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ABSTRACT: An electrowetting-aided dry spinning method is developed to produce morphologically stable polymeric piezoelectric

fibers with a metal core covered by a beta-phase poly(vinylidene fluoride) [or poly(vinylidene-trifluoroethylene)] layer. Each fiber

consists of a 100 lm copper core (enameled with 6 lm polyester-imide), a 3–10 lm piezoelectric layer, and a sputtered 100 nm gold

electrode. The morphological properties of the fibers are analyzed with scanning electron microscopy, X-ray diffraction, and a step

profiler. The piezoelectric properties are tested in a vibration-detecting application. Both morphological observation and piezoelectric

testing demonstrate that the electrowetting-aided dry spinning helps in forming high-quality polymeric piezoelectric fibers. Moreover,

this method can also be applied in different fabrications, where adhesion between a liquid and solid surface needs to be enhanced.
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INTRODUCTION

Piezoelectric fibers with a metal core are considered as a solu-

tion to overcome the shortcomings of full polymeric sensing

ones with a couple of electrodes on the surface: the array sub-

strate can be conductive or not, fibers can be applied on more

complex shapes, and all fibers can be used independently to

keep the system working properly even if some fibers fail.

In recent years, efforts have been made in the research on metal-core

piezoelectric fibers, mostly related to ceramic fibers. For example,

Qiu et al.1 and Sato et al.2 have produced lead zirconate titanate

(PZT) fiber with a metal core serving as an inner electrode by extrud-

ing a mixture of PZT powder and organic solvent together with the

metal core. Since then, further research has been carried out to inves-

tigate the detailed properties of these piezoelectric fibers. Sebald

et al.3 analyzed the first resonance mode and found the existence of

an optimal diameter at which the pseudolateral coupling factor is

maximal. Sato et al.4 designed a smart board by mounting these pie-

zoelectric fibers onto the surface of a carbon fiber–reinforced plastic

composite, and Takagi et al.5,6 developed the vibration-control and

damage-detection method for this smart board. Yanaseko et al.7,8

developed a metal-core piezoelectric ceramic fiber–aluminum

composite, which can be applied as a wireless strain sensor owing to

its strain-measurement and energy-harvesting capabilities.

Poly(vinylidene fluoride) (PVDF) and poly(vinylidene-trifluoro-

ethylene) (PVDF-TrFE), with excellent ferroelectricity and high

strain level,9–11 have attracted lots of attention. Compared to

the ceramic piezoelectric materials, one advantage of PVDF and

PVDF-TrFE is their flexibility,12 which makes them suitable for

wearable applications.13

To date, the fabrication of PVDF and PVDF-TrFE fibers with

conductive cores can for the most part be classified into two

methods: coaxial melt spinning and tensile melt extruding.

Coaxial melt spinning is a popular method to produce fibers

with a core–sheath structure. By adding conductive particles

into the core polymer and using PVDF (or PVDF-TrFE) as a

sheath material, PVDF (or PVDF-TrFE) fiber with a conductive

core can be generated. For example, Lund et al.14,15 developed

PVDF fiber with a conductive carbon black–polypropylene core

and studied the effects of parameters. Glauß et al.16 produced

PVDF fiber with a carbon nanotube–doped polypropylene core.

Tensile melt extruding is another effective way to generate

metal-core PVDF and PVDF-TrFE fibers.17,18 This method first

places a metal filament in the center of melting PVDF or

PVDF-TrFE, and then extrudes the polymer along with pulling

the metal filament. Because the metal filament is kept in the

center, PVDF or PVDF-TrFE fiber with metal core can be finally

produced.

However, both methods still have their drawbacks. For coaxial

melt spinning, a conductive core fabricated by adding conduc-

tive particles into the polymer usually has very high resistance;

for tensile melt extruding, it is difficult to ensure a perfect
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integration of the piezoelectric layer and metal core, due to less

strong adhesion between melt polymer and metal surface, with-

out pretreatment and preheating.19 Meanwhile, these methods

usually generate a thick piezoelectric layer (more than 20 lm);

although a thicker piezoelectric layer leads to greater response,20

it also usually induces a more nonlinear response because of the

viscoelasticity of the polymer layer.

By using PVDF and PVDF-TrFE solutions instead of a melt, the

thickness of the piezoelectric layer can be definitely decreased,

whereas there is still left the problem of polymer-to-metal adhesion.

Electrowetting, referring to techniques in which the apparent wett-

ability of liquids can be controlled by applying an external electric

potential,21–25 is considered available to strengthen the interfacial

adhesion between the polymeric piezoelectric material and the solid

surface. Besides, in the experiment of PVDF electrospinning, fabri-

cation with an electric field driving elongation has been proven as

an effective method to form the beta phase.26 Thus, the application

of an electric field during the solidification is proposed.

In this paper, a polyester-imide enameled wire is selected to be the

core of the piezoelectric fiber. The enamel can serve as an essential

insulating layer in electrowetting as well as improve the adhesion

of PVDF or PVDF-TrFE. An external electric potential is applied

to the core to improve its wettability when the moving wire carries

out the PVDF (or PVDF-TrFE) solution so as to produce a mor-

phologically stable piezoelectric fiber. Meanwhile, other electric

fields are applied during the solidification of the solution to keep

the fiber shape and promote further beta phase transition and

polarization of the PVDF layer, which can be validated in the fiber

characterization. Finally, fabricated fibers with a thin piezoelectric

layer (from 3 lm to 10 lm in different concentrations) are pack-

aged and tested. Vibration testing of the fiber shows high sensitiv-

ity (more than 200 pC at 500 Hz in 1 mm vibrating amplitude) if

considering the piezoelectric layer’s thickness.

EXPERIMENTAL

Materials

We use PVDF and PVDF-TrFE as the piezoelectric fiber sheath. PVDF

powder (average Mw 5 534,000) was purchased from Sigma-Aldrich

(St. Louis, Missouri, United States). PVDF-TrFE (70–30 mol %) was

purchased from Piezotech (Pierre-Benite Cedex, France). Acetone

and dimethyl formamide (DMF) were purchased from Sinopharm

Chemical Reagent (Shanghai, China). Poly(tetrafluoroethylene)

(PTFE) heat shrink tube (Sub-Lite-Wall) was purchased from Zeus

(Orangeburg, South Carolina, United States). Polyester-imide enam-

eled wire (with 100lm diameter copper core and 6lm thick

polyester-imide insulating layer) was purchased from Zhengzhou LP

Industry (Zhengzhou, Henan, China). Enamel remover (HJ-202T)

was purchased from Huajin Electro (Dongguan, Guangdong, China)

to expose the copper core.

Piezoelectric Fiber Fabrication

A schematic of the piezoelectric fiber fabricating device is

shown in Figure 1. A polyester-imide enameled wire with

100 lm diameter copper core and 6 lm thick polyester-imide

insulating layer is used as the substrate. The polyester-imide

insulating layer serves as an essential part in electrowetting and

enhances the adhesion of PVDF (or PVDF-TrFE). This enam-

eled wire is located by a couple of pulleys and passes through

the center of a copper needle (1 mm tip aperture) and a series

of copper electrodes with inner diameter varying from 3.5 mm

to 0.5 mm. The solution is continuously supplied into the cop-

per needle by a syringe pump (Braintree Scientific BS-9000-6,

Braintree, Massachusetts, United States) and then exposed to

the atmosphere.

As shown in Figure 2(a), the fiber is fabricated by the electrowetting-

aided dry spinning method. When the fabrication is starting, the

enameled wire is pulled by a motor and the copper core is grounded.

A high-voltage power supply (V1) generates an electric field (E1)

Figure 1. Schematic of the piezoelectric fiber fabricating device. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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from the cylindrical copper needle to the enameled wire and posi-

tively charges the solution. The electric charge will be stored in the

solution throughout the whole fabrication process, owing to the

insulation of the polyester-imide layer. Because of the force that

results from the applied electric field, the wettability increases and

the solution adheres to the surface of the enameled wire more

strongly. As the enameled wire keeps moving, the resistance force (f)

from the orifice and the enhanced adhesion force (Fc) work together

to perform a stretching process, during which the charged solution

undergoes solidification, and therefore the resultant piezoelectric

layer is elongated. Finally the solution under solidification is carried

out of the copper needle together with the enameled wire.

As shown in Figure 2(b), after moving out of the copper needle,

the enameled wire passes through a series of copper electrodes

with reducing inner diameter. These electrodes are connected to

another high-voltage power supply (V2) and apply other electric

fields on the solution. As the inner diameter of the copper elec-

trode decreases along the enameled wire, in addition to the elec-

tric fields vertical to the wire axis that polarize the piezoelectric

layer and improve the morphological stability, electric fields par-

allel to the wire axis (E2y) are also generated. Thus the electric

force from the parallel electric fields (FEy) can work together

with the adhesion force (Fc) to make a positively charged solu-

tion perform further deformation under solidification.

For PVDF, in addition to the phase transition that is due to the

very high electric field,13,15 the elongation and further deform-

ing process are also considered to form the beta phase, which is

linked to the PVDF electrospinning process26 and the well-

known fact that an obvious increase of the beta phase is

observed after the stretching of alpha-phase PVDF films at tem-

peratures below 90 8C.27 For PVDF-TrFE, it has been proven

that with 20–50 mol % TrFE this copolymer tends to generate

the beta phase below the melting point.28 Therefore, through

this electrowetting-aided dry spinning method, morphologically

stable fibers with a well-distributed beta-phase piezoelectric

layer can be achieved.

In our fabrication, 10 wt %, 15 wt %, and 20 wt % solutions

are prepared by dissolution of PVDF or PVDF-TrFE in a 1:1

DMF/acetone mixture. The moving speed of the enameled wire

is adjusted to be 200 mm s21, and the solution flow rate is set

as 0.1 mL min21. The voltage V1 is set to be 1 KV and the volt-

age V2 is 4 KV. Finally, we successfully fabricate PVDF and

PVDF-TrFE coated fibers at these three concentrations. For

comparison, fibers with 15 wt % PVDF (marked as

U15%PVDF) and 15 wt % PVDF-TrFE (marked as

U15%PVDF-TrFE) layers have also been produced with no elec-

tric field applied during the fabrication.

Meanwhile, another experiment is carried out to find out the

cause of the beta phase. As described before, during the fabrica-

tion of the piezoelectric fiber, the phase transition due to the

electric field, as well as the elongation process, may contribute

to the formation of the PVDF beta phase. However, for a solid

PVDF film structure, the field strength required to achieve a

phase transition is usually above 300 MV m21,29,30 which is

much higher than the field strength applied in our experiments

(less than 20 MV m21). Therefore, it is necessary to understand

whether the lower electric field can contribute to the formation

of the beta phase in the piezoelectric layer under solidification.

In this experiment, no voltage is applied to the copper needle

(V1 5 0), so the solution will not be charged, and the influence

of elongation and further deforming processes can be almost

excluded. The same device as in piezoelectric fiber fabrication is

used, and the moving speed of the enameled wire (200 mm s21)

and the solution flow rate (0.1 mL min21) are also the same as

before. A 4 KV voltage (V2) is still applied to the copper electro-

des in the fabrication of another group of 15 wt % PVDF layer

coated fibers (marked as NC15%PVDF) for comparison.

Characterization

Scanning electron microscopy (SEM) is performed to analyze the

surface of the piezoelectric layer by using a Hitachi S4800 (Chiyoda,

Tokyo, Japan) scanning electron microscope running at 3 kV.

The X-ray diffraction (XRD) patterns of the fibers are recorded

by using a PANalytical (Almelo, The Netherlands) X’Pert PRO

advanced diffractometer at room temperature. The X-ray source

was Cu Ka radiation (wavelength 0.15406 nm, voltage 40 kV,

and current 40 mA). The samples were scanned at a speed of

0.0258 min21 from 58 to 508.

The diameters of the fibers are tested with a Bruker (Billerica,

Massachusetts, United States) DEKTAK-XT step profiler. Five

thicknesses of the piezoelectric layer at different positions are

acquired by the difference of the diameters of the fabricated

fiber and the original enameled wire.

Packaging Method

Fabricated piezoelectric fibers need electrode coating and pack-

aging. First, after being fixed with a prepared clamp, the fibers

are sent into a magnetron sputtering machine to coat a gold

layer onto the whole length as outer electrodes. A gold layer

Figure 2. Schematic of the detailed fabricating process. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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with a thickness of 100 nm is obtained through time- and

power-controlled sputtering. Then, four fibers are twisted

together and passed through a PTFE heat shrink tube. Finally,

the tube is heated to shrink by a hot-air gun, and the fibers are

packaged in the tube with a coverage thickness of 0.03 mm.

Given the high efficiency of fabrication, the packaged fibers can

be very long [a fiber with a length of 10 m twisted around a

spool is shown in Figure 3(a)]. A photo and the structure of

the packaged fiber are shown in Figure 3.

Before actual application, we need to cut a certain length and

expose the electrodes. The heat-shrink tube should be cut off a

little to expose the gold/PVDF layer. Then the fiber is dipped in

DMF/acetone for a while to expose the insulating layer, and

finally we remove the enamel with the enamel remover. The

final state of each contained fiber is shown in Figure 3(b).

Test Setup

Packaged fibers are tested in a vibration-detecting application.

The test setup is shown in Figure 4. A steel ruler is used as a

cantilever with one side fixed and the other side connected to a

shaking table (LDS V455, Br€uel & Kjær, Nærum, Denmark).

The tested fiber (with length of 60 mm) is adhered to this canti-

lever with double-sided tape, and the exposed electrodes of the

tested fiber are connected to a charge amplifier (Donghua Test

DH5862, Jingjiang, Jiangsu, China) through a pair of testing

clamps. The output of the charge amplifier is acquired through

a data-acquisition tool (DAQ, NI USB-6343), and after passing

through a virtual band-stop filter (45–55 Hz), the signal is

recorded in a computer. In order to achieve closed-loop feed-

back control, an acceleration sensor (PCB Piezotronics 352C33,

Buffalo, New York, United States) is placed beside the center of

the tested fiber. This sensor is connected to a controller (Crystal

Instruments SPIDER-818, Santa Clara, California, United

States), which sends the signal to the power amplifier (LDS

PA1000L, Br€uel & Kjær, Nærum, Denmark) and controls the

vibration of the shaking table. Therefore, just by connecting the

controller to a computer, control of the acceleration around the

tested fiber can be easily achieved.

The vibration amplitude A at the test point can be obtained

from the detected acceleration and frequency:

A5
Emax

4p2f 2
(1)

In this equation, A is the vibration amplitude, f is the frequency

of vibration, and Emax is the amplitude of acceleration.

Meanwhile, because the vibration spreads as a wave and the tested

fiber deforms along with the wave, the strain amplitude of the

tested fiberis

Emax � max
dA sin

2pf
v

x
� �

dx

0
@

1
A5

2p
v

fA (2)

where K is the wave velocity on the cantilever, which usually

stays constant.

Therefore, if the detected charge quantity amplitudeis linearly

proportional to the strain amplitude of the fiber, then

Qmax5kEmax � KfA (3)

Qmax

A
� Kf (4)

where K is a constant. Thus the charge quantity amplitude is

linearly proportional to the product of the vibration amplitude

and frequency.

In our experiment, the amplitude of acceleration is set to be

1 g, and the sensitivity of the charge amplifier is set to 100 mV

pC21. Each fiber is tested at 5, 10, 15, 20, 30, 40, 60, 80, 100,

150, 200, 250, 300, 350, 400, 450, and 500 Hz.

RESULTS AND DISCUSSION

An SEM view of a PVDF-coated fiber is shown in Figure 5. It can be

clearly seen that by applying electric fields during fabrication, the

diameter of the fiber varies little and the surface of the piezoelectric

Figure 3. (a) Photo of piezoelectric fiber and packaged fiber. (b) Sche-

matic of packaged fiber. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 4. (a) Photo and (b) schematic of test setup. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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layer is continuous. Also it is noted that lots of porous structures

are well distributed over the piezoelectric layer, and the diameters

of the pores seem to decrease with the increasing PVDF concentra-

tion. This porous structure is considered to be generated in the

evaporation of the solvent, and it enlarges the surface area of the

fiber, which helps to increase the sensitivity in certain applications,

for example, in gas sensors.

For the PVDF-TrFE coated fiber (shown in Figure 6), it is also

seen that electric fields applied in fabrication help to improve

the morphology of the piezoelectric layer. However, no obvious

porous structure can be observed, which means the evaporation

of the solvent affects the solidification of PVDF-TrFE less than

for PVDF. This kind of fiber may be more suitable for applica-

tions that need a smooth surface, such as tactile sensors.

XRD patterns are shown in Figure 7. The 17.788, 18.318, and 20.038

peaks are alpha peaks of PVDF.31 The 20.608 peak is the beta peak of

PVDF.31 The 20.358 peak is the beta peak of 70PVDF-30TrFE.32 It is

clearly shown that through electrowetting-aided dry spinning, the

beta phase is formed in the PVDF layer, while the PVDF layer with-

out any electric fields applied still shows the alpha phase. On the

other hand, without solution charging caused by the first applied

electric fields (V1) on the copper needle, a significant but incomplete

Figure 5. SEM view of (a) 15% PVDF coated fiber fabricated while applying electric fields, (b) 10% PVDF coated fiber fabricated while applying electric

fields, and (c) 15% PVDF coated fiber fabricated without applying electric fields.
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beta phase transition can be observed in the PVDF layer. Which

means, during the solidification of the solution, although the electric

field is not as strong as the electric field needed for the complete beta

phase transition of a solid PVDF structure, the second applied elec-

tric field (V2) is still able to generate the beta phase in the PVDF layer

under solidification. However, it should be noted that, compared to

the fiber with solution charging, this transition is not complete, pos-

sibly due to the insufficient strength of the electric field. In other

words, by driving the charged solution with an electric field, the elon-

gation and further deforming processes also play important roles in

forming the beta phase introduced by the electrowetting-aided dry

spinning.

The thickness of the piezoelectric layers and other morphologi-

cal properties are shown in Table I. It is observed that the thick-

ness of each piezoelectric layer fabricated while applying electric

fields retains much better consistency and varies less compared

to that fabricated without applying electric fields. We can also

see that with increasing concentration the thickness of the

PVDF layer increases less than the PVDF-TrFE layer, while the

dimension of the porous structure is decreasing.

The testing results for piezoelectric properties are shown in Fig-

ure 8. By comparison of the output voltage of the sensing fibers,

it can be observed that the fibers fabricated without applying an

electric field show much weaker response, mainly due to the

unstable morphology of the piezoelectric layers, as well as the

lack of a polarized piezoelectric dipole layer, due to missing the

step of electric field–aided beta-phase formation and polariza-

tion. On the other hand, with increasing concentration, the out-

puts increase owing to shrinking of the porous structure in the

PVDF layer and the increasing piezoelectric layer thickness.

Finally, it can be also seen that the outputs of PVDF-TrFE

coated fibers show relatively stronger response at low frequency

compared to the PVDF ones.

In our experiment, as it is usually required to detect the vibra-

tion amplitude and frequency in practical applications, we

define sensitivity as the value of the charge quantity at unit

vibration amplitude. Thus we can draw the figures of sensitivity

as in Figure 8(c) and Figure 8(d). A larger output at low fre-

quency, which is shown in Figure 8(a) and Figure 8(b), is due

Figure 6. SEM view of 15% PVDF-TrFE coated fiber fabricated (a) while applying electric fields and (b) without applying electric fields.

Figure 7. XRD patterns of 15% PVDF coated fiber fabricated without any

electric fields applied (U15%PVDF), 15% PVDF coated fiber fabricated with

electric fields applied only on copper electrodes (NC15%PVDF), 15% PVDF

coated fiber fabricated with electric fields applied on copper needle and copper

electrodes (15%PVDF), and 15% PVDF-TrFE coated fiber fabricated with elec-

tric fields applied on copper needle and copper electrodes (15%PVDF-TrFE).

Table I. Morphological Properties of Piezoelectric Fiber

Fiber

Piezoelectric
layer
thickness (lm)

Main
phase Appearance

10%PVDF 6–9 Beta Porousa (large)

15%PVDF 7–9 Beta Porous (medium)

20%PVDF 8–9.5 Beta Porous (small)

U15%PVDFb 3–32 Alpha Fractured

10%PVDF-TrFE 3–5.5 Beta Smoothc

15%PVDF-TrFE 5–7 Beta Smooth

20%PVDF-TrFE 6.5–8 Beta Smooth

U15%PVDF-TrFEd 2–28 Beta Fractured

a Surface is continuous with porous structures (of different pore sizes)
distributed on the fiber.
b 15% PVDF coated fiber fabricated without applying electric fields.
c Surface is continuous without porous structures distributed on the
fiber.
d 15% PVDF-TrFE coated fiber fabricated without applying electric
fields.
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to a larger vibration amplitude exerted because of the shaking

characterization described in Eq. 1. From Figure 8(c) and Figure

8(d), it can be clearly seen that the sensitivity of the piezoelec-

tric fiber increases with the frequency almost linearly, as

described in Eq. 4, which also indicates that the generated

charge quantity is almost linearly proportional to the strain of

the fiber, and the fiber can perform better in higher frequency

to detect vibration amplitude.

All the morphological and piezoelectric properties demonstrate

that electrowetting-aided dry spinning helps to fabricate high-

quality polymeric piezoelectric fibers. These fibers consist of a

100 lm copper core (enameled with 6 lm polyester-imide), a

3–10 lm piezoelectric layer, and sputtered 100 nm gold electro-

des. Rather than directly extruding the polymeric melt onto a

solid surface, this piezoelectric layer is more closely attached

with the help of electrowetting during the fabrication. Because

the polymeric layer is much thinner than the copper core, most

of the stress concentrates on the metal core, which means the

mechanical behavior of this fiber performs linearly, almost the

same as a metal wire. That simplifies signal processing in sens-

ing applications.

CONCLUSIONS

Morphologically stable piezoelectric fibers with a metal core and

a beta-phase PVDF (or PVDF-TrFE) layer are fabricated by an

electrowetting-aided dry spinning method. The beta phase tran-

sition as well as polarization of the piezoelectric layer is

achieved through electric fields applied in the piezoelectric layer

under solidification. The morphological properties of the fibers

are analyzed through SEM, XRD, and a step profiler, while the

piezoelectric properties are tested in a vibration-detecting appli-

cation, which all demonstrate the stable performance of these

fibers. The electrowetting-aided dry spinning method can also

be applied in other fabrications to enhance adhesion between

the liquid and the solid surface.
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