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High performance piezoelectric devices
based on aligned arrays of nanofibers of
poly(vinylidenefluoride-co-trifluoroethylene)
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Multifunctional capability, flexible design, rugged lightweight construction and self-powered
operation are desired attributes for electronics that directly interface with the human body or
with advanced robotic systems. For these applications, piezoelectric materials, in forms that
offer the ability to bend and stretch, are attractive for pressure/force sensors and mechanical
energy harvesters. Here, we introduce a large area, flexible piezoelectric material
that consists of sheets of electrospun fibres of the polymer poly(vinylidenefluoride-co-tri-
fluoroethylene). The flow and mechanical conditions associated with the spinning process
yield free-standing, three-dimensional architectures of aligned arrangements of such fibres, in
which the polymer chains adopt strongly preferential orientations. The resulting material
offers exceptional piezoelectric characteristics, to enable ultra-high sensitivity for measuring
pressure, even at exceptionally small values (0.1Pa). Quantitative analysis provides detailed
insights into the pressure sensing mechanisms, and establishes engineering design rules.
Potential applications range from self-powered micro-mechanical elements, to self-balancing
robots and sensitive impact detectors.
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n emerging development trajectory in electronics focuses

on portable and flexible devices for applications such as

those that involve integration with the human body, as
health/wellness monitors, surgical tools, sensor networks, artifi-
cial muscles and engineered tissue constructs!™. In the field of
robotics, similar technologies can be important in efforts to
optimize human-like manipulation schemes for robust modes of
interaction in complex daily environments, at home or at work®.
Flexible, rugged and lightweight construction are key
requirements, for both areas. Devices that exploit mechanical
motions as natural sources of power can be particularly
valuable®10. Likewise, precision tactile sensors might represent
first steps toward realization of artificial, electronic skins that
mimic the full, multi-modal characteristics and physical
properties of natural dermal tissues, for potential uses in
robotics and human healthcare alike. Advanced materials will
be critical to progress, particularly for integrated arrays that offer
high sensitivity in the low-pressure regime (<1kPa). Previous
examples include flexible, matrix-type arrays of pressure or strain
sensors based on conductive rubbers'!~13, Although such sensors
have simple designs, their performance is modest, with pressure
sensitivities around 0.5 kPa (ref. 11) and response slopes, in terms
of percentage changes in resistivity with pressure, of 0.05%
(kPa) = ! (ref. 12). Recent component level studies indicate that
sensitivities as high as 0.4Pa (ref. 14) and 3 Pa (ref. 15) can be
achieved with triboelectric sensors and with air-gap capacitors,
respectively. These systems are of interest for many uses, but they
suffer from undesirable sensitivities to static electricity, stray
capacitances and temperature changes.

Piezoelectric polymers are especially promising for devices with
this type of functionality, because they can exploit deformations
induced by small forces, through pressure, mechanical vibration,
elongation/compression, bending or twisting!®. These materials
combine structural flexibility, ease of processing and good
chemical resistance, with large sensitive areas, simplicity in
device design and associated potential for low cost
implementation. Current state-of-the-art pressure sensors based
on piezoelectric polymers mainly rely on thin film geometries. In
parallel plate configurations!’, or combined with transistors on
polymide substrates, such films enable precise pressure sensing, at
a level suitable for detecting the touch of a finger (~2kPa)!8,
Poly(vinylidenefluoride) (PVDF) and its copolymers have
particularly ~ attractive piezoelectric  properties in these
geometries. Their plastic behaviour makes them suitable for
high-throughput processing!®!® based on moudling, casting,
drawing and spinning. Their carbon-fluorine chemistry renders
them highly resistant to solvents, acids and bases. A disadvantage
is that achieving good performance (~kPa sensitivity) requires
electrical poling to create maximum polarization in the direction
orthogonal to the film plane?®?!. This process constrains
engineering design options and, at the same time, requires
multiple preparatory steps.

Emerging techniques in nanofabrication have the potential to
optimize piezoelectric responses, expand the range of device
structures that can be considered and simplify processing. For
example, near and far field electrospinning methods can produce
piezoelectric nanofibers, in which the associated extensional
forces and electric fields naturally cause local poling and, by
consequence, enhanced properties. Previous reports, however,
describe fibres of this type only in the form of non-woven mats or
isolated strands??72, In particular, previously reported arrays of
fibres of PVDF are present as monolayers or few layer coatings,
with modest degrees of alignment (+20°) and separations of a
few microns®®. Furthermore, these fibres require hi§h—electric
fields for poling, provided by either post-processing®? or near-
field electrospinning®®. Under comparable bending conditions,
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the current outputs of devices produced with such fibres are
<5nA and the voltages are in the range of 1-20 mV (refs 24,25).
Realistic device functionality under various stress conditions,
such as compression and bending, can be best achieved with high
volumetric densities of aligned arrays of fibres. These high
densities are difficult to obtain by means of gap collectors or near-
field spinning. Gap collectors %enerally have poor capabilities in
producing large area samples®” with high degrees of alignment
and uniformity in coverage because of the critical dependence on
residual charges on the fibres in the gap. On the other hand, near-
field methods typically involve direct serial writing, which is
unsuitable for realizing large area and multilayered aligned arrays
of fibres. Here, we describe procedures that allow this type of
architecture, and demonstrate the key features using free-
standing, high-density arrays as a piezoelectric textile that can
cover large areas (tens of cm?). The resulting materials are
mechanically robust and can be handled easily, with the capability
to be bent or twisted without fracture. Under bending conditions,
these fibres exhibit currents up to 40 nA and voltage about 1.5 V.
Furthermore, detailed characterization and modelling studies
indicate distinctive piezoelectric features, owing to underlying
alignment at the scale of both the polymer chains and the fibres.
Flexible pressure sensors built simply by establishing electrical
contacts to the ends of the aligned fibres show excellent sensitivity
in the low-pressure regime (0.1Pa) and respond to both
compressive and  bending forces.  Alternative  device
architectures allow other modes of use, in sensors of
acceleration, vibration and orientation.

Results

Free-standing arrays of aligned nanofibers. The optimal fibre
spinning process occurs with a potential of 30kV between a
nozzle tip with inner diameter of 200 pm, fed by a syringe pump
at a flow-rate of 1mlh~1, and a collector at a distance of 6 cm.
See Fig. 1. A unique feature of this setup is a collector disk with
sub-cm width that rotates at angular speeds as high as
4,000 r.p.m., corresponding to linear speeds>16ms~! at the
collector surface. The consequence of this arrangement is that it
forces overlapping fibres, which yields mesoscopic joints and
significantly enhanced mechanical robustness. Using a high
boiling point (that is, slowly evaporating) solvent such as DMF
(Tb: 154°C) helps to ensure the formation of such joints as
shown in Fig. 2. Joint lengths range from hundreds of nanometres
to tens of micrometres. In most of cases, fibres are arranged in
groups where mutual adhesion through formation of these joints
takes place (Fig. 2a,b). Occasionally, joined fibres remain strictly
parallel, twist or cross at certain angles with respect to each other
(Fig. 2c-e). The present set-up enables fibre arrays with widths of
0.8 cm, lengths of 25 cm and thicknesses of 10-40 pm, depending
on the spinning time duration (Fig. 1b,c). The average fibre
diameter for materials studied here is 260 nm, with a distribution
that appears in Fig. 1d. The arrays have densities of ~2 x 107
fibres per mm? of cross-sectional area, and an overall porosity
of 65%. The alignment is uniform over many centimeters (Fig. le
and Supplementary Fig. S1). Fast Fourier transforms (FFTs)?® of
scanning electron micrographs yield quantitative information on
the degree of alignment, as shown in Fig. 1f. In the following,
conventional, randomly oriented fibre mats, produced by
spinning onto a static collector, and spin-cast thin films provide
points of comparison.

X-ray photoelectron spectroscopy (XPS) indicates a ratio
of co-polymer poly(vinylidenefluoride-co-trifluoroethylene)
P(VDE-TrFe)] of 0.73:0.27, in agreement with the ratio before
electrospinning (Supplementary Fig. S2 and Supplementary
Note 1). P(VDF-TrFe) generally exhibits good piezo- and
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Figure 1| Arrays of highly aligned piezoelectric nanofibers of poly(vinylidenefluoride-co-trifluoroethylene). (a) Schematic illustration of the
experimental setup for electrospinning highly aligned arrays of oriented nanofibers of aligned polymer chains of poly(vinylidenefluoride-co-

trifluoroethylene). E indicates the direction of the electric field and AV is the applied bias. (b) Photograph of a free-standing film of highly aligned
piezoelectric fibres. Scale bar, 1Tcm. (€) SEM micrograph of fibre arrays intentionally folded many times to highlight flexibility and mechanical robustness
(scale bar, 400 pm). (d) Typical fibre diameter distribution and fit by a Gaussian curve (solid line). (e) SEM micrograph of fibre arrays (scale bar, 10 um). (f)
Radial intensity distribution versus detection angle (0-180°) for aligned arrays (wine line peak) and random mats (red line at bottom) of fibres. Insets: two-
dimensional FFT images generated from aligned (left inset) and randomly oriented (right inset) fibres. In random mats, a highly symmetric, circular
distribution of the pixel intensity confirms the un-oriented arrangement of fibres and correspondingly, a featureless behaviour of the radial pixel intensity
versus angle. This distribution in fact, indicates that the frequency at which specific pixel intensities occurs in the corresponding data image is identical in
any direction and no peaks can be appreciated by plotting the sum of the pixel intensity as a function of the degree in the interval 0°-360°. On the contrary,
aligned fibres generate a highly anisotropic, elliptical two-dimensional FFT profile with the major axis oriented parallel to alignment axis. Full-width at half

maximum of the radial intensity distribution =16°.

ferro-electric behaviour and a single all-trans polar crgstalline
phase (B-phase) that is stable at room temperature?. The
ferroelectricity stems from electrical dipoles created by hydrogen
and fluorine atoms in the VDF molecules, which are positioned
perpendicularly to the polymer backbone®. X-ray diffraction
(XRD) patterns provide information on the long-range order and
the crystal structure of both aligned arrays and random networks
(Fig. 3a,b). The results indicate that the overall crystallinity of the
material in the aligned arrays is ~48%, while that for the random
mats is 40%. The former value is, in fact, comparable to that of
the best previous results produced in thin films by stretching®!. A
distinguishing feature of the fibre arrays is that the rotating
collector significantly enhances the fraction of the polar B-phase,
as is shown in the X-ray results of Fig. 3a,b and in the polarized
Fourier transform infrared (FTIR) spectra of Fig. 3c,d. The polar
B-phase bands’>~3* appear distinctly at 508, 846, 1285 and
1431cm ~ L. By contrast, the bands of the non-polar o-phase
(532, 612, 765, 796, 854, 870, 970 cm ~ 1) are not appreciable. The
fraction of B-phase determined by analysis of these FTIR results®!
is close to 85%. Furthermore, the spectra show a significant
increase in the intensity of bands associated with vibrations that
depend on chain orientation (1,076 and 1,400 cm ~ !)3> for light
polarized along the longitudinal axis of the fibre (blue line in
Fig. 3d), and a corresponding reduction in the intensity of bands
sensitive to dipolar orientation (508, 846, 1,285 and 1,431 cm ~ b,
These results suggest a preferential alignment of the main
molecular chains along the fibre longitudinal axis and, at the same
time, an enhancement of the orientation of piezoelectric active
dipoles (C-F) in the direction perpendicular to this axis
(Supplementary Fig. S3a). This finding is consistent with a
preferential dipolar alignment along the direction of the
electrospinning field during fibre collection (Fig. la). FTIR
spectra collected under different polarization conditions highlight

an exceptional level of alignment, even compared with previous
experiments using rotating collectors®®, for which the fibres exist
in moderately aligned mats. For instance, the ratio of intensities
of absorption bands at 846 and 1285 cm ! (ref. 35), which are
indicative of the symmetric stretching vibration of the piezoactive
(C-F) dipoles, under different polarizations are 2 and 2.6,
respectively, about two times higher than corresponding ratios
in previous reports®®. This result is attributable to the combined
effects of four-fold higher rotational speed (namely, 2.3-times
higher linear speed) of our collector, which causes tighter mutual
alignment of nanofibers and concomitantly stronger stretching,
and to excellent fibre alignment. We note that such polarization
effects are not observed in free-standing P(VDF-TrFe) films
(Supplementary Fig. S3c), where preferential chain alignment is
not expected, or in random mats, mainly because of the random
alignment of fibres (Supplementary Fig. S3d) (We note that the
mats showed higher degree of crystallinity compared with the
films (40% versus 35%), consistent with expected effects of
electrospinning.)

Experimental and theoretical studies of piezoelectric sensor.
These characteristics make fibre arrays promising as building
blocks for ultrasensitive piezoelectric sensors. Devices, formed
simply by establishing electrical contacts to the ends of a ribbon-
shaped sample of fibre arrays on a flexible polyimide (PI) support
(Kapton; thickness selected between 75 and 225 pm), reveal large
response to even minute applied pressures (Fig. 4). To evaluate
the sensitivity quantitatively, a soft elastomer (PDMS posts in
Fig. 4a) delivered well-defined levels of pressure to the arrays,
while the electrical response was measured. Data in Fig. 4c
highlight well-behaved, linear variations in the output voltage
with pressure, for various values of the effective contact areas
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Figure 2 | Mesoscopic inter-fiber joints. (a) SEM micrographs of fibres highlighting points of merging (joints) between two or more adjacent fibres and
(b) their typical arrangement in groups where strong merging takes place (arrows indicate examples of joints in the micrographs. Scale bars, 3 and 2 pm,
respectively). Magnification of crossed (c; scale bar, 1um), adjacent (d; scale bar, Tum) and twisted (e; scale bar, 500 nm) fibre geometries at the joints.

between 9 and 36 mm? (squares with sides L.g; Fig. 4b), with
slopes between 0.41 and 0.79mV Pa~!. At ranges of pressure
between 0.4 and 2kPa, the devices show further improved sen-
sitivity, that is, 1.1VkPa~!. For a given pressure (10Pa,
Legr=3mm), the output voltage does not change significantly
with length of the fibre array, over a range between 2 and 8 cm).
Even without sensitive voltmeters, this level of response enables
accurate measurement of compressive pressures as small as 0.1 Pa
(Fig. 4d). These response slopes, which provide a measure of
sensitivity that is independent of data acquisition systems, toge-
ther with the observed broad dynamic range, provide unique
operation compared with that provided by other sensors based on
capacitive (0.55kPa ~ ! in units of relative capacitance, in a range
of 0.5-2kPa)!> and piezoelectric (0.l mVPa~!, in a range of
0.01-30 Pa)'® effects, as well as most force and tactile sensing
methods that are currently available for in-hand manipulation in
robotics®®.

The observed behaviours can be well explained by an analytic
piezoelectric model. Consider a resultant projected component of
piezoactive dipoles along the longitudinal axis of the fibres, x;, as
induced by the deformation (Fig. 4b). The fibre array are
transversely isotropic with elastic, piezoelectric, and dielectric

constants c;, e and kj; (ref. 37), respectively. For an applied
compression -p along the x; direction (normal to fibres,
Fig. 4a) over an effective contact length L.y (Fig. 4a), the strain
g1 and electric field E; along the poling direction are
obtained from the constitutive relation —p=c;;&,; — e;3;E5 and
D5 =e3,61; + k33E3(see Supplementary Note 2 for details), where
D; is the electric displacement along the poling direction. When
the fibre arrays are connected to a voltmeter, E; and D; are
related to the measured voltage V and current I by V= LcgE;
and I= — hpypr_TireWpvDF-TiFeD3; Where hpypprre =20 um
and Wpypp.Trre = 8 mm are the thickness and width of the fibre
array cross section, respectively. The voltage and current are then
related by the resistance of the voltmeter, such that the voltage
across Leg (see Supplementary Note 2 for details) is

d
V:ELeffpv (1)

where d = e3; /1, and k= ka3 + egl/cn. For 1_1/12:0.14 V-m/N,
Equation (1) agrees well with the experimental results shown in
Fig. 4b for a wide range of pressures p and the three effective
contact lengths Leg=3, 4.5 and 6 mm used in the experiments.
The value of d / k reaches or exceeds those achieved in films with
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Figure 3 | Characterization of morphologies and properties of arrays. (a) XRD patterns (Cu radiation with wavelength = 0.15418 nm) from aligned fibres
(top blue line), randomly oriented fibres (middle green line) and a film (bottom red line) collected with the fibres length oriented parallel to the diffraction
plane (azimuthal rotation @=0). The patterns are vertically shifted to facilitate comparison with the results. (b) Magnified view of XRD spectra at
20=~20°, which corresponds to diffraction in (110) plane and represents the B-phase. Although the peak is visible in all samples (aligned arrays of fibres
(blue dots), random mats of fibres (green dots) and bare films (red dots), it is dominant in the aligned nanofibers arrays, where the contribution from the
a-phase is insignificant. (¢) FTIR spectra measured under different incident beam polarizations for aligned fibers. Light is polarized parallel (orange line) and
perpendicular (blue line) to the direction of the electric field used in electrospinning. Similar spectra were measured at different values of the electric field.
(d) Magnified view of the low energy region of the FTIR spectra, highlighting the increase of the intensity of transitions sensitive to chain orientation

(1,400 cm — 1) for light polarized along the axis of the fibres (blue line).

extreme stretching and poling (for example, ~0.045-
0.094VmN ~! (ref. 38)). Equation (1) also suggests that the
voltage is independent of the total length Lpypr 1. (Fig. 4e) of
the P(VDF-TrFe) fibre arrays, which is also consistent with
experimental results of Fig. 4c.

Additional behaviours were observed in dynamic bending
experiments performed using fibre arrays on PI films with
thicknesses between 75 and 225 um. A flexural endurance tester
(IPC, CK-700FET) subjected the samples to cycling bending tests
at 1 Hz (Fig. 5¢,e) and 2 Hz (Fig. 5d,f). During compression, the
sample buckled to generate a bent shape (Fig. 5a), with curvature
consistent with simple mechanics considerations. The
measurements showed a periodic alternation of positive and
negative output peaks, corresponding to the application and
release of the buckling stress, respectively, (Fig. 5b). The ranges of
short-circuit current and voltage outputs were 6-40nA and
0.5-1.5V, respectively. Both responses increased with increasing
PI thickness and with increasing bending frequency. The
maximum current (40nA) and voltage (1.5V) were observed
from fibre arrays on 225 pm thick PI substrates at 2 Hz. Tests of
up to 1,000 cycles of bending and relaxing revealed no significant
changes in output voltage or current.

As with applied pressure, simple analytical models can account
for the behaviours under bending(see Supplementary Note 3 for
details). Under compression the PI substrate of length Lp; buckles
into a sinusoidal form represented by the out-of-plane
displacement w=A[l + cos(27mx3/Lp1)]/2, where the origin of
coordinate x; is at the center of the substrate, and the amplitude

trigger buckling, ~1pm for 150 um-thick and 6cm-long PI
substrate, is negligible as compared with AL=3cm in
the experiments. The strain along the poling direction x; at
the mid-plane of the fibre arrays is given by
e33 = — W (hp; + hpypp-1rrc) /2, where hp; and hpypprere are
the thicknesses of PI substrate and P(VDEF-TrFe) fibre arrays,
respectively. Its strain &;; along x; and electric field E; along the
poling direction are obtained from the constitutive relation
0= C11811 + C13833 — 6’31E3 and D3 —€31811 + €33833 + k33E3, Where
D; is the electric displacement along the poling direction, and
is a constant to be determined. For short-circuit current

measurement between two ends of the P(VDF-TrFe)
fibre arrays, the voltage across the length of P(VDEF-TrFe)
Lpyprrre 1S zero, which, together with the above

equations, gives D3 = [2@\/ AL/LPI(I’IPI + hPVDF-TrFe)/LPVDF-TrFe]
sin(nLpypr-Trre/Lp1), Where e =e33 — (c13/c11)es; is the effective
piezoelectric constant. The current I is then obtained from
I = — hpypE-TiFe WpVDF-TrFe D3, Where wpypp.tire is the width of
P(VDE-TrFe) fibre arrays (such that hpypg.1rreWpvDE-TrFe 1S the
cross section area). For a representative compression
AL =ALpa[1 — cos(2nt/ to)}2/4 with the maximum
compression ALy, =3 cm and period f{,=0.5 and 1s as in
experiments, the maximum current is given by

_, (hpr + hpyDE-TrFe ) IPVDE-TrFe WPVDE-TrFe
Imax =27(—¢)

LpvpE-Trreto

. . A :
A is related to compression AL of the substrate by A = X Lmax sin (nLPVDF TrFe) (2)
(2/m)\/Lpr - AL (ref. 39). Here, the critical compression to Lpr Lpr
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Figure 4 | Experimental and theoretical studies of responses of pressure sensors. (a) Photograph of the manipulator used to apply pressures, for the
purpose of studying the voltage response. (b) Schematic illustration of an analytical model for the response of arrays of P(VDF-TrFe) fibres under applied
compression — p along x; direction over the effective contact length (Ler). Lpvpr-Tire iS the total length of the P(VDF-TrFe) fibre array. (¢) Experimental
(symbols) and theoretical (lines) pressure response curves at different Ler. (d) Experimental (symbols) pressure response curve in the low-pressure regime
(0.1-1Pa) at Lo =6 mm. The line corresponds to a linear fit. () Experimental (symbols) and theoretical (lines) response at different Lpyprnre (applied

pressure =10 Pa, Legr =3 mm).

For Lpypr.1rre =2.5cm and three thicknesses of PI substrate
hp; =75, 150 and 225 um as in experiments, Equation (2) gives
the range of I,.x ~14-27nA for t,=0.5s and 5.6-14nA for
to=1s, while experiments give 10-33nA and 6.5-26nA for
tp=0.5 and 1s, respectively. Here, the effective piezoelectric
constant for the fibre arrays is taken as e= — 2.1 Cm™2, which is
larger than that for films (~ —04Cm~ 2% because of the
strong anisotropy of arrays due to their fibrous structure.

For voltages measurements, V is no longer zero. The electric

displacement becomes D;= [ZEw/AL/LPI(hPI + HpyDE-TrFe) /
LPVDF] Sil’l(TELpVDF-TrFe/LPI)'-l- (k/LPVDF—TrFe) V. The current

I'= — hpypp-TrreWpvDE-Trre D3 is also related to the voltage V
and the resistance R of the voltmeter by I=V/R, which

givesV /R = — hpypr-Trre WpvDE-TrFe D3, OF equivalently

For AL=ALpy[1— cos(2nt/ty)]* /4 and the initial condition
V(t=0) =0, the maximum voltage is given by

_, R (hpr + hpypp-1rre) ipvDE-TrRe WPVDE-TrFe
Vimax (—e)—

Q

27

fo LpvpE-TrFe

. (ﬂLPVDF—TrFe> AL
sin
Ly

Ly
For three thicknesses of PI substrate hp; =75, 150 and 225 pum as
in experiments and a resistance of the voltmeter R=70MQ,
consistent with values resulting from independent resistance
measurements, equation (4) gives a range of V., 0.81-2.1V for
T=0.5s and 0.29-0.85V for fy=1s, while experiments give
0.79-1.3V and 0.49-1.0V for t,=0.5 and 1s, respectively.

(4)

av - Levor-Tere V=2(—¢) m Pyroelectric response. The pyroelectric response in these systems
dt ~ kRhpypF-TrFe WPVDE-TrFe k was also studied by measuring the current and voltage output
 [nlpvperere d AL upon heating/cooling cycles with a temperature range of

sin{ ————— )\ (3) 6K around room temperature (Supplementary Fig. S4 and

PI BV Lo Supplementary Note 4)*042. The measured pyroelectric
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Figure 5 | Experimental and theoretical studies of responses of flexural sensors. (a) Schematic illustration of an analytical model for the coupling of
mechanical deformation and piezoelectric response during bending. hpypr.tire and hp; are the thicknesses of the P(VDF-TrFe) fibre array and of the Pl
substrate, respectively. Lp, is the length of the Pl substrate. Under compression, the Pl substrate buckles into a sinusoidal form represented by the out-of-
plane displacement w and the amplitude A, which is related to compression AL of the substrate. (b) Measured voltage response of an array of P(VDF-TrFe)
fibres under cycling bending at 1Hz. The top and bottom insets show photographs of the device during bending and release, respectively. (c,d) Measured
short- circuit output current and (e, f) voltage under dynamic bending tests at 1Hz (left panels; ¢,e) and 2 Hz (right panels; d.f). Experiments used devices
onto Pl substrates with different thickness. From bottom to top, the PI thicknesses are 75 um (red line), 150 um (green line), 225 um (blue line).

coefficient!! for the fibre arrays was o= — 68uC per (m?K)
(Supplementary Fig. S5). For a constant heating/cooling rate
2.5Kmin~! (Supplementary Fig. S6), the maximum voltage
measured from the voltmeter was 1.9V when the fibre
arrays were in contact with the top of the heater
(Supplementary Fig. S4b). The maximum voltage obtained from
an analytic pyroelectric model is

daT
V = — aRIpyDE-TrEe WPVDE-TrEe e (5)

t
which was also given by Lubormisky ef al.*, and is also shown in
Supplementary Note 5. Equation (5) gives 1.81puV for dT/
dt:2.5Kmin_1 and o, R, hPVDF—TrFe and WPVDE-TrFe in the
experiments (see in Supplementary Note 5 for details). This value
is in good agreement with the measured value, 1.9 pV. For the
same set of parameters, Equation (5) indicates that, at heating
rates of ~6.5Kmin 1, the pyroelectric voltage is only 5.6% of
the piezoelectric voltage (0.084 mV) at the lower end of the range
of pressure sensitivity (0.1Pa, d/k=0.14V-m/N and
L.g=6mm in equation (1) for the type of tests reported here).
We note, however, that for most envisioned applications such as
measurements of sound waves, pressure waves in arteries,

l.41

mechanical vibrations, disturbances associated with breathing,
motion in limbs and so on the timescales for mechanically
induced change are, in many cases, different than those associated
with characteristic thermal processes. Furthermore, in bio-
integrated applications, the operating temperature range is
narrow (<3K), and the extent of mechanical deformation (in
many cases) is large. Such circumstances enable any necessary
separation of mechanical and thermal signals by frequency
filtering as part of backend data processing, with no change in the
devices.

Additional sensory applications. As demonstrators, we built
devices capable of measuring vibration/acceleration and orienta-
tion. For the first, the fibre array serves as a diaphragm across a
hole opened in a underlying plastic film, sealed over the closed
cavity of a transparent box (Fig. 6a). Through the plastic film,
movements are transmitted from the box frame to the array,
which then operates as a vibrating mass of ~3mg. Figure 6b
displays the output voltage signal generated by this simple device,
as response to environmental vibrations induced by sound pres-
sure levels of 60-80dB. The response included periodically
alternating positive and negative voltage peaks, with a
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Figure 6 | Accelerometer and orientation sensor. (a) Photograph of a simple, P(VDF-TrFe) nanofiber-based accelerometer. Scale bar, Tcm. (b) Output
voltage collected from this device exposed to 70 dB sound intensity. (c,d) Photographs of a flexible device mounted on the skin of the arm and wrapped
around a finger. Scale bar, 2 cm. (e) Characterization of an orientation sensor, based on a pressure sensor with an attached test mass. The output voltage
changes with orientation angle, 0, in an expected manner. The inset provides a sketch of the device (yellow: Pl; grey: fibres; blue: test mass) and the

measurement geometry.

peak-to-peak output voltage that increases from 6-14 uV with
sound intensity. These devices work in any orientation and can be
mounted on any surface by means of transparent, skin-conformal
plastic sheets (Fig. 6¢,d). In a second example, a similar type of
device, integrated on a solid support and with an attached test
mass, acts as an orientation sensor. Measurements on a inclined
plane with variable angle, as sketched in the inset of Fig. 6e, allow
calibration of the response. Figure 6e shows the output voltage
collected at different inclinations, which yields a response that is
consistent with a gravitation constant, g= 9.8 ms ~ 2 43, measured
with experimental uncertainties of a few per cent, mainly due to
manual positioning of PDMS posts.

Discussion

Results presented here indicate that aligned P(VDEF-TrFe)
nanofibers can be formed into flexible, free-standing sheets, by
use of electrospinning onto a fast rotating collector. The process
yields alignment at both the level of the fibres and the polymers,
thereby enabling excellent response and high piezoactive -
fraction without further processing (for example, electrical
poling). Combining experimental and theoretical approaches,
both details of the material and device performances are
presented under different operating conditions. Simple pressure
sensors exhibit excellent response in the extremely small pressure
regime. Other simple devices can be constructed easily, including
accelerometers, vibrometers and orientational sensors. The
collective results suggest utility in a variety of sensor- and energy
harvesting components, with lightweight construction, attractive
mechanical properties and potential for implementation over
large areas at low cost, with application opportunities in human
motion monitoring and robotics.

Methods

Electrospinning and electron microscopy. P(VDF-TrFe) (75/25 weight%,
Solvay Solexis) was dissolved in 3:2 volume ratio of dimethylformamide/acetone
(DMF/acetone, Sigma Aldrich) at a polymer/solvent concentration of 21% w/w.

8

Electrospinning was performed by placing 0.4-0.9 ml of solution into a 1.0 ml
plastic syringe tipped with a 27-gauge stainless steel needle. The positive lead from
a high voltage supply (XRM30P, 82 Gamma High Voltage Research) connected to
the metal needle, for application of bias values around 25kV. The solution was
injected into the needle at a constant rate of 1 mlh ~! with a syringe pump

(33 Dual Syringe Pump, Harvard Apparatus). A static collector made of a metallic
plate covered with an Al foil, or a cylindrical collector (diameter = 8 cm, Linari
Engineering S.r.l), was placed at a distance between 3 and 20 cm from the needle
and biased at — 6kV for the fabrication of random and aligned mats, respectively.
To investigate the nature and structure of mesoscopic joints, arrays of fibres were
made using solutions of PVDF-TrFe in acetone, methylethylketone (MEK), tetra-
hydrofuran (THF) and DMF/acetone at volume ratios from 4:1 to 1:4. We found
that joints form only when using DMF/acetone. Continuous, free-standing, high-
dense arrays of fibres can be achieved for DMF/acetone volume ratios in the range
from 1:2 to 3:2. At the lowest DMF content, needle cloggin§ interrupts electro-
spinning and thus limits the density of the arrays to 1 x 10” fibres per mm.

At highest DMF content, fibres are discontinuous due to the presence of beads and
necks. Here, the degree of mutual alignment is also strongly reduced. Extensive
electrospinning experiments were also performed with acetone, THF and MEK by
varying the PVDF-TrFe/solvent concentration in the range 12-21% (w/w). The
results, which appear in Supplementary Fig. S7, suggest that use of DMF is critically
important in the formation of continuous, smooth fibres at high densities and with
mesoscopic joints at crossing points. For purposes of comparison, PVDF fibres
formed with the same experimental conditions were examined, to compare the
morphological, crystallographic and mechanical properties against those of PVDF-
TrFe (Supplementary Figs. S8 and S9). Films of P(VDF-TrFe) with thicknesses of
10-40 pm were deposited by spin-coating at 800 r.p.m.. All the fabrication steps
were performed at room temperature with air humidity of about 40%. The
morphological analysis was performed by scanning electron microscope (s.e.m.)
with a Nova NanoSEM 450 system (FEI), using an acceleration voltage around
5kV and an aperture size of 30 um.

For quantitative analysis of alignment, SEM micrographs were converted to 8-bit
grayscale TIF files and then cropped to 880 x 880 pixels. Image] software (NIH,
http://rsb.info.nih.gov/ij) supported by an oval profile plug-in (authored by
William O’Connell) was used for radial summation of pixel intensities. All FFT
data were normalized to a baseline value, and FFT images were rotated by 90° for
better visualization.

X-ray and spectroscopic characterization. XPS spectra of fibres were collected
using a Kratos Axis ULTRA X-ray photoelectron spectrometer with monochro-
matic Al Ko-excitation, 120 W (12kV, 10 mA). To reduce the effects of surface
charging, the monochromatic source was operated at a bias voltage of 100 V.
Data were collected using the low magnification (FOV1) lens setting with a 2-mm
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