using e-VPP
3D printing with all the different mixtures of the
resin, random and aligned with a layer thickness of
50 um, to achieve a controlled layer thickness. All
the mixtures of MWCNTs are aligned under electric
field and are printed to obtain a set of samples to
observe the microscale roughness of the printing
that can be achieved with this form of 3D printing.
This microscale roughness is an important factor in
the contact angle measurement as the roughness
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Fig. 6. Investigation of the relationship between different materials, contact angle and spacing. (a) Relationship between contact angle and
spacing: (i) 400 um, (ii) 450 um and (iii) 500 um. (b) Eggbeaters with 0.5 wt.% MWCNTSs showing superhydrophobic properties for water droplet.

determines the hydrophobicity of a structure. All
the mixtures of 0 wt.%, 0.5 wt.%, 1 wt.%, 1.5 wt.%, 2
wt.% and 2.5 wt.% MWCNTSs, both randomly ori-
ented and aligned mixtures, are used to print the 5-
mm-long cube of length. All these samples are
tested under a profilometer to measure the surface
roughness within a single printed layer. All these
cubes are printed under electric field with a con-
stant voltage of 1 kV. This print roughness observed
under the profilometer is considered as the micro-
scale roughness that will be used in the manufac-
turing of superhydrophobic structures. When
observed under profilometer, each individual layer
can be seen like grooves with convex and concave
surfaces, which tell us the roughness of each
individual layer (Fig. 7c,d). Here, we have three
different studies just for the roughness measure-
ment for both the vortex- and magnetic-stirred
mixtures. They are randomly oriented, and the
aligned MWCNTs are in both horizontal orientation
and vertical orientation, or the direction of electric
field and the perpendicular direction to the electric
field, respectively. Figure 7a,b shows all the differ-
ent trends that were caused by random orientation,

horizontal and vertical sides of aligned MWCNT
under 1 kV for the mixtures of 0 wt.%, 0.5 wt.%, 1
wt. %, 1.5 wt.%, 2 wt.% and 2.5 wt.% MWCNT
mixtures. Different curing times and voltages are
used four different mixtures of MWCNTs to observe
the roughness by keeping the curing depth constant
at 50 pm.

For vortex mixture, the random MWCNTs have
lower surface roughness in different concentrations,
which means the random orientation of MWCNTSs
creates individual layers with low surface rough-
ness at microscale. It is the same for magnetic state
mixture as the surface roughness gradually
increases as the MWCNT concentration raises from
0 wt.% to 2.5 wt.%. The roughness of 2.5 wt.% vortex
mixture is 2.5 ym whereas magnetic state mixture
is 4.2 ym. This explains that the roughness caused
by printing these structures using magnetic stirring
mixture is higher than the vortex mixture. This
must be because the rate of dispersion off the
magnetic-stirred mixture is better than for the
vortex mixture. By observing the horizontal and
vertical sides of MWCNT alignment, the trend is
different from the random orientation. This could be
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of H-direction. (d) Surface morphology of V-direction. The material used in (c,d) is magnetic-stirred 1 wt.% MWCNTSs at 400 rpm for 30 min.

because the higher percentages of MWCNTSs pre-
sent in the mixture causes more alignment, which
leads to an increase in the surface roughness at
micro-scale in both vortex- and magnetic-stirred
mixtures. For the horizontal side of aligned
MWCNTSs, the roughness is 1.6 yum for 0.5 wt.%
mixture and increases until 2.5 wt.% at 5.6 ym. The
trend is almost the same for the magnetic state
mixture where the roughness is observed at 3.7 ym
for 0.5 wt.% and 3.6 um at 1 wt.%, and it reaches
highest of 8.1 um at 2.5 wt.%. This also explains
that the roughness observed for the alignment is
higher in the magnetic-stirred mixture compared to
the vortex mixture.

In the aligned MWCNTSs, on the vertical side, the
roughness measurements observed are almost like
those on the horizontal side for both vortex- and
magnetic-stirred mixtures but just slightly lower. It
starts from 1.3 um at 0.5 wt.%, reaches 2.6 um at 2
wt.% and then decreases to 2.4 at 2.5 wt.% in
vortex-mixed composite; this trend is almost similar
to the horizontal alignment. Now, the magnetic-
stirred mixture is also similar, but the roughness is

a bit higher than the vortex mixture and starts at
2.3 um for 0.5 wt.% and reaches 4.7 um for 2.5 wt.%.
The trends that are observed for the alignment of
both horizontal and vertical mixtures of MWCNT
for both the vortex and magnetic-stirred mixtures
are similar and are gradually increased compared to
the random MWCNT alignment, which also reaches
the peak roughness at 2.5 wt.%. Thus, the rate of
dispersion and the amount of MWCNT weight
percentage added to the resin alter the roughness
of the print for each individual layer when aligned
under electric field.

The mixtures for different concentrations of
MWCNTs from 0.5 wt.% to 2.5 wt.% are made using
magnetic stirring method, and the eggbeater struc-
tures are made using these different concentrations.
The contact angles are measured from the images
taken while the water droplets of 5-7.5 uLi (Fig. 8c)
are placed above these structures. Then, the mea-
sured contact angles are observed and are shown in
Fig. 8a. Comparing the contact angle from pure
resin, there is an obvious difference when the
MWCNTs are included. This shows that MWCNTSs
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improve the surface roughness of these structures
and further help to improve their superhydropho-
bicity. The contact angle for the random and aligned
mixtures of MWCNTSs are measured using Imaged
software. The maximum contact angle can be
observed for the aligned 2.5 wt.% MWCNT mixture
with 169.5° and the next highest is observed with
165.3° for the random 2.5 wt.% MWCNT mixture.
These results show that the alignment of MWCNT's
could improve the contact angle of the structures,
which increases the superhydrophobicity. The
MWCNTSs in the mixture act as nanofillers to
increase the roughness at micro-scale and improve
the contact angle and superhydrophobic properties.

As shown in Fig. 8d, the liquid forms a meniscus
surface at the bottom of the structure, and its
profile, the liquid volume and volume force can be
fitted by the following formula:

y(x):—é a2—(x—a—£)2+b (2)

a 2

c/2 a+c/2
V=2n / x - bdx +/ x-y(x)dx (3)
0 c/2

Fg=pVg (4)
where a, b and ¢ are depicted in Fig. 8d; the V is
volume of the liquid inside the meniscus surface, Fg
is the volume force induced by the gravity, p is
density of liquid, and g is gravitational acceleration.

As shown in Fig. 8b, the maximum attaching
forces are observed for the aligned MWCNT struc-
tures. And the maximum force observed is for 2.5
wt.% MWCNT mixture, which is the maximum
MWCNT weight percentage aligned in this experi-
ment. The results showed that the adhesive force
increased from low (31.5 uN) to high (69 uN) with an
increase in the percentage of MWCNTs added to the
resin. This growth is related to the alteration of the
roughness in the microstructure scale and shape,
which creates various sticky regions for water
droplets on the surface. After aligning the
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MWCNTSs, the structure exhibits an overall better
attaching force than the randomly distributed state.
The results show that the printed eggbeater struc-
ture using the e-VPP 3D printing technique has a
controlled attaching force for both the random and
aligned MWCNT mixtures, but the attaching forces
observed for the aligned MWCNTSs are higher than
the others by at least 520 uN at different
concentrations.

CONCLUSION

The rough nano- and micro-scale hierarchical sur-
face produces air pockets, which significantly reduces
the solid-liquid interaction. The smaller solid-liquid
contact area makes the surface more hydrophobic
because it enables water droplets to become virtually
perfectly spherical and easily slide off it. The wetting
properties of the printed structure were tested in this
study, and they were compared under random and
aligned state with the same process parameters with
different MWCNT percentages. The structure’s wet-
ting performance is primarily controlled by its com-
position, micro/nano-scale roughness and structural
geometry. As a result of this study, one unique
additive manufacturing technique has been pre-
sented to fabricate hierarchical superhydrophobic
structures with controllable multi-scale roughness.
Analysis and experimental validation have been done
on the relationship among material qualities, manu-
facturing process parameters, and surface roughness
and geometry parameters. Analytical models and
experimental data were used to evaluate the impact of
manufacturing parameters and material character-
istics on the printed structure, including alignment
state of the MWCNTs, the spacing of the structure,
surface roughness and contact angle. Wetting char-
acteristics of the hierarchical structures were also
examined along with the mechanical properties like
attaching forces. Results show that adding and align-
ing MWCNTSs can enhance the structure’s superhy-
drophobicity. The study supports the feasibility of
creating multi-scale hierarchical surface structures
inspired by biological systems by aligning MWCNT's
under an electric field, which has a number of poten-
tial applications in water wheel propellers,®> aniso-
tropic water transport and water/oil separation.>®
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