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M A T E R I A L S  S C I E N C E

Liquid repellency enhancement through  
flexible microstructures
Songtao Hu1*, Xiaobao Cao2*, Tom Reddyhoff3, Debashis Puhan3, Sorin-Cristian Vladescu3, 
Jing Wang4,5, Xi Shi1†, Zhike Peng1†, Andrew J. deMello2, Daniele Dini3

Artificial liquid-repellent surfaces have attracted substantial scientific and industrial attention with a focus on 
creating functional topological features; however, the role of the underlying structures has been overlooked. Recent 
developments in micro-nanofabrication allow us now to construct a skin-muscle type system combining interfacial 
liquid repellence atop a mechanically functional structure. Specifically, we design surfaces comprising bioinspired, 
mushroom-like repelling heads and spring-like flexible supports, which are realized by three-dimensional direct 
laser lithography. The flexible supports elevate liquid repellency by resisting droplet impalement and reducing 
contact time. This, previously unknown, use of spring-like flexible supports to enhance liquid repellency provides 
an excellent level of control over droplet manipulation. Moreover, this extends repellent microstructure research 
from statics to dynamics and is envisioned to yield functionalities and possibilities by linking functional surfaces 
and mechanical metamaterials.

INTRODUCTION
Artificial liquid-repellent surfaces have recently attracted substantial 
attention because the interplay between liquid droplets and solid 
interfaces is of great importance to many scientific principles and 
technological applications from self-cleaning, anti-icing, antireflection, 
water harvesting, and bioanalysis to droplet manipulation (1–6). For 
synthetic systems, researchers are interested in mimicking mor-
phological and chemical attributes of natural surfaces, which fulfill 
their evolved functions to environmental physicochemical reactions, 
following a common pathway in biomimetics (7). The most well-
known natural inspiration is the lotus effect that exhibits water-
proofing performance via a flawless combination of hierarchical 
morphology and wax-based chemical modification. However, tra-
ditional hierarchical structures, even if embellished with low–surface 
energy coatings, still trouble about a sustained Cassie state and strong 
omni-repellency. To improve upon the lotus effect, a mushroom-
like topology has been discovered from the cuticles, with which 
springtails are able to prevent both water and low–surface tension 
organic solvents so as to guarantee dermal respiration in aqueous en-
vironments, thereby becoming the most widespread arthropods on 
Earth with extreme habitats including Antarctic and the Artic (8). This 
springtail-inspired topology has developed into a classic geometry 
with mushroom-like heads atop pillar-like supports (9–18).

So far, the emphasis of mushroom-like micro/nanointerfacial 
structures has been on optimizing head design (e.g., singly, doubly, 
or triply reentrant topology) to impart enhanced liquid repellency. 
Some researchers have reported interconnected or stratified under-
lying supports to improve mechanical robustness (13, 18) and an 
undulated substrate with micro wrinkles to attain extreme kinetic 
repellency to impinging droplets (16). Yet, these studies were trapped 
by rigid settings. Recently, inspired by a broad palette of surfaces in 

nature (e.g., leaves and wings), flexible surfaces made of soft mate-
rials and arranged as simply supported or cantilever beams have been 
proposed to improve kinetic repellency, particularly the contact time 
reduction of impacting events for anti-icing (19–23). Since this mile-
stone, studies on liquid repellency have transferred from conven-
tional statics to dynamics, thus broadening the way of wettability 
tuning. However, because the entirety of these flexible surfaces 
oscillates at impact, repellence enhancement is strongly dependent 
on the impacting position. In addition, the requirement of whole-
surface oscillation limits the applicability of flexible repellent surfaces. 
For instance, the oscillation of an anti-icing flexible surface results 
in aircraft skin deformation that weakens aerodynamic performance.

Here, we present a liquid repellence enhancement through flexi-
ble microstructures, i.e., mature mushroom-like repelling heads 
(9–18) atop spring-like flexible supports (24). Our design is of great 
technological interest, because it bridges the gap between the two 
research realms of functional surfaces and mechanical materials, 
thereby constructing a “skin-muscle” system where the top inter
facial structures behave as the skin to receive and respond to sur-
rounding stimulus, while the underlying flexible supports play the 
muscle role to tune mechanical properties. Using three-dimensional 
(3D) direct laser lithography micro-nanofabrication, we realize the 
mushroom-spring design and prove its elevation on kinetic repel-
lency to droplet intrusion in terms of droplet impalement resistance 
and contact time reduction. We believe this study to be the first 
demonstration of spring-like flexible supports to promote the liquid 
repellence of mushroom-like interfacial structures, providing an un-
precedented level of control over droplet repellency and manipulation 
and extending macro/nanostructures’ liquid repellency from statics 
to dynamics. Also, this is expected to trigger a window of opportunity 
for more functionalities and possibilities by linking functional 
surfaces and mechanical metamaterials (25).

RESULTS
Design and fabrication
To realize our mushroom-spring design, we conducted direct laser 
lithography based on a two-photon polymerization on Photonic 
Professional System (Nanoscribe GmbH, Germany) because it is the 
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most precise rapid prototyping technology to tailor 3D structures on 
the micro-nanoscale. This up-to-date printing technology has been 
successfully applied to optics, photonics, biology, mechanical meta-
materials, etc. and has also provided a broad avenue to shed light on 
wettability research (17, 18, 26–30). Three mushroom-spring flexible 
surfaces (see S1, S2, and S3 in Fig. 1A) were modeled in SolidWorks 
(Dassault Systèmes, France) as well as a traditional mushroom-
pillar rigid surface (P) as a reference. On each designed surface, 
mushroom-spring or mushroom-pillar structural elements were pre-
scribed in a rectangular array with a pitch p of 90 m. The height 
(or free height) of the supporting pillars (or springs) h3 was set to 
100 m, and the diameter (or outer diameter) d2 was set to 30 m. 
The three mushroom-spring flexible surfaces had the same coil di-
ameter d3 (5 m) but different numbers of active coils (2, 3, and 4 
on S1, S2, and S3, respectively). With regard to the mushroom-like 
waterproofing head, a doubly reentrant topology (see inset in Fig. 1A) 
inspired by springtail cuticles was used by setting d1 to 60 m, h1 to 2 m, 
h2 to 4 m, and w to 1 m. Designs of these structures were converted 
into a stereolithography format and input into the Nanoscribe 
system to be fabricated with IP-S photoresist (Nanoscribe GmbH, 
Germany) on an ITO (Indium Tin Oxide)–coated fused silica. The 
resulting fabrication was then coated with a low–surface energy 
1H,1H,2H,2H-perfluorooctyltrichlorosilane layer via chemical vapor 
deposition (see Fig. 1B). With such a large aspect ratio, the mushroom-
spring flexible surfaces encountered structural instability owing to 

the stress concentration induced during sample postprocessing. One 
alternative was to reduce the height of the supporting structures (see 
fig. S1). However, a shorter structural height left little compression 
space, thereby making the flexible springs behave as rigid pillars.

We further proposed a trampoline-inspired solution with vertical 
springs to support mushroom-like heads and horizontal springs to 
link adjacent mushroom-like heads (see SS1, SS2, and SS3 in Fig. 1C). 
When one head oscillated with the aid of its vertical spring, its rela-
tive independence on movement can be guaranteed by the flexibility 
of the horizontal springs (see fig. S8). For these horizontal springs, 
the coil diameter and active coil number were set to 5 m and 3, 
respectively. The fabrication in Fig. 1D indicated our processing ap-
proach as an effective avenue to integrate bioinspired interfacial 
structures with flexible mechanical supports. Notably, each trampoline-
inspired surface was purposely designed as a matrix consisting of uni-
form units, each comprising 9 × 9 structural elements. The reason 
for such a matrix design was related to the finite size of scanning 
blocks (280 m by 280 m) on the Nanoscribe system combined 
with the coincident difficulty in processing horizontally impending 
springs between adjacent blocks (see fig. S2). Also, the correspond-
ing pillar case (see PS in Fig. 1, C and D) was included as a reference.

Impalement resistance
The mushroom-pillar and mushroom-spring surfaces exhibited an 
excellent anti-penetrating capacity to static water droplets with contact 

Fig. 1. Mushroom-spring and mushroom-pillar surfaces. (A and B) Design and fabrication of mushroom-spring flexible surfaces S1, S2, and S3, as well as a mushroom-
pillar rigid reference P. (C and D) Design and fabrication of mushroom-spring flexible surfaces SS1, SS2, and SS3, as well as a mushroom-pillar rigid reference PS with 
horizontal springs to link adjacent heads. Scale bars, 100 m.
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angle, respectively, reaching 151.0°, 149.0°, 150.5°, 149.5°, 157.4°, 
156.6°, 156.3°, and 156.7° on P, S1, S2, S3, SS1, SS2, and SS3 (see fig. 
S3A) in comparison to the value of 67.2° on a smooth plane made of 
the same photoresist (30), thereby demonstrating a drastic trans-
formation in repellency from inherent hydrophilicity to structural 
hydrophobicity, powered by the combination of bioinspired topol-
ogy with low–surface energy coatings. In contrast to the Wenzel 
state, under the Cassie state, the droplet no longer conformed to the 
substrate but rested atop the heads simultaneously generating air 
pockets beneath them, which connect to atmosphere so that the 
droplet was suspended solely by surface tension regardless of extra 
pressure generated from the trapped air (12). The repelling con-
tribution of bioinspired topology consisted of the handpicked 
mushroom-like heads (9–18) and the Fakir effect of large aspect ratio 
supports (31). Horizontal springs improved the contact angle from 
~150° to ~156° because they increased the surface roughness and 
reduced the fraction of solid-liquid interface. Also noteworthy was 
the observation that the contact angles decreased mildly when the 
underlying supports changed from pillars to springs, which seemed 
to imply a weakened static repellence due to the flexible modifica-
tion. However, it should be noted that the contact angle is a macro-
scopic index based on a specified baseline (see fig. S3B). A partial 
compression of spring-like supports will spontaneously generate a 
reduced contact angle value so as to underestimate the real static 
repellency.

The importance of flexible support modification combined with 
mushroom-like microstructures can be inspected for the kinetic re-
sistance to impinging droplets. We therefore conducted impacting 
tests to analyze the spreading, retracting, and post-retraction be-
haviors of water droplets under different impacting velocities, as 
recorded in movie S1. Figure 2A summarized the post-retraction 
behaviors translating from depositing (DEP), rebounding (REB) to 
pinning (PIN) along with an increased We (also listed in table S1), 
which was nondimensionalized as D0V0

2/ to quantify the ratio 
between inertial and capillary forces. Here, D0 and V0 are the diam-
eter and impacting velocity of a droplet in flight before the contact 
instant, respectively; and  and  are the density and surface tension of 
a droplet, respectively. Some exemplary snapshots for the case P at 
We ~1.08, 2.42, and 13.20 were provided in Fig. 2B to visualize the DEP, 
REB, and PIN motions over time. For the defined DEP behavior, the 
impinging droplet spread to the maximum diameter Dmax and then 

retracted; as the impacting energy was low enough to be exhausted 
in the spreading and retracting phases, the droplet lastly beaded up 
on the mushroom-like heads, yielding the Cassie state. When the 
impacting energy increased (denoted by the increased We value), 
the REB behavior inherited the place of the DEP one, exhibiting an 
effective kinetic resistance to impacting events. Note that, in this 
study, the defined REB included full and partial bouncing (see fig. 
S4). With regard to the PIN definition, because of an extremely high 
pressure arising from a high impacting velocity, the droplet impaled 
the defense of mushroom-like heads so as to enter the Wenzel state.

At the start of the We increase (see Fig. 2A and table S1), the 
mushroom-pillar rigid surface (P) was easier to render a bouncing 
response to impinging droplets than the mushroom-spring flexible 
surfaces (S1, S2, and S3), indicating an extra energy loss in the com-
pression and extension phases of the springs. This phenomenon can 
be also observed in the trampoline series (PS versus SS1, SS2, and 
SS3). When We increased to ~10.51 and ~11.18, the bouncing be-
havior began to disappear on the mushroom-spring surfaces (S1, 
S2, and S3) and was substituted by a pinning action. In contrast, the 
mushroom-pillar surface (P) still maintained water repellency and 
only transformed into a pinning consequence when the value of We 
continued to rise over ~13.20. However, it is not reasonable to spec-
ulate that spring-like flexible supports will weaken the droplet impale-
ment resistance in comparison to pillar-like rigid supports because 
of the existence of structural instability on S1, S2, and S3. A pinning 
motion started to appear on the trampoline-inspired mushroom-
spring surfaces (SS1, SS2, and SS3) when the value of We increased 
to ~19.93. This indicates a 50.98% enhancement (i.e., the break-
through limit increased from ~13.20 to ~19.93) in comparison to 
the mushroom-pillar surface (P), which is attributed to the reduc-
tion of relative impacting velocity and force arising from the down-
ward movement of flexible supports (19–23). However, because of 
the repellency improvement afforded by the additional horizontal 
springs (i.e., the breakthrough limit was ~17.24 on the surface PS), 
the enhancement provided solely by flexible supports should be 
quantified as 15.60%. It appears that the enhancement facilitated by 
the oscillation of flexible microstructures is smaller than that facili-
tated by the entire oscillation of flexible surfaces (19–23), which can 
be ascribed to the constrained oscillation amplitude. More precisely, 
the oscillation amplitude of report flexible surfaces was more than 
200 m (19–23), which is two times larger than the free height of our 

Fig. 2. Post-retraction behavior of droplets impacting mushroom-spring and mushroom-pillar surfaces. (A) Post-retraction behaviors, including depositing (DEP), 
rebounding (REB), and pinning (PIN), as a function of We. (B) Snapshots exemplarily provided to visualize different post-retraction behaviors over time. Scale bar, 1 mm. 
Photo credit: S. Hu, Shanghai Jiao Tong University.

 on S
eptem

ber 9, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Hu et al., Sci. Adv. 2020; 6 : eaba9721     5 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

4 of 7

flexible microstructures. In addition, the mushroom-spring flexible 
surfaces in the same group (S1, S2, and S3; SS1, SS2, and SS3) 
reached the pinning phase at the same We, indicating a complete 
compression on each flexible surface, again highlighted the confined 
oscillation space.

Spreading performance
Figure 3A presented the maximum spreading factor Dmax/D0 as a 
function of We. The mushroom-spring flexible surfaces exhibited a 
smaller maximum spreading factor than the mushroom-pillar rigid 
surfaces at the same We, in consistent with the findings in previous 
works (19–23) via different mechanisms. In previous studies, the 
natural frequency of oscillation of the surface was smaller than that 
of the spreading droplet, indicating a downward movement of the 
flexible surface across the entire spreading phase of the droplet. The 
downward movement of the surface decreased the relative impact-
ing velocity and force, resulting in a reduced value of Dmax/D0. 
When the surface achieved its maximum deformation before the 
droplet reached its maximum spread, the elastic potential energy 
returned to the droplet and participated in the spreading motion. 
Although there was an energy consumption in the surface oscilla-
tion, the difference in Dmax/D0 between the flexible and rigid cases 
was not obvious. Hence, the difference we observe in Dmax/D0 can 
be mainly attributed to the viscoelastic breaking that occurs in soft 
materials (32). The viscoelastic breaking dissipates energy in the con-
tact line due to local compliance on a soft surface, which inspires 
us to consider the frequency relation between flexible microstructures 
and impinging droplets. Namely, even if the natural frequency 
of the microstructures is greater than that of the spreading droplet, 
the flexibility-based difference of Dmax/D0 may still be maintained 
because of the different working time for flexible microstructures. 
More precisely, when the center microstructure beneath the spreading 
droplet has reached a complete compression, the microstructures 
beyond the outermost rim of the droplet are still in their uncompressed, 
equilibrium condition, and the others are partially compressed.

To further explore how a mushroom-spring combination can affect 
the spreading behavior of impinging droplets, we established a the-
oretical spreading model based on energy conservation to estimate 
the work done W in spreading out to maximum diameter, which 
includes both rigid and flexible cases (see Fig. 3B that was clearly 
modeled in section S3), rendered as

	​​

​W  = ​ {​​​
​W​ 1​​ + ​W​ 2​​

​ 
rigid case

​  
​W​ 1​​ + ​W​ 2​​ + ​W​ 3​​

​ 
flexible case

​​

​   
​W​ 1​​  = ​ 

πρ ​D​0​ 3​ ​V​0​ 2​
 ─ 12 ​  + πσ ​D​0​ 2​ − ​ πσ ​D​max​ 2 ​ (1 − cosθ)  ─────────── 4 ​

​    
​​W​ 2​​  = ​ 

πρ ​gD​0​ 3​
 ─ 6 ​​ (​​ ​ ​D​ 0​​ ─ 2 ​  − ​ 

​D​0​ 3​
 ─ 

3 ​D​max​ 2 ​
 ​​)​​​

​   

​W​ 3​​  = ​ 
πρ ​gD​0​ 3​

 ─ 6 ​ (​h​ 3​​ − ​h​ 3,c​​ ) −  ​ 
nk ​(​h​ 3​​ − ​h​ 3,c​​)​​ 2​

  ─ 2 ​

 ​​	  (1)

In this model,  is the apparent contact angle, g is the gravitational 
acceleration, n is the number of compressed springs, k is the spring 
stiffness, and h3,c is the compressed spring height. Using this model, 
we calculated the value of W and then depicted in Fig. 3C. Of note, 
in the flexible case, the spring stiffness k and the compressed height 
h3,c were calculated through a load-displacement mechanics simu-
lation using COMSOL Multiphysics (COMSOL Inc., UK) (see fig. S7). 
In comparison to the mushroom-pillar rigid surfaces, the spreading 
droplets dissipated more energy on the mushroom-spring flexible 
surfaces, which can be used to verify the reduced restitution coeffi-
cient in the next section. Looking at the mushroom-spring flexible 
surfaces (see fig. S6B), the rigid model overstated the energy dis-
sipation during the spreading phase in comparison to the flexible 
model. It appeared that the overstated deviation was sufficiently 
small to be neglected. However, the applied normal load in the sim-
ulation was underestimated referring to a theoretical expression by 
0.25 D0

2V0
2 (33). On the basis of the underestimated normal 

load, the resulting compressed height h3,c was only around 10 to 13 m 
when We arrived at the maximum value of ~20.61 (see fig. S7), 
which were in contrast to the full compression conclusion drawn 
from the above analysis of post-retraction behaviors.

Restitution coefficient
Figure 4A presented the restitution coefficient Hmax/H used to 
quantify the remaining kinetic energy of the droplets after lifting off 
the surfaces regardless of any mass loss due to partial bouncing. 
Here, H is the height to release the droplet, and Hmax is the maximum 
bouncing height that is defined as the distance from the topside of 
mushroom-like heads to the lowermost rim of the droplet. The resti-
tution coefficient of each surface increased initially and then decreased 

Fig. 3. Spreading behavior of droplets impacting mushroom-spring and mushroom-pillar surfaces. (A) Maximum spreading factor Dmax/D0 as a function of We. 
(B and C) Theoretical spreading model to estimate the work done W in spreading phase and the corresponding results as a function of We (see clear version in figs. S5A 
and S6A).
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with an increased We, thus exhibiting a nonmonotonic variation. 
Because of the various occurrences of the DEP-REB transformation 
discussed in Fig. 2A, it was difficult to disclose the influence of flexible 
modification on the restitution coefficient at a low We. However, 
when the value of We was higher than ~7.81, an obvious relation-
ship between the restitution coefficient and structural design can be 
constructed. Comparing S1, S2, and S3 (or SS1, SS2, and SS3) with 
P (or PS) showed that the mushroom-spring flexible surfaces exhibited 
lower restitution coefficients than the corresponding mushroom-
pillar rigid surface due to a larger energy consumption when a 
droplet spread over the flexible surfaces in comparison to the rigid 
surfaces.

Contact time
We further discussed the effect of flexible support modification on 
contact time (see Fig. 4B), which was nondimensionalized by an 
inertial-capillary time scale  expressed by (0.125 D0

3/)0.5 (34). Most 
studies have reported a contact time greater than the lowest-order 
oscillation period of a spherical drop, Tc/ > 2.2, which was suffi-
ciently above the icing time so as to prevent an effective aircraft 
anti-icing. Since Bird et al. in 2013 (35), macro stripes with the aid 
of micro-nano hierarchical substructures have become a research 
hot spot due to their effectiveness in reducing the contact time be-
low the theoretical inertia-capillarity limit by splitting impinging 
droplets (36–38). As the theoretical inertia-capillarity limit relies on 
a droplet that retracts with a single stationary center and retracting 
rim, droplet splitting can create additional stationary centers in the 
retracting phase to reduce the distances between the centers and 
their corresponding retracting rims, resulting in a measurable re-
duction in contact time. Of note, the above asymmetric retracting 
behavior induced by macro stripes arises from different retracting 
velocities of the droplet on embossed (i.e., macro stripes) and intact 
regions. However, this type of contact time reduction urges a strict 
alignment between macro stripes and impinging droplets. As men-

tioned in Introduction, flexible surfaces based on a whole-surface 
oscillation at impact have found a different way round the problem 
(19–23). Yet, its contact time reduction is still dependent on the 
impacting position and has a whole-body oscillation-induced lim-
itation. Our solution is based on the oscillation of flexible micro-
structures on a rigid substrate and offers an exciting opportunity to 
overcome the above drawbacks. As depicted in Fig. 4B, our mushroom-
spring flexible surfaces indeed reduced contact time in comparison 
to the mushroom-pillar rigid surfaces while were still above the theo-
retical inertia-capillarity limit. The confined oscillation space of flex-
ible microstructures has imposed restrictions on the contact time 
reduction, highlighting a trade-off between the contact time reduction 
and fabrication efficiency.

DISCUSSION
In summary, we bridged the gap between two research realms of func-
tional surfaces and mechanical materials implementing a skin-muscle 
concept in which the top interfacial structures behave as the skin to 
receive and respond to surrounding stimulus, while the underlying 
flexible supports function as the muscle to tune mechanical proper-
ties. As per this perspective, we designed artificial liquid-repellent 
surfaces with bioinspired mushroom-like waterproofing heads atop 
spring-like flexible supports, showing much promise in developing 
kinetic repellency to liquid intrusion. To resolve the structural in-
stability owing to stress concentration and large aspect ratio, we fur-
ther proposed an advanced trampoline solution with extra horizontal 
springs to link adjacent mushroom-like heads. 3D direct laser lithog-
raphy was used in the micro-nanofabrication to precisely replicate 
our design. In contrast to the topological optimization of heads in 
previous works, our design can be of great technological interest 
because it paves the way for tuning liquid repellency by regulating 
supports’ flexibility. The spring-like flexible supports were proved 
to contribute a 15.60% improvement of droplet impalement resist
ance in comparison to conventional rigid supports and even reached 
a 50.98% enhancement with the aid of trampoline-inspired hori-
zontal springs. Furthermore, the elevation of our flexible supports 
on kinetic repellency was also exhibited through contact time re-
duction, which, however, was restricted by confined oscillation space. 
We believe this study to be the first demonstration of spring-like 
flexible supports to promote the liquid repellency of mushroom-like 
interfacial structures, providing an unprecedented level of control 
over droplet manipulation. Since its beginning, studies on the liquid 
repellency of interfacial micro/nanostructures have transitioned from 
conventional statics to dynamics, thus broadening the way of wetta-
bility tuning.

Returning to the discussion on impalement resistance and contact 
time reduction, the confined oscillation space of spring-like flexible 
microstructures was criticized for its restriction on the frequency rela-
tion between flexible microstructures and impinging droplets. At the 
cost of fabrication efficiency, it is possible to further enlarge the oscil-
lation space by lengthening the free height of spring-like supports, 
which, however, may introduce new challenges to the trampoline de-
sign. Because the allowable amplitudes of oscillation in entire flexible 
surfaces are higher than 200 m (19–23), while our repellence en-
hancement is based on the oscillation of interfacial structures on the 
microscale, a thorough parametric study is required to determine an 
optimal height. In addition, although the flexible modification of rigid 
microstructures can benefit kinetic repellency to impinging droplets, 

Fig. 4. Restitution coefficient and contact time of droplets impacting mushroom-
spring and mushroom-pillar surfaces. (A) Restitution coefficient Hmax/H as a func-
tion of We. (B) Dimensionless contact time Tc/ as a function of We and a theoretical 
inertia-capillarity limit Tc/ = 2.2 (see clear version in fig. S5, B and C).
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extreme compliance is also easy to trigger a contact between the 
droplets and the substrate, thus resulting in a repellency loss (17).

Also noteworthy is that the impalement resistance is not solely 
determined by flexible supports. Droplet impalement will occur when 
the pressure arising from impacting events is higher than the break-
through pressure (12, 17) of mushroom-like heads even if the 
underlying springs have been compressed to decrease the relative 
impacting velocity and force. This implies that a droplet impale-
ment can be also triggered by a weak dewetting capacity of mushroom-
like heads even with excellent flexible supports, thereby calling for other 
unprecedented head designs that should be much greater than the 
up-to-date mushroom-like topology.

Furthermore, in addition to the kinetic repellency elicited by 
spring-like flexible supports during vertical impact, the flexibility-
based enhancement may also endure obliquely impacting droplets 
(see fig. S9). More precisely, in a mushroom-pillar case, a droplet 
with an oblique incidence trajectory will impact the heads at an 
angle, resulting in droplet impalement. While in a mushroom-
spring case, the heads can be angularly tuned by the tilting motion 
of springs to ensure a normal impact with the impinging drop-
let. We also conducted oblique impacting testes on the fabri-
cated surfaces by tilting the platform through an angle of 45°. 
No droplet impalement was observed on the rigid surfaces to 
validate the heroical assumption above even if We reached ~20.61 
(see movie S2). This can be ascribed to the small element pitch p 
used on our artificial surfaces, which has been demonstrated as a 
crucial role in liquid repellency. In addition to the angular flexi-
bility, as an outlook, a further link between functional surfaces 
and mechanical metamaterials will trigger a window of opportu-
nity for more functionalities and possibilities. For instance, if 
flexible supports can twist under a normal load (25), then it is 
possible to gyrate impinging droplets for energy harvesting pur-
poses (39). Of note, although the Nanoscribe direct laser lithog-
raphy is the most precise rapid prototyping technology to tailor 3D 
micro-nanostructures, it has to resolve the efficiency problem to 
realize a large-scale fabrication before daily applications. With the 
rapid development of 3D printing, more options, e.g., nanoArch, 
can be used to replicate our mushroom-spring structures in a 
centimeter-scale fabrication. Moreover, even with a view to mass 
production, we can use the Nanoscribe system to produce sacrifi-
cial photoresist molds, followed by a copy of other materials, e.g., 
polydimethylsiloxane (40).

MATERIALS AND METHODS
Surface fabrication
Using Photonic Professional System (Nanoscribe GmbH, Germany), 
commercially available IP-S photoresist (Nanoscribe GmbH, Germany) 
was exposed to a 780-nm femtosecond laser at a speed of 100 mm·s−1 
with a power of 110 mW. The laser was written 0.5 m beneath the 
interface between the photoresist and the ITO-coated fused silica 
substrate so as to construct a strong adhesion between the struc-
tures and the substrate. The resulting fabrication was developed for 
20 min in SU-8 Developer (MicroChem Corp., USA) and rinsed in 
isopropyl alcohol and deionized water.

Chemical modification
Resulting fabrication was heated in an oven to undergo a chemical 
vapor deposition of 1H,1H,2H,2H-perfluorooctyltrichlorosilane 

at 120°C for 2 hours. Following a natural cooling in the oven, low–
surface energy coatings were formed on the fabricated structures.

Morphology characterization
Morphological images of fabricated surfaces were taken with MXB-
2500REZ (Hirox Europe Ltd., France) and S-3400N scanning electron 
microscope (SEM) (Hitachi Ltd., Japan) accounting for a multiscale 
requirement.

Contact angle measurement
Contact angles of 1 l of water droplets were measured on Ramé-
Hart Contact Angle Goniometer (Ramé-Hart Instrument Co., USA) 
in a sessile drop mode under controlled temperature (20°C) and 
relative humidity (45%). Each measurement was conducted 30 s after 
the droplet contacted the target surface for equilibrium. Five mea-
surements were conducted for each target surface for repeatability.

Droplet impacting test
Spreading, retracting, and post-retraction motions after water 
droplets impacted the target surfaces were captured in real time by 
Phantom Miro eX2 (AMETEK Inc., USA) with Zoom 7000 (Navitar 
Inc., USA) at a rate of 2900 fps. A micro syringe pump was used to 
release water droplets with a volume of 1 l. The releasing height 
was regulated to change the value of Weber number. Three measure-
ments were conducted on each target surface at each specified re-
leasing height.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/32/eaba9721/DC1
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