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Abstract

Integration of piezoelectric materials in composite and textile structures is promising to create
smart textiles with sensing or energy harvesting functionalities. The most direct integration that
combines wearability, comfort and piezoelectric efficiency consists in using fibers made of
piezoelectric materials. The latter include inorganic ceramics or organic polymers. Ceramics
have outstanding piezoelectric properties but can not be easily melted or solubilized in a solvent
to be processed in the form of fibers. They have to be spun from precursor materials and
thermally treated afterwards for densification and sintering. These delicate processes have to
be carefully controlled to optimize the piezoelectric properties of the fibers. On the other hand,

organic piezoelectric polymers, such as Polyvinylidene fluoride (PVDF), can be spun by more



conventional textile fibers technologies. In addition to enjoy an easier manufacturing, organic
piezoelectric fibers display flexibility that facilitates their integration and use in smart textiles.

However, organic fibers suffer from a low piezoelectric efficiency.

This article reviews the processing techniques and their specific limitations and advantages to
realize single component or coaxial piezofibers. Fundamental challenges related to the use of
composite fibers are discussed. The latter include challenges for poling and electrically wiring
the fibers to collect charges under operation, or to apply electrical fields. The electromechanical
properties of these fibers processed by different manufacturing techniques are compared.
Recent studies of structures used to integrate such fibers in textiles and composites with

conventional techniques and their potential applications are discussed.



Introduction

Piezoelectric materials convert mechanical energy into electrical energy and
conversely. The generation of electrical charges in response to a mechanical stress, also called
direct piezoelectric effect, is the basis of a variety of commercially available force sensors,
strain gauges, microphones, lighters, etc. In recent years, novel applications for robotics,?™
tactile sensors,>® internet of things (loT),”® microelectromechanical systems (MEMS),%1!
energy harvesting!?~%> to power micro devices and wearable electronics!® have attracted an
increasing interest in the field. Energy harvesting is indeed becoming a critical challenge
associated to the development of autonomous sensor networks.l” Piezoelectric energy
harvesting is based on the conversion of ambient mechanical vibrations into electrical energy.
Considering its apparent simplicity and versatility, this concept is considered as one of the most
promising approach among energy harvesting technologies.*>*8-20 Vibrations and mechanical
energy are ubiquitous. They can be generated by industrial engines, vehicles, home appliances,
body motion, or environmental sources such as rain and wind. Be it of industrial, biological or
natural origin, a small fraction of this energy could generally be sufficient to power wearable
electronic devices.

On the other hand, piezoelectric materials can convert electrical energy into mechanical
energy. They deform in response to an applied voltage. This reverse piezoelectric effect is used
in micro-actuators, ultrasonic generators, nanopositioning systems, acousto-optic modulators,
active vibration damping, etc.2421-24
Piezoelectricity arises in non-centrosymmetric atomic structures. Inorganic materials with
perovskite structures such as PbZrTi1-xO3 (PZT)?>2¢ and BaTiO3%’ are among the most popular

ones. These materials display high piezoelectric coefficients dss and ds1. These coefficients



reflect the amount of charges generated in response to an applied stress. The efficiency of
inorganic materials is also manifested by high coupling coefficients, k, that represent the ratio
of electrical to mechanical energy conversion.! Some organic materials, and in particular
fluorinated polymers,?28-32 also display piezoelectric properties. The most efficient ones
include polyvinylidene fluoride (PVDF) and copolymers3233 such as poly(vinylidenefluoride-
trifluoroethylene) (PVDF-TrFE)), poly(vinylidenefluoride-trifluoroethylene-
chlorotrifluoroethylene) (PVDF-TrFE-CFE) or poly(vinylidene fluoride-hexafluoropropylene
(PVDF-HFP).

Organic or inorganic materials are often used under the form of thin films or small
crystals. However, their applications could be extended and optimized if the materials could be
used under other macroscopic forms. The form of fiber is particularly appealing for several
reasons. Because of their small diameter, fibers are flexible and can be implemented in a wealth
of structures, from clothing to composite materials through bags, belts, curtains, biomedical
equipment and smart textiles in general.”3* Second, the performances and properties of
materials are generally enhanced when they are processed in the form of fibers. In the world of
inorganic materials, glass and carbon fibers are broadly used in composites for their excellent
mechanical properties.>3¢ Record performances of organic polymers are achieved in synthetic
fibers which can be drawn and highly aligned.3”-*® Small diameter fibers also enjoy a lower
probability of having large defects and display therefore a greater strength to failure compared
to macroscopic films.3”3° The above advantages explain the fast increasing interest in
piezoelectric fibers.

However, even if particularly appealing, the development of piezoelectric fibers and
textiles remains a technical and scientific challenge. The synthesis of inorganic fibers is
particularly challenging because these materials can not be melted or dissolved in common

solvents. Inorganic fibers are processed from precursor materials made of mixtures of particles



and polymers or by sol-gel approaches followed by delicate thermal treatments.*%4* Organic
fibers can be more easily processed by conventional polymer fiber spinning technologies.*?43
The mechanical properties and piezoelectric performances of the fibers can substantially vary
depending on their composition and processing. Last, their implementation in actual
applications is also raising technical difficulties. Fibers, such as other piezoelectric materials,
have indeed to be electrically wired and mechanically fixed so that their electromechanical
properties can be exploited.3444 Electrical wiring is necessary for the polarization of the fibers,
for their electrical stimulation when used as actuators, or for the collection of electrical charges
when they are deformed. In spite of these difficulties, exciting progresses have been achieved
in the last years towards the synthesis of efficient and promising piezoelectric fibers.

These fibers can be implemented in smart textiles and composite materials. Their
applications and performances have been reviewed in excellent recent articles.*>* Instead, the
present review focusses on their processing and challenges for their efficient use. Typical fibers
for these applications have diameters in between 1 and 100 um. Fibers of smaller diameters,
called nanofibers, made for example by electrospinning, are not considered. Piezoelectric
nanowires and mats of electrospun nanofibers®2°4849 are interesting materials that can be used
in energy harvesting and nanogenerator applications.>*°! However, they are not meant for long
fiber reinforced composites or composition of smart fabrics. This is why nanowires, nanofibers
and nanogenerators are not detailed in the present article. Interested readers can find more
information in excellent recent review articles.*>>% On the other hand, large cylindrical
structures are also interesting because they allow an easy implementation in co-axial
structures.>”->8 But, with a diameter well above 100 um, they suffer from a high flexural stiffness
and are not suitable for being the base of textiles or composite materials.

The review is divided in four sections. After this introduction, the first section presents

the main approaches for the realization of inorganic piezoelectric fibers. The second section



focusses on organic polymer fibers. Advantages and drawbacks of these different materials are
discussed. More recent and promising composite fibers are presented in the third section. We
discuss the critical features to make this more recent approach technically viable and efficient.
The fourth section briefly recalls some applications and challenges for the implementation of
piezoelectric fibers in actual applications. We discuss in particular smart textiles applications,
and also applications of so-called Active Fiber Composites (AFC) which are materials made of
inorganic piezoelectric fibers embedded in polymeric matrices. Directions towards further

progress in the field and prospects are summarized in the conclusion.



1. Inorganic piezoelectric fibers

1.1 Piezoceramic fibers

Inorganic piezoceramics display excellent piezoelectric properties, with piezoelectric
coefficients generally much greater than that of organic materials.>*° Some inorganic materials
have piezoelectric coefficients up to 650 pC/N.>® The major drawback of these materials is that
they are brittle, especially in the fiber form. Processing conditions have a strong impact on the
morphology at the macro and micro scales and are therefore critical for optimization of
mechanical properties. Post-synthesis treatments are also important to control the final chemical
composition of the fibers and their homogeneity. Electronic microscopy is generally used to
have a qualitative idea of the porosity of a fiber. For more quantitative analysis, researchers
typically calculate the apparent density and compare it with the theoretical value. The apparent
density is calculated by measuring the volume and weight of several fibers. The general
objective is the achievement of low porosity fibers that are sufficiently strong and flexible to
be easily manipulated and implemented in applications. Because of its high piezoelectric

performances, PZT has been by far the material most studied in this field.

1.1.1. Ceramic fibers process
There are three main methods to make piezoceramic fibers: the thermoplastic extrusion, the
viscous solution spinning process (VSSP) and the sol-gel extrusion. As detailed below, the first
two methods are more versatile in terms of chemical composition because inorganic
compounds, otherwise not spinnable, are mixed with polymer materials that play the role of a
matrix system of the spun fibers. In the last method, there is no need of additional components

to form a matrix, but the inorganic precursors have to be directly spinnable.



1.1.1.1. Thermoplastic extrusion

In this process, a powder containing piezoelectric inorganic micro or nanoparticles is
directly mixed with a thermoplastic polymer. The blend is then extruded above,®? or just
below®? the melting temperature of the polymer, as in conventional melt spinning of polymer
fibers,®4%¢. The obtained green fibers, which are as-spun fibers, are then heated to remove the
polymer, and the inorganic grains are then sintered. Typical morphology of the final fiber can
be seen in Figure 1. The key challenge of this method is to have a high loading of inorganic
solid content and to keep a sufficiently low viscosity of the melt so that fibers can be extruded.
In addition, the final fibers should present low porosity, high density and no macroscopic
defects to have the best electromechanical performances. Grain size over 1 um is generally used
to reduce grain boundary interfaces, porosity and promote a high electromechanical coupling.
Thermoplastic extrusion has already been developed to an industrial scale. CeraNova for
example produces PZT fibers on large scale.t”% This company used a mix containing up to
60%vol of PZT-5A. This process enables the final fiber to have a diameter from 80 um to

160 pm.
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Figure 1. SEM picture of commercial PZT-5A fibers made by thermoplastic extrusion process.

a) cross section and b) Magnification of the cross section. Taken from® with permission.

The thermoplastic polymer plays of course a key role on the viscosity of the blend,

especially with grain size over 1 um. With such a grain size and using ethylene-vinyl acetate



copolymer resin and surfactant, Sebastian et al.®® were not able to extrude the green PZT fiber
loaded at 60%vol, even with a large die of 500 um. Bowen et al.” succeeded in extruding a
blend of polyvinyl butyral and PZT without surfactant, through a die of approximately 250 pum.

In this process, a low porosity of approximately 1 %° was achievable.

A good dispersion is critical to extrude the blend and have a small fiber diameter.
Aggregates can indeed cause fiber rupture or clogging of the spinneret dies. Heiber et al.%!
studied the effect of the blending composition and of its preparation. They showed that the
addition of stearic acid to a mix of polyethylene and 58%vol PZT lowers the viscosity of the
blend. In addition to facilitate extrusion, this approach prevents from the formation of particle

aggregates. The authors succeeded in extruding and drawing green fibers of 90 um in diameter.

1.1.1.2.  Viscous solution spinning (VSSP)

In this approach, the piezoelectric powder is mixed with a spinnable polymer solution. The
green fibers are then formed by a solution spinning process, as opposed to a melt spinning
process. The polymer coagulates in a non-solvent medium to form a composite fiber in which
inorganic particles are trapped. The starting solution can be made of viscose (cellulose xanthane
dissolved in caustic soda). The blend of piezoceramic and viscose are spun into a coagulation
bath of sulphuric acid and sodium sulfate. Zinc salt can be added in order to reduce the
coagulation rate and have a better control over the fiber formation and flexibility. The organic
binder is removed afterwards, and densification of the fiber is performed by a sintering
treatment at high temperature. The obtained fibers can have a diameter from 10 pm to more
than 200 um.”>"2 A related technique based on cellulose has been patented and was called the
Alceru (ALternative CElluose Rudolstadt) process, which is a modified Lyocell manufacturing
method.”® This process has been developed at the industrial level by Advanced Cerametrics Inc.
and Smart Material Corp. for respectively viscose and Alceru fibers.”*The major advantage of

the VSSP and the thermoplastic extrusion processes is their versatility via the creation of a



green precursor fiber. Because the polymer is not removed at this stage, the green fibers can be
easily manipulated. After being implemented in the desired forms, the polymer can be removed
by a thermal treatment and the inorganic material sintered. However, care must be taken in

order to avoid fusion of the fibers during the sintering process.

1.1.1.3.  Sol-gel extrusion

Piezoceramic fibers can also be formed with an alkoxide based sol-gel process
in acidic conditions.”™ First, a sol is synthesised with the required amount of precursors. The
spinnability of this sol is ensured by controlling its viscosity, hydrolysis and condensation rates.
The sol has to be cured a certain time to reach the desired viscosity. This curing time should
not be too long because the sol may form non-spinnable gel with time. Having a long
spinnability time, which is the time before gelation, is an important challenge for large-scale
production.”® The liquid sol is extruded through a spinneret and the formed gel fibers are dried
and collected on a take-up drum. The amorphous fibers are finally crystallised and sintered at
temperatures up to 1200°C’’ or treated by microwaves.’® Crystallisation of the PZT perovskite
phase starts at 530-550°C">"® however, several authors’”" claimed that temperatures over
1000°C are needed in order to completely suppress the pyrochlore phase and to make high
density fibers.The method is delicate but enjoys several advantages, including a perfect control
of the chemical composition, a good homogeneity with few structural defects and a large range
of accessible fiber diameters, typically from 20 to 300 um.”>’®’® An example of the final
morphology of the fiber can be seen in Figure 2. In the case of PZT, acetic acid is added to
increase the fiber drawing time.®° Qiu et al.” studied the effect of acetic acid on the spinnability
of a PZT sol. Adding the right amount of acid, and curing at 80°C for 600 min, leads to a sol of
a long spinnability time. Extrusion was also facilitated by addition of PZT powder. The authors

claimed that this blending promotes densification of the fibers.
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Figure 2. SEM picture of PZT fibers formed by the sol-gel process after a thermal treatment at
1200°C. a) fiber cross section, b) magnification of the fracture. The scale bar is 1 pm. Taken

from®® with permission.

The three methods described above can all provide long fiber production. Dent et al.8!
compared PZT fibers formed by different techniques provided by industrial suppliers.
Surprisingly, the fibers formed by the sol-gel process presented the lowest density and the
highest porosity of 16 vol%. Kornmann et al.%® as well compared industrial fibers and measured
their Young’s modulus. All the results were close with a Young’s modulus of about 40 GPa.
This value is slightly below 50 GPa, the Young’s modulus of bulk PZT. The VSSP method is
slow and technically difficult but enjoys a great versatility and can be used to make small
diameter fibers. The thermoplastic extrusion extrusion is a simple and robust process that allows
a variety of inorganic materials to be shaped under the form of fibers. However, it suffers from
the need of finely controlling the viscosity of the polymer blend by limiting the amount of
inorganic particles. The limited amount of inorganic particles makes debinding and
densification more difficult. The sintering operation has to be carefully performed to achieve
the desired chemical composition and porosity. The sol-gel process is more appropriate to

achieve a well-defined chemical composition. However, the major drawback is the difficulty to
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find the right rate of hydrolysis in order to have a long time of spinnability. In all cases, ceramic
fibers are brittle and can essentially be used in the form composite materials. Piezoelectric fibers
aligned and embedded in a polymer matrix, named ActiveFiber Composite (AFC), are typically

used for applications.82-8

1.1.2. Piezoelectric properties of ceramic fibers

Two methods are generally employed to measure the piezoelectric properties of ceramic
fibers. Single fiber measurements, can be undertaken by applying electrical connection on both
ends of the fiber, if it is large enough to be handled. Another method to measure
electromechanical properties is the use of AFC. Ceramic fibers are aligned and embedded into
a soft matrix, typically composed of epoxy resin.”® To polarise ceramic fibers, contact poling

is used with an electric field above 10 kV/cm for several minutes.

1.1.2.1.  Active fiber composites

Measuring the piezoelectric properties at the level of individual fibers is challenging
because of their brittleness. Another, more accessible, method consists in measuring properties
at the level of AFC systems (Figure 3a). In such a structure, fibers can be poled perpendicular
or parallel to their long axis as shown in Figure 3b. Their piezoelectric properties can be
exploited and measured in different modes. However, high electric fields must be used to
perform poling. Indeed, the permittivity of the ceramic fibers is much higher than the one of
the polymer matrix. The electric field seen by the fiber is then much lower than the one applied.
Application of high electric fields necessitates a good adhesion between the fibers and the
matrix to avoid electrical breakdown due to morphological defects. A good adhesion is also
needed to ensure an efficient mechanical stress transfer. The realization of AFCs is probably
today the most efficient and most common way to implement piezoelectric fibers in numerous
applications. Nevertheless, as discussed below, AFC materials are stiff and rigid structures.

They are not suitable to exploit piezoelectric fibers as textile or cable structures.
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Insulating polymer matrix
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Figure 3. a) Scheme of AFC with active piezoelectric fibers in a passive polymer matrix.

b) Schemes of AFC with interdigitated electrodes. The fibers are poled in the direction of

their long axis so that the measured piezoelectric coefficient is the d3; coefficient.

The link between the piezoelectric properties of AFCs at a macroscopic level and the
piezoelectric properties of individual fibers requires some modelling. For this purpose, the
effective homogeneous medium model’’ is generally employed. This analytical model’® is
based on three main assumptions: (i) the lateral spatial scale of the composite is sufficiently
fine for the forces applied to be effectively transferred to the ceramic fibers (ii) the piezoelectric

response of the material is linear (iii) there is a perfect stress transfer between the fiber and the
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matrix. Knowing the volume fraction of the fibers, the relationships’® between the AFC

composites and of the fibers, are

composite __ ;fiber VS11
d33 - d33 E
vs11+(1-Vv)s33

composite __ jcomposite , . T _E \—0.5
k33 = dj3 (£33533)

with v the fiber volume fraction, ds3 the piezoelectric coefficient, si1 and s%; the
compliance of the fiber and the matrix (at constant field) respectively. ks3 is the coupling
coefficient and €15 is the permittivity at constant strain of the composite. These equations are
based on simple rules of mixture. A high amount of fibers in the composite is required to reach
good piezoelectric properties. According to Nelson et al.’®, the ds3 coefficient of the composite
can be lower than the one of the bulk but the kss coefficient can yet be high because of the
mechanical properties of the soft matrix. However, a volume fraction of 20% is needed to reach
the maximum piezoelectric coefficient. This is in agreement with the study of Mohammadi et
al.”? They studied the effect of the PZT fiber diameter and AFC thickness on the
electromechanical properties of the composites. According to them, with the same volume
fraction of 40%vol of fibers, the dzs coefficient remained almost constant at a given AFC

thickness for all fiber diameter and increased linearly with the AFC thickness.

1.1.2.2.  Piezoelectric properties
Piezoelectricity is characterized by several parameters. Table 1 summarizes the values
of these parameters from different studies. The morphology of the fiber (grain size and
diameter), the technique used to measure the piezoelectric coefficient, the coupling coefficient

(k), das coefficient and the maximum strain are presented.
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Table 1. Summary of piezoelectric properties of ceramic fibers. The measured values of the

bulk are in bold.
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The piezoelectric coefficients of ceramic fibers are lower than the coefficients of the
bulk material but still remain on the same order of magnitude. It appears that comparable
properties can be achieved using different processes, the main factors being the chemical

composition, density and porosity.

1.2. Coaxial piezoceramic fibers

The brittleness of piezoceramic fibers and the difficulty of poling them
efficiently with external electrodes in AFCs have motivated the development of more complex
structures. Indeed, the electrical field seen by the fibers in AFCs is lower than the field applied
macroscopically because of the mismatch of permittivity between the fibers and the matrix.
Among these more complex structures, coaxial fibers are gaining a strong interest. The core of
coaxial fibers is made of a metal or carbon material. In addition to playing the role of electrode,
the core material mechanically reinforces the fiber. The presence of a conductive core electrode
allows the fibers to be poled radially, with the field perpendicular to the main fiber axis. The
fiber used under tension or compression therefore operates in dz; mode. The ds1 coefficient of
piezoceramics is generally lower than the dss coefficient.5*®* For PZT materials, the ds:
coefficient is approximately twice lower than the dss coefficient. Nevertheless, this lower

efficiency could be largely compensated by a more effective polarisation.

Coaxial fibers display some particular features. Because of their specific geometry, the
applied field for poling is greater at the inner wall of the fiber than at the outer wall. A low
aspect ratio of the coaxial fiber leads to a higher difference of the electric field on the inner and
outer wall, and can affect the polarisation (Figure 4a). In addition, the piezoelectric efficiency

depends naturally on the amount of active materials in a composite but also on the aspect ratio
a =< with t the thickness of the piezoelectric layer and ro the total fiber diameter.%>% Ones

To

need to consider the difference between the fiber density and the volume fraction when working
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with coaxial fibers. With a high aspect ratio, AFC can have a high fiber density (ie a high

number of fibers) but a low volume fraction of the active phase (Figure 4b).
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Figure 4. a) Electric field at different positions within a hollow fiber versus the aspect ratio.
Increase of the aspect ratio enhances the difference of the electric field between the inner and
outer walls. b) Schematic representation of AFCs with different volume fraction and fiber
density. The volume fraction refers to the volume occupied by the ceramic. The fiber density

5

is the number of fibers inside the composite. Taken from* with permission.

When used in a composite and as modelled in the literature,® the ratio of Young’s
moduli of the fiber and of the matrix material has also be taken into account. Modelling predicts
that the effective da; coefficient increases with the volume fraction and density of the fibers.%%
The effective ds1 coefficient decreases with increasing the Young’s modulus of the matrix

(Figure 5). An optimal aspect ratio « is predicted for achieving the greatest effective ds1. This
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optimal a depends on the ratio of Young’s moduli.®>*% Considering the above expectations, the
control of the synthesis of coaxial piezoelectric fibers is critical to rationally optimize their use

in composite applications.
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Figure 5. The calculated value of normalised d3; coefficient of the AFC versus the ratio of the
Young modulus of the matrix and of the fiber. Soft epoxy matrix appears as the best choice in

order to have the maximum effective d3;. Taken from” with permission.

1.2.1. Synthesis of coaxial piezoelectric inorganic fibers
1.2.1.1. Coextrusion

The coextrusion process is based on the thermoplastic extrusion, as described in section
1.1.1.1. In addition to this processing technique, a conductive fiber core is guided through a
cylinder, as schematized in Figure 6a. This extrusion is followed by debinding and sintering
treatments. Typically, fibers of more than 200 pm in diameter can be formed by this
technique.®”*® The metallic core and the green fiber have to be extruded at the same linear speed
to avoid the formation of cracks, and to keep the inner fiber well centered.®® An other technique
consist in drilling a hole in an extruded green piezoceramic fiber and filling the hole with a

conductive fiber. The coaxial fiber is then heated to perform debinding and sintering step.
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Figure 6. a) Schematic representation of the coextrusion process. The metal core and the
piezoelectric paste are extruded simultaneously through two concentric cylinders. b) Image of
the cross section of a coaxial fiber after sintering. A hole was drilled into a PZN-PZT green
fiber and a conductive cylinder made of PZN-PZT/silver was inserted into the hole. Taken

99,100

from with permission.

Sebald et al.’®! and Hajjaji et al.*® studied the morphology and piezoelectric properties
of PNN-PZT and PMN-PT, respectively, with a Pt core. They obtained a value of 0.17 and 0.20
for the ka1 and -112 pC/N and -130 pC/N for the da1 respectively. These values are lower than
the ones of the bulk ceramic material. They agreed on the same hypothesis to explain this
phenomenom: (i) The pressure applied during the process is not high enough to have a dense
material. Lower density reduce the material permittivity (ii) The poling process is not effective

because of the low aspect ratio of the fiber.

1.2.1.2. Hydrothermal synthesis
The principle of this method is to first seed the conductive core with a precursor solution
and then, to perform a hydrothermal reaction to induce the growth of piezoelectric material.

This process can be used to make fibers with very small diameter. Indeed, the conductive core
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can be of a few microns in diameter and the hydrothermal reaction creates a less than 20 um
ceramic film 292103 However, it is difficult to run the process continuously to produce
indefinitely long fibers. The process also needs some care because the inner core can suffer
from chemical or physical damages during the hydrothermal reaction, which can be performed
with harsh chemicals at high temperature. Deterioration of the core can lower the
electromechanical coupling of the coaxial fiber. Bowland et al.2%21% studied the influence of
the hydrothermal process on the tensile strength and piezoelectric properties of coaxial fibers
with a carbon core. To create their coaxial fibers, they functionalized carbon fibers with
hydroxyl and ketone groups. Then they seeded the carbon fiber with Titanium based precursors.
Finally, a two-steps hydrothermal reaction was performed to synthesize TiO., and to convert it
into BaTiOs. Figure 7 presents the obtained coaxial fibers. The authors showed that the
conversion step has a strong impact on the tensile strength of the fiber. The Young’s modulus
of coaxial fibers can be as high as 300 GPa, and the tensile strength can exceed 4 GPa. These
excellent properties exceed the properties of BaTiO3.1% They are due to the efficient mechanical
reinforcement provided by the carbon fiber core. Keeping the physical integrity of the carbon
fiber core is also important for having good piezoelectric properties. The maximum ds; they
could measure was -12.9 pC/N, which is lower than the -34.5 pC/N%® of the bulk material. But

this measurement was performed for non-yet optimised fiber.?02104
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10 um

Figure 7. a) Outer surface and b) cross-section of BaTiO3 coated carbon fiber by hydrothermal

reaction. Taken from'%? with permission.

1.2.1.3. Electroplating techniques: electrophoresis deposition and electrolytic deposition

Two main techniques exist to create a ceramic layer on a conductive fiber by
electroplating: electrophoresis deposition (EPD) and cathodic electrolytic deposition
(CELD).1%¢-112 Materials made by these methods are generally porous and have to be densified.

The thickness of the deposited layer does not exceed 200 pum in general !t

The EPD technique relies on the motion of charged colloidal particles towards an
electrode of opposite charge under a DC field. The core fiber acts as electrode, and the colloidal
particles are the piezoelectric particles (Figure 8a). For a homogenous, cracks and voids free,
deposition, a dilute and stable colloidal suspension is needed. Kim et al.}'* created a PZT coated
SiC fiber by the EPD technique. Lin and Sodano!!® synthetised BaTiOs coated SiC fibers of
different aspect ratios. They showed that the effective ds; coefficient increases with increasing
the aspect ratio (Figure 8b). The maximum obtained ds; was about 34 pC/N for an aspect ratio

of 0.67. This value is close to the coefficient of bulk BaTiOs reported in literature. 6
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Figure 8 . a) Schematic representation of the EPD process. b) Normalized d3; coefficient vs the
aspect ratio of the BaTiOs coaxial fiber made by EPD technique. Taken from!!'> with

permission.

In the CELD technique, ceramic films are formed from metal salts in solution. 12116
The pH near the cathode fiber is increased with an electrogenerated base. This induces the
hydrolysis and deposition of inorganic materials at the surface of the core fiber. This methods
allows a better uniformity and a continuous microstructure compared to the EPD method, but

the created films are thinner.11211
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1.2.2 Nanowire coated piezoelectric fibers

Fibers coated by inorganic nanowires can still be considered as coaxial piezoelectric
fibers even if they operate differently from the fibers described above. Qin et al.!*® synthetized
ZnO nanowires on a polyaramid fiber core by a hydrothermal method. The bottom layer of ZnO
seeds serves as inner electrode. The polar axis of the nanowires is oriented perpendicular to the
core fiber as they are grown along this direction. The nanowires are bent with friction between
the fiber and another fiber or surface. Current is therefore generated by this friction mechanism.
The principle is not expected to be very efficient in terms of piezoelectric activity considering
the low piezoelectric coefficient of ZnO® and the non-optimized deformation. Nevertheless,
nanowire coated piezoelectric fibers can be easily synthesized and implemented in promising

applications for energy harvesting!*®?° or damage sensing in composites.*?

Coaxial fibers can be produced from three different techniques, leading to thicknesses of
less than 200 um for the electroplating techniques and to more than 200 pm for the coextrusion
process. There are rather few few studies on coaxial piezoelectric fibers. Such materials have
low values of d31 compared to the ds3 of the piezoceramic fibers. In addition, they require a
good bonding between the core fiber and the piezoelectric coating to ensure an efficient
piezoelectric activity. This point is a critical issue. Nevertheless, coaxial fibers have better
mechanical properties than ceramic fibers and remain promising considering their easy poling

and implementation in applications and devices.

2. Organic piezoelectric fibers

Piezoelectric polymer fibers are extensively investigated for two main reasons. First,
their flexibility make them more processable and better candidates than ceramics for wearable

technologies. Second, they can be easily spun from well established melt or wet fiber spinning
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techniques. Several polymers including poly(vinyl difluoride) (PVDF), polyamide (PA),
polyacrylonitril (PAN), poly(vinyal chloride) (PVC), polylactic acid (PLA) and others display
piezoelectric properties.'?>12® PVDF presents a dss up to -30 pC/N.*? This value remains low

compared to piezoceramics but rank among the best in organic materials.

2.1. Piezoelectricity in polymers and in PVDF

The most commonly used piezoelectric polymers are semicrystalline. The presence of a
polar crystal phase is necessary to induce piezoelectricity. In PVDF, the crystalline fraction
varies typically from 35 to 70%.'2*The orientation of the dipoles can be achieved by thermal
annealing, mechanical stretching and high voltage treatments. PVDF'? and its copolymers,
including poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE), poly(vinylidene
fluoride-co-chlorotrifluoroethylene)  (PVDF-CTFE) and  poly(vinylidene  fluoride-
hexafluoropropylene) (PVDF-HFP), have at least three polymorphic phases: a, B and v,
presented in Figure 9. The a-phase is the only non-polar phase of PVDF and is the most stable
at room temperature. But the B-phase can be obtained upon mechanical stretching of the a and
v phases.'® PVDF-TtFE, PVDF-CTFE and PVDF-HFP can spontaneously solidify in the B-

phase after melting

a-phase (TGTG’) B-phase (TTT) y-phase (T3GT3G’)

Figure 9. Schematic representation of polymer chain conformation in the different crystal

phases of PVDF.

The polarization of the B-phase is achieved by electrical treatment at room or high

temperature with a poling field of at least 200 kV/cm.?® Converting o to f phase is also possible
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by means of higher electric field of few MV/cm.126:127 Contact and corona poling are the mostly
used methods to polarize piezoelectric organic films. The polarization conditions are known to
strongly affect the piezoelectric coefficients of thin films.'?® The same can be expected for
fibers. However, to our knowledge, the piezoelectric coefficients of piezoelectric fibers have

not yet been directly measured.

The sign of the piezoelectric coefficients is another distinctive feature of piezoelectric
polymers. Indeed, PVDF and its copolymers display a negative ds3 whereas most inorganic
materials have a positive ds3. Inorganic materials expand when a field is applied along the
polarization direction. This effect can be understood by considering the structure of the ionic
lattice of inorganic piezoelectric materials.! However, the underlying mechanisms to explain a
negative longitudinal piezoelectric coefficient of polymers have been debated over the last
years. Contraction of the material upon application of an electric field along the polarization
direction has been ascribed to specific responses of either the crystalline parts!? or volume
changes of the amorphous parts of the semi-crystalline polymers.t3%13! According to recent
progresses in the field,'*2 both parts of the semicrystalline polymer have in fact to be considered
to correctly describe the response of piezoelectric polymers for a large range of applied electric

fields.

2.2. Polymer fiber spinning process

2.2.1. melt-spinning

In this process, PVDF or multicomponent preformed layers'*313 are melted above their
melting temperature.3>1% The molten polymer is then extruded trough a die, air quenched to
solidify and taken-up on drums (Figure 10a). The crystallinity is controlled by the melt draw
ratio™® which is the speed ratio from the extruder to the first take-up roll. Cold!® or hot*¥
drawing is finally applied to increase the electroactive phase fraction. Fiber spinning of melted

PVDF induces a chain orientation and produces mainly non polar a-phase.t®%® Thermal
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drawing, stretching, electrical polarisation or incorporation of fillers can be used to induce the
formation of the piezoelectric B-phase of the PVDF. The crystallization and enhancement of

the B-phase content of films have been extensively studied in the case of PVDF.139:140

Chapron et al.®*” monitored the crystallinity of PVDF during the melt spinning process.
Figure 10b shows their main results: a to B phase conversion increases with the hot drawing
ratio. This conversion can be close to 100%.*! Yang et al.1*? achieved enhancement of the
mechanical properties of PVDF fiber by drawing, and obtained a Young modulus of 1.6 GPa
and a tensile strength of 119 MPa. Polarisation of the PVDF with a high electric field during

stretching improves the B-phase content and can be included in this continuous process.*®
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Note: Micro-Raman measurements were done on samples after 2 months.

Figure 10. a) melt-spinning system used by Chapron et al'*” b) In-situ Raman measurement
showing the evolution of the crystallinity and of the a and B phases content. The positions
referred to those shown in a) 4 is the draw ratio between R/ and R2 at 110°C and 90°C

respectively. Taken from'*” with permission.

Adding fillers can also increase the electroactive phase content and improve the stiffness
of the fibers.}# Fillers are used as nucleating agents to promote crystallization.**¢44145 High
aspect ratio fillers can be prefered because of their higher interfacial interaction.'*?> Panda et
al.*® drawn a PVDF fiber with a crystalline fraction of 74% including 90% of B-phase by

adding 0.5%wt of zinc oxide nanorods. The nanorod loading is nevertheless limited because the
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extrusion becomes difficult with a high viscosity blend at loading over 10%wt, 124133172173
Moreover, improvements of stiffness are often associated to increased brittleness. Fibers loaded
with fillers can break during drawing.!3¢14 But the B-phase of composite fibers can be created
with lower drawing ratio than that needed for neat PVDF.**® Not all fillers can increase the
conversion to B-phase, but oxides®**!4¢ and carbon nanotubes (CNT)* have been used
successfully. The PVDF chains wrap the CNTs during melt spinning. This phenomenon is
believed to produce donor-acceptor complexes between the electron rich CNTs and the —-CF»
dipoles of the PVDF.1*44" This mechanism limits the chain mobility during the crystallization

and stabilizes the less favourable B-phase.

2.1.2. wet-spinning

In the wet-spinning technique, a polymer solution is injected into a coagulation bath
containing a bad solvent of the polymer. This bad solvent has still to be miscible with the
solution’s solvent. After coagulation, the fiber is guided through washing baths to remove
solvents (see Figure 11a). The fiber is finally dried and wound. Depending on the diffusion and
coagulation processes, various fiber morphologies can be obtained. As presented in Figure 11D,
voids are generated during the coagulation of PVVDF. This phenomenon is used to make hollow
fiber membranes.!*® Mechanical properties of the final fibers are affected by the presence of
voids. Drawing during the spinning process increases the mechanical properties.**® Jeong et
al.» obtained as spun fibers with a tensile strength of 19 MPa. After post treatment to stretch
and remove voids they obtained a tensile strength of almost 300 MPa. The crystalline fraction

was 73.7%, and the B fraction was 92.9%.
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Figure 11. a) Wet spinning system used by Jeong et al."*° The dope, consisting in a solution of
30%wt of PVDF in dimethylacetamide (DMAc), is coagulated into an aqueous solution of
35%wt DMACc at 50°C. The PVDF fiber is then washed in several water baths and drawn in a
water bath at 80°C. To remove voids created during the wet spinning process, the PVDF
filaments are hot rolled at 130°C. b) SEM images of as-spun PVDF fiber’s cross section. With

no post treatment, the PVDF fiber is porous. Taken from'>® with permission.

Coagulation in polar solvents and hot drawing promote the formation of B-phase.!>

Increase of the drawing ratio during the coagulation sometimes increases porosity.*>! Drawing
in the washing bath over 40°C can also increase porosity. Below this temperature, only the

molecular orientation of the amorphous part of the PVDF is affected. !
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To conclude, the melt-spinning process is a simple and fast method to produce PVDF and
PVDF copolymers fibers. But fillers are needed and hot or cold drawing to increase the p phase
content. The wet-spinning process produces mainly porous fibers that are mechanically weak,

and that often requires post-synthesis treatments to reduce porosity.

2.2. Coaxial fibers

The maximum theoretically predicted calculated value of dss for bulk PVDF is 44 pC/N,?
which is higher than the one experimentally measured. This difference is attributed to the
insufficient poling process. A conductive core is implemented in the fiber to promote the
polarization of PVDF, as explained in section Coaxial piezoceramic fibersfor ceramic coaxial

fibers.

2.2.1. Coaxial melt spinning and tensile melt extruding

The coaxial melt spinning (or bi-component extrusion) process is based on the extrusion of
thermoplastic polymer filled with conductive particles as the core and piezoelectric polymer as
the sheath. The advantage of using a thermoplastic core is the possibility to draw it along the
PVDEF to increase the p-phase content, without breaking the fiber. The fillers have to form a
percolated network after drawing so that the core remains conductive,. Studying a PVDF fiber
with carbon black filled polypropylene as the core, Lund et al.®® conclude that the resistivity
of the core increases with the elongation of the coaxial fiber. Indeed, the conductivity of the
core decrease from 0.17 S/cm with no drawing to 0.07 S/cm with a drawing ratio of 3. However,
the maximum amount of conductive filler is limited in order to keep the viscosity of the blend
sufficiently low to allow fiber spinning. Glaup et al.*>*1% added sodium stearate as a surfactant
in a blend of polypropylene and carbon nanotubes to lower the viscosity while being well above

the percolation threshold.
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The tensile melt extrusion is the extrusion of a melted polymer around a solid conductive
core which is guided through a cylinder. The conductivity of the core is not altered by the
extrusion process. Using a metal as a core also improves the Young modulus of the coaxial
fiber.2>® However, without pre-treatment, the adhesion between the sheath and the metal core
is weak,'®” and debonding during mechanical stretching can occur.*®® As for inorganic coaxial

fibers, adhesion between the core electrode and the piezoelectric layer is a critical issue.

Fibers made by the above two methods are shown in Figure 12. These methods produce
coaxial fibers with good repeatability, are easy to process and scalable. Coaxial fibers made by
tensile melt extrusion have a good core conductivity but the adhesion with the sheath is difficult
to control. On the other hand, the ones made by bi-component extrusion have a good adhesion

but suffer from a low conductivity of the core electrode.

Figure 12. a) Cross section of coaxial PVDF-TrFE/copper coaxial fiber made by tensile melt
extrusion. b) Cross section of drawn PVDF/carbon black polypropylene coaxial fibers made by

153,156

coaxial melt extrusion. Taken from with permission.

2.2.2. Electrowetting aided dry spinning
Liu et al.®® proposed a combined process to create PVDF and PVDF-TrFE, coaxial
fibers with a copper core. Studies on electrospinning have proven that application of an electric

field to a PVDF solution promotes the formation of p-phase nanofibers.?®® In the same way,
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electrowetting followed by dry spinning was used to create coaxial fibers. The process is
sketched in Figure 13. The solid core, composed of copper and of an insulating layer, is wet by
the PVDF charged solution by applying an external electric field (E1). The polymeric layer
created is elongated through the process and solidifies under an electric field (E2). With this
technique, the polymer layer thickness falls below 10 pum. Films with a smooth surface, without
pores or fractures have been realized with PVDF-TrFE mainly composed of B-phase.
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Figure 13. Electrowetting aided dry spinning process proposed by Liu et al.!>® The charged

solution is composed of PVDF or PVDF-TrFE and a mixture of dimethylformamide (DMF)
and acetone. V7 is 1 kV and V2 is 4 kV. The insulating layer keeps the charges in the polymeric
layer and offers a better adhesion of the PVDF to the conductive core. Taken from'® with

permission.

On one hand, this technique is attractive because it can be used to produce long coaxial fibers

with high B phase content with a conductive core that has a good adhesion with the sheath,
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without post-treatment. On the other hand, the process is not easily scalable for multifilament

production.

3. Piezoelectric composite fibers

Improving the piezoelectric properties of neat piezoelectric materials, be they organic or
inorganic, by chemical modification of their composition is becoming increasingly difficult
after years of research and optimization. The ds3 coefficient of PVDF does not exceed -30 pC/N
whereas the das of piezoceramics can exceed 100 pC/N. However, inorganic materials are brittle
whereas organic polymers are flexible. The composite approach based on the combination of
flexible polymers and highly active inorganic piezoelectric materials appears as a promising
way for making new, efficient and mechanically robust piezoelectric fibers. In particular,
inorganic piezoelectric particles with high piezoelectric coefficients can be added to passive or
electroactive polymers to make flexible piezoelectric fibers. PVDF composites have generally
a large amount of piezoelectric fillers and the polymer is only used for its flexibility and

permittivity.1®° Recent examples in this field are described in this section.

3.1 Particularity on piezoelectric composite: poling and stress transfer

Piezoelectric performances of composites are usually low compare to neat
piezoceramics.’®:1%3 High loading of particles is needed to significantly increase the das
coefficient. The observed low piezoelectric properties are due to (i) the inefficiency of the
poling process due to the low permittivity of the polymer matrix (ii) the poor mechanical stress

transfer between the matrix and the piezoelectric inclusions.

High dielectric mismatch between the piezoelectric inorganic filler and the polymeric
matrix makes poling of composites difficult to perform. The effective electric field (Ec) seen by
the piezoelectric inclusions is lower than the electric field 1% (Eo) applied to the sample and is

given by:
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3 . — - . . R
Ec = ——E, ,with = = ¢ =™ jn the case of the effective-medium model.*® ¢, &, &m
2e+ec e+2em Ect2em

are the permittivity of the composite, of the piezoelectric inclusion and of the matrix
respectively. ¢ is the volume fraction of the piezoelectric inclusion. The use of high poling
electric fields is limited by the probable composite dielectric breakdown. Increasing the
permittivity of the matrix is possible by adding semi-conductive!®®%” or conductivel6®17
fillers. The loading has to be kept below the percolation threshold, else creating short-circuit
during poling. Chemical modifications of the particle surface!*'”” can improve the
compatibility between the polymer and the particles, creating less defects in the composite and

improving its dielectric properties.

Besides difficulties of poling, mechanical stress transfer between the soft matrix and the
stiff inorganic inclusions is another critical issue. Using high aspect ratio piezoelectric fillers
and aligning them improve the mechanical coupling of the composite and result in higher
piezoelectric response.t’®18 Andrew et al.® improved by more than 200% the ds3 of 20%vol
PZT/PVDF composite films by using nanowires instead of quasi-spherical particles. This effect
can be understood by considering the more efficient stress transfer in nanocomposites with high
aspect ratio anisotropic nanoparticles.'® Alignment of anisotropic particles is also important to
ensure an efficient stress transfer, and a greater piezoelectric response with the polar axis of the
nanoparticles along the axis of piezoelectric activity. Nafari and Sodano*’® demonstrated that a
composite made of 40%wt BaTiOz aligned nanowires with an aspect ratio of 10 in PDMS film

has its dss coefficient enhanced by 100% compare with randomly oriented nanowires.

3.2 Composite fiber spinning
Processes to make composite fibers with a polymeric matrix are similar to processes to

make polymer fibers (see section 2.2. Polymer fiber spinning process). However, because a
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high loading of particles is needed to increase piezoelectric properties, melt-spinning is not the
most suitable method. Indeed, the viscosity of the blend increases with the filler content and
makes fiber spinning difficult. Usually, the filler fraction does not exceed 10%wt with this
technique.136:145:184185 \Wet-spinning is more appropriate for highly loaded composite fibers.18-
188 Zhang et al.'® succeeded in making polyvinyl chloride (PVC) / BaTiOs fibers 60 pm in
diameter with 50%wt of BaTiOz nanowires (Figure 14) with a tensile strength of 54 MPa. They
also studied the effect of particles anisotropy on the piezoelectric response. The measure of ds3
was made with a bundle of fibers compressed into the bulk material, cut into cylinder and

annealed at 600°C. The poling is made after removing the organic part. They obtained 4.4 pC/N

and 13.7 pC/N for spherical particles and nanowires particles respectively.

Figure 14. SEM picture of 50%wt BaTiO3 nanowires / PVC fibers.!® BaTiOs nanowires were
dispersed into a solution of PVC in dimethylacetamide (DMA), wet-spun in a coagulation bath
containing a mixture 70:30 DMF / water and drawn in boiled water. Taken from'®’ with

permission.

More complex hybrid structures, such as conducting wires coated with ZnO nanowires
and PVDF, have been proposed.®® But these structures, even if of cylindrical shape, have large
diameters that largely exceed 100 um. These cylindrical co-axial structures have been shown
to display promising properties but are not well suited for smart textile applications because of
their large diameter. They are out of the scope of the present review which remains focused on

fiber materials meant for composites and smart textile applications.
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4. Piezoelectric fibers applications

4.1 From piezoelectric fibers to smart textile structures

Realizing fiber materials with good mechanical and electromechanical properties is the
first key challenge towards smart textile applications capable of converting mechanical energy
into electrical energy. These textiles could find countless applications as sensors or energy
harvesters in clothing, biomedicine, housing, furniture, technical textiles and so on.*>*/
However, this first challenge is not sufficient in itself. Indeed, implementing the fibers in textile
structures is also particularly challenging. It is possible to make smart textiles by embedding
straps, films or mats of electrospun nanofibers into a textile.’®:!% But, these multilayers
structures are not ideal in terms of comfort, flexibility and wearability. Instead, using
piezoelectric microfibers that act as both structural and active elements display significant
advantages. First microfibers because of their large surface area, compared to 2D films, could
in principle generate more charges when mechanically deformed. Second, fiber materials are
of interest because of their low flexural rigidity, which scales as the 4™ power of their diameter.
However, using piezoelectric fibers raises technical difficulties for their poling and electrical
connections to conditioning circuits. It is indeed necessary to realize efficient electrical
connections that can sustain repeated deformations. These connections are supposed to cover
the greatest surface area possible of the active elements to maximize electromechanical

transduction. It is also important to avoid shorts-circuits and to properly separate electrode

materials.

In spite of these difficulties, exciting advances have been achieved over the last years. Several
groups have indeed successfully implemented piezoelectric fibers in textile structures by using
methods potentially scalable, and compatible with conventional textile technologies of weaving
and even knitting and braiding. We review in this section these recent progresses and discuss

their main advantages and limitations.
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4.1.1 Woven, braided and knitted single component fibers

We consider in this section polymer piezoelectric fibers made of a single component.
These fibers can be produced more easily than co-axial and bi-component fibers. They also
display high piezoelectric activity and do not suffer from the delicate adhesion between an inner
and outer layer. These single-component fibers are produced by easily scalable methods and
can also be implemented in textile structures by already well established technologies. In
particular, weaving, knitting and braiding are the three conventional techniques to create a
fabric. The possible patterns are almost infinite. Beyond their aesthetic aspect, these patterns
differ in their mechanical and physical properties. Figure 15 is an overview of the different
dimensions and fabrics that exist from OD to 3D fabrics. Nonwoven layers are made from
electrospun fibers and are out of the scope of this review. 2D and 3D fabrics are woven, braided
or knitted fibers or yarns. The active fibers have to be electronically connected in order to
exchange charges with a conditioning circuit, be it for polarization or exploitation of

piezoelectric activity.
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Figure 15. Classification of manufacturing techniques and structural dimensions of textiles. 0D
fibers are obtained by the process techniques detailed in the previous sections. 1D yarns are
filaments processed by twisting, winding and compounding techniques. 2D and 3D fabrics are
woven, knitted or braided 1D yarns. Nonwoven 2D and 3D fabrics are stacked multilayer

filaments. Taken from*’ with permission.

Electrodes materials needs to be protected and separated properly to avoid shorts-
circuits. Short-circuits can indeed happen if the textile is wet or if the conductive fibers are in
contact to each other. Spacers between the electrodes can be used to avoid such short-circuits.
Krajewski et al.?® for example worked on PVDF based woven 2D textile. They showed that
the number of spacers between conductive electrodes have a strong impact on the output

generated voltage. Implementation of spacers make the materials more robust in terms of
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protection against shorts. However, it decreases the efficiency of the piezoelectric activity. The

use of one spacer instead of two increased by more than 4 times the generated signal.

The output performance of the piezoelectric textile is strongly dependent on the
electrodes efficiency. A good contact between the electrodes and the piezoelectric fibers is
needed.!® The resistance of the electrodes has to be as low as possible to limit ohmic losses.
The electrodes can be used to in-situ polarize the piezoelectric fibers. But poling can also be
performed during the fiber spinning thanks to corona method®#1% or after the manufacturing
technique.'%%1%7 In the latter approach, the piezoelectric fibers are generally working in the da;
mode. Electrodes can be used as interdigitated electrodes to work in the dzz mode. Zhang et
al.¥ created a hand-knitted 2D PVC/BTO nanowires composite fiber (Figure 16). Cotton
threads are used as a spacers between the Cu wire electrodes. The electrode wires are used to
perform poling as interdigitated electrodes. This device was used to harvest energy from the
motion of a human arm with an output power of 10.02 nW and a 80 MQ resistance load. This
fiber based material has to be attached onto an adhesive tape to fix the electrodes. It is indeed
critical that the electrodes remain perfectly fixed relative to the piezoelecric fibers, so that the
electrode location can match the patterns of polarization. This approach seems therefore limited
for application in large and deformable textile structures. In addition, the tensile strength of the
composite fiber is only of 54 MPa,'® which can be insufficient for textiles sustaining large

stress in applications.
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Figure 16. a) Photo and b) schematic representation of the 2D hand-knitted fabric made by
Zhang et al.””’” The piezoelectric fiber is made of BaTiOs aligned nanowires in PVC, the cotton
thread is used as a spacer to avoid short-circuit.. The conductive yarns are used as interdigitated
electrodes to perform direct contact poling. The poling was performed at 70°C during 20h with
an electric field of 4kV/mm. The output voltage and current of the fabric reached 1.9 V and 24

nA respectively. Taken from’?” with permission.

Increasing the density of the fabric from 2D to 3D can enhance the generated power.
Talbourdet et al.**® created woven PVDF melt-spun fiber textiles in 2D and 3D. The 3D fabric
presented an output voltage 16 times higher than the 2D fabric. Soin et al.** created 3D spacer
textiles with knitted PVDF fibers sandwiched between conductive yarns. Thanks to this
improved designed and better electrical contacts, the fabric could can deliver a power density

of 5.07 pW/cm?.

The patterns of woven, braided or knitted fabrics are not yet rationally designed to

achieve the best output properties. Nevertheless, empirical comparisons provide valuable
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insights. In particular, Mokhtari et al.® created PVDF/BaTiO3 composite fibers and used these
fibers in different textile structures. The fibers have a Young modulus of 891 MPa. They can
be easily processed by conventional technologies to obtain 2D woven, braided and knitted
textiles (Figure 17a,b,c). The authors could compare the force sensitivity and the output power
density of the three fabrics. Figure 17c¢ shows this comparison. The knitted textile is found to

be the most efficient in terms of sensivity and power generated.

=) %)
T
L
® O
S S

e
T
~
(=}

'\

Sensitivity (V/N)
(=2}
%

Power (LW/cm?)

(3]
T
1
5
o

o
(=]

Woven Braid Knit

Figure 17. Picture of the a) woven, b) braided, c) knitted 2D textile with composite
BaTiO3/PVDF fibers. d) Comparison of the force sensitivity and the power density output of

the three fabrics. The fibers were radially poled. Taken from’®’ with permission.

Piezoelectric textile structures are often used in laboratory experiments in model

deformation modes. They are not always tested and designed in view of specific deformations
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met in actual applications. Nevertheless, recent researches have focused on the optimal design
of textile structures to display efficient responses to biomechanical deformations.'%
Tajitsu'®®1% spun highly oriented poly(L-lactic acid) (PLLA) fibers. The fibers were used to
make plain, twill and satin woven fabrics with conductive carbon fibers and insulating
poly(ethylene terephthalate) fibers. A textile prototype was developed for sensing simple
human body motions. The PLLA fibers, because of their specific shear piezoelectricity, provide
a response in the case of bending for the plain weave, twisting for the twill weave and stretching
or highly twisting for the satin weave. The fabric was then used as a sensor on a human arm.

The generated signal was transferred to a humanoid robot through an electronic system. The

humanoid robot could mimic arm bending and wrist twisting.

4.1.2 Coaxial fiber textiles

Coaxial fibers are of great interest to prevent short-circuiting problems that can occur
with single component fibers. There are fewer issues to use them under wet conditions.?*® Co-
axial fibers are also more versatile because they can be connected to the electrical circuits by
different methods. The outer electrodes can be made of conductive fibers or of printed or coated
layers. Akerfeldt et al. studied the durability and washability of PVDF coaxial fibers with
coated®®* or printed?®®? electrodes. The fibers were coated with poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS). They were also printed on a
sensing embroidered glove. The coated electrodes were degraded after 1000 shear flexing
cycles. Nevertheless, the resistance of the printed electrodes was still below 100 Q after 100
strain cycles for a strain of 10%. The authors also showed that washing could be performed

without affecting too much the resistivity.

Lund et al.?® studied the effect of weaving pattern for three different 2D woven

structures made of coaxial PVDF based fibers and conductive yarns used as electrodes (Figure
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18). They showed that a good contact between the fibers and the electrodes enhance the voltage
generated by the fabric. But they did not succeed to perform an appropriate corona poling with
weft rib woven fabrics. The problem was due to the conductive yarns that acted as
electromagnetic shield during poling. In a practical case, the twill fabric used as a shoulder strap
of a laptop case could generate a power density of 0.08 pW/cm?. This value is low and still
insufficient to power smartphone devices for example which require power level on the order
of W. However, they can already be sufficient to power various kinds of sensors, including

biomedical sensors, and their communication with computer nodes.

(b)

Piezoelectric weft

Conductive weft

Figure 18. Three different woven patterns made from PVDF and carbon black/polyethylene
coaxial fibers (piezoelectric weft) and different conductive yarns. a) Twill b) Weft rib c) plain

200

weave. Adapted from"” with permission.

4.2 Applications of inorganic piezoelectric fibers

AFC are made of spun piezoelectric fibers embedded in polymer matrices (see section
1.1.2.1). They are reminiscent of so-called MacroFiber Composites (MFC), which are
composed of thin rectangular rods, dice-sliced from monolithic PZ materials. AFC and MFC
are made by very different processes but still share common applications because of their
reminiscent structures. Indeed, AFC and MFC can be used in many applications,?5203-207
including energy harvesting, structural health monitoring of composites, vibration control and

damping, and actuators. MFC have been developed to a commercial stage,?®® and are not
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considered in this review because they are not based on actual piezoelectric fibers. AFC are still
at an earlier stage of development but enjoy a very promising potential considering their
processing from fibers which can be produced by low cost and easily scalable processes of fiber
spinning. Their potential applications are described below.

4.2.1 Structural health monitoring (SHM)

The basic concept of SHM is to monitor the structural integrity of a composite structure.
Piezoelectric materials can be used for electromechanical measurements®2%® and acoustic
emission?%2!! (AE) to monitor defects of a structure. The AFC is located inside the structure
or attached onto the surface. A good adhesion between the host structure and the piezoelectric
element is needed in order to have a large sensing area. The AFC is not replaceable in case of
defect if it is located inside the structure. The advantage of using AFC instead of monolithic

piezoelectric material is that they are more flexible and so can be bonded to curved surfaces.

These methods are non-destructive. In impedance measurements, a stress wave is generated
and its response is detected by piezoelectric actuators/sensors. The mechanical impedance of
the structure is correlated to the electrical impedance of the piezoelectric device. If the structure
is damaged, the electric response is modified compared to a baseline measurement. In AE
method, the damage-detection is continuously measured. Vibrations associated to the formation
of cracks and defects are detected by the piezoelectric device. Groo et al.'?* compared the
performance of a coated aramid fabric with ZnO nanowires with traditional AE device,
composed of a high frequency microphone that detect damages through airborne acoustic. The
piezoelectric fabric is sandwiched between two electrodes made of carbon fiber fabrics and
bonded to it with a resin. The sensing ability of the sample is evaluated by a three-point bending
test (Figure 19a) and tensile test (Figure 19b). The authors also compared the performance of

the piezoelectric device with a sample made without ZnO nanowires. Matrix failure, interfacial
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debonding, delamination and fiber failure was detectable by the piezoelectric device. However,

a clear distinction of these events remains difficult.
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Figure 19. Schematic representations of the a) three-point bending test and b) tensile test on

the aramid fabric coated with ZnO nanowires. Taken from'?! with permission.

Piezoelectric fiber based devices for SHM suffer from limitations: the bonding quality to
the structure, the maximum strain or flexion of the device before failure and the fatigue and

loss of efficiency at high temperature.!#213

Bowen et al.?! studied the possible fracture of AFC made of PZT fibers in epoxy matrices.
By using a mixing law, they predicted that a minimal composite strength of the AFC exist for
a volume fraction of 0.58 of PZT fibers. Below this volume fraction, the fibers break in the
matrix. Above this volume fraction, the overall AFC is fractured. Note that the sensor can still
be active, even if less efficient, when the fibers are broken in the matrix and still connected to
IDE. Of course, the sensor becomes inactive when the all structure and the electrical

connections are fractured.?'®
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Last, we believe that piezoelectric fibers have still a great and unexplored potential for their
use in SHM applications. Indeed, piezoelectric fibers can be made of diameter that compare to
that of fibers used for mechanical reinforcement, such as glass or carbon fibers. This is why
piezoelectric fibers could be embedded in structural composites without generating mechanical
weaknesses. This is a critical limitation in some SHM technologies. For example methods based
on Fibre Optical Bragg Gratings?'®2!’ are interesting but suffer from an intrinsic limitation
which is the creation of weaknesses in the composites because of the large size of optical fibers
compared to carbon or glass fibers. This limitation can be circumvented when using
piezoelectric fibers of small diameter.

4.2.2 Active and passive mechanical damping

A piezoelectric material that is subjected to mechanical excitation can be used for vibration
control and damping applications. In the case of passive damping,?!®2!® mechanical vibrations
is converted into electricity. The associated energy is dissipated by joule effect. Groo et al.?8
embedded carbon fibers coated with TiO2 nanowires, or with BTO nanowires, into an epoxy
resin. The damping behavior was analyzed by dynamic mechanical analysis. The damping
efficiency of the material was correlated to tan(d), defined as the ratio of the loss and storage
moduli. There was an increase of 62% of the tan(o) at the Ty of the matrix of the BTO based
sample compare to the TiO2 based one. To show more clearly the damping behavior, the
different sample beams were mechanically excited with an impulse and their tip velocity was
recorded with a laser vibrometer. To compare the samples, the tip velocity is normalized by the
maximum velocity for each sample at time 0. The decay of the vibration amplitude with time
can be seen in Figure 20. The decay is found to be significantly faster for the BTO based sample.
This faster decay confirms the interest of using piezoelectric fibers for vibration damping

applications.
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Figure 20. Comparison of the time response of the AFC tip velocity from a mechanical

impulse. The bare sample is AFC with only carbon fibers. Taken from?!® with permission.

Piezoelectric materials allows even active damping. This active damping is based on the
sensing of vibrations associated to a close-loop actuation system to increase the damping
effect.?!® This appealing approach has been the topic of several theoretical studies with AFC.220-
222 However, to our knowledge, the concept has not yet been experimentally realized with AFC
and is still a challenge for future research.

4.2.3 Other applications

AFC could also be used as actuators or as energy harvesting devices but MFC are generally
preferred because of their higher performance in these applications.??*>-??-MFC perform better
because of the rectangular sections of the active piezoelectric components. The latter can be
more efficiently connected to electrodes compared to long cylindrical fibers of AFC. However,
AFC could be used in greater structures. Indeed MFC are made by cutting monolithic
piezoelectric materials. They can be used only in small devices. By contrast, AFC made of
indefinitely long piezoelectric fibers could be used in much greater structures. This is an
appealing objective for future work which will certainly raise challenges for the connections
and poling of the inorganic fibers, such as for macroscopic textile structures made of inorganic

fibers and discussed in the previous sections.
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Conclusion

It is clear today that piezoelectric fibers could have multiple applications. These
applications are limited only by our imagination, and range from biomedical sensors to energy
harvesting in textiles or composites. Their processing has reached a high level in terms of
robustness and scalability in particular for organic polymer fibers. The synthesis of inorganic
piezoelectric fibers is more delicate but can still considered today as well controlled and
scalable for some of them. Structural and mechanical characterizations can also be realized with
high accuracy using advanced techniques. These advanced characterizations allows a good
understanding of the fiber properties. However, in spite of this advanced knowledge, the
characterization of electromechanical properties remains difficult. In particular, measurements
of accurate piezoelectric coefficients is still challenging, and relies often on the design of home

made instrumentation.

The road to applications of piezoelectric fibers faces many challenges. The first is the
realization of fibers with high piezoelectric response. Inorganic fibers meet this criterion but
remain difficult to synthesize and to use because of their brittleness. Polymeric fibers are
flexible and robust. They can be produced by processes inspired by industry. However, their
piezoelectric response remains weak. The ideal solution could come from nanocomposite fibers
composed of inorganic inclusions in polymer fibers capable of coupling deformability and
strong piezoelectric response. This is clearly a promising area for future research. The
fundamental questions to be solved will concern the polarization of such systems and the
achievement of efficient stress transfer between piezoelectric nanoparticles and polymeric
matrices. The integration of fibers into functional textiles and composites is the second major
challenge associated with the development of piezoelectric fibers. The realization of co-axial
fibers offers many advantages for optimal polarization and integration into electroactive fabrics.

However, bi-component fibers remain difficult to produce. The adhesion between the
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conductive core and the piezoelectric outer layer is also an important issue. Finally, the

integration of piezoelectric textiles in real applications will require the design of optimized

structures to generate the best electromechanical transduction in response to a given

deformation. Modeling work will certainly be of great interest at this level to predict the

preferred weaving structures. The processing of piezoelectric fibers remains a fascinating field

with major technological objectives but also scientific challenges from chemistry to electrical

engineering through materials science and biomechanics.
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