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Abstract: Superhydrophobicity, a unique natural phenomenon observed in organisms such as lotus
leaves and desert beetles, has inspired extensive research on biomimetic materials. Two main
superhydrophobic effects have been identified: the “lotus leaf effect” and the “rose petal effect”, both
showing water contact angles larger than 150◦, but with differing contact angle hysteresis values.
In recent years, numerous strategies have been developed to fabricate superhydrophobic materials,
among which 3D printing has garnered significant attention due to its rapid, low-cost, and precise
construction of complex materials in a facile way. In this minireview, we provide a comprehensive
overview of biomimetic superhydrophobic materials fabricated through 3D printing, focusing on
wetting regimes, fabrication techniques, including printing of diverse micro/nanostructures, post-
modification, and bulk material printing, and applications ranging from liquid manipulation and
oil/water separation to drag reduction. Additionally, we discuss the challenges and future research
directions in this burgeoning field.
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1. Introduction

Being a unique phenomenon, superhydrophobicity has assisted organisms to survive
under harsh natural conditions for billions of years [1–5]. Superhydrophobicity refers
to objects with high water contact angles (CAs) (>150◦). For instance, a lotus leaf can
repel water and keep clean in sludge, cactus spines and desert beetles can collect water
in dry environments, water striders can walk freely on water surfaces, and the wings of
many butterflies also have anisotropic superhydrophobic properties [6–9]. In nature, two
main superhydrophobic effect can be found. One is the “lotus leaf effect”, referring to
surfaces with water CAs larger than 150◦ and contact angle hysteresis (CAH) of less than
10◦ [10]. These surfaces show superhydrophobic property with low adhesion, which can be
attributed to a combination of hierarchical micro/nanostructures and wax with low surface
energy. The other is the “rose petal effect”, referring to surfaces with water CAs larger than
150◦ and contact angle hysteresis (CAH) of more than 10◦ [11]. These kinds of surfaces
show superhydrophobic property with high adhesion and, although possessing unique
fractal micro/nanostructures, no low surface energy coatings can be found, leading to high
adhesion of water droplets.

Learning from nature, extensive studies have been carried out on fabricating biometric
superhydrophobic materials during recent decades, covering from theoretical wetting
models and different fabrication strategies to diverse kinds of applications [12–14]. To
further reveal the wetting regimes, several famous models were proposed, including Wenzel
models for complete wetting [15], Cassie–Baxter models considering surface roughness and
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heterogeneity [16], and intermediate models between these two states [17,18]. In addition, to
mimic natural analogues, numerous kinds of strategies have been developed for fabrication
of superhydrophobic materials, such as chemical etching, spray coating, electrochemical
deposition, lithography pattering, sol–gel processing, etc. [19–21]. The main construction
guideline is a combination of surface roughness with low-energy materials. The fabricated
multifunctional materials have shown great potential in various applications fields, such as
anti-icing, water/oil separation, directional liquid transportation, drag reduction, etc. [22].

Among all these fabrication techniques, 3D printing, also known as additive manu-
facturing (AM) or free-form fabrication, has attracted extensive attention due to its special
role in construction of artificial superhydrophobic materials [23,24]. The main advantages
of 3D printing over others are the fast construction of complex materials without the use
of a template with low cost and high precision. During the recent years, several kinds of
3D printing techniques, such as stereolithography (SLA), digital light processing (DLP),
fused deposition modeling (FDM), and direct ink writing (DIW), have been reported for the
successful preparation of superhydrophobic materials [25–28]. Based on these strategies,
different biomimetic micro/nanostructures such as re-entrant structures [29–31] and egg-
beater analogues [32,33] can be printed, and the printed objects can be further modified to
improve water repellency [34–36]. More recently, bulk superhydrophobic objects have been
fabricated directly through 3D printing [37,38]. Although great progress has been made
in these areas, urgent challenges still remain. One of the biggest is the lack of structure–
function relationships as clear guidelines. In consequence, challenges and opportunities
coexist in 3D printed superhydrophobic materials, calling for further advancements in this
field.

In this minireview, we will summarize the recent progress in biomimetic superhy-
drophobic materials fabricated through 3D printing, mainly focusing on wetting regimes,
different fabrication techniques, and various applications of the printed objects (Scheme 1).
Finally, conclusions and outlooks are presented for a comprehensive discussion of the
challenges and future research directions in this field.

2. Natural Superhydrophobic Surfaces and Wetting Regimes

In nature, many kinds of plants and animals have superhydrophobic surfaces, attract-
ing extensive attention due to their unique properties, such as self-cleaning, water-proofing,
uniaxial water transport, etc. Although the apparent CAs of these surfaces are similar, the
CAHs may be different considering the chemical compositions of these surfaces. Addi-
tionally, the important “lotus leaf effect” and “rose petal effect” are proposed according to
the water repellency/adhesion. The exploring of wetting regimes can provide important
guidance for the fabrication of artificial superhydrophobic materials and much effort has
been made in this field. Moreover, to further reveal the wettability mechanism, several
models have been developed, originating from Young’s equation, including the Wenzel
model, Cassie–Baxter model, and some new models. Still, debates exist on whether these
models have explained wettability explicitly.

2.1. Natural Superhydrophobic Surfaces—“Lotus Leaf Effect” and “Rose Petal Effect”

As is well known, a lotus leaf can withstand muddy environments due to its self-
cleaning property. The apparent CAs of a lotus leaf can be more than 150◦ and CAHs can be
less than 5◦ [39]. As a result, water can roll down the leaf easily. During the rolling process,
the dirt on the leaf can be absorbed into the water drop, so-called liquid marbles are thus
formed, and the surface energy can be minimized after adsorption. Numerous efforts have
been made in revealing this mechanism [40]. At first, this phenomenon was ascribed to
the wax coating and microstructures by Barthlott and Neinhuis [41]. In 2002, Feng et al.
revealed that the surface of a lotus leaf is composed of large amounts of micropapillae
and nanostructures on top of them [10]. These hierarchical micro/nanostructures play a
vital role in superhydrophobic and self-cleaning functions (Figure 1a,b). In addition to
the lotus leaf, some other plant leaves were reported to have similar properties, such as



Micromachines 2023, 14, 1216 3 of 28

Colocasi esculenta leaves [42], Salvinia leaves [43], and so on. Furthermore, these water-
repellent structures can motivate design of surfaces which can be applied in anti-icing and
anti-fogging [44].

Similar to the lotus leaf, the rose petal also exhibits superhydrophobic property. How-
ever, different from the former, water droplets can adhere on top of the petal firmly [45,46].
The CAH is large in these structures where the pinned water will not roll away until
complete evaporation. This can help animals or plants to survive in dry environments. As
can be seen from closer observation through SEM, periodic microarrays with an average
diameter of about 20 µm and height of 10 µm can be found on the surface, covered with
nanosized wrinkles [47] (Figure 2a,b). Jiang et al. revealed that the superhydrophobicity
can be ascribed to the microstructures while the existence of the wrinkled nanostructures
makes the contact area larger, leading to high adhesion of water [11]. Apart from rose
petals, sunflower petals and Chinese Kaffir lilies also exhibit similar properties, showing
superhydrophobicity with high adhesion [48]. In addition, the “rose petal effect” could
prompt development of biometric superhydrophobic surfaces with high adhesion to retain
liquids.
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superhydrophobic surface of (c) rose petal and (d) the SEM observation of micro/nanostructures.
Reproduced from [47], copyright 2008, American Chemical Society.
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2.2. Wetting Regimes

The surface wettability is mainly measured by CAs, and to further reveal the mecha-
nism behind it, different models and equations have been proposed. The earliest and most
famous equation is Young’s equation (Figure 2a), where the CA (θ) on a smooth surface
is defined depending on the solid–vapor (SV), solid–liquid (SL), and liquid–vapor (LV)
surface tensions (γ). When reaching equilibrium, the equation can be expressed as [49]:

γSV = γSL + γLVcos θ (1)

As can be seen from the above equation, the CA is determined by interfacial energies,
which are derived from thermodynamic equilibrium of the three phases’ (solid–liquid–
vapor) interface free energy. However, Young’s equation is appropriate for ideal smooth
surfaces and not suitable to describe realistic surfaces with roughness. Therefore, an-
other two famous models, the Wenzel model and Cassie–Baxter model, were proposed
accordingly.

2.2.1. Wenzel Model

Compared with Young’s equation, the Wenzel model describes a complete wetting
state considering surface roughness and it was proposed in 1936 [15]. In this model, a
factor describing the surface roughness is introduced. The model assumes that water can
completely contact a chemically homogenous surface (Figure 2b). The equation for the
Wenzel model is expressed as follows:

cos θw = rcos θ (2)

where θw and θ represent the Wenzel contact angle and Young’s contact angle, respectively,
r is the surface roughness factor, equaling the fraction of true surface area to apparent
surface area. The value of r is 1 for an ideal planar surface and more than 1 for a surface
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in reality. In consequence, as can be seen from the Wenzel equation, the introduction of
roughness will increase both surface hydrophilicity and hydrophobicity to some extent.
However, in the Wenzel model, it is supposed that the surface is homogenous and flat and
the wetting is complete, which is not adequate for real surfaces. As a result, another model,
the Cassie–Baxter model, was proposed to solve the above problems.

2.2.2. Cassie–Baxter Model

In 1944, the Cassie–Baxter model was proposed to further investigate wetting regimes
of heterogenous surfaces with roughness [16]. In fact, when water contacts a surface with
certain roughness, it cannot fully enter the grooves due to existence of air pockets trapped
in the grooves (Figure 2c). Therefore, the contact state is composite on such a surface. The
equation for the Cassie–Baxter model is described as follows:

cos θCB = f1cos θ1 + f2cos θ2 (3)

f1 + f2 = 1 (4)

where θCB stands for the Cassie–Baxter contact angle, f1 and f2 represent the apparent
area ratio of surface 1 and surface 2. Commonly, surface 1 refers to the liquid/solid
interface while surface 2 refers to the air pocket interface. As the air can only be trapped
in the grooves along a solid surface, θ2 is 180◦ due to the non-wetting status. Therefore,
Equation (3) can be simplified as follows:

cos θCB = f (cos θ + 1)− 1 (5)

where θCB still means the apparent contact angle, f refers to the fractional area of the
liquid/solid interface. According to the equation, air pockets can be found in the “lotus leaf
effect”, where the surface exhibits superhydrophobic property and low adhesion, verifying
the importance of the Cassie–Baxter model in explaining actual wetting situations.

2.2.3. Intermediate Models

Although the proposal of the above two models can fill the gap in wetting regimes to
a great extent, they still cannot explain all wetting situations, especially those with a nano-
sized porous structure or hierarchical nano/microsized structure. As a consequence, several
kinds of intermediate models have been developed during recent decades [17,18,50–54].
For instance, Miwa et al. discussed a mixed-wetting state at first. Luo et al. discovered
the existence of a stable intermediate wetting state on patterned surfaces with microstruc-
tures [51]. Liu et al. systematically studied a combined Cassie–Baxter/Wenzel state on
lotus leaves [52].

Here, an intermediate wetting state on surfaces with nano- or microstructures pro-
posed by Nagayama et al. is specified as an example [18]. The results originated from
molecular dynamic simulations. For a concavoconvex surface with micro- or nanostructures
(Figure 2d), the CAs can be derived as:

cos θCB = f1cos θ − f2 (6)

where θCB is the constant contact angle, f1 and f2 are the fraction of the solid/liquid and
liquid/vapor interface to the flat surface, respectively. If f1 is 0, Equation (6) turns into the
Wenzel model; if f1 and f2 fulfill Equation (4), the sum of the two equals 1, then Equation (6)
is the Cassie–Baxter model. In other words, for partial wetting of an intermediate state,
f < f1 < r, while 0 < f2 < 1 − f .

Meanwhile, apart from the above status, the contact angle of a surface with hierarchical
nano/microstructures is also discussed in this report (Figure 2e), and the CAs can be
described as:

cos θCB = f 2
1 cos θ − f2( f1 + 1) (7)
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In this hierarchical structure, the wetting state of the primary structures is similar to
that of the secondary structures, f 2

1 represents the area ratio of the solid/liquid interface
to the apparent contact interface, f2 f1 + f2 represents the area ratio of the liquid/vapor
interface to the apparent contact interface.

2.2.4. Debates

Nevertheless, despite all this progress made in wetting regimes, debates still exist in
the exploration of ideal models to fully explain wettability in reality. For instance, Gao
and McCarthy proposed that the wetting behavior of liquid on a structured surface is
determined solely by interactions along the three-phase contact line (TCL) instead of the
interfacial area within the contact perimeter [55]. The proposal was later proved by Liu
et al. [52]. Erbil et al. tested the application range of the Wenzel model and Cassie–Baxter
model by a simple method [56]. The results showed that the Wenzel equation was wrong
for superhydrophobic samples other than a few exceptions. In addition, the Cassie–Baxter
model can only be applied for superhydrophobic surfaces under certain conditions. Vogler
et al. suggested the cutoff for hydrophilic/hydrophobic should be θ ≈ 65◦ rather than
90◦ when considering long-range hydrophobic interactions [57]. Later, Jiang et al. proved
the intrinsic wetting threshold for water should be 65◦, which resulted from different
hydrogen-bonded (hydrophilic)/non-bonded (hydrophobic) molecular water structures
at the interface [58,59]. Thanks to the complicated situations of liquid motion on different
kinds of surfaces, the debates will last for a long time and exploration of new models is still
urgently needed.

3. Three-Dimensionally Printed Superhydrophobic Materials

Numerous strategies have been proposed in fabrication of superhydrophobic materials
during recent decades, among which 3D printing techniques show unique advantages over
others for replication of complex structures in a facile and accurate way. In the following
section, we discuss the micro/nanofabrication of superhydrophobic objects through 3D
printing. Different printing techniques, the pros and cons of them, and the specific methods
are summarized.

3.1. Three-Dimensional Printing Technologies

Three-dimensional printing, also denoted as additive manufacturing (AM) technology,
is a mature technology transforming 3D models into objects. The common steps for 3D
printing are (1) design a 3D model through computer-aided design (CAD); (2) cut the model
into slices with suitable thickness; (3) print the model layer by layer. The powerful technique
has unparalleled advantages in the reproduction of objects with complex structures with
high precision. Moreover, the printed products have wide applications ranging from the
motor industry, dental science, and the construction sector to jewelry, aircraft, etc. [60].
Depending on different printing principles, 3D printing can be mainly divided into three
categories, that is, photocuring printing techniques, including stereolithography (SLA) [61],
digital light processing (DLP) [62], continuous liquid interface production (CLIP) [63], two-
photon printing (TPP) [64] etc., jetting methods, such as inkjet printing (IJP) [65], direct ink
writing (DIW) [66], and extruding strategies, such as fused deposition modeling (FDM) [67],
and laser melting methods, such as selective laser sintering (SLS) [68], elective laser melting
(SLM) [69], and many other newly developed techniques [70].

Although 3D printing has been successfully applied in fabricated superhydrophobic
materials during the past few years, not all types of 3D printing can be used in this field due
to the great challenge in construction of micro- and nanosized structures in high resolution
with limited raw materials. The dominant 3D printing technologies that can be applied
in biomimetic superhydrophobic materials are summarized in Figure 3 and Table 1. The
advantages and disadvantages, typical raw materials, printing resolution, and printing
speed are compared here. A brief introduction of commonly used 3D printing strategies is
given as follows [71].
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fabricating superhydrophobic objects.

Table 1. Comparison of advantages, disadvantages, typical materials, and printing resolution of
commonly employed 3D printing techniques in fabrication of superhydrophobic materials.

Technique Pros Cons Typical Materials Printing
Resolution

SLA 3 Facile set-up
3 Large scale

8 Slow printing speed
8 Volume shrinkage Photoresins 100 nm

DLP 3 Fast printing
3 High precision

8 Volume shrinkage
8 Limited size Photoresins 100 nm

CLIP 3 Fast printing
3 High mechanical strength

8 Limited resolution
8 High cost

Low-viscosity
Photoresins 75 µm

TPP 3 High resolution
3 In vivo print

8 Slow printing speed
8 Only print transparent materials

Transparent
photoresins <100 nm

IJP 3 High resolution
3 Selectivity of multiple materials

8 Nozzle clogging
8 Low yielding rate

Polymers, pigments,
nanoparticles 50 µm

DIW 3 High resolution
3 Fast printing in one step

8 Low mechanical stability
8 Low scalability

Ceramics, metals,
zeolites

5 µm
(1–100 µm)

FDM 3 Good repeatability
3 Low cost

8 Limited resolution
8 Possible dimensional error Polymers, metals 100 µm

SLS/M 3 Large scale
3 High-temperature printing

8 Limited particle size
8 Uneven temperature distribution

Metals, ceramics,
polymers 50 µm

Stereolithography (SLA), also known as vat polymerization, is one of the earliest
developed techniques in 3D printing [72–75]. Under ultraviolet (UV) light irradiation,
light-induced polymerization occurs in a liquid photoresin container. The wavelength
of UV light usually ranges from 365 to 405 nm. Following photopolymerization of the
first layer, the remaining unreacted monomers continue to react with the irradiated liquid
photoresins in the second layer. Thus, a solid 3D object can be fabricated through layer-
by-layer curing of the resin. A post-curing process is commonly employed to promote
conversion of unreactive monomers to improve the mechanical properties of printed objects.
The resolution of SLA mainly depends on the size of the laser beam and, consequently, a



Micromachines 2023, 14, 1216 8 of 28

high resolution of 100 nm can be realized in this system. SLA has great potential in printing
objects with a large size and complex structures with sufficient precision.

The fabrication principle of digital light processing (DLP) is similar to SLA, but differ-
ently, a UV projector is used to project the image of the cross-section of an object into the
liquid resin [62,76,77]. The core technology of DLP is determined by the optical semiconduc-
tor or digital microscope device (DMD) or DLP chip. Meanwhile, since the polymerization
of the photoresins always takes place at the bottom of the vat, as a result, air is blocked
and DLP is less sensitive to oxygen compared with SLA. More importantly, DLP can print
objects with high precision yet limited size. Derived from common stereolithography,
continuous microprinting strategies, such as continuous liquid interface production (CLIP),
have been developed and applied for the fabrication of different objects [78–80]. In CLIP, an
oxygen-permeable membrane is introduced to prevent radical polymerization. Similar to
DLP, UV projection is located at the bottom, while a stable liquid area or “dead zone” can
be maintained thanks to the oxygen, and continuous printing can be realized in this way.
In consequence, the printing speed of CLIP is fast, up to 100 times faster than DLP. Further-
more, these microprinting strategies based on stereolithography have been successfully
applied in construction of superhydrophobic materials during recent years.

Being one of the 3D printing techniques with the highest resolution (less than 100 nm),
TPP employs a near-infrared femtosecond laser as a light source to initiate the photopoly-
merization process within a tight focal volume [81–84]. The focused laser spot can move
freely within the resin, providing freedom in the fabrication of 3D objects. In addition,
two-photon adsorption is linear only within the focused spot, and the intensity of two-
photon adsorption is proportional to the square of the incident laser density. As a result,
the precision of TPP can be very high. However, due to the deep permeation ability of
the femtosecond laser source into transparent resin and difficulty of focusing inside metal
supports, TPP is not suitable for such resin.

Inkjet 3D printing reproduces 3D objects on substrates via jetting and solidification of
inkjet droplets [85–88]. The ink materials are ejected from head/nozzle either under certain
pressure or through an actuator pulse generated from a thermal or piezoelectric head.
The above process is repeated until completion of the desired objects. IJP is a powerful
technique for the customized deposition of polymeric materials in an efficient and facile
way, showing great potential in fabricating various kinds of structures. However, the
printing resolution (50 µm) is low compared with other 3D printing methods due to the
limitation of droplets, which may impede further application. The fabrication process of
DIW is similar to IJP, where the ink droplets are extruded through the nozzle under external
force and solidified along a specified path. The precision of this strategy mainly depends
on the size of the nozzle, which is still small (fluctuating from 1–100 µm) compared with
other 3D printing techniques.

In FDM, materials can be fed into and forced out through one or more heated noz-
zles/orifices, forming continuous filaments, following by solidification and adhesion to
the preceding layer [89–92]. Typically, extruded materials are deposited onto a molding
platform assisted by motors to move in 3D directions to create the desired shapes. Ther-
mal plastic materials are used during FDM, which go through solid–liquid–solid phase
transition. Numerous kinds of materials can be used in FDM, such as acrylonitrile butadi-
ene styrene (ABS), polylactic acid (PLA), high-impact polystyrene (HIPS), thermoplastic
polyurethane (TPU), etc. The printing resolution is dependent on the nozzle, reaching
the highest resolution of about 100 µm. FDM is one of the most widely used prototyping
methods in 3D printing due to a rich choice in designs and materials, low cost, and fast
printing speed.

SLS/M is a kind of 3D printing method which is mainly applied to process solid
powders. The main working mechanism is utilization of a high-power laser to sinter
or melt powder and, after powder solidification, the desired 3D objects can be obtained
by moving the molding platform. Throughout SLS, the processing temperature is kept
high but less than the melting point of the powder [93–95]. Therefore, the particles are
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not completely melted, and the powder maintains its porosity. Particles can be reused
during SLS, placed on the fabrication platform as support for the next step by a roller.
In comparison, during SLM, particles are heated above the melting point, more particles
are softened and melted to fill space, and the porosity is reduced [96–98]. The printing
resolution of SLS/M can reach 50 µm, however, the particle size is commonly limited to
10 µm to prevent assembly and the majority of the materials employed in SLS/M show
poor biocompatibility.

3.2. Three-Dimensional Printing of Biometric Superhydrophobic Materials

During recent years, large amounts of work have been reported on 3D printed biomet-
ric superhydrophobic materials thanks to their fast printing speed and high precision in the
fabrication of complex structures. In general, these strategies can be categorized into the
following groups: (i) 3D printing of special micro/nanostructures; (ii) post-modification
of 3D printed objects; and (iii) 3D printing of bulk materials in one step, which will be
illustrated in detail. For the micro/nanofabrication method, complex structures can be
replicated directly to mimic the natural analogues, though these delicate objects may be
fragile when it comes to friction or corrosion. While post-modification can be used as a
powerful tool to further improve the anti-wetting properties of the printed objects, they
may still suffer from destruction of the layers and loss of superhydrophobicity. In com-
parison, bulk materials can be fabricated directly and are resistant to possible wear and
tear. However, they may be limited by the choice of suitable reaction systems and limited
mechanical properties.

3.2.1. Three-Dimensional Printing of Special Micro/Nanostructures

To start with, inspired by the lotus leaf, pillared micro/nanostructures have been
printed by 3D printing [99]. Magdassi et al. fabricated superhydrophobic surfaces by
DLP [100]. A novel ink was developed, mainly consisting of non-fluorinated acrylic
monomers and dispersed hydrophobic fumed silica (HFS) (Figure 4a). The introduction of
HFS brought about a certain surface roughness and lowered the surface energy. A cube with
a micropillar array with pillar spacing of 300 µm and side length ranging from 70 to 130 µm
on its faces could be fabricated. The best superhydrophobic property can be achieved with
a pillar length of 70 µm and spacing of 300 µm, with CAs reaching 155◦ and sliding angle
of 5◦. In addition, thanks to the superhydrophobicity, the fabricated object could flow on
the water surface freely, similar to that of legs of water striders. Credi et al. employed SLA
to construct perfluoropolyether (PFPE) microstructures on flat substrates [101]. The surface
tension of PFPEs was low enough. By further optimizing printing conditions, i.e., laser
energy, cylindrical pillar arrays with diameter of 85 µm, height of 400 µm, and different
spacings could be printed quickly (Figure 4b). For surfaces with pillar arrays (spacing of
200 µm) printed based on PFPE-tetracrylate oligomers, the CA was more than 150◦ and
sliding angle ranged from 2◦–5◦.

Among all special 3D printed micro/nanostructures, re-entrant geometry has attracted
extensive attention due to its efficiency in water repellency. In nature, springtails pos-
sess unique overhang structures, similar to mushrooms, which have been proven to be
superhydrophobic [102–104]. The re-entrant structures were evaluated to be effective in
supporting water droplets and keeping them away from the bottom by entrapping air [105]
(Figure 5a). Several works have been reported based on 3D printed overhanging struc-
tures [29–31,106–109]. For instance, Sitti et al. fabricated mushroom-like double re-entrant
poly (dimethylsiloxane) (PDMS) arrays based on a 3D printed template [106]. The arrays
showed superb repellency to various kinds of liquid, even those with low surface tension.
Gu’s group prepared both doubly and triply re-entrant structures through TPP, which were
flexible enough to be printed on arbitrary substrates [31]. The triply re-entrant arrays have
superrepellence to both water and organic liquids (Figure 5b). In another report of theirs,
through further regulation of parameters such as diameter, distance, etc., three different
adhesion states could be achieved [30]. Still, liquid repellence can be further improved
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by combining re-entrant mushroom structures with spring-like flexible arms [29]. Kinetic
repellence to liquid can be realized by preventing liquid impalement, moreover, the contact
time was reduced in this way (Figure 5c). To mimic cuticles of Dicyrtomina ornate, Mishra
et al. innovatively built a wall of double re-entrant structures with one or two lateral caps
on the sides, with centrally located normal double re-entrant arrays [109]. The addition of
a secondary microstructure was proven to be effective for air entrapment and prevention
of liquid movement laterally, showing superomniphobicity both in air and on submersion
(Figure 5d).

Inspired by the ability of the Salvinia molesta leaf to form robust air cushions when
immersed in water, several works have been reported on 3D fabrication of similar struc-
tures [32,33]. Salvinia possesses unique micro/nanostructures, microcellular arms can be
found on top of the leaves, and groups of four arms are connected at the end, forming
heterogeneous eggbeater structures [110–112]. The air retention ability, also known as the
“Salvinia effect”, results from multiple factors thanks to the unique eggbeater structures,
including structural support, maximized penetration energy, and pinning effect (Figure 6a).
In 2015, Mattoli et al. fabricated Salvinia-like patterns by scaling down the original param-
eters from hydrophilic materials [32] (Figure 6b). However, a hydrophobic state can be
achieved only with CAs around 120◦. To further enhance the hydrophobicity, Chen’s group
printed superhydrophobic eggbeater surfaces with a high-adhesion immersed surface
through accumulation-based 3D (ISA-3D) printing [33] (Figure 6c). In ISA-3D, printed
materials are accumulated along the light movement direction and multiscale objects can
be printed in this way. In this work, to increase the surface roughness and mechanical
strength of printed objects, multiwalled carbon nanotubes were added to liquid resins. The
size of eggbeater arrays was similar to that of natural ones, showing superhydrophobicity
(CAs~152◦) and high adhesion, which can be regulated by changing the distance and
number of connected arms.
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Figure 5. Three-dimensionally printed re-entrant structures. (a) Cassie state of water in contact
with re-entrant structures. Reproduced from [105], copyright 2007, American Chemical Society.
(b) SEM pictures of re-entrant structures fabricated by TPP, which show high repellence to n-
perfluorooctane. Reproduced from [31], copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA.
(c) Bioinspired mushroom–spring and mushroom–pillar structures with different arrangements.
Reproduced from [29], copyright 2020, Springer Nature. (d) Doubly re-entrant micropillars with
secondary structures (DO-DRPs) surrounding DRPs showing excellent superomniphobicity in air
and on submersion. Reproduced from [108], copyright 2020, Springer Nature.

Furthermore, in addition to the above structures, many other types of micro/nanos-
tructures have been printed through various kinds of 3D printing techniques [113–119].
For instance, Wu et al. proposed a multiscale SLA technique, which can print objects with
a large scale and high resolution [117]. The laser spot size can be adjusted flexibly with
the assistance of a resonance grating filter. The layer thickness was also adjustable. As a
proof of concept, samples with riblets and denticles were printed to mimic shark skin, and
artificial lotus leaf can be fabricated accordingly (Figure 7a). Combining extrusion-based 3D
printing with a robotic dispenser, PDMS arrays showing ratchet-like slip angle anisotropy
were prepared [118] (Figure 7b). TCL could increase or decrease depending on whether the
surface was tilted parallel to the slopes or not. Moreover, the larger TCL indicated stronger
liquid–solid interactions, leading to an increase in slip angle to overcome the barrier. Tang
et al. printed porous membranes with high water repellency and mechanical strength
by DIW [119]. Nanosilica was added into the PDMS ink to improve mechanical strength
(Figure 7c).



Micromachines 2023, 14, 1216 12 of 28Micromachines 2023, 14, x FOR PEER REVIEW 12 of 29 
 

 

 
Figure 6. Three-dimensionally printed eggbeater structures. (a) Characterization of superhydropho-
bic Salvinia molesta leaf covered with eggbeater structures. Reproduced from [33], copyright 2017, 
WILEY-VCH Verlag GmbH & Co. KGaA. (b) Biomimetic eggbeater arrays with reduced size. Re-
produced from [32], copyright 2015, American Chemical Society. (c) Three-dimensionally printed 
eggbeater arrays showing “petal effect” and similar size to natural analogues. Reproduced from 
[33], copyright 2017, WILEY-VCH Verlag GmbH & Co. KGaA. 

Furthermore, in addition to the above structures, many other types of mi-
cro/nanostructures have been printed through various kinds of 3D printing techniques 
[113–119]. For instance, Wu et al. proposed a multiscale SLA technique, which can print 
objects with a large scale and high resolution [117]. The laser spot size can be adjusted 
flexibly with the assistance of a resonance grating filter. The layer thickness was also ad-
justable. As a proof of concept, samples with riblets and denticles were printed to mimic 
shark skin, and artificial lotus leaf can be fabricated accordingly (Figure 7a). Combining 
extrusion-based 3D printing with a robotic dispenser, PDMS arrays showing ratchet-like 
slip angle anisotropy were prepared [118] (Figure 7b). TCL could increase or decrease de-
pending on whether the surface was tilted parallel to the slopes or not. Moreover, the 
larger TCL indicated stronger liquid–solid interactions, leading to an increase in slip angle 
to overcome the barrier. Tang et al. printed porous membranes with high water repellency 
and mechanical strength by DIW [119]. Nanosilica was added into the PDMS ink to im-
prove mechanical strength (Figure 7c). 

Figure 6. Three-dimensionally printed eggbeater structures. (a) Characterization of superhydropho-
bic Salvinia molesta leaf covered with eggbeater structures. Reproduced from [33], copyright 2017,
WILEY-VCH Verlag GmbH & Co. KGaA. (b) Biomimetic eggbeater arrays with reduced size. Re-
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drophobicity. Reproduced from [118], copyright 2019, American Chemical Society. (c) Porous
membrane printed from PDMS filled with nanosized silica. Reproduced from [119], copyright 2017,
Royal Society of Chemistry.
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3.2.2. Post-Modification of 3D Printed Objects

Under some circumstances, the 3D printed objects alone cannot realize superhydropho-
bicity due to the high surface energy and, in consequence, post-modification of these objects
is of vital importance. One common modification method is coating hydrophobic mate-
rials onto the surfaces [34–36,120–125]. Motivated by hierarchical structures of rice leaf,
Palza et al. firstly printed microchannels with intrinsic roughness by the SLA method,
then the surface was modified by TiO2 nanoparticles [34] (Figure 8a). The wettability of
these nanoparticles was functionalized by covalently connected hexadeciltrimethylsiloxane
(HTMS) bonds. The original flat uncoated surface exhibited only hydrophobic behavior
(CAs > 95◦) with anisotropy of 35◦ and the average hysteresis was about 10◦. For un-
coated microchannels, the anisotropy increased. In comparison, for coated microchannels,
a maximum of advancing contact angle of 165◦ with anisotropy of 5◦ and hysteresis less
than 5◦ could be realized. A classic Cassie–Baxter state with air pockets trapped in these
microchannel surfaces was verified both by direct experimental observation and numerical
simulation results. Meanwhile, the coated surfaces exhibited self-cleaning property and
UV irradiation-tuned wettability due to the existence of TiO2 nanoparticles.
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microchannels coated with nanoparticles showing high CAs. Reproduced from [34], copyright 2022,
Taylor & Francis. (b) Hierarchical micro/nano-ZIF structures deposited on 3D printed membrane.
Reproduced from [34], copyright 2019, Royal Society of Chemistry. (c) Superhydrophobic microlattices
and microballs prepared by SI-ATRP and i3DP. Reproduced from [36], copyright 2013, Royal Society
of Chemistry.

In the Bruggen group’s work, the growth of two kinds of zeolitic imidazolate frame-
works (ZIFs) with distinct morphology onto SLS printed polyamide (PA) porous membrane
was reported [125] (Figure 8b). After coating PDMS, the composite surface presented a
superhydrophobic state with static CAs reaching 158.6◦ and a sliding angle less than 2◦.
The morphology of the first ZIF layer was leaf-crossed structures, while the second layer of
the ZIF was composed of flat rod-shaped and needle-like nanostructures. The unique hier-
archical micro/nanostructures, combined with intrinsic rough PA membranes, contributed
to the anti-wetting property of the objects, which can be further applied for highly efficient
oil/water separation. Apart from the above hydrophobic coating, Yang et al. reported
initiator-integrated 3D printing (i3DP) for surface post-modification [36]. In this method,
a vinyl-terminated initiator is added into the photocurable resin, enabling further post-
surface printing by the advantage of surface-initiated atom transfer radical polymerization
(SI-ATRP) (Figure 8c). In this case, a cross-linked network was formed under UV irradiation,
and the Br-containing initiator can induce ATRP for surface modification with any kind
of polymers. Moreover, as a proof-of-concept, 1H,1H,2H,2H-perfluorodecyl methacrylate
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(PFMA) with low surface energy was chosen for further ATRP. Interestingly, after poly
(PFMA) modification, the printed microlattices became superhydrohobic. In a similar way,
microballs which can hold water perfectly without leakage can be printed and modified
with poly (PFMA).

3.2.3. Three-Dimensional Printing of Bulk Materials

In addition to the delicate design of complex structures and multistep post-modification
strategies, during the past few years, several works focusing 3D printing of materials with
bulk superhydrophobicity have been described [37,38,126,127]. Compared with other tech-
niques, the main advantage of this method lies in the facile fabrication of bulk materials in
fewer steps, while, when the surface structure is destroyed, the newly produced surface can
show the same property. As a result, the printed objects are robust with increased resistance
to external damage. A few typical cases will be illustrated in the following section.

Zhang et al. reported 3D printed microtextured polytetrafluoroethylene (PTFE) gener-
ated from a microprinting (µ-printing) method. First, PTFE nanoparticles were mixed with
poly (ethylene glycol)diacrylate (PEGDA) in liquid resin and printed layer by layer [126].
This was followed by evaporation of water and sintering to decompose PEGDA, and pure
and densely packed PTFE microstructures with nanostructured surfaces were obtained.
The structures can be tuned by mixing ratio, water content, sintering temperature, etc.
The optimized CAs can be as high as 167.3◦ with sliding angle less than 6◦. Due to these
properties, the printed structure can be applied in whispering-gallery-mode (WGM) res-
onators and electrostatic-driven biomimetic waterstriders. In the Helmer group’s work,
superhydrophobic membranes with micro/nanoporosity were printed based on SLA in
one step. Notably, the superhydrophobic property can be ascribed to several factors, em-
ployment of photocurable fluorinated resin, polymerization-induced phase separation
(PIPS) resulting from the porogen mixture, variable size of nanopores by controlling the
porogen ratio, etc. In addition, the objects were printed in a special “staircase” way, and
a thin layer membrane showing superhydrophobicity (CAs~164◦) could be easily peeled
off. Mechanical stability tests of these superhydrophobic films showed that the membranes
were robust and maintained water repellence even under multiple stretching or bending
cycles.

Another successful example employing PIPS was reported by Levkin et al. [37].
In this case, superhydrophobic macroscopic objects with inherent nanoporosity were
printed through DLP (Figure 9a). The liquid resin mainly consisted of hydrophobic
(meth)acrylate monomers and porogen solvents and, during the photoinduced polymer-
ization, bi-continuous 3D structures with two phases—more or fewer polymers—could
be obtained after phase separation. The good/bad solvent ratio of porogen had a great
influence on porosity, polymer globular size, as well as mechanical strength. Moreover,
supercritical drying of the objects was a prerequisite to maintain nanoporosity. Objects
with different complex structures can be prepared in this way (Figure 9b). Meanwhile, the
scanning droplet adhesion microscopy (SDAM) method was used to measure the wetting
property of these objects, through which the interactions between liquids and samples
can be tested and recorded by a vertically mounted force sensor. A maximum advancing
angle around 165◦ and receding angle of about 155◦ can be obtained after optimization.
Additionally, thanks to the bulk nanostructures, the 3D objects were superhydrophobic
even after 40 abrasion cycles. Both gas-permeable microfluidic devices and hierarchical
porous oil-absorbent ones can be fabricated based on these 3D bulk materials, showing
great potential for a variety of applications.
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Figure 9. Three-dimensional printing of superhydrophobic objects with bulk nanostructure.
(a) Schematic illustration of DLP 3D printing process based on photopolymerization-induced phase
separation (PIPS). The as-prepared objects with inherent nanoporous structures exhibit bulk super-
hydrophobicity. (b) Various complex-shaped superhydrophobic objects printed using this strategy.
Reproduced from [37], copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Recently, Su et al. fabricated large-scale superhydrophobic (half-a-meter sized) objects
with abrasion resistance through an SLS strategy in one step [38]. Composite powders
composed of hydrophobic fumed silica (HFS) and polymer (polypropylene (PP)) were
printed. After sintering, a PP skeleton was formed, contributing to considerable roughness
and mechanical strength (Figure 10a). With the further introduction of hydrophobic HFS,
intrinsic superhydrophobicity was supposed to be achieved. In addition, the as-prepared
thin film showed excellent abrasion-resistant stability under various kinds of wear damage
tests. Moreover, beyond PP, the method can be applied for printing of superhydrophobic
objects from diverse kinds of polymers, such as polyether block amide (PEBA), polyethylene
(PE), polystyrene (PS), polymethyl methacrylate (PMMA), etc. Moreover, thanks to the
ability of SLS in printing macrostructures (meter-sized), water-repellent aerial vehicles
and abrasion-resistant shoes were printed accordingly (Figure 10b), proving the practical
application potentials of this strategy in daily life.
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Figure 10. Three-dimensionally printed large-scale, abrasion-resistant structures through SLS.
(a) Under irradiation of high-energy laser, PP micrograins will fill the gap between particles, in-
creasing roughness and mechanical strength, while HFS nanograins will enhance the anti-wetting
properties. (b) Three-dimensionally printed superhydrophobic objects with large size (half a meter),
which can be further applied in superhydrophobic unmanned aerial vehicles and shoes. Reproduced
from [38], copyright 2023, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

4. Applications of 3D Printed Superhydrophobic Materials

On one hand, due to their excellent water-repellent properties, the 3D printed su-
perhydrophobic objects can be applied in diverse fields, including photovoltaic [128–130],
magnetic [131–133], and optoelectronic devices [128–130], detection platforms [134,135],
cell culture [136,137], etc. [138]. However, due to the limited size, only a few typical
application fields are introduced here, such as liquid manipulation [139–142], oil/water
separation [123,127,143], drag reduction [140], anti-icing [144], etc. On the other hand, these
objects show great potential in industrial applications thanks to the advantages of mature
3D printing techniques at a large scale and facile fabrication of complex objects with high
precision.

4.1. Liquid Manipulation

A cactus can efficiently collect water from fogflow by using its conical spine clusters
and belt-structured trichomes on the stem (Figure 11a), allowing it to survive in extremely
dry environments [145,146]. Mimicking the cactus structures, Chen et al. prepared spine
arrays with different branched shapes [147]. Benefiting from the ability of facile fabrication
of complex structures of ISA-3D printing, natural branched clusters were successfully
replicated (Figure 11b). In addition, the possible mechanism for highly efficient water
collection was influenced by multiple factors. The hexagonally arranged clusters around
3D printed spines induced more turbulent moisture airflow, facilitating deposition of tiny
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water droplets. Meanwhile, the tilt angle and length of the spine can be easily optimized,
generating Laplace pressure differences on it, which can further promote transportation of
water droplets from the tip to the stem. Lastly, to further improve the collection of water,
it was coated with a nanoscale superhydrophobic layer. In this case, the comprehensive
effects of all the above factors contributed to efficient water collection. Shi and Zheng
et al. fabricated cone arrays and the water-collecting performances were systematically
studied [141]. The combination of a UV-induced controllable diffusion strategy and 3D
printing was the key in successful fabrication of superhydrophobic cactus-like structures.

As an interesting model of inspiration, water can condense and transport along the
peristome of Nepenthes alata in a unidirectional way with high speed [148–150]. Dong et al.
mimicked this phenomenon by employing 3D printed flexible surfaces through an SLA and
replication strategy [151]. Unidirectional rapid liquid transport can be realized in different
paths under another immiscible liquid at a long range (Figure 11c). For an as-prepared 1D
channel, liquid can spread directionally along the trajectory. Meanwhile, by bending and
connecting straight lines, a 2D heart-shaped curved surface can be built. As can be seen,
liquid can be transported in the curvilinear path unidirectionally. In order to investigate
the influence of the curvature of the curved strip, 3D Möbius strip surface was fabricated
by twisting and connecting the 1D strip. When placed under water, oil droplets can travel
along both the 3D curved surface and surface of the 3D Möbius strip at an uneven rate
in a single direction. In addition, liquid transported unidirectionally can be realized on a
resin surface through a direct 3D printing method. The interesting unidirectional liquid
transport on different kinds of surfaces will definitely inspire applications in fields such as
microfluidics, soft robots, liquid electronics, etc.
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copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Three-dimensionally 

Figure 11. Three-dimensionally printed superhydrophobic objects applied in liquid manipulation.
(a) Cactus covered with spines can be used for water collection. (b) Three-dimensionally printed
artificial cactus-like arrays for highly efficient water collection based on ISA. Reproduced from [147],
copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Three-dimensionally printed
surfaces mimicking Nepenthes alata with different morphologies. Unidirectional transport of liquid
on these surfaces can have a linear trajectory in a one-dimensional channel, a two-dimensional
curve along a heart-shaped pathway, and even occur along the three-dimensional infinite space.
Reproduced from [151], copyright 2019, Royal Society of Chemistry.

4.2. Oil/Water Separation

Mei et al. reported fabrication of superhydrophobic/superoleophilic ceramic objects
with gradient pore structures which can be effectively used for oil/water separation even
under high temperatures (~200 ◦C) [152]. The objects can be prepared through a multistep
process (Figure 12a). Firstly, a gradient pore ceramic structure (GPCS) was printed by
DLP from ceramic slurry (Al6Si2O13). Then, the porous structure was sintered at about
1450 ◦C. After that, the GPCS was modified by SiO2 obtained from a sol–gel method and
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superhydrophobic/superoleophilic SiO2/GPCS with CAs reaching 162.1◦ was built in
this way. The as-prepared SiO2/GPCS can be successfully applied in a series of oil/water
separations, including kerosene, dichloromethane, hexadecane, soybean oil, diesel oil,
etc. For all the test oils, SiO2/GPCS showed high separation efficiencies, all above 96.5%.
Moreover, the separation efficiency and permeation flux can be further tuned by pore size
and taper angles. In addition, the SiO2/GPCS showed excellent mechanical and chemical
stability under ultrasonic treatment and in different solutions. Meanwhile, the oil/water
separation ability of the SiO2/GPCS remained after several separation cycles, indicating
high durability. Furthermore, as mentioned above, the SiO2/GPCS can efficiently separate
oil from water in high-temperature environments.
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Figure 12. Three-dimensionally printed superhydrophobic objects applied in oil/water separation.
(a) Superhydrophobic GPCS fabricated from 3D printing and dip coating, which can be used for
efficient oil/water separation even under high temperature. Reproduced from [152], copyright 2021,
Elsevier. (b) All-3D printed self-floating superhydrophobic/oleophilic oil recycling device, consisting
of composite superhydrophobic membrane, reservoir tube, and thermoplastic floating part. The
oil recycling process of the device works due to superhydrophobicity and gravity. Reproduced
from [153], copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A novel concept was proposed by Chan et al. using an all-3D printed superhydropho-
bic/oleophilic membrane for oil collection and recycling with confined surface tension and
gravity [153]. The device can be divided into several parts, which can all be printed with dif-
ferent 3D printing techniques. For the central collection part, functional superhydrophobic
graphene was printed onto porous nickel foam with laser-induced photochemical conver-
sion of polyamide (Figure 12b). The composite membrane exhibited superhydrophobic
(CAs~150◦) and oleophilic (CAs~50◦) properties. Then, the membrane was bent into a tube
and a reservoir tube with suitable size was placed into it. A floating holder was printed
through FDM from thermoplastic. The central part was integrated with the holder, and
after assembly of six plastic foam pads, the self-floating oil recycling device was fabricated
accordingly. The underlying mechanism of oil recycling of this device was that, due to the
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superhydrophobic/oleophilic property, only oil can permeate and drift into the recycling
part by gravity. As time goes on, all surrounding oil can be collected. The above proposal
was proved by relevant experiments. The novel concept for oil collection has advantages of
high reusability in an environmentally friendly way. Still, it is challenging for such a device
to be used in real wastewater as the conditions are much harsher.

4.3. Drag Reduction

In nature, the surface of shark skin is covered with numerous dermal denticles, and
the shape and size of these denticles vary with location [154]. This unique structure is
found to be effective in reducing formation of vortices, leading to facile water movement
around the skin (Figure 13a). Inspired by this, extensive works have been carried out
on fabrication of objects with drag reduction ability (Figure 13b). Meanwhile, superhy-
drophobic surfaces with certain roughness and low adhesion have been proven to be useful
in drag reduction [155,156]. Still, there is controversy on the role of superhydrophobic
surfaces regarding whether they reduce or increase drag. Two typical models are proposed
for possible drag reduction of superhydrophobic structures. One is the concept of a slip
boundary condition proposed by Navier [157]. According to this model, the vortex cushion
effect can be generated when water flows past hydrophobic smooth surfaces, leading to
wall slip. The wall slip will lead to a decrease in interfacial velocity and the sheer force,
which contributes to the drag reduction. Another model is the plastron effect proposed by
McHale et al. [156], in which air layer can be formed and stabilized when water contacts
superhydrophobic surfaces, which can effectively reduce the drag.
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and critical Laplace pressure as high as 1450 Pa. Impacting droplets can rapidly roll off 

Figure 13. Three-dimensionally printed superhydrophobic structures for drag reduction. (a) Shark
skin covered with diverse denticle architectures. (b) Bioinspired shark skin structures fabricated
from 3D printing. Reproduced from [154], copyright 2014, the Company of Biologists. (c) Three-
dimensionally printed superhydrophobic surface with microsized petal-like arrays and surrounding
walls. (d) The as-prepared structures show “petal effect” and can be applied for effective drag
reduction (e). Reproduced from [140], copyright 2022, Elsevier.

Zhang et al. fabricated superhydrophobic (CAs~160◦) petal-like objects with mi-
crostructures printed by the projection µ-SLA method [140] (Figure 13c). Moreover, the
arch-shaped arrays mimicked the Nepenthes peristome, possessing similar excellent liquid
pinning ability, and the tested water droplet could stay firmly on top even when the surface
was upside down. The underlying mechanism of this phenomenon can be ascribed to a
combination of the arch-shaped curve effect and sharp-edged effect of the printed struc-
tures, which play vital role in generating energy barriers and constraint forces to restrict
the spread of water droplets. Moreover, the petal-like structures surrounded by walls can
be applied in bubble capture and drag reduction. When placed under water, stable bubbles
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can be captured inside the microstructures (Figure 13d). According to the results, drag
force can be reduced greatly with the as-prepared objects, especially for flow with high
velocity (Figure 13e). The main reason for drag reduction in this case was related to the
captured bubbles, which can separate water from the solid surface, leading to a boundary
slip effect to reduce fluid drag.

4.4. Potential Application in Anti-Icing

Ice accretion on surfaces can be hazardous to aircrafts, power and communications
systems, and energy transport, causing risks to human life and production. In conse-
quence, numerous kinds of strategies have been proposed over recent years for the de-
velopment of anti-icing and de-icing systems [144]. Among these, biomimetic superhy-
drophobic surfaces (SHSs) inspired by the “lotus leaf effect” and slippery liquid-infused
porous surfaces (SLIPSs) inspired by Nepenthes have shown great potential in anti-icing
applications [158,159] (Figure 14a). The mechanism of anti-icing SHSs and SLIPSs can
be summarized as follows: (1) before icing, water can be removed directly due to the
superhydrophobicity of the surfaces. Moreover, the condensed water droplets can jump
from the surface in a self-propelled way, resulting from both micro/nanostructures and
the self-cleaning ability of the surfaces [160]. In addition, water droplets can slip easily on
SLIPSs compared with SHSs due to reduced interfacial tension. (2) During the icing process,
these surfaces were proven to be effective in prolonging the icing delay time (DT) and
delaying crystallization nucleation effectively [161]. For SHSs, the captured air can provide
thermal resistance to decrease heat transfer, reducing the contact area and preventing
nucleation. For SLIPSs, the ice point can be reduced due to the polymers released from the
surface, inhibiting ice nucleation and phase transition.
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Figure 14. Potential applications of 3D printed superhydrophobic materials in anti-icing. (a) SHS
and SLIPs can be used in anti-icing due to their ability in water removal before icing and delay of
freezing during icing. (b) SHS with triple-scale micro/nanostructures through multisteps fabrication.
The SHS display excellent anti-icing properties, with rapid rolling-off of droplets, superb resistance
to humidity, and delay of the heterogeneous nucleation under freezing conditions. Reproduced
from [162], copyright 2021, American Chemical Society.

For instance, Pan et al. built tri-scale micro/nano-SHSs with excellent anti-icing
performances and icephobic properties [162] (Figure 14b). In this case, ultrafast laser
ablation assisted with chemical oxidation was utilized. The hierarchical structures were
composed of microcone arrays covered with grass-like nanostructures and flower-like
microstructures. The surface showed superhydrophobic property (CAs~161◦) with low SA
(~0.5◦) and critical Laplace pressure as high as 1450 Pa. Impacting droplets can rapidly
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roll off the SHS. In addition, due to the multiple effects of self-propelled jumping of the
condensed droplets, hierarchical condensation, the SHS can be applied in high humidity.
Finally, thanks to the presence of stable air pockets, the heterogeneous nucleation at the
solid–liquid interface was delayed. Although, to date, little work has been reported on
using superhydrophobic 3D printed objects for anti-icing, the as-prepared objects have
shown great potential in this field. Most importantly, the 3D printing technique can produce
SHSs and SLIPSs with tunable properties in a facile way. As mentioned above, different
kinds of SHS and SLIPS can be fabricated through diverse 3D printing methods with high
precision. As a result, there are good reasons to believe that, in the near future, robust ice-
resistant superhydrophobic and slippery liquid-infused porous surfaces will be successfully
fabricated from 3D printing.

5. Conclusions and Outlook
5.1. Current Progress

In this review, we briefly introduced current works based on 3D printed superhy-
drophobic materials. The wetting regimes, inspired by two famous phenomena, the “lotus
leaf effect” and “rose petal effect”, were introduced by describing several basic models.
Through relevant description, the definition of superhydrophobicity and the determin-
ing factors were discussed. In the followed section, the basic mechanism of 3D printing
and commonly employed techniques were illustrated. The principle, advantages, and
limitations of various printing methods, including SLA, DLP, TPP, IJP, DIW, FDM, and
SLS/M, were introduced. The above-mentioned techniques can be successfully applied in
fabrication of superhydrophobic objects in diverse ways, ranging from printing of unique
micro/nanostructures and post-modification to printing of bulk materials. Several typical
structures, including pillar structures, re-entrant structures, and eggbeater structures can be
fabricated by different printing techniques. In addition, by modifying the printed objects
with superhydrophobic coating, anti-wetting can be achieved with different materials. In
addition, printing bulk materials with inherent superhydrophobicity have attracted exten-
sive attention due to their stability and resistance. Thanks to the excellent water repellency,
the as-prepared objects can be used for liquid manipulation, oil/water separation, as well
as drag reduction. Furthermore, thanks to the merits of facile operation of 3D printing in
construction of SHSs and SLIPSs, the printed surfaces show great potential in anti-icing
applications, which have not been reported yet.

5.2. Challenges and Perspectives

Despite all the great progress made in this area, urgent challenges still remain.

(1) For one thing, the “structure–performance” relationship is absent in the current
field. As a result, to solve this problem, computer-assisted design of structures with
superhydrophobicity should be taken into consideration. Various computational
methods, such as density function theory (DFT), molecular dynamics (MD), ab initio
molecular dynamics (AIMD), and finite element analysis, should be used together for
construction of “structure–performance” relationships. With the aid of these methods,
machine learning, which can improve screening efficiency for suitable structures,
should be applied in future 3D printing of superhydrophobic objects.

(2) In addition, printing of bulk materials in one step may be one of the main re-
search hot spots due to the inherent superhydrophobicity that is not limited to
the surfaces. To realize facile fabrication of such structures, currently developed
photopolymerization-induced microphase separation (PIMS) systems based on re-
versible addition–fragmentation chain transfer (RAFT) polymerization with tunable
micro/nanoscale structures with improved mechanical stability show great potential
in 3D printing of superhydrophobic objects. In PIMS, the chain of a macromolecular
chain transfer agent (macro-CTA) is extended via RAFT polymerization, generating
block copolymers with thermodynamically incompatible block segments. The PIMS
method has advantages for the facile fabrication of objects with rapid speed, excellent
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robustness, and precise control of morphologies, which can be applied in future fabri-
cation of superhydrophobic materials through photo-induced 3D printing strategies,
i.e., DLP and SLA.

(3) Moreover, in addition to traditional 3D printing, four-dimensional (4D) printing
of “smart” materials has attracted attention since 2013. Dynamic structures with
tunable shape, property, or functionality responding to stimuli can be printed by 4D
printing. The external stimuli can be light, temperature, pH, etc. Shape-memory
materials, which can be applied directly, multimaterial integration, and mathematical
modeling-guided design of deformation energy based on stress mismatch between
two layers are the three main strategies in 4D printing. The application of 4D printing
in fabrication of superhydrophobic materials will definitely provide new ideas in
generating smart devices with multifunctional structures to meet increasing demands
in wider applications.

(4) In addition, due to the capability of 3D printing in facile customizable design of
meter-sized objects through, e.g., SLS/M, the printed superhydrophobic materials
could be used in practical applications in industry and daily life in the near future.

(5) Last, but most important, more bioinspired surfaces beyond superhydrophobicity can
be built from 3D printing, leading to further understanding of natural phenomena
and construction of “structure–performance” relationships depending on different
surfaces, inspiring the design of brand-new devices for wider applications.

Micromachines 2023, 14, x FOR PEER REVIEW 23 of 29 
 

 

 
Scheme 1. Schematic illustration of 3D printed superhydrophobic materials, including different 
wetting regimes, general fabrication strategies, reproduced from [36], copyright 2013, Royal Society 
of Chemistry, reproduced from [37], copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim and applications, reproduced from [139], copyright 2021, American Chemical Society, repro-
duced from [154], copyright 2014, the Company of Biologists, reproduced from [152], copyright 
2021, Elsevier. 

Author Contributions: Conceptualization, X.K. and K.S.; writing—original draft preparation, H.L.; 
writing—review and editing, C.W.; visualization, Z.Z.; supervision, X.K. and K.S.; project admin-
istration, X.K. and K.S. All authors have read and agreed to the published version of the manuscript. 

Funding: This work is supported by the Science Research Project of the Education Department of 
Hebei Province (Grant No. ZD2021093). This work was supported by the National Natural Science 
Foundation of China (Grant No. 21802082). 

Data Availability Statement: Not applicable. 

Acknowledgments: The authors are grateful for the support by the Science Research Project of the 
Education Department of Hebei Province and the National Natural Science Foundation of China. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Vogel, S. Life’s Devices: The Physical World of Animals and Plants; Princeton University Press: Princeton, NJ, USA, 1988. 
2. Liu, M.J.; Zheng, Y.M.; Zhai, J.; Jiang, L. Bioinspired Super-antiwetting Interfaces with Special Liquid-Solid Adhesion. Acc. Chem. 

Res. 2010, 43, 368–377. 
3. Douglas, T. Materials science. A bright bio-inspired future. Science 2003, 299, 1192–1193. 
4. Sanchez, C.; Arribart, H.; Guille, M.M. Biomimetism and bioinspiration as tools for the design of innovative materials and 

systems. Nat. Mater. 2005, 4, 277–288. 
5. Parker, A.R.; Lawrence, C.R. Water capture by a desert beetle. Nature 2001, 414, 33–34. 
6. Gu, Z.Z.; Uetsuka, H.; Takahashi, K.; Nakajima, R.; Onishi, H.; Fujishima, A.; Sato, O. Structural color and the lotus effect. Angew. 

Chem. Int. Ed. 2003, 42, 894–897. 
7. Hancock, M.J.; Sekeroglu, K.; Demirel, M.C. Bioinspired Directional Surfaces for Adhesion, Wetting and Transport. Adv. Funct. 

Mater. 2012, 22, 2223–2234. 

Scheme 1. Schematic illustration of 3D printed superhydrophobic materials, including different
wetting regimes, general fabrication strategies, reproduced from [36], copyright 2013, Royal Society
of Chemistry, reproduced from [37], copyright 2021, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim and applications, reproduced from [139], copyright 2021, American Chemical Society,
reproduced from [154], copyright 2014, the Company of Biologists, reproduced from [152], copyright
2021, Elsevier.



Micromachines 2023, 14, 1216 23 of 28

Author Contributions: Conceptualization, X.K. and K.S.; writing—original draft preparation, H.L.;
writing—review and editing, C.W.; visualization, Z.Z.; supervision, X.K. and K.S.; project administra-
tion, X.K. and K.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the Science Research Project of the Education Department of
Hebei Province (Grant No. ZD2021093). This work was supported by the National Natural Science
Foundation of China (Grant No. 21802082).

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful for the support by the Science Research Project of the
Education Department of Hebei Province and the National Natural Science Foundation of China.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vogel, S. Life’s Devices: The Physical World of Animals and Plants; Princeton University Press: Princeton, NJ, USA, 1988.
2. Liu, M.J.; Zheng, Y.M.; Zhai, J.; Jiang, L. Bioinspired Super-antiwetting Interfaces with Special Liquid-Solid Adhesion. Acc. Chem.

Res. 2010, 43, 368–377. [CrossRef] [PubMed]
3. Douglas, T. Materials science. A bright bio-inspired future. Science 2003, 299, 1192–1193. [CrossRef] [PubMed]
4. Sanchez, C.; Arribart, H.; Guille, M.M. Biomimetism and bioinspiration as tools for the design of innovative materials and

systems. Nat. Mater. 2005, 4, 277–288. [CrossRef] [PubMed]
5. Parker, A.R.; Lawrence, C.R. Water capture by a desert beetle. Nature 2001, 414, 33–34. [CrossRef]
6. Gu, Z.Z.; Uetsuka, H.; Takahashi, K.; Nakajima, R.; Onishi, H.; Fujishima, A.; Sato, O. Structural color and the lotus effect. Angew.

Chem. Int. Ed. 2003, 42, 894–897. [CrossRef]
7. Hancock, M.J.; Sekeroglu, K.; Demirel, M.C. Bioinspired Directional Surfaces for Adhesion, Wetting and Transport. Adv. Funct.

Mater. 2012, 22, 2223–2234. [CrossRef]
8. Lee, H.; Lee, B.P.; Messersmith, P.B. A reversible wet/dry adhesive inspired by mussels and geckos. Nature 2007, 448, 338–341.

[CrossRef]
9. Zan, G.; Wu, Q. Biomimetic and Bioinspired Synthesis of Nanomaterials/Nanostructures. Adv. Mater. 2016, 28, 2099–2147.

[CrossRef]
10. Feng, L.; Li, S.H.; Li, Y.S.; Li, H.J.; Zhang, L.J.; Zhai, J.; Song, Y.; Liu, B.; Jiang, L.; Zhu, D. Super-Hydrophobic Surfaces: From

Natural to Artificial. Adv. Mater. 2002, 14, 1857–1860. [CrossRef]
11. Karaman, M.; Cabuk, N.; Ozyurt, D.; Koysuren, O. Self-supporting superhydrophobic thin polymer sheets that mimic the nature’s

petal effect. Appl. Surf. Sci. 2012, 259, 542–546. [CrossRef]
12. Fratzl, P.; Barth, F.G. Biomaterial systems for mechanosensing and actuation. Nature 2009, 462, 442–448. [CrossRef] [PubMed]
13. Wong, T.S.; Kang, S.H.; Tang, S.K.; Smythe, E.J.; Hatton, B.D.; Grinthal, A.; Aizenberg, J. Bioinspired self-repairing slippery

surfaces with pressure-stable omniphobicity. Nature 2011, 477, 443–447. [CrossRef] [PubMed]
14. Kong, T.; Luo, G.; Zhao, Y.; Liu, Z. Bioinspired Superwettability Micro/Nanoarchitectures: Fabrications and Applications. Adv.

Funct. Mater. 2019, 29, 1808012. [CrossRef]
15. Wenzel, R.W. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28, 988–994. [CrossRef]
16. Cassie, A.B.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–550. [CrossRef]
17. Luo, C.; Xiang, M.; Heng, X. A stable intermediate wetting state after a water drop contacts the bottom of a microchannel or is

placed on a single corner. Langmuir 2012, 28, 9554–9561. [CrossRef]
18. Nagayama, G.; Zhang, D. Intermediate wetting state at nano/microstructured surfaces. Soft Matter 2020, 16, 3514–3521. [CrossRef]
19. Himma, N.F.; Prasetya, N.; Anisah, S.; Wenten, I.G. Superhydrophobic membrane: Progress in preparation and its separation

properties. Rev. Chem. Eng. 2019, 35, 211–238. [CrossRef]
20. Jing, X.; Guo, Z. Biomimetic super durable and stable surfaces with superhydrophobicity. J. Mater. Chem. A 2018, 6, 16731–16768.

[CrossRef]
21. Quan, Y.-Y.; Chen, Z.; Lai, Y.; Huang, Z.-S.; Li, H. Recent advances in fabricating durable superhydrophobic surfaces: A review in

the aspects of structures and materials. Mater. Chem. Front. 2021, 5, 1655–1682. [CrossRef]
22. Wen, G.; Guo, Z.; Liu, W. Biomimetic polymeric superhydrophobic surfaces and nanostructures: From fabrication to applications.

Nanoscale 2017, 9, 3338–3366. [CrossRef] [PubMed]
23. Fritzler, K.B.; Prinz, V.Y. 3D printing methods for micro- and nanostructures. Phys. -Usp. 2019, 62, 54–69. [CrossRef]
24. Quan, H.; Zhang, T.; Xu, H.; Luo, S.; Nie, J.; Zhu, X. Photo-curing 3D printing technique and its challenges. Bioact. Mater. 2020, 5,

110–115. [CrossRef] [PubMed]
25. Li, J.; Boyer, C.; Zhang, X. 3D Printing based on Photopolymerization and Photocatalysts: Review and Prospect. Macromol. Mater.

Eng. 2022, 307, 2200010. [CrossRef]
26. Park, Y.G.; Yun, I.; Chung, W.G.; Park, W.; Lee, D.H.; Park, J.U. High-Resolution 3D Printing for Electronics. Adv. Sci. 2022, 9,

e2104623. [CrossRef] [PubMed]

https://doi.org/10.1021/ar900205g
https://www.ncbi.nlm.nih.gov/pubmed/19954162
https://doi.org/10.1126/science.1081791
https://www.ncbi.nlm.nih.gov/pubmed/12595681
https://doi.org/10.1038/nmat1339
https://www.ncbi.nlm.nih.gov/pubmed/15875305
https://doi.org/10.1038/35102108
https://doi.org/10.1002/anie.200390235
https://doi.org/10.1002/adfm.201103017
https://doi.org/10.1038/nature05968
https://doi.org/10.1002/adma.201503215
https://doi.org/10.1002/adma.200290020
https://doi.org/10.1016/j.apsusc.2012.07.079
https://doi.org/10.1038/nature08603
https://www.ncbi.nlm.nih.gov/pubmed/19940914
https://doi.org/10.1038/nature10447
https://www.ncbi.nlm.nih.gov/pubmed/21938066
https://doi.org/10.1002/adfm.201808012
https://doi.org/10.1021/ie50320a024
https://doi.org/10.1039/tf9444000546
https://doi.org/10.1021/la301348f
https://doi.org/10.1039/C9SM02513H
https://doi.org/10.1515/revce-2017-0030
https://doi.org/10.1039/C8TA04994G
https://doi.org/10.1039/D0QM00485E
https://doi.org/10.1039/C7NR00096K
https://www.ncbi.nlm.nih.gov/pubmed/28244533
https://doi.org/10.3367/UFNe.2017.11.038239
https://doi.org/10.1016/j.bioactmat.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/32021945
https://doi.org/10.1002/mame.202200010
https://doi.org/10.1002/advs.202104623
https://www.ncbi.nlm.nih.gov/pubmed/35038249


Micromachines 2023, 14, 1216 24 of 28

27. Divakaran, N.; Das, J.P.; Kumar, A.P.V.; Mohanty, S.; Ramadoss, A.; Nayak, S.K. Comprehensive review on various additive
manufacturing techniques and its implementation in electronic devices. J. Manuf. Syst. 2022, 62, 477–502. [CrossRef]

28. Kalkal, A.; Kumar, S.; Kumar, P.; Pradhan, R.; Willander, M.; Packirisamy, G.; Kumar, S.; Malhotra, B.D. Recent advances in 3D
printing technologies for wearable (bio)sensors. Addit. Manuf. 2021, 46, 102088. [CrossRef]

29. Hu, S.T.; Cao, X.B.; Reddyhoff, T.; Puhan, D.; Vladescu, S.C.; Wang, J.; Shi, X.; Peng, Z.K.; DeMello, A.J.; Dini, D. Liquid repellency
enhancement through flexible microstructures. Sci. Adv. 2020, 6, eaba9721. [CrossRef]

30. Liu, X.; Gu, H.; Ding, H.; Du, X.; He, Z.; Sun, L.; Liao, J.; Xiao, P.; Gu, Z. Programmable Liquid Adhesion on Bio-Inspired
Re-Entrant Structures. Small 2019, 15, e1902360. [CrossRef]

31. Liu, X.; Gu, H.; Wang, M.; Du, X.; Gao, B.; Elbaz, A.; Sun, L.; Liao, J.; Xiao, P.; Gu, Z. 3D Printing of Bioinspired Liquid
Superrepellent Structures. Adv. Mater. 2018, 30, e1800103. [CrossRef]

32. Tricinci, O.; Terencio, T.; Mazzolai, B.; Pugno, N.M.; Greco, F.; Mattoli, V. 3D Micropatterned Surface Inspired by Salvinia molesta
via Direct Laser Lithography. ACS Appl. Mater. Interfaces 2015, 7, 25560–25567. [CrossRef] [PubMed]

33. Yang, Y.; Li, X.; Zheng, X.; Chen, Z.; Zhou, Q.; Chen, Y. 3D-Printed Biomimetic Super-Hydrophobic Structure for Microdroplet
Manipulation and Oil/Water Separation. Adv. Mater. 2018, 30, 1704912. [CrossRef] [PubMed]

34. Barraza, B.; Olate-Moya, F.; Montecinos, G.; Ortega, J.H.; Rosenkranz, A.; Tamburrino, A.; Palza, H. Superhydrophobic SLA 3D
printed materials modified with nanoparticles biomimicking the hierarchical structure of a rice leaf. Sci. Technol. Adv. Mater. 2022,
23, 300–321. [CrossRef] [PubMed]

35. Kim, D.; Sasidharanpillai, A.; Lee, Y.; Lee, S. Self-Stratified Versatile Coatings for Three-Dimensional Printed Underwater Physical
Sensors Applications. Nano Lett. 2021, 21, 6820–6827. [CrossRef] [PubMed]

36. Wang, X.; Cai, X.; Guo, Q.; Zhang, T.; Kobe, B.; Yang, J. i3DP, a robust 3D printing approach enabling genetic post-printing surface
modification. Chem. Commun. 2013, 49, 10064–10066. [CrossRef] [PubMed]

37. Dong, Z.Q.; Vuckovac, M.; Cui, W.J.; Zhou, Q.; Ras, R.H.A.; Levkin, P.A. 3D Printing of Superhydrophobic Objects with Bulk
Nanostructure. Adv. Mater. 2021, 33, 2106068. [CrossRef]

38. Wu, Z.; Shi, C.; Chen, A.; Li, Y.; Chen, S.; Sun, D.; Wang, C.; Liu, Z.; Wang, Q.; Huang, J.; et al. Large-Scale, Abrasion-Resistant,
and Solvent-Free Superhydrophobic Objects Fabricated by a Selective Laser Sintering 3D Printing Strategy. Adv. Sci. 2023, 10,
e2207183. [CrossRef]

39. Koch, K.; Bhushan, B.; Barthlott, W. Multifunctional surface structures of plants: An inspiration for biomimetics. Prog. Mater. Sci.
2009, 54, 137–178. [CrossRef]

40. Koch, K.; Bhushan, B.; Jung, Y.C.; Barthlott, W. Fabrication of artificial Lotus leaves and significance of hierarchical structure for
superhydrophobicity and low adhesion. Soft Matter 2009, 5, 1386–1393. [CrossRef]

41. Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 1997, 202, 1–8.
[CrossRef]

42. Kumar, M.; Bhardwaj, R. Wetting characteristics of Colocasia esculenta (Taro) leaf and a bioinspired surface thereof. Sci. Rep.
2020, 10, 935. [CrossRef] [PubMed]

43. Bing, W.; Wang, H.; Tian, L.M.; Zhao, J.; Jin, H.C.; Du, W.B.; Ren, L.Q. Small Structure, Large Effect: Functional Surfaces Inspired
by Salvinia Leaves. Small Struct. 2021, 2, 2100079. [CrossRef]

44. Ensikat, H.J.; Ditsche-Kuru, P.; Neinhuis, C.; Barthlott, W. Superhydrophobicity in perfection: The outstanding properties of the
lotus leaf. Beilstein J. Nanotech. 2011, 2, 152–161. [CrossRef]

45. Gao, A.; Zhao, Y.; Yang, Q.; Fu, Y.; Xue, L. Facile preparation of patterned petal-like PLA surfaces with tunable water micro-droplet
adhesion properties based on stereo-complex co-crystallization from non-solvent induced phase separation processes. J. Mater.
Chem. A 2016, 4, 12058–12064. [CrossRef]

46. Yeh, K.Y.; Cho, K.H.; Yeh, Y.H.; Promraksa, A.; Huang, C.H.; Hsu, C.C.; Chen, L.J. Observation of the rose petal effect over single-
and dual-scale roughness surfaces. Nanotechnology 2014, 25, 345303. [CrossRef] [PubMed]

47. Feng, L.; Zhang, Y.; Xi, J.; Zhu, Y.; Wang, N.; Xia, F.; Jiang, L. Petal Effect: A Superhydrophobic State with High Adhesive Force.
Langmuir 2008, 24, 4114–4119. [CrossRef] [PubMed]

48. Jiaqiang, E.; Jin, Y.; Deng, Y.; Zuo, W.; Zhao, X.; Han, D.; Peng, Q.; Zhang, Z. Wetting Models and Working Mechanisms of Typical
Surfaces Existing in Nature and Their Application on Superhydrophobic Surfaces: A Review. Adv. Mater. Interfaces 2017, 5,
1701052.

49. Young, T. An Essay on the Cohesion of Fluids. Philos. Trans. R. Soc. Lond. 1805, 95, 65–87.
50. Marmur, A. Wetting on Hydrophobic Rough Surfaces: To Be Heterogeneous or Not To Be? Langmuir 2003, 19, 8343–8348.

[CrossRef]
51. Miwa, M.; Nakajima, A.; Fujishima, A.; Hashimoto, K.; Watanabe, T. Effects of the Surface Roughness on Sliding Angles of Water

Droplets on Superhydrophobic Surfaces. Langmuir 2000, 16, 5754–5760. [CrossRef]
52. Liu, Y.; Choi, C.-H. Condensation-induced wetting state and contact angle hysteresis on superhydrophobic lotus leaves. Colloid

Polym. Sci. 2012, 291, 437–445. [CrossRef]
53. Luo, C.; Xiang, M. Existence and stability of an intermediate wetting state on circular micropillars. Microfluid. Nanofluid. 2014, 17,

539–548. [CrossRef]
54. Yang, J.; Wang, J.; Wang, C.-W.; He, X.; Li, Y.; Chen, J.-B.; Zhou, F. Intermediate wetting states on nanoporous structures of anodic

aluminum oxide surfaces. Thin Solid Films 2014, 562, 353–360. [CrossRef]

https://doi.org/10.1016/j.jmsy.2022.01.002
https://doi.org/10.1016/j.addma.2021.102088
https://doi.org/10.1126/sciadv.aba9721
https://doi.org/10.1002/smll.201902360
https://doi.org/10.1002/adma.201800103
https://doi.org/10.1021/acsami.5b07722
https://www.ncbi.nlm.nih.gov/pubmed/26558410
https://doi.org/10.1002/adma.201704912
https://www.ncbi.nlm.nih.gov/pubmed/29280219
https://doi.org/10.1080/14686996.2022.2063035
https://www.ncbi.nlm.nih.gov/pubmed/35557509
https://doi.org/10.1021/acs.nanolett.1c01770
https://www.ncbi.nlm.nih.gov/pubmed/34292754
https://doi.org/10.1039/c3cc45817b
https://www.ncbi.nlm.nih.gov/pubmed/24002351
https://doi.org/10.1002/adma.202106068
https://doi.org/10.1002/advs.202207183
https://doi.org/10.1016/j.pmatsci.2008.07.003
https://doi.org/10.1039/b818940d
https://doi.org/10.1007/s004250050096
https://doi.org/10.1038/s41598-020-57410-2
https://www.ncbi.nlm.nih.gov/pubmed/31969578
https://doi.org/10.1002/sstr.202100079
https://doi.org/10.3762/bjnano.2.19
https://doi.org/10.1039/C6TA02794F
https://doi.org/10.1088/0957-4484/25/34/345303
https://www.ncbi.nlm.nih.gov/pubmed/25100802
https://doi.org/10.1021/la703821h
https://www.ncbi.nlm.nih.gov/pubmed/18312016
https://doi.org/10.1021/la0344682
https://doi.org/10.1021/la991660o
https://doi.org/10.1007/s00396-012-2751-6
https://doi.org/10.1007/s10404-014-1337-7
https://doi.org/10.1016/j.tsf.2014.04.020


Micromachines 2023, 14, 1216 25 of 28

55. Gao, L.; McCarthy, T.J. How Wenzel and cassie were wrong. Langmuir 2007, 23, 3762–3765. [CrossRef]
56. Erbil, H.Y.; Cansoy, C.E. Range of applicability of the Wenzel and Cassie-Baxter equations for superhydrophobic surfaces.

Langmuir 2009, 25, 14135–14145. [CrossRef]
57. Vogler, E.A. Structure and reactivity of water at biomaterial surfaces. Adv. Colloid Interface Sci. 1998, 74, 69–117. [CrossRef]
58. Li, Y.; He, S.; Xu, Z.; Luo, Z.; Xiao, H.; Tian, Y.; Jiang, L. Investigation on the intrinsic wetting thresholds of liquids by measuring

the interaction forces of self-assembled monolayers. Nano Res. 2022, 15, 4344–4349. [CrossRef]
59. Wang, L.; Zhao, Y.; Tian, Y.; Jiang, L. A General Strategy for the Separation of Immiscible Organic Liquids by Manipulating the

Surface Tensions of Nanofibrous Membranes. Angew. Chem. Int. Ed. 2015, 54, 14732–14737. [CrossRef]
60. Lee, J.; Kim, H.-C.; Choi, J.-W.; Lee, I.H. A review on 3D printed smart devices for 4D printing. Int. J. Precis. Eng. Manuf.-Green

Technol. 2017, 4, 373–383. [CrossRef]
61. Melchels, F.P.; Feijen, J.; Grijpma, D.W. A review on stereolithography and its applications in biomedical engineering. Biomaterials

2010, 31, 6121–6130. [CrossRef]
62. Zhang, J.; Hu, Q.; Wang, S.; Tao, J.; Gou, M. Digital Light Processing Based Three-dimensional Printing for Medical Applications.

Int. J. Bioprint. 2020, 6, 242. [CrossRef] [PubMed]
63. Tumbleston, J.R.; Shirvanyants, D.; Ermoshkin, N.; Janusziewicz, R.; Johnson, A.R.; Kelly, D.; Chen, K.; Pinschmidt, R.; Rolland,

J.P.; Ermoshkin, A.; et al. Continuous liquid interface production of 3D objects. qScience 2015, 347, 1349–1352. [CrossRef] [PubMed]
64. Carlotti, M.; Mattoli, V. Functional Materials for Two-Photon Polymerization in Microfabrication. Small 2019, 15, e1902687.

[CrossRef] [PubMed]
65. Zub, K.; Hoeppener, S.; Schubert, U.S. Inkjet Printing and 3D Printing Strategies for Biosensing, Analytical, and Diagnostic

Applications. Adv. Mater. 2022, 34, e2105015. [CrossRef] [PubMed]
66. Saadi, M.; Maguire, A.; Pottackal, N.T.; Thakur, M.S.H.; Ikram, M.M.; Hart, A.J.; Ajayan, P.M.; Rahman, M.M. Direct Ink Writing:

A 3D Printing Technology for Diverse Materials. Adv. Mater. 2022, 34, e2108855. [CrossRef]
67. Penumakala, P.K.; Santo, J.; Thomas, A. A critical review on the fused deposition modeling of thermoplastic polymer composites.

Compos. Part B 2020, 201, 108336. [CrossRef]
68. Shirazi, S.F.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.; Adib Kadri, N.; Osman, N.A. A review on powder-based

additive manufacturing for tissue engineering: Selective laser sintering and inkjet 3D printing. Sci. Technol. Adv. Mater. 2015, 16,
033502. [CrossRef]

69. Awad, A.; Fina, F.; Goyanes, A.; Gaisford, S.; Basit, A.W. Advances in powder bed fusion 3D printing in drug delivery and
healthcare. Adv. Drug. Deliv. Rev. 2021, 174, 406–424. [CrossRef]

70. Li, J.; Pumera, M. 3D printing of functional microrobots. Chem. Soc. Rev. 2021, 50, 2794–2838. [CrossRef]
71. Shams, H.; Basit, K.; Khan, M.A.; Saleem, S.; Mansoor, A. Realizing surface amphiphobicity using 3D printing techniques: A

critical move towards manufacturing low-cost reentrant geometries. Addit. Manuf. 2021, 38, 101777. [CrossRef]
72. Huang, J.; Qin, Q.; Wang, J. A Review of Stereolithography: Processes and Systems. Processes 2020, 8, 1138. [CrossRef]
73. Skoog, S.A.; Goering, P.L.; Narayan, R.J. Stereolithography in tissue engineering. J. Mater. Sci. Mater. Med. 2014, 25, 845–856.

[CrossRef] [PubMed]
74. Sutton, J.T.; Rajan, K.; Harper, D.P.; Chmely, S.C. Lignin-Containing Photoactive Resins for 3D Printing by Stereolithography. ACS

Appl. Mater. Interfaces 2018, 10, 36456–36463. [CrossRef] [PubMed]
75. Zakeri, S.; Vippola, M.; Levänen, E. A comprehensive review of the photopolymerization of ceramic resins used in stereolithogra-

phy. Addit. Manuf. 2020, 35, 101177. [CrossRef]
76. Kim, S.H.; Yeon, Y.K.; Lee, J.M.; Chao, J.R.; Lee, Y.J.; Seo, Y.B.; Sultan, M.T.; Lee, O.J.; Lee, J.S.; Yoon, S.I.; et al. Precisely printable

and biocompatible silk fibroin bioink for digital light processing 3D printing. Nat. Commun. 2018, 9, 1620. [CrossRef]
77. Patel, D.K.; Sakhaei, A.H.; Layani, M.; Zhang, B.; Ge, Q.; Magdassi, S. Highly Stretchable and UV Curable Elastomers for Digital

Light Processing Based 3D Printing. Adv. Mater. 2017, 29, 1606000. [CrossRef]
78. Huang, B.; Hu, R.; Xue, Z.; Zhao, J.; Li, Q.; Xia, T.; Zhang, W.; Lu, C. Continuous liquid interface production of algi-

nate/polyacrylamide hydrogels with supramolecular shape memory properties. Carbohydr. Polym. 2020, 231, 115736. [CrossRef]
79. Johnson, A.R.; Caudill, C.L.; Tumbleston, J.R.; Bloomquist, C.J.; Moga, K.A.; Ermoshkin, A.; Shirvanyants, D.; Mecham, S.J.;

Luft, J.C.; DeSimone, J.M. Single-Step Fabrication of Computationally Designed Microneedles by Continuous Liquid Interface
Production. PLoS ONE 2016, 11, e0162518. [CrossRef]

80. McGregor, D.J.; Tawfick, S.; King, W.P. Mechanical properties of hexagonal lattice structures fabricated using continuous liquid
interface production additive manufacturing. Addit. Manuf. 2019, 25, 10–18. [CrossRef]

81. Jiang, L.J.; Campbell, J.H.; Lu, Y.F.; Bernat, T.; Petta, N. Direct Writing Target Structures by Two-Photon Polymerization. Fusion
Sci. Technol. 2017, 70, 295–309. [CrossRef]

82. Oakdale, J.S.; Ye, J.; Smith, W.L.; Biener, J. Post-print UV curing method for improving the mechanical properties of prototypes
derived from two-photon lithography. Opt. Express 2016, 24, 27077–27086. [CrossRef] [PubMed]

83. Pearre, B.W.; Michas, C.; Tsang, J.M.; Gardner, T.J.; Otchy, T.M. Fast micron-scale 3D printing with a resonant-scanning two-photon
microscope. Addit. Manuf. 2019, 30, 100887. [CrossRef] [PubMed]

84. Tromayer, M.; Gruber, P.; Rosspeintner, A.; Ajami, A.; Husinsky, W.; Plasser, F.; Gonzalez, L.; Vauthey, E.; Ovsianikov, A.; Liska, R.
Wavelength-optimized Two-Photon Polymerization Using Initiators Based on Multipolar Aminostyryl-1,3,5-triazines. Sci. Rep.
2018, 8, 17273. [CrossRef] [PubMed]

https://doi.org/10.1021/la062634a
https://doi.org/10.1021/la902098a
https://doi.org/10.1016/S0001-8686(97)00040-7
https://doi.org/10.1007/s12274-022-4094-z
https://doi.org/10.1002/anie.201506866
https://doi.org/10.1007/s40684-017-0042-x
https://doi.org/10.1016/j.biomaterials.2010.04.050
https://doi.org/10.18063/ijb.v6i1.242
https://www.ncbi.nlm.nih.gov/pubmed/32782984
https://doi.org/10.1126/science.aaa2397
https://www.ncbi.nlm.nih.gov/pubmed/25780246
https://doi.org/10.1002/smll.201902687
https://www.ncbi.nlm.nih.gov/pubmed/31402578
https://doi.org/10.1002/adma.202105015
https://www.ncbi.nlm.nih.gov/pubmed/35338719
https://doi.org/10.1002/adma.202108855
https://doi.org/10.1016/j.compositesb.2020.108336
https://doi.org/10.1088/1468-6996/16/3/033502
https://doi.org/10.1016/j.addr.2021.04.025
https://doi.org/10.1039/D0CS01062F
https://doi.org/10.1016/j.addma.2020.101777
https://doi.org/10.3390/pr8091138
https://doi.org/10.1007/s10856-013-5107-y
https://www.ncbi.nlm.nih.gov/pubmed/24306145
https://doi.org/10.1021/acsami.8b13031
https://www.ncbi.nlm.nih.gov/pubmed/30256091
https://doi.org/10.1016/j.addma.2020.101177
https://doi.org/10.1038/s41467-018-03759-y
https://doi.org/10.1002/adma.201606000
https://doi.org/10.1016/j.carbpol.2019.115736
https://doi.org/10.1371/journal.pone.0162518
https://doi.org/10.1016/j.addma.2018.11.002
https://doi.org/10.13182/FST15-222
https://doi.org/10.1364/OE.24.027077
https://www.ncbi.nlm.nih.gov/pubmed/27906282
https://doi.org/10.1016/j.addma.2019.100887
https://www.ncbi.nlm.nih.gov/pubmed/32864346
https://doi.org/10.1038/s41598-018-35301-x
https://www.ncbi.nlm.nih.gov/pubmed/30467346


Micromachines 2023, 14, 1216 26 of 28

85. An, B.W.; Kim, K.; Lee, H.; Kim, S.Y.; Shim, Y.; Lee, D.Y.; Song, J.Y.; Park, J.U. High-Resolution Printing of 3D Structures Using an
Electrohydrodynamic Inkjet with Multiple Functional Inks. Adv. Mater. 2015, 27, 4322–4328. [CrossRef] [PubMed]

86. Guo, Y.; Patanwala, H.S.; Bognet, B.; Ma, A.W.K. Inkjet and inkjet-based 3D printing: Connecting fluid properties and printing
performance. Rapid. Prototyp. J. 2017, 23, 562–576. [CrossRef]

87. Negro, A.; Cherbuin, T.; Lutolf, M.P. 3D Inkjet Printing of Complex, Cell-Laden Hydrogel Structures. Sci. Rep. 2018, 8, 17099.
[CrossRef]

88. Scoutaris, N.; Ross, S.; Douroumis, D. Current Trends on Medical and Pharmaceutical Applications of Inkjet Printing Technology.
Pharm. Res. 2016, 33, 1799–1816. [CrossRef]

89. Prashantha, K.; Roger, F. Multifunctional properties of 3D printed poly(lactic acid)/graphene nanocomposites by fused deposition
modeling. J. Macromol. Sci. Part A Pure Appl.Chem. 2016, 54, 24–29. [CrossRef]

90. Wasti, S.; Adhikari, S. Use of Biomaterials for 3D Printing by Fused Deposition Modeling Technique: A Review. Front. Chem.
2020, 8, 315. [CrossRef]

91. Webbe Kerekes, T.; Lim, H.; Joe, W.Y.; Yun, G.J. Characterization of process–deformation/damage property relationship of fused
deposition modeling (FDM) 3D-printed specimens. Addit. Manuf. 2019, 25, 532–544. [CrossRef]

92. Weng, Z.; Wang, J.; Senthil, T.; Wu, L. Mechanical and thermal properties of ABS/montmorillonite nanocomposites for fused
deposition modeling 3D printing. Mater. Des. 2016, 102, 276–283. [CrossRef]

93. Awad, A.; Fina, F.; Goyanes, A.; Gaisford, S.; Basit, A.W. 3D printing: Principles and pharmaceutical applications of selective laser
sintering. Int. J. Pharm. 2020, 586, 119594. [CrossRef] [PubMed]

94. Espera, A.H.; Valino, A.D.; Palaganas, J.O.; Souza, L.; Chen, Q.; Advincula, R.C. 3D Printing of a Robust Polyamide-12-Carbon
Black Composite via Selective Laser Sintering: Thermal and Electrical Conductivity. Macromol. Mater. Eng. 2019, 304, 1800718.
[CrossRef]

95. Pereira, T.F.; Oliveira, M.F.; Maia, I.A.; Silva, J.V.L.; Costa, M.F.; Thiré, R.M.S.M. 3D Printing of Poly(3-hydroxybutyrate) Porous
Structures Using Selective Laser Sintering. Macromol. Symp. 2012, 319, 64–73. [CrossRef]

96. Ouyang, D.; Li, N.; Xing, W.; Zhang, J.; Liu, L. 3D printing of crack-free high strength Zr-based bulk metallic glass composite by
selective laser melting. Intermetallics 2017, 90, 128–134. [CrossRef]

97. Ouyang, D.; Xing, W.; Li, N.; Li, Y.; Liu, L. Structural evolutions in 3D-printed Fe-based metallic glass fabricated by selective laser
melting. Addit. Manuf. 2018, 23, 246–252. [CrossRef]

98. Wei, C.; Li, L.; Zhang, X.; Chueh, Y.-H. 3D printing of multiple metallic materials via modified selective laser melting. CIRP Ann.
2018, 67, 245–248. [CrossRef]

99. Xing, L.; Yu, J.; Ji, Z.; Huang, X.; Dai, C.; Zhang, Q. Study on Preparation of Superhydrophobic Surface by Selective Laser Melting
and Corrosion Resistance. Appl. Sci. 2021, 11, 7476. [CrossRef]

100. Kaur, G.; Marmur, A.; Magdassi, S. Fabrication of superhydrophobic 3D objects by Digital Light Processing. Addit. Manuf. 2020,
36, 101669. [CrossRef]

101. Credi, C.; Levi, M.; Turri, S.; Simeone, G. Stereolithography of perfluoropolyethers for the microfabrication of robust omniphobic
surfaces. Appl. Surf. Sci. 2017, 404, 268–275. [CrossRef]

102. Helbig, R.; Nickerl, J.; Neinhuis, C.; Werner, C. Smart skin patterns protect springtails. PLoS ONE 2011, 6, e25105. [CrossRef]
[PubMed]

103. Hensel, R.; Helbig, R.; Aland, S.; Braun, H.G.; Voigt, A.; Neinhuis, C.; Werner, C. Wetting resistance at its topographical limit: The
benefit of mushroom and serif T structures. Langmuir 2013, 29, 1100–1112. [CrossRef] [PubMed]

104. Hensel, R.; Helbig, R.; Aland, S.; Voigt, A.; Neinhuis, C.; Werner, C. Tunable nano-replication to explore the omniphobic
characteristics of springtail skin. NPG Asia Mater. 2013, 5, e37. [CrossRef]

105. Cao, L.L.; Hu, H.H.; Gao, D. Design and fabrication of micro-textures for inducing a superhydrophobic behavior on hydrophilic
materials. Langmuir 2007, 23, 4310–4314. [CrossRef]

106. Liimatainen, V.; Drotlef, D.M.; Son, D.; Sitti, M. Liquid-Superrepellent Bioinspired Fibrillar Adhesives. Adv. Mater. 2020, 32,
2000497. [CrossRef]

107. Lin, Y.; Zhou, R.; Xu, J. Superhydrophobic Surfaces Based on Fractal and Hierarchical Microstructures Using Two-Photon
Polymerization: Toward Flexible Superhydrophobic Films. Adv. Mater. Interfaces 2018, 5, 1801126. [CrossRef]

108. Yin, Q.; Guo, Q.; Wang, Z.L.; Chen, Y.Q.; Duan, H.G.; Cheng, P. 3D-Printed Bioinspired Cassie-Baxter Wettability for Controllable
Microdroplet Manipulation. ACS Appl. Mater. Interfaces 2021, 13, 1979–1987. [CrossRef]

109. Das, R.; Ahmad, Z.; Nauruzbayeva, J.; Mishra, H. Biomimetic Coating-free Superomniphobicity. Sci. Rep. 2020, 10, 7934.
[CrossRef]

110. Barthlott, W.; Schimmel, T.; Wiersch, S.; Koch, K.; Brede, M.; Barczewski, M.; Walheim, S.; Weis, A.; Kaltenmaier, A.; Leder, A.;
et al. The salvinia paradox: Superhydrophobic surfaces with hydrophilic pins for air retention under water. Adv. Mater. 2010, 22,
2325–2328. [CrossRef]

111. Koch, K.; Bohn, H.F.; Barthlott, W. Hierarchically sculptured plant surfaces and superhydrophobicity. Langmuir 2009, 25,
14116–14120. [CrossRef]

112. Solga, A.; Cerman, Z.; Striffler, B.F.; Spaeth, M.; Barthlott, W. The dream of staying clean: Lotus and biomimetic surfaces. Bioinspir.
Biomim. 2007, 2, S126–S134. [CrossRef] [PubMed]

https://doi.org/10.1002/adma.201502092
https://www.ncbi.nlm.nih.gov/pubmed/26095718
https://doi.org/10.1108/RPJ-05-2016-0076
https://doi.org/10.1038/s41598-018-35504-2
https://doi.org/10.1007/s11095-016-1931-3
https://doi.org/10.1080/10601325.2017.1250311
https://doi.org/10.3389/fchem.2020.00315
https://doi.org/10.1016/j.addma.2018.11.008
https://doi.org/10.1016/j.matdes.2016.04.045
https://doi.org/10.1016/j.ijpharm.2020.119594
https://www.ncbi.nlm.nih.gov/pubmed/32622811
https://doi.org/10.1002/mame.201800718
https://doi.org/10.1002/masy.201100237
https://doi.org/10.1016/j.intermet.2017.07.010
https://doi.org/10.1016/j.addma.2018.08.020
https://doi.org/10.1016/j.cirp.2018.04.096
https://doi.org/10.3390/app11167476
https://doi.org/10.1016/j.addma.2020.101669
https://doi.org/10.1016/j.apsusc.2017.01.208
https://doi.org/10.1371/journal.pone.0025105
https://www.ncbi.nlm.nih.gov/pubmed/21980383
https://doi.org/10.1021/la304179b
https://www.ncbi.nlm.nih.gov/pubmed/23278566
https://doi.org/10.1038/am.2012.66
https://doi.org/10.1021/la063572r
https://doi.org/10.1002/adma.202000497
https://doi.org/10.1002/admi.201801126
https://doi.org/10.1021/acsami.0c18952
https://doi.org/10.1038/s41598-020-64345-1
https://doi.org/10.1002/adma.200904411
https://doi.org/10.1021/la9017322
https://doi.org/10.1088/1748-3182/2/4/S02
https://www.ncbi.nlm.nih.gov/pubmed/18037722


Micromachines 2023, 14, 1216 27 of 28

113. He, Z.K.; Chen, Y.Q.; Yang, J.; Tang, C.Y.; Lv, J.; Liu, Y.; Mei, J.; Lau, W.M.; Hui, D. Fabrication of Polydimethylsiloxane films with
special surface wettability by 3D printing. Compos. Part B 2017, 129, 58–65. [CrossRef]

114. Kang, B.; Hyeon, J.; So, H. Facile microfabrication of 3-dimensional (3D) hydrophobic polymer surfaces using 3D printing
technology. Appl. Surf. Sci. 2020, 499, 143733. [CrossRef]

115. Kang, B.; Sung, J.; So, H. Realization of Superhydrophobic Surfaces Based on Three-Dimensional Printing Technology. Int. J.
Precis. Eng. Manuf.-Green Technol. 2019, 8, 47–55. [CrossRef]

116. Lee, K.M.; Park, H.; Kim, J.; Chun, D.M. Fabrication of a superhydrophobic surface using a fused deposition modeling (FDM)
3D printer with poly lactic acid (PLA) filament and dip coating with silica nanoparticles. Appl. Surf. Sci. 2019, 467, 979–991.
[CrossRef]

117. Li, Y.; Mao, H.; Hu, P.; Hermes, M.; Lim, H.; Yoon, J.; Luhar, M.; Chen, Y.; Wu, W. Bioinspired Functional Surfaces Enabled by
Multiscale Stereolithography. Adv. Mater. Technol. 2019, 4, 1800638. [CrossRef]

118. Barahman, M.; Lyons, A.M. Ratchetlike slip angle anisotropy on printed superhydrophobic surfaces. Langmuir 2011, 27, 9902–9909.
[CrossRef]

119. Lv, J.; Gong, Z.; He, Z.; Yang, J.; Chen, Y.; Tang, C.; Liu, Y.; Fan, M.; Lau, W.-M. 3D printing of a mechanically durable
superhydrophobic porous membrane for oil–water separation. J. Mater. Chem. A 2017, 5, 12435–12444. [CrossRef]

120. Campos, J.Q.; Szczepanski, C.R.; Medici, M.G.; Godeau, G. Inspired by the Nature: A Post-printed Strategy to Efficiently Elaborate
Parahydrophobic Surfaces. Biomimetics 2022, 7, 122. [CrossRef]

121. Ciffreo, L.; Marchand, C.; Szczepanski, C.R.; Medici, M.G.; Godeau, G. Bioinspired and Post-Functionalized 3D-Printed Surfaces
with Parahydrophobic Properties. Biomimetics 2021, 6, 71. [CrossRef]

122. Gaxiola-Lopez, J.C.; Lara-Ceniceros, T.E.; Silva-Vidaurri, L.G.; Advincula, R.C.; Bonilla-Cruz, J. 3D Printed Parahydrophobic
Surfaces as Multireaction Platforms. Langmuir 2022, 38, 7740–7749. [CrossRef] [PubMed]

123. Guo, Y.; Luo, B.; Wang, X.; Liu, S.; Geng, T. Wettability control and oil/water separation performance of 3D-printed porous
materials. J. Appl. Polym. Sci. 2021, 139, e51570. [CrossRef]

124. Li, N.; Li, C.; Yu, C.; Wang, T.; Gao, C.; Dong, Z.; Jiang, L. Asymmetric micro-ratchets regulated drop dispensing on bamboo
mimetic surface. J. Mater. Chem. A 2019, 7, 9550–9555. [CrossRef]

125. Yuan, S.S.; Zhu, J.Y.; Li, Y.; Zhao, Y.; Li, J.; Van Puyvelde, P.; Van der Bruggen, B. Structure architecture of micro/nanoscale
ZIF-L on a 3D printed membrane for a superhydrophobic and underwater superoleophobic surface. J. Mater. Chem. A 2019, 7,
2723–2729. [CrossRef]

126. Zhang, Y.; Yin, M.-J.; Ouyang, X.; Zhang, A.P.; Tam, H.-Y. 3D µ-printing of polytetrafluoroethylene microstructures: A route to
superhydrophobic surfaces and devices. Appl. Mater. Today 2020, 19, 100580. [CrossRef]

127. Mayoussi, F.; Doeven, E.H.; Kick, A.; Goralczyk, A.; Thomann, Y.; Risch, P.; Guijt, R.M.; Kotz, F.; Helmer, D.; Rapp, B.E. Facile
fabrication of micro-/nanostructured, superhydrophobic membranes with adjustable porosity by 3D printing. J. Mater. Chem. A
2021, 9, 21379–21386. [CrossRef] [PubMed]

128. Kim, J.J.; Lee, J.; Yang, S.P.; Kim, H.G.; Kweon, H.S.; Yoo, S.; Jeong, K.H. Biologically Inspired Organic Light-Emitting Diodes.
Nano Lett. 2016, 16, 2994–3000. [CrossRef]

129. Leem, Y.C.; Park, J.S.; Kim, J.H.; Myoung, N.; Yim, S.Y.; Jeong, S.; Lim, W.; Kim, S.T.; Park, S.J. Light-Emitting Diodes with
Hierarchical and Multifunctional Surface Structures for High Light Extraction and an Antifouling Effect. Small 2016, 12, 161–168.
[CrossRef]

130. Zhang, Y.-L.; Xia, H.; Kim, E.; Sun, H.-B. Recent developments in superhydrophobic surfaces with unique structural and functional
properties. Soft Matter 2012, 8, 11217. [CrossRef]

131. Li, Y.; Li, Z.; Wang, Q.; Wu, Z.; Shi, C.; Zhang, S.; Xu, Y.; Chen, X.; Chen, A.; Yan, C.; et al. 3D-printed magnetic porous structures
with different poisson’s ratios and their mechanoelectrical conversion capabilities. Addit. Manuf. 2023, 69, 103542. [CrossRef]

132. Ma, Z.; Wang, Q.; Wu, Z.; Chen, D.; Yan, C.; Shi, Y.; Dickey, M.D.; Su, B. A Superconducting-Material-Based Maglev Generator
Used for Outer-Space. Adv. Mater. 2022, 34, e2203814. [CrossRef] [PubMed]

133. Zhang, S.; Xia, Z.; Liu, Z.; Wang, Q.; Yue, Y.; Huang, J.; Su, B. Magnetic/conductive/elastic multi-material 3D-printed self-
powered sensing gloves for underwater/smoke environmental Human-Computer Interaction. Chem. Eng. J. 2023, 463, 142388.
[CrossRef]

134. Li, C.; Zhang, Y.; Ju, J.; Cheng, F.; Liu, M.; Jiang, L.; Yu, Y. In Situ Fully Light-Driven Switching of Superhydrophobic Adhesion.
Adv. Funct. Mater. 2012, 22, 760–763. [CrossRef]

135. Lv, J.A.; Liu, Y.; Wei, J.; Chen, E.; Qin, L.; Yu, Y. Photocontrol of fluid slugs in liquid crystal polymer microactuators. Nature 2016,
537, 179–184. [CrossRef] [PubMed]

136. Neto, A.I.; Levkin, P.A.; Mano, J.F. Patterned superhydrophobic surfaces to process and characterize biomaterials and 3D cell
culture. Mater. Horiz. 2018, 5, 379–393. [CrossRef]

137. Seo, J.; Lee, J.S.; Lee, K.; Kim, D.; Yang, K.; Shin, S.; Mahata, C.; Jung, H.B.; Lee, W.; Cho, S.W.; et al. Switchable water-adhesive,
superhydrophobic palladium-layered silicon nanowires potentiate the angiogenic efficacy of human stem cell spheroids. Adv.
Mater. 2014, 26, 7043–7050. [CrossRef]

138. Shi, C.; Wu, Z.; Li, Y.; Zhang, X.; Xu, Y.; Chen, A.; Yan, C.; Shi, Y.; Wang, T.; Su, B. Superhydrophobic/Superhydrophilic Janus
Evaporator for Extreme High Salt-Resistance Solar Desalination by an Integrated 3D Printing Method. ACS Appl. Mater. Interfaces
2023, 15, 23971–23979. [CrossRef]

https://doi.org/10.1016/j.compositesb.2017.07.025
https://doi.org/10.1016/j.apsusc.2019.143733
https://doi.org/10.1007/s40684-019-00163-9
https://doi.org/10.1016/j.apsusc.2018.10.205
https://doi.org/10.1002/admt.201800638
https://doi.org/10.1021/la201222a
https://doi.org/10.1039/C7TA02202F
https://doi.org/10.3390/biomimetics7030122
https://doi.org/10.3390/biomimetics6040071
https://doi.org/10.1021/acs.langmuir.2c00788
https://www.ncbi.nlm.nih.gov/pubmed/35687828
https://doi.org/10.1002/app.51570
https://doi.org/10.1039/C9TA01105F
https://doi.org/10.1039/C8TA10249J
https://doi.org/10.1016/j.apmt.2020.100580
https://doi.org/10.1039/D1TA03352B
https://www.ncbi.nlm.nih.gov/pubmed/34603732
https://doi.org/10.1021/acs.nanolett.5b05183
https://doi.org/10.1002/smll.201502354
https://doi.org/10.1039/c2sm26517f
https://doi.org/10.1016/j.addma.2023.103542
https://doi.org/10.1002/adma.202203814
https://www.ncbi.nlm.nih.gov/pubmed/35748229
https://doi.org/10.1016/j.cej.2023.142388
https://doi.org/10.1002/adfm.201101922
https://doi.org/10.1038/nature19344
https://www.ncbi.nlm.nih.gov/pubmed/27604946
https://doi.org/10.1039/C7MH00877E
https://doi.org/10.1002/adma.201402273
https://doi.org/10.1021/acsami.3c03320


Micromachines 2023, 14, 1216 28 of 28

139. Liu, L.; Liu, S.; Schelp, M.; Chen, X. Rapid 3D Printing of Bioinspired Hybrid Structures for High-Efficiency Fog Collection and
Water Transportation. ACS Appl. Mater. Interfaces 2021, 13, 29122–29129. [CrossRef]

140. Liu, Y.; Zhang, H.; Wang, P.; He, Z.; Dong, G. 3D-printed bionic superhydrophobic surface with petal-like microstructures for
droplet manipulation, oil-water separation, and drag reduction. Mater. Des. 2022, 219, 110765. [CrossRef]

141. Peng, L.; Chen, K.; Chen, D.; Chen, J.; Tang, J.; Xiang, S.; Chen, W.; Liu, P.; Zheng, F.; Shi, J. Study on the enhancing water
collection efficiency of cactus- and beetle-like biomimetic structure using UV-induced controllable diffusion method and 3D
printing technology. RSC Adv. 2021, 11, 14769–14776. [CrossRef]

142. Yu, C.; Li, C.; Gao, C.; Dong, Z.; Wu, L.; Jiang, L. Time-Dependent Liquid Transport on a Biomimetic Topological Surface. ACS
Nano 2018, 12, 5149–5157. [CrossRef] [PubMed]

143. Yuan, S.S.; Strobbe, D.; Kruth, J.P.; Van Puyvelde, P.; Van der Bruggen, B. Super-hydrophobic 3D printed polysulfone membranes
with a switchable wettability by self-assembled candle soot for efficient gravity-driven oil/water separation. J. Mater. Chem. A
2017, 5, 25401–25409. [CrossRef]

144. Lv, J.; Song, Y.; Jiang, L.; Wang, J. Bio-inspired strategies for anti-icing. ACS Nano 2014, 8, 3152–3169. [CrossRef] [PubMed]
145. Ju, J.; Bai, H.; Zheng, Y.; Zhao, T.; Fang, R.; Jiang, L. A multi-structural and multi-functional integrated fog collection system in

cactus. Nat. Commun. 2012, 3, 1247. [CrossRef] [PubMed]
146. Ju, J.; Zheng, Y.; Jiang, L. Bioinspired one-dimensional materials for directional liquid transport. Acc. Chem. Res. 2014, 47,

2342–2352. [CrossRef] [PubMed]
147. Li, X.; Yang, Y.; Liu, L.; Chen, Y.; Chu, M.; Sun, H.; Shan, W.; Chen, Y. 3D-Printed Cactus-Inspired Spine Structures for Highly

Efficient Water Collection. Adv. Mater. Interfaces 2019, 7, 1901752. [CrossRef]
148. Bauer, U.; Federle, W. The insect-trapping rim of Nepenthes pitchers: Surface structure and function. Plant Signal. Behav. 2009, 4,

1019–1023. [CrossRef]
149. Bohn, H.F.; Federle, W. Insect aquaplaning: Nepenthes pitcher plants capture prey with the peristome, a fully wettable water-

lubricated anisotropic surface. Proc. Natl. Acad. Sci. USA 2004, 101, 14138–14143. [CrossRef]
150. Chen, H.; Zhang, P.; Zhang, L.; Liu, H.; Jiang, Y.; Zhang, D.; Han, Z.; Jiang, L. Continuous directional water transport on the

peristome surface of Nepenthes alata. Nature 2016, 532, 85–89. [CrossRef]
151. Zhou, S.; Yu, C.; Li, C.; Dong, Z.; Jiang, L. Programmable unidirectional liquid transport on peristome-mimetic surfaces under

liquid environments. J. Mater. Chem. A 2019, 7, 18244–18248. [CrossRef]
152. Jin, Z.; Mei, H.; Yan, Y.; Pan, L.; Liu, H.; Xiao, S.; Cheng, L. 3D-printed controllable gradient pore superwetting structures for high

temperature efficient oil-water separation. J. Mater. 2021, 7, 8–18. [CrossRef]
153. Li, G.; Mo, X.; Wang, Y.; Chan, C.Y.; Chan, K.C. All 3D-Printed Superhydrophobic/Oleophilic Membrane for Robotic Oil Recycling.

Adv. Mater. Interfaces 2019, 6, 1900874. [CrossRef]
154. Wen, L.; Weaver, J.C.; Lauder, G.V. Biomimetic shark skin: Design, fabrication and hydrodynamic function. J. Exp. Biol. 2014, 217,

1656–1666. [CrossRef] [PubMed]
155. Du, P.; Wen, J.; Zhang, Z.; Song, D.; Ouahsine, A.; Hu, H. Maintenance of air layer and drag reduction on superhydrophobic

surface. Ocean Eng. 2017, 130, 328–335. [CrossRef]
156. McHale, G.; Flynn, M.R.; Newton, M.I. Plastron induced drag reduction and increased slip on a superhydrophobic sphere. Soft

Matter 2011, 7, 10100. [CrossRef]
157. Ren, W.; Trinh, P.H.; Weinan, E. On the distinguished limits of the Navier slip model of the moving contact line problem. J. Fluid

Mech. 2015, 772, 107–126. [CrossRef]
158. Li, B.; Bai, J.; He, J.; Ding, C.; Dai, X.; Ci, W.; Zhu, T.; Liao, R.; Yuan, Y. A Review on Superhydrophobic Surface with Anti-Icing

Properties in Overhead Transmission Lines. Coatings 2023, 13, 301. [CrossRef]
159. Wu, X.; Silberschmidt, V.V.; Hu, Z.-T.; Chen, Z. When superhydrophobic coatings are icephobic: Role of surface topology. Surf.

Coat. Technol. 2019, 358, 207–214. [CrossRef]
160. Li, W.; Zhan, Y.; Yu, S. Applications of superhydrophobic coatings in anti-icing: Theory, mechanisms, impact factors, challenges

and perspectives. Prog. Org. Coat. 2021, 152, 106117. [CrossRef]
161. Volpe, A.; Gaudiuso, C.; Ancona, A. Laser Fabrication of Anti-Icing Surfaces: A Review. Materials 2020, 13, 5692. [CrossRef]
162. Pan, R.; Zhang, H.; Zhong, M. Triple-Scale Superhydrophobic Surface with Excellent Anti-Icing and Icephobic Performance via

Ultrafast Laser Hybrid Fabrication. ACS Appl. Mater. Interfaces 2021, 13, 1743–1753. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acsami.1c05745
https://doi.org/10.1016/j.matdes.2022.110765
https://doi.org/10.1039/D1RA00652E
https://doi.org/10.1021/acsnano.8b01800
https://www.ncbi.nlm.nih.gov/pubmed/29717867
https://doi.org/10.1039/C7TA08836A
https://doi.org/10.1021/nn406522n
https://www.ncbi.nlm.nih.gov/pubmed/24592934
https://doi.org/10.1038/ncomms2253
https://www.ncbi.nlm.nih.gov/pubmed/23212376
https://doi.org/10.1021/ar5000693
https://www.ncbi.nlm.nih.gov/pubmed/25019657
https://doi.org/10.1002/admi.201901752
https://doi.org/10.4161/psb.4.11.9664
https://doi.org/10.1073/pnas.0405885101
https://doi.org/10.1038/nature17189
https://doi.org/10.1039/C9TA04770K
https://doi.org/10.1016/j.jmat.2020.07.002
https://doi.org/10.1002/admi.201900874
https://doi.org/10.1242/jeb.097097
https://www.ncbi.nlm.nih.gov/pubmed/24829323
https://doi.org/10.1016/j.oceaneng.2016.11.028
https://doi.org/10.1039/c1sm06140b
https://doi.org/10.1017/jfm.2015.173
https://doi.org/10.3390/coatings13020301
https://doi.org/10.1016/j.surfcoat.2018.11.039
https://doi.org/10.1016/j.porgcoat.2020.106117
https://doi.org/10.3390/ma13245692
https://doi.org/10.1021/acsami.0c16259
https://www.ncbi.nlm.nih.gov/pubmed/33370114

	Introduction 
	Natural Superhydrophobic Surfaces and Wetting Regimes 
	Natural Superhydrophobic Surfaces—“Lotus Leaf Effect” and “Rose Petal Effect” 
	Wetting Regimes 
	Wenzel Model 
	Cassie–Baxter Model 
	Intermediate Models 
	Debates 


	Three-Dimensionally Printed Superhydrophobic Materials 
	Three-Dimensional Printing Technologies 
	Three-Dimensional Printing of Biometric Superhydrophobic Materials 
	Three-Dimensional Printing of Special Micro/Nanostructures 
	Post-Modification of 3D Printed Objects 
	Three-Dimensional Printing of Bulk Materials 


	Applications of 3D Printed Superhydrophobic Materials 
	Liquid Manipulation 
	Oil/Water Separation 
	Drag Reduction 
	Potential Application in Anti-Icing 

	Conclusions and Outlook 
	Current Progress 
	Challenges and Perspectives 

	References

