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ABSTRACT: We report on highly stretchable piezoelectric structures of
electrospun PVDF-TrFE nanofibers. We fabricated nanofibrous PVDE-TrFE
yarns via twisting their electrospun ribbons. Our results show that the twisting
process not only increases the failure strain but also increases overall strength
and toughness. The nanofibrous yarns achieved a remarkable energy to failure
of up to 98 J/g. Through overtwisting process, we fabricated polymeric coils
out of twisted yarns that stretched up to ~740% strain. This enhancement in

|

mechanical properties is likely induced by increased interactions between

nanofibers, contributed by friction and van der Waals interactions, as well as favorable surface charge (Columbic) interactions as
a result of piezoelectric effect, for which we present a theoretical model. The fabricated yarns and coils show great promise for
applications in high-performance lightweight structural materials and superstretchable piezoelectric devices and flexible energy

harvesting applications.
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Bl INTRODUCTION

Development of lightweight, strong, and tough materials is
critical for current advanced applications such as defense,
automobile, and aerospace. Fibrous materials such as nano-
fibers, nanotubes, and their twisted yarns are great candidates to
achieve this multifunctionality facilitated by their lightweight
and enhanced interaction surface.'”® Current research is
focused on improving the interfacial properties between
individual elements in twisted yarns, given that interfaces are
often the weakest points in the structure. The weak shear
interaction between adjacent nanofibers or nanotubes prevents
these materials from achieving their maximum theoretical
performance. Interaction between neighboring elements in
fibrous materials is often weak van der Waals (vdW) forces or
hydrogen bonds if they are properly functionalized. There has
been major effort in establishing hydrogen bonds at interfaces,

hydrogen bonds in carbon nanotube (CNT)
yarns.”'® Electrostatic (Columbic) interactions are much
stronger than vdW interactions (~1 kT) and hydrogen bonds
(~10 kT)."" Columbic interactions can be as strong as covalent
bonds (100—300 kT). Engineering interfaces with endogenous
electrostatic interactions can be beneficial in enhancing the
interface strength and ultimately results in lightweight materials.
Such interactions are believed to exist between collagen fibrils
in bone. Collagen fibrils are piezoelectric materials and, hence,
would generate surface charges in bone under deforma-
tion."*”'* This mechanism could be one of the reasons for
high toughness of natural materials such as bone.
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One potential candidate for engineering interfaces with
electrostatic (Columbic) interaction would be piezoelectric
materials. Mechanical tension in these materials results in
surface charges that could enhance the mechanics of the
interface. Piezoelectric materials are an important class of
multifunctional materials;'® extensively used as actuators and
sensors'® and in energy harvesting.'” Common piezoelectric
materials such as PZT (lead zirconate titanate), BaTiO,
(barium-titanate), ZnO (zinc oxide), and GaN (gallium
nitride), which are often ceramics or semiconductors, are
mechanically brittle and fail at low strains (<0.1—3%)."*'? In
contrast to the inherent brittleness of piezoelectric ceramics,
piezoelectric polymers have demonstrated a great potential to
achieve flexibility and stretchability. Among piezoelectric
polymers, the piezoelectric properties of polyvinylidene fluoride
(PVDF),*® and its copolymer PVDE-TrFE (polyvinylidene
fluoride trifluoroethylene) has attracted considerable inter-
est.'"®'7*° Bulk PVDF has a failure strain in the range of 12—
50%.>%*” In addition, PVDF is biocompatible and is considered
a highly attractive polymer for biomedical applications such as
in smart catheter devices and as scaffold for tissue engineer-
ing 26~

PVDF is semicrystalline and approximately 50% amorphous
with several stable crystalline forms including a, f, y, and 6
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Figure 1. (A) Schematic of the electrospinning process; (inset) jet of PVDF-TFE solution projected from the tip of the needle toward the collector.
(B) Electrospun membrane detached from the substrate using tweezers and (C) cut into ribbons. (D and E) SEM micrographs of a ribbon
(membrane) with aligned nanofibers. (F) Histogram of the distribution of the fibers diameters obtained from SEM images. More than 80% of

nanofibers have diameters of 200—600 nm.

phases. The f-phase is the most piezoelectrically responsive
one. PVDF is mechanically stretched and electrically poled at
very high voltage under elevated temperature (80—150 °C) to
align randomly oriented dipoles in the sample.”” On the basis
of recent reports, electrospun PVDF and PVDEF-TrFE nano-
fibers have shown great promise both in terms of structural
functionality,31 as well as energy harvesting and sensor
applications.”” ™ 1t is reported that electrospun nanofibers
can sustain mechanical strain up to 65%." Aligned arrays of
electrospun PVDF-TrFE nanofibers enabled ultrahigh sensi-
tivity for measuring pressure, even at exceptionally small values
(0.1 Pa).** Recently, electrospun nanofibers of PVDF were
demonstrated for self-powering wearable electronic textiles
applications.>**”®

In this study, we report on highly stretchable piezoelectric
structures of electrospun PVDEF-TrFE nanofibers. We used
twisting process to develop nanofibrous PVDF-TrFE yarns out
of ribbons. Our results show that the twisting process not only
increases the failure strain but also increases overall strength
and toughness. Through overtwisting, we fabricated novel
polymeric coils out of twisted yarns. Overtwisting here means
that once the yarn samples were obtained by twisting the
ribbons, we apply additional twist to fabricate coil samples from
yarn samples. The coils can stretch up to ~740% strain. This
enhancement in mechanical properties is likely a result of
increased interactions between nanofibers, contributed by
friction and vdW interactions, as well as favorable surface
charge interactions as a result of piezoelectric effect. We present
a theoretical model to account for contribution of piezoelectric
effect in mechanical properties.
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B RESULTS AND DISCUSSION

The nanofibrous membrane was separated from the substrate
and was cut into several identical sized ribbons, as shown in
Figure 1C. Figure 1D,E shows SEM (scanning electron
microscope) images of the aligned nanofibrous membranes.
More than 80% of the nanofibers have a diameter of 200—600
nm (Figure 1F).

Figure 2 shows the FTIR and XRD spectra acquired from the
samples. The FTIR peak at 840 cm™' is the main peak
associated with the S-phase.®*° In FTIR spectra, a-phase
would be represented with peaks at 765 and 795 cm™. Absence
of strong peaks at this wavenumbers indicates that the f-phase
is the majority phase in these samples. X-ray diffraction (XRD)
data is shown in Figure 2D,E. The strong peak at 20 ~ 19°—
20° corresponds to XRD from (110) plane, representing the f-
phase, which confirms the presence of the [B-phase in the
nanofibers. Presence of strong f-phase in the electrospun
nanofibers shows that electrospun PVDEF-TrFE gets poled
during electrospinning, and the commonly used stretching at an
elevated temperature is not necessary to obtain S-phase. The
importance of -phase is that the nanofibers are piezoelectric, as
shown next.

The presence of f-phase in the nanofibers points to strong
piezoelectric properties. For quantitative analysis, we charac-
terized piezoelectric properties of PVDF-TrFE nanofibers using
both direct and converse methods (Figure 3)."%'% In the direct
method, electric charge generated in the sample under
mechanical deformation was measured. In the converse
method, we measured displacement generated under electrical
voltage. For direct measurement, we used a flexure stage that
subjected PVDF-TTFE nanofibers to a periodic flexed-unflexed
configuration. As shown in Figure 3A, the sample is mounted
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Figure 2. FTIR and XRD spectra of the electrospun nanofibers: (A) Chemical structure of PVDF-TrFE. (B and C) FTIR spectra showing the peak
associated with the crystalline f-phase. (D and E) XRD spectra showing the peak at 20 = 19° ~ 20° that corresponds to the X-ray diffraction pattern

from (110) plane, representing the f-phase.
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Figure 3. Piezoelectric characterization of the electrospun nanofibers: (A) Schematic of the flexure-test experiment. (B) Plot shows the generated
voltage for several flexed and unflexed states; (inset) schematic of the prepared sample. (C) Schematic of the PFM experiment. (D) Piezoresponse
amplitude vs applied voltage from PVDF-TrFE nanofiber.
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on the flexure stage, and the electrodes of the sample are
connected to a multimeter. The experimental setup is shown in
Figure S1 (Supporting Information). The generated voltage
from the sample is shown in Figure 3B. Each stroke of the
flexure stage results in two peaks in opposite directions. The
first peak is the result of flexing deformation, and the second
peak is the result of unflexing (relaxing) deformation (Figure
S1B,C, Supporting Information). The nanofibers generate a
uniform voltage as large as 20 mV. By improving the electrical
contact through fabricating the nanofiber layer along with
incorporating the electrodes within the structure of the device,
we can obtained improved electrical output.*®

For converse piezoelectric characterization, we used
piezoresponse force microscopy (PFM), Figure 3C.t1e Figure
3D shows the obtained response on an individual nanofiber.
The relationship between the applied voltage and measured
piezo-response is linear, which indicates that the measured
response is the piezoelectric response. The piezoelectric
constant of the nanofiber was measured to be 37—48 pm/V,
which is slightly stronger than the bulk PVDF-TFE (~38 pm/
V). This indicates that the fabricated nanofibers from
electrospinning are highly piezoelectric without the need to
the electric poling, which confirms the results of FTIR and
XRD for the presence of f-phase in the nanofibers.

Yarns and coils were fabricated by twisting the ribbons,
as shown in Figure 4. Detail of the experimental method is

Y
{

741,42

yarnt coil

A

ribbo

Figure 4. (A) Fabrication of yarns and coils from electrospun ribbons
by twisting process. (B) A coil several centimeters long. (C) Optical
microscope image of a coil.

shown in Figure S4 (Supporting Information). During the
twisting process, a small weight was hanged from one end of
the ribbon, while the other end of the sample was fixed. The
end of the ribbon was twisted using a DC motor. After
application of twists to a ribbon, initially a uniform yarn was
obtained. When the yarn was overtwisted, coils started
developing from one end of the yarn, and gradually extended
to the other end of the sample until the entire yarn was
converted to a fully packed coil. For each sample, number of
turns was counted during twisting process. This number was
divided by length of the sample to provide an “index” for the
number of turns per length of the sample. These values are
provided in Table S1 (Supporting Information). Figure 4B,C
shows images of the fabricated coils. Yarns and coils several
centimeter long can be fabricated using this method.

Figure 5 shows SEM micrographs of coil and yarn samples
fabricated from aligned nanofibers. The coil has an outer
diameter of ~306 ym and a pitch of 140 ym. SEM images
shows that the coil is uniform along its length. In addition, the
high-magnification images show that alignment of the nano-
fibers is maintained in the fabricated coil after twisting and
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overtwisting process. Figure 5J—L show SEM micrographs of a
yarn with a diameter of 175 ym. Similar to the coil, the yarn is
made of aligned nanofibers. Figures S5—S7 (Supporting
Information) show SEM images of more coil and yarn samples
with random and aligned nanofibers.

An important observation from SEM images is that even after
a large amount of twisting, the nanofibers in the fabricated
samples appear to be continuous with no signs of nanofiber
failure. This shows that individual nanofibers are highly
deformable. The stretchability and continuous geometry of
the nanofibers would contribute to the enhanced mechanical
properties of the samples. To examine the mechanical
properties of the samples, the fabricated ribbons, yarns, and
coils were subjected to uniaxial tensile test. Results of the
tensile experiments of the ribbons and yarns fabricated from
aligned nanofibers are shown in Figure 6. Figure S8
(Supporting Information) shows the corresponding results for
the samples fabricated from random nanofibers. Table S1
(Supporting Information) presents the detailed mechanical
properties of the samples.

The results of the tensile experiment are given in terms of the
specific stress vs engineering strain. The engineering strain was
calculated as the crosshead displacement divided by the gauge
length of the sample, ¢ = ((L — L,)/L,) = (AL/L,). The
specific stress of the sample was calculated by dividing the force
sustained by the sample by the linear density (1) of the sample.
The linear density is defined as

weight (g)

length (km) 6))
where A is defined in “tex” units. In these units, the specific
stress has units of N/g/km, which is equivalent to 10° MPa/ g/
cm?®, Density of PVDF-TrFE is 1.87 g/ cm®. Area under force—
extension was calculated for each sample and normalized by
weight to provide gravimetric toughness in units of J/g.

Inset in Figure 6A shows digital photographs of a ribbon
sample under tension. Aligned ribbons show strain to failure in
the range of 67—83%. Comparing to Figure S8A (Supporting
Information), ribbons made of random nanofibers show 134—
146% failure strain, on average more than 1.8 times larger than
the aligned ribbons. However, the strength of the aligned
ribbons is on average 8.7 times larger than the random ribbons.
The toughness of the aligned ribbons is also more than five
times larger than the random samples. The higher ductility of
ribbons with randomly oriented nanofibers is likely the result of
additional degrees of motion available to misaligned nanofibers,
such as reorientation toward the loading direction. This
reorientation is, however, accompanied by nonuniform stress
distribution and localization, compromising the overall strength
and toughness.

Similar trends hold for the yarn samples. The strain to failure
of the random samples is larger (by a factor of 1.6) compared
to the aligned yarns. However, their toughness and strength are
larger compared to the random yarns by factors of 6 and 9,
respectively. The yarns fabricated from the random samples
stretch up to 235% strain, while for the aligned samples, the
strain to failure reduces to ~160%.

The aligned yarns of PVDEF-TrFE achieve a remarkable
energy to failure of up to 98 J/g. This is notable considering
that a large portion of previous fibers such as CNT yarns or
high-performance synthetic fibers (e.g,, Kevlar) show energy to
failure in the range of 30—60 J/g. For instance, the energy-to-
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~306 pm and a pitch of 140 ym. (J—L) SEM micrographs of a yarn fabricated from aligned nanofibers shown in different magnifications. The yarn
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Figure 6. Tensile experiment results in terms of specific stress vs strain for (A) ribbons and (B) yarns. (A, inset) digital photographs of the tensile

experiment on a ribbon.

failure of CNT yarns were fabricated by pulling CNT aerogels
from a chemical vapor deposition (CVD) reactor and twisting
them into yarns, or via hot-drawing polymer—CNT composite
fibers, and CNT yarns drawn from CNT forests are typically
within 14—60 J/g.>*>* This is considerably lower than the
highest energy-to-failure of PVDF-TFE yarns reported here.
On the other hand, in few cases, CNT yarns have been
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developed with energy-to-failures of ~100 J/g or higher,"
comparable to values reported here for PVDF yarns.

Yarn samples show higher performance compared to the
ribbon samples in terms of failure strain, strength and
toughness. This enhancement of mechanical properties is the
result of increased nanofiber—nanofiber interactions in the
yarns, facilitated by the lower porosity (more compactness) of
the yarns as the result of twisting process. The nature of
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interactions between nanofibers is likely vdW (van der Waals)
interactions, and sliding friction. In addition, nanofibers become
poled during the electrospinning process as confirmed by FTIR
and X-ray spectroscopy (Figure 2) and direct piezoelectric
characterization (Figure 3). Therefore, the interactions between
nanofibers can also originate from favorable (attractive)
electrostatic interactions of neighboring nanofibers. This
electrostatic interaction is shown in Figure 7. These electro-

. . (i) Electrostatic shear interaction
Electrostatic attraction based on

piezoelectric generated charges | nanofiber |
—

+++ ++++ ++++ +++++ Tr—

| nanofiber | | TR |
e e
hanofiber (ii) Friction

B | nanofiber Ff |
F-’V >
| nanofiber  Fy |

Figure 7. (Left) Electrostatic interactions between adjacent piezo-
electric nanofibers as the result of piezoelectric generated surface
charges under mechanical stress. (i) Contribution of electrostatic
surface charges to shear force between nanofibers. (ii) Contribution of
electrostatic forces to the friction between nanofibers by increasing the
normal compressive force between the nanofibers.

static surface charges are generated as the result of piezoelectric
effect when the nanofibers are under mechanical stress. As a
result, this electrostatic interaction may enhance the mechanical
properties of the yarn samples, given that electrostatic
interactions are much stronger than weak vdW forces."" For

the nanofiber sample in a yarn, it can be shown that
(Supporting Information)

2
U =Ed13xl—vF
Uy

lastic € Vg (2)

where U, and U gy, are the elastic energy in the nanofibers
and the electrostatic energy stored between the nanofibers,
respectively. E, di;, and g, are the elastic modulus, the
piezoelectric constant of PVDE-TrFE, and the permittivity of
the air, respectively, and vy is the volume fraction of the
nanofibers. Volume fraction of the nanofibers can be estimated
from the porosity of the samples. For example, for yarn
samples, the volume fraction of nanofibers is ~40%
(Supporting Information). For PVDF-TYFE yarns, the (U./
Uklastic) i ~2.07, meaning that the electrostatic energy can be
comparable to or even larger than the elastic energy stored in
the nanofibers. This effect is likely less in ribbons, given the
smaller number of fiber—fiber interactions, whereas in yarns,
the twisting process increases fiber—fiber interactions.
Another contribution of the piezoelectric generated surface
charges could arise from enhancing the friction between the
nanofibers. This phenomena is often called electrostatic
tribocharging.“s’46 It has been suggested that tribocharges
produced by friction have a large effect on the friction
coeflicient of dielectrics and may exceed all other mechanical
energy dissipation mechanisms.*® Friction force is proportional
to normal force between two surfaces (Ff = uFy). The attractive
force between surface charges on the nanofibers will increase
the normal force between nanofibers, and hence contribute to
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Figure 8. (A) Tensile experiment results in terms of specific stress vs strain for coils. (B) Load-unload response of a coil sample; (inset) load—unload
up to 85% strain with full return to zero strain after unloading. (C) Digital photographs of the tensile testing of a PVDF-TtFE coil showing the
extension of the coil under tension up to ~700% strain, to the point that all the coils are uncoiled. (D) A series of optical microscope images showing
deformation mechanism during the extension of a coil under axial stretch (left to right). The coil becomes straight, resembling a yarn shown in the

right panel.
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the static friction between nanofibers. This effect, in turn, will
enhance interaction forces between the nanofibers (Figure 7ii.

Figure 8A shows the tensile experiment results for coils made
of aligned nanofibers. The coil samples stretch up to
remarkable strain of ~740%. For random coils, failure strain
range drops to 328—632% strain. Aligned coils also show much
larger toughness and strength compared to the random coils.
Figure 8B shows a coil sample subjected to a series of load-
unload until final failure. The sample shows a hysteretic
behavior under loading and unloading cycles; up to ~85%
strain (Figure 8B, inset), the strain returns to zero after
unloading, indicating elastic behavior. Further strain results in
plastic deformation. Figure 8C shows consecutive images of a
coil under tension. This coil sustains strain up to nearly 700%
before failure. Figure 8D shows a series of optical microscope
images from deformation of a coil sample under an optical
microscope. The deformation mechanism of the coil is initially
separation of the adjacent coils surfaces and gradual unwinding
of the coils until the sample is free of coils. Similar CNT coils
reported in the literature show strain to failure of ~285%, with
a toughness of 28.7 J/g and tensile strength of ~74 MPa.® The
PVDE-TrFE coil samples reported here achieved toughness of
up to 56 J/g and a tensile strength of up to 30.5 MPa.

Figure 9 shows a summary of the mechanical properties of
the random and aligned ribbon, yarn, and coil samples. Coil
samples achieve the highest strain to failure, facilitated by the
structural geometry. Specific strength of the aligned samples is
several folds larger than the random samples. The yarns show
the largest enhancement of specific strength by 9.4 times
compared to the random yarns. Ribbons and coils exhibit 8.7
and 4.8 times enhancement of specific strength, respectively,
compared to the corresponding random samples. This large
enhancement in specific strength can be explained by increased
number of nanofibers that contribute to load carrying in the
axial direction of the sample. Yarns achieve the highest
toughness in comparison to ribbon and coils. Compared to
ribbons, yarn and coil samples have larger fiber—fiber
interactions as the result of twisting process. Moreover,
according to SEM images, the interaction length of adjacent
nanofibers in yarns is longer than coils. This is due to the
overtwisting process in coils, which reduces the interaction
length by rotating the nanofibers along the pitch of the coil.
The increased interaction length in yarns facilitates the load
transfer between nanofibers, caused by a combination of vdW
interactions, favorable electrostatic interactions, and piezo-
electrically enhanced friction, leading to enhanced toughness
and strength.
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B CONCLUSIONS

We demonstrated that highly stretchable yarns and coils can be
fabricated by taking advantage of the twisting process of
electrospun piezoelectric PVDF-TrFE nanofibers. Superstretch-
able coils exhibited strain to failure of up to 740%. The
nanofibrous yarns achieve a remarkable energy to failure up to
98 J/g. The optimal twisting condition for yarns, which is in
between untwisted ribbons and overtwisted coils, increases the
interaction length between nanofibers in yarns. The increased
interaction length facilitates load-transfer between nanofibers,
through a combination of vdW interactions, favorable columbic
interactions, and piezoelectrically enhanced friction, leading to
enhanced toughness and strength.

B EXPERIMENTAL SECTION

Electrospinning Process. We used electrospinning process to
fabricate PVDF-TrFE nanofibers, Figure 1A. The nanofibers were
collected on a rotating drum collector. By changing the rotational
speed of the collector drum, we obtained random and aligned
nanofibers. The rotational speed of the collector drum was 120 and
4300 rpm for random and aligned nanofibers, respectively.
Dimethylformamide (DMF, Sigma-Aldrich) was used as the solvent
for PVDE-TrFE powder. The final solution contained 20% PVDE-
TrFE. The solvent contained 30% DMF and 70% acetone. The
diameter of the needle in the electrospinning setup was 1 mm. A dc
electric voltage of 25 kV was applied between the needle tip and the
collector placed at a distance of 25 cm.

FTIR Spectroscopy and XRD. A PerkinElmer GX FTIR
spectrometer was used for collecting the IR spectra from the samples.
X-ray diffraction of samples was recorded using a Rigaku Ultima III
XRD (40 kV, Rigaku Corp., Tokyo, Japan) with Cu Ka source
(wavelength, 0.15418 nm). The diffractogram was recorded between
angles 20 = 10 and 60° with a scan rate of 3° per minute at room
temperature.

Tensile Experiments. Mechanical properties of the samples were
characterized using uniaxial tension (Instron Universal testing machine
5969). Each end of the sample was glued onto a flat grip using epoxy
glue. Samples were subjected to displacement rate of 1.2 mm/s. This
rate was chosen as a quasi-static strain rate for the experiments. Effect
of higher or lower rates was not studied in this work. Before the
experiment, we obtained the gauge length (L,) of each sample using a
digital caliper.

Piezoelectric Characterization. For flexure experiments (Figure
S1, Supporting Information), samples were fabricated as following. A
PVDF-T1FE ribbon was sandwiched between two aluminum foils and
was subsequently mounted between two Kapton tapes (SO pm
thickness). Double-sided copper tape was used as the electrode. The
electrodes were mounted between grippers of a flexure stage (SIGMA
KOKI Co., Japan). The electrodes were connected to a digital
multimeter (Agilent 34410A). A customized LabView interface was
developed to simultaneously run the flexure stage controller and
record the generated voltage from the multimeter.

DOI: 10.1021/am508812a
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PEM experiments were conducted using a MFP-3D Asylum atomic
force microscope (AFM). Conductive AFM cantilevers with a spring
constant of ~5 N/m and a resonance frequency of ~160 kHz were
used. PVDF-TTFE nanofibers were directly electrospun onto a gold-
coated Si substrate (Figure S2, Supporting Information). An ac electric
potential (A sin (wt)) was applied between the AFM probe as the top
electrode and the gold-coated substrate as the bottom electrode, where
A is the amplitude and w is the frequency of the applied electric field.
A frequency sweep was conducted to identify the resonance peak of
the tip—sample at contact. PEM ramp experiments were conducted at
100 kHz, away from the tip—sample resonance. PFM ramp
experiments consisted of applying a voltage sweep up to S V on the
nanofiber. To calibrate the sensitivity of the PFM experiments, a
periodically poled lithium niobate calibration standard was used. The
ds; piezoelectric constant of the poled lithium niobate is 21—27 pm/V.

B ASSOCIATED CONTENT

© Supporting Information

Setup for characterization of piezoelectric properties, optical
microscope image of PVDF-TrFE nanofibers, additional SEM
and optical microscope images of the fabricated yarns and coils,
mechanical properties of random nanofiber samples, table of
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