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ABSTRACT: Electrospinning is a feasible technology to fabricate nanomaterials.
However, the preparation of nanomaterials with controllable structures of microbeads
and fine nanofibers is still a challenge, which hinders widespread applications of
electrospun products. Herein, inspired by the micro/nanostructures of lotus leaves, we
constructed a structured electrospun membrane with excellent comprehensive properties.
First, micro/nanostructures of membranes with adjustable microbeads and nanofibers were
fabricated on a large scale and quantitatively analyzed based on the controlling preparation,
and their performances were systematically evaluated. The deformation of diverse
polymeric solution droplets in the electrospinning process under varying electric fields was
then simulated by molecular dynamic simulation. Finally, novel fibrous membranes with
structured sublayers and controllable morphologies were designed, prepared, and
compared. The achieved structured membranes demonstrate a high water vapor
transmission rate (WVTR) > 17.5 kg/(m2 day), a good air permeability (AP) > 5 mL/
s, a high water contact angle (WCA) up to 151°, and a high hydrostatic pressure of 623
mbar. The disclosed science and technology in this article can provide a feasible method to not only adjust micro/nanostructure
fibers but also to design secondary multilayer structures. This research is believed to assist in promoting the diversified development
of advanced fibrous membranes and intelligent protection.
KEYWORDS: lotus leaf, controllable electrospinning, biomimetic, waterproof breathable, fibrous membrane

1. INTRODUCTION
Biological materials such as lotus leaves, polar bear hairs, and
spider webs have abundant interesting properties.1 The leaves of
lotus have various micro/nanostructures, so they demonstrate
excellent hydrophobicity, good water repellency, and self-
cleaning characteristics.2 As hairs of polar bears possess
microhollow structures, they have a super thermal insulation
function.3 Spider webs have high toughness, so they are used to
capture insects.4,5 Bionic technology inspired by the phenomena
of these biological materials has achieved significant progress in
various fields. However, considering the feasibility of fabricating
processes, many current methods cannot prepare biomimetic
structures on a large scale due to complex preparation processes
and rigorous processing requirements.6 Therefore, developing a
feasible approach to construct biomimetic structures is
significant and valuable.

Electrospinning technology has a long history, and various
electrospun products have been widely used in high-efficiency
catalysis, energy harvesters, smart wearables, and other high-
added-value fields.7−9 Significantly, besides these applications,
electrospun technology has shown an increasing trend for the
application of protective membranes.1,10 Protective properties
refer to the membrane that has the characteristic of protection
against virus aerogel, toxic particles, liquid splashes, etc.11−14

The global market size of medical protective clothing was valued
at USD 12.48 billion in 2019, and it is predicted to reach up to
USD 34.31 billion in 2027.15 Additionally, with the ravages of
Covid-19 throughout the world, the demand for protective
membranes is showing a blowout growth.16−18 Traditional
protective membranes are mainly divided into two categories.
One is membranes with amedical protection function, which are
generally used in surgical masks and medical protective
clothing;14,19−22 the other is membranes with a waterproof-
breathable function, which are usually used in the application of
mountaineering jackets and water directional transport cloth-
ing.23−29 However, medical protection membranes are mainly
prepared by melt-blown and melt-spun hydrophobic poly-
propylene (PP),30,31 and the largest market share of waterproof-
breathable clothing is currently that produced with the
bidirectional stretched PTFE membrane.32 These two tradi-
tional manufacturing processes involve high-temperature
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processing; therefore, energy consumption in manufacturing
processes is relatively heavy.33−35 Meanwhile, high-temperature
processes do not favor the addition of active materials and
functional nanoparticles. Therefore, developments and new
solutions to problems of fabricating protective membranes are
urgently needed.

At present, researchers have gradually focused on developing
novel micro/nanotechnology via advanced electrospinning.
Fibers prepared based on electrospinning technology have the
characteristics of a large specific surface area.36−38 Meanwhile,
the simple processing process and easy reconfiguration of
electrospun equipment endow electrospun micro/nanoprod-
ucts with diverse functions, which are beneficial to the
manufacture of advanced protective membranes.39−43 There-
fore, electrospun membranes have great potential application in
many devices due to their high-efficiency filtration, good
breathability, waterproofness, windproofness, etc.44−50 How-

ever, the corresponding disadvantages of electrospun products
are also obvious. Thinner fibers lead to greater resistance to fluid
movement, and the surface of the constructed membrane is
relatively flat, making it difficult to control the contact angle
between the membrane and water. Researchers have made
various attempts to overcome these problems. For example,
inspired by the structure of the lotus leaf, Jiang et al. reported a
methodology to construct a superhydrophobic membrane vis
polystyrene solution, and the prepared membrane with
microbeads displayed a high WCA.2 This research has great
significance for subsequent bionic structure research. However,
other comprehensive properties of the fibrous membranes were
not evaluated in this study. For electrospun products applied in
different environments, it is still a challenge to manage the
comprehensive properties of micro/nanoproducts through
designing integrated micro/nanostructures. Investigation of

Figure 1.Microstructures of a lotus leaf and the design of electrospun membranes with structured layers with controllable microbeads and nanofibers.

Table 1. Controlling Parameters and Formulas Used to Fabricate Structured Electrospun Membranesa

aP, controlling parameters; S, samples; SB, sample with microbeads; SF, sample with all fine nanofibers; SB/SF, sample with a half layer of a
microbead-based membrane and a half layer of a fine nanofiber-based membrane; SB/SF/SB, sample with a sandwich structure where the middle is
a nanofiber-based layer and the two outside layers are microbead-based; SF/SB/SF, sample with a sandwich structure where the middle is a
microbead-based layer and the two outside layers are nanofiber-based; →, indicated switching the formula.
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these problems and corresponding solutions can greatly
promote electrospun applications.

Inspired by the lotus leaf structures, in this study, we
constructed an interesting structure with controllable microbe-
ads and fine nanofibers and investigated the overall perform-
ances of prepared membranes. In addition, we built a
quantitative method and molecule dynamic simulation to
investigate the effects of several parameters, such as the applied
voltage (V), the distance between the tip and the collector
(Toc), the feed speed (FS), the polymer solution concentration
(C), and the conductivity of the polymer solution, on the
electrospinning process, the morphology of the fiber, and the
comprehensive properties of the final products. Subsequently,
we designed, prepared, and compared the comprehensive
properties of structured microbead/nanofiber membranes with
multiple layers. The results show that structured membranes
with microbeads/nanofibers and secondary layers display a
better comprehensive property, promoting a wide range of
applications in terms of biomimetic membranes. Furthermore,
the approaches used in this article have strong expansibility and
inspiration for the development of electrospun technology and
materials science.

2. EXPERIMENTAL SECTION
2.1. Materials and Fabricating Processes. Polyvinylidene

fluoride (PVDF), lithium chloride (LiCl), and dimethylformamide
(DMF) were purchased from the Shanghai Aladdin Bio-Chem
Technology Co., Ltd. All chemicals used in experiments were without
any purification and pretreatment. Structured fibrous membranes were
constructed by an electrospinning system provided by the Kato Tech
Co., Ltd. All electrospun experiments were conducted in a standard
textile lab. Polymer solutions with various formulas and controlling
parameters to produce structured fibrous membranes were shown in
Table S1. Fibrous membranes with controllable characteristics of
microbeads and nanofibers have been adjusted by different parameters.

Multiple layers of membranes with microbead-based layers and fine
nanofiber-based layers were fabricated according to Figure 1 and Table
1.

2.2. Characterization. The molecular structure of prepared fibrous
membranes was evaluated by a PerkinElmer Fourier transform infrared
spectrometer (FT-IR) (model 100 instrument, Waltham, MA, USA).
Micro/nanostructures and element mapping of fabricated fibrous
membranes were measured by a scanning electron micrograph (SEM)
(TESCAN VEGA3, from Brno, Czech Republic). Samples were coated
with gold first and then placed into the SEM machine for analysis.
Stress−strain curves of fabricated samples were measured by an Instron
4466 with the sample in a rectangular shape of 50 mm × 10 mm. The
speed of the loading rate during tests was set at 200 mm/min. The
hydrostatic pressure of fibrous nanomembranes was evaluated by the
FX 3000 Hydro Tester at 25 ± 2 °C. The increasing gradient rate of
water pressure was kept at 150 mbar. The air permeability of different
fibrous membranes was evaluated by an SDL air permeability
instrument. Water contact angles of fabricated fibrous nanomembranes
were measured by an optical video contact angle instrument produced
from Lunderskov, Denmark. The water droplet used was 5 μL at room
temperature.

The water vapor transmission rate (WVTR) of electrospun
membranes was measured by a constant temperature and humidity
chamber (model HD-E702-100-4, Haida International Equipment,
Dongguan, China). Equation 1 was used to calculateWVTR. Data from
different testing times were collected.

M M STWVTR ( )/0 1= (1)

Where M0 and M1 (g) are the weight of containers with the sample at
the initial and final state, S (m2) is the area of the cup, and T (h) is the
testing time.

Molecular Dynamics of the Electrospinning Process. To under-
stand the applied high voltage and the concentration of polymeric
solutions in the electrospun process and achieved electrospun
membrane, we investigated the deformation of a droplet of PVDF in
DMF solvent under varying conditions using BIOVIA Materials Studio.
The quantum chemical calculations and deformation length ratios in
different directions based on molecular dynamics simulation were

Figure 2.Quantitative definition with regards to characteristics of microbeads and nanofibers. (A) Schematic diagram of the electrospun process with a
typical Taylor cone, jet stabilization zone, and jet unstable zone. (B) Typical SEM picture of the electrospun membrane with microbeads and
nanofibers. (C, D) Definitions of quantitative values of microbeads and nanofibers.
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Figure 3. Factors inmicrobeads and nanofibers of electrospunmembranes. (A−C)Typical SEM picture and quantitative characteristics of microbeads
and nanofibers over V; (D−F) typical SEM picture and quantitative characteristics of microbeads and nanofibers over Toc; (G−I) typical SEM picture
and quantitative characteristics of microbeads and nanofibers over FS; (J−L) typical SEM picture and quantitative characteristics of microbeads and
nanofibers over C; (M, N) typical SEM picture and quantitative characteristics of nanofibers over LiCl; (O) optical picture of the fabricated
electrospun membrane.
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studied and evaluated. Briefly, the PVDF droplet was first optimized by
Geometry Optimization, and then the equilibrium geometries were
built; last, the varying electric fields were applied by the Force field
method in COMPASS.51−53 The length deformation rations of droplets
in the three-dimensional directions were calculated and analyzed.

3. RESULTS AND DISCUSSION
The micro/nanostructures play an important role in the
properties of materials, and hence they determine the
applications of materials. For electrospun products, the fiber
diameter and distribution as well as the characteristics of beads
have a great impact on the comprehensive properties of final
products, such as mechanical property, air permeability, water
vapor permeability, water contact angle, etc. Theoretically,
micro/nanostructures of electrospun products can be managed
by operating parameters and intrinsic characteristics of
polymeric solutions. In this section, all factors including the
applied voltage, the distance between tip and collector, the feed
speed, the concentration of polymer solution, and the content of
additives (LiCl) were systemically investigated during the
electrospinning process. Based on the investigation of control-
lable morphology, we further prepared a variety of fibrous
membranes with multiple functional structured sublayers as
shown in Figure 1.Meanwhile, quantitative definition (Figure 2)
and dynamic molecule simulation of the electrospinning process
to microbeads and nanofibers, including the bead diameter
(BD), the length to diameter ratio of beads (BLD), beads
frequency (BF), as well as the fiber diameter (FB) and its
distribution. Significantly, these quantitative analyses and
dynamic simulations are first systematically studied, and detailed
discussions are provided in the following sections.

3.1. Construct Electrospun Membranes with Control-
lable Micronanomorphologies. Adjusting microbeads and
nanofibers can manage the roughness of the electrospun
membranes, so that the hydrophilic/hydrophobic character-
istics, air permeability, and water vapor transmission rate of the
fibrous membrane can be controlled. Diverse influences of the
applied voltage (V), the distance between tip to the collector
(Toc), the feed speed (FS), the solution concentration (C), and
the contents of LiCl on the morphologies of microbeads and
nanofibers on electrospinning were systematically investigated.
Specifically, we use the control variable method to adjust the
parameters. For example, when we investigate the influence
between V and electrospinning, the other parameters, such as
Toc, FS, and C, were kept at fixed values. The detailed
parameters used in the experiment are provided in Table S1.
Corresponding results are shown in Figure 3.

Overall, operating parameters and solution properties, such as
V, Toc, FS, C, and the content of LiCl significantly impact the
BD, BLD, BF, and FD of the fibrous membrane. Microbeads and
fine nanofibers were well managed via them. Specifically, with
the increase in V, the BD shows a notable decreasing trend, from
about 4.5 μmat 13 kV to approximately 1.9 μmat 30 kV (Figures
3A−C and Figure S1); BLD shows a rapid linear increasing
trend from 2.1 to 4.8 with the voltage change from 13 to 25 kV,
then BLD tends to a steady state; BF displays a gradual
decreasing trend from 7.9 × 109 per/m2 to 4.0 × 109 per/m2 with
the increase in V. At the same time, FD shows a regular change
with the increase in V, it drops from 0.43 μm at 13 kV to 0.36 μm
at 30 kV. On the contrary, Toc does not significantly impact on
features of microbeads (Figure 3D−F and Figure S2). With the
gradual increase in the Toc, changes in BD (3.4−3.6 μm) and
BLD (4.3 ∼ 4.8) are slight. However, BF shows an increasing

trend from 4.2 × 109 per/m2 at 10 cm to 7.8 × 109 per/m2 with
the Toc. This phenomenon may relate to the characteristic of
the electrospinning process. A typical electrospun process can be
divided into two sections, meaning a jet stabilization zone and a
jet instability area (Figure 2A). Therefore, when the Toc
increases, the unstable zone may increase, leading to the factor
that the BF of the electrospun membrane increases.

Meanwhile, FS and C have significant effects on the
morphology of the electrospun membrane. With the gradual
increase in the FS, both BF and BLD show gradual decreasing
trends from 6.8 × 109 per/m2 to 4.1 × 109 per/m2, and from 5.3
to 1.7, respectively; meanwhile, BD showed an increasing trend,
increasing from 2.0 μm to around 5.0 μm (Figure 3G−I and
Figure S3). Interestingly, the increase in the concentration of the
polymer solution significantly affects the formation of nanofibers
(Figure 3J−L and Figure S4). Particularly, electrospun nano-
fibers are difficult to be directly prepared when the
concentration of the polymer solution is lower than 15%; all
fibers prepared contain microbeads when the concentration is
lower than 20%, while microbeads disappear and fine nanofibers
are constructed when the concentration is higher at 24% (Figure
3K, L and Figure S4). A large amount of solvent favors forming a
spherical shape of polymer solution droplet so that microbeads
are constructed when the solution is at low concentrations; the
interaction between the polymer chain and the solvent surpasses
the tendency of the solvent liquid to become a spherical shape
when the concentration increases, and thus fine nanofibers can
be obtained. Therefore, through investigation, we found that
controlling factors V and C have a greater influence on
morphologies of microbeads and nanofibers compared with
factors of Toc and FS. It is worth noting that the increase in the
polymeric concentration of the polymer solution leads to an
increase in the nanofiber diameter, theoretically decreasing the
specific surface area of electrospun materials. Additionally, the
increase in polymeric concentration easily causes the blockage of
the needle and the termination of the electrospinning process.
So, developing a novel method tomanage themorphology of the
electrospun membrane is important.

Theoretically, the electrospun process is a solidification
process of the polymer solution driven by the electric field.54

Thus, the jet process of the electrospinning can be adjusted if the
conductivity of the polymer solution is changed. LiCl is an
interesting inorganic salt that not only has good solubility in
dimethylformamide (DMF) but also can enhance the
conductivity of the polymer solution.55 We studied the effect
of LiCl on the electrospinning process of polyvinylidene fluoride
(PVDF) (Figure 3M, N and Figure S5), and a large-scale image
of the prepared electrospun membrane is given in Figure 3O.
The results revealed that the electrospinning process of PVDF
was optimized by adding a small amount of LiCl (0.1%),
meaning that microbeads disappeared and fine nanofibers with a
narrow distribution were constructed. Interestingly, the FD
showed a trend of decreasing first from 0.26 to 0.17 μm and then
increasing from 0.17 to 0.67 μm with the content of LiCl from
0.1 to 5.0%. Meanwhile, when the LiCl content is below 0.5%,
the distribution of the PVDF nanofibers is much narrower.
When the LiCl content is higher than 1.0%, the diameter
distribution of fibers gradually enlarges, and the variance of FD
increases from 0.12 to 0.82 μm. When the LiCl content is 5.0%,
it is very difficult to collect PVDF nanofibers, as most of the
nanofibers gather around the electrospun tip. The reason maybe
is that when excessive LiCl is added, the splitting of the micro/
nanofibers is not significant in the jet instability area due to the
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Figure 4. Molecular dynamics simulation of PVDF in DMF solvent under varying electric fields. (A) Original state of PVDF solution in a simulated
cube with a size of 55 Å × 55 Å × 55 Å; (B) state of a drop of PVDF solution without an applied electric field; (C) state of a drop of PVDF solution with
an applied electric field; (D, E) states of 20% PVDF in DMF at 0 and 50 ps under a voltage of 15 kV; (G, H) states of 20% PVDF in DMF at 0 and 50 ps
under a voltage of 30 kV; (F, I) length ratio of X/Z and Y/Z, respectively, to 20% PVDF in DMF with varying voltage; (J, K) states of 12% PVDF in
DMF at 0 and 50 ps under a voltage of 25 kV; (M, N) states of 24% PVDF in DMF at 0 and 50 ps under a voltage of 25 kV; (L, O) length ratio of X/Z,
Y/Z, and DFIL to different concentrations of PVDF under a voltage of 25 kV.
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excellent conductivity of the polymer solution. So, the diameter
of the prepared nanofiber is bigger when a large amount of LiCl
is added.

Furthermore, we meticulously designed and simulated the
electrospinning process of PVDF. Specifically, the morpho-
logical change of PVDF droplets under the action of an electric
field was theoretically investigated via dynamic molecule

simulation as shown in Figure 4. First, the original molecule
state of PVDF in DMFwas built in a cube with the size of 55 Å ×
55 Å × 55 Å, and the deformation of the droplet was then
investigated under varying applied electric fields, as shown in
Figure 4A−C. Specific simulating processes and results were
provided (Figure 4D−I, Figure S6, and Video S1). The
simulated states of the PVDF chain in varying electric voltage

Figure 5. Performances of representative electrospun membranes with different microstructures. (A, B) Optical photographs of WCA of samples
fabricated via different polymer concentrations and LiCl. (C) Different liquid drops on the sample with structured microbeads. (D−F) AP, WVTR,
WVC, and mechanical properties of various samples fabricated via different polymer concentrations. (G−I) AP, WVTR, WVC, and mechanical
properties of various samples fabricated via different contents of LiCl. (J) SEM picture of the microbead-based sample and the theory of the Cassie−
Baxter model. (K, L) Schematical diagrams of contact areas to electrospun membranes with microbeads and fine nanofibers.
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from 0 to 30 kV were investigated, and the result of length ratio
X/Z and Y/Z shows a great different change in Figures 4F, I. The
length ratio of X/Z increase from approximately 1.57 to 1.90
with the increase in applied voltage, while the value of Y/Z
increase from 1.65 to 2.08. However, the length ratio of X/Y has
a neglectable change (Figure S6). Results indicate that droplets
of PVDF undergo severe traction deformation driven by a high
electric field, thereby increasing applied voltage can promote the
formation of electrospinning jets. Moreover, we also simulated
the effect of the concentration of the polymeric solution on the
droplet morphology under the fixed electrostatic field (Figure
4J−O, Figure S7, and Video S2). The results show that the
degree of the droplet deformation affected by the polymer
concentration is significant. With the increase of the polymer
concentration from 12 to 24%, the difference value between the
final state and initial state of the length ratio (DFIL) of X/Z and
Y/Z increases in Figure 4L, O. The different values of the length
ratio of X/Z and Y/Z is up to 0.33 and 0.43 at the concentration
of 20% PVDF, meaning that when the concentration over 20%
the tensile deformation of polymer droplets under electric field
becomes significant. This favors the electrospinning process, a
corresponding experimental phenomenon that microbeads
become less when the concentration of PVDF solution surpasses
20% as shown in Figure 3K. To sum up, we simulated and
defined the deformation of PVDF droplets in different directions
under the action of a high electric field, and the corresponding
simulation and experimental phenomena showed a good
matching, which well explained the morphological changes in
the droplets and the morphologies of electrospun fibers in the
electric field under different conditions.

3.2. Effects of Micro/Nanomorphologies on Perform-
ances of Electrospun Membranes. Performances of
fabricated electrospun membranes, such as mechanical proper-
ties, moisture permeabilities, air permeabilities, and so forth,
affected by micro/nanomorphologies were investigated and
analyzed in detail. Significant differences in morphologies,
meaning the diameter of fibers and the morphology of
microbeads can be controlled by factors of polymer concen-
tration and the content of LiCl. So, in this section, we mainly
focus on the relationship between the properties of electrospun
membranes and these two factors. The performance of several
samples with representative structures, specifically, samples
including S4 and S14−21 were used, and the specific parameters
for preparing these samples were provided in Table S1. First, the
molecule structures and elements of the fabricated membrane
were confirmed by FT-IR and element mapping (Figures S8 and
S9). Specifically, the peak at 1182 cm−1 was assigned to the C−F
stretching and the peak at 1401 cm−1 was assigned to C−H
deformation.56 The element mapping demonstrates the
membrane mainly contains two elements, fluorine, and carbon.
Therefore, the PVDF in the membrane was confirmed.

In comparison with the WCA of different samples,
membranes with structured microbeads show the highest
WCA up to 151°; however, fine nanofiber-based membranes
have a stable WCA between 132 and 138° as shown in Figure
5A, B. Therefore, by regulating microbeads and nanofibers,
WCAs of membranes can be adjusted from 132 to 151°. The
excellent hydrophobicity of the electrospun membrane was
demonstrated in Figure 5C. At the same time, we compared the
other properties, like air permeability, tensile stress, and water
vapor transmission rate of samples with different structures
(Figure 5D−I, Figures S10 and S11 and Table S2). Results
revealed that nanomembranes with microbeads have better air

permeability and higher water vapor transmission rate. The air
permeability (AP) of the membrane is up to 8.7 mL/s when the
polymer solution concentration is 15%, while the WVTR of the
fibrousmembrane can achieve up to 23106 g/(m2 day) when the
polymer solution concentration is 18%. For comparison, the
highest WVTR of all finer nanofiber-based membranes was at
17546 g/(m2 day), and membranes show AP values between 2.9
and 3.5 mL/s in Figures 5G−I. The reason why a microbead-
based membrane with a relatively higher WVTR is very
interesting and the mechanism of that are demonstrated in
Figure 5J−L. The water contact angle of the fibrous membrane
obeys the Cassie model in eq 2.57

cos cos cos1 1 2 2= + (2)

Where θ1 and θ2 are the contact angles of PVDF and air. φ1 and
φ2 are the fractional surface area in the rough surface,
respectively.

Considering an ideal state of the contact angle between air and
water, θ2 = 180°, and the total φ1 + φ2 = 1, eq 2 can be
transferred to the Cassie−Baxter model in eq 3.58

cos (1 cos ) 11 1= + (3)

High roughness means that the contacting interface between
materials and water decreases, so the value of φ1 decreases.
Thereby, the contact angle of the water droplet increases. The
roughness of the membrane increases with the containing of
microbeads. Figure 5K, L shows schematic diagrams that the
higher roughness of the membrane favors the higher contact of
air with the water, and thus the transpiration of water is
effectively promoted. So, we observed that the fibrous
membrane with microbeads, such as S4, displays higher
WVTR compared to membranes with fine nanofibers. The air
permeability and moisture permeability of the prepared fibrous
membrane also drops via adding different contents of LiCl,
which is because the FD becomes smaller compared with others.
Of note, when the LiCl content is 0.5%, the air permeability of
the prepared membrane is the lowest at 2.9 mL/s; by
comparison, that of S4 with microbeads can reach up to 5.3
mL/s. The mechanical properties of microbead-based mem-
branes display a lower level when compared with finer nanofiber-
based membranes. In detail, since the addition of LiCl facilitate
the formation of the fine nanofiber, the mechanical property of
the nanomembrane without microbeads are well improved
compared with the normal S4 with microbeads. The broken
strength of S4 is 8.4 MPa while that of the perfect nanofiber with
LiCl reaches up to 11.5 MPa, meaning this performance has
been enhanced 1.4 times only by adding tiny amounts of
inorganic salts (Figure 5H and Figure S11). It should be noted
that when the content of LiCl increases above 0.5%, the
mechanical property of the as-prepared PVDF-based nano-
membrane shows a decreasing trend. The reason is that the
excessive addition of LiCl may lead to defects inside nanofibers,
and thus the overall mechanical property of fibrous membrane
deteriorates.

Overall, although the air permeability and the water vapor
transmission rate of the microbead-based membrane are
relatively higher, the mechanical property of the membrane
containing microbeads is very poor. Therefore, the practical
application of the membrane with microbeads is limited. It is of
great significance to prepare fibrous membranes integrated with
the advantages of microbeads and nanofibers. In the following
section, the construction of membranes with structured
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microbeads and nanofibers has been focused on and systemati-
cally investigated.

3.3. Comprehensive Properties of Structured Electro-
spun Membranes. As the mechanical property is fundamental
to materials, the sample with microbeads (SB) is not suitable for
many practical applications. Meanwhile, the sample with fine
nanofibers (SF) has a lower WVTR, WCA, and AP as prepared
nanofibers are thinner and more uniform, its application is also
limited in the fields of smart fabrics, intelligent protection, and
wearable devices. Therefore, it is crucial to design membranes
with structured microbeads and nanofibers, realizing adjustable
comprehensive properties via constructing structured sublayers.
Based on the above investigation, structured microbeads/
nanofibers membranes with programmable layers were
fabricated via controllable electrospinning. The controlling

parameters and formulas used to fabricate structured electro-
spun membranes were provided in Table1. Comprehensive
properties of fibrous membranes were investigated and
compared (Figure 6, Table 2, and Figure S12). By comparison
(Table S3), fibrous nanomembranes with dual-layer and triple-
layer micro/nanostructures demonstrate better comprehensive
properties, with a high WVTR > 17500 g/(m2 day), a high AP >
5mL/s, and a largeWCA up to 151°, good tensile strength of 9.4
MPa, and high hydrostatic pressure of 623 mbar, enabling a
wider service range of electrospun membrane.

Specifically, five types of structured microbead/nanofiber
membranes with different features were constructed as shown in
Figure 6A. Single-layer membranes include the typical microbe-
ad-based membrane (SB) and the perfect nanofiber-based
membrane (SF); the dual-layer membrane is the integrated

Figure 6.Comprehensive properties of fibrous membranes with structured microbeads/nanofibers. (A) Design of fibrous membranes with structured
microbeads/nanofibers and sublayers. (B) Comprehensive properties of structured electrospun membranes. (C, D) Properties, such as
waterproofness, water contact angle, air permeability, and water vapor transmission rate of diversely designed membranes. (E) Demonstration of
superhydrophobicity of fabricated membranes. (F) Demonstration of waterproofness and breathability of the fibrous membrane.
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membrane SB/SF composed of half microbead-based layer and
half perfect nanofiber membrane; two types of three-layer
membranes are the membrane with SF as the interlayer SB as
outer layers, and the membrane with SB as the interlayer SF as
outer layers, respectively. Their essential properties including
mechanical properties, the water contact angle, the air
permeability, the water vapor transmission rate, and the
hydrostatic pressure, are shown in the radar map of Figure 6B.
In comparison, two-layer and three-layer integrated membranes,
in particular SB/SF and SB/SF/SB, have broader service spaces.
Designed two-layer and three-layer structured membranes not
only have the adjusting bigger water contact angle and higher air
permeability but also have high moisture permeability and good
mechanical strength. Thus, integrated membranes display
excellent comprehensive properties. It is worth mentioning
that the reduction of the hydrostatic pressure resistance of SB/
SF and SB/SF/SB is neglectable compared with the best
membrane of SB as shown in Figure 6C. Meanwhile, as
illustrated in Figure 6D, compared with SF, the AP values of SB/
SF and SB/SF/SB improve 52 and 85%, respectively. The
excellent hydrophobicity of the fabricated membrane was
demonstrated in Figure 6E, showing that no obvious attached
liquids on the membrane when liquids flow down on it.
Demonstrations of the good air permeability and the hydrostatic
pressure of the structured membranes were given (Figure 6F,
Figure S12, and Video S3). In the following research, we plan to
use an industrial-scale electrospinning system for industrializa-
tion and large-scale preparation of the structured micro-/
nanomembrane. The study in this paper based on needle
electrospinning technology and related formulation optimiza-
tion will provide significant guidance in the technology
transformation to needleless electrospinning.

To sum up, through the regulation of electrospinning
microbeads and nanofibers as well as the construction of
structured sublayers of fibrous membranes, we effectively
fabricated diverse structured fibrous membranes with tunable
comprehensive properties. These membranes can be used in
diverse applications, such as waterproof breathable areas, soft
electronics, and intelligent wearables. Meanwhile, these
approaches to controlling morphologies of microbeads and
nanofibers and to constructing secondary interlayer structures
play a good guiding role in materials science and technology.

4. CONCLUSION
In this study, a lotus leaf-inspired electrospun membrane on a
large scale with good comprehensive properties was systemati-
cally designed, prepared, and evaluated. The micro/nanostruc-
tures of the structured membrane in terms of microbeads and
nanofibers were quantitatively analyzed and meticulously
simulated over various control parameters, including V, Toc,
FS, C, and LiCl in detail. Experimental results of electrospinning
and molecular dynamics simulations of polymeric droplets show
a good match. Based on the controllable fabrication of
microbeads and nanofibers, comprehensive properties, such as
the BS, BE, AP, WVTR, and WP of the prepared membranes
with controllable micro/nanomorphologies and sublayers were
systematically achieved, investigated, and optimized. Inspired by
the biomimetic concept of the lotus leaf, this research created a
good designability of the electrospun membrane in terms of
microbeads and nanofibers as well as sublayer structures. In
comparison, structured membranes with dual layers and triple
layers of regulated micro/nanostructures demonstrate better
comprehensive performances. Prepared lotus leaf-inspired
membranes have high performance in AP and WVTR, while
they are also equipped with good mechanical properties.
Therefore, designed SB/SF and SB/SF/SB have wider service
ranges. It is worthmentioning that these membranes have a large
WCA up to 151°, AP > 5 mL/s, WVTR > 17 500 g/(m2 day),
and WP > 580 mbar. This study provides a feasible approach to
constructing fibrous membranes that can optimize comprehen-
sive properties, enabling them to be used as advanced filtration,
waterproof-breathable devices, flexible electronics, intelligent
wearables, etc. We believe that this article is of great significance
in the development of nanomaterials and electrospinning
technologies.
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Table 2. Comprehensive Properties of Structured Electrospun Membranesa

aP, controlling parameters; S, samples; BS, broken stress; BE, broken elongation; SB, sample with microbeads; SF, sample with all fine nanofibers;
SB/SF, sample with a half layer of a microbead-based membrane and a half layer of a fine nanofiber-based membrane; SB/SF/SB, sample with a
sandwich structure where the middle is a nanofiber-based layer and the two outside layers are microbead-based; SF/SB/SF, sample with a sandwich
structure where the middle is a microbead-based layer and the two outside layers are nanofiber-based.
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Video S1, states of 20% PVDF at 0 and 50 ps under 30 kV
(AVI)
Video S2, states of 24% PVDF at 0 and 50 ps under 25 kV
(AVI)
Video S3, demonstration of the waterproof breathable
function (MP4)
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