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Abstract: Owing to the growing global environmental prob-
lems, demands for environmentally friendly, fully biodegrad-
able sustainable composites have substantially increased across
various industries. Inspired by the composite structure of
cocoon silk, we fabricated a fully green composite fiber (GCF)
that is based on the lotus fiber (LF) and a biodegradable
polymer, namely poly(vinyl alcohol) (PVA). After the forma-
tion of cross-linkages between the LF and PVA, the mechanical
properties of this bioinspired GCF had substantially improved.
In particular, the specific mechanical properties are superior to
those of cocoon silk and other natural fibers. These findings
suggest that LFs may be used as reinforcement materials for the
fabrication of bulk green materials for various industries, such
as the textile, medical, automobile, and aerospace industries.

Owing to the growing global environmental problems, the
demands for environmentally friendly, fully biodegradable
sustainable composites have substantially increased in various
industries, including the textile, packaging, automobile, aero-
space, and medical industries.!! Aside from the traditional
green composites that consist of nondegradable thermoplastic
polymers,?! such as polyethylene (PE),! polyesters,* or
poly(methyl methacrylate) (PMMA),”! and thermosetting
polymers, such as epoxy and polyurethane, fully biodegrad-
able composites,” which are composed of natural fibers and
biodegradable resins,”®! have received a lot of attention as they
are sustainable materials that are based on renewable
resources.”!

“The lotus roots may break, but the fiber remains joined”
is an old Chinese saying. Lotus fiber (LF) is a new kind of
natural fiber and features, compared to other traditional
natural fibers, significant advantages, including simple culti-
vation techniques, low costs, and abundant resources."”! As
the mechanical properties of pure LF are inadequate,"! it
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remains a great challenge to apply LF for the construction of
high-performance green composites. As a typical green
composite fiber," cocoon silk represents an ideal solution
for the construction of high-performance composites that are
based on LF. The fibroin fibers of cocoon silk are coated with
a thin film of a sericin sheath, which acts like a matrix and
allows for an efficient transfer of load stress to the fibroin
fibers. A recent study revealed that compared to pure fibroin
fibers, the mechanical properties of cocoon silk could be
improved by 20%1¥ with a sericin loading of only 20-
26.6 wt % >l which is far lower than that of conventional
carbon-fiber-reinforced composites.

Inspired by the of composite structure of cocoon silk, we
fabricated a green composite fiber (GCF) that is based on LF
and a biodegradable polymer, namely poly(vinyl alcohol)
(PVA). Through the formation of cross-linkages between LF
and PVA, the mechanical properties of this bioinspired GCF
could be substantially improved and are thus comparable to
those of natural fibers, such as jute, hemp, kenaf, and sisal
fibers. In particular, the specific tensile strength of the
bioinspired GCF is greater than that of cocoon silk, and its
specific modulus is three larger higher than that of cocoon
silk. The synthesis of this bioinspired GCF demonstrates that
LF structures may be used as reinforcement materials for the
fabrication of bulk green materials for applications in various
areas, including the textile, medical, automobile, and aero-
space industries.

The LF is easily drawn out from the lotus stem (Fig-
ure 1a). A cross section of the lotus stem reveals that the
vessels and tracheids are of many different sizes (Fig-
ure 1b).'"1 The lotus fibers are orderly assembled in the
vessels and tracheids in the shape of a helix (Figure 1c).l”!
The lotus fiber is spun out with a left-handed spiral structure
(Figure 1d),™ and several individual lotus fibers are con-
glutinated into one bundle (Figure 1¢).') The individual lotus
fiber has an elliptical or slightly oval shape with a diameter in
the range of 3.0-6.0 um (Figure 1 f); the average diameter was
calculated to be approximately 5.0 um (for details, see the
Supporting Information, Figure S1). This self-assembled
structure verifies the old Chinese saying that was mentioned
above. The intrinsic features of the LF bundles are very
different from those of other natural fibers, which can be
transformed into continuous fibers by making use of an
ancient technology, namely spinning.'®! Then, the bioinspired
green composite fiber (GCF) was fabricated following the
procedure that is described in Figure 2. The lotus stem is fixed
on motor 1, which rotates anticlockwise, and the lotus fiber
bundles are spun out by motor 3, which rotates clockwise. The
PVA solution is simultaneously sprayed out from nozzle 2
into tiny droplets and deposited on the LF bundles. Then, the
GCF is continuously collected on a stick 4 (Figure S2). The
diameter of the GCF depends on the lotus stem; therefore,
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Figure 1. Morphology of natural lotus fibers. a) Digital image of lotus
fibers drawn out from the stem. b) Spiral structure of lotus fibers that
were assembled in the vessels and tracheids of a lotus stem. c) The
SEM image reveals that the lotus fibers are orderly assembled in the
vessels and tracheids in the shape of a helix. d) The lotus fibers can be
spun out with a left-handed spiral structure. e) SEM image of one
spiral lotus fiber bundle with conglutination of several lotus fibers.

f) SEM image of the cross-section of one lotus fiber bundle.

Figure 2. a) Setup for the fabrication of the bioinspired green compo-
site fiber; for details, see the main text. b) A SEM image of GCF
reveals a diameter of approximately 80.0 pm.

lotus stems with similar diameters were chosen for this study.
The twist angle of the GCF is controlled by varying the ratio
of the twisting speed and the collecting speed.!"”!

During the spinning process, twisting is an effective
approach for combining many single fibers into a high-
performance fiber, especially for the fabrication of high-
performance carbon nanotube fibers or yarn.'®! Herein, we
fabricated five kinds of twisted LF fibers, including a single
LF bundle, double, triple, and quadruple LF bundles, and
whole LF bundles from one stem. The surface morphologies
of these twisted LF bundles are shown in Figure S3a—e.
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The corresponding tensile stress—strain curves are shown
in Figure S4 and the mechanical properties are shown in
Table S1. The twisted single LF bundle displayed a tensile
strength of 427.7+17.5 MPa, a Young’s modulus of 10.9 +
1.7 GPa, and a toughness of 13.7+7.1 MJ m~>; these values
are superior to those of materials that were previously
prepared without twisting.'® However, for the twisted
double LF bundles, the tensile strength decreased to 381.5 +
50.3 MPa. When twisting more LF bundles, such as triple or
quadruple LF bundles, the tensile strength substantially
decreased to 211.1 +29.3 MPa and 174.6 +21.2 MPa, respec-
tively. This is due to the fact that the twisted LF bundles are
loose, and densification is very low, which can be clearly
observed from the surface morphology of these twisted LF
bundles and results in a poorly efficient load transfer. When
all of the LF bundles were twisted into one fiber, the tensile
strength can reach 329.4 + 28.6 MPa, which is lower than the
tensile strength of one twisted LF bundle, but still exceeds
previously reported values.['™ This is due to the fact that the
densification of twisted LF bundles from the whole stem is
higher than that of several twisted LF bundles, but lower that
of one twisted LF bundle. The tensile stress—strain curves of
twisted LF bundles also revealed similar phenomena (Fig-
ure S4). For the twisted single LF bundle, densification is very
good, and the curve is sharply fractured. With increasing the
number of twisted LF bundles, the tensile stress—strain curves
show step failure with corresponding number of LF bundles
(Figure S4b-d). When whole LF bundles were twisted from
one stem, the stress—strain curve showed the integration
failure mode, indicating that the densification of twisted LF
fibers had proceeded efficiently. Thus, we turned to fabricat-
ing the bioinspired GCF through twisting the whole LF
bundles from one stem.

The twist angle is the key parameter of the twist process
and is defined as the angle between the longitudinal direction
of an individual fiber and the axis of the twisted fiber.
Efficiently controlling the twist angle is helpful to obtain
a twisted fiber with the desired mechanical properties. Several
experiments and modeling studies have demonstrated that
whereas the mechanical properties of a twisted fiber are
improved by a small twist angle, they are worsened by a large
twist angle.’®! Herein, the LF bundles were twisted into
fibers with three different twist angles: 10°, 15°, and 20° (for
the corresponding SEM images, see Figure S5). The tensile
strength of the twisted LF with an angle of 20° was found to be
much higher than that of the twisted LFs with angles of 10°
and 15°, which is consistent with previous reports on carbon
nanotube fibers."®< Then, the twist angle of the bioinspired
GCF was set to be approximately 20°. Inspired by cocoon
silk,>'4 the PVA matrix content was controlled to be in the
range of 20.0-26.6 wt % by adjusting the concentration of the
PVA solution. Three PVA solutions with different concen-
trations were used (1, 3, and 5 wt %), and the corresponding
GCFs were designated as GCF-I, GCF-II, and GCF-III,
respectively. The accurate PVA loadings of GCF-I, GCF-II,
and GCF-III were calculated by thermogravimetric analysis
(TGA) to be approximately 10.4, 224, and 37.3 wt%,
respectively (Figure S6). The diameter of GCF-II is approx-
imately 80.0 pm (Figure 2b). The PVA loading of GCF-II
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(224 wt%) is close to that a)
of cocoon silk. The surface
morphologies of GCF-I,
GCF-II, and GCF-III were
determined by SEM (Fig-
ure S7) and further con-
firmed the results from
TGA. The PVA coating of
GCF-1 is obviously not
thick enough to hold the
LF bundles tightly together,

Stress (MPa)

whereas the PVA coating of
GCF-III is too thick. For
GCF-II, however, the PVA
coating has the appropriate
thickness for holding the LF
bundles together. The cor-
responding mechanical
properties of these materi-
als were also tested (Fig-
ure S8). The tensile
strengths of GCF-I, GCF-II, and GCF-III were determined
to be 439.54+109.9 MPa, 622.5+60.3 MPa, and 559.3+
54.8 MPa, respectively. Among these three GCFs, GCF-II
displayed the best mechanical properties.

For composite materials, the interface plays a key role in
determining the mechanical properties. Therefore, by improv-
ing the interface strength between LF and PVA, a substantial
improvement of the mechanical properties of the bioinspired
GCF should be possible. Based on the strategies that have
been used for cross-linking PVA,!” two approaches were
applied to improve the interface strength between PVA and
LF. One method entails the introduction of the highly
efficient cross-linking agent glutaraldehyde (GA),” whereas
the other approach is based on a heat treatment to cross-link
the PVA matrix.”!! Before treating a GCF, a pure PVA film
was subjected to both methods for an optimization of
parameters. Tensile stress—strain curves of a pure PVA film
and of PVA that had been subjected to different conditions
are shown in Figure S9. The pure PVA film displayed a tensile
strength of only 76.1 £4.2 MPa, a Young’s modulus of 2.4 +
0.3 GPa, and strain of 456.5 £+ 87.9 %. After cross-linking with
GA, the tensile strength increased to 93.6 +14.9 MPa and
118.2+353 MPa for PVA/GA ratios of 1:0.1 and 1:1,
respectively. The heat treatment (60°C for 2 h) enhanced
the tensile strength up to 148.8 £7.3 MPa, which indicates
that the cross-linking proceeded with high efficiency. When
the heat treatment is combined with the method for GA
cross-linking, the tensile strength of treated PVA can reach
202.7 £ 41.2 MPa, which is almost three times larger than that
of pure PVA.

Therefore, two approaches, namely GA cross-linking and
a combination of Ga cross-linking and the heat treatment
were utilized to improve the mechanical properties of
bioinspired GCF. The typical stress—strain curves of pure
LF, GCF-II, GCF-II with GA cross-linking, and GCF-II after
both GA cross-linking and the heat treatment are shown in
Figure 3a. The tensile strength and Young’s modulus of
bioinspired GCF-II were determined to be 622.5 £+ 60.3 MPa

3 4
Strain (%)
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Figure 3. Mechanical properties of pure LF and bioinspired GCF-Il before and after cross-linking. a) Stress—
strain curves of pure LF (—), GCF-Il (——), GCF-Il with GA cross-linking (—), and GCF-II after both GA
cross-linking and heat treatment (——). b) A SEM image of GCF-I| after GA cross-linking and heat treatment
reveals a typical brittle fracture morphology that is due to strong interfacial interactions between LF and PVA.
c) Cross-linking of PVA and LF by GA. The formation of covalent acetal bridges between LF bundles and PVA
substantially enhanced the interfacial strength.”4

and 22.4+2.9 GPa, respectively, and are thus larger than
those of industrial Bombyx mori silk (tensile strength:
620.5 MPa; Young’s modulus: 20.5 GPa)."*l After GA cross-
linking, the tensile strength and the Young’s modulus of
bioinspired GCF-II had improved to 669.6 +82.9 MPa and
35.4+8.9 GPa, respectively. When combining GA cross-
linking and the heat treatment, the tensile strength and
Young’s modulus of bioinspired GCF-II were further
enhanced to 714.3 £48.5 MPa and 43.4+1.3 GPa, respec-
tively. The maximum tensile strength reached 749 MPa, which
is 20 % larger than that of cocoon silk,™ and comparable to
that of other natural commercial fibers, such as flax, cotton,
jute, hemp, sisal, and ramie fibers. The fracture morphology of
GCF-II after both GA cross-linking and the heat treatment
revealed a typical brittle fracture feature, and no delamina-
tion occurred between the LF bundles and PVA (Figure 3b),
indicating strong interfacial interactions between the LF
bundles and PVA after treatment by combining GA and heat.
The proposed mechanism for cross-linking after GA treat-
ment is shown in Figure 3 c. The formation of covalent acetal
bridges between the LF bundles and PVA™! was confirmed
by FTIR spectroscopy (Figure S10). The characteristic peaks
of secondary alcohols at approximately 1100 cm ™' that were
observed for LF bundles and PVA disappeared after GA
treatment.

The mechanical properties of bioinspired GCF and other
natural fibers are listed in Table S2. The density of the lotus
fiber is only 1.18 gcm™,* which is lower than that of other
natural fibers. Thus, when their densities are taken into
account, the specific mechanical properties of bioinspired
GCF are better than those of commercial fibers. The specific
tensile strength of the bioinspired GCF reached
629 kNm~'kg!, which is higher than that of cocoon silk/**
and other natural fibers, including cotton, jute, hemp, sisal,
ramie fibers/” and comparable to that of flax fiber
(<690 kNm'kg™!; Figure 4)."! The specific modulus of
bioinspired GCF was measured to be as high as
37.8 MNm 'kg', which is three times larger than that of
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Figure 4. Comparison of specific mechanical properties of the bioin-
spired green composite fiber with those of commercial natural fibers,
such as flax, cotton, jute, hemp, sisal, ramie, and coir fibers, and
cocoon silk.

cocoon silk (10.4 MNmkg™!),? close to that of hemp fiber
(47 MNm kg ™), and larger than that of other natural
fibers.™ The efficient cross-linking between LF and PVA in
the bioinspired GCF further improved the load transfer from
the matrix to the lotus fiber, which results in outstanding
mechanical properties.

In conclusion, inspired by the composite structure of
cocoon silk, we fabricated a green composite fiber (GCF)
based on a novel green lotus fiber. The specific tensile
strength of GCF is comparable to that of flax fiber and larger
than that of other commercial natural fibers and cocoon silk.
The specific modulus of GCF is three times higher than that of
cocoon silk. This novel bioinspired strategy represents an
efficient approach for improving the mechanical properties of
natural fibers and opens the door towards the biomimetic
production of natural composite fibers with superior mechan-
ical properties for applications in diverse industries, including
the medical, automobile, and aerospace industries.

Experimental Section
Materials: Lotus stems were collected near Tsinghua University,
China. Poly(vinyl alcohol) (PVA; M, ~7500) and glutaraldehyde
(GA) were purchased from Sigma-Aldrich and used as received.
The fabrication process for bioinspired green composite fibers is
described in Figure 2 a. The two efficient approaches for cross-linking
are based on the addition of glutaraldehyde and on a heat treatment.
Characterization: Mechanical tests were carried out on a Shi-
madzu AGS-X instrument with a loading rate of 1 mmmin~' and
a gauge length of 5 mm. Scanning electron microscope images were
obtained with a HITACHI S-4800 microscope. The thermal stability
of the samples was determined by thermogravimetric analysis (TG/
DTA6300, NSK). FTIR spectra were collected using a Thermo
Nicolet nexus-470 FTIR spectrometer.
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