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In this study we used the near-field electrospinning (NFES) process with the metallic coaxial needle injector to fabricate piezoelectric
poly(vinylidene fluoride) (PVDF) hollow fiber tubes. Using these tubes, we designed an energy capture device featuring parallel
electrodes to harvest low-frequency energy. We examined the effects of several parameters on the properties of the piezoelectric PVDF
fiber tubes (PPTs), including the core flow rate, shell flow rate, concentration of PVDF, rotating tangential speed, and electric field. The
elongation of the PPTs was greater than that of solid PVDF fibers, with the tensile strength of the PPTs reaching 32.49 MPa (as
determined through a micro-tensile measurement). The output voltage of the PPTs was considerably higher (71.66 mV) and, with an
external load resistance of 6 MQ, the output power was also significantly greater (856.07 pW), which is higher than the solid PVDF fiber
(output voltage = 45. 66 mV and the maximum output power = 347.61 pW). As a result, the power generation of the PPTs was 2.46 times

higher than that of the solid fibers. Thus, the PPTs not only displayed mechanical stiffness but also produced a greater power output.

Introduction

Fiber-based piezoelectric energy generators are applied in many
electrical devices and systems.'” The useful piezoelectric
polymer of poly(vinylidene fluoride) (PVDF) has been widely
used due to its high thermal property, high flexibility, and the low
cost that make PVDF has many potential applications for energy
conversion including electro-mechanical actuators, microelectric-
mechanical devices, and energy harvesters. Four crystalline
phases (a, B, v, and 8) of PVDF semicrytalline polymer has been
reported® and the nonpolar o-phase is the most commercially
used. Fan et al. used density functional theory verified the
piezoelectric characteristic and relationship of electric field for o-
phase and p-phase of PVDF.”” However, the dipole moments in
a-phase have the random orientation and result in cancelling each
other out. In contrast, the B-phase of PVDF polymer possesses
dipole moments pointing in the same direction and thus it is
useful for piezoelectric applications.'®"® Many studies have
focused on using far-field electrospinning (FFES)'* and near-field
electrospinning (NFES)" to improve the piezoelectric properties
of PVDF. Although electrospinning has been recognized as an
efficient technique for fabricating polymer fibers'® and was first
patented in the US in 1902, this process was largely forgotten
until the 1990s.'”'® With the rapid development of nano-fibers
and their applications, electrospinning has become a pioneering
technique in this field." Fibers featuring complex architectures,
such as fiber tubes, can be produced using special electrospinning
methods.”*** The diameters and morphologies of electrospun
fibers can be controlled by adjusting the molecular weight, the
solution properties (such as surface tension, conductivity, and
viscosity), the flow rate, the electric potential, and the distance
between the needle and
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the collection plate during electrospinning.>*** The development
of coaxial electrospinning was one of the most significant
breakthroughs in this area.”® Most researchers have been used
quite similar to that used previously for electrospinning.®® A
heating system is used for coaxial electrospinning to fabricate
phase-changed nanofibers through a melt method.”® The much
simpler method only slightly different have reported from two
separate syringes with differently sized capillaries, with the
smaller capillary inserted from outside into a Taylor cone formed
at the exit of the larger capillary.®’ The resulting fibers have
found in drug delivery and tissue engineering applications
because they allow the controlled release of drugs and growth
factors.*>

In this paper we present an NFES process using a coaxial
needle device, including two precision flow syringe pumps, for
the production of piezoelectric PVDF fiber tubes (PPTs). To
enhance the stability of the electrospinning process, we optimized
the core and shell flow rates, the concentration of PVDF, the
collecting tangential speed, and the electric field. Herein, we
describe the mechanical and electrical properties of the as-spun
PPT.

Experimental Section

The experimental set-up of the NFES is displayed in Scheme 1; it
includes a needle clamping apparatus, two precision flow syringe
pumps, a high-voltage power supply, and a fiber collector device.
The collector device, with tangential speeds in the range from
942.3 to 1989.3 mm/s, was mounted on an X-Y platform (ST-
9090, Tanlian). The coaxial needle device was connected to the
anode of a high-voltage source; the rotation of the collector
device was grounded. A high-voltage (8—16 kV) was applied to
form a high electric field (from 8 x 10° to 1.6 x 107 V/m) between
the needle and the collector device (the gap between the needle
and the collector was set at 1 mm). When the PVDF solution was
subjected to the high-voltage electric field, a Taylor cone was
formed and then the PPT was spun out.

Solution
The concentrations of the ingredients used to form the different
PVDF solutions are listed in Table S1. Dimethyl sulfoxide
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Scheme 1. Schematic representations of the (a) NFES equipment and (b, ¢) coaxial needle device used for electrospinning

(DMSO) solvent was used for the PVDF powder (M,, = 534,000)
and fluorosurfactant (ZONYL®UR) in acetone was added to
improve the evaporation rate and decrease the surface tension of
the PVDF solution, respectively. The solution mixture was sealed
in the sample container to prohibit any evaporation effect at room
temperature.

Experimental setup

NFES and a coaxial needle were used to produce PPT and solid
PVDF fibers. The coaxial needle device was assembled from two
coaxial stainless-steel needles, attached to a Teflon tube through
which the fluid was pumped. The inner diameter of the outer steel
needle was 1.07 mm; the inner diameter of the inner steel needle
was 0.63 mm. The coaxial needle device had two injection inlets
separately connected to two syringe pumps (KDS-100,
Kdscientific). Figure 1 displays the outer needle filled with PVDF
solution for shell formation and the inner needle filled with air for
core formation. While the PVDF solution was injected into the
outer needle at a flow rate of 3 mL/h, air was fed into the inner
needle at 0—15 mL/h at the same time.

Properties of PPTs
Flexible poly(ethylene terephthalate) (PET) and copper parallel
electrodes were applied to test the PPTs, as displayed in Scheme

2. Approximately 1200 fibers with a stacked area of 15 x 10 mm
were placed on the parallel copper electrodes to test
displacement. Schematic representations of the vibration
measurement systems are provided in Schemes 2(b) and 2(c). The
actual parallel electrode on a flexible PET substrate is displayed
in Figure 2(d). This device was characterized under periodic
external strains by using a tapping device (operated at 7 Hz) to
deform the flexible PET structure. The mechanical compressive
and tensile stress induced the formation of free charges from the
piezoelectric fibers. The mechanical strain distributed along the
fibers was converted into an alternating voltage and current
through the piezoelectric d;; mode. An NI9234 instrument
(maximum sampling frequency per channel: 51.2 kS/s; 24-bit
resolution; 102 dB) was used to measure the voltage; a CHI 611D
instrument (potential control range: £10 V; current range: £250
mA) was used to measure the current.

Results and Discussion
Effect of PPT

The inner and outer needle flow rates in the metallic
coaxial needle during NFES were key parameters in this study.
During coaxial electrospinning, the inner needle was filled with
air (for the fiber cores) and the outer needle was filled with a
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Figure 1: (a, b) Taylor cone of electrospinning. (c—f) SEM images of the cross sections of piezoelectric coaxial fiber tubes of PVDF
obtained when the flow rate of the PVDF solution was 3 mL/h and the air flow rate was (c) 6, (d) 9, (e) 12, and (f) 15 mL/h. (g)
Diameters of piezoelectric coaxial fiber tubes plotted with respect to the flow rates of the inner and outer needles.
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Photograph of the parallel-electrodes device. (d) Schematic representation of the parallel-electrodes device.
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Figure 2: Diameters of solid fibers and fiber tubes plotted with
respect to the (a) concentration of the PVDF solution, (b) electric
field, and (c) tangential velocity of collector device.

PVDF solution (for the fiber shells). The shell flow rate had to be
controlled accurately to ensure that the core was wrapped in the
PVDF fiber. An appropriate ratio of the air flow rate to the flow
rate in the outer needle had to be maintained at a certain value to
form a stable Taylor cone (Figure S1). If the shell flow rate was
too low or too high, the electrospinning process would fail
(Figure S1).

We obtained the PPTs using the following electrospinning
parameters: an electric field of 1.2 x 107 V/m, a concentration of
18 wt%, a rotating tangential velocity of 1570.5 mmy/s, an X-Y
stage motion velocity of 50 m/s, a fixed gap between the needle
and collector of 1 mm, a fixed flow rate of the PVDF solution in
the outer needle of 3 mL/h, and air flow rates in inner needle
varying from 3 to 15 mL/h. Figure 1 displays the cross section of
a PPT obtained when the flow rate of air was 3 mL/h; the outer
diameter was 13.18 um, the inner diameter was 3.26 pm, and the
tube wall thickness was 4.96 pum. When the air flow rate
increased to 6, 9, 12, and 15 mL/h, the average outer diameter of
the fiber tubes remained constant (ca. 13.16—13.18 um), while the
inner diameter of the fiber increased from 4.17 to 5.16 pm
[Figure 1(g)]. When the air flow rate reached 16 mL/h, however,
the viscosity of the solution was unable to bear the air tension
required to maintain the Taylor cone, resulting in interruption of
the electrospinning process.

3.2 Parameters affecting the diameters of the fibers

The NFES parameters had a dramatic effect on the
fabrication of the PPTs. We examined the effects of the electric
field (from 8 x 10° to 1.6 x 107 V/m), the tangential velocity of
the collector (523.6-2618.1 mm/s), and the concentration of the
PVDF solution (15-19 wt%) on the PPT and solid fibers. Figure
2(a) reveals that the outer diameters of the solid fibers and PPTs
decreased upon increasing the concentration of the PVDF
solution from 15 to 19 wt%. The concentration of the PVDF
solution also influenced its viscosity. A high-concentration PVDF
solution was more likely to be affected by charge accumulation,
but the Taylor cone could not form when the concentration of
PVDF reached 19 wt%, such that the electrospinning process was
interrupted.  Higher electrostatic  fields caused stronger
electrostatic forces and the formation of thinner fibers. Figure
2(b) displays the diameters of the solid fibers and the outer and
inner diameters of the PPTs. Upon increasing the electric field,
the diameter of the solid fibers decreased from 28.88 to 13.29
um; for the PPTs, the outer diameter decreased from 25.98 to
10.98 um and the inner diameter decreased from 16.67 to 2.66
um. Although these diameters decreased upon increasing the
electrical field, short-circuiting occurred when the electric field
was too high. Therefore, the electric field had to be controlled to
a certain extent. Figure 2(c) reveals that the diameters of the solid
fibers and the outer and inner diameters of the PPTs decreased
from 50.16 to 13.07 pm, from 46.22 to 10.68 pm, and from 36.57
to 3.17 pm, respectively, upon increasing the tangential velocity
of the collector device from 523.6 to 2018.1 mm/s. At a greater
rotational speed of the collector, the PPTs experienced a greater
pull force, resulting in thinner PPTs.

3.3 Characteristics of PPTs

We used a micro tensile testing machine to examine the
mechanical characteristics of the solid fibers and PPTs. We
prepared test samples of the solid fibers and PPTs by setting the
flow rate of the inner needle at 0, 3, 6, 9, 12, and 15 mL/h. Figure
3(a) displays a specimen clamped in the micro tensile machine.
Figure 3(b) presents test piece length marks of approximately 15
mm. The tensile rate was set at 0.015 mm/s; a 250-N load cell
was chosen. Figures 3(c)-3(h) display the stress—strain diagrams
of the solid fibers and PPTs. When the core rate was 0, 3, 6, 9,
11, and 15 mL/h, the thickness of the fiber wall was 0 (solid
fiber), 4.96, 4.51, 432, 4.16, and 4.01 pum, respectively. The
ultimate tensile strength arises from the relationship among the
stress, axial force, and surface area. The maximum tensile
strengths for the samples prepared with core rates of 0, 3,6, 9, 11,
and 15 mL/h were 29.06, 32.49, 32.27, 30.09, 28.26, and 17.38
MPa, respectively [Figure 3(i)]; the Young’s moduli ranged from
2.51 to 2.91 GPa. In addition, when the flow rate of the inner
needle (core rate) was 3 mm/h, the ultimate stress of the PPTs
was better than that of the solid fibers. When the core rate was
greater than 9 mm/h, however, the ultimate stress was lower than
that of the solid fibers, presumably because the walls of the fiber
tubes became too thin and the porosity in the PPTs decreased
their strength. PVDF has three crystalline phases: o, B, and y. Its
unpolarized phases are the o- and y-phases; the fB-phase is the
most important characteristic of a piezoelectric crystal phase.
Therefore, PVDF must go through a polarization step to convert
its a-phase into the B-phase. Aligned dipole moments in the -
phase direction result in PVDF displaying piezoelectric
properties. Therefore, the content of the P-phase represents the
piezoelectric

strength of PVDF. There are three main crystal orientation angles
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(a)

Figure 4: (a) Voltage output diagram of PVDF fiber tubes under
frequencies from 4 to 7 Hz; the flow rates of the outer and inner
needles were both 3 mL/h. (b) Voltages of the PVDF solid fibers
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Figure 3. (a, b) Photographs of (a) PVDF fiber tubes clamped onto a test machine carrier for determining micro-mechanical properties
and (b) tensile test samples of PVDF fiber tubes and solid fibers. (c—h) Stress—strain diagrams of PVDF fiber tubes obtained at inner-
needle flow rates of (c) 0, (d) 3, (e) 6, () 9, (g) 12, and (h) 15 mL/h. (i) Ultimate stress plotted with respect to the core rate.
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Figure 5: (a) Voltage, (b) current, and (c) strain of PVDF solid
fibers obtained at a tapping frequency of 7 Hz; the flow rate of
the outer needle had been set at 3 mL/h.
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Figure 6. (a) Voltage, (b) current, and (c) strain of PVDF fiber
tubes obtained at a tapping frequency of 7 Hz; the flow rates of
the outer and inner needles had both been set at 3 mL/h.
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of the a-phase: 18.4, 20.1, and 26.8°; the main characteristic of
the piezoelectric crystal orientation angle for the 3-phase is 20.6°.
We performed XRD analyses of samples prepared at flow rates of
0, 3, and 15 mL/h. Figure S2 displays the intensity of the size of
the B-phase arrangement. Our results reveal that significant
piezoelectric properties and better crystallization of PVDF fibers
occurred when the core and shell rates were both set at 3 mL/h.

Yee et al.’® reported that B-phase possesses mainly well-
aligned dipoles which can induce electric potential when
mechanical strain rate is applied. However, the dipoles in a-phase
are distributed randomly without any alignment orientation.
When external strain rate is applied, the induced potential can be
cancelled each other. Therefore no obvious power can be
harvested. Figure 7 shows XRD results where the relation
between 3 and o phases of tubular fibers can be seen clearly. It

reveals tubular fibers contain stronger 3 signal than the solid ones.

That is why tubular fibers can produce more energy. In addition,
the powder-based film was also tested using XRD. No 3 phase
can be observed, which means that this film cannot induce any
voltage and energy.

3.4 Energy-harvesting test

We fabricated an energy-harvesting device, measuring 15 x 35
mm® in area, on a flexible substrate. The energy-harvesting
device was characterized under periodic external strains by using
a tapping rod at 7 Hz. Because the P-phase exhibited better
crystallization when the inner and outer flow rates were both 3
mL/h, we measured the output voltage under different low
frequencies, ranging from 4 to 7 Hz. The maximum output
voltage was obtained at a frequency of 7 Hz [Figure 4(a)]. Figure
4(b) reveals that the output voltage of the PVDF fiber tubes
ranged from 56 to 72 mV, with a higher frequency providing a
higher voltage output. When the frequency reached 8 Hz,
however, the output voltage decreased because the vibration
frequency was greater than the response of the PET substrate.

To obtain a better understanding of the energy-harvesting
performance of the solid fibers and PPTs, we measured the output
voltage, current, and strain of their devices. The maximum peak
voltage and current of the solid-fiber energy-harvesting device
were 47 mV and 2.73 x 107 A, respectively, under a strain rate of
0.135 1/s (Figure 5). The maximum peak voltage and current of
the fiber-tube energy-harvesting device were 72 mV and 1.53
x1077 A, respectively, under a strain rate of 0.135 1/s (Figure 6).
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(c, d) fiber tubes.
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Thus, the energy-harvesting efficiency of the PPTs was better
than that of the solid fibers. To verify the piezoelectric effect,
Figure 8 displays the effects of positive and negative connections
of the electrodes on the voltage of the PVDF solid fibers and
PPTs. The piezoelectricity of the PVDF fiber tubes was that of a
piezoelectric field (EZ < 0) resulted in the fiber tubes during the
tensile strain along the z-axis, and induced a piezopotential (V+).
When the applied tensile strain was released rapidly, the
piezopotential decreased and the local free carriers accumulated
at both ends of the nanofibers flowed quickly, creating the
circular flow of electron in the external circuits. When the
measuring system was reverse connected, all the response signals
exhibited reversed output. These results arose from the
piezoelectric responses instead of artificial effects. If the signals
arose from noise or other forms instead of piezoelectric responses,
the shape of the response would remain the same even when the
polarities of the contacts were changed.

When the piezoelectric fibers were made in tubular structures, the
moment of inertia (I) can be increased. To some extent, the
mechanical strength can become stiffer and stronger, which
means the tubular piezoelectric fibers exhibit larger Young’s
modulus (E). That is why the frameworks of bikes, fishing rods
and truss elements are made in hollow structures to increase their
own mechanical strength. Theoretically speaking, stiffer
structures can induce higher vibration frequency and strain rate,
compared to more flexible ones.”” Therefore, the relationship
between the induced electric current (i) and Young’s modulus is
given by Equation 1,**

where ds; is the piezoelectric coefficient, A is cross-sectional area
and € is strain rate of the material. The higher strain rate and E
cause higher harvested electric current and energy. The
experimental result in Figure 9 shows good agreement with the
discussion above. The fibers with higher E can induce a larger
electric voltage.

Finally, we investigated the relationships among the voltage,
output power, and external resistance of the solid fibers and fiber
tubes. The harvested power can be derived from Equation 2 and 3
(Ohm’s law). Then harvest power can be re-arranged again as
listed in Equation 4,

P=Vi Q)
V=iR 3)
P=V*R 4)

where V and i are measured voltage and current with external
load resistor, and R is external load resistor.

The maximum output power of the solid fibers was 347.61
pW when the external resistance was 6 MQ and the voltage was
45.69 mV [Figure 10(a)]. The maximum output power of the
PPTs was 856.07 pW when the external resistance was 6 MQ and
the voltage was 71.66 mV [Figure 10(b)]. Thus, the voltage of the
PPTs was more than 1.5 times greater and the output power was
more than 2.4 times greater that those of the solid fibers.

4. Conclusion

We have used an NFES process with a coaxial needle device,
including two precision flow syringe pumps, to produce PPTs.
We examined the effects of several parameters (core and shell
flow rates; concentration of PVDF; collecting tangential speed;
electric field) on the mechanical and electrical properties of the
as-spun PPTs. Significant piezoelectric properties and greater
crystallization of PVDF fibers occurred when the core and shell
rates were both set at 3 mL/h. In addition, the ultimate stresses of
the PPTs were greater than those of the solid fibers. In an energy-
harvesting test, the voltage of the PPTs was more than 1.5 times
greater than that of the solid fibers, while the output power was
more than 2.4 times greater.
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