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� A 3D-printed biomimetic
superhydrophobic surface with petal-
like microstructures is proposed.

� Parameters of microstructure array
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capacity.
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super repellence property.

� Applications of the optimized petal-
like microstructured surface are
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Recently, bioinspired mushroom or reentrant mushroom microstructures have attracted intersts of
researchers for their amazing water superrepellence property. However, basic principles of exquisite
microstructures design for improving water repellence are still lacking. This paper reports a novel 3D-
printed biomimetic superhydrophobic surface with petal-like microstructures inspired by the droplet
pinning effect of nepenthes peristome. Then, parameters such as petal number, petal proportion and
spacing distance are studied and optimized to improve water repellence, which is evaluated according
to droplet bearing capacity. The results show that when the petal number is 4, the spacing distance is
100 lm, and the petal proportion is 50%, the petal-like structured surface achieves its maximum droplet
bearing capacity. Comparing with the common mushroom microstructures, the maximum increase rate
in bearing capacity is 58.3% for the optimized petal-like microstructures. Corresponding mechanism anal-
ysis attributes such superrepellence property to the sharp edge effect and the arch curve effect.
Furthermore, the excellent water repellence enables the petal-like microstructured surface to be used
for water droplets manipulation, oil-water separation, and captured-air drag reduction.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction ranging from water collection [1,2], droplet manipulation [3], fog
In the past few years, functional surfaces with different wetting
properties inspired by natural biology have flourished in fields
collection [4], drag reduction [5] even to oil-water separation [3]
and drug delivery systems [6]. Especially, water-repellent surfaces
have attracted keen interests of researchers and become a hot topic
[7–9]. Traditional methods to achieve the water-repellent property
generally includes changing surface roughness, modifying chemi-
cal substance and their combination [10–12] to convert surface
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wettability from hydrophilic to superhydrophobic. However, lots
of research experience shows that changing surface roughness only
influences surface wettability in a limited range [13–15]. Chemical
substance modification is an effective way to achieve superhy-
drophobic surface, but it may result in the problem of surface
unstability [16,17] and toxicity [18,19].

Initially, researchers noticed that rose petal has the superhy-
drophobic property with contact angle (CA) larger than 150�, but
it still adheres water droplet firmly (petal effect) [20,21], which
is obviously different from the famous lotus effect. The mechanism
is attributed to rose petal surface has unique micro/nano fractal
structures, but it does not process any low surface energy coatings,
such as wax which covers the whole surface of lotus leaves. This
phenomenon indicates surfaces made of hydrophilic material with
special microstructures or nanostructures may achieve superhy-
drophobicity. Based on this assumption and inspired by biological
surfaces, an increasing number of researchers were devoted to
designing and fabricating unique microstructures or nanostruc-
tures to make surfaces consisting of hydrophilic materials present
superhydrophobic properties, thus achieving specific functions.
Typically, Weisensee et al. [22] presented metallic micro-
mushroom reentrant structures on steel over the centimeter-
scale using micro-electrical discharge machining. The surface
showed characterization of hydrophobicity and oleophobicity.
Yin et al. [23] reported a microstructured mushroom-like surface
fabricated through 3D printing technology inspired by springtail
skin. Such surfaces exhibited superhydrophobic properties and
could be used to manipulate droplets. Liu et al. [24] put forward
3D-printed micro doubly reentrant arrays to realize liquid adhe-
sion. Then various arrays were designed to show tuning macro/mi-
cro liquid droplets manipulation. Kim et al. [25] demonstrated that
robust omniphobic surfaces with mushroom-like reentrant struc-
tures had water repellent property. Liu et al. [26] designed a kind
of triply reentrant structures via two-photon polymerization, pos-
sessing repellence to water and organic liquids. Chandramohan
et al. [27] reported a mushroom-structured substrate acted as
the cooled substrate, which was fabricated by photolithography
and electroplating.

In addition to mushroom [22,25,27] or reentrant mushroom
[24,26] microstructures as abovementioned, more and more other
complex microstructures were proposed and fabricated with the
development and maturity of micro 3D printing technology. Yang
et al. [3] fabricated a kind of micrometer-scale artificial hairs with
eggbeater heads inspired by Salvinia molesta leaf to achieve super-
hydrophobicity and petal effect. Then, an oil/water separation
solution based on the structures was performed. Hu et al. [28]
designed a set of surfaces with mesoscale heads and spring sets
in analogy to the mushroom-like geometry on springtail cuticles,
which achieved flexible interfacial structures to endure tribological
friction robustly as well as to promote water repellency.

Although the above studies have proposed water repellent
microstructures with various shapes, most of these shapes have
mushroom-like forms. It is still a chanllenge to design exquisite
3D microstructures and to explore the mechanisms in-depth, thus
further improving droplet repellence property. Recently, the
research [29] on nepenthes revealed that the exquisite combina-
tion of the sharp edge and the arch curve of the microcavity in
the peristome area of the nepenthes have a superstrong ability to
pin the liquid on the curved structure, even overcoming gravity
[30]. The above research may provide a new solution for prevent-
ing the spread of droplets and pinning liquid [31–35].

Herein we report a novel 3D-printed biomimetic superhy-
drophobic surface with petal-like microstructures inspired by the
water pinning effect of nepenthes peristome. The hydrophilic resin
with petal-like microstructure exhibited macroscopic superhy-
drophobic properties and excellent water droplet repellence. Then,
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parameters such as petal number, spacing distance between adja-
cent structures, and proportion of petal were studied and opti-
mized for improving water droplet bearing capacity.
Furthermore, the possible mechanism was explored and elucidated
through the experiments and force analysis. Lastly, the applica-
tions of such microstructured surfaces for bearing large volumes
of water, flexible droplet manipulation, oil-water separation and
captured-air drag reduction were performed.
2. Results and discussion

2.1. Design and fabrication of petal-like microstructured surface

The petal-like microstructure is inspired by the peristome of
nepenthes which consist of numerous arch-shaped microcavities
(Fig. 1a-c). The existence of these arch-shaped microcavities with
sharp tilt edges makes a droplet dripping onto the peristome
spread unidirectional towards the outer edge of nepenthes, even
overcomes gravity (inset in Fig. 1a). These arch-shaped microcavi-
ties provide sufficient restraint for liquid pinning in the opposite
direction towards the outer edge of nepenthes [29]. Inspired by
such liquid pinning effect, similar arch-shaped sharp edges are
arranged in an annular array, thus constituting a petal-like
microstructure (Fig. 1e). Since the petal-like microstructure has
annular arch-shaped sharp edges to restrain water from spreading
to any radial outside direction, water may keep a droplet shape and
exhibit relatively high CA (inset in Fig. 1e). We adopt the bionic
design idea and advanced projection micro stereolithography
(PlSL) 3D printing technology to fabricate the petal-like
microstructure arrays (see Experimental section and methods).
The schematic demonstration of the processing of 3D printing is
shown in Fig. 1d. The 3D models were built by Solidworks, as
shown in Fig. 1e, where the petal-like microstructure arrays are
arranged on a 2 mm thick plane. Since the photocurable resin
has hydrophilic properties, the 3D printed flat(bare) surface pre-
sents CA of �55� with a water droplet of 5 lL (Fig. 1f). The 3D
printed surface with pillar microstructure demonstrates hydropho-
bicity with CA �90� (Fig. 1g). However, 3D printed surface with the
petal-like microstructure shows an obviously macroscopical super-
hydrophobic property with CA of �160� (Fig. 1h). Moreover, the
water adheres to the surface even when the surface is upside
down, indicating the property of petal effect (Fig. 1i).

A series of biomimetic surfaces with petal-like microstructures
of different geometrical parameters were fabricated by PlSL 3D
printing system. SEM images present the details of the petal-like
microstructures, as shown in Fig. 2. Each microstructure is depos-
ited by layers with a thickness of approximately 8 lm. The head of
each petal-like structure is designed to be flat for bearing droplets.
The side view image in Fig. 2a illustrates the constant parameters
of each single petal-like microstructure: the maximum diameter of
the petal-like microstructure D = 300 lm, the head height
h = 60 lm, the tilt angle a = 30�; the diameter of support column
d = 100 lm, and the height of support column H = 250 lm. The dis-
continuous arch shapes of the upper surface are derived from the
microstructure of nepenthes peristome, as shown in Fig. 1c and
Fig. 1e. According to the arch shape of nepenthes peristome, the
governing equation of arch (the golden yellow curve in Fig. 2c) is
written as Equation (1):

x2

D2

25 � cos2 p�ð1�KÞ
P

� y2

D2

21 � sin2 p�ð1�KÞ
P

¼ 1 ð1Þ

(shown in Figure S1 and Equation S1 and S2). P is defined as
the number of petals. S is the spacing distance between the two
adjacent microstructures. K is defined as the ratio of arch length
to circumference (K = C0/C), as shown in Fig. 2c. As shown in Fig. 2-



Fig. 1. Biomimetic 3D-printed petal-like microstructures. a Photograph of nepenthes, showing the directional water spreading behavior on the peristome. b–c SEM images
of the peristome with numerous arch-shaped microcavities. d Schematic of the projection micro stereolithography (PlSL) 3D printing system. e 3D models of petal-like
microstructures with arch-shaped sharp edges. f Water droplet on the 3D printed flat (bare) surface, presenting hydrophilicity with �55� CA. g Water droplet on the 3D
printed surface with pillar microstructures, presenting hydrophobic property with �90� CA. h-i Water droplet on the 3D printed surface with petal-like microstructures
presenting CA �160� and it presents superior adherence even when the surface is upside down.

Fig. 2. SEM images of petal-like microstructures. a Side view of petal-like microstructures marked with geometrical parameters. b-f Top view of petal-like microstructure
with different petal numbers of 0, 3, 4, 5, and 6.
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b-f and Table S1, K and S are fixed to be 0.5 and 100 lm, respec-
tively, while P is preassigned to be 0 (flat circular mushroom
shape), 3, 4, 5, and 6. As shown in Figure S2a and Table S2, K
and P are fixed to be 0.5 and 4, respectively, while S increases from
40 lm to 140 lm with an increment of 20 lm. As shown in Fig-
ure S2b and Table S3, P and S are fixed to be 4 and 100 lm, respec-
tively, while K increases from 0.3 to 1 (flat circular mushroom
shape) with an increment of 0.1.
3

2.2. Investigation of droplet bearing capacity

Experimental study on the effect of geometrical characters (P, S
and K) on the droplet bearing capacity of petal-like microstruc-
tured surface were carried out in this section. Micro-droplets of
1 lL was dripped and added continuously to the tested surface
with an 8 � 8 square array of petal-like microstructures by a
micro-syringe until the droplet was collapsed. Curves of the num-
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ber of microstructures covered by the droplet (shown in Fig. 3a, c
and e) and the CA (shown in Fig. 3b, d and f) changing with droplet
volume were plotted. Meanwhile, when the droplet collapsed, the
volume of the water droplet was recorded as collapse volume and
plotted as a bar chart (shown in Fig. 3g). The parameters of covered
microstructure number, CA and collapse volume reflect the droplet
carrying capacity.

Obviously, water droplets keep a spherical shape and stand on
the petal-like microstructured surface, compared with its spread-
ing or submerging on the plane surface and surface with pillar
microstructures (Fig. 1f and g). As illustrated in Fig. 3a, before col-
lapse, the occupied microstructure number for microstructures
with 3 and 4 petals is less than those with 0 (mushroom shape),
5 and 6 petals. As shown in Fig. 3a and g, the collapse volume
for microstructures with 3 and 4 petals is larger than those with
0, 5 and 6 petals. For example, for the surface with 0 petals
microstructures, its collapse volume is 50 lL. However, the droplet
on microstructures with 4 petals does not collapse until 76 lL. The
CA presents a fluctuation trend varying with water volume for
petal-like microstructured surfaces. Such fluctuation may be
attributed to the number of microstructures covered by water
jumps with continuous dripping and volume increase of the dro-
plet. Comparing with the surface of the mushroom-shaped struc-
ture with 0 petals, surface with microstructures with 3 and 4
petals has larger CA. Hence, microstructures with 3 and 4 petals
exhibit more significant water repellence and higher bearing
capacity. Microstructures with 4 petals present the best load bear-
ing capacity.

It should also noticed that since the existence of petal-like
microstructures, the upper bearing surface is not a continuous
plane. The number of microstructures covered by droplet increases
with the increase of droplet volume. Hence, the CA and the contact
angle hysteresis (CAH) on the discontinuous flat with the petal-like
microstructures present different values comparing with droplets
on complete plane (as shown in Table S4). In Fig. 3b, 3d, and 3f,
the upward trends of polylines reflect the hysteresis phenomenon.
For each upward polyline, the droplet expands with the increase of
volume, but it covered a certain number of petal-like microstruc-
tures and the length of contact line kept to be constant. When
the the droplet swell to cover more microstructures, the polyline
of CA exhibits a sharp drop trend and then begin to increase as
another cycle due to the hysteresis effect.

The effect of the spacing distance between adjacent microstruc-
tures S on droplet bearing capacity is presented in Fig. 3c and g. As
shown in Fig. 3c and g, with the increase of S, the collapse volume
exhibits an initial increase trend. But when S becomes larger than
100 lm (i.e. 120 lm and 140 lm), the collapse volume has a sud-
den drop. For microstructures with the S of 120 lm or 140 lm, the
collapse volume is less than 10 lL. The curves of CA show that
microstructures with S of 100 lm have bigger magnitude and more
stable fluctuation than other microstructures, indicating higher
energy barriers between adjacent microstructures, which may
result in more significant water repellence and higher bearing
capacity.

The ratio of arch length to circumference K reflects the occupa-
tion proportion of petals in the circumferential direction. When K
is less than or equal to 0.4, the collapse volume is smaller than
4 lL, implying very weak and unstable droplet bearing capacity.
When K increases to 0.5, the droplet collapse volume increases sig-
nificantly. However, with further increase of K, the collapse volume
exhibits a gradual decrease trend, which is presented in Fig. 3e and
g.

Based on the above study, the optimized microstructure array
with parameters: petal number P to be 4, spacing distance S to
be 100 lm, and the ratio of arch length to circumference K to be
0.5 are obtained as the optimized microstructure. Comparing with
4

the common mushroom microstructures, the maximum increase
rate in bearing capacity is 58.3% for such petal-like
microstructures.

2.3. Mechanism analysis

When a droplet is dripped onto the 3D-printed petal-like
microstructured surface, it generally covers a square array of mul-
tiple microstructures (Fig. 4a). The droplet on the top plane of
microstructures presents zigzag boundary, as illustrated in
Fig. 4b. The synergy of the arch-shaped curve and the sharp edge
of the petal-like structure act as energy barriers and generate con-
straint forces (as shown by red arrows) to restrict the spread of
water droplets, no matter the droplet is in partial covering status
or full covering status (Fig. 4b), thus increasing the CA to exhibit
water repellence property. To confirm the sharp edge effect and
arch curve effect, two fusiform blocks were fabricated through
3D-printing technology, as shown in Fig. 4c. Block-1 (length10
mm, width 3 mm, height 2 mm, shown in Fig. 4c1) has a straight
sharp edge of 30� at one end, while at the other, the straight edge
has a corner angle of 90�. Block-2 (length10 mm, width 3 mm,
height 2 mm, shown in Fig. 4c2) has a convex arch edge with a cor-
ner angle of 90� at one end, while at the other, it has a concave arch
with a corner angle of 90�. Before the experiment, two plexiglass
sheets adhered to the lateral sides of the block. The block was suit-
ably settled to guarantee its top surface was horizontal. Then,
water droplets of 5 lL were dripped onto the top surface of the
block continuously step by step until it collapsed at any end of
the block. This process was observed and recorded by a high-
speed camera. From Fig. 4c1, it is observed that with the continu-
ous increase in volume of water droplet, droplet collapse occurres
at the edge with a corner angle of 90�, indicating that the relatively
sharper edge generates larger constraint force to restraint the
spreading of water, while the right edge (of block or pillar) cannot
provide enough force to hold the droplet when the volume of dro-
plet is larger than a threshold (as the force analysis shown in Fig-
ure S3). This phenomenon is the so-called sharp edge effect. For
the case where the liquid wet the edge of a solid, the CA of water
droplet should be limited within the scope as shown in Expression
(2) [29,30]. When the CA h is smaller than the critical value hc, the
water droplet could be pinned at the sharp edge.

h0 6 h 6 hc ¼ ð180� �uÞ þ h0 ð2Þ
where h0 is the intrinsic CA of water droplets on the plane of the

same material; u is the corner angle of the edge.
Similarly, with the continuous increase in volume of water dro-

plet, water collapse occurres at the convex arch shaped edge, thus
demonstrating the arch curve effect, which could be described as
the concave arch shape enhances the water restraint effect of the
edge, while the convex arch shape weakens the water restraint
effect for the edge, in Fig. 4c2. Since the petals have hydrophilic
property, the droplet is streched along the petals forming concave
liquid boundary curves (Fig. 4d1), similar to the situation of liquid
in parallel sidewalls (Fig. 4d2). The similar shape of liquid bound-
ary curve and the concave arch curve of sharp edges may result in
relatively high water restraint force.

2.4. Applications of petal-like microstructure

The bioinspired petal-like microstructured surface has the
application potential in a variety of engineering fields. Herein, a
20 mm � 20 mm surface composed of petal-like microstructures
(P = 4, S = 100 lm, K = 0.5) was fabricated. Then, water droplets
of 5 lL were dripped onto the top surface continuously. It was
observed water droplet did not collapse with the increase of vol-
ume due to the superrepellence property brought by the



Fig. 3. Droplet bearing capacity for petal-like microstructures. a Occupied number of microstructures with different P varies with droplet volume. b CA changing with
droplet volume on the petal-like microstructures with different P. c Occupied number of microstructures with different S varies with droplet volume. d CA changing with
droplet volume on the petal-like microstructures with different S. e Occupied number of microstructures with different K varies with droplet volume. f CA changing with
droplet volume on the petal-like microstructures with different K. g Maximum bearing volume of petal-like microstructure array with different geometrical parameters.
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Fig. 4. Mechanism for droplet bearing capacity of petal-like microstructures. a Droplet stands on the top of the microstructure array and presents a zigzag boundary along
the edge of microstructures. b Schematic illustration of the contact boundary between the droplet and the microstructure. c1-2 Schematic of experiment to demonstrate the
sharp edge effect and arch curve effect. d1-2 Illustration of hydrophilic petals strech the droplet and the adhesion and streching effect of petal structures and parallel
sidewalls.
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microstructures. Finally, a droplet of large volume (3 mL) with an
air cushion between it and the substrate (Cassie state) was formed,
as shown in Fig. 5a.

A classical reaction between FeCl3 and NaOH was carried out to
demonstrate the superior droplet bearing capacity for various solu-
tions working as a liquid-droplet-based micro-reactor. 1 mL drop-
per was used to instill droplets of various chemicals onto the
surface of petal-like microstructure. A droplet of 10 lL 0.5 mol�L�1

FeCl3 solution was firstly deposited onto the surface followed by
the droplet of 3 lL 1 mol�L�1 NaOH solution. The droplet main-
tained the spherical shape and stably stayed on the surface during
the whole reaction, shown in Fig. 5b. The coalescence of the two
chemicals produced the brown flocculent precipitate suspended
in spherical droplets due to the chemical reaction: FeCl3 + 3NaOH =
Fe(OH)3;+3NaCl, shown in the Movie S1. The chemical reaction
6

that takes place in the form of spherical droplets on the surface
of the petal-like microstructures, on the one hand, saves materials
and helps to observe the reaction phenomenon and adjust the cor-
responding concentration in time; on the other hand, is convenient
for the manipulation of the reacted droplets and the substances in
them.

Petal-like microstructure arrays with different geometrical
parameters of P, S and K exhibit discrepancy in droplet adhesion
ability, which may be used for droplet manipulation. An experi-
ment on lossless droplet manipulation was carried out. Firstly, a
water droplet of 5 lL was dripped on a microstructured surface
with relatively low density (P = 4, S = 120 lm, K = 0.5) array. Then,
a microstructured surface with medium density (P = 4, S = 100 lm,
K = 0.5) array was used to grab the droplet on the low density
microstructured surface, and released it down on a surface with



Fig. 5. Applications of the petal-like microstructured surface. a 20 � 20 mm surface composed of petal-like microstructures for bearing large water droplets. b Chemical
reaction of a 0.5 mol�L�1 FeCl3 droplet with a 1 mol�L�1 NaOH droplet on the petal-like microstructures. c Lossless water droplet manipulation between petal-like
microstructures of diverse parameters. d Rapid sliding of water droplets on inclined surfaces composed of petal-like microstructures. e Oil-water separation.
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high density (P = 4, S = 40 lm, K = 0.5) arrays, shown in Fig. 5c and
Movie S2. When the gap of array density between two surfaces is
relatively large, dense array implies that more microstructures are
in contact with the droplet, thus generating higher adhesion force
than sparse array. When the gap of array density between two sur-
faces is relatively small, relatively dense array implies the locations
of contacted microstructures are closer to the middle of the dro-
plet, thus also having higher adhesion force than the relatively
sparse array, as shown by the high-speed microphotographs in Fig-
ure S4 and Movie S3. It is also observed that almost no residual
was left on the petal-like microstructures, thus demonstrating that
the droplet manipulation process was no weight loss.

Comparing with mushroom shapes, petal-like microstructures
exhibit excellent water repellence property, and meanwhile keep
relatively small contact areas with water droplet. Hence, the adhe-
sion force between water droplet and petal-like microstructured
surface is smaller than droplets on mushroom-shaped structures.
Such small adhesion force even cannot fix big droplets when the
surface tilts at an angle. A water droplet of � 300 lL was released
on the microstructured surface tilted with an angle of 10�, as
shown in Fig. 5d and Movie S4 and S5. The water droplet quickly
sliding down along the surface with no weight loss. The movement
of the droplet is driven by the component force (along the inclined
surface) of gravity Fc ¼ mg sin d and is resisted by the dissipative
forces Fd ¼ k � 2R � c � ðcos hr � cos hf Þ [36–38], where m is droplet
mass, g is gravitational acceleration, d is the tilt angle of the sur-
face, k is the dimensionless parameter and assumed to be 1, R is
the radius of droplet, c is water/air surface tension, hr and hf repre-
7

sents the apparent rear and front contact angles of droplet, respec-
tively. When a 300 lL droplet was released on the 10� inclined
surface, the snapshots were recorded by a high speed camera.
The component force of gravity along the 10� inclined surface Fc
is calculated to be �475 lN. From the snapshots, hr and hf can be
measured, which facilitate the calculation of Fd. Since the values
of hr and hf are different for different snapshots, Fd has a fluctuation
range to be �361 ± 47 lN, as shown in Fig. S5-6. Obviously, the
dissipative forces Fd was lower than the driving force Fc. (as shown
in Fig. S5-6). This experiment demonstrates that hydrophilic mate-
rial with such special petal-like microstructures can also present
the lotus effect.

Environmental protection and green economy have increasingly
demanded effective oil-water separation. Some previous
researches have mainly focused on nanomaterials with multi-
layer complex structures or special chemical properties which
require complex synthesis processes [39–41]. Since oil and water
have different surface tensions, bearing capacity of the petal-like
microstructures for oil and water are different, which may be used
for the oil-water separation. As shown in Fig. 5e and Movie S6, a
water droplet was placed on the petal-like microstructures. Then,
a droplet of white mineral oil was dipped onto the top of the spher-
ical water droplet. The oil droplet slid down along the surface of
the water droplet and was quickly immersed into the petal-like
microstructures while the water droplet kept the spherical shape,
as shown in Fig. 5e and Movie S6.

The petal-like microstructure array surrounded by walls with
sharp edge at inner side was used for bubble reserving and drag



Fig. 6. Drag reduction effect of petal-like microstructures. a Petal-like microstructured surface with surrounding walls. bWater proofing effect of microstructured surface.
c Captured air bubble by petal-like microstructures under water. d Bar chart of drag force for flat and microstructured surfaces.
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reduction as shown in Fig. 6a. Water was injected continuously
into a petri dish, where a sample with petal-like microstructured
surface as shown in Fig. 6a adhered to the bottom of the petri dish.
The sample exhibited excellent waterproofing properties due to
the existence of petal-like microstructures and surrounding walls
with sharp edge, as shown in Fig. 6b. When the sample was put
under water, a bubble was captured inside the microstructures,
as shown in Fig. 6c and Movie S7. It is observed that a bubble
was captured firmly although the volume of bubble was changing
due to the changing of water pressure with the depth. The drag
force of such microstructured surface was tested using a drag mon-
itor device (shown in Figure S7). The surface and the sensor were
combined by a bracket (l = 100 mm). The torque of drag resistance
Tz was directly measured by a six-axis force sensor. And drag force
Fz was calculated by Fz = Tz / l. Two flow velocity were selected for
the experiment: 0.13 m/s (high velocity) and 0.1 m/s (low veloc-
ity). The result of drag force (shown in Fig. 6d) shows that compar-
ing with flat surface, the petal-like microstructured surface has a
significant reduction effect on drag force, especially for relatively
high velocity. The possible mechanism is attributed to the bubble
separating the solid surface and water, which may cause boundary
slip effect to reduce fluid drag [42,43].
3. Conclusion

A 3D printing biomimetic superhydrophobic surface with petal-
like microstructures inspired by the water pinning effect of
nepenthes peristome is proposed. Parameters such as petal num-
ber, spacing distance and petal proportion are studied and opti-
mized for enhancing water droplet bearing capacity.
Microstructure array with parameters: petal number to be 4, the
spacing distance to be 100 lm, and ratio of arch length to circum-
8

ference to be 0.5 are obtained as the optimized structure. Compar-
ing with common mushroom microstructure, the maximum
increase rate in bearing capacity is 58.3% for the optimized petal-
like microstructure. Corresponding mechanism analysis reveals
that the sharp edge effect and the arch curve effect are responsible
for such super repellence property. Possible applications of the
optimized petal-like microstructured surface are studied. Experi-
ments show the surface with petal-like microstructures exhibits
excellent water repellence and could be used for droplets manipu-
lation, oil-water separation, and captured-air drag reduction. Addi-
tionally, such water repellence property may make the
microsturctured surface to be used in many other advanced fields,
such as delaying biofilm formation [35].
4. Experimental section and methods

4.1. Fabrication of petal-like microstructures

The arrays of petal-like microstructures were fabricated by pro-
jection micro stereolithography (PlSL) 3D printing system –BMF-
P140 (BMF Material Technology Inc., China). The maximum projec-
tion area of the 3D printing system could reach 20 mm � 20 mm,
while the minimum printing layer thick is 5 lm. The wavelength of
UV LED illuminant is 405 nm. The 3D models were built by Solid-
works. The 3D structures are projected layer by layer onto the fluid
resin using a high-precision ultraviolet lithography projection sys-
tem. A layer gets to solidify in the exposed area in a few seconds
and the translational projection stage lowers down to prepare for
the next step. With accumulation of layers, a 3D sample is finally
formed from the digital model. The 3D fusiform blocks were fabri-
cated through another 3D printer (M-Jewelry U50, MakeX, China).
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4.2. Test of droplet bearing performance

The droplet bearing capacity experiments and the CA measure-
ments were carried out on the measuring device (OCA20, Data-
physics Co., Germany). The sample was placed on the platform of
the measuring device. Water droplets were deposited onto the
top of the arrays of petal-like microstructures by a microsyringe
with a resolution of 1 lL.
4.3. Image acquisition

SEM images showing the morphology features of the peristome
and the parameters of single petal-like microstructure were taken
by field emission scanning electron microscope (GIMINI 500, ZEISS,
Germany). The photographs and videos of nepenthes and water
droplets of 3 mL, the reaction between FeCl3 and NaOH, droplets
manipulation and oil–water separation on the petal-like
microstructures were taken by the optical camera (5D Mark Ⅱ,
Canon, Japan). The collapse of droplets on the 3D fusiform blocks
and the rolling down of droplets on the tilt surface were observed
by a high-speed camera (AZ Instruments Cooperation, AZ9501, Tai-
wan China).
4.4. Experiment of drag reduction effect

In order to measure the drag reduction performance, a low Rey-
nolds number circulating water test bench was built. The measur-
ing device with the sample were suspended by an aluminum frame
so that the sample was in the center of the tank. The surface and
the sensor were combined by a bracket (l = 100 mm) fabricated
through the 3D printer (M-Jewelry U50, MakeX, China). The torque
of drag resistance was measured by a six-axis force sensor (Mini
40, ATI, USA). The data of torque is collected through the multi-
dimensional mechanical signal acquisition device.
5. Supporting information

Hyperbola governing equation of petal-like microstructures;
top view SEM images of petal-like microstructures with different
S and K; table of structural parameters of petal-like microstructure
with different P, S and K; table of CA and CAH on various number
on various petal-like microstructure; force analysis of the sharp
edge effect, the snapshots of grabbing a droplet using the petal-
like microstructured surfaces; snapshots of water droplets sliding
along the inclined surface consisting of petal-like microstructures;
calculated component force (along the inclined surface) of gravity
Fc and dissipative forces Fd and schematic of circulating water test
bench. (PDF)

Chemical reaction of FeCl3 with NaOH on the petal-like
microstructures. (MP4)

Lossless water droplet manipulation. (MP4)
Grabbing a droplet using petal-like microstructured surfaces.

(MP4)
Rapid sliding of water droplets on inclined surfaces with petal-

like microstructures. (MP4)
Oil-water separation. (MP4)
Captured air bubble by petal-like microstructures under water.

(MP4)
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