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This paper is to mimic the long transporting process of proteins in the spider
spinning, and a long and helical needle electrospinning technology is proposed,
the polyvinylidene fluoride solution is used to study the effects of needle helix spi-
rals on the micromorphology, mechanical property, electrical property, porosity,
and hydrophobic property of polyvinylidene fluoride nanofiber membranes. The
results showed that there is a threshold value for the helix spirals helical pitch,
and its spider-inspired mechanism is discussed.
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Introduction

Spider silk has many advantages in light weight, high elasticity and good flexibility,
which are incomparable to any artificial materials [1-4], and the long transport tube plays an
important role in controlling the spinning process and silk properties [5]. Nature-inspired fab-
rication of nanofibers has triggered off enormous interest in materials science, for examples,
proteins derived from mussels [6], latex [7], silkworms [8], spiders [9], sea-silk [10], and
snails [11] were used for spinning nanofibers by the electrospinning technology or the bubble
electrospinning. Liu et al. [12] suggested a general strategy of electrospinning for fabrication
of microspheres, He et al. [13] gave a mathematical model for controlling the electrospinning
process, and Wang et al. [14] revealed that unsmooth nanofibers can be used for energy har-
vesting. The bubble electrospinning is to use the polymer bubbles for fabrication of nanofi-
bers and nanoscale membranes [15-17].

According to this special and amazing transporting property in the spider spinning
process, Tian et al. [18-21] offered a total new angle to mimic the property using a long nee-
dle in the electrospinning process, their experiment showed that macromolecules and nano-
particles distribution in the inside of the nanofiber can be adjusted by the needle length. The
macromolecular chains in the long tube can be gradually straightened and ordered, and when
its length is long enough, all macromolecular chains have a tend to be straightened and
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aligned, so that the internal structure of the nanofibers can be controlled, as a result, the nano-
fiber properties can be greatly enhanced. Though much achievement has been made. The long
needle electrospinning device take too much space, this paper suggests a modification using a
long and helical needle to save space. Additionally, the protein solution in the spider spinning
process has high viscosity, to mimic this property, The polyvinylidene fluoride (PVDF) [22]
solution with high viscosity is used in experiment to verify our biomimetic design.

Materials and methods

Raw materials and reagents

Polyvinylidene fluoride (PVDF, molecular weight) was provided by Shanghai
McLean Biochemistry Co. Ltd., dimethylformamide (DMF, analytically pure) was bought
from Shanghai Aladdin Biochemical Technology Co., Ltd.

Preparation of PVDF nanofiber membranes

Nanofiber membranes were prepared by a modified electrospinning with a long and
helical needle. He DMF was used as solvent to prepare PVDF/DMF solution with a mass
fraction of 15% according to a standard process as that given in [18-21]. The solution was
cooled to the environmental temperature and was injected into a 10 mL syringe, a combina-
tion of long needle and a spiral needle was used to transport the spun solution as illustrated in
fig. 1, the long needle had a length of 150 mm, while the number of the helix spirals changed
from 0 to 22. The inner diameter the both needles was 0.7 mm, and the injection speed of
spun solution was unchanged, that was 1.1 mL per hour, the receipt distance was 18 cm, and
the static voltage was 18 kV.

Syringe Performance characterization
Spiral needle

Long needle The morphology of the obtained nanofiber
membrane was characterized by the SEM (JSM-
IT100, Japan Electronics Co., Ltd.), and the di-
ameter of single nanofiber was tested by IMAGJ
software (National Institute of Mental Health,
USA). Instron-3365 (American Instron Compa-
ny) was used to test the tensile properties and top
breaking properties of the nanofiber membrane.
The pore of nanofiber membrane was measured
Figure 1. The transporting system withalong by automatic pore meter, POROMETER 3G,
needle and a spiral needle Andong Pa (Shanghai) Trading Co., Ltd., and the

porosity was obtained by the gravimetric analy-
sis. The electronic resistivity of the nanofiber membrane was characterized by a resistance
tester (FT-400AHXM, Ningbo Ruike Weiye Instrument Co. Ltd.). A water drop angle tester
(PZ-300SD, Beijing Pinzhi Chuangsi Precision Instrument Co. Ltd.) was used to measure the
water contact angle of the spun nanofiber membrane.

7 spirals 13 spirals 19 sbirals 22 spirals

Results and discussions

Surface morphology of nanofiber membranes

The SEM of PVDF nanofiber membrane was shown in fig. 2, and the diameter of
PVDF nanofibers was measured, the results were listed in tab. 1.
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Table 1. The PVDF nanometers with different spiral numbers

Number of helix spirals | Average diameter [nm] Standard deviation [nm] | Confidence interval [nm]
0 117 +18.2 +3.6
7 178 +29.4 +5.3
13 135 +27.2 +4.4
19 110 +25.5 +3.7
22 98 +20.7 +3.1

From fig. 2 and tab. 1, it is obvious that the high viscous PVDF/DMF solution could
be spun to different morphologies of the nanofibers according the different numbers of helix
spirals. The nanofibers saw a tendency of decreasing average diameter with the increase of the
number of helix spirals, though there was an inverse effect when the number was less than 7.
This phenomenon was explained by the laminar flow theory in fluid mechanics as that dis-

cussed in [18-21].

Tensile and bursting properties of nanofiber membranes

In order to further characterize the effect of the number of helix spirals on mechani-
cal properties, we measured the tensile and bursting properties of PVDF nanofiber mem-
branes. The test results were illustrated in fig. 3.
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Figure 2. The SEM image of PVDF nanofiber membrane with different helix spirals;
(@) 0, (b) 7, (c) 13, (d) 19, and (e) 22

From fig. 3(a), we found that the tensile stress increased from 5.37 MPa to 8.62 MPa
when the number of helix spirals changed from 0 to 13, a 60.5% increase. While the fracture
strain increased from 0.21% to 0.92%, a 338% increase. However, when the number of helix
spirals increased from 13 to 22, the tensile stress and the fracture strain decreased sharply.
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Figure 3 Mechanical properties of PVDF nanofiber membranes obtained by different numbers of
helix spirals; (a) tensile stress-strain relationship and (b) toppling displacement-stress relationship

From fig. 3(b), it could be seen that when the number of helix spirals changed from
0 to 22, the tip break and displacement of the PVDF nanofiber membrane increased first and
then decreased, and the maximum was at 13 helix spirals, the maximal tip break and the max-
imal displacement of the PVDF nanofiber membrane reached, respectively,10.78 MPa and
56.2 mm.

Electrical properties of nanofiber membranes

The PVDF nanofiber membrane resistance was measured and the results were listed
in tab. 2. It could be clearly seen from tab. 2 that the electrical resistivity firstly increased and
then decreased with the increase of the number of helix spirals. The electrical resistivity
reached the maximum of 3.97x10'® Qm when the number was 7. While the electrical conduc-
tivity decreased first and then increased, and its maximum of 4.81x107'* S/m was reached
when the number was 22. The change of the nanofiber membrane resistance or the conductivi-
ty depended upon the internal micro/nanostructure, especially crystallinity. When the number
of helix spirals was not enough to adjust PVDF macromolecules regularly, PVDF macromol-
ecules were distributed in a non-uniform form. When the spiral number increased, the twisting
of PVDF macromolecules resulted in a more and more ordered micro/nano- inner structure,
and PVDF macromolecules were distributed in a more uniform form, as a result, the electron-
ic charge could be more easily transferred, so the electrical conductivity became higher.

Table 2. The resistance of PVDF nanofiber membranes obtained by different spiral numbers

Number of helix spirals Resistance [Qm] Conductivity [Sm]
0 3.20x10%3 3.13x10
7 3.97x1013 2.52x1014
13 3.77x10%3 2.65x1014
19 2.85x10%3 3.50x10°%4
22 2.08x10%3 4.81x104

Pore analysis of nanofiber membranes

The PVDF nanofiber membrane pore distribution was shown in fig. 4 and listed in
tab. 3.
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Table 3. Pore size of PVDF nanofiber membrane prepared with different spiral numbers

Number of Pore distribution Average diameter Pore Porosity
helix spirals [um] [um] numbers [%]
0 0.549~0.916 0.729 8.48x108 76.76
7 0.937~1.139 1.088 4.39x108 50.42
13 0.738~0.921 0.849 6.75x108 59.92
19 0.593~0.775 0.731 1.032x10° 72.68
22 0.549~0.795 0.694 1.407x10° 79.31
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Figure 4. Pore distribution of PVDF nanofiber membrane prepared with different helix spirals

From tab. 3 and fig. 4, it is found that when the number of helix spirals increased
from 0 to 7, the pore size distribution became significantly wider, the pore size increased also
significantly, but the pore numbers decreased sharply, so the porosity decreased significantly
as well. When the number of helix spirals increased further, the average pore size of the
PVDF nanofiber membrane became narrower and narrower. When the number was 22, the
pore number and porosity reached the maximum, which were 1.407x10° and 79.31%, respec-
tively. The previously pore results were mainly caused by the change of the PVDF nanofibers
diameter. The smaller diameter of PVDF nanofibers results in more pores.

Surface hydrophobicity of the nanofiber membrane

The diameter distribution and water contact angle of PVDF nanofiber membranes
were shown in fig. 5. It could be intuitively seen from fig. 5 that when the helix spirals was 0,
the diameter distribution of PVDF nanofibers was narrow, and the PVDF nanofiber mem-
brane presented high hydrophobicity (the contact angle was about 135°). When the number
was 7, the diameter distribution of PVDF nanofibers widened, and its hydrophobicity de-
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creased. When the spiral number increased further, the diameter distribution of PVDF nano-
fibers narrowed. When the number was 22, the PVDF nanofibers had the narrowest diameter
distribution and the best hydrophobicity (the contact angle was about 150°), which indirectly
proved that the more uniform diameter of the nanofibers results in the better hydrophobic ef-
fect. The surface hydrophobicity can be explained by the geometrical potential theory
[23, 24]. Nanofibers with smaller diameter have higher geometrical potential (surface energy),
the average diameter of nanofibers obtained by 22 helix spirals was 98 nm, while that for zero
helix spirals was 117 nm, so the contact angle of nanofiber membrane obtained by 22 helix
spirals was larger than that by zero helix spirals.
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Figure 5. Diameter distribution and water contact angle of PVDF nanofibers prepared with
different helix spirals

Conclusion

The change of the number of the helix spirals of the needle has an obvious effect on
the micromorphology, mechanical properties, electrical properties, porosity and hydrophobic
properties of PVDF nanofiber membranes. The phenomenon can be explained by the laminar
flow theory [18-21] and the nanoscale fluid mechanics [25-27]. The ability to control or adjust
the PVDF nanofibers properties by the helix spirals offers a totally new chance for various
advanced applications, especially in energy harvesting devices [28, 29], wearable electronics
[30] and nano/microelectromechanical (N/MEMS) systems [31-34]. Future research includes
the deep learning system [35] to deal with the experimental data.
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