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ABSTRACT: Inspired by the helicoidally organized microstructure of
stomatopods’ smasher dactyl club, a type of impact-resistant composite
film reinforced with periodic helicoidal nanofibers is designed and
fabricated, which reproduces the structural complexity of the natural
material. To periodically align nanofibers in a helicoidal structure, an
electrospinning system is developed to better control the alignment of
electrospun nanofibers. When the nanofiber scaffold is embedded in an
epoxy matrix, the presence of a hierarchical structure allows the composite
films to achieve properties well beyond their constituents. The composite
film exhibits excellent optical transparency and mechanical properties, such
as enhanced tensile strength, ductility, and defect tolerance. With elegant
design mimicking nature’s hierarchical structure at multilength scales, the
composite films could effectively release the impact energy and greatly increase the impact resistance, suggesting that the
transparent composite films are promising protective layers suitable for various applications.
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1. INTRODUCTION

Bioinspired innovations of composite materials have dramati-
cally enriched the material landscape, ranging from lightweight
and stiff materials mimicking bamboo to strong and tough
materials resembling nacre.1−3 Nature has been iteratively
solving an optimization problem through evolution and driving
the adaptation of organ functions for organism survival.4,5 A
paradigm in nature’s design is to architect composite materials
with hierarchical structure at different length scales, which has
demonstrated excellent material properties compared to their
constituents. For example, stomatopods are well known for their
raptorial predatory strike, which exemplifies one of the fastest
movements in nature, and their hammerlike smasher dactyl
clubs, which is highly powerful to crush hard-shelled prey.6−8

The ability of stomatopods’ clubs to resist damage during a
considerable impact is attributed to their composite structure
consisting of a highly aligned chitinous nanofiber matrix
embedded in an amorphous mineral phase. The organic
chitinous nanofibers exhibit a characteristic helicoidal organ-
ization, which has been proven to be capable of dissipating
impact energy by propagating microcracks.9,10 Composite
materials with such periodic helicoidal structure are thus
expected to possess similar damage-tolerant property,10−16

which have large potential in various applications.17−21

However, such bioinspired composite materials are currently
unavailable due to their structural complexity, and great
challenges lie in the fabrication of nanofiber scaffolds with a
periodic helicoidal arrangement.
Electrospinning has demonstrated great advantages in

fabricating nanofibers. Compared with other techniques, such
as drawing,22,23 photolithography,24 and self-assembly,25 elec-
trospinning could continuously fabricate mechanically strong
nanofibers with controllable diameter, uniformity and morphol-
ogy.26−29 Electrospun nanofibers with more complex morphol-
ogies, such as those decorated with separated beads along the
fiber,30,31 could also be achieved when combined with
microfluidic technique.32 While electrospun nanofibers are
generally nonwoven due to bending instability, previous works
have demonstrated that they could be unidirectionally aligned
by the design of electrodes or magnets on the collector.33,34

However, current electrospinning system still lacks the control
over the three-dimensional (3D) organization of electrospun
nanofibers, which limit the design of materials with more
complex hierarchical structure and thus compromise the
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performance of composite materials. Advancement of electro-
spinning technology that enables well-defined 3D architectures
is, therefore, desired.
In this paper, we develop an electrospinning system with a

delicate control of applied voltages on the designed electrodes,
which enables the alignment of electrospun nanofibers at
multiple length scales and thus the fabrication of helicoidally
aligned nanofibers that mimic the microstructure of stomato-
pod’s hammerlike club. Composite films of hierarchical
helicoidal nanofibers embedded in an epoxy matrix demonstrate
excellent transparency and increased tensile strength and
toughness. Due to the helicoidally aligned nanofibers, the
composite films are resistive to cut propagation and show a
consistent tensile strength in the presence of defects. Falling ball
and pendulum impact tests prove that the composite films could
effectively absorb a large amount of impact energy and greatly
increase the impact resistance, suggesting promising applica-
tions of the transparent films as a protective layer in various
fields, such as bendable displays and airplane windows.

2. RESULTS AND DISCUSSION
2.1. Design of Composite Films with Hierarchical

Structure. Inspired by the natural microstructure of stomato-
pods’ club, we design a hierarchical composite film reinforced
with periodic helicoidal nanofibers to achieve advanced
functions, such as impact resistance, as shown in Figure 1a.
Helicoidally aligned nanofibers are prepared by an electro-

spinning system with a well-designed collector and a program-
mable voltage control system, as shown in Figure 1b. Four pairs
of electrodes are designed on the collector with a void gap at the
center. During the electrospinning process, a high potential (18
or 14 kV) is applied on the spinneret and one pair of electrodes is
grounded while other three pairs are connected to high
potentials (U1 = 4 kV and U2 = 2.5 kV, respectively). The
generated electric field is mainly focused and unidirectionally
aligned in the plane spanned by the high-voltage spinneret and
the two grounded electrodes, as shown in Figure 1c. The electric
field subsequently guides the stretching and alignment of
nanofibers through electrostatic interaction along the two
grounded electrodes.35 The unidirectionally aligned nanofibers
are highly ordered with an order parameter of S = ⟨2 cos2 θ − 1⟩
∼ 0.97 (where θ is the angle between the individual fiber
orientation and the average fiber orientation), as shown in
Figure 1d and calculated in detail in the Supporting Information.
After depositing the first layer of unidirectionally aligned
nanofibers, the applied voltages are alternated between the
electrodes, i.e., the orientation of grounded electrodes rotates
clockwise, and a second layer of unidirectionally aligned
nanofibers are deposited on top of the previous one with an
angle of 45°. Therefore, periodic stacking of unidirectional
nanofibers along each pair of electrodes constitutes a scaffold of
nanofibers helicoidally aligned along four rotating directions, as
shown in Figure 1e,f.

Figure 1. Bioinspired design of impact-resistant composite films. (a) A snapshot of a stomatopod with hammerlike smasher dactyl clubs. The
hierarchical structure at multilength scales contributes to its excellent impact-resistant property and inspires the design of impact-resistant composite
films reinforced with helicoidally aligned nanofibers. (b) Schematic illustration of the electrospinning setup with a patterned collector and a
programmable voltage controller. (c) Simulation of the electric field, which is unidirectionally aligned along the two grounded electrodes. (d) Statistics
of the orientations of unidirectionally aligned nanofibers, showing an order parameter of S = ⟨2 cos2 θ − 1⟩ ∼ 0.97. (e) Fabrication of a periodic
helicoidal microstructure by alternatively aligning nanofibers along the four pairs of electrodes. (f, g) Optical images of helicoidally aligned nanofibers.
(h) Transparent composite film reinforced with helicoidal nanofibers. (i) Scaffold of birefringent nanofibers imaged under depolarized optical
microscope.
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A typical film of nanofibers consists of roughly 100 periods of
helicoidal nanofibers along 4 rotating directions, as shown in
Figure 1g. Composite films are then prepared by solution
impregnation of epoxy resin into the nanofiber scaffold, as
shown in Figure 1h. Mainly due to the small size of nanofibers (d
∼ 100 nm) and the small refractive index mismatch between the
nanofibers and the resin, the obtained composite film exhibits
excellent optical transparency and is essentially the same as neat
epoxy film, as shown in Figure S1. The scaffold of birefringent
nanofibers embedded in the film could be visualized under
depolarized optical microscope, as shown in Figure 1i.
To systematically study the effect of the microstructure of

reinforced nanofibers and investigate their mechanical perform-
ance, we prepare composite films with three different types of
nanofiber arrangements, i.e., nanofibers unidirectionally aligned
along one direction (U-1) (Figure 2a), periodically aligned

along two orthogonal directions (O-2) (Figure 2b), and
helicoidally aligned along four rotating directions (H-4) (Figure
2c). Well-controlled alignments of nanofibers are achieved by
electrospinning under a programmable voltage controller and
their microstructures are clearly visualized by the scanning
electron microscopy (SEM) images in Figure 2 andmagnified in
Figure S2. When the scaffolds of nanofibers are infiltrated with
epoxy resin, the three types of composite films are all transparent
and look similar. However, their mechanical performances are
very different and strongly affected by the microstructure of
underlying nanofibers.
2.2. Mechanical Properties of Composite Films. To test

the mechanical performance of our composite films, nylon is
chosen as a model material, which has a larger tensile strength
(∼300 MPa) than epoxy,36 and the results of composite films
reinforced with nylon nanofibers are shown in Figure 3a. Under
a typical stretching, epoxy films without nanofibers show a weak
tensile strength. Since aligned nanofibers are known to be stiff
and strong along the fiber direction, composite films reinforced
with unidirectionally aligned nanofibers demonstrate strongly
anisotropic mechanical properties, i.e., the tensile strength along
the fiber direction is much larger than that perpendicular to the
nanofibers. In contrast, composite films with a periodic
helicoidal structure show roughly isotropic mechanical proper-
ties and overall better mechanical performances, i.e., the tensile
strength and ductility of the composite films reinforced with 3

vol % nanofibers increase by 50 and 150%, respectively. These
results suggest that nanofibers organized in periodic helicoidal
structure could effectively improve the overall mechanical
properties of the composite films.
Finite-element simulations of the composite films show

consistent results with the experiments (Figure S3). The
composite films with unidirectionally aligned nanofibers show
a maximum tensile strength of ∼50 MPa along the fiber
direction and a minimum tensile strength of ∼20 MPa
perpendicular to the fiber direction. However, the periodic
helicoidal stacking of anisotropic nanofiber layers along four
rotating directions nearly contributes to an isotropic mechanical
enhancement, improving the overall tensile strength up to ∼39
MPa.
Defects generally exist in the microstructure of composite

materials, which can weaken the performance of a material by
orders of magnitude. To demonstrate the defect-tolerant
property of our composite films with a periodic helicoidal
microstructure, a small cut is introduced into the samples, as
shown in Figure 3b. During the stretching of a sample film, the
stress is easily focused on the tip of the cut, tearing the film and
resulting in a great decrease of the tensile strength. Therefore,
the tensile strength of epoxy films without nanofibers reduces
from∼25MPa in the absence of cut to∼17MPa in the presence
of cut, indicating that neat epoxy films are susceptible to defects
and their mechanical performance could easily be compromised.
In contrast, the periodic helicoidal nanofibers embedded in the
resin matrix could effectively dissipate the stress on the tip of the
cut.9 Our composite films are thus resistive to the cut
propagation and show a consistent tensile strength of∼36 MPa.
The preparation of the composite films is quite versatile as

various kinds of nanofibers can be made by electrospinning. The
overall mechanical properties of the composite films could thus
be tailored by using different nanofibers as the scaffold. When

Figure 2. Fabrication of transparent composite films reinforced with
different nanofiber arrays. Hierarchical structures of nanofibers (a)
unidirectionally aligned along one direction (U-1), (b) periodically
aligned along two orthogonal directions (O-2), and (c) helicoidally
aligned along four rotating directions (H-4) are prepared by
electrospinning with a patterned electrode and a programmable voltage
controller. Transparent composite films are obtained by infiltrating
epoxy resin into the interstitial spaces of nanofibers.

Figure 3. Mechanical performances of the composite films reinforced
with nanofibers. (a) Stress−strain curves of the composite films
reinforced with nylon nanofibers. The mechanical performances of the
composite films strongly depend on the underlying hierarchical
structure of the nanofibers. (b) Stretching tests of the composite
films with a small cut. The performance of neat epoxy film is greatly
compromised, while the composite films are resistive to the cut
propagation, showing a consistent result. (c) Performances of the
bending test on an epoxy block adhered with a composite film, showing
a better bending resistance than the epoxy block alone. (d) Results of
the pendulum impact test. The protective layer of the composite film
absorbs a large amount of impact energy before the epoxy block.
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polyurethane nanofibers are reinforced in the resin matrix, the
composite films overall show a smaller tensile strength than
those reinforced with nylon nanofibers, since polyurethane has a
smaller tensile strength than nylon, as shown in Figure S4.
Irrespective of the difference between polyurethane and nylon,
both types of composite films show a similar mechanical trend
when their underlying nanofiber microstructures are the same,
i.e., composite films reinforced with nanofibers aligned along
one direction demonstrate strongly anisotropic mechanical
properties, while composite films with a periodic helicoidal
structure show similar mechanical performance along different
directions.
To demonstrate the capability of our composite films to resist

static and dynamic forces, bending and pendulum impact tests
are performed on the samples, respectively. A composite film of t
= 0.5 mm thick is adhered to an epoxy block of t = 10 mm thick.
The addition of the thin composite film with periodic helicoidal
nanofibers exhibits a significant increase of the yield limit from
102 to 140 MPa, as shown in Figure 3c. The crack of the testing
sample with a composite film may be attributed to the applied
bending stress beyond its limit. The shear stress as a function of
displacement during a pendulum impact is shown in Figure 3d.
In the sample with a composite film, two peaks are observed, one
corresponding to the protective layer and the other to the epoxy
block. The area of the first peak suggests that the thin composite
film absorbs a large amount of energy of 1.4 kJ/m2 during the
impact, and the gentle incline of the peak indicates that the
composite film releases the impact in a continuous manner.
2.3. Impact-Resistant Performance of Composite Film.

Previous study on stomatopods’ club suggests that its hybrid
structure with periodic helicoidal chitinous nanofibers displays
effective defense against repetitive high-energy loading events.9

Therefore, a strengthened impact resistance is expected in our
composite films. A simple falling ball test is performed to
demonstrate the tolerance of the composite films to high-
velocity impacts, as shown in Figure 4a, and the heights required
to crack the testing films are statistically plotted in Figure 4b.

Epoxy films without nanofibers of t = 1mm thick generally crack
when a ball ofm = 0.25 kg freely falls from a height of h∼ 20 cm
and show a smooth fracture line (Figure S5). In contrast, the
required height for composite films reinforced with orthogonally
aligned nanofibers increases to h∼ 40 cm, while composite films
with helicoidally aligned nanofibers show a much better
performance and require a height of h ∼ 80 cm, proving that
the helicoidal scaffold plays an important role in strengthening
the impact resistance. To unveil the underlying mechanism, the
fracture lines of cracked films are investigated under optical
microscope, as shown in Figure 4c. Zigzag fractures are observed
in the composite films with periodic helicoidal nanofibers, which
is a typical evidence that the composite film resists the
propagation of fractures.2 Generally, cracks tend to follow the
direction of nanofibers. However, because of the helicoidal
nanofiber array, there is no preferable direction for cracks to
follow; thus, cracks can only propagate through the material by
finding a tortuous zigzag path, which would require greater
energy to achieve complete fracture. Therefore, the biologically
inspired helicoidal scaffold is shown to be an effective structure
to resist fractures and stand high-energy impacts.
The composite films with enhancedmechanical properties are

ideal for various applications. To test our composite films as a
protective layer, a thin composite film with a thickness of t = 500
μm is adhered on top of a glass slide. When a steel ball ofm = 16
g falls from a height of h = 80 cm onto the glass slide, the glass
slide easily cracks without any protection (Figure 5a) or under
the protection of a toughened glass film (Figure 5b) or a resin

Figure 4. Impact-resistant tests of freely suspended composite films. (a)
Schematic illustration of a ball freely falling from a certain height onto
the composite film. (b) Statistics of the heights, at which the falling ball
cracks the composite film. (c) Microscopy and SEM images of the
fractures on the cracked composite films, exhibiting a typical zigzag
pattern. The cross section of the fracture shows the embedded
helicoidal nanofiber array with a period of p ∼ 1.7 μm and a good
interfacial adherence formed between the nanofibers and the resin.

Figure 5. Performances of different films as a protective layer. (a)
Without any protection, the glass slide cracks easily under the impact of
a falling steel ball. (b) A layer of toughened glass film is used to protect
the glass slide and both of them are cracked by the falling ball. (c) A
layer of resin film could not prevent the cracking of the glass slide from
the falling ball. (d) The composite film reinforced with periodic
helicoidal nanofibers shows excellent impact-resistant performance,
which protect the glass slide underneath from the impact of the falling
ball. In all these experiments, different protection films have a same
thickness of t = 500 μm and the steel ball of m = 16 g falls from a same
height of h = 80 cm.
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film (Figure 5c). In contrast, the composite film reinforced with
periodic helicoidal nanofibers shows excellent impact-resistant
performance, which protects the glass slide underneath from
cracking, as demonstrated in Figure 5d. The ability of the
composite film to resist fracture is attributed to its elegant design
mimicking nature’s hierarchical structure at multilength scales,
which displays effective defense against catastrophic failure
during high-energy loading events.9 The excellent impact-
resistant performance thus suggests promising applications of
the transparent composite films as a protective layer in various
fields, such as bendable displays and airplane windows.
The excellent performances of the composite films are

attributed to the well-controlled helicoidal arrangement of the
nanofibers by electrospinning. Compared with helicoidal
structures produced by other techniques, such as 3D printing
or self-assembly,15 electrospinning is advantageous for fabricat-
ing nanofibers of small size, which is important to achieve
excellent optical transparency. In addition, due to the stretching
and induced order, electrospun nanofibers are known to be
stiffer and stronger than those prepared by extrusion, which is
important to improve the overall mechanical performance of the
composite film. Compared with nested structures, such as
helicoidally aligned nanofibers, the composite films reinforced
with helicoidally aligned nanofibers demonstrate distinguished
better performances, suggesting that helicoidal structure is
essential in improving the performances of the composite films
and helicoidally aligned nanofibers possess the characteristics of
helicoidal scaffolds in nature.

3. CONCLUSIONS
The bioinspired design of impact-resistant composite films are
realized by engineering the microstructure of reinforced
nanofibers. Alignments of nanofibers in a periodic helicoidal
scaffold are achieved through a delicate design of the electrodes
and the control of the applied voltages. The composite films with
hierarchical nanofibers exhibit excellent optical transparency
and enhanced mechanical properties, such as tensile strength,
ductility, and toughness. The periodic helicoidal array of
nanofibers are advantageous to resist the propagation of cracks
and absorb a large amount of impact energy; the composite films
thus show excellent performances of defect-tolerance and
impact-resistance. The studies of the composite films with
hierarchical nanofiber structure provide important design
insights into the advancement of impact-resistant materials.
The developed electrospinning technology also presents a
powerful platform that enables the design and fabrication of
functional materials with more complex structure at multiple
length scales and thus with better performances.

4. EXPERIMENTAL SECTION
4.1. Materials. Nylon 6 (Production Number: 181110), purchased

from Sigma-Aldrich, and polyurethane (Texin RxT85A), bought from
Covestro, are used to fabricate nanofibers by electrospinning. Formic
acid, dimethylformamide, and tetrahydrofuran are purchased from
Sinopharm Reagent and used as solvents. Bisphenol-F epoxy resin
(Hexion EPON Resin 862) is used to prepare composite films and
epoxy blocks. Poly(propylene glycol) bis(2-aminopropyl ether) (Mn ∼
230 Da, purchased from Aladdin) is used to cross-link the epoxy resin.
The epoxy resin and the cross-linker are mixed at a weight ratio of 2:1
and cured in an oven at 60 °C for 48 h.
4.2. Fabrication of Ordered Nanofibers. A syringe pump

(LongerPump LSP01-1A) is used to continuously infuse the polymer
solution into the conductive spinneret and a PCB board with four pairs
of electrodes is used as the collector. The distance between each pair of

electrode is 60 mm. In a typical experiment, the infusion rate of the
polymer solution is 0.4 mL/h and the distance between the spinneret
and the collector is 15 cm. The electrospinning experiments are carried
out at room temperature (∼20 °C), and the humidity is maintained
below 50%. Three power supplies (HB-Z303-1AC brought from
Tianjin HENGBOTechnology Development Co.) are used to fabricate
nanofibers helicoidally aligned along four rotating directions. All the
three power supplies are commonly grounded. One power supply (U0)
is directly connected to the spinneret. Each of the rest two power
supplies (U1 and U2) is connected to the four pairs of electrodes on the
collector via four relays. The ground is also connected to the four pairs
of electrodes via four relays. Therefore, there are total 12 relays. The
voltage applied on each pair of electrodes is controlled by the on or off
of each relay, while each relay is controlled by each channel of the
programmable controller. At each moment, by programing the
programmable controller, the output of the programmable controller
through each channel could control the on or off of each relay to achieve
one pair of electrodes connected to U1, two pairs connected to U2, and
the last pair grounded, as shown in Figure 1b. By programing the
programmable controller over time, it is achievable to periodically
alternate the voltages applied on the electrodes and rotate the grounded
electrodes clockwise at an interval of desired minutes. Therefore, the
connection between the electrodes on the collector and the power
supplies is controlled by the programmable controller.

For nylon nanofibers, 20 wt % nylon solution is prepared by
dissolving nylon in formic acid and 18 kV is applied on the spinneret. To
fabricate helicoidally aligned nanofibers, one pair of electrodes is
grounded. The voltage applied on the two pairs of electrodes close to
the grounded one is 2.5 kV, and the voltage applied on the last pair
perpendicular to the grounded one is 4 kV. The voltages applied on the
electrodes are periodically alternated, and the grounded pair of
electrodes rotates clockwise at an interval of 2 min. A typical film of
helicoidally aligned nanofibers is prepared by continuous electro-
spinning for 1 day. To fabricate orthogonally aligned nanofibers, two
pairs of electrodes are designed on the collector. One pair is grounded
and the other is connected to 4 kV. The applied voltages on the
electrodes switch between the two pairs of electrodes every 2 min. A
typical film of orthogonally aligned nanofibers is prepared by
continuous electrospinning for 1 day. To fabricate polyurethane
nanofibers, 20 wt % polyurethane solution is prepared by dissolving
polyurethane in themixture of dimethylformamide and tetrahydrofuran
(ratio of dimethylformamide/tetrahydrofuran = 1:1), and 14 kV is
applied on the spinneret. All other parameters are the same as those
used for nylon nanofibers.

4.3. Characterization and Test of Composite Films. Optical
micrographs are taken by an optical microscope (Sunny CX40P). SEM
images are captured using Hitachi S4800. The stretching and bending
tests are carried out by a universal testing machine (Instron 5944). The
samples are 20 mm × 20 mm wide and 1 mm thick. The volume of the
nanofiber scaffold is measured by Archimedes’ drainagemethod and the
volume fraction of the nanofiber scaffold in the composite film is kept at
a constant of 3 vol %. The cross-head speeds are 1 mm/min in the
stretching experiment and 0.5 mm/min in the bending experiment. The
artificial small cut is an equilateral triangle with a depth of 2 mm into the
edge of the sample. The impact ductility test is carried out using a falling
ball impact testing machine (JINCHE LX-2000A). The weight of the
ball is 0.25 kg. The height of the falling ball starts from 0.1 m and
increases gradually with an interval of 0.1 m, until the falling ball cracks
the composite film. In the pendulum impact test, the testing samples are
simply supported in the machine (CEAST 9050) and tested using a 7.5
J pendulum.

4.4. Finite-Element Simulation of Composite Films. Numer-
ical analysis of the stress−strain performance of the composite films is
carried out by finite-element simulation. ACP module in ANSYS
software is used in the simulation. The model composite film is 10 mm
× 10 mm wide and 1 mm thick. The parameters of the composite films
are set according to the experimental results. The Young’s module is
1024 MPa for epoxy resin matrix alone, 777.48 MPa for U-1 nanofibers
along the fiber direction, 890.596 MPa for U-1 nanofibers
perpendicular to the fiber direction, and 607.9 MPa for H-4 nanofibers
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along all directions. The Poisson’s ratio is 0.34 for all films. The rigidity
modulus is 387.88MPa for epoxy resin matrix alone, 294.5MPa for U-1
nanofibers along the fiber direction, 337.33 MPa for U-1 nanofibers
perpendicular to the fiber direction, and 230.MPa for H-4 nanofibers
along all directions. The breaking strength is 24.27 MPa for epoxy resin
matrix alone, 40.5 MPa for U-1 nanofibers along the fiber direction,
20.27 MPa for U-1 nanofibers perpendicular to the fiber direction,
38.25 MPa for O-2 nanofibers along or perpendicular to the fiber
direction, and 40.08MPa for H-4 nanofibers along all directions. Model
of reinforced nanofibers is constructed by stacking layers of oriented
nanofibers in a periodic helicoidal structure. In each layer, nanofibers
are unidirectionally aligned and their orientation rotates clockwise
along the helical axis. Perfect adhesion is assumed between the
nanofibers and the epoxy resinmatrix in the simulation. The pitch of the
nanofibers and the size of the composite films are consistent with the
experiments. To simulate the stretching, the displacement is loaded on
one side of the composite film when the other side is fixed. The
relationships between the stress and strain during the stretching process
are then obtained.
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