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a b s t r a c t

Piezoelectric actuation of doubly clamped, electrospun poly (vinylidene fluoride) (PVDF) fibers fabricated
by a direct-write process has been demonstrated. Near-field electrospinning (NFES) has been utilized to
fabricate PVDF fibers with good piezoelectric properties by means of the in situ electrical poling and
mechanical stretching process. Experimentally, PVDF fibers have responded to both piezoelectric and
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electrostatic effects and a double-electrode approach has been used to minimize the electrostatic effect.
An average piezoelectric coefficient d33 of −57.6 pm/V has been characterized from fabricated fibers and
this value is about twice larger than the value reported in PVDF thin-films. Various complex patterns of
PVDF fibers have been deposited using NFES, enabling possible array formats for fiber-based actuators
with possible applications including artificial muscles and switches.
lectrospinning
oly (vinylidene fluoride) (PVDF)

. Introduction

As a piezoelectric polymer, Poly (vinylidene fluoride) (PVDF)
s attractive in energy conversion applications between electric
nd mechanical forms because of its low cost, high flexibility and
iocompatibility. The piezoelectric property of (PVDF) has been uti-

ized in various device applications, such as strain sensors [1–4],
echanical actuators [5–7], energy harvesters [8–11] and artificial
uscles [12]. Recent advancements in nanotechnology have fur-

her explored the possibility of using PVDF nanofibers for possible
pplications in nano sensors, actuators and energy generators. The
forementioned applications rely on good piezoelectric property
f PVDF and it is well-known that proper mechanical stretching
nd electrical poling are necessary to achieve good piezoelectricity.
lectrospinning processes can construct PVDF fibers with simul-
aneous in situ mechanical stretch and electrical poling [13–16].
owever, existing conventional electrospinning processes produce
bers that do not exhibit useful piezoelectric responses as a whole
ecause piezoelectric reactions of randomly distributed fibers can-

el out each other such that their overall piezoelectric outputs are
egligible.

A direct-write electrospinning technique by means of near-field
lectrospinning (NFES) [17,18] has been developed to produce ori-
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entation controllable depositions of fibers of various materials.
Previously, Chang et al. have reported nanogenerators based on
electrospun PVDF nanofibers [19] with high energy conversion effi-
ciency for potential wearable ‘smart clothes’ to power hand-held
electronics through body movements. Here, piezoelectric actuation
characteristics of a single electrospun PVDF fiber are investigated
for potential applications in actuators, switches and artificial mus-
cles. Furthermore, controllability of electrospun PVDF fibers using
NEFS has been demonstrated for potential array formats of poly-
meric actuators.

2. Design and fabrication

Fig. 1a illustrates the schematic diagram of a single, suspended
fiber across two aluminum contact pads (made of 81 �m-thick
aluminum foil) on an insulation glass substrate fabricated by the
direct-write electrospinning process. Conductive epoxy was used
to fix the two ends of the suspended fiber. The typical air gap
between the two contacts is 500–1000 �m and the direct-write
technique is realized by using an x–y stage (Newport, Inc.) to con-
trol the deposition speed and direction of the glass substrate during
the NFES process.

In the preparation of PVDF solution, dimethyl sulfoxide (DMSO)
is used as solvent for PVDF powder (Mw = 534000), with added ace-

tone and fluorosufactant (ZONYL® UR) to improve the evaporation
rate and reduce the surface tension of the solution, respec-
tively. Fig. 1b shows the SEM image of a fabricated PVDF fiber
(2.6 �m in diameter and 500 �m in length). The electrospinning
process parameters used in this case are: 16 wt% PVDF, 80 wt% sol-
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Fig. 1. (a) Schematic diagram of the direct-write electrospinning process with in situ
p
d
c
a

v
(
t
s

e
(

ε

w
c
d
t
e
r
t
t
p
o
i
i
c
t
f
a
d
o
s
i
t
i
t
o
p

Fig. 2. (a) Side view diagram to illustrate the electrostatic attraction force. (b) Defor-
oling to construct suspended piezoelectric PVDF fiber. The polarity of the fiber is
etermined as shown. Conductive epoxy was added to fix the fibers on the aluminum
ontact electrodes. (b) SEM image of a suspended PVDF fiber with diameter of 2.6 �m
nd length of 500 �m. The fiber in (a) was enlarged for illustration purpose.

ent (DMSO:acetone with 1:1 weight ratio), 4 wt% fluorosufactant
ZONYL® UR), 1 mm for the needle-to-collector distance, 1.1 kV for
he electrospinning voltage, and 35 mm/s for the x–y stage moving
peed.

Under the applied electrical field, piezoelectric effect will gen-
rate mechanical strain with a magnitude εp along the fiber axis as
without considering external forces applied on the fiber):

p = d33E (1)

here E is the applied electric field, and d33 is the piezoelectric
oefficient. PVDF has negative d33 such that positive (in the same
irection with the polarity of the fiber) and negative (in the direc-
ion opposite to the polarity) electric fields result in shrinkage and
longation of the fiber, respectively. Therefore, the piezoelectric
esponses of PVDF fiber with two ends fixed under an applied elec-
ric field can be characterized as following. (a) In the ideal case,
he suspended fiber is straight without initial deformation. Under
ositive electric field, a tensile strain will be generated with no
bservable y-directional deformation since the fiber is fixed at
ts two ends. Under negative electric field, the fiber will buckle
n any direction in the y–z plane assuming the fiber has perfect
ircular cross section. (b) In reality, the suspended fiber has ini-
ial downward deformation (along the −y direction) which results
rom gravity force during the electrospinning process. The positive
nd negative electric field will reduce and increase the downward
eformation, respectively. Furthermore, the “initial deformation”
f the suspended fiber can be adjusted by changing the moving
peed of the substrate during electrospinning process. Higher mov-
ng speed results in smaller initial deformation, even initial residual

ensile strain, but fibers break easily if the substrate moving speed
s higher than 90 mm/s. In the rest of the discussions throughout
he paper, “deformation” is defined as the deflection at the center
f the fiber relative to its initial deformation after the deposition
rocess.
mation of PVDF fiber under positive (+E) or negative (−E) electrical field as a result of
both (I) piezoelectric and (II) electrostatic effects. (c) With additional top aluminum
electrodes, the effects of electrostatic force can be reduced. The fibers in (a)–(c) were
enlarged for illustration purpose.

Practically, electrostatic effect also contributes to the deforma-
tion of the fiber. Under an electrical bias as illustrated in Fig. 2a,
charges in the fiber migrate to both ends with a built-in potential
[20,21]. The electrostatic attraction force, either under positive or
negative electrical field, deforms the fiber downwards as shown in
Fig. 2b. When a positive electrical field is applied, the total deforma-
tion is equal to the combined downward electrostatic and upward
piezoelectric deformation. When a negative electrostatic filed is
applied, the total deformation is equal to combined downward
electrostatic and downward piezoelectric deformation. Analyti-
cally, electrostatic force comes mainly from the asymmetry of
electrodes in the y direction as electrodes are only placed on the
bottom of the fiber. Therefore, adding two extra electrodes on top of
the two bottom aluminum electrodes could reduce the electrostatic
effect as illustrated in Fig. 2c.

3. Simulation

The piezoelectric responses of a suspended PVDF fiber to the
applied electric field along the x-direction are calculated using
finite element method (FEM), as shown in Fig. 3a. In this case,
the fiber has a diameter of 5 �m and length of 1 mm and the
material properties of bulk PVDF are adopted as: Young’s modulus
E = 2.5 GP, Poisson’s ratio � = 0.348 [22], relative dielectric constants
� = 8 [23], and piezoelectric constants d31 = 20 pm/V, d32 = 3 pm/V
and d33 = −33 pm/V [24]. In the simulation, the boundary conditions
are set as followings: the two ends of the fiber are mechanically
fixed (displacements in all directions are zero) and the other parts
are free to move to a mechanical equilibrium state, and the volt-

age is applied along the x-axis. In the experiments, the fiber has
initial downward deformation (in the −y direction) due to gravity
during electrospinning process which can be adjusted by control-
ling the moving speed of the x–y stage. Thus, in the simulation
the initial downward deformation is taken into account by using
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Fig. 3. (a) Simulation results illustrate the deformation of the fiber. (top) Initial
deformation of 20 �m under gravity. (center) Deformation under applied electric
fields of −1.2 V/�m along x-axis. (bottom) Deformation under 1.2 V/�m along x-axis.
The deformations were enlarged for illustration purpose. (b) Piezoelectric simu-
lation results showing the relationship between fiber central deformations with
respect to applied electric field for different d33 varying from −10 to −90 pm/V. For
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Fig. 5a and b shows measured central deformations (relative
to the initial downward deformation of 20 �m) of an electrospun
fiber under positive and negative electrical fields with one-layer
and double-layer electrodes, respectively (the second aluminum
ach d33, the simulation data was linearly fitted, so each linearly fitted line corre-
ponds to a value of d33 . The inset shows the dependence of the slope of linearly
tted line on d33 .

curving model (Fig. 3a) which has initial downward displace-
ent of 20 �m at the center. Under an electric field of −1.2 and

.2 V/�m, the center of the fiber has displacements relative to its
nitial downward deformation of −0.418 and 0.425 �m as a result
f piezoelectric effect, respectively. Simulation results indicating
he linear relationship between fiber central deformations and the
pplied electric fields of varying d33 from −10 to −90 pm/V are
hown in Fig. 3b. The dependence of the linearly fitted line slope on
33 are plotted as the inset of Fig. 3b as the foundation to approxi-
ate d33 of the PVDF fiber fabricated in this work.

. Experimental results and discussions

The deformations at the fiber center are measured using a dig-
tal microscope with a charge-coupled device (CCD). An advanced
mage capture and processing software, “Infinity Analyze,” (by
umenera Corporation) is used to characterize the displacements.
uring the experiments, the actuator is tilted 90◦ in order to
bserve and characterize the upward and downward movements at
he center of the fiber. Before the experiments, the image of a fabri-
ated microstructure with circular dots is captured for calibration,
s shown in Fig. 4a. Center-to-center distance of two neighbor-
ng dots in the same row or column is 8 �m and the calibration
rocess is conducted by placing a line on the image and spec-

fying the length between the centers of two dots with known

istance. Fig. 4b illustrates that the fiber center has a displacement
f −1.57 ± 0.2 �m under an applied electric field of −1.2 V/�m. The
easurement uncertainty mainly comes from the determinations

f the edges of the fiber on the images.
Fig. 4. (a) A micro device with known geometry is used for calibration. (b) Optical
images of the fiber center positions before and after the applied electric field of
−1.2 V/�m.
Fig. 5. Experimental results showing the fiber central deformations correspond-
ing to different electric fields with (a) one-layer and (b) double-layer electrodes,
respectively.
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Fig. 6. XRD diffraction patterns of the randomly and orderly aligned PVDF fibers
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tively. Increasing the stage moving speed could produce thinner
PVDF fibers, as shown in Fig. 8a. However, higher speed (more
than 90 mm/s) would terminate the electrospinning process, mak-
ing fiber discontinuous. Experimental result in Fig. 8b shows the

Fig. 8. Dependence of electrospun PVDF fiber diameters on the electrospinning
parameters. (a) Stage moving speed. Other parameters are as follows: 16 wt% PVDF,
80% solvent (DMSO: acetone with 1:1 weight ratio), 4 wt% fluorosufactant (ZONYL®

UR), 1.5 mm for the needle-to-collector distance and 0.92 kV for the electrospinning
voltage. (b) Needle-to-collector distance. Other parameters are as follows: 16 wt%
abricated by conventional and NFES processes, respectively.

lectrode is glued on top of the first electrode). Results from the
ne-layer electrode setup in Fig. 5a show downward displacements
long the y direction at the center of the fiber for both positive
nd negative electric fields. This implies that the electrostatic force
ontributes significantly to the measured data. Theoretically, the
xistence of piezoelectric effect should cause larger downward
isplacements under negative electric field as compared with the
isplacements under positive electric field and this phenomenon

s observed as illustrated. By constructing the double-layer elec-
ric electrodes, the electrostatic effect is minimized as illustrated
n Fig. 5b. The downward deformations are reduced under the neg-
tive electric fields and the upward deformations are observed
nder positive electric fields. This indicates the electrostatic effect
as been minimized and the piezoelectric actuation dominates the
otal effects. According to the linear fit of the measured data, d33 is
stimated to be 46 ± 14 pm/V based on the simulations results in
ig. 3b.

PVDF is a semicrystalline polymer that consists of four crys-
alline phases of �, �, � and �. Among these, non-polar � phase
s the most common phase and is usually found in commercially
vailable powders and films. It has random orientation of dipole
oments with poor piezoelectricity. � phase has all the dipole
oments pointing to the same direction and it is responsible for

he piezoelectric responses of PVDF. In order to verify the in situ
lectric poling and mechanical stretching effects during the NFES
rocess, XRD (X-ray Diffraction) patterns of randomly and orderly,
s-electrospun PVDF fibers are characterized as shown in Fig. 6,
espectively. In both cases, a dominant peak at 2� = 20.6◦ corre-
ponds to 200/110 reflections of the � phase. This implies that
he high electric field during the electrospinning process aligns
he dipole moments and produces good piezoelectric materials.
herefore, electrospinning of PVDF from its solution can transform
on-polar � phase in the crystalline into polar � phase and intro-
uce the piezoelectric effect of electrospun PVDF fibers.

Fig. 7 shows that in comparison with commercially available
VDF thin films [25–29], the electrospun PVDF fibers with diame-
ers ranging from 1 to 5 �m have higher piezoelectric coefficients
33, which exhibit an average value of −57.6 pm/V based on
samples. Several possible reasons could have contributed to

he enhanced piezoelectric properties. For example, PVDF fibers
eposited by the NFES process could have fewer defects than the
VDF thin film due to a higher degree of crystallinity and chain ori-
ntation [19]. Furthermore, significant fraction of the piezoelectric
esponses could come from extrinsic effects collectively known as

domain wall motion” [30]. Compared with PVDF thin film, much
maller domain wall motion barrier in PVDF fibers was identified
hich results in large piezoelectric responses [19].
Fig. 7. Comparison between measured d33 of electrospun PVDF fibers (trianguler
dots) and reported d33 of PVDF thin film (circular dots) with different feature size.

5. Controllability of NEFS

Control capability of electrospinning is a key issue to make func-
tional devices and to tailor their performance. During NEFS, the
diameters of fibers could be controlled by adjusting various electro-
spinning parameters, such as PVDF concentration, electrospinning
voltage, needle-to-collector distance and x–y stage moving speed.
Fig. 8a and b shows the controllability of fiber diameters based on
needle-to-collector distance and x–y stage moving speed, respec-
PVDF, 80% solvent (DMSO: acetone with 1:1 weight ratio), 4 wt% fluorosufactant
(ZONYL® UR), 40 mm/s for the stage moving speed and 1 kV for the electrospinning
voltage.
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ig. 9. Experiments showing controllability of NEFS for PVDF fibers. (a) A single e
00 �m spacing. (c) Parallel fibers with controlled 100 �m spacing. (d) Arc pattern

elationship between fiber diameter and needle-to-collector dis-
ance. When the needle-to-collector distance is increased from 1
o 2 mm, the PVDF fiber diameter is decreased because of the lower
lectric field for NFES (larger needle-to-collector distance while
he voltage remains the same) results in smaller polymeric jet
merging from the cone, thus reducing the diameters of electro-
pun fibers [19]. However, when the needle-to-collector distance
s increased from 2 to 3 mm, the fiber diameter is increased dramat-
cally. This is believed that the formation of fiber has changed from
ear-field electrospinning to the conventional electrospinning pro-
ess. In the conventional electrospinning process, smaller electrical
led results in smaller stretching force [31] and fibers with larger
iameters. Further investigations will be required to systematically
haracterize this transition region and provide design guidelines for
he control of both the near-field and conventional electrospinning
rocesses.

Furthermore, NEFS has the capability to control the deposition
osition of PVDF fibers in contrast to random deposition by con-
entional electrospinning processes. In our demonstrations, the
VDF fiber with a diameter of 550 nm is deposited continuously and
he complex patterns are assembled by controlling the movement
f the collector using a programmable x–y stage (Newport, Inc),
hown in Fig. 9a–d. This enables possible applications of actuators
n the array format for larger force and/or deformation applications
ased on electrospun fibers.

. Conclusions

In summary, piezoelectric response of a suspended PVDF fiber
irectly written by NFES has been characterized. The double-

lectrode setup significantly reduces the effects of electrostatic
orce such that it is possible to characterize the piezoelectric effects
f electrospun fibers systematically. It is found that electrospun
VDF fibers have larger (about twice) piezoelectric coefficient d33
han that of PVDF thin films possibly due to fewer defects and

[

[

spun PVDF nanofiber with diameter of 550 nm. (b) A grid pattern with controlled
ontrolled 100 �m spacing.

smaller domain wall motion barrier in PVDF fibers. Moreover,
controllability of electrospun PVDF fibers using NEFS has been
demonstrated for possible array fabrication. We believe that actua-
tors made by electrospun PVDF fiber could enable various potential
actuation applications for NEMS/MEMS.
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