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Fibres have evolved over eons from simple textile yarns to complex fibre-optic
communication systems. Nevertheless, a key premise has remained unchanged:
fibres function as static devices or sensors, incapable of controllably changing
properties at arbitrary frequencies. Enabling electrically-modulated fibres could
pave the way for unprecedented technological capabilities. Previous approaches
have focused on refractive index modulation', non-linear optical mechanisms
realized in silica glass fibres™®, and electro-actively modulated polymer fibres’.
These implementations are inherently limited by simple geometries, short fibre
lengths and high driving fields. Here we lift these limitations through the
composition of an internal phase that is simultaneously crystalline and non-
centrosymmetric. Tens of metres of fibres containing a thin ferroelectric polymer
layer spatially confined and electrically contacted by internal viscous electrodes are
thermally drawn entirely from a macroscopic preform. The viscous state of the
draw enables fibre cross sections of variable symmetry and resulting acoustic wave
fronts. Heterodyne optical and acoustic measurements substantiate the piezoelectric
response in fibres of C, and C,, symmetries from kilohertz to megahertz. A single-
fibre electrically-driven device containing a high-Q Fabry-Perot optical resonator

and a piezoelectric transducer is fabricated and measured.

A promising path for introducing rapid modulation into fibres would be through the

piezoelectric effect'*!!

. Embedding piezoelectric domains would allow fibres to be electrically
actuated over broad frequencies on the one hand, and to function as sensitive broadband
microphones on the other. However, fibres for the most part have been made of materials in the
disordered glassy state precluding the crystalline symmetry requirements necessary for
piezoelectricity.

Recent progress in drawing of fibres made of a multiplicity of materials'* present new

opportunities for re-examining this challenge. With this approach, fibre materials are drawn from
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preforms in a regime dominated by viscous forces allowing for internal low viscosity domains to
be arranged in non-equilibrium cross sections confined by viscous glassy boundary layers. In fact
constructing a piezoelectric fibre could be accomplished in a straightforward manner by
assembling a preform made of a piezoelectric material poly(vinylidene fluoride) (PVDF) 1314
with metal electrodes and an insulating polymer, which would be followed by a thermal draw.
The stress present during the fibre draw should in principle induce the non-polar a to the

ferroelectric f phase transition in the PVDF layer 13,15-16

. The process should yield many metres
of fibre with built-in internal electrodes which could be utilized to establish the large electric
field necessary for poling the PVDF layer. However, upon detailed examination a number of
significant challenges and seemingly conflicting requirements arise. The necessity to utilize
crystalline materials both for the piezoelectric layer and the electrical conductors leads to the
formation of multiple adjacent low viscosity and high aspect ratio domains. These domains
undergoing a reduction in cross sectional dimensions are susceptible to capillary breakup and
mixing during fibre drawing due to flow instabilities. Layer thickness non-uniformity either in
the lateral or in the longitudinal directions'® precludes the formation of the coercive field
needed for poling. Moreover, even if capillary breakup were kinetically averted and uniform
sections of fibres were to emerge they would not exhibit piezoelectricity because the stress and

strain conditions necessary to induce the thermodynamic phase transition in PVDF cannot be

sustained in the fibre draw process.

To address these challenges we choose to focus our attention on the ability to maintain
geometric coherence and layer thickness uniformity. A viscous and conductive carbon-loaded

poly(carbonate) (CPC) is used to confine the low viscosity crystalline piezoelectric layer during



the draw process. The CPC layers exhibit high viscosity (10°~10° Pa-s) at the draw temperature
and adequate conductivity (1~10* ohm'm) over the frequency range from DC to tens of MHz,
thus facilitating short range (hundreds of microns) charge transport on length scales associated
with the fibre cross section. Then a piezoelectric polymer which crystallizes into the appropriate
phase is identified. Poly(vinylidene-fluoride-Trifluoroethylene) copolymer (P(VDE-TrFE))"”

2021 Wwithout

assumes the ferroelectric f phase spontaneously upon solidification from the melt
necessitating any mechanical stress, making it particularly suitable for the thermal fibre drawing

process.

The constituent fibre materials are then assembled as illustrated in Figure la. A series of
shells comprising a 700 um-thick layer of P(VDF-TrFE) (70:30 molar ratio, Solvey; melt-
pressed from pellets) and 250 um—thick layers of CPC are assembled with indium filaments and
a poly(carbonate) (PC) cladding. The entire structure is consolidated at 210°C to remove trapped
gas and form high quality interfaces. The preform is then thermally drawn in a furnace at 230°C
into fibres more than 100-metre long. Scanning electron microscopy (SEM) images of the fibre
cross section show the P(VDF-TrFE) layer (40 um thick) sandwiched between CPC layers, with
the shape and the aspect ratio unchanged from those of the preform (Figure 1b). Wide angle X-
ray diffraction (XRD) measurements of P(VDF-TrFE) copolymer domains harvested from the
drawn fibres, are compared to the material used for the preforms. Both specimen exhibit identical
peaks at 260 = 19.9, 35.2, and 40.7 degrees, which correspond to (200)/(110), (001) and
(310)/(020), (111)/(201) and (400)/(220) peaks of the p phase22 respectively (Figure 1c), thus
establishing that the drawn copolymer solidifies in its f phase. The crystallinity fraction as

calculated from XRD patterns is over 90%. The obtained fibre is then poled by applying through



the internal fibre electrodes an electric field in excess of 60 MV/m which is above the literature
value® of coercive fields. Long lengths of fibres are readily poled in this way.

To unequivocally establish that the internal copolymer layer was macroscopically poled
we adopt a two-step approach. First, we show that the internal piezoelectric modulation indeed
translates to a motion of the fibre’s surface using a heterodyne optical vibrometer’*> at kHz
frequencies where fibre dimension is much smaller than the acoustic wavelength. Second, we
proceed to an acoustic wave measurement at MHz frequencies where the fibre dimension
exceeds the wavelength and the fibre geometry alters the acoustic wave front. The fibre sample is
electrically driven by a sine wave with the amplitude of 10V. The vibrating fibre surface serves
as an oscillating reflector and Doppler-shifts the frequency of the reflected light (Figure 2a),
yielding frequency-modulation (FM) side bands spaced at the modulation frequency ®p. The
amplitudes of the side bands are proportional to the velocity amplitude of the vibration. Figure
2b is the observed side bands from the cylindrical fibre of Figure 1, driven at frequencies from
1.3 to 1.9 kHz thereby establishing a macroscopic piezoelectric response from the embedded
ferroelectric layers. The side band amplitude modulation response is found at ~ -60 dB below the
main beat tone around these frequencies. Figure 2c shows the same frequency-modulation side
bands for a rectangular fiber with an embedded planar piezoelectric layer, fabricated using a
technique similar to the one described above (Supplementary Information). The rectangular
geometry couples more efficiently to the optical beam leading to a marked improvement in the
signal measured in the side bands compared to the immediate background. It also leads to a 20
dB increase in the side band amplitude with respect to the heterodyne sub-carrier. The ability to
optimize the external fibre geometry with respect to the measurement system and application is

another compelling property of this approach.



The fibre draw is realized in a stress and temperature regime dominated by viscous forces
(as opposed to surface tension) allowing for non-circular geometries to be realized. Controlling
the precise shape of the fibre allows one in principle to tailor the acoustic wave front and its
associated radiation pattern in the high-frequency limit where the acoustic wavelength is smaller
than the lateral dimension of the fibre. Figure 2d illustrates the result of finite-element
calculation of the acoustic wave front emanating from three distinct fibre geometries. As shown
the fibre structure and its associated acoustic wave front share the same symmetry elements.

We follow with direct acoustic measurements, using the fibres both as an acoustic sensor
and as an acoustic actuator centred at 1 MHz. Such a frequency range is typical in ultrasound
imaging applications. A schematic of the setup is shown in Figure 3a. A water-immersion
ultrasonic transducer (Olympus Panametrics-NDT, 1.0 MHz-centered) is coupled to a fibre
sample across a water tank to match the acoustic impedance. The fibre sample is attached to the
water tank surface via immersion gel, with the piezoelectric layer facing towards the transducer.
The rectangular geometry further improves the acoustic directionality. At MHz frequencies,
capacitive electromagnetic coupling between the transducer circuit and the receiver charge
amplifier can be significant even with careful shielding and grounding®. To separate the acoustic
signals from the electromagnetic interference, we use a pulsed excitation and time-gate the
received signals, exploiting the 5 orders of magnitude difference in the propagation speed
between acoustic and electromagnetic pulses. The temporal traces of the amplified voltages
under a pulsed excitation are measured with a carrier frequency at 600 kHz and a 52 ps temporal
envelope at a 6.5 kHz repetition rate. The time delay of the received pulses is consistent with
acoustic propagation in water at 1470 = 30 m/s (Figure 3b). Frequency domain characterizations

of the flat rectangular piezoelectric fibres are performed with a fixed transducer-to-fibre distance,



with the pulsed excitation and the time-gated signal processing (Figure 3c). The measured
piezoelectric response of the fibre, both as a sensor and an actuator, essentially follows the
intrinsic frequency profile of the transducer. Although the frequency range is limited here by the
bandwidth of the transducer, polymeric piezoelectric elements are in principle broadband and the
piezoelectric fibres could operate at a far broader range of frequencies. For example, similar
fibres were used to generate audible sound between 7 kHz and 15 kHz with a driving voltage of

SV.

The potential to modulate sophisticated optical devices is illustrated by constructing a
fibre with a Fabry-Perot (FP) optical cavity structure'” layered on an embedded piezoelectric
element. The fabrication process is shown in Figure 4a. SEM images show that the piezoelectric
FP rectangular fibre (Figure 4b) is 800 um wide and exhibits well-maintained preform-to-fibre
dimensional ratio and adhesion of the structures. Reflectivity of the piezoelectric FP fibre is
characterized with a Fourier transform infrared (FTIR) microscope (Bruker Optics,
Tensor/Hyperion 1000), revealing the reflectivity reaching 90% around 1500 nm (Figure 4c,
inset). The spectral dip associated with FP resonant mode is identified at 1550 nm. We again
employ heterodyne interferometry to characterize the fibre vibration produced by the embedded
piezoelectric element. In Figure 4c, the piezoelectric FP fibre is electrically driven by a sine
wave at frequencies stepped from 1.5 through 8.5 kHz with the amplitude of 10V, while the
probe beam is focused on the FP structure to take advantage of the enhanced reflection from the
bulk structure (see supplementary information). The frequency dependence of the side band
amplitude suggests signals enhanced or dampened by underlying acoustic resonances of the fibre

sample. These piezoelectric FP fibres are mechanically robust and yet flexible; and can be



assembled into a fabric for large area coverage as shown in Figure 4d. The manifested colour of
the fabric is the reflection from the third order band of the Fabry-Perot optical structure

embedded in the fibres.

In summary, the design, fabrication and characterization of extended length of fibres that are
piezoelectric transducers is reported. An internal domain comprising a material which
crystallizes in the ferroelectric phase is confined by a viscous conductive polymer. These are
combined with metal electrodes to form a macroscopic preform, which is subsequently thermally
drawn into many metres of fibres with spatially ordered and electrically contacted layers with
non-centrosymmetric crystalline microstructure. Excellent uniformity allows for effective poling
of the ferroelectric domain at fields exceeding 60MV/m. Piezoelectric response was established
across a wide range of frequencies from kHz to MHz ranges using direct acoustic as well as
heterodyne optical interferometry approach. By demonstrating monolithic processing of
piezoelectric transducers and Fabry-Perot optical resonator in a single fibre, we present
interesting opportunities in extending fibres from traditionally static components to dynamic
systems that can be electrically modulated in a controlled fashion. This could enable the
development of several unprecedented technological capabilities. For example, the unique fibre
form-factor allows piezoelectric transducers to be woven into low-cost fabrics that would be
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capable of direct fabric-to-fabric communications and ranging over large surface areas
another example, the thermal drawing process allows for miniaturization of piezoelectric probes
to dimensions of hundreds of microns and possibly even tens of microns, which is essential for

enabling, accurate pressure and flow measurements in very small blood vessels (inter-cranial), in

. . . . . . . 28 -
vivo endovascular imaging and acoustic microscopy inside acoustically-opaque organs™ . Finally,



uniform piezoelectric fibres have been prepared in tens of meters, ideal for distributed sensing'*:
their sensitivity to stress and strain combined with their low profile make them ideal for
constructing minimally-perturbative (sparse) sensor meshes for studying large-area distributions
of the pressure and velocity fields in myriads of fluid flow applications including oceanic current
monitoring“. In addition, the capability of fabricating acoustic fibres with arbitrary cross-
sections allows for integrating additional ferroelectric functionalities in a single-fibre device,
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such as energy conversion and other actively modulated devices™.
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Methods

Acoustic transmission measurement: The rectangular fibre sample used in the measurement
for Figure 3 has a lateral dimension of 3mm, approximately twice that of the acoustic wavelength
at IMHz. In this context, a rectangular fibre would show stronger directionality than that of a
circular fibre. A 30mm long section of the fibre under test is coupled to the water tank through
ultrasound gel. The transducer-to-fibre distance is around 97mm, approximately 70 acoustic

wavelengths at IMHz.

Supplementary Information accompanies the paper on www.nature.com/nature.
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Figure Legends

Figure 1 Structure of piezoelectric fibres. a, Schematic of the fabrication process of a
cylindrical piezoelectric fibre. A preform is constructed by consolidating a shell of P(VDF-TrFE),
shells containing CPC/indium electrodes, and PC cladding. b, SEM micrograph of the cross
section of a cylindrical piezoelectric fibre. ¢, XRD patterns of P(VDF-TrFE) samples extracted
from drawn fibres and taken from melt-pressed films used in the preforms. The diffraction peaks

indicate f-phase P(VDF-TrFE).

Figure 2 Acoustic emission from piezoelectric fibres. a, Schematics of the laser Doppler
vibrometer used to characterize the speed and frequency of the surface vibration of a fibre
modulated at frequency wp. b, ¢, Measured frequency-modulation side bands as a function of wp
for piezoelectric fibres with cylindrical and rectangular cross sections respectively. The
frequency range is illustrated in panel b as a red box. d, Near-field pressure patterns of the
acoustic emission at 1.3MHz from a circular fibre, a triangular fibre and a rectangular fibre with

cross-sectional dimensions around 2mm.

Figure 3 Acoustic transmission characterization. a, Experimental setup for acoustic
characterization of piezoelectric fibres. Acoustic wave travels across a water tank from a water-
immersion acoustic transducer to a fibre sample, and vice versa. b, Temporal traces of
electrically-amplified acoustic signals detected by a piezoelectric fibre, shown together with the
excitation signals. ¢, Acoustic signal detected (blue curve) and emitted (red curve) by a
piezoelectric rectangular fibre around 1 MHz. The dotted line is the power spectrum of the (1

MHz-centred) transducer used.
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Figure 4. Integrated piezoelectric-modulated optical fibre. a, Schematic of the fabrication
process of an integrated piezoelectric FP rectangular fibre. A FP optical cavity is embedded with
the piezoelectric structure in a preform. The preform is thermally drawn into a micro-structured
fibre. b, SEM micrograph of the cross section of an integrated piezoelectric FP fibre. c,
Piezoelectricity of the fibre characterized with the fibre-optic heterodyne interferometer. Inset:
Reflection spectrum of the piezoelectric FP fibre measured with FTIR. d, Two-dimensional
device fabric constructed by knitting the piezoelectric/FP fibres as threads. Inset is a photograph

of an individual fibre.
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1. Preform fabrication of piezoelectric fibre

Flat fibres were drawn from a macroscopic rectangular preform, 32 mm in width, 11 mm in
thickness, and 25 cm long, which consisted of a 1.4 mm-thick layer of P(VDF-TrFE) contacted
by CPC and indium electrodes, and sandwiched between protective PC plates. The preform was
consolidated in a hot press at 175°C and subsequently drawn in a three-zone vertical tube furnace
with a top-zone temperature of 150°C, a middle-zone temperature of 230°C, and a down-feed
speed of 1 mm/minute. The fibre dimensions were monitored with laser-micrometers. A capstan
speed of 0.5-3 m/minute produces a fibre of width between about 2,000 and 600 um and a length

of several hundred metres.
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Figure S1 Schematic of the fabrication of rectangular fibres. A 1.4 mm-thick layer of
P(VDF-TrFE) is sandwiched with CPC and indium electrodes and then thermally pressed at

175°C with PC plates on top and bottom.

2. Heterodyne Laser Vibrometry

The setup consists of a frequency-swept (1530 — 1570 nm, at 80 nm/s) laser (Agilent
Technologies, 8164B) coupled to a fibre-optic Michelson interferometer (L2) and a Fabry-Perot
frequency reference (L1). The two arms of the Michelson interferometer differ in length and
generate a heterodyne beat tone. In one arm L2-S, light is focused onto vibrating surface of the
fibre sample, where the Doppler shift of the reflected light produces additional frequency-
modulation sidebands on the beat tone. The Fabry-Perot reference (L1) provides real-time
frequency calibration. With this information, the frequency chirp in swept-laser source is

compensated when processing the interferometry data.
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Figure S2 The optic setup of the heterodyne optical interferometer that serves as a laser

fiber mele

0

vibrometer to probes the fibre surface.

3. Fibre uniformity

The stability of the draw is monitored by a continuous in-line measurement of the external
dimensions of the fibre by a laser micrometer. The standard deviation is calculated over a 10cm
window in real-time and maintained at a level below 1% by controlling the draw stress. Since
uniformity of the external geometry of the fibre does not ensure that of the internal structure,
Scanning Electron Microscopy (SEM) is used to image the cross-sections of the fibre and
evaluate the uniformity of the piezoelectric polymer layer thickness across its width. We find a
standard deviation of 3% in the samples studied. To investigate the uniformity of the structure
along the length of the fibre, we cut a one metre long portion of the fibre into 3 cm-long
segments, on which we measure the capacitance. Fluctuation in the averaged thickness of the
piezoelectric P(VDF-TrFE) layer should result in a proportional fluctuation in the capacitance.

We find a standard deviation of 4%.
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