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Abstract

Piezoelectricity was first described by the Curie brothers in the late 1800s. The first mate-
rials investigated were natural materials such as bone and wood and single crystals such 
as quartz. Then in 1946 it was discovered that BaTiO

3
 ceramic can be made piezoelectric 

through a poling process. This was followed by the discovery of lead zirconate titanate 
solid solutions (PZT) in 1954 of very strong lead effects which is still widely used in 
piezoelectric applications. In 1969, Kawai discovered large piezoelectricity in elongated 
and poled films of polyvinylidene fluoride (PVDF) opening the way for research into 
piezoelectric polymers. Piezoelectric polymers exhibit low density and excellent sensi-
tivity and are mechanically tough and respond better to fatigue situations. Since 2010, 
research has focused on the production of melt-spun piezoelectric textile fibers, with the 
aim of integrating sensing/energy-harvesting capabilities into smart textile structures. In 
this chapter, a technological overview of the state-of-the-art research into piezoelectric, 
melt-spun, textile fibers will be presented. The methods used for the characterization of 
the fibers will also be discussed with special concentration on the electric response of the 
fibers after mechanical stimulation.

Keywords: piezoelectricity, textiles, melt spinning

1. Introduction

Piezoelectricity, discovered in 1880 by Pierre and Jacques Curie in quartz [1], is observed in 
all materials with a crystalline anisotropy. Piezoelectricity has two distinct effects. The direct 
effect is the polarization of the material under mechanical stress and the inverse effect corre-

sponds to a mechanical displacement when electric polarization is applied to the material [2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Piezoelectric materials belong to the general group of dielectric materials, electrical insulators 
that can be polarized by an applied electric field (Figure 1). Piezoelectric materials are non-
centrosymmetric dielectrics; this means that when subjected to an external electric field, there 
will be asymmetric movement of the neighboring ions, resulting in significant deformation of 
the structure; this deformation is directly proportional to the applied electric field [3].

Pyroelectricity, the ability of certain materials to generate an electrical potential when they are 
heated or cooled, occurs in all materials that belong to a polar crystal symmetry class. It should 
be noted that, not all non-centrosymmetric classes are polar, not all piezoelectric crystals are 
pyroelectric. However, all pyroelectric crystals are piezoelectric. Ferroelectrics form a subset 
of the set of pyroelectrics because they are polar materials in which the direction of the polar 
axis can be changed by the application of an electric field [4]. Investigation into the piezoelectric 
properties of materials commenced from materials readily available in nature such as carnauba 
wax [5], wood [6] and bone [7]. In 1946, it was shown that BaTiO

3
 ceramic can be made piezoelec-

tric by an electrical poling process. The first commercial piezoelectric devices based on BaTiO
3
 

ceramics were phonograph pickups and appeared in the market in about 1947 [8]. An advance 
of great practical importance was the discovery in 1954 of very strong piezoelectric effects in 
lead zirconate titanate solid solutions (PZT) [9]. PZT piezoceramics replaced BaTiO

3
 ceramics in 

most applications and PZT remains one of the most popular piezoceramic materials.

PZT is a polycrystalline ferroelectric material. In a ferroelectric material, the internal dipoles 
of the material can be reoriented by the application of an external electric field, leaving a rem-

nant polarization at zero applied electric field [10]. This remnant polarization also changes 
with the applied stress and this is how piezoelectricity takes place. Since 1954, there has been 

Figure 1. Classification of dielectric materials.
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a lot of research to determine the effects of composition (Zr/Ti) and small amounts of addi-
tives on the electrical and mechanical properties of PZT piezoceramics [11, 12].

In 1969 Kawai [13] discovered large piezoelectricity in elongated and poled films of poly-

vinylidene fluoride (PVDF). Research has shown that the polar β-phase of PVDF, which is 
caused by the application of mechanical stress and/or strong electric fields, is responsible for 
the development of the piezoelectric property of the material [14, 15].

The piezoelectric behavior of other polar polymers like the odd numbered polyamides such as 
Polyamide 11 have also been investigated [16–18]. Newman et al. [16] investigated the crystal 
structure of Polyamide 11, as well as the effect of poling conditions (temperature, time, and pol-
ing field), to the overall piezoelectric constants of the material. Polyamide (nylon) is a polymer 
consisting of the zig-zag chains of CH2 groups connected by the amide groups (H▬N▬C=O). 
The planar sheet structure of molecules is formed by hydrogen bonds between amino groups 
of adjacent molecules. Scheinbeim et al. [19] used X-ray diffraction to investigate the orientation 
of the inter-chain hydrogen bonds between the amide bonds, which make up the sheet struc-

ture of Polyamide 11, when investigating the polarization of Polyamide 11 in the film form. The 
planar sheets are oriented parallel to the surface of the film. According to their findings, during 
poling, the amide dipoles rotate 90° under the strong electric field, which also causes the 90° 
rotation of the hydrogen-bonded sheets. This rotation results in the 180° rotation of the dipoles.

The molecular structure of odd-numbered (top) and even-numbered (bottom) polyamides 
is shown in Figure 2. In odd-numbered nylons, the electric dipoles formed by amide groups 
(H▬N▬C=O) are sequenced in a way that all the dipoles are in the same direction. Therefore, 
a net dipole moment occurs. In even-numbered nylons, one amide group is in one direction, 
the next one will be in the opposite direction, alternately. This results in an intrinsic cancel-
ation of the dipole moments [20].

The piezoelectric behavior of polypropylene has mostly been investigated in the case of cellu-

lar polypropylene films [21–26], where piezoelectric behavior is a result of the morphology of 
the structure (air or other gas-filled voids, void morphology, and charge distribution). Other 
research on the piezoelectric properties of single-film polypropylene or melt-spun polypro-

pylene fibers has been scarce. Research carried out by Kravtsov et al. [27] investigated the 
polarization of melt-spun polypropylene fibers and concluded that melt-spinning technology 
favors the formation of spontaneous electret charge in the fibers and that forced fiber polar-

ization in external electric fields gives rise to strong electret effects.

Moreover in the same paper Kravtsov et al. attributed the total electret effect in polypro-

pylene fibers to mechanisms such as Maxwell–Wagner polarization, dipole orientation, and 
charge carrier injection. Furthermore in 2015, Klimiec et al. [28] investigated the effect of the 
introduction of SiO2 and Kaolin fillers on the piezoelectric constant and thermal durability of 
polypropylene electret, by creating a cellular structure in a single-layer film.

In the research quoted above most of the polymeric piezoelectric materials under investigation 
were in the film form; however, it is now possible to use polymeric piezoelectric filaments [29, 30]  

for the applications where flexibility is required, for example, in the interest of producing 
innovative, “smart” textile products whose components can be integrated into existing textile 
structures [31–33].
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While the use of piezoceramic materials such as PZT is extensive, piezoceramics are extremely 
brittle. Lee et al. [34] compared a PVDF film coated with poly(3,4-ethylenedioxy-thiophene)/
poly(4-styrenesulfonate) [PEDOT/PSS] electrodes to films coated with the inorganic electrode 
materials, indium tin oxide (ITO), and platinum (Pt). When subjected to vibrations of the 
same magnitude over varying frequencies, it was found that the films with the inorganic-
coated electrodes begun to show fatigue cracks at an early stage and at relatively lower fre-
quencies than the PEDOT/PSS film. In further research by Lee et al. [35], piezoceramics tested 
were susceptible to fatigue crack growth when subjected to high-frequency cyclic loading.

Moreover, while ceramics have a higher piezoelectric constant, the polymers are more flexible 
making them more appropriate for areas such as wearable applications [36]. Wearable applica-
tions, smart textiles, and e-textiles in general (multifunctional textile products) place specific 
limitations regarding the rigidity, elasticity, thickness, wearability, comfort, and so on of the 

Figure 2. Schematics of molecular structure of odd-numbered and even-numbered polyamides.
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usually fibrous materials to be incorporated in the product, hence the need for piezoelectric 
material forms that emulate classic textile structures (fibers, yarns, and fabrics). Multifunctional 
textile materials become increasingly important for combined applications. Piezoelectric fibers 
and yarns open a new field in the multifunctional textile area, especially for energy-harvesting 
applications. It is expected that soon a garment using piezoelectric fibers will be developed 
capable of producing usable electrical power [37].

2. Melt-spun textile fiber materials as piezoelectric elements

In order to obtain usable textile filaments (filaments are a synonym of the word fiber and 
are specific to continuous fibers vs. staple fibers) from polymers such as PVDF, the polymer 
must go through a process known as spinning, that is, the transformation (ordering) of the 
material into yarn. There are several spinning methods applied to polymers that are already 
in use in the textiles sector. All methods consist of transforming a solution of the polymer, 
either produced directly from raw materials (direct spinning) or from dissolving/melting the 
polymer chips (dry spinning, melt spinning and electrospinning).

Both melt spinning and electrospinning can be utilized to produce piezoelectric polymer fila-
ments. The research presented in this chapter is concerned with filaments produced through 
melt spinning. In melt spinning, polymer chips are melted and then the melt is forced 
(extruded) through the spinning head called a spinneret. The holes of the spinneret can have 
different cross-sectional shapes such as round, trilobal, pentagonal, and so on. Each of the 
cross-sectional shapes has its own advantages regarding the appearance or properties of the 
filaments produced. Another available fiber structure is the production of bicomponent fila-
ments. Most of the papers analyzed below are concerned with bicomponent filaments. After 
production, the filaments are drawn and wound unto bobbins. The drawing (elongation) 
results in the orientation of the macromolecules of the polymer and improves fiber character-
istics such as tensile strength. [38, 39].

The process of producing piezoelectric melt-spun textile fibers as described mainly for PVDF 
includes one more stage after the final drawing stage used during production of the melt-
spun fiber. That stage, poling, is a combination of extension, heating, and exposure to high 
voltage. Extension of the polymer structure (drawing) together with an elevated temperature 
allows for the transformation from the α-phase crystallites to β-phase. Then, to orient the 
dipole moments of the β-phase crystallites (rendering the structure as polar), PVDF is sub-
jected to a high electric field. In the specific case of PVDF the stretch ratio and the tempera-
ture at which poling is realized affect the maximum β-phase content, which is as previously 
discussed directly responsible for the development of the piezoelectric property of PVDF [5]. 
Typical conditions of poling are 80–90°C and the drawing ratio of 5:1 [40–43].

Figure 3 displays the continuous method for the production of melt-spun piezoelectric textile 
fibers developed at the University of Bolton. Melt extrusion of the fibers is carried out using a 
single screw laboratory line melt extruder (Plasticisers Engineering, UK). The extruder screw 
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(diameter of 22 mm) can be operated at speeds up to 50 rpm. The actual speed used for feed-
ing the polymer through the screw is 2 rpm. A flat temperature profile is used for all the 
polymers consisting of a hopper temperature of 190°C, with a 10°C increment along the barrel 
and a temperature of 230°C set at the die head.

The apparatus has two water-cooled take-up slow rollers, four temperature-controlled slow 
rollers, and two fast rollers. The water-cooled rollers are used for the additional cooling of the 
fiber and temperature-controlled rollers heated the fiber to the required poling temperature, 
80°C in this case. The space between temperature-controlled slow rollers and the fast rollers 
housed a pair of flat-plate electrodes separated by a gap of 10 mm.

To produce the electric field, a Spellman SL300 series high-voltage power supply with a range 
of 0–20 kV at an output current of 3 mA is used. The poling temperature (80°C) is maintained 
during the polarization step by heating the bottom electrode. There is a speed difference 
between the fast rollers and the slow rollers where the speed of the fast rollers is five times 
higher than the speed of the slower ones, thus obtaining a draw ratio of 5:1. At this point a 
high voltage of 13 kV is applied. The poling conditions (temperature, extension, and high 
voltage) are applied simultaneously on the fibers between the temperature-controlled slow 
rollers and fast rollers [44].

Reviewing the results of the search of the literature, regarding melt-spun textile piezoelectric 
fibers, it became evident that certain research papers could be considered part of a continuing 
study into this subject by a specific research team as well as following a specific theme. The 
research into the development of a piezoelectric melt-spun textile fiber attempts to utilize the 
accumulated knowledge on the piezoelectricity of thin polymer films and mainly thin films 
made of PVDF. This explains the concentration of the literature on fibers made of PVDF with 
very few exceptions, which will be discussed below.

One of the challenges that researchers into piezoelectric textile fibers are faced with is the 
difficulty of indicating and maintaining the orientation of the fibers with regard to the polar-
ization process. The cross-section shape of the fibers produced is the typical circular cross-
section used for the manufacture of synthetic textile fibers. Since the polarization of the fibers 
is carried out across the thickness of the fiber, the orientation of the charges is along opposite 
ends of the diameter of the fiber. In a freely twisting and turning fiber, it is quite difficult to 

Figure 3. A schematic of the continuous method of production of piezoelectric melt-spun fibers.
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determine the position and to orient the theoretical positive (+) side and negative (−) sides of 
the fiber. Furthermore, the polymer itself, that is, the fiber, has infinite theoretical resistance; 
this means that the propagation of charges within a complicated structure will be problem-

atic, hence the interest in core-spun fibers with a piezoelectric sheath and a conductive core. 
A case to point, that will be presented in the following pages, is the work done in France on 
the production of a piezoelectric coaxial filament, which had a sheath of P(VDF70-TrFE30) 
(poly(vinylidenefluoride-trifluoroethylene)) and a copper monofilament yarn as core.

As discussed below, the published research is centered mainly on the definition of the 
parameters for the production of piezoelectric fibers and less on the demonstration of the 
actual efficacy of the fibers for actual applications (sensors/energy harvesting) or the behavior 
regarding the aging of the fibers.

Due to the number of researchers working in each team the presentation of the papers that 
were studied will be geographically grouped (location of the organizations involved in the 
research).

In Sweden research into melt-spun piezoelectric textile fibers has resulted in a patent [45] and 
a number of research papers. The first paper, chronologically, by Lund and Hagström [46], 
investigated the influence of spinning parameters on the β-phase crystallinity of PVDF yarns 
with no additives or conductive cores. Beginning with the next paper again by Lund and 
Hagström [47] the researchers introduced the concept of bicomponent PVDF fibers (i.e., PVDF 
filaments with a conductive core). The conductive cores used in the research originating in 
Sweden included electrically conductive composites of carbon black (CB) and high-density 
polyethylene (HDPE) [47, 48], either non-functionalized or amino-functionalized double-wall 
carbon nanotubes (DWNT) [49] and ethylene-octane copolymer and CB or a high-density 
polyethylene and again CB [50]. Guo et al. [51] carried out a comparison between three 
compositions of piezoelectric fibers based on PVDF, that is, PVDF fibers, PVDF/ nanoclay 
fibers and PVDF/NH2-DWCNT (amino-modified double-wall carbon nanotubes). Finally, 
in a paper by Nilsson et al. [52] the composition of fibers under investigation is given as a 
bicomponent with a PVDF sheath and a conductive core while pointing at a previous paper 
[47] for more information.

Concerning the methods used for the characterization of the fibers (filaments) examined in 
the papers mentioned above, these are as follows (Table 1).

Regarding the research originating in the UK, in 2011, Vatansever et al. [33] published a 
chapter in the book “Smart Woven Fabrics in Renewable Energy Generation” and the chap-
ter included a presentation of the production method for PVDF piezoelectric monofilament 
yarns. In 2012, Vatansever et al. [36] presented the production process of a PA-11 (Polyamide 
11) piezoelectric monofilament yarn. Vatansever et al. [53] and Hadimani et al. [29] investi-
gated the properties of a PVDF monofilament yarn. In 2015, Bayramol et al. [54] investigated 
the effect of the addition of multiwalled carbon nanotubes on the piezoelectric properties of 
polypropylene filaments.

Further on the research carried out in the UK, there was a joint research published that was 
carried out by researchers based in the UK and researchers based in Greece. The research 
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was carried out on piezoelectric melt-spun fibers that were produced based on the process 
developed by Siores et al. [30] with a composition of PVDF, PP and PA-11 with two differ-
ent cross-sections (ribbon yarns and cylindrical monofilaments). Matsouka et al. published 
research concerned with the durability of the electrical response (peak-to-peak voltage) of the 
fibers after one wash cycle [44] as well as a paper describing a method/device that could be 
used to measure the electrical power produced by the fibers [55].

The UK-based research/joint research constitutes the only research that investigated materi-
als other than PVDF, namely PA-11 [36, 44, 55] and Polypropylene [44, 54, 55]. They also 
hold the oldest patent [30] on the production of piezoelectric melt-spun textile filaments, the 
process described in detail by Hadimani et al. [29]. Vatansever et al. [36] touch on the subject 
of the amount of energy produced by a single filament versus the energy required for power-
ing small electronic devices, though without providing specific data regarding the energy 
produced. In contrast, Matsouka et al. [55] provide power measurement results for the three 
different compositions and two different cross-sections examined.

A significant by-product of the research by Matsouka et al. [44] was a conference paper by 
Vossou et al. [56] who combined the electrical response (peak-to-peak voltage) produced 
by the piezoelectric fibers with a computational investigation of the mechanical behavior of 
the same piezoelectric fibers. Piezoelectric fibers were the subject of modal analysis with the 
use of the finite elements method to evaluate its eigenfrequencies and mode shapes (modal 
analysis is the study of the dynamic properties of systems in the frequency domain, a typical 
example would be testing structures under vibrational excitation).

Method Research 

papers

Differential scanning calorimetry (DSC) [46–48]

X-ray diffraction (XRD) [46, 47, 49, 50]

Determination of tensile strength to break [46, 48, 50]*

Determination of viscosity as a function of shear rate [50]

Electrical (DC) conductivity measurements [48, 50]

Determination of the resistance and capacitance of the sensor (individual filament lengths oriented 
in parallel) and electromechanical characterization of the sensor by subjecting it to a dynamic 
compression strain perpendicular to the fiber axis

[50]

Determination of the electric signal and strain of a yarn comprising of 24 fibers by subjecting it to a 
dynamic tensile strain parallel to the fiber/ yarn axis and estimations of the mean power from the 
fibers

[48]

Evaluation of the sensor (yarn woven into fabric) properties for heartbeat detection [48]

Characterization of the piezoelectric fibers by connecting the fiber to an impedance analyzer [52]

*Testing carried out in yarn form.

Table 1. Characterization methods used in research papers originating in Sweden.
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Furthermore, by comparing the diagram produced by plotting the bending, y-axis, reaction 
moment developed at the clamped end of the fibers versus time, to the diagram of the deflec-

tion of the free end of the fibers, it was found that in the diagram of the bending, y-axis, reac-

tion moment resembled strongly the typical waveform produced during periodic stimulation 
of piezoelectric ribbon fibers when plotting the voltage versus time. These findings suggested 
that the production of electric power through the stimulation of the fibers is confined to the 
clamped area of the fiber, that is, the specific area of the fiber that is being bended (Table 2).

In Germany, in 2010, Walter et al. [57] manufactured melt-spun PVDF fibers of textile finesse. 
Apart from the typical production processes, the produced filaments underwent false twist 
texturizing. In 2011, Steinmann et al. [58], produced melt-spun PVDF textile fibers using dif-
ferent production parameters. Also in 2011, Walter et al. [59] carried out the characterization 
of composites made by combining piezoelectric PVDF monofilaments with a two-composite 
epoxy resin. In 2012, Walter et al. [60] further developed the previous research project [57] by 
producing both a warp-knitted fabric and two woven fabrics (plain and twill weave). In 2013, 
Glauß et al. [61] investigated the spin-ability and characteristics of PVDF bicomponent fibers 
with a CNT/ PP core. This research project is related to research done by Steinmann et al. [62] 

on the extrusion of CNT-modified polymers. In 2015 Glauß et al. [63] worked on the produc-

tion and functionalizing of bicomponent fibers consisting of PVDF “sheath” and conductive 
CNT/PP cores. Also in 2015 Glauß et al. [64] presented their research in the 4th International 
Conference on Materials and Applications for Sensors and Transducers. The presentation was 
regarding the poling effect on bicomponent piezoelectric fibers (PVDF sheath with carbon 
nanotubes as the core).

The research by Steinmann et al. [58] into the phase transitions of melt-spun PVDF fibers 
was a significant step in determining the effect of process parameters on the crystallinity of 

Method Research papers

Fourier transform infrared spectroscopy (FTIR) [29, 44, 55]

X-ray powder diffraction (XRD) [29]

Differential scanning calorimetry (DSC) [44, 55]

Determination of linear density [29, 53]

Determination of tensile strength [53, 54]

Examination of the micro structures of the filaments under scanning electron microscope (SEM) [29, 53, 54]

Determination of the electric response in Volts of a group of fibers when stimulated by a 
mechanical stimulus (impact)

[33, 36, 53, 54]

Determination of the electrical response (peak-to-peak voltage) of a single fiber when stimulated 
by a mechanical stimulus (bending)

[44]

Determination of the electric power (Watts) produced by a single fiber when stimulated by a 
mechanical stimulus (bending)

[55]

Table 2. Characterization methods used in research papers originating in the UK.
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PVDF. The aim of the research was to understand the crystallization and phase transitions 
in PVDF fibers in order to optimize the formation of the β phase (which is connected to the 
piezoelectric behavior of PVDF). The research resulted in a detailed overview of the effect of 
production properties on the phase transformations of PVDF, which is shown in Figure 4.

Walter et al. [59] constructed composite specimens using a sandwich of PVDF monofilaments 
placed parallel to each other and an epoxy resin, placed between copper films. Polarization 
was carried out on the composite specimens in an oil bath. Determination of the piezoelectric 
behavior of the samples was carried out both parallel and perpendicular to the fibers. The 
specimens were subjected to tensile strain and the voltage produced was measured. The results 
showed anisotropy of the behavior of the composite specimen regarding the voltage produced 
depending on the direction of the strain (lengthwise or perpendicular to the length) (Table 3).

In Portugal, in 2011, Ferreira et al. [65] investigated the effect of processing conditions and 
a conductive inner core on the electroactive phase content and the mechanical properties of 
PVDF filaments without a core and with a core containing a conductive PP (polypropylene)/
carbon black composite. In 2013, Silva et al. [66] investigated the effect of repeated processing 
cycles on crystallinity and the electroactive phase content of recycled PVDF filaments. In 2014, 
Martins et al. [67] examined the properties of piezoelectric coaxial filaments. The test speci-
mens comprised a piezoelectric cable obtained from a two-layer coextruded filament, com-

prising an internal semi-conductive electrode (carbon black-filled polypropylene compound 
and a carbon nanotube-based compound) and a PVDF layer, coated with a thin layer of a 

Figure 4. The possible structural phase transitions in fibrous PVDF.
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semi-conductive copper-based lacquer. Also in Portugal, in 2014, Rui et al. [68] investigated 
coaxial PVDF filaments with a filament core comprising conductive PP. Ferreira et al. [65] 

concentrated their efforts on producing coaxial piezoelectric filaments made from PVDF, as 
opposed to pure polymer filaments. The use of a conductive PP/carbon black composite core 
in the filaments is a common approach in other research, for instance, the work by researchers 
based in Sweden [48–52] and in Germany [61, 63, 64].

Method Research papers

Differential scanning calorimetry (DSC) [57–59, 62]

Wide angle, x-ray diffraction (XRD) [57–59, 62]

Scanning electron microscope SEM [57]

Determination of yarn finesse [57]

Determination of tensile strength at break [57, 59]

Determination of hot air shrinkage [57]

Dynamic mechanical analysis (DMA) [58]

Monitoring of the formation of surface charges on the composites under tensile and bending 
deformation

[59]

Rheometry measurements [62]

Transition electron microscopy [62, 63]

Determination of specific resistivity [62, 63]

Bright field microscopy [62]

Table 3. Characterization methods used in research papers originating in Germany.

Method Research 

papers

Wide angle, X-ray diffraction (XRD) [65, 66]

Tensile strength tests to determine the Young modulus of the fibers [65]

Fourier transform infrared spectroscopy (FTIR) [66, 67]

Determination of tensile strength at break [67, 68]

Measurement of the electric conductivity [67]

Measurement of the electromechanical response (Voltage response of the filaments during 
mechanical stimulation [tensile strain])

[67]

Microscopy [67]

Determination of the electromechanical response of the filaments (voltage produced due to 
mechanical stimulation (vibration, elongation)

[68]

Table 4. Characterization methods used in research papers originating in Portugal.
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The subject of the research by Silva et al. [66] (recycled PVDF filaments) was unique in the 
literature reviewed. The results of several consecutive processing cycles on piezoelectric 
PVDF samples showed that all the parameters that were studied were unaffected or only very 
slightly affected by up to nine processing cycles suggesting that PVDF recycling was feasible 
regarding its electroactive properties (Table 4).

In France, Kechiche et al. [69] investigated the properties of a piezoelectric coaxial filament, 
which had a sheath of P(VDF70-TrFE30) (poly(vinylidenefluoride-trifluoroethylene)) and a 
copper monofilament as the core. Their work was based on previous research carried out by 
Khoffi et al. [70] on the production of a polyethylene terephthalate/copper composite filament.

In a joint paper by researchers based in Australia and Germany, Magniez et al. [71] investigated 
the effect of drawing on the molecular orientation and polymorphism of melt-spun PVDF fibers. 
The methods used for the characterization of the fibers were (i) the determination of tensile 
properties of the fibers, (ii) X-ray diffraction (XRD), (iii) Fourier-transform infrared spectros-
copy (FTIR), (iv) the determination of molecular orientation using optical birefringence, and (v) 
the determination of the electric response (voltage) of the piezoelectric fibers integrated in to a 
woven textile structure after mechanical stimulation (compression).

The approach by Kechiche et al. [69] of manufacturing and studying a coaxial filament (PET/
copper) was found to be innovative in the literature reviewed. The research team had to design 
and develop a new type of spinneret to provide good centering of the inner core (copper filament) 
in the P(VDF70-TrFE30) matrix copolymer. The research team was able to integrate the monofila-
ment yarns into a woven fabric structure and use the resultant fabric as a pressure sensor (Table 5).

3. Conclusions

Based on the analysis of the literature presented in this chapter with regard to the methods 
of characterization of piezoelectric melt-spun textiles fibers, three main conclusions can be 
reached: (i) most of the research carried out focuses on PVDF core-spun fibers with very few 
exceptions. Examples of the exceptions is the research by Bayramol et al. [54] that investigated 

Method Research 

papers

Differential scanning calorimetry (DSC) [70]

Wide angle, x-ray diffraction (XRD) [70, 71]

Fourier transform infrared spectroscopy (FTIR) [71]

Determination of tensile strength [70, 71]

Determination of the sensing capabilities of a woven fabric incorporating the coaxial filaments 
(voltage response to compression)

[70]

Determination of molecular orientation using optical birefringence [71]

Determination of the electric response (Voltage) of the piezoelectric fibers integrated in to a woven 
textile structure after mechanical stimulation (compression)

[71]

Table 5. Characterization methods used in research papers originating in France/joint paper from Australia & Germany.
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the piezoelectric behavior of PP and the work by Matsouka et al. [44, 55] which investigated 
the behavior of PP and PA-11 fibers as well as PVDF ones, (ii) the majority of the current 
research utilizes test methods such as XRD, differential scanning calorimetry (DSC) and FTIR 
to characterize piezoelectric fibers, and (iii) there is no standardized method for the determi-
nation of the electrical response of the fibers to mechanical stimulation (neither as a method 
nor as equipment). Methods such as XRD, DSC, and FTIR aim at the characterization of fiber 
crystallinity and especially in the case of PVDF, the percentage of β phase, which is the source 
of the piezoelectric properties for PVDF.

There are two major approaches regarding the characterization of the electromechanical 
response of the fibers: (i) qualitative tests that are intended to show the potential of the fibers, 
that is, research conducted by Nilsson et al. and Kechiche et al. [52, 69] and (ii) measurement 
of the voltage produced by the fibers (or multifilament yarns or fabrics incorporating the 
said yarns) when they are mechanically stimulated either by tensile strain [48, 67, 68], impact  
[33, 53, 59], compression [50, 70, 71] or bending [44].

From the electrical point of view, these research approaches restrict themselves in the measurement 
of the generated voltage, that is, the various piezoelectric fibers were characterized by the maxi-
mum voltage generated. Furthermore, in most of the research quoted above, the voltage measure-

ment corresponds to the open-circuit voltage which is used as the main performance indication.

However, considering energy-harvesting applications, the open-circuit voltage is not ade-

quate to characterizing the power-generation capabilities of fibers. For this purpose, knowl-
edge of the current production capabilities of the fibers under load is also required. Research 
that quotes the measurement of the power produced by the melt-spun piezoelectric textile 
fibers under load with a description of an innovative method/device developed especially for 
these fibers can be found in the work of Matsouka et al. [55].
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