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3D Microprinting of Super-Repellent Microstructures:
Recent Developments, Challenges, and Opportunities

Zheqin Dong* and Pavel. A. Levkin*

Liquid super-repellent surfaces, characterized by a low liquid—solid contact
fraction, allow various liquids to bead up and freely roll off. Apart from liquid
repellency, these surfaces feature several unique properties, including inter
alia, self-cleaning, low-friction, anti-icing, and anti-biofouling, making them
valuable for a vast array of applications involving liquids. Essential to achieve
such super-repellency is the bio-inspired reentrant or doubly reentrant
micro-topography. However, despite their unique interfacial properties, the
fabrication of these delicate 3D topographies by conventional microfabrica-
tion methods is extremely challenging. Recently, emerging 3D microprinting
technologies, particularly two-photon lithography, have brought new scope to
this field. With unparalleled design freedom and flexibility, 3D microprinting
greatly facilitates the design, testing, and studying of complex 3D microstruc-
tures. Here, applications of 3D microprinting in the design and fabrication

of super-repellent microstructures are summarized, with a focus on their
remarkable properties, and new functionalities offered by these intricate 3D
topographies. Current challenges and new opportunities of emerging 3D
microprinting techniques to further advance liquid super-repellent materials

1. Introduction

The development of functional materials
has been playing an increasingly impor-
tant role to advance science, technology,
and our daily life. Among various mate-
rial properties and functionalities, surface
wettability is a crucial one that dictates the
interaction of materials with liquids. Such
liquid-solid interactions are ubiquitous
in nature (e.g., wetting of plant leaves,
insects, soils), as well as in our daily life
(e.g., cooking, drinking) and industry (e.g.,
heat transfer, biomedical devices, subma-
rine equipment). Thus, controlling the
surface wettability of materials is impor-
tant from both fundamental and applica-
tion perspectives. Surfaces that display
extreme liquid repellency, characterized by
their large apparent liquid contact angle
(6% > 150°) and a small roll-off angle ()

are also discussed.
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or contact angle hysteresis (A6%),1-3] are

especially interesting from the practical

perspective but at the same time chal-

lenging to fabricate. These super-repel-

lent surfaces feature unique properties,
such as staying dry, self-cleaning,™ low friction,” anti-icing,!®!
and anti-biofouling,”® making them valuable for applications
ranging from electronic textile,®! solar energy,'% liquid trans-
port, " aerospace,? to biomedical engineering.[1314l

Interestingly, nature inspiration has played an indispensable
role in the development of super-repellent surfaces.’>7 A
famous example is the amazing purity of lotus leaves, which has
long been praised by many poets and artists. Until the 1990s,
scientists revealed that such purification is attributed to the self-
cleaning effect of the superhydrophobic surface, which, in turn,
results from the synergetic effect of a high roughness and low
surface energy.'® This discovery ignited the interests of scien-
tists from various fields (physics, chemistry, materials), and led
to the explosive growth of the field of super-repellent surfaces
in the past two decades (Figure S1, Supporting Information).
To date, a variety of superhydrophobic coatings and materials
have been developed by combining the effect of surface energy
and roughness.*2!l Despite excellent water repellency, these
surfaces are, however, unable to repel organic liquids with rela-
tively lower surface tensions (e.g., oils, alcohols).

To make surfaces super-repellent to a broad range of lig-
uids (superoleophobic), scientists were inspired by the extreme
water and oil resistance of springtails’ skin.*?! It was demon-
strated that reentrant or doubly reentrant (DRT) topography, is
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the key to achieving superoleophobicity.?>?4 Indeed, by using
the DRT topography, surfaces that can repel liquids with very
low surface tension (e.g., perfluorinated solvents or alkanes)
have been realized.[”>) More importantly, these studies changed
the longstanding opinion that super-repellency requires hydro-
phobic/oleophobic materials, opening a new avenue to manip-
ulate solid-liquid interactions by surface micro-structuring
alone. Nevertheless, fabrication of such delicate 3D microstruc-
tures by using conventional techniques (e.g., photolithography,
drying etching) is not trivial and laborious, requiring expensive
devices and multiple steps.?>?/l In addition, the geometrical
complexity of the produced 3D microstructures is quite lim-
ited. Therefore, further development of liquid super-repellent
surfaces calls for advanced fabrication technologies with high
design flexibility.

3D printing, also known as additive manufacturing, has
been a driving force for the innovation and manufacturing
of advanced materials in the past decade.?®32 By assem-
bling materials in a fully digital manner, 3D printing offers
unparalleled design freedom and flexibility, opening a door
to previously inaccessible material structures and properties.
Although most 3D printing technologies are currently limited
to submillimeter scale resolution, a few of them can fabricate
objects with micrometer/submicrometer precision including
electrohydrodynamic printing (EHDP),?**¥  electron-beam
induced deposition (EBID),*>3¢ projection micro-stereolithog-
raphy (PuSL),”38 two-photon lithography (TPL),” and the
newly developed two-step absorption (TSA) lithography.[0ll
Despite their relatively slower fabrication speed, these 3D
microprinting techniques offer much higher flexibility in
3D geometrical design compared with conventional subtrac-
tive microfabrication methods (Table 1), making them attrac-
tive for the design and study of advanced liquid-repellent
microstructures.

Among various 3D microprinting techniques, TPL has
gained significant popularity during the past decade.-0 A
key advantage of TPL lies in its ability to realize arbitrary geo-
metry with a sub-micrometer resolution, which effectively facil-
itates the testing and studying of complex 3D microstructures.
In addition, TPL allows the processing of diverse functional

materials from polymer and ceramics to metals,* in contrast
to traditional 3D microfabrication methods, such as dry etching
or photolithography, relying on a few specialized materials
(e.g., copper, silicon). Such versatility allows customization of
the material property to meet the requirement of each specific
application. With these unique advantages, TPL opens a new
avenue to design and fabricate novel liquid super-repellent
3D microstructures previously inaccessible. Indeed, recent
research in this direction has led to the development of super-
repellent surfaces with enhanced performance and excitingly
new functionalities (Figure 1).

In this review, we will discuss the recent developments,
challenges, and opportunities in this emerging field. First, we
analyze the key challenges to achieve liquid super-repellency
from a fundamental viewpoint. Then, we highlight some rep-
resentative novel microstructures enabled by TPL, which lead
to enhanced liquid-repellent performances including low liquid
adhesion, high impalement pressure, or side repellency. Next,
we illustrate how the customizable material property offered by
TPL can be leveraged to endow super-repellent surfaces with
additional new functionalities including switchable repellency,
gecko-like adhesion, or directional liquid transport. Finally,
we provide an outlook on possible future research directions
involving technology progress, material development, design
strategies, and new applications.

2. Fundamental Challenges in the Fabrication of
Liquid Super-Repellent Surfaces

When a liquid droplet contacts an ideally flat surface
(Figure 2A), its equilibrium contact angle is determined by the
balance of three surface tension forces: liquid-vapor, liquid—
solid, and vapor-solid, as described in Young’s equation!®!

cosOy = Yo =W 1

Yiv

where yrefers to the interfacial tension and the subscripts s, I,
and v refer to the solid, liquid, and vapor phases, respectively.

Table 1. Comparison of different 3D microprinting methods and subtractive microfabrication methods in terms of fabrication rate, resolution, 3D

design flexibility, and applicable materials.

Categories Method Maximum resolution Fabrication speed 3D design flexibility Applicable materials Refs.

3D microprinting TPL 50 nm Lia 07 Rrg g 0 044 Polymer, metal, ceramics [42—45]

TSA 150 nm Log 07 Yoo Yook Polymer [40,41]

PusL 600 nm Fedehefe Fovek A Polymer, metal, ceramics [37,38]

EHDP 80 nm Yok K Metal [33,34]

EBID 10 nm Yo Yo Yo Yo ¥ Metal [35,36]

Subtractive 3D microfabrication LIGA 50 nm Fede e e Polymer, metal, ceramics [46-48]
RIE 80 nm e * Semiconductor, metal [25,49,50]

Micromilling 10 um Fovek Yok Ktk Metal, polymer [51-53]

PLA 40 nm Ktk K Fdek Metal, glass, polymer [54-56]

Abbreviations: Two-photon lithography (TPL); two-step absorption (TSA); projection microstereolithography (PuSL); electrohydrodynamic printing (EHDP); electron-beam-
induced deposition (EBID); lithography, electrogrowth, moulding (LIGA); reactive ion etching (RIE); and pulse laser ablation (PLA). A qualitative comparison for build
speed and design flexibility is provided, where more stars mean higher speed/flexibility and the same number of stars indicates similar speed/flexibility.
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Figure 1. Overview of emerging applications of TPL in the design and manufacturing of super-repellent microstructures with enhanced performance

and advanced functionalities.

The Young’s contact angle 6y reflects the intrinsic wettability
of material, therefore, it is also referred to as the intrinsic con-
tact angle. As one can see from Equation (1), decreasing the
surface energy of a solid should lead to an increase of 6y, and
therefore, should improve liquid repellency. However, even
with the lowest surface energy of perfluorinated materials, the
contact angle of the water (y=72 mN m™) on a flat surface does
not exceed 120°,1°4 not to mention most organic liquids with
lower surface tensions. Thus, liquid super-repellency cannot be
achieved by surface chemistry alone.

The contact angle of liquid drops on a rough surface can
generally be described by two different models: Wenzell®*!
and Cassie-Baxterl® (i.e., Cassie for short) (Figure 2A). In the
Wenzel model, the rough texture is fully wetted by a liquid and
the apparent contact angle & follows the following equation!®]

cos0* =rcos Oy ()

where the surface roughness factor r is defined as the ratio of
the actual to the projected surface area of the substrate.

In the Cassie state, on the other hand, the droplet is sus-
pended by air pockets, resulting in a composite interface. The

Adv. Funct. Mater. 2023, 2213916 2213916 (3 Of12)

contact angle on such a composite interface can be calculated
by averaging the value on air (i.e., 180°) and the solid (i.e., 6),
which yields®

cos 0% =—1+ f, (1+cosby) 3)

where f; is the liquid-solid contact fraction, that is, the propor-
tion of liquid—solid contact area to the projected area of the
entire composite interface.

Although it is possible to achieve a very high contact angle
(6% >150°) in both Wenzel and Cassie states, the liquid adhesive
property differs significantly.® In the Cassie state, the droplet
sits partially on air with a small solid-liquid contact fraction,
which minimizes the adhesion force as exemplified by their
low sliding angle (@) and contact angle hysteresis (A6*). For
a Wenzel droplet, by contrast, the liquid-solid contact area is
significantly higher, leading to the strong pinning effect. There-
fore, to achieve super-repellency, it is essential to ensure the
droplet stays in the Cassie state with a low solid-liquid contact.

From a thermodynamic perspective, the condition for which
the Cassie state is preferred can be determined by comparing
the Wenzel and Cassie equations|®’]

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. A) Schematic diagram showing different wetting models of a liquid droplet on a solid surface. B) Liquid suspension on microstructures of
three different topographies: pillar (¢ = 90°) requires 6, > 90°; reentrant (¢ = 180°) requires 6, > 0°; and doubly reentrant (¢ = 270°) requires 6, > 0°.
C) Relation between breakthrough pressure (Apn.,), apparent contact angle (6¥), and solid fraction (f;) for an idea DRT microstructure array. A sche-
matic diagram of the DRT array is inserted, where the center-to-center distance (P), top cover diameter (D), cover height (), and vertical overhang
thickness (6) are marked. Assuming D is fixed at 20 um, and dand t are small enough to be negligible.

fi—-1
s (4

cos By <

Since > 1> f, meeting this criterion requires Young’s contact
angle 6y to be larger than 90°. While this is possible for high
surface tension liquids (e.g., water) by using low surface-energy
substances, creating a material to realize 6, > 90° for liquids
with relatively low surface tension (e.g., alkanes) is out of reach.

Alternatively, the Cassie state can be achieved by designing
textures that create multiple local free energy minima, leading
to so-called “metastable” configurations.®®! In this scenario, the
well-defined local free energy minimum generates a kinetic bar-
rier, which prevents the transition to the Wenzel state despite
its global free energy minimum. A common strategy to design
a metastable Cassie state is by exploiting the edge effect.["’]
When a liquid invades a rough texture, the contact line will be
pinned at the edge due to the boundary minimum of the free
energy. The criterion for the contact line to cross the edge is
defined as

6. =6y +¢>180° (5)

where ¢ is the edge angle of the microstructure and 6y is
Young’s contact angle.

Figure 2B compares the suspension of liquid on three dif-
ferent types of topographies: vertical pillar, reentrant, and DRT
microstructures.?’! For simple pillar microstructures (¢ = 90°),
6y > 90° is always required to suspend the liquid, meaning they
are unable to repel low surface tension liquids. On the other
hand, reentrant (¢ = 180°) and DRT (¢ = 270°) topologies can
theoretically suspend a liquid even with 6y > 0° and 6y > 0°,
respectively.

However, one should keep in mind that such a suspended
state is only metastable and can readily transition to the ener-
getically favorable Wenzel state. Considering a liquid with
6y < 90° on a (doubly) reentrant array, the breakthrough pres-
sure (Apmax) required to induce the Cassie-to-Wenzel transition
can be described as follows!®®l

Adv. Funct. Mater. 2023, 2213916 2213916 (4 0f12)

%ysin 0, ¢=180°
A=\ 4D , =270 (6)
4P’ — D B

where D is the diameter of the top cover, P is the center-to-
center spacing, and Yis the surface tension of the liquid.

As can be seen from Equation (6), DRT microstructures
create a higher breakthrough pressure than their reentrant
counterparts (because sin 0y < 1), and the effect is more pro-
nounced with the decrease of intrinsic contact angle (6y).
Therefore, DRT structure is always preferred for designing
liquid super-repellent surfaces, especially when repellency to
extremely low surface tension liquids is demanded.

Once the liquid is suspended, the liquid-solid contact frac-
tion f; becomes a critical parameter. The decrease of f; not only
increases the apparent contact angle (6*) as can be deduced
from Equation (3) but also significantly reduces the liquid adhe-
sion (small AG*).5%71 Hence, reducing solid contact is an effi-
cient strategy to improve liquid repellency. This can be achieved
by either decreasing pillar diameter (D) or by increasing the
spacing between pillars (P). Decreasing pillar diameter is a pre-
ferred option, as the pillar spacing can be reduced at the same
time to allow simultaneously improved breakthrough pres-
sure (ApPmax) and reduced adhesion (A).% Indeed, reducing
pillar diameter down to nanometer scale has been realized for
superhydrophobic vertical structures (e.g., nanograss), leading
to extremely small f; (=0.01%) and low adhesion.”2”3l How-
ever, due to the limitations of current fabrication techniques,
it is extremely difficult if not impossible to fabricate delicate
DRT structures with feature sizes below the micrometer scale.
Therefore, such a strategy is not suitable to apply for low sur-
face tension liquids, yet.

Increasing the pillar spacing (P) can also reduce f;, but inevi-
tably leads to a decrease in the breakthrough pressure (Apyay)-
Assuming the length and thickness of the double reentrant
cover are small enough, then f; can be simplified as (zD?/4P?),
which converts Equation (6) to

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2C shows the trend of 6% and Ap,,,, as a function of
fs at a fixed pillar top diameter. Clearly, in this scenario, there
is an inherent trade-off between liquid repellency and pres-
sure resistance. Indeed, it has been shown experimentally that
with the decrease of DRT pillar spacing (P), Apy,, increases at
the expense of increased Cassie adhesion due to the extended
three-three-phase contact line.”* Thus, the fabrication of super-
repellent surfaces with both high liquid repellency and robust
Cassie-state stability, while crucial for their practical applica-
tions, remains a highly challenging task.

APmax =

3. Liquid Super-Repellent Microstructures with
Enhanced Performance

As discussed earlier, improving the liquid-repellency of tex-
tured surfaces by simply decreasing f; sacrifices its pressure
resistance and leads to the Cassie-to-Wenzel transition. Thus,
advancing the properties/performance of liquid super-repellent
surfaces calls for novel structural design that can circumvent
this inherent trade-off relationship. However, conventional top-
down methods (e.g., micromachining, drying etching) for fabri-
cating liquid super-repellent microstructures are sophisticated
and offer little 3D design freedom. On the other hand, bottom-
up approaches, while simple and straightforward, are generally
not controllable and often lead to stochastic micro/nanostruc-
tures lacking clearly defined geometrical features.!>7>~7/]

TPL, an emerging technology for 3D microfabrication, has
been progressively developed during the past decade.[*378-80]
Due to the nonlinearity of two-photo polymerization, TPL
allows the fabrication of nearly arbitrary 3D microstructures
with well-defined features down to the sub-micrometer scale.
With such attributes, TPL offers new possibilities to design and
fabricate microstructures with unparalleled geometrical com-
plexity and freedom. In the following chapter, we will highlight
a few representative novel liquid super-repellent microstruc-
tures enabled by TPL including slippery DRT, multi-layered
DRT, spring-like DRT, and top and lateral integrated DRT struc-
tures. We show how these advanced structures break the trade-
off relationship between repellency and stability, leading to sub-
stantially improved performance.

Besides decreasing f;, an alternative approach to decrease
liquid adhesion is by introducing a liquid-liquid interface
instead of a solid-liquid one. Unlike solid surfaces which are
coarse and chemically heterogeneous at the microscale, the
dynamic nature of liquid ensures a defect-free and molecularly
smooth interface, thus significantly reducing the pining/adhe-
sion of the repelling liquids.®> This idea has been realized and
developed by locking a slippery lubricant into a porous substrate
(SLIPS).B#) Indeed, such a SLIPS, despite its large liquid—
liquid contact interface, demonstrates extremely low adhesion
(A6*) toward liquids across a wide range of surface tension
(172-72.4 mN m™). Inspired by this concept, Dong et al. pro-
posed a novel slippery DRT microstructure, which combines

Adv. Funct. Mater. 2023, 2213916 2213916 (5 0f'|2)

the properties of a composite Cassie-state interface with the
ultrasmooth nature of SLIPS (Figure 3A).BY This is realized by
first using TPL to fabricate DRT micropillars with dedicated
nanostructures on top, followed by infusing the nanostructures
with lubricants. Indeed, by introducing a slippery layer on top,
the DRT microstructures showed an evident decrease in the
adhesion force and contact angle hysteresis toward water drop-
lets; and the top nanostructures increased the stability of the
liquid top layer. More importantly, such an ultrasmooth liquid
interface also confers the slippery DRT microstructures with
unique anti-biofouling, anti-icing, or anti-frosting properties,
making them valuable for a broad range of applications.

Compared with static repellency, dynamic liquid repellency
under external stimuli and vibration, or liquid impact, is more
relevant and critical for real-life applications. Inspired by the
stepwise wetting behavior of springtails, Sun et al. proposed
a novel liquid-repellent microstructure design with multiple
energy barriers (Figure 3B).2 By using TPL, they fabricated
tapered post arrays, where each post is made of multilayered,
DRT overhangs with increasing diameter from top to bottom.
Such a smart design decoupled the demands of static and
dynamic liquid repellency on geometric features, enabling both
high 6% and a gradually increased Ap,,,, from top to bottom.
The multi-layered microstructures feature stepwise pinning—
sagging wetting characteristics as revealed by confocal micros-
copy, establishing a breakthrough pressure gradient. Dynamic
liquid repellency tests show that the multi-layered overhangs
were able to resist the impact of ethylene glycol droplets and
ensure complete rebound at We (We = 2p?VR/7) number higher
than 35, while liquid readily penetrated into the single-layered
control surface when We number reached 20 (We = 2p*VR/y
where p is the liquid density, V is the impact velocity, and R is
the droplet radius). Furthermore, the robustness of the multi-
layered topography was manifested by the prolonged lifetime
of air cushions in submerged conditions, which is crucial for
under-liquid applications.

Besides the topological features of textured surfaces,
substrate flexibility also plays a critical role in liquid repel-
lency.’*%2 Hu et al. proposed a strategy to enhance kinetic
liquid repellency by constructing a flexible spring-like support
underneath the repelling reentrant top cover (Figure 3C).3 The
microstructures were realized by TPL, and their kinetic resist-
ance was then evaluated under liquid impact with increasing
We number. The mushroom-spring-like microstructures dem-
onstrated a considerable increase in kinetic resistance (i.e., a
15% increase of the breakthrough We number) in comparison
to the control surface made of rigid mushroom pillars. In addi-
tion, the flexible-mushroom microstructures also showed a sig-
nificant reduction of contact time during liquid impact, which
is particularly valuable for anti-icing applications.”*? The
improved performance can be attributed to the compression
of flexible supports during liquid impinging, thus reducing the
relative impacting velocity and force. However, since the flex-
ible microstructures were still fabricated on a rigid substrate,
the oscillation amplitude was small, limiting the performance
improvement. By making the entire surface flexible, further
enhancement of liquid repellency is anticipated.

Although DRT micropillars effectively prevent liquids pen-
etration from the top, they are susceptible to lateral inhibition

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Liquid super-repellent 3D microstructures with enhanced performance. A) Low liquid-adhesion slippery DRT microstructures. a) Environ-
mental scanning electron microscope (SEM) images showing the lubricant oil layer covering the nanopillars on top of DRT microstructures. b) Pull-off
forces on DRT microstructures with and without lubricant coating during five consecutive measurements: left, flat top; right, nanorough top. Repro-
duced with permission.ll Copyright 2018, John Wiley and Sons. B) Pressure-resistant multilayered DRT microstructures. a) SEM images showing the
multilayered, DRT overhangs. b) Confocal image showing the stepwise sagging of liquid—air interface on the multi-layered microstructures, while the
liquid front gradually descends and finally collapses to the substrate for the single-layered control. Reproduced with permission.®4 Copyright 2021,
American Institute of Physics. C) Impalement resistant flexible microstructures. a) SEM images of and (b,c) droplet impacting behavior on three
mushroom-spring flexible surfaces with different numbers of active coils (SS1, SS2, and SS3) and a mushroom-pillar rigid surface (PS). Reproduced
with permission.83 Copyright 2020, American Association for Advancement Science. D) Side-repellent DRT microarray. a) SEM images showing the
design: a DRT microarray surrounded by pillars with a mushroom-shaped cap both on the top and side, and a short wall with a DRT profile. b) Optical
microscope images showing the entrapped air inside the 3D micro-texture when immersed under a hexadecane column of 5 mm height. Reproduced

with permission.® Copyright 2020, Nature Publishing Group.

as the liquid can readily spread from the side to displace the
trapped air. To enable side liquid-repellency, DRT cavity-based
textures have been proposed.l?>?9] While such architectures
can improve the stability of entrapped air upon liquid immer-
sion, their continuous solid-liquid-vapor three-phase con-
tact line leads to the loss of liquid super-repellency (i.e., pin-
ning).”%! To address this issue, Das et al. designed a DRT
microarray surrounded by pillars with a mushroom-shaped
cap both on the top and side, and a short wall with a DRT pro-
file (Figure 3D).B4 As liquids impinging from the top hardly
contact with the side caps and walls, their top repellency was
maintained as proved by the measured high receding angles.
On the other hand, the lateral microstructures robustly pre-
vent the lateral invasion of liquids. Upon immersion in hexa-
decane, the DRT array with lateral caps and walls can entrap
air pockets for more than 2 weeks, as opposed to the imme-
diate liquid invading the control surface. Such an exceptional
air-trapping ability makes these structures especially interesting

Adv. Funct. Mater. 2023, 2213916 2213916 (6 Of'lZ)

for long-term under-liquid applications. However, it should
be pointed out that the strategy requires the intrinsic contact
angles to be not too low (6y > 40°) in order to achieve a suffi-
cient pinning force.

4. Liquid Super-Repellent Microstructures with
Advanced Functionalities

In addition to its geometrical design freedom, another key
advantage of TPL lies in the customizable material property,*!
by either adjusting the printing resin or writing parameters.
Such a possibility adds a new dimension to the design of liquid
super-repellent surfaces, allowing additional novel functionali-
ties for wider applications. In what follows, we highlight how
scientists combined the topological features of 3D microstruc-
tures with elaborately designed material properties offered
by TPL to confer liquid-repellent materials with advanced

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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functionalities including switchable repellency, gecko-like adhe- ~ the DRT microstructures bend toward the substrate due to cap-
sion, and directional liquid transport. illary force, which changes the topological edge angle from 270°

Switchable liquid-repellent surfaces which adapt to the sur-  to 90° and significantly decreases the breakthrough pressure.
rounding environment are desirable for many fields including ~ As a result, liquid droplets can readily penetrate and spread
microfluidics,®  sensors,% and liquid transportation®!  on the bended microstructures. Indeed, the oil (n-hexadecane)
and separation.”?l Despite significant progress achieved in  in air, water in air, and oil underwater contact angles decrease
this field, reported surfaces are mostly applicable in air and from around 147°, 152°, and 153° to <5°, 95°, and 108°, respec-
to liquids with not too low surface tension (y > 25 mN7}). tively, indicating the loss of super-repellency. Similar trends
To allow switchable repellency for a broad range of liquids  were also observed when replacing n-hexadecane with various
(y=12-72.8 mN m™), Liu et al. designed and printed deform-  other liquids, including those with extremely low surface ten-
able DRT microstructures using TPL (Figure 4A).°”] By control-  sion (perfluorooctane, y= 12 mN m™). Furthermore, the bent
ling the laser power and scan speed, they deliberately adjusted  microstructures can recovery by first immersing in a rela-
the stiffness of the DRT microstructures to enable sufficient tively good solvent (e.g., ethyl acetate) to release the residual
durability for suspending liquid droplets while allowing con-  stress, followed by drying in low surface tension and more
trollable deformation. During the evaporation of isopropanol,  volatile solvent (e.g., isopentane) to avoid evaporation-induced

Isopropanol + evaporation
—_—
———

EA (30 s) + isopentane (5 s) + evaporation

(B)

b20

II- Hydrophobié = Hydrophilic| ¢ Cassie (hydrophilic probe)

1 Cassie (hydrophobic probe)
po— -

A
(&)}

Adhesion (mN)
>

(6}

(C)

Figure 4. Liquid super-repellent 3D microstructures with advanced functionalities. A) Switchable super-repellent surfaces. a) Schematic illustration of
the liquid-responsive bending and recovery of the DRT microstructures. b) Schematic diagrams and digital pictures showing the switchable repellency
and spreading/penetration behaviors for oil and water in the air. Reproduced with permission.[’”) Copyright 2020, John Wiley and Sons. B) Liquid super-
repellent dry fibrillar adhesives. a) A photo showing the custom adhesion set-up with a liquid droplet on top of the sample. b) Dry and wet adhesion
results using both hydrophobic and hydrophilic hemisphere glass probes. c) Schematic illustration of the measurement when liquid is present at the
contact interface. Reproduced with permission.1®! Copyright 2021, John Wiley and Sons. C) Directional flow on super-repellent surfaces. a) Simulation
figure shows the directional liquid flow on the triply re-entrant array with two parallel walls. b) SEM image of a microchannel constructed on the triply
re-entrant array. c) Fluorescence image after the deposition and evaporation of a dyed ethanol droplet at the start of the capillary channel. Reproduced
with permission.®® Copyright 2018, John Wiley and Sons.
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deformation. Thus, a reversible switch of liquid repellency can
be achieved.

Gecko-inspired dry adhesives that can reversibly attach to
diverse materials have become a vibrant research topic in the
past decade.'”! While their fibrillar microstructure provides
a strong adhesion in the dry state, the performance deterio-
rates in wet conditions due to a dramatic decrease in van der
Waals forces. To address this issue, Liimatainen et al. designed
a hybrid microstructure by combining the fibrillar feature of
Gecko and the DRT topography of springtails, thus enabling
both dry adhesion and liquid repellency (Figure 4B).°®l As
dry adhesives require soft elastic structures for a compliant
contact, they developed a custom-made resin based on the
urethane-acrylate elastomer. Thanks to the elasticity and high
surface energy (40.4 mN m™) of the customized material, the
hybrid microstructures showed a high dry adhesive strength of
115 kPa, similar to those gecko-inspired adhesives reported in
the literature. On the other hand, the DRT topography ensures
liquid repellency even for highly wetting liquids (e.g., perfluo-
rooctane). Therefore, if a hydrophobic probe is used in the wet
adhesion test, the hybrid microstructure can repel liquid drop-
lets away to establish a dry contact interface and maintain the
high adhesive force. These results highlight the advantages of
merging different concepts to achieve multiple functionalities
at the same time.

Open microfluidics based on capillary flow finds broad appli-
cations in diagnostics,'* analytical chemistry,'%! and biotech-
nology.'%! Typically, the liquid flow is confined in the channel
by using geometrical boundary or wettability contrast, but these
strategies are difficult to apply for low surface tension liquids
due to their highly wetting nature. To enable the direction
flow of various organic solvents in an open environment, Liu
et al. first printed an array of triply reentrant microstructures,
which possess the same high level of breakthrough pressure
compared with DRT topography but are less sensitive to struc-
ture deformation.%8l Then, two parallel walls were constructed
on top of the microstructure array (Figure 4C). Thus, liquids
spontaneously flow through the wall channel due to capillary
force, while liquid spreading is prevented by the triply reen-
trant profile. Three different types of channels were designed
and fabricated, and the directional liquid flow along the parallel
walls was visualized by fluorescence microscopy. Considering
the design flexibility of TPL, it is foreseeable that more com-
plex structures and functions, such as microfluidic platforms
and lab-on-a-chip devices, can be realized by using the same
principle.

5. Outlook

With the progressive development of 3D microprinting, it
has been playing an increasingly important role in 3D micro-
fabrication. Only very recently, its application in the field of
liquid super-repellent surfaces actively started. Being a nascent
research field, it has already attracted a lot of interest in dif-
ferent research fields. As shown in this review, the design flex-
ibility of TPL unleashes the imagination of scientists, enabling
the development of various novel 3D super-repellent micro-
structures with superior performances and completely new
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functionalities. Despite these advances, several critical issues
exist that serve as both limitations and opportunities for future
development in this field. We will discuss these issues from dif-
ferent perspectives including technology, material, design, and
application.

Due to its point-by-point writing nature, the scalability
of TPL is a critical issue for large-scale applications of liquid
super-repellent surfaces. To increase the throughput, parallel
printing strategies by using multi-laser foci®*”l or femto-
second projection®78l have been developed, which increase
the printing rates up to several orders of magnitude. For both
approaches, however, the laser power and cost increase with the
printing speed, which ultimately limits their further progress.
To go beyond that to more dramatic print-speed improvements,
radically new approaches are needed. A promising direction
is the light-sheet microscopy-inspired 3D-printing approach,
which employs two intersecting light beams of different wave-
lengths to solidify localized regions.” Such a process does not
require two-photon absorption as in TPL, but instead uses two
successive one-photon absorption, therefore, enabling a reduc-
tion in the laser power and cost by 2-3 orders of magnitude.
Encouragingly, such a light-sheet 3D microprinting method has
recently been realized, opening a door to the next-generation
high-speed 3D microprinting.4l

Although mechanical robustness is essential for the appli-
cations of super-repellent 3D microstructures, this aspect has
rarely been investigated. Considering that most TPL-printed
microstructures are fabricated on a substrate (e.g., a glass or
silicon wafer), even a partial detachment of these elements can
lead to Cassie-to-Wenzel transition and the loss of liquid repel-
lency. A common practice to improve substrate adhesion is by
increasing the base diameter of the microstructures, while at
the expense of increased fabrication volume and time.8%71 A
more effective method is to use the 3D-printed microstructures
as a master, followed by molding and replication to create an
integrated and entirely compliant super-repellent surface.[1%8]
Nevertheless, such a molding approach comprises the design
flexibility of 3D microprinting. Another interesting strategy to
achieve mechanical robustness is by designing a self-compen-
sating surface, where the underlying DRT pillars follow a bi-
Gaussian stratified height distribution. When the taller ones
are mechanically damaged, the shorter ones will automatically
inherit the repelling roles, therefore enabling sustained liquid
repellency.lt%

As exemplified by nature, super-repellent surfaces favor a
hierarchically organized micro/nanostructure to attain both
low adhesion and high robustness."%112l Although two-beam
TPL has been developed to enable a feature size of 9 nm,*!
direct printing of such nanoscale features is currently still
impractical. Even with the highest printing speed available
(107 voxels 57, it would take more than 100 days to fabricate
a 1x1x 0.1 mm? surface with 10 nm resolution. Such a limita-
tion can be potentially circumvented by a clever combination
of top-down 3D printing with bottom-up self-assembly.!!3114
Recent developments in this direction have enabled the 3D
printing of complex architectures with inherently nanoporous
structures."3-11 By further exploiting the rich knowledge in the
field of self-assembly,'®! it is foreseeable that more advanced
hierarchical liquid super-repellent structure can be realized,
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where the microscale topography is defined by 3D printing and
the nanoscale feature is controlled by self-assembly.

Another challenge is the development of dynamic mate-
rials to achieve adaptive liquid repellency. Till now, most of the
3D-printed liquid super-repellent microstructures are based
on static materials with limited response. If the shape of these
microstructures can be transformed in a controllable fashion
upon an external stimulus, many new functionalities and appli-
cations could emerge including droplet transportation, rewrit-
able liquid patterning, sensing, and encryption. Indeed, 3D
printing of adaptive objects, also referred to as “4D printing”,
has recently become a hot research area.l"”! Various types of
responsive materials, including hydrogels, liquid crystalline,
and composite materials, have successfully been developed
for 4D microprinting, which can adapt their shape upon an
external stimulus like temperature, light, pH, or magnetic and
electric fields.'?9123 For printing adaptive liquid super-repel-
lent microstructures, however, one needs to consider that the
stiffness of the material must be strong enough to suspend lig-
uids without deformation. In addition, a remote, spatially con-
trolled response is highly desirable to enable more freedom in
the design and actuation of the microstructures.

Although the performance of liquid super-repellent surfaces
has improved by designing novel microstructures, the reported
studies only aimed at optimizing one specific wetting property.
In real applications, different properties, such as contact angle,
liquid adhesion, breakthrough pressure, and mechanical reli-
ability, need to be considered simultaneously. As these prop-
erties are antagonistically coupled, a multifaceted approach is
critical to achieving an optimal design for each specific applica-
tion. An early attempt in this direction has been made toward
membrane distillation and droplet-based microfluidics applica-
tions, which is realized by developing an application-specific
scoring function that grades a candidate design against the
desired wetting properties.'?l Combining multifaceted design
strategies with the power of 3D microprinting will facilitate the
application of liquid super-repellent surfaces in different fields
requiring distinct properties.

While most studies focus on liquid repellency in air, stud-
ying superwetting behaviors in other media like water or oil is
not only important for understanding complex multiphase phe-
nomena but also crucial for many technical applications such
as emulsification,*”! foaming,[?l and gas evolution/adsorption
reactions.'”/ The poor side-repellency of DRT microstructures,
in this case, can assist the penetration of liquid to establish a
new under-liquid Cassie state. Interestingly, DRT arrays have
demonstrated the unique ability to repel both air bubbles and
liquid droplets in the air, underwater, and under o0il.[’”! Never-
theless, systematic theories for the under-liquid wetting pheno-
menon are still lacking, and most theoretical analyses are based
on the experience of wetting research in an air environment.
With its design freedom and well-defined geometrical feature,
TPL provides an ideal tool to perform systematic studies on the
under-liquid superwetting phenomenon.

Overall, in the past few years, significant progress in the
development of super-repellent surfaces has been achieved
by 3D microprinting. To move a further step toward real-
world applications, multidisciplinary research involving
mechanical engineering, material science, physical chemistry,
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computational science, and biotechnology is highly anticipated.
We believe that with the rapid development both in printing
technology and materials, 3D microprinting technologies will
make a great impact on the development of super-repellent
surfaces and extreme wettability, opening new possibilities in a
myriad of applications involving solid-liquid interactions.
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