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Abstract

Nowadays, there is a growing interest for flexible strain and pressure sensors due to the in-
creasing demand in several applications fields like industrial, automotive, robotics, biomed-
ical and many others. Conventional sensors have excellent sensitivities but show severe
limitations due to their mechanical properties and poor flexibility, which can be overcome
by using nanostructured materials. Nanostructured materials show unique and excellent
properties with respect to their macroscopic counterparts. Their most important property
is the high surface area to volume ratio, which offers interesting possibilities in several
applications, as the improved sensitivity, electrical and mechanical performances in flex-
ible sensors. Inside the nanoscale world, nanofibers by electrospinning are an emerging
class in the sensing field, since they can be obtained by a simple, low cost and versatile
process if compared to other types of nanostructures manufacturing methods. Especially,
polymer-based nanofibers and composite nanomaterials, mostly based on carbon nanotubes
(CNTs), have been largely employed as functional materials inside flexible piezoelectric and
piezoresistive strain and pressure sensors, respectively. Poly(vinylidene fluoride) (PVDF)
is, among all polymers, the most used one because of its piezoelectric properties that can
be enhanced by nanoconfinement during the electrospinning nanofiber deposition. On the
other hand, polymer/CNTs composite nanofibers exhibit a significant change in their re-
sistivity with strain and therefore, provides a great potential to be used in various sensing
applications.
The aim of this thesis is the fabrication and characterization of two types of electrospun
nanofibers mats: a piezoresistive one, made of CNTs/polymer nanocomposite, and a piezo-
electric one, made of PVDF. Moreover, this thesis investigates the role of electrospinning
process parameters on the final properties of functional NFs. Along with conventional pa-
rameters, rotating drum collectors with different diameters are analyzed to determine their
effect on the final morphology, electrical performance and piezoelectric or piezoresistive
response of the resulting functional nanofibers. Finally, it is also introduced the possibility
of combing both piezoelectric and piezoresistive mechanisms in one single flexible sensing
platform in order to allow the detection of static and highly dynamic signals.
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Chapter 1

Introduction

Sensors deeply impact our lives and play an indispensable role in different fields of applica-
tions. With the development of consumer electronics, sensors are used in any technological
field, just think of smartphones that are more and more plenty of sensors, typically ac-
celerometers and magnetometers but also pressure sensors, pedometer, and light sensors.
According to the technical standard UNI 4546 "Misure e misurazioni - Termini e definizioni
fondamentali", a sensor is defined as “a device that is in direct interaction with the mea-
sured system”. A sensor is a device able to detect a physical quantity of any type (thermal,
luminous, magnetic, mechanical, chemical, etc.) and to transform it in another type of
quantity, generally electrical (voltage or current). In this way the output signal is easy to
manipulate thanks to electronic circuits. In figure 1.1 it is shown a schematic representation
of a sensor measurement chain. Thus a sensor is a device able to detect changes or events
in the environment and convert the acquired information to an electronic signal [1], [2], [3],
[4].

Figure 1.1: Schematic representation of the use of a sensor in a measurement chain [2].

Sensors can be classified according to their principle of operation or according to the
type of output signal, but commonly are classified thanks to the type of quantity that

1



1 – Introduction

they measure: light sensors, sound sensors, temperature sensors, electrical resistance sen-
sors, sensors of distance, pressure sensors, strain sensors, etc. Sensors are commonly also
classified thanks to their energetic behavior [2].

• Active sensors: directly convert the input energy in the output energy, without having
to be powered from the outside.

• Passive sensors: need external power supply (excitation) for the conversion.

Sensors are characterized by several important parameters that describe the performance
of the sensor [2] [3].

• Accuracy: “maximum deviation between the measurement provided by the sensor and
the true value of the measurand” [2].

• Precision or repeatability: “quantifies the ability of the sensor to provide values of the
output magnitude little different from each other when the input is applied several
times, consecutively, the same by measuring” [3].

• Sensitivity: “ratio between the variation of the output signal to the transducer and
the corresponding variation of the input quantity” [2].

• Resolution: “the smallest amount that can be measured, the slightest variation of the
input that causes an appreciable variation in output” [2].

• Calibration: “measurement of the output magnitude for known values of the input
magnitude to the transducer itself” [2].

• Hysteresis: “quantifies the presence of a "memory" effect of the sensor whose output,
at the same value of the measurand, could be influenced by the previous operating
condition” [3].

• Linearity: “maximum deviation between calibration curve and a straight reference
line” [2].

• Response time: “time taken to reach a predetermined percentage of the final value of
the output signal” [2].

• Stability: “is the ability of the transducer to keep unchanged its operating character-
istics for a period of time relatively long (months or years)” [3].

Nowadays, there is a growing interest for flexible and stretchable strain and pressure
sensors due to the growing demand in several applications in a large variety of fields like
industrial, automotive, robotics, sports, biomedical, medical and many others [4], as repre-
sented in figure 1.2. Since the scope of strain sensors is to transform a mechanical deforma-
tion into electrical signals, they attracted significant interest in recent years, in advanced
applications especially to design body-integrated electronic systems able to allow real-time
detection and analysis of human-body movements and gestures. The most advanced exam-
ples of these advanced systems can be attached directly to the skin (e.g., electronic tattoos)
or to clothes (e.g., smart e-textiles) [5], [6], [7]. In this context, motion state sensors mainly
focus on the motion of the human body in applications as sport, walk, sleep, rehabilitation
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Figure 1.2: Examples of applications of strain and pressure sensor: (a) wearables,
(b)robotics, (c) industrial application [4].

and to monitor diseases affecting the physiological movement. Materials selection plays a
fundamental role in designing sensors of this kind to ensure a complex set of functional
properties required by the final device such as high stretchability, excellent biocompati-
bility, great conformability, and low cost. To satisfy this complex set of requirements in
the literature have been largely [7],[4],[8] investigated the role of nanostructured materials,
demonstrating that nanomaterials are the most suitable and promising candidates. Con-
ventional pressure sensors, mainly made of rigid semiconductors, have very high sensitivity
and they can achieve good performances but unfortunately exhibit very poor mechanical
properties, and the lack of flexibility and stretchability makes them inappropriate in a wide
range of emerging applications.
Nanostructured materials are materials which have at least one dimension sized from 1
to 100 nanometers. Accordingly, nanotechnology is the term used to describe the areas
of engineering or science in which phenomena occurring in the nanometric dimension are
exploited in the design, characterization and realization of new innovative devices or sys-
tems. The term nanotechnology was firstly used in the 1960s after the talk of the physicist
Richard Feynman “There’s plenty of room at the bottom”, in which he describes the pos-
sibility to manipulate objects atom by atom. This talk turned out to be fundamental and
prophetic so that, during these years nanostructured materials have found wide use in
different sectors precisely because of their excellent and unique properties. At nanoscale,
materials properties are even size-dependent: surface effects become important and quan-
tum effects may become dominant when one reaches the interatomic distance range. This
brings to important changes in mechanical, fluidical, electromagnetic and thermodynamic
laws with respect to the macroscopic world. For example, in the nanoscale world, for
what concerns mechanical properties, surface and interface forces become dominant such
as adhesion forces, capillary forces and strain forces. Moreover, for what concern electrical
properties, a quantum mechanical effect known as tunneling become predominant chang-
ing completely the electronic properties of solids with respect to the macroscopic world.
All the new properties that characterize materials at the nanometer scale enable new and
innovative applications, like what happen in the field of flexible sensors where they play
a crucial role. Nanostructured materials, thanks to their properties, especially high sur-
face area to volume ratio, offer important strategies to design flexible sensors with superior
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electrical and mechanical performances, overcoming many limitations of traditional flexible
materials such as polymers [9].
In the nanoscale world, nanofibers (NFs), and especially electrospun NFs, received consid-
erable attention from the field of soft electronics owing to their promising advantages and
superior properties in flexibility and/or stretchability and conductivity, emerging as one of
the most important class of nanomaterials in the sensing field [10]. NFs are one-dimensional
nanostructures, with diameters less than 100 nm but with length variable from tens of mi-
crometers to kilometers, offering the possibility to link the nano- with the macro-world.
Several processing techniques exist to produce nanofibers such as mechanical drawing [11],
template synthesis [12], phase separation [13], self-assembly [14] and electrospinning. More-
over, when fabricated by electrospinning [10] [15], NFs become even more attracting because
the production process is simple, low cost, versatile, reliable and robust. This technique
brings to a simple production of nanofibers with very interesting morphological character-
istics, like high surface area to volume ratio or small size pores not achievable with other
deposition techniques. Another great advantage of the electrospinning process is the possi-
bility to obtain NFs of a wide range of materials starting from polymeric solutions. Although
the greater part of the produced nanofibers is polymeric, ceramic and metal nanofibers can
also be obtained through further post-treatments. A green process for the fabrication of
the sensor can be ensured thanks to this huge variety of starting solutions suitable for
electrospinning. Furthermore, the nanofiber mat obtained through electrospinning can be
easily functionalized not only by traditional approaches based on functionalizing the sur-
faces after electrospinning, but also by blending the polymeric material with a functional
one prior to spinning [16], or by the fabrication of specific nanostructures decorating the
NFs [17]. The electrospinning process ensures indeed to obtain a high quantity of nanos-
tructures: NFs, beaded NFs [18], core-shell NFs [19], hollow NFs [20]. Strictly correlated
with the counter electrode, planar [120] or rotating drum [119], the nanofibers can be col-
lected in a random mode distribution or in ordered, aligned one. They can be collected
on a flat collector or on a cylindrical one bringing to the production of NFs with different
morphological characteristics.
Features of nanofibers deposited by electrospinning are exceptional and unique, so that, as
shown in figure 1.3 from the work of Quaglio M. and Massaglia G. published in 2017 [21],
the interest of researchers grows day by day, as evidenced by the increase in publications
year after year.
The purpose of this thesis is to develop flexible pressure sensors using polymer-based

nanofibers as the functional nanomaterials. Polymer-based nanofibers are an emerging
class of nanostructures, and they are composed by organic filaments with the transversal
dimension less than 100 nm and length variable from tens of micrometers to vary large
values such as kilometers. At molecular level, nanofibers are constituted by very long and
linear polymeric chains, that are aligned in the fiber direction. Therefore, the resistance
to stretching is given by the strength of the covalent bonds of the chain of the polymer
and the stability of the structure depends on the intermolecular forces of attraction (bonds
hydrogen, dipole-dipole forces, Van der Waals forces) that prevent extended chains from
fold up. Moreover, using the electrospinning system, it is possible to use a large variety of
polymers and, simply by changing some parameters, nanofibers with different shapes and
properties can be obtained. In addition, using biocompatible polymers the electrospinning
process results to be ideal to fabricate substrate NFs mats for flexible/stretchable electronic
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Figure 1.3: The increasing number of published works in the field of electrospinning. The
red part is related to the electrospinning of semiconductors. Reprinted from [21],

Copyright (2018), with permission from Elsevier.

devices that directly interface with tissues, organs, or cells [22].
The development of electrospun NFs enhance the stimuli response of flexible pressure sen-
sors working according to different sensing mechanisms, such as piezoelectric, capacitive,
triboelectric and piezoresistive. In this thesis the piezoresistive and the piezoelectric mech-
anisms are investigated, with the aim to demonstrate the possibility to optimize polymer-
based NFs suitable to detect static and quasi-static mechanical signals as well as mechanical
signals rapidly changing over time.
To this purpose, poly(vinylidene fluoride) (PVDF) has been selected because of its piezo-
electric properties that can be further enhanced by nanoconfinement during the nanofiber
deposition by electrospinning [15]. On the other hand, composite nanofibers, containing
smart carbon nanomaterials as the conductive nanofillers, exhibit a significant change
in their resistivity with strain and therefore they have been selected for the realization
of piezoresistive pressure and strain flexible sensors, due to their superior performances.
Among all the smart carbon materials, carbon nanotubes (CNTs) with their large aspect
ratio (diameters ranging from 1 to 100 nm and lengths of up to mm) and conjugated struc-
ture, have been selected in this thesis, since they are the best choice for the realization of
nanocomposite polymer NFs to enhance mechanical and electrical properties in comparison
to other nanofillers.
This thesis especially offers a deep investigation of the role of electrospinning process pa-
rameters on the final properties of PVDF piezoelectric NFs and CNTs-based piezoresistive
NFs. Along with conventional parameters such as the working distance and the applied
voltage, particular attention is paid to analyze the role of rotating drum collectors (i.e.
rotating collecting electrodes) with different diameters (from few millimeters up to ten
centimeters) on the final morphology and properties of the resulting functional nanofibers.
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The use of rotating drum collectors allows to collect nanofibers mats with different architec-
tures, from the conventional planar one to wire shapes and tubular arrangements, moreover
obtaining different degrees of alignment of the nanofibers inside them. In this thesis it is
demonstrated that the use of rotating electrodes is an effective method to modify and thus
tune the piezoelectric and piezoresistive response of the NFs-based flex-sensors.
In more details, the second chapter “The fundamental theoretical aspects” gives a brief and
general introduction to the main transduction mechanisms of flexible mechanical pressure
sensors, highlighting the piezoresistive and piezoelectric effects and the possibility of com-
bining them in a single sensor. Significant importance has been given to nanocomposite
materials for the realization of piezoresistive sensors and to polymeric materials, in partic-
ular PVDF, for the realization of piezoelectric sensors.
In the third chapter “The electrospinning process” is described the electrospinning process,
the nanofiber production process used in this work and the core of this thesis. Particular
attention was given to the parameters that influence the morphology and properties of
the deposited nanofibers. Finally, there is a description of how electrospinning parameters
influence the formation of the β crystalline phase in the electrospun PVDF, in order to
enhance its piezoelectric properties.
In the fourth chapter “Piezoresistive analysis” are initially described materials and elec-
trospinning configurations used for the deposition of composite nanofibers. Electrical and
morphological characterization used to achieve the final implementation of the percola-
tion curve, are after exposed. Subsequently, obtained results are shown, trying to critically
comment them in comparison with results present in literature. Finally, the piezoresistive
behavior of samples obtained by the electrospinning of solutions containing two different
weight percentages of conductive filler inside the polymer matrix, is performed.
In the fifth chapter “Piezoelectric analysis” materials and electrospinning configurations
used for the deposition of PVDF nanofibers, are described. After a section dedicated to
the choice of the electrospinning parameters used for the deposition of the PVDF solution
in order to enhance its piezoelectric properties, the FT-IR and piezoelectric characteriza-
tion is illustrated. After that, it is done a brief discussion on the possibility to realize a
layer-by-layer deposition of PVDF nanofibers on a conductive core made of PEO/MWCNT
composite nanofibers.
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Chapter 2

The fundamental theoretical
aspects

2.1 Transduction mechanisms of mechanical signals in
electrical one

In pressure sensors, the transduction of the imposed force/angle deformation into an elec-
trical signal is mainly obtained thanks to triboelectric, capacitive, piezoresistive and piezo-
electric mechanisms, as represented in figure 2.1 [23].

Figure 2.1: Schematic illustration of electromechanical sensors: (a) triboelectric, (b)
piezoelectric, (c) capacitive and (d) piezoresistive [23].
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2.1.1 Triboelectric effect
The triboelectric effect consists in a generation of triboelectric charges when two dissimilar
materials are in contact. Triboelectric charges are generated because of the charge transfer
from the material with lower surface electron affinity to the material with the higher one
[23]. Recently, triboelectric nanogenerators (TENGs) have demonstrated excellent perfor-
mances in the design of mechanical sensors because of their ability to transform different
types of mechanical stimuli such as pressure, vibration or body motion, into electricity.
Indeed, thanks to the mutual movement of two different materials, opposite static charges
will be generated on the surfaces when they get in contact. Therefore, on the back side of
these two materials the same amount of charge but with opposite polarity is generated.
Finally, a potential difference is created bringing to an electron transfer through the exter-
nal circuit until the two materials are again separated. Thanks to the choice of different
materials, more or less charges are generated. Moreover, positive triboelectric materials
refer to materials that tend to accumulate a positive charge, while negative ones tend to
accumulate a negative charge. TENGs can be realized with four different operating modes:
vertical contact separation, in-plane sliding, single electrode and freestanding triboelec-
tric layer [23]. Sensors based on triboelectric effect become widely used in different kind
of application such as wearable devices [24], human monitoring sensors [25] and energy
harvesting systems [26].

2.1.2 Capacitive effect
Capacitive effect is one of the most widely used transduction mechanisms that transform
the mechanical deformations caused by applied pressure or strain to electrical resistance
variations. A capacitive sensor is a particular type of sensor that takes its name from the
variation it measures, the "electrical capacitance". Capacitors are generally composed by a
dielectric material of thickness d and with a relative permittivity equal to ϵr sandwiched
between two electrodes, like represented in figure 2.1 (c). Capacitance is defined as the
ratio between the amount of charge accumulated by the two electrodes and the potential
difference between them and can be described by the equation C = ϵ0ϵrA/d, where ϵ0 is
the vacuum permittivity and A is the overlapped area of the two electrodes. This equation,
so the capacitance value, under the application of a tensile or compression stress, can be
changed because of the variation of all the parameters except for ϵ0.
The capacitance change induced by the application of an external pressure usually exhibits
excellent linearly but low sensitivity [23]. In addition, conventional capacitive sensors based
on semiconductors have poor mechanical properties, are hard and brittle, and so cannot
be used for the realization of flexible sensors [27]. Therefore, to replace silicon-based ma-
terials various polymer-based materials, such as polydimethylsiloxane (PDMS) [28] and
polyurethane (PU) [29] have been proposed in literature and widely used as flexible sub-
strates for capacitive sensors. These polymers have an high degree of stretchability and
have also desirable biocompatibility, often required in biomedical applications, but show
low sensitivity and low response time [27]. An higher sensitivity can be achieved realiz-
ing sensors based on nanostructured material, especially composite nanofiber membrane
[30]. For example, in the work of Xiaofeng Yang et al. [30], a highly sensitive flexible ca-
pacitive sensor based on the electrospun CNT/PVDF composite nanofiber membrane was
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developed.

2.1.3 Piezoresistive effect
Piezoresistivity is the characteristic of materials able to vary their electrical resistance,
if subjected to the action of an external force. If a piezoresistive material is strained or
deflected, its internal resistance will change and stay changed until the material’s original
position is restored. So, the piezoresistive effect is a change in the electrical resistance of
a material when a mechanical strain is applied and, in contrast to the piezoelectric effect,
doesn’t cause a change in the electric potential.
The piezoresistive effect was firstly discovered by Lord Kelvin in 1856, when he observed
a change of electrical resistance in a metal device due to the application of a mechanical
load. After that, in 1954, Smith was able to detect the large piezoresistive effect in silicon
and germanium bringing to the development of piezoresistive sensors. After World War
II, the adoption of these sensors began to open new scenarios in emerging fields such as
robotics, with the first examples of tactile sensors, favoring the birth of new classes of
materials that fit the various requirements. So, the investigation was starting on a new
class of composites consisting of conducting particles dispersed in an insulating matrix.
Especially, moving from the macro to the nano-world, nanocomposite piezoresistive mate-
rial provide a good alternative to conventional materials used before due to their higher
sensitivity, easy manufacturing [31]. Moreover, thanks to the use of material based on poly-
mer nanocomposite containing smart carbon nanomaterials gained tremendous attractivity
in the realization of flexible sensors due to their superior sensitivity, high flexibility and
biocompatibility. Finally, composite electrospun nanofibers are a good candidate for the
realization of piezoresistive sensors because of the possibility to link the superior properties
of nanocomposites in the realization of flexible sensors with the advantages in the use of
nanofiber production by electrospinning [32], [33], [34].
Among all the sensing mechanisms for the realization of pressure sensors, piezoresistive
pressure sensors have been widely adopted because of their simple device structure and
easy signal processing [35].
The sensitivity of a piezoresistive device is characterized by the gauge factor. The Gauge
Factor (GF ) or strain factor of a strain gauge is the ratio of relative change in electrical
resistance to the mechanical strain, which is the relative change in length. This can be
mathematically written as:

GF = (∆R/R)/(∆L/L) (2.1)

where:

• ∆R/R is the unit change in resistance;

• ∆L/L is the unit change in length.

It is known that the strain of an elastic material is defined as:

ϵ = changeinlength/originallength = ∆L/L (2.2)

So, the GF can be written as:
GF = ϵ(∆L/L) (2.3)
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2.1.4 Piezoelectric effect
The word “piezoelectricity” is linked to the Greek word “piezo”, which means stress [36].
Indeed, when piezoelectric materials are subjected to a mechanical stress, they can create
electrical charges between its two opposite sides. On the other hand, piezoelectric materials
can generate a mechanical strain if subjected to an electrical field. Those two are the direct
and reverse piezoelectric effects (figure 2.2). Devices based on the direct effect can be used
to detect strain, movement, pressure, force, or vibration by developing appropriate electri-
cal responses, as in the case of force and acoustic or ultrasonic sensors. On the contrary,
the indirect effect can be used to generate strain, movement, pressure, force, or vibration
through the application of suitable electric fields in actuators or energy converters.
The piezoelectric effect in inorganic crystals was firstly discovered in 1880 by Pierre and

Figure 2.2: Schematic representation of the piezoelectric effect in three cases: longitudinal
deformation in the direct (a) and indirect (b) case, (c) shear deformation [37].

Jacques Curie. They played a key role in the study of the direct piezoelectric effect in quartz
and, successively, thanks to Gabriel Lippman, the discovery of the inverse piezoelectric
effect. After that, no significant development was made until the discovery of new syn-
thetic piezoelectric materials: lead zirconate titanate, known as PZT, and Barium titanate
(BaTiO3) in the 1950s. Interest in a new class of piezo-materials, piezoelectric polymers,
began in 1969 when Heiji Kawai discovered piezoelectric effects in the synthetic polymer
poly(vinylidene fluoride) (PVDF) [37]. Especially, in the literature it has been demon-
strated that piezoelectric properties can be further enhanced by nanoconfinement during
the nanofiber deposition by electrospinning [15], demonstrating that PVDF nanofibers are
a good candidate for the realization of flexible pressure sensors based on piezoelectric effect.
So, PVDF nanofibers due to its excellent piezoelectric properties can be used for different
type of flexible sensors, like what is done by Khan et al. that have realized a smart glove
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made of stretchable strain sensors assembled in each finger [38].
Two equations are used to describe the relation between electrical and mechanical proper-
ties in piezoelectric materials equation 2.4 and equation 2.5:

xi = SD
ij σj + dmjEm (2.4)

Dm = dD
mjσi + ϵσ

ikEk (2.5)

where σ is the stress Vector (N/m2), x is the strain vector (m/m), E is the applied electrical
field in (V/m), ϵ is the permittivity in (F/m), d is the piezoelectric constant (m/V), S is
the matrix of compliance coefficients (m2/N), D is the electrical displacement (C/m2) and
i, j = 1, 2,. . . , 6 and m, k = 1, 2, 3 refer to different directions within the material
coordinate system [37].

2.1.5 Combination of piezoelectric and piezoresistive effect
Traditional pressure or strain sensors commonly rely on one single mechanism among piezo-
electric or piezoresistive effect. With the main aim to realize a sensor able to detect both
static and highly dynamic signals, the combination/coupling of piezoelectric and piezore-
sistive mechanisms in one single flexible sensing unit can be a very effective strategy.
An example of a strain sensor, based on the combination of both piezoresistive and piezo-
electric effects is reported in literature [39]. As it is known, flexible piezoelectric sensors
can measure only high-frequency dynamic signals due to the characteristics of piezoelectric
materials, but they can’t be used for static detection because they show poor sensitivity
and reliability at low frequency [39]. On contrary, flexible piezoresistive sensors are used
for static and low frequency detection but they show poor highly dynamic responses. So,
it can be useful to combine the two mechanisms to achieve simultaneously both highly
dynamic and static detection capabilities from zero to high frequency. In line with this
working principle, Lijun et al. [39] proposed a strain sensor where the piezoresistive layer
was fabricated by anchoring highly conductive graphite sheets (GS) into a (PVDF) elec-
trospun nanofibrous membrane for static and low frequency signal detection, while pure
piezoelectric PVDF based piezoelectric sensor and array was selected for highly dynamic
monitoring. Flexible and insulating polydimethylsiloxane was used to decouple the two
sensing layers.

2.2 Nanocomposite materials for flexible pressure sen-
sors

Nowadays, composite materials become widely used in different fields of application thanks
to their extraordinary properties. Composite materials, i.e., materials born from the com-
bination of two conventional materials, presents properties otherwise impossible to obtain.
Generally, composite materials are obtained by the union of a principal phase, called ma-
trix and which occupies most of the volume, and a secondary phase, called filler and which
is dispersed in the matrix and gives it the desired properties. Matrices, in general, are clas-
sified into three main categories: metallic, ceramics and polymers. The category of fillers,
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on the other hand, is much wider. These can in fact present themselves in different shapes
and sizes, for each of which different effects are obtained once the filler has been dispersed
in the matrix. Among all the possible matrices, polymeric materials received a consider-
able attention, especially when organized in nanostructures [40]. Polymer-based composites
nanomaterials, based on smart carbon nanomaterials, like graphene or carbon-nanotubes,
show optimal coupling of mechanical flexibility and electrical performance and have been
widely employed as the functional material into flexible mechanical sensors.
Nanocomposites are a particular type of composite materials belonging to nanomaterials
wherein one or more phases at nano-sized dimension (zero dimension, one dimension, and
two dimensions) are embedded in a ceramic, metal, or polymer material (figure 2.3). These
can be made by inorganic or organic components at the molecular level to obtain new
properties [41].
The properties of a polymeric material change radically later to the addition of car-

Figure 2.3: Schematic representation of nanocomposite materials.

bonaceous type fillers. Indeed, generally polymers are considered insulating materials, but,
thanks to the addition of a conductive filler, the conductivity can change. In this way, the
conductive filler is able to create a network inside the polymer matrix, thanks to which elec-
trons can freely move, and so generate a current. To have the formation of such a network,
however, the concentration of the filler must be higher than a certain value, called "per-
colation threshold". It has been observed that beyond a critical concentration of filler, the
electrical conductivity of the material can increase up to 12 orders of magnitude, transform-
ing the material from insulator to conductor. Below the percolation threshold, electrons
are unable to move freely, and electrical properties are dominated by the matrix. For what
concern the choice of the polymeric matrices, researchers investigate different type of elec-
trically conducting and non-conducting polymers like PVDF [42], PANI/PDMS [43], TPU
[4], etc. In the same way different nanofillers such as graphene [31], silver nanowire [44],
metal oxide nanowires [45] and carbon nanotubes can be chosen. Among all the possible
nanofiller types, CNTs have the capability to enhance mechanical and electrical proper-
ties in comparison to other nanofillers. Indeed, CNTs have a large aspect ratio (diameters
ranging from 1 to 100 nm and lengths of up to mm) and a conjugated structure promoting
a ballistic charge transport. Hence, electrical conductivity of composite is enhanced at a
very low concentration in comparison to other conductive fillers (figure 2.4) [4].
Due to the sp2 hybridized carbon-carbon bond structure of Carbon Nanotube (CNT),
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Figure 2.4: Influence of filler type on composite material behavior: (a) Resistivity
behavior of composite as a function of filler concentration for two types of filler (carbon
nanotubes and carbon black), (b)critical filler gradient as a function of aspect ratio for

CNTs and CB [4].

it has intrinsically high electrical conductivity (103–105 Scm−1), high electron mobility
(104–105 cm2/(Vs)) and high mechanical tensile strength (5-200 GPa), properties that
they make it very interesting for different applications. Moreover, due to the Van der-
Waals force existing between the surface of the CNTs, it tends to agglomerate and hinders
the formation of electrical conducting network in the polymer matrix [42].
Like previously said, during my thesis project, I optimized composite nanofibers by elec-
trospinning made of Polyethylene oxide as the matrix and Multi Wall Carbon Nanotubes
as the conductive filler obtaining PEO/MWCNTs NFs that are here investigated as the
sensitive material for piezoresistive flexible sensor, taking finally all the advantages listed
above of nanocomposite materials, because nanofibers show the same and sometimes im-
proved properties of this type of material [46], for the realization of piezoresistive sensors
together with the easy production of nanofibers by electrospinning.
Moreover, it is important to underline the role of the dispersion of CNTs inside the polymer
matrix during the preparation of the solution to be electrospinned. Indeed, a low electrical
percolation threshold is supported by good dispersion of CNTs and the formation of a suit-
able network structure inside the polymer matrix. So, suitable dispersion and homogenous
distribution of CNTs into polymer matrices is one of the major challenges.

2.2.1 Dispersion of CNTs in polymer matrices

Several methods are used to obtain successful dispersion of nanotubes in polymer matrices
dry powder mixing, solution blending, melt blending and surfactant assisted mixing [47].
Among them, in this work, the surfactant-assisted dispersion with sonication and stirring is
used, like will be explained next. Optimum physical blending is necessary to achieve a good
dispersion of filler in the polymer matrix. To favor and improve the dispersion of CNTs
in a polymer matrix, high power dispersion methods, such as ultrasound and high-speed
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Figure 2.5: Process flow for the preparation of the MWCNT/PSS/PEO solution to be
electrospinned [46].

shearing can be used. It is possible to use two types of ultrasonication: one with a sonica-
tor bath and one that involves a sonicator tip. It is important to pay attention during the
sonication process because, if it is done for a too long period, can lead to a reduction of the
length of carbon nanotubes, to ruining the polymer matrix and subsequently to decrease
the nanocomposite properties.
Sandler et al [48]proved that thanks to the high-speed stirring, 2000 rpm for 1h, it is
possible to improve the CNTs dispersion in an epoxy matrix. The addition of surfactants
as a dispersing agent can improve the dispersion of CNTs in polymer/CNT composites.
Surfactant molecules get randomly adsorbed on the nanotube surface and act as bridges
between the nanotubes and polymer chains. For example, like exposed in figure 2.5, Tung,
Tran Thanh, et al. [49] made use of the surfactant sodium polystyrene sulfonate (Na-PSS)
to favor the dispersion of MWCNTs in the PEO polymer matrix.

2.2.2 Percolation model
The percolation model is introduced to explain the conductivity behavior of nanocom-
posite structures, and in particular of composite nanofibers. Thanks to the addition into
polymeric materials of carbon fillers such as carbon fibers or synthetic graphite, the elec-
trical conductivity of such materials can be changed drastically, obtaining nanocomposite
materials.
Adding carbon fillers, with very high electrical conductivity, inside the polymeric matrix,
electrical properties of the polymer can be improved. The improvement of electrical prop-
erties is linked to the formation of a continuous conductive network inside the polymer
matrix when conductive particles are enough to be close to each other (figure 2.6). The
conductive network formation is linked to the filler volume fraction and to the type, size,
shape, and orientation of that conductive filler [50] [51].
When the conductive filler volume fraction is too low, the conductivity of the composite

is still very similar to the one of the pure insulating polymers. Increasing the filler volume
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Figure 2.6: Change of the structure of the composite material increasing the filler
concentration [52].

fraction, at some critical value, known as percolation threshold, the conductivity of the
composite starts to increase many orders of magnitude with a very low increase of the filler
fraction, because of the contact between filler particles.
Composite conductivity, after the region of its drastic increase, begins to stabilize to a

Figure 2.7: Typical percolation curve related to polymer nanocomposite structure with
the increase of nanoparticle concentration, highlighting the critical path at the onset of
percolation, denoted by red line. Reprinted by permission of Springer Nature Customer

Service Centre GmbH [53], Copyright (2008).

certain value very similar to the one of the filler materials. Figure 2.7 shows the composite
electrical conductivity curve with the three main regions that characterize the percolation
theory.
Like previously said, researchers demonstrate that the shape of the filler strongly influence
the conductivity of the nanocomposite and the percolation threshold. It is important to
underline that, carbon nanotubes (CNTs), with their nanometer length scale (diameter)
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and high aspect ratio (length/diameter), shows a lower percolation threshold with respect
to spherical or smaller particles [4].
As said before, the continuous and homogeneous dispersion of the conductive filler inside
the polymeric matrix is also responsible of the reduction of the percolation threshold. There
are several dispersion techniques that can be used but one general rule helps the reduction
of this percolation threshold. Small differences between the surface energy of the filler and
polymer leads to a better and more uniform filler dispersion and so to the formation of a
more uniform conductive network.
It is not necessary to have contact between filler particles to have conduction. Indeed, the
conduction can be present also below the percolation threshold. Three different mechanisms
are present [54]:

• Electron flow through the conductive network formed by the conductive filler inside
the polymer matrix when the percolation threshold id achieved.

• Electron hopping mechanism, that consists in the jump of electrons between two
adjacent conductive particles, when the distance between them is sufficiently small.

• Magnetic field radiation.

The percolation model can be mathematically described by the electrical conductivity as a
function of the filler content above (equation 2.6) and below (equation 2.7) the percolation
threshold respectively.

σ = σ0 · (p − pc)s (2.6)

σ = σd · (pc − p)t (2.7)

In this model [46] are present various parameters:

• pc is the percolation threshold;

• σ is the electrical conductivity of the nanocomposite material;

• p is the weight percentage of conductive filler;

• σ0, σd, t and s are fit parameters.

Specifically, t (or s) parameter can be chosen considering different values of the critical
exponent t and the critical threshold pc measured in various composites including carbon-
black-polymer systems, oxide-based thick film resistors and other metal-inorganic and -
organic insulator composites. In figure 2.8, is represented the collection 99 different values
of this parameter, used by different research groups, that help to understand the range in
which t parameter has to be chosen.

2.2.3 Piezoresistive effect in CNTs/polymer composites
Strain or stress sensors based on CNT/polymer composites show an excellent piezoresistive
behavior with respect to conventional strain sensors because of their much higher sensi-
tivity [56]. The piezoresistivity in this excellent class of materials is defined as the ratio
between the electrical resistance change due to the applied stress and the initial electrical
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Figure 2.8: Collection of values t and corresponding critical threshold concentration xc for
various disordered conductor-insulator composites. The dashed line highlights the
universal value of t. Reprinted with permission from [55], Copyright (2005) by the

America Physical Society.

resistance.
Different groups of researchers try to explain the piezoresistive mechanism in nanocompos-
ite materials. They found that the piezoresistive behavior of these materials is mainly due
to three fundamental mechanisms:

• Under strain there is a change in the conductive network inside the polymer matrix.
This happen because with the application of strain, existing conductive path can be
broken, or new ones can be formed because of the variation of the distance between
two CNTs. This obviously can lead to a variation of the electron path and so, to a
change in resistance.

• Under strain the tunneling distance between two neighboring CNTs can be varied,
leading again to a possible resistance change. A lot of researchers have proposed a
resistor network numerical model to predict the piezoresistive behavior of nanocom-
posite materials [56] [57]. In these models, the tunneling effects among neighboring
CNTs plays an important role (figure 2.9).

• The piezoresistive effect in CNTs themselves must be considered.

Different studied found that piezoresistivity in a composite material tends to be stronger
when the conductive filler is at a volume fraction near the percolation threshold [58]. Since
around the percolation threshold, the resistivity changes abruptly with the filler volume
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Figure 2.9: Schematic representation of the tunneling between neighboring CNTs [57].

fraction and this translates to a situation in which a small change in strain causes a rela-
tively large change in the resistivity.
In the work of Myounggu Park et al [59], the deformation-dependent electrical resistance of
MWCNT/PEO is studied. The pattern of electrical resistance change versus strain for the
specimens of a certain volume of MWCNT consists of a linear region followed by nonlinear
one. This is probably linked to the validity of the percolation theory in the two regions. In
the linear region, the strain applied is not so high and the overlapping contact of MWCNTs
inside the matrix is maintained. When the applied strain becomes too high that the over-
lapping contact of MWCNTs is lost, and thus the percolation-based theory is no more valid.

2.2.4 PEO and CARBON NANOTUBES arranged as polymer-
based composite

Since in this thesis composite electrospun nanofibers made of PEO/MWCNT were studied,
a brief review of the principal features of PEO and CNTs arranged as polymer-based
composite is necessary. It is important to underline the fact that all the properties of
nanocomposite materials previously described are valid and usually are also improved in
composite nanofibers for example achieving very low percolation threshold [60] [61]. In
addition, composite nanofibers made by electrospinning offer the unique possibility to tune
their morphology and their electrical behavior simply by changing some electrospinning
parameters [46].
Polyethylene oxide (PEO) is a polymer prepared by polymerization of ethylene oxide (figure
2.10). Like in most of polymers, the physical properties vary according to the average
number of repeating units, while the chemical properties remain almost unchanged. PEO
is soluble in water, methanol, benzene, dichloromethane, while it is insoluble in diethyl
ether and hexane. Regarding electrospinning, due to the relatively high molecular weight,
good solubility in many solvents and its viscosity, PEO is widely used for studying the
electrospinning process and the morphology and structure of its electrospun nanofibers.
With the discovery of carbon nanotubes (CNTs) by Iijima, the electrospinning process was
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Figure 2.10: PEO polymeric chain (b) from synthesis of Ethylene oxide(a).

intensively used to fabricate nanofibers of PEO in which multiwalled carbon nanotubes
(MWCNTs) are embedded. The mixture between the polymer matrix and a conductive
charge is done to make a polymer electrically conductive so that the electrical properties
of the compound are modified.
Carbon has many allotropic forms such as diamond, graphite, graphene, fullerenes, and
carbon nanotubes belong to one of them (figure 2.11).

Figure 2.11: Crystal structure of different allotropes of carbon. Three-dimensional
diamond and graphite (3D), two-dimensional graphene (2D), one dimensional nanotube
(1D) and zero dimensional buckyballs (0D). Reprinted from [62], Copyright(2007), with

permission from Elsevier.

Although the discovery of carbon nanotubes is attributed to Iijima, in 1953 some Rus-
sian researchers already published scientific articles where a graphite tube with a diameter
of a few tens of nanometers is clearly shown. In 1985 the American chemist Richard E.
Smalley discovered fullerenes. In particular, he observed that carbon atoms, under special
conditions, can form stable molecules of spherical or ellipsoidal shape very similar to a soc-
cer ball. C60 is the most known fullerene, and it is composed by 60 carbon atoms arranged
in hexagonal and pentagonal structures, that together form a sort of cage, a spherical
fullerene. Cylindrical fullerenes are known as carbon nanotubes and their length is much
greater than their diameter, they are hollow inside as pipes. They can be closed or not at
the ends and, ideally, these ends are hemispheres. Iijima discovered a way to synthetize
single-walled carbon nanotubes thanks to the arc-discharge technique. Nowadays, carbon
nanotubes are mainly produced by three techniques: arc-discharge, laser ablation, and cat-
alytic growth [63].
Carbon nanotubes can be classified into two categories:

• Single Walled Carbon Nanotubes (SWCNT) (figure 2.12 (a)): they are considered very
interesting thanks to their extraordinary electronic properties. They are generated
from a sheet of graphite rolled on itself to form a cylinder. SWCNT can be extremely
long with a very small diameter (that can vary more or less from 1 to 10 nanometers).
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Figure 2.12: (a) SWCNT and (b) MWCNT.

So, they can be considered one-dimensional conductors where the electron transport
takes place in a ballistic way inside the cylinder (quantum transport). SWCNTs also
have different electrical characteristics depending on their geometry, i.e., diameter
and how they were rolled up, they can behave as conductors or semiconductors.

• Multi Walled Carbon Nanotubes (MWCNT) (figure 2.12 (b)): are formed by con-
centric SWCNTs, i.e., multiple cylinders one inside the other. The diameter of these
nanotubes is larger than the single-walled ones (greater than 10nm) and grows propor-
tionally to the number of walls. The inner walls of MWCNTs may or may not interact
by forming bonds, the presence of any defects also makes the boundary between the
MWCNT and the common carbon filaments very blurred.

It is important to notice that composite nanofibers produced by the electrospinning process
show excellent properties with respect to other composite nanofiber production techniques.
Indeed, the electrospinning process favors the orientation of CNTs forcing them in the
fiber direction [70] [71] [72]. Therefore, the dispersion of CNTs is enhanced facilitating the
establishment of percolation for lower conductive filler concentrations inside the polymer
matrix because of the formation of a suitable network structure (figure 2.13).

2.3 Piezoelectric materials for flexible pressure sen-
sors

Piezoelectricity, firstly discovered in inorganic crystals, today is principally associated to
ceramic materials. To have the piezoelectric effect in crystals, it is necessary that its struc-
ture has no center of symmetry. In non-centrosymmetric crystals, the application of a
compressive or tensile stress, brings to a separation between positive and negative charges
inside the unit cell, leading to a polarization on the external surfaces of the crystal. Com-
pression and tensile stress generate, in the piezoelectric material, electric fields of opposite
polarity.
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Figure 2.13: Conductive pathways increasing from below to above percolation threshold
in electrospun NFs. Reprinted with permission from [70], Copyright (2021) American

Chemical Society.

Like it was said before, piezoelectric materials can also exhibit the inverse piezoelectric ef-
fect. Indeed, with the application of an electric field, the piezoelectric material will undergo
an elastic deformation that bring to an increase or decrease of its length, according to the
electric field polarity.
Some piezoelectric crystals, like quartz, Rochelle salt and Topaz, occur in nature and
they must be oriented and cut along specific crystallographic directions to obtain the best
piezoelectric response. After the discovery of the first polycrystalline ferroelectric ceramic,
Barium titanate, a new class of synthetic materials, piezoelectric ceramic with perovskite
structure, shown in figure 2.14, started gaining popularity.
The general structure of perovskites is shown in the above figure, where A represents a

Figure 2.14: Perovskite general structure ABX3 [65].

cation like Ba2+ o Pb2+, B is a cation like Ti4+ o Zr4+, X is an anion like oxygen.
Above a specific temperature, called Curie temperature, the lattice has a cubic structure.

Below the Curie temperature, it is possible to have the piezoelectric effect (figure 2.15).
Because of the application of a mechanical stress or an electric field, the central cation of
the perovskite structure, e.g., Ti4+ o Zr4+, can be moved from its central position and
a separation of charges that produces an electric dipole with a single axis of symmetry
occurs.
Nowadays ceramic piezoelectric materials are the most popular piezo-materials, produced
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Figure 2.15: Crystalline structure of ceramic PZT below and above Curie temperature
[66].

with well-established manufacturing methods and having high piezoelectric coefficients,
even up to 500 Pc N-1 in the case of lead zirconium titanate (PZT) [67]. However, some
limitations such as the toxicity of some constituent elements (e.g., lead), high production
costs, mechanical fragility, and biocompatibility, occur in the use of this class of piezo ma-
terials.
Starting from 1969 with the discovery of piezoelectric effects in the synthetic polymer
PVDF, different research groups began exploring organic piezoelectric materials, such as
polymers, that would overcome some of the limitations of piezo ceramics. Even if the
piezoelectric coefficients of polymers are smaller than the ceramic ones, they show high
mechanical flexibility, have a relative low elastic modulus, polymer-based devices are less
expensive both in terms of material cost that of fabrication technology, and in addition,
they can be shaped and produced at lower temperatures and in customized shapes de-
pending on the use. The piezoelectric behavior is not only observed in the well-known
ferroelectric polymer PVDF, but also in some polyamides, polypeptides, polyesters and
polyureas.
Despite the great number of advantages, polymers have a less pronounced piezoelectric
response with respect to ceramic materials. Nanocomposite materials are introduced to
overcome this limitation. By incorporating inorganic piezoelectric materials into a polymer
matrix, the combination of the characteristic properties of ceramic and polymeric materials
are obtained, i.e., a structure with a high piezoelectric coefficient, even if lower than those
of ceramic materials, and intrinsically flexible.
As well as piezoelectricity, some piezoelectric materials like PVDF or PZT, can exhibit

pyroelectricity or ferroelectricity or both simultaneously (figure 2.16).
Pyroelectricity is the electrical response of a material to a change in temperature (article
pyroelectricity). Pyroelectric effect is present in all the materials that exhibit a net polar-
ization or dipole moment per unit volume under non-distortion conditions. The pyroelectric
coefficient p relates the change in the polarization state of the material (dP ) to a change
in temperature (dT ), in absence of an external electric field. So, p is expressed as (equation
2.8):

p = dP/dT (2.8)
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Figure 2.16: Diagram of the division of piezoelectric materials [68].

As said before, all non-centrosymmetric polar crystals are piezoelectric, but not all piezo-
electric show a net dipole moment at rest. So, not all piezoelectric materials are also
pyroelectric. Often, the pyroelectric effect is a disturb in piezoelectric applications that
must be eliminated. It is possible to eliminate the pyroelectric response of the material
with different strategies like using filtering of the electrical signal or by using an appropri-
ate device design [67].
There is a class of materials among piezoelectric, which are characterized by the presence of
spontaneous electrical polarization even in the absence of electric field applied. This prop-
erty belongs to ferroelectric materials, among which there are also polymeric ones such
as the PVDF. To be ferroelectric a material must have a spontaneous polarization and
therefore, in the case of crystals, it must not have centers of symmetry. These materials
are polarized with the application of an electric field and maintain polarization even after
the field is switched off.
Ceramic polycrystalline materials are composed by different domains, called Weiss do-

Figure 2.17: Electric dipoles in Weiss domains: (1) unpoled ferroelectric ceramic, (2)
during poling, (3) after poling (piezoelectric ceramic) [69].
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mains (figure 2.17). Randomly oriented micro domains cancel each other out resulting in
a null net polarity. To obtain a piezoelectric response is necessary to align dipoles in a
preferential direction to obtain a non-null net polarity. The dipole moments alignment is
necessary to remove the center of symmetry, essential condition to obtain piezoelectric
behavior. With the application of a strong electric field at temperatures above the Curie
one, typical of each material, dipoles can be all oriented in a preferential direction. This
is known as pooling process, only possible in ferroelectric materials, since only in these
materials is there a spontaneous, remnant polarization which can be switched by a suit-
ably large electric field. A typical ferroelectric sample response in the cyclic poling process
is shown in figure 2.18 and known as hysteresis loop. One very important characteristic
of ferroelectric materials is polarization reversal by an electric field. One consequence of
the domain-wall switching in ferroelectric materials due to an applied electric field, is the
occurrence of the ferroelectric hysteresis loop.
In figure 2.18, it is possible to see that as the field is increased form a zero value, all the

Figure 2.18: Representation of the theoretical hysteresis loop [68].

polarization domains in a random position start to switch in the field direction (BC region).
The polarization response in the BC region is strongly nonlinear. When the domains are
all aligned the ferroelectricity behaves again linearly. If the field strength starts to decrease
from point C, some domains will back-switch, but at zero field the polarization is not equal
to zero. This value of polarization at zero field is called the residual polarization, PR. If
you want to reach again the condition of null polarization, the field must be reversed. This
field, necessary to bring the polarization to zero, is called the coercive field, EC [68].
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2.3.1 PVDF

Poly(vinylidene fluoride), known as PVDF is the first piezoelectric polymer discovered in
1969 and it is still used and studied today by numerous research groups for it excellent
piezo-, pyro- and ferro-electric properties. PVDF is one of the most attractive piezo-polymer
due to its flexibility, transparency, lightweight, high chemical resistance due to the presence
of C-F bonds, good resistance to mechanical deformation, biocompatibility, high thermal
stability, low cost, and durability in the human body. The use of PVDF in healthcare
applications become very relevant since PVDF is stable under the gamma radiation and in
the biomedical field, instruments are often sterilized through the use of this radiation [73].
PVDF exhibits five different polymorphs identified as α, β, γ, shown in figure 2.19, δ and
ϵ. These five phases can be divided in polar and non-polar: α and ϵ are non-polar, while β,
γ and δ are polar. To generate piezoelectric properties, PVDF must be in one of the polar
phases.
As it is possible to notice, the high difference in the electronegativity of fluorine atoms

Figure 2.19: Representation of the α, β, γ-phases of the PVDF polymer chain. Reprinted
from [77], Copyright (2014), with permission from Elsevier.

than carbon and hydrogen atoms bring to excellent piezoelectric properties. The crystalline
phases differ depending on the type of trans (T) and gauche (G) connection in the various
conformations of the polymer chain, the α and δ (TGTG’), the β (TTTT) and finally the
γ (TTTGTTTG’). In particular, the α-phase is non-polar because chains are packed into
the unit cell in such a way that the molecular dipoles are antiparallel. While the β-phase
is the one that shows the best piezoelectric property, since dipoles are all parallel to each
other, producing the highest dipole moment per unit cell.
So, the piezoelectric response of PVDF is enhanced only increasing the content of the β

crystalline phase inside the piezoelectric material. To do that, it is necessary to re-orient
monomers, in order to rotate molecular dipoles in the same direction. This operation of
‘polarization’ is costly and requires either mechanical stretching or high voltage application,
as shown in figure 2.20. Electrospinning is an excellent technique that produces PVDF
nanofibers with a high β phase fraction due to the simultaneous effect of high voltage
poling and mechanical stretching during the PVDF nanofiber deposition. Electrospinning
is a very simple deposition method and economically viable, with optimal electrospinning
parameters a high β-phase content can be obtained.
PVDF can exist under different forms and its piezoelectric property related to its β phase
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Figure 2.20: β-PVDF induced by stretching pr high poling voltage [74].

content makes it interesting for energy harvesters [75] and wearable applications[78]. In the
next section of this work, the influence of the electrospinning parameters to enhance the
piezoelectric properties of PVDF nanofibers are descripted. The piezoelectric response of
PVDF is related the β phase content or fraction of β phase inside the material, and can
be measured by equation 2.9:

F (β) = Xβ

Xβ + Xα
· 100% (2.9)

where Xα and Xβ are the degrees of the PVDF α and β phases.
However, the content of the β phase in PVDF is also related to the degree of crystallization
(Xc). The crystallinity is expressed by equation 2.10:

Xc = ∆H

∆Hmϕ
· 100% (2.10)

where ∆H is the fusion enthalpy of the PVDF samples, ∆Hm is the fusion enthalpy of
PVDF with 100% crystallinity, ϕ is the PVDF weight fraction in PVDF nanofibers or
membranes[79].
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Chapter 3

The electrospinning process

3.1 Electrospinning

Electrospinning, electrostatic spinning, is an electrostatic fiber fabrication technique that
gains very high attention in recent years due to its versatility in spinning a large variety
of polymeric fibers but also since can produce fibers with diameters ranging from 2nm
to several micrometers. Electrospun nanofibers start to be applied successfully in various
fields, such as, biotechnology and biomedical [80], environmental engineering [81], optical
electronics [82], protective clothing [83], tissue engineering scaffolds [84] and many others.
Electrospinning is a very efficient and simple technique to produce nanofibers. It simply
consists of using a high voltage electric field to produce electrically charged jets from
polymer solution or melts, that thanks to the solvent evaporation produces nanofibers.
The very high charged nanofibers are directed from the spinneret towards the oppositely
charged collector, which can be of different types, the simplest one is the flat surface, but
it can be for example also a rotating drum, to collect the fibers. In electrospinning, the
spinning of fibers is particularly due to tensile forces in the axial direction of the flow of
the polymer solution thanks to the induced charges in the presence of the electric field.

3.2 Hystory of electrospinning

Electrospinning is an old technique. The first studies about electrospinning date back to
1914, when Zeleny, a physicist working at the University of Minnesota, describes this pro-
cess in the literature.
After that, Anton Formhals made significant contributions to the development of the elec-
trospinning process [85]. In 1934, Formhals patented his first apparatus to produce fibers,
but this first method had some difficulties in drying completely the fibers after the spin-
ning due to the short distance between the spinning and the collection zone. Subsequently
in 1940, Formhals patented another method to overcome previous problems and produces
composite fiber webs from multiple polymer and fiber substrate by electrostatically spin-
ning polymer fibers on a moving base substrate [86].
From 1964 to 1969, Sir Geoffrey Ingram Taylor, made another contribution to this process,
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he tried to explain with a mathematical model, the shape of the cone formed by the elec-
trospun fluid under the influence of an electric field. Thanks to him, it is possible to talk
about the “Taylor cone”, the characteristic fluid droplet shape. Thanks to the examination
of different viscous fluids, Taylor was able to determine the angle necessary for the polymer
to balance the surface tension with the electrostatic forces.
After the Taylor contribution, a great number of different physicians have tried to gain more
and more insight into the spinning process. Among these researchers the Baumgarten con-
tribution in 1971 is noteworthy, because he was able to build a method of photographing
electrospun fibers in flight and thanks to it, he investigated the effects of the viscosity of the
solution, of the voltage, of the surrounding gas, obtaining at the end fibers with diameters
less than one micrometer.
Over the past 20 years, it has been possible to acquire a very detailed understanding of this
technique thanks to the studies about the influence of solution parameters, like viscosity
and conductivity, process parameters like distance between the two electrodes, voltage and
feed rate and external parameters like humidity and temperature of deposition.

3.3 The electrospinning process
The process consists in the application of a huge electric field on a polymeric fluid. The
simplest and more typical setup is shown in figure 3.1, where it is possible to see both the
horizontal and the vertical one.
As it is possible to see in figure 3.1, an electrospinning system is composed by a capillary

tube, a needle attached to a syringe filled with polymer solution, a grounded collector
screen, and a high voltage power supply connected between the capillary and the collector.
Nanofibers can be collected directly on the grounded electrode or on a specific substrate,
depending on the specific application. The high voltage source is needed in order to inject
charge of a certain polarity in the polymer solution in order to be accelerated from the
spinneret towards the collector of opposite polarity. So, the electric field is simply given
by the ratio between the applied voltage (typically from 1 to 30 kV) and the working
distance. Most of the polymers are dissolved in some solvents, like PEO in H2O [88], and
when the solution is ready, it’s introduced into the capillary tube connected to the syringe.
When the solution is expelled from the spinneret, the solvents evaporate and this can
produce unpleasant or even harmful smells, so the process is driven inside a chamber with
a ventilation system.
As said before, the strong electrostatic field brings to the formation of the droplet from
the capillary end to undergo deformation into the shape known as “Taylor cone”[89].
As showed in figure 3.2, the behavior of the jet can be divided into three regions: the

formation of the Taylor cone, the straight jet region, and the unstable whipping jet region.
The conical shape assumed in the first region by the jet is due to the interaction of the
surface tension of the solution, the electric charges developed in the solution and the
electrostatic forces acting on it [90]. By increasing the applied potential, a charged jet starts
to come out of the tip of the cone when the electrostatic force has overcome the surface
tension of the solution (figure 3.3). The jet, after a straight path, becomes unstable. This
instability is known as “whipping instability” that produces a “whipping motion” of the jet
due to the charge repulsion that occurs between the excess charges present in the jet. The
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Figure 3.1: Schematic representation of the planar vertical (a) and horizontal (b)
electrospinning set up. Reprinted from [87], Copyright (2010), with permission from

Elsevier.

primary jet is divided in multiple sub jets with smaller and smaller diameters as shown in
figure 3.4. In literature this progressive reduction of the fiber diameter is defined by the
following equation [21]:

r3
0 = 4ϵṁ0

kπσρ
(3.1)

Where ṁ0 is the mass flow rate (g/s) when r0 (cm) is calculated, ϵ is the fluid permittivity
(C/V cm), k is a dimensionless parameter related with the electric currents, σ is the electric
conductivity (A/V cm) and ρ is the electrospun material density (g/cm3).
If the fluid has a low molecular weight the jet becomes unstable before reaching the col-

lector and turns into a spray of small electrostatically charged drops. This process is called
electrospraying [91]. Using fluid polymers instead, viscoelastic forces stabilize the jet al-
lowing the formation of very fine loaded filaments.
During the path of the jet from the spinneret to the collector, the solvents evaporate,
and the network of nanofibers deposited on the collector is composed of a single nanofiber
that is arranged on it in a completely random way. Any residual charges present on the
nanofiber are discharged upon contact with the collector (connected to the grounding) and
the nanofiber membrane can be detached from the collector. Ideally, no trace of solvent
should remain when the jet touches the collector, otherwise the newly formed polymer
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Figure 3.2: Behavior of the jet during the electrospinning process [89].

Figure 3.3: Taylor cone formation with increasing applied voltages [90].

nanofibers are dissolved again in the residual solvent. The evaporation rate of the solvent
depends on several factors, including for example the distance from the collector and the
vapor pressure of the solvent. Usually, even if all the spinning values are kept constant, in
the deposited nanofibers the diameters distribution is not homogeneous during the elec-
trospinning process.
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Figure 3.4: Instabilities of the jet with progressive reduction of diameter [21]. Reprinted
from [108], Copyright (2008), with permission from Elsevier.

3.4 Effects of various parameters on electrospinning
To better understand the electrospinning process, it is fundamental the analysis of all the
process parameters which influences the properties of the deposited fibers. These param-
eters are divided in three large families: solution parameters, processing parameters, and
ambient parameters.

3.4.1 Solution parameters
Concentration

Solution concentration is an important parameter that establishes the limiting boundaries
for the formation of electrospun fibers due to the variation in the surface tension and
viscosity [92]. When a solid polymer is dissolved in a solvent, like what happens in the
preparation of the electrospinned solution, the solution viscosity is directly proportional to
the polymer concentration.
Solution surface tension and viscosity are two important parameters in determining a sort of
window of spinnability, a range of concentrations in which continuous fibers can be obtained
in the process. At low concentration, so low viscosities, the surface tension is dominant, so
instead of fibers the formation of drops will occur, electrospray instead of electrospinning.
At high concentrations, the viscosity is so high that the fiber formation is not allowed by
an inability to control and maintain the flow of the polymer between the spinneret and
the collector. So finally, only a range of concentrations can produce fibers and this range is
dependent on the polymer/solvent system used. At low solution concentrations, a mixture
of fibers and beads are obtained. As the concentration increases, the shape of the bead
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changes from spherical to spindle-like. This variation in the morphology is studied by Fong
in his work [93] and figure 3.5 shows the structure of PEO nanofibers obtained by the
variation of the solution concentration between 1wt.% and 4wt.% PEO concentration.
Even if concentrations are inside the processing window, varying solution concentration an
alteration of the morphology and of the diameter of the nanofibers occurs. Higher viscosity,
so a higher polymer concentration will result in larger nanofiber diameters.

Figure 3.5: SEM image showing the morphology of fibers increasing the solution
concentration. Electric field is 0.7 kV/cm. Reprinted from [93], Copyright (199), with

permission from Elsevier.

Molecular weight

Molecular weight is another important parameter that influence the electrospun nanofibers
properties such as viscosity, surface tension, conductivity, and dielectric strength. Molecu-
lar weight is linked to the entanglement of polymer chains in solutions, thus the solution
viscosity, the higher the molecular weight of the polymer, the greater the viscosity of the
solution [94]. A condition necessary for the fiber formation and deposition is that the so-
lution has a sufficient viscosity to avoid the formation of drops. Entanglements between
polymeric chains are fundamental to keep the jet cohesive and to prevent it from breaking
giving rise to the formation of drops of solution. The number of entanglements is closely
related to the length of polymer chains, which is directly proportional to the molecular
weight of the polymer in solution. Obviously not only the high molecular weight helps to
obtain a sufficiently viscous solution, because as said before, also the concentration plays an
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important role. So, if the concentration is fixed, a polymer with too low molecular weight
leads to the formation of beads rather than fibers.
It has been observed by McKee et al. [95] that high molecular weights are not always
necessary to produce nanofiber with the electrospinning process. It was seen that suffi-
cient intermolecular interactions can provide a substitute for the interchain connectivity
obtained through chain entanglements, and using this principle, researchers have prepared
oligomer-sized phospholipids from lecithin solutions into nonwoven membranes through
electrospinning.

Solution viscosity

Solution viscosity is very important in determining the fiber size and morphology. As said
before, viscosity, polymer concentration and polymeric molecular weight are related to each
other and in general different polymers brings to different ranges of values of these three
parameters to have a good fiber deposition.
To have good electrospun fibers, optimal solution viscosity is required because very low
viscosity leads to no fiber formation and very high viscosity results in a difficult ejection
of jets from polymer solution. The formation mat of nanofibers mat starting from an
electrospun polymeric solution is possible only if the viscosity of the solution is into the
following range [21]:

(0.02 ≤ η ≤ 300)Pas (3.2)

Inside the range of viscosity values that allows a good fiber deposition, an increase in solu-
tion viscosity or concentration brings to a larger and more uniform fiber diameter. Indeed,
if the solution viscosity is too low the surface tension is greater than the viscoelastic forces
and instead of having the fiber formation, the ejection of droplets occurs (electrospray).
While, if the solution viscosity is too high and the solution will be harder to stretch due
to the more robust macromolecular chain entanglement at the same voltage.

Surface tension

Surface tension is function of the solution composition and plays a very important role in
the electrospinning process [96]. When the polymeric solution is charged under the effect
of the electric field, to start the electrospinning process and the deposition of the fiber, is
necessary that the charged solution wins its surface tension.
If the solution is slightly viscous, they are few interactions between solvents molecules and
polymeric chains; so, a great number of solvent molecules are free, and they agglomerate
under the effect of the surface tension. Obviously, for more viscous solutions is not the same
because interactions between solvents and polymer are strong. During the electrospinning
process a strong electric field is applied, the solution is stretched, and solvent molecules are
distributed along the polymeric chains. This effect reduces the tendency of solvent molecule
to agglomerate under the effect of the surface tension.
So, a lower surface tension of the electrospinned solution helps electrospinning to occur
at a lower electric field. On the contrary, if the surface tension of the solution is high the
electrospinning process is inhibited because of the jet instability and the generation of
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droplets. To reduce surface tension, one possibility is to choose solvents with a low surface
tension.

Conductivity

As it is said before, during the electrospinning process a strong electric field is applied to
the solution to stretch it under the repulsion between charges on its surface. A greater
conductivity corresponds to a greater amount of charge in the jet and so, the solution
stretching is more evident and there is a significant decrease in the diameter of the elec-
trospun nanofibers. On the contrary, if the solution conductivity is reduced there will be
an insufficient elongation of the jet to produce uniform fiber and beads may be observed
[96]. So, higher conductivity of the solution results in the formation of thinner and more
uniform fibers even if a too strong electric field can bring to a strong instability of the jet.
Solution conductivity is mainly determined by the polymer type, solvent used, and the
availability of ionizable salts. So, one possibility to increase the conductivity is to add
a small amount of salt, that increases the uniformity of fibers and a decrease in beads
generation.

3.4.2 Processing parameters
Applied voltage

The applied voltage is an important parameter in the electrospinning process. There is
a threshold voltage that must be exceeded in order to have the ejection of the jet from
the Taylor cone. So, when the threshold voltage is reached, the fiber formation occurs and
so the electrospinning deposition can start. Obviously, this threshold voltage depends on
the polymer solution used in the electrospinning process. With the increase of the applied
voltage, the solvent evaporation in enhanced and the diameter of the deposited nanofibers
is strongly reduced, due to the increasing stretching of the nanofiber thanks to the greater
coulombic forces in the jet as well as a stronger electric field.
If the applied voltage is increased beyond a critical value, the formation of beads or beaded
nanofibers occurs. This is attributed to the reduction of the size of the Taylor cone and to
an increase of the jet velocity, and so instabilities, for the same flow rate.
For example, in the work of Sener et al. [97] electrospinning of a solution containing PVA
(Polyvinylalcohol) and SA (sodium alginate) was performed by applying variable voltages
at 28, 35, 40 and 45 kV. In this work it’s showed that fibers obtained at 45 kV had bigger
beads comparing to the other fibers and fibers obtained at 28 kV are broken. Only fibers
obtained at 35, 40 and 45 kV are continuous.

Tip to collector distance

Tip to collector distance is a crucial parameter that determines the morphology of the
deposited nanofibers. Specifically, it exists an optimum distance that favors the formation
of uniform and not beaded nanofiber. Indeed, increasing the tip to collector distance,
nanofibers have enough time to stretch and solvents enough time to evaporate bringing to
the deposition of more uniform nanofibers. Various researchers show that large-diameter
nanofibers with a huge number of defects are formed when the distance is kept small,
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whereas the diameter of the nanofiber decreased as the distance was increased.
In the work of Gade, Harshal, et al. [106] it is studied the effect of the variation of the

Figure 3.6: SEM images and fiber size distribution of PVDF nanofibers with increasing
tip to collector distance. Reprinted from [106], Copyright (2021), with permission from

Elsevier.

spinning distance on the morphology and fiber size of a solution of acetone:DMF (1:1 by
weight) with PVDF, with concentration of 10% by weight. The electrospinning process
is performed with the deposition of the solution on a cylindrical drum collector with a
rotation speed of 30 rpm, applying a voltage of 27 kV, flow rate of 5ml/h and varying the
tip to collector distance from 12 to 22 cm. From this work (figure 3.6) it is possible to see
that shorter distances result in larger fiber diameters and due to surface tension forces,
larger fibers tend to attenuate bead formation. If the distance is increased, the stretching
of the fiber is increased too, bringing to a reduction of their diameter.
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Types of collectors

Using a simple planar plate as collector, nanofibers are deposited as a random mass due to
the bending instability of the highly charged jet. They exist also other types of collectors
such as cylinders or discs, tips, counter electrodes composed by two bars and many others
[98].
Many research groups demonstrate the possibility to have an increase in the alignment

Figure 3.7: Different types of collectors for electrospinning: (A) static plate, (B) parallel
electrodes, (C) rotating disk, (D) rotating drum, (E) grid [98].

of nanofibers because of the use of a rotating drum collector. Using this type of collector
electrospun nanofibers are deposited more or less parallel to each other. In addition, it is
possible to vary the rotation speed of the drum collector and increasing this speed the
fiber alignment is increased and the fiber diameter is slightly decreased. So, the rotation
is an important parameter that influence the alignment and the stretching of nanofibers,
that for example can influence the presence of β-phase [99], linked to the piezoelectricity
of PVDF, in the electrospun PVDF solution.

Flow rate

The flow rate of the polymeric solution has a great influence on the morphology of the de-
posited nanofibers [100]. A critical value of the flow rate, varying from polymer-to-polymer
solution, is observed in order to have uniform and beadless electrospun nanofibers. Increas-
ing the flow rate results in an increase in the average fiber diameter, due to a decrease in the
stretch of an electrospinning jet in the flight between the needle and the metallic collector.
Beads are observed at either low or higher flow rates, inducing a loss of fiber uniformity.
This happens because, when the flow rate is too high, the solvent is not able to evaporate
before fiber deposition and this causes a reduction of fiber stretching and beads formation.
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3.4.3 Ambient parameters

It is demonstrated that apart from solution and processing parameters, also ambient pa-
rameters, like temperature and humidity [101] [102], play a crucial role in the properties
of the deposited nanofibers. Indeed, there is an inverse relationship between the solution
viscosity and temperature. Increasing temperature, the fiber diameter is reduced probably
due to a decrease in the solution viscosity with the increase of temperature, so, the so-
lution will be harder to stretch. On the other hand, at very low humidity conditions the
evaporation of the solvent is faster, and a volatile solvent can dry rapidly. In some cases
when the RH reaches a critical value, the water in the environment completely inhibits the
evaporation of the solvent, which makes the electrospinning process difficult.

3.5 Synthesis of polymer/CNTs nanocomposite fibers
by electrospinning

Polymer/CNTs nanocomposite fibers synthesized by electrospinning, offers the possibility
to simultaneously align CNTs along a single axis without affecting the structural integrity
of the individual CNTs [71]. Like previously said (section 3.3), during the elctrospinning
process the behavior of the jet expelled form the spinneret can be devided in three re-
gions, where the first one as a conical shape known as Taylor cone. This cone give rise to
a converging flow and therefore, the jet and hence fibers emaneter from an extremely nar-
row region. This concentration of streamlines in an extremely narrow region brings CNTs
to align along the fiber axis and the large longitudinal strain rate due to the application
of a certain voltage between the spinneret and the counter electrode ensues in the CNT
alignment within the fiber direction. From the work of Kim, G-M., G. H. Michler, and
P. Pötschke [103], figure 3.8 shows a TEM (Transmission Electron Microscopy) image of
MWCNT embedded in a PEO matrix, demonstrating the orientation of CNTs along the
fiber axis.
Some researchers have tried to explain in a mathematical way the behavior of composite

Figure 3.8: TEM image of CNTs oriented along the polymer composite nanofiber
direction. Reprinted from [103], Copyright (2005), with permission from Elsevier.

nanofibers. Dror et al. [72] suggest that the convergence of the polymeric jet flow is the
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reason of CNTs alignment into the fiber direction and were able to demonstrate it mathe-
matically representing the converging liquid flow of an electrospinning solution toward the
vertex of the Taylor cone in polar coordinates (figure 3.9).
Moreover, the alignment of CNTs within the fiber direction enhance the dispersion of

Figure 3.9: Schematic representation of the flow of an electrospinned solution in polar
coordinates. Reprinted with permission from [72], Copyright (2003) American Chemical

Society

CNTs facilitating the formation of suitable networks and this bring to the establishment
of percolation for lower filler concentrations inside the polymer matrix. This is a big ad-
vantage in the realization of piezoresistive sensors because by using a very little weight
percentage of conductive filler inside the polymer matrix, the composite nanofiber mat by
electrospinning bring to a strong electrical resistance variation if a stress is applied on it.
In addition, in the work of Massaglia Giulia et al. [46], a significant increase of the electrical
conductivity was observed when the electrospinning working voltage during PEO/MWCNT
nanofiber deposition was increased. Thanks to a FESEM analysis, it was demonstrated that
this behavior is due to a denser nanofiber/nets structure, demonstrating the possibility to
tune the electrical behavior of conductive composite nanofibers simply by changing the
applied voltage. This is evidence of the fact that electrospinning parameters used for the
composite nanofiber deposition influence also its the electrical behavior.
For all these reasons together with the low cost and relatively simple process involved,
electrospinning is becoming an excellent technique to embed CNTs within nanometer sized
polymer fibers also for the realization of piezoresistive flexible sensors.

3.6 Influence of electrospinning parameters on β-phase
of PVDF

The electrospinning process description is well presented in the second chapter of this
thesis. However, now a brief description of how electrospinning parameters influence the
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formation of the β-phase during the PVDF deposition, is shown. This is important to
understand how it is possible to enhance piezoelectric properties of the PVDF nanofiber
mat deposited, linked to the presence of the β-phase inside the sample.
The β-phase formation in the electrospun PVDF nanofibers is principally influenced by:

• The nanofiber stretching, so the reduction of the nanofiber diameter.

• The ease with which the solvent evaporates.

• The increase of the nanofiber alignment.

Nanofiber stretching and solvent evaporation depends on different electrospinning parame-
ters like applied voltage, spin distance, flow rate, PVDF concentration in the solution, rate
of humidity, electrospinning time and DMF/acetone ratio.

3.6.1 Influence of electrospinning parameters on PVDF piezo-
electric behavior

Effect of applied voltage on PVDF β-phase

Figure 3.10: Influence of the applied voltage on the β phase fraction of electrospun
PVDF. (a) work of Shao, Hao, et al. Republished with permission of Royal Society of

Chemistry, from[104]; permission conveyed through Copyright Clearance Center. (b) work
of Singh. Reprinted from [105], Copyright (2021), with permission from Elsevier.

The average fiber diameter decreases with increasing applied voltage. This is due to the
stretching of the polymer jet under high applied voltages, that orients the PVDF molecular
chains dipoles, allowing the α-to-β crystalline phase changes. However, if the spin distance
is maintained constant and the voltage is increased too much, so the electric field is too
high, the jet takes less time to get the collector. So, fibers are deposited before polymer

39



3 – The electrospinning process

molecules can be aligned and solvent completely evaporates. As a result, the reduction of
β-phase fraction occurs.
In the work of Shao, Hao, et al. [104] a PVDF solution was electrospun with an applied
voltage set in the range 9-21 kV. What it is obtained is shown in figure 3.10(a), demon-
strating that it exists an optimal value of voltage to obtain the maximum fiber stretching
and so the maximum β-phase fraction. Moreover, it is evident that increasing the applied
voltage below a certain value, the fiber diameter is reduced but the fraction of β-phase is
increased. However, if the applied voltage becomes too high, the diameter of nanofibers is
increased bringing to a reduction of the β-phase fraction. The same concept is shown in
the work of Singh [105], where the electric voltage is made to vary between 10 kV and 27
kV with the spin distance set at 15 cm. So, the electric field is computed to be between
0.67 kV/cm and 1.8 kV/cm (3.10(b)).

Influence of spin distance on PVDF β-phase

Figure 3.11: Influence of the spinning distance on the β phase fraction of electrospun
PVDF. (a) work of Shao, Hao, et al. Republished with permission of Royal Society of

Chemistry, from[104]; permission conveyed through Copyright Clearance Center. (b) work
of Singh. Reprinted from [105], Copyright (2021), with permission from Elsevier.

With the increase of the spin distance, nanofibers have enough time to stretch, and
solvents have enough time to evaporate, which bring to the reduction of the deposited
fibers diameter and so, to the formation of the β-phase. On the other hand, with the
increase of the spin distance, the electric field intensity decreases at the same voltage, and
the jet instabilities increases, which is harmful for the formation of β-phase.
In the work of Shao, Hao, et al. [104] the PVDF electrospinning was conducted at constant
applied voltage of 15 kV, while the spinning distance is changed from 9 cm to 21 cm (figure
3.11(a)). While in the work of Singh [105], the spin distance is made to vary between 10 cm
and 20 cm at fixed value of the voltage applied (figure 3.11(b)). As it was expected, in both
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cases it exists an optimal spinning distance value at fixed applied voltage, to maximize the
β-phase fraction.

Influence of flow rate on PVDF β-phase

Figure 3.12: Influence of flow rate on the β phase fraction of electrospun PVDF. (a)work
of Gade, Harshal, et al. Reprinted from [106], Copyright (2021), with permission from
Elsevier., (b) work of Singh. Reprinted from [105], Copyright (2021), with permission

from Elsevier.

Increasing the flow rate results in an increase in the average fiber diameter, due to a
decrease in the stretch of the electrospinning jet. Initially increasing the flow rate brings
to an increase of the β-phase fraction, but if it is too high the solvent does not evaporate
before fiber deposition and this causes a reduction of fiber stretching, so a reduction of
the β-phase content. In different publications, researchers have denoted that the fraction
of β-phase increases until a critical value of the flow rate and then decreases.
In the work of Gade, Harshal, et al. [106] the PVDF electrospinning was conducted varying
the flow rate from 2 to 8 ml/hr (figure 3.12 (a)). It is possible to notice that the flow rate
increase corresponds to an increase of the fiber diameter but to a decrease of the fraction
of β-phase. While in the work of Singh [105], the flow rate is varied from 0.6 to 3 ml/hr
(figure 3.12(b)). In this case, it was found an optimal value of the flow rate to obtain a
maximum β-phase content.

Influence of DMF/ACETONE ratio on PVDF β-phase

Usually the electrospinning solution used in different works and also in this thesis, utilizes
PVDF mixed in acetone and DMF (N,N-Dimethylformamide) solvents in different ratios.
If the acetone concentration is too low with respect to DMF concentration, the vapor
pressure of the solution decreases because vapor pressure of acetone is greater than the
DMF one. This increases interactions between polymer and solvent mixture and limits the
solvent evaporation and so the nanofiber stretching during the deposition. Consequently,
the fraction of β-phase is reduced. On the other hand, if the acetone concentration is too
high, the solution become too dry and cannot come out from the needle [107].
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Influence of polymer concentration on PVDF β-phase

The PVDF concentration in the solution influences the solution viscosity. Viscosity, in
turn, influences the nanofiber stretching and so the β-phase fraction. Indeed, when the
concentration of PVDF in the solution increases, the solution viscosity increases, therefore
resulting in more uniform nanofibers with a higher β-phase content. Further increase of the
PVDF concentration will increase the solution viscosity too much, and the solution will be
harder to stretch due to the more robust macromolecular chain entanglement at the same
voltage. So, this brings to a β-phase fraction reduction.

Figure 3.13: Influence of the PVDF concentration inside the polymeric solution on the β
phase fraction of electrospun PVDF. (a) work of Shao, Hao, et al.Republished with
permission of Royal Society of Chemistry, from[104]; permission conveyed through

Copyright Clearance Center. (b) work of Gade, Harshal, et al. Reprinted from [106],
Copyright (2021), with permission from Elsevier.

In the work of Shao, Hao, et al. [104], the PVDF electrospinning was conducted varying
the polymer concentration from 16 to 26 wt% (figure 3.13(a)) with applied voltage 15
kV, spinning distance 15 cm and a nanofiber mat thickness of 70 mm. It is possible to
notice that the optimal value of the polymer concentration to obtain the higher maximum
β-phase fraction is 20 wt%. While in the work Gade, Harshal, et al. [106], the polymer
concentration was varied from 10 to 18wt% (figure 3.13(b)). In this case it is underlined
the opposite trend of fiber diameter and fraction of β-phase increasing the concentration
of PVDF inside the solution.

Influence of RH concentration on PVDF β-phase

Compared to dry environments, the PVDF nanofiber deposited in a more humid envi-
ronment have a higher β-phase fraction [107]. To obtain a higher β-phase content, the
electrospinning is usually carried out under high RH. However, it should be considered
that when RH is too high and reaches a critical value, water in the environment com-
pletely inhibits the evaporation of the solvent, which makes the electrospinning process
difficult.
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Influence of drum rotation speed on PVDF β-phase

Figure 3.14: Influence of the drum rotation speed on the β phase fraction of electrospun
PVDF. Reprinted from [105], Copyright (2021), with permission from Elsevier.

As said before, the orientation of electrospun fibers using a rotating collector favors
crystallization of β polymorphism. Increasing the speed of the drum collector is said to
increase the fiber alignment and slightly decreases the fiber diameter. If the rotation speed
is too small, the mechanical stretch is too low to favor the conversion to the β-phase. On
contrary, if the velocity is too high, air disturbances are present near the drum collector
and this influence the fiber stretching, reducing the fraction of β-phase.
In the work of Singh [105], it is studied the influence of the drum rotation speed on the
fraction of β-phase of a PVDF electrospinning deposition. In this work a drum with a
diameter of 12 cm is used as a collector. The drum speed is varied from 500 to 1750 rpm
(figure 3.14). Thanks to the following formula:

Vtangential = nrotations · 2πr

60s
(3.3)

It is possible to find the corresponding tangential velocity (table 3.1).

Vrotation[rpm] Vtangential[m/s]
500 3.14
750 4.71
1750 10.9

Table 3.1: Conversion from rotation speed to tangent velocities.

From figure 3.14 it is possible to notice that the rotation speed of 750 rpm, that cor-
responds to a tangential velocity of 4.71 m/s is the one that allow to deposit the PVDF
nanofibers with the highest β-phase fraction.
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Influence of electrospinning time on PVDF β-phase

Different researchers demonstrate that the percentage of β-phase remains almost constant
with the variation of the time of electrospinning nanofiber deposition. Singh et al. [105]
in its work collects PVDF nanofibers on a drum collector for three different values of
electrospinning time 30, 45 and 60 min but under the same electrospinning condition.

Figure 3.15: (a) FTIR plot and (b) β-phase fraction for PVDF nanofibers samples
prepared with three different electrospinning time. Reprinted from [105], Copyright

(2021), with permission from Elsevier.

Figure 3.16: Voltage and current outputs of PVDF nanofiber mats with different mat
thicknesses obtained with different electrospinning time. Republished with permission of
Royal Society of Chemistry, from[104]; permission conveyed through Copyright Clearance

Center.
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Even if the electrospinning time doesn’t influence the fraction of β-phase (figure 3.15(b))
and the FTIR spectra (figure 3.15(a)), it has an effect on the output voltage of the PVDF
nanofiber sample due to a change in resistivity. Shao, Hao, et al [104] prepared electrospun
PVDF nanofiber samples of different thickness under the same electrospinning condition
but varying the electrospinning time to control the mat thickness.
Figure 3.16 shows the effect of PVDF nanofiber mat thickness on the energy conversion
performances of the PVDF nanofiber-based device. If the thickness is very low, the voltage
and current output are low because short circuit can be created during the compressing
process. When the electrospinning time, so the mat thickness, is sufficiently increased
both voltage and current output increase, probably due to an improvement of the charge
generation consequently to the increase in active material. However, increasing too much
the math thickness, also increases the resistance for charge transfer across the mat resulting
in a reduction of the voltage and current output.
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Chapter 4

Piezoresistive analysis

4.1 Materials and configurations used
The piezoresistive analysis was conducted on nanocomposite obtained by electrospinning
process, starting from a water-based polymeric solutions, employed/achieved by adding
multiwall carbon nanotubes (MWCNTs) to a certain amount of polyethylene oxide (PEO).
The final electrospinning solution was prepared by using PEO with average molecular
weight of 600kDa. Conductive composite nanofibers were then obtained by adding differ-
ent mass fraction of MWCNTs to the prepared PEO solutions.
To reach a final homogeneous polymeric solution for electrospinning, what is named mother
solution, was prepared. The mother solution contained 0.4 wt% of MWCNTs (NC3100 by
Nanocyl) and 0.4wt% of polystyrene sulfonate Na-PSS, (purchased from Sigma Aldrich),
dispersed in DI water. Na-PSS was used as surfactant agent, like said in 2 section 2.2.1,
to ensure the dispersion of MWCNTs in deionized water used as solvent. MWCNTs used
were in powder form, had a purity higher than 90% and were produced via the Catalytic
Chemical Vapor Deposition process [109]. To ensure a good dispersion of MWCNTs, the
mother solution was then sonicated by a Digital Sonifier (Branson), composed by a sonica-
tor tip putted inside the prepared solution. The ultrasonication was performed in “pulse”
mode (5 s “ON”, 5 s “OFF”) with a power of 30%, for 5 min (figure 4.1).
After the mother solution preparation, solutions with different weight percentage of MWC-
NTs, from 0 wt% to 6 wt%, were prepared. Water-based solutions of PEO were mixed with
water-based MWCNT/PSS solutions under a continuous stirring at room temperature for
about 2/3 hours. To obtain the final polymeric solution, an ultrasonication in “pulse” mode
was implemented (5 s “ON”, 5 s “OFF”) with a power of 30%, for about 30 min.
The electrospinning equipment used was NANON 01A by MECC (figure 4.2), that allows
changing different parameters like voltage output, flow rate during the operation mode of
the process. Moreover, it is also possible to define range values for collector rotation speed,
frequency and interval of cleaning, moving distance and moving speed of the spinneret,
leading thus to collect final nanofiber mats starting from several polymeric solutions.
The operating voltage of this electrospinner can be tuned from 0.5 kV to 30 kV, while the

flow rate can be tuned from 0.1 mlh−1 to 99.9 mlh−1. Different collectors are available (see
section 3.4.2), the planar one that ensure a random deposition of electrospun nanofibers,
and the rotating ones, such as drum and mandrel with a tunable rotation speed from 50
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Figure 4.1: Branson ultrasonicator used to better disperse MWCNTs inside the solution.

Figure 4.2: Electrospinning system NANON 01A.

to 300 rpm, affecting thus the distribution of nanofibers inside the mat.
The obtained polymeric solutions were loaded in a syringe of 6 ml, connected to a needle
that can achieve a maximum distance from the planar collector of 150 mm.
During my project thesis, two different substrates for the nanofibers’ collection were stud-
ied. The first one was a non-conductive wire, based on PE, while the second one was a
non-conductive hollow wire of a heat shrinkable material. Both of these two substrates
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were placed onto rotating mandrel with the main aim to evaluate how the nanofibers‘
collection can affect the percolation curve of final nanofiber’ mats, if compared with the
planar deposition.
In this context, indeed, these substrates, with a geometrical structure very different from
the commonly planar one, have been chosen to realize new piezoresistive structures, able
to be integrated in flexible sensors, optimizing then their performance.
Since these two substrates were both made of an insulating material, characterizing thus
by a non-electrical conductive properties that prevent the establishment of an electric field
able to expel and accelerate the solution from the spinneret toward the grounded collector,
the electrospinning collector were modified as represented in figure 4.3. In particular, with
the main purpose to overcome the limit of non-conductivity of insulating substrate, an alu-
minum foil was folded to produce a quite rigid and stable counter electrode. Subsequently
two pieces of copper tape were placed at the extremities of aluminum foil, providing it a
grounded potential.
The shape of aluminum foil was adjusted to change the configuration of the electric field

Figure 4.3: Electrospinning set up for the solution deposition on an insulating wire.

lines to enhance the nanofiber deposition onto non-conductive wire used as substrate. Fi-
nally, the prepared wire could be connected to the clamps of the collector to rotate in a
synchronous way together with them at a rotation velocity. It was important that the wire
was well stretched between the clamps in order to have the formation of a sort of nanofiber
“spider web” in the vertical direction between the wire and the aluminum tool, like shown
in figure 4.4. This “spider web” of composite nanofibers, thanks to the wire rotation, could
be rolled on the wire for the deposition. It could often happen that this nanofiber “spider
web” become so strong to bring to the rupture of the aluminum tool with the consequent
stop of the deposition process. So, it was fundamental to take all the process under control
and if necessary, break the nanofiber “spider web”.
Using instead of a insulating wire, an hollow wire of a heat shrinkable material, the electro-
spinning set up remains almost the same. The only difference is that a piece of aluminum
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Figure 4.4: Nanofiber spider web formation between the wire and the aluminum tool.

rigid wire was inserted into the hole of the heat shrinkable wire. In this way (figure 4.5)
a rigid support for the hollow wire, directly inserted inside the electrospinner collector
clamps, was created.

Figure 4.5: MWCNTs/PEO nanocomposite deposition on the hollow wire. (a)
Electrospinning setup used. (b) Photograph of an example of nanofiber deposition.

4.2 The percolation curve

A percolative behavior for the electrospun polymer/MWCNT nanofiber composite has been
demonstrated by different researchers [113] [114] [115]. This work investigates if the change
of the substrate over which composite nanofibers of PEO/MWCNT are deposited, can in-
fluence or not the percolative behavior. The work of G. Massaglia, et al. [46] was used as the
reference one for this thesis. Indeed, they have investigated the effect of nanofiber/nets on
the electrical behaviour of conductive composite nanofibers using PEO and MWCNT. In
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this work, the electrospinning process was performed in the planar configuration, using alu-
minum foils as reference substrates. The experimental values of the electrical conductivity
as a function of the MWCNT weight percentages were fitted with the percolation model
demonstrating a close correlation between the morphology properties of final nanofiber
mats and their electrical behavior. In particular, they demonstrated a significant increase
of the electrical conductivity when a dense nano-netting was present in the material as
shown in figure 4.6.
In line with the abovementioned results, since during my project thesis one of the main

Figure 4.6: Experimental values of the electrical conductivity of composite nanofibers for
different concentration of MWCNTs as reported by Massaglia et al. Three sets of samples

are represented: PEO with molecular weight of 600kDa (green curve at 18 kV) and
1000KDa (red at 23kV and blue at 18kV curves); the corresponding percolation

thresholds are reported and some FESEM images are proposed [46].

target is to verify how the substrates’ shape, on which nanofibers were collected, can affect
the morphological properties of nanofiber mats and then their percolation behavior differ-
ent samples at different MWCNT weight percentages has been prepared: 5 wt%, 3.5 wt%,
2.5 wt%, 2.2 wt%, 1.5 wt%, 0 wt%.

4.2.1 Choosing electrospinning parameters of deposition
As it was extensively discussed in the chapter 3, the properties of the final nanofibers
by electrospinning depends on several parameters, which can be easily tuned during the
whole process Moreover, as deeply explained in chapter 3, several process parameters affect
morphological properties of final nanofiber’ mats:

• Flow rate that directly modulate the diameter distribution of nanofibers, the higher
is the flow rate, the higher is the diameters’ distribution of nanofibers.

• Working distance between tip and collector that ensure a uniform distribution of
nanofibers without some defect such as beads.
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• Rotation speed that can tune the ordered distribution of nanofibers.

• Deposition time influence the thickness of final nanofiber mats.

The solution containing PEO and MWCNT with a weight percentage of 3.5 wt% was
electrospun changing those parameters, like reported in table 4.1. The experiment was im-
plemented to define the correct electrospinning parameters able to guarantee a uniform dis-
tribution of nanofibers’, correlating also the morphological properties with rotation speed
values. The whole experiment was conducted by using insulating wire as substrate.
In order to demonstrate that the thickness of the wire doesn’t influence the sample Ohmic
behavior of the electrospun nanofibers, four different samples were fabricated using two
wires of different thickness. Results are reported in table 4.1, where the samples named
“SW”, which stays for “Small Wire”, refers to the wire substrate of smaller diameter and
“BW”, which stays for “Big Wire”, refers to the wire substrate of bigger diameter (see
table 4.3). As it is possible to see the same electrospinning parameters values were tested
on both the substrates for samples SW1 and BW1.

Sample Applied Tip to Feed rate Rotation Spinneret Deposition
voltage collector [ml/h] speed width time

[kV] distance [rpm] [mm] [min]
[mm]

SW1 29.5 145 0.6 100 70 20
BW1 29.5 145 0.6 100 70 20
SW2 23.5 145 0.5 100 70 20
BW2 29.5 145 0.6 100 85 20

Table 4.1: Electrospinning parameters used for the realization of four different samples at
3.5 wt% of MWCNT.

The investigation of the electrical performance of the samples help to understand which
set of electrospinning parameters is the best one for the nanofiber’s deposition. To do that
a benchtop digital multimeter KEITHLEY 6430 was used like in figure 4.7.
Firstly, a bias voltage of 1V was applied at the extremities of each of the sample wires

and current as a function of time was plotted for a number of points equal to 100. Ideally
graphs of current with time applying a constant voltage on samples should be a straight
horizontal line, that is, the same current value should be obtained each time. Graphs in
figure 4.8 detect a trend of current with time that is a straight horizontal line.
Then, it was important to understand which of these samples respect in a better way the

Ohm’s laws.
The first Ohm’s law establishes that the potential difference at the ends of a resistor is
equal to the product of the resistance for the intensity of the current passing through it
(equation 4.1):

∆V = R · I (4.1)
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Figure 4.7: Set-up for the sample’s electrical characterization.

Figure 4.8: Current values obtained setting a bias voltage equal to 1V for each sample.

While the second Ohm’s law describes the relationship between the electrical resistance
and the resistivity (equation 4.2):

R = ρ
∆l

S
(4.2)

where ∆l is the resistor length and S is the area of the cross-section. Electrical resistivity
represents the ability of a material to resist the passage of electric charges and, differently
from the electrical resistance, it’s a specific property of the material and depends mainly
on the microscopic structure of the medium. So, all the materials are characterized by a
specific resistivity value that are only temperature dependent.
For each of the samples the I/V characteristic was made for two different length values
∆l, setting a voltage varying from -10V to 10V and measuring the corresponding output
current, in a number of points which have been set to 6000. The two ∆l values were defined
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by putting two opposite polarity tips of the multimeter at two different distances on the
sample under test. Experimental data analysis was performed by implementing MATLAB
as program language. Toward Matlab tool, the resistance value was calculated as the slope
of IV curves.
Figure 4.9 analyzes IV graphs obtained for each sample, leading thus to establish the

Figure 4.9: I/V characteristic for each sample.

presence or not of the linear Ohmic trend. All results allowed confirming how/that linear
Ohmic trend was present for all four samples. Moreover, it was also verified that increasing
∆l, the electrical resistance increases, and so the slope of the I/V characteristic decreases.
In detail, in table 4.2 all resistance values for each sample is reported.

Sample ∆l [cm] Resistance [Ω]
BW1 11 7.66 · 106

BW1 3 9.57 · 105

BW2 11 7.93 · 106

BW2 3 8.02 · 105

SW1 8 1.42 · 106

SW1 3 3.49 · 105

SW2 8 1.46 · 106

SW2 3 4.54 · 105

Table 4.2: Electrical resistance values for each sample and for each ∆l.

Another test to verify the validity in each sample of the Ohm’s laws, was performed.
With the main aim to evaluate the electrospinning parameters, able to obtain a final
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nanofiber mats, characterizing by optimized functional properties, the electrical conduc-
tivity was calculated as the reverse of resistivity, defined by equation 4.3:

σ = ∆l

R
· 1

S
(4.3)

where ∆l refers to different length values, R is the bulk resistance, defined as the slope of
IV curves and S is the cross-section of each sample, evaluated by analyzing the optical mi-
croscope images, as reported in figure 4.11. Indeed, thanks to optical microscope (LEICA
VZ80 C) (Appendix A.1) (figure 4.10), it was possible to calculate the cross section of the
cylindrical wire (S = π · r2) by measuring the diameter of all samples.

Figure 4.10: Two optical microscope pictures of the sample “BW1” for the diameter
evaluation.

Table 4.3 reported for each sample, 4 different values of the diameter measured in dif-
ferent regions of the wire, allowing the definition of an average diameter, representative
of each sample, which is able to take in account a non-perfect uniformity of the nanofiber
mat onto the substrate.

Sample d1[µm] d2[µm] d3[µm] d4[µm] dav[µm]
BW1 444 445 435 431 439±7
SW1 289 150 145 169 188±72
BW2 471 437 485 450 461±24
SW2 232 210 187 513 286±163

Table 4.3: Values of diameters obtained thanks to the use of an optical microscope.

Since equation 4.3 highlights that electrical conductivity results to be inversely propor-
tional to the parameter defined as ratio between R and ∆l, it is important to report the
trend of electrical conductivity vs the parameters R/∆l, as represented in figure 4.11. It
is possible to see the presence of two dots of two different colors. For each plot and wire,
green dot refers to electrical conductivity value related to longer ∆l, while cyan dot refers
to electrical conductivity value related to shorter ∆l.
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It is interesting to note that these points related to experimental electrical conductivity
values can completely overlap onto the theoretical curve, defining the electrical conductiv-
ity as a function of R/∆l.

Figure 4.11: MATLAB plots of the electrical conductivity as a function of R/∆l for each
sample.

Figure 4.12: MATLAB plots of the electrical conductivity as a function of the radius of
the cross section for each sample.

For each sample remembering that resistivity (and so electrical conductivity) is only
material and temperature dependent, from Ohm’s laws, we expected the curves of electri-
cal conductivity as a function of the radius of the cross section relative to each R/∆l to
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be as overlapping as possible. From results reported in figure 4.12, it is evident that the
perfect overlapping of the two curves relative to the two different R/∆l values is present
only for sample “BW2”. Therefore, electrospinning parameters used for the deposition of
MWCNT/PEO nanofibers at 3.5 wt% used to obtain the sample “BW2” were chosen also
for the deposition of the solutions with all the other MWCNT weight percentages.

4.2.2 Final implementation of the percolation curve
To obtain the final implementation of the percolation curve, conductivity values were cal-
culated for each MWCNT weight percentage as reported in table 4.4. More information
about the evaluation of electrical conductivities is summarized in Appendix B.

wt% σfinal [S/cm]
0 5.62·10−7

1.5 5.45·10−7

2.2 1.65·10−6

2.5 5.62·10−4

3.5 1.59·10−2

5 5.96·10−2

Table 4.4: Electrical conductivity values for different MWCNT weight percentages.

The experimental values of the electrical conductivity (table 4.4) as a function of the
MWCNT weight percentages are shown in figure 4.13. Data were fitted thanks to the per-
colation model described in the second Chapter 2.2.2 [46], that describes the electrical
conductivity as a function of conductive filler concentration above and below the percola-
tion threshold.
The fitting curve shown in figure 4.13 shows that a percolative behavior is present with

a percolation threshold equal to 2.5 wt%. Indeed, the increase of the weight percentage of
MWCNT inside nanofibers bring to an improvement of electrical properties linked to the
formation of a conductive network inside the nanostructured polymer matrix. Moreover,
this conductive network is created at concentrations of conductive filler equal or higher
than the percolation threshold. Specifically, for concentration of MWCNT lower than 2.5
wt%, the conductive network should be mostly absent, while should become more present
for higher concentrations. So, increasing the weight percentage of MWCNT at percolation
threshold, the electrical conductivity starts to increase many orders of magnitude with a
very low increase of the filler fraction. After this percolation threshold, the curve starts to
stabilize to a certain value near the one of 6 wt%.
Taking a comparison between the percolation curve obtained in the work of Massaglia et
al. (figure 4.6) and the one obtained in this work (figure 4.13), some considerations can be
done.
Looking the green curve of figure 4.6, relative to the deposition of the solution containing
PEO with molecular weight of 600 kDa (PEO-600), the same used in this work, we can
immediately notice that the percolation threshold for PEO/MWCNTs planar nanofiber
mats is slightly lower (2.2 wt%) than the one obtained by fitting experimental data of
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Figure 4.13: Fitting of experimental values of electrical conductivity of composite
nanofibers for different MWCNTs concentrations.

table 4.4. As a first approximation, this is in accordance with what was demonstrated in
the reference article, where, observing the two curves (blue and red curves of figure 4.6)
related to the deposition of the solution containing PEO with molecular weight of 1000
kDa (PEO-1000), it is observed that using a higher working voltage a higher percolation
threshold is obtained. So, being the working voltage used in this work (29.5 kV) higher
than the one in the article of Massaglia et al. [46] (18 kV), the fact of having obtained a
higher percolation threshold was quite expected.
Comparing instead the electrical conductivity values obtained after the percolation thresh-
old, it is noted that those obtained in the present thesis work are higher than those obtained
in the green curve of figure 4.6. This was also to be expected, as demonstrated by Mas-
saglia et al. [46], because the increase of the working voltage brings to samples with more
compact and dense filler network, increasing the probability of charge transfer across the
mat of nanofibers, leading to higher electrical conductivity values for the same percentage
of conductive filler. Indeed, this behavior is in line with the red and blue curves as reported
in figure 4.6 relative to the PEO/MWCNT nanofiber deposited with respectively 23 kV
and 18 kV as working voltage.
Finally we have to consider that in this work electrospun nanofibers were collected in wire
and tubular configurations different from the traditional planar one used in the literature
[46]. The configuration used in this work bring to a more orderly nanofibers assembly
(see figure 4.14) deposited with respect to the random nanofiber deposition present in the
planar configuration. In line with this hypothesis, FESEM pictures (figure 4.14) demon-
strated and confirmed the presence of an ordered distribution of nanofibers inside final
obtained mat. Indeed, morphological images highlighted how those nanofibers, with differ-
ent amount of MWCNTs, showed a sort of directionality of themselves. Probably, the more
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orderly structure of nanofibers obtained in this work, leads to a greater difficulty of contact
between conductive nanonets reducing the probability of charge transfer across the mat of
nanofibers and finally brings to an increase of the percolation threshold and a reduction
of the electrical conductivity above threshold. Moreover, this higher percolation threshold
found with respect to the one in literature [46] can be also due to the fact that during the
electrical characterization performed, the electrical contacts were not optimally developed.

Figure 4.14: FESEM pictures of nanofibers at different MWCNTs concentrations: (a) 0
wt%, (b) 1.5 wt%, (c) 2.2 wt%, (d) 2.5 wt%, (e) 3.5 wt%, (f) 5 wt%.
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4.3 Piezoresistive analysis of composite nanofibers
The piezoresistive effect represents an electrical resistance change of a material when a
mechanical strain is applied on it. Like it was described in the chapter 2 of this work,
different researchers try to explain the piezoresistive effect in nanocomposite materials. In
this section we want to understand if the piezoresistive effect is present in our samples and
if the nanofiber collection configuration may influence or not the piezoresistive response.
In order to study the piezoresistive effect we have prepared two PEO/MWCNT solutions,
the first with a MWCNTs weight percentage equal to 6 wt% and, in the second one, equal to
3 wt%. Since many works in the literature [4] demonstrated how the piezoresistive responce
of composite materials resulted to be stronger when the amount of conductive filler is close
to the percolation threshold, we chose one concentration of 3 wt% MWCNTs, close to the
percolation threshold, and one higher than the threshold (6 wt%). This happens because
near percolation a small variation of the MWCNTs weight percentage brings to an abrupt
change of electrical conductivity and so, a small pressure applied on our sample could bring
to a large change of electrical conductivity [4]. The application of strain or of a certain
pressure in a sample near percolation could lead to a reduction of the distance between
nanonets, bringing to the construction of new conductive paths (figure 4.15), improving
the charge transfer across the mat of nanofiber. This led to a strong electrical resistance
change and so, to a great electrical conductivity variation. On the other hand, applying
a certain pressure to a sample with a MWCNT weight percentage above percolation and
very far from it, lead to a smaller change of its electrical conductivity.
The electrospinning parameters used for the nanofiber deposition of these two solutions are

Figure 4.15: FESEM pictures obtained using 1.5 wt% MWCNTs using a working voltage
of (a) 18 kV and 23 kV [4].

those shown in table 4.1 for the sample “BW2” except for the electrospinning time which
has been increased to 1 h and 20 minutes, in order to have a greater number of nanofibers
deposited. These two solutions (6 wt.% and 4 wt.%) were deposited on an hollow wire while
it was also performed a piezoresistive analysis on a wire over which a composite nanofiber
of MWCNT/PEO at 3.5 wt%, so near percolation, were electrospun.
A preliminary qualitative analysis was performed on a sample obtained by the electrospin-
ning deposition of the solution containing MWCNT with a weight percentage of 6 wt%.
Using a bias voltage of 1V, current values were measured thanks to the use of a digital
multimeter. During this time interval, a pressure of unknown value was applied by fingers
(as shown in figure 4.16 (c) and (d)) to the sample a certain number of times using two
different set ups. During this electrical characterization we tried to keep the sample in a
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position as stable as possible, so as not to deform it and to ensure that the piezoresistive
response obtained was influenced only by the applied pressure.
In figure 4.16 (a) and (b) measured values of current were plotted as a function of time. It
is immediately evident that the application of a pressure on the sample brings to a change
of the measured current as a result of a variation of the sample electrical resistance. We
also observe that in both graphs there is a sort of drift of the current over time probably
due to the fact that by applying a certain pressure on the sample, we are going to change
the morphological structure of the nanofibers deposited on the substrate that will take a
certain amount of time to be able to return to the initial one before solicitation. In order to
verify this concept, the current as a function of time applying a bias voltage of 1V (figure
4.17 (a)) and the I/V curve obtained applying a voltage between -10V and 10V (figure
4.17 (b)), were plotted before and after the application of a pressure on the sample.

Figure 4.16: Preliminarly piezoresistive analysis on samples containg MWCN with weight
percentage of 6 wt%. (c) and (d) are the set-up of measurement while (a) and (b) are the

corresponding characteristics obtained.
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Figure 4.17: Electrical characterization of sample containing MWCNT with weight
percentage of 6 wt%. (a) Current as a function of time (bias voltage equal to 1V), (b)

I/V characteristic.

In both figures (figure 4.17 (a) and (b)) we tried to understand what happened to the
sample immediately after (blue curves), after 10 minutes (cyan curves) and after 20 minutes
(green curves) from the application of a certain pressure observing that the sample tends
to regain the initial conformation before stress (red curves). Moreover, from the I/V curves
it was possible to verify Ohmic trend was respected and to calculate the corresponding
electrical resistance values as the I/V curves slope (table 4.5).

TIME OF MEASUREMENT R [Ω]
Before 5.87·104

Immediatly after 6.59·104

After 10 minutes 6.49·104

After 20 minutes 6.38·104

Table 4.5: Electrical resistance values of a sample containing MWCNT weight percentages
of 6 wt% before and after different time intervals from the stress applied on it.

Values of electrical resistance shown in table 4.5 were found to comply with the trend
of the resistance values for the samples containing the different weight percentages of
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MWCNT shown in table B.1. In support of what has been ascertained so far, it is seen
that the resistance values after the application of pressure on the sample, tend more and
more with the passage of time to approach the resistance value before the stress.
Subsequently, we tried to make a more accurate analysis, trying to understand how the
samples containing the two percentages of MWCNT (3 wt% and 6 wt%) responded to the
application of a pressure of known value. The set up used is shown in figure 4.18.
In addition, in figure 4.19, it is shown the set up used during the application of a pressure

Figure 4.18: Piezoresistive characterization set-up.

on an hollow wire and on a wire.

Figure 4.19: Piezoresistive characterization set-up for a wire (left) and for an hollow wire
(right).
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The set up used is composed by a tool that can apply a pressure on our sample. The
sample was putted on a support as mechanically coupled with the surface of an electronic
scale. So, when the tool touches the sample, through the scale we can measure a certain
weight that, knowing the contact surface between the sample and the tool, will correspond
to a certain pressure applied on it. Moreover, the sample is electrically connected to a
digital multimeter, thanks to which we can perform an electrical characterization with
different value of pressure applied on it. Appling a pressure we induce a deformation on
the substrate over which nanofibers are deposited, and so also the nanofiber mat undergoes
a certain deformation, like shown in figure 4.20 for a hollow wire substrate, which can bring
to a current variation. It was important to keep the sample as stable as possible on the
surface of the digital scales in order to minimize other contributions of deformation.

Figure 4.20: Schematic representation of the hollow wire used as deposition substrate
with the starting shape (left) and after pressure application (right).

In order to confirm the Ohmic behavior, the I/V curve before and after the application
of a pressure was analysed also for the wire over which a composite solution containing
MWCNT weight percentage of 3.5 wt%, as shown in figure 4.21.
Figure 4.21 not only demonstrates a good electrical behavior of the nanofiber mats both

Figure 4.21: I/V characteristic of sample containing MWCNT with weight percentage of
3.5 wt%.
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before and after the application of deformation, but also told us that this behavior is
independent from the substrate shape used to deposit the nanofiber mat, but only depend
on the weight percentage of MWCNT inside the solution. Anyway, further analysis should
be performed to investigate in more details the behavior of the sensor during cyclic loading.
Figures 4.22, 4.23 show the plots of current as a function of time applying a bias voltage of
1V during the application of a pressure for samples containing MWCNT weight percentage
of 6 wt% and 3.5 wt% respectively. In addition, after each of these figures, there is a table
(table 4.7 – 4.8) containing the pressure values applied to the nanofiber mats, considering
the fact that, being the measurement set up not entirely accurate, the pressure values are
approximate.

Figure 4.22: Piezoresistive analysis on nanofiber mat deposited on a hollow wire from a
solution containing MWCNT with weight percentage of 6 wt%.

m[g] F=mg[N] P=F/S[kPa]
∼96 0.9 ∼22
∼96 0.9 ∼22

∼240 2.4 ∼57
∼240 2.4 ∼57
∼240 2.4 ∼57
∼240 2.4 ∼57
∼300 2.9 ∼71
∼300 2.9 ∼71

Table 4.6: Values of pressure applied on wire with MWCNT weight percentage of 6 wt%.
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Figure 4.23: Piezoresistive analysis on nanofiber mat deposited on a hollow wire from a
solution containing MWCNT with weight percentage of 3.5 wt%.

m[g] F=mg[N] P=F/S[MPa]
∼120 1.2 ∼0.4
∼170 1.7 ∼0.5
∼205 2.4 ∼0.6
∼320 3.1 ∼0.8
∼320 3.1 ∼0.8

Table 4.7: Values of pressure applied on wire with MWCNT weight percentage of 3.5 wt%.

From the electrical characterization of all the samples it is observed that, as expected,
applying greater pressures we obtain greater current variations and therefore, greater elec-
trical resistance changes. This can be easily explained, because the application of a greater
pressure on our sample, brings to a greater variation of the morphological structure of
nanofibers deposited on the substrate, changing in a stronger way charge conductive paths.

4.3.1 Sensitivity curves
The sensitivity of a piezoresistive pressure sensor can be defined as:

S = ∆R/R0

P
(4.4)

where ∆R/R0 is the change in the device electrical resistance due to a specific value of
the applied pressure P. In order to find the sensitivity value for both the two deposition
configurations (wire and hollow wire) and for the two MWCNT weight percentages near
and above and far from the percolation threshold, an electrical characterization was per-
formed using the set-up shown in figure 4.18. Specifically, for each sample were performed
different I/V curves applying a voltage in the range -10÷10 V for five different values of
the applied pressure ranging between 0 and 60 kPa, for the hollow wire, and between 0 and
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0.9 MPa, for the wire. Thanks to the different I/V curves, the electrical resistance values
were calculated for each value of the applied pressure. Subsequently, the absolute values of
electrical resistance variation ∆R/R0 obtained were plotted for each sample as a function
of the applied pressure, like shown in figures 4.24, 4.25, 4.26 .

Figure 4.24: Electrical resistance variations as a function of the applied pressure for the
hollow wire at 3 wt% of MWCNT.

Figure 4.25: Electrical resistance variations as a function of the applied pressure for the
hollow wire at 6 wt% of MWCNT.

In all the three plots, the trend is comparable with what is present in literature [130]
[131]. First of all, it is possible to deduce an increase in the electrical resistance variation
with the increasing applied pressure. This behavior can be explained as a result of the
destruction of the existing percolating channels which consequently bring to a variation of
the electron’s path and so, to an increase of electrical resistance [131].
Moreover, in the work of Chen et al. [131] it was observed the presence of three different
regions of the resistance-pressure curve obtained by a sample of silicon rubber/graphite
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Figure 4.26: Electrical resistance variations as a function of the applied pressure for the
wire at 3.5 wt% of MWCNT.

nanosheets nanocomposite. In the "first region", corresponding to low pressure values ap-
plied, it is possible to observe an almost flat line. In the "second region", when pressure
increases, the electrical resistance values rises by three order of magnitude while in the
"third" one the resistance increases by more than five orders of magnitude. Specifically, in
the third region the destruction of the existing percolating channels is enhanced, bringing
to a sharply increase of the electrical resistance.
Comparing this behaviour with what was found in curves of figures 4.24, 4.25, 4.26, the
trend previously described is almost respected. Specifically, it can be deduced the pres-
ence of the almost flat "first region", where the increasing pressure doesn’t bring to a big
variation of the electrical resistance.

wt% (∆R/R0)1[%] (∆R/R0)2[%] (∆R/R0)3[%] (∆R/R0)4[%] (∆R/R0)5[%]
3 1.3 0.6 1.6 1.7 3.5
6 0.7 0.8 0.7 1.5 2.3

Table 4.8: Values of precentage resistance change obtained applying the same pressure
value on the two samples with MWCNT weight percentage of 3 wt% and 6 wt%.

Moreover also the presence of the "second region", where the resistance variation starts
to increase because of the application of an higher pressure, can be deduced. Probably, by
the application of higher pressure values than the ones used in this characterization, also
the third region could be verified.
Taking a comparison between the resistance variation-pressure curves obtained for the hol-
low wires samples containing a MWCNT weight percentage of 3 wt% with the one at 6
wt%, some considerations can be done. Specifically, like reported in table 4.8, with the same
pressure value applied on each of the two samples at different conductive filler concentra-
tion, the electrical resistance variation results to be higher for the sample near percolation
(3 wt%). This is in accordance with previous works [130] [131] and can be probably due
to the fact that around the percolation threshold, a small change in pressure can cause a
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larger change in electrical resistance since in this region the resistance changes abruptly
with the conductive filler volume fraction.
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Chapter 5

Piezoelectric effect

5.1 Materials and configurations used
The piezoelectric analysis was conducted on poly(vinylidene fluoride) (PVDF) nanofibers,
prepared by applying the electrospinning technique using different types of collectors.
Typically, in the final solutions to be electrospinned electrospun, PVDF is dissolved in
a single polar solvent such as dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO),
dimethylformamide (DMF), and N-methyl-2-pyrrolidone (NMP), or a binary mixture of
these solvents with acetone [107]. In this work, the solutions were prepared by dissolving 14
wt% of PVDF in powder form (Mw 534.000, Sigma-Aldrich) in the solvent mixture DMF
(Sigma-Aldrich) and acetone (Sigma-Aldrich) with a volume ratio 50:50 wt%. As deeply
investigated in the literature [116] [117], the definition of a binary mixture of a polar sol-
vent with acetone played a pivotal role to tune the solution viscosity and the final The
solvent mixture used is not a random choice. Indeed, in the work of Choi et al. [116] it was
demonstrated that using a binary mixture of a polar solvent with the addition of acetone,
the viscosity of the PVDF solution is reduced and, like previously discussed (see chapter
3 section 3.6.1), this can be an advantage for the nanofiber stretching and for the final β-
phase formation. In this context Choi et al. [116] demonstrated how the addition of acetone
to a polar solvent reduced final viscosity of solution, ensuring a nanofiber stretching and
a consequent formation of β-phase. Gee et al. [117], moreover, investigate how different
polar solvents, used for polymeric solution, can affect the fraction of β-phase inside the
PVDF nanofibers, demonstrating the effectiveness of DMF as polar solvent to induce an
higher fraction of β-phase with respect to nanofibers produced with DMSO and NMP. On
the contrary, several works in the literature [79], [132] showed that a fraction of acetone
in the solvent mixture above 50 v/v%, limited the formation of β-phase inside the final
nanostructured samples. Taking into account all these results, during my project thesis,
a polymeric solution contained 14 wt% of PVDF in powder form (Mw 534.000, Aldrich)
in the solvent mixture DMF and acetone (purchased from Sigma-Aldrich) with a volume
ratio 50:50 wt% was used for electrospinning process.
The PVDF/DMF/acetone final solution was heated to 60 °C and stirred with a rotation
speed of 310 rpm for 30 minutes and subsequently it was left on the stirrer at the same
rotation speed of rotation for at least 2 hours at room temperature.
The electrospinning equipment (NANON 01A by MECC) was the same used before for
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the deposition of PEO/MWCNT solutions. PVDF solutions were deposited on three dif-
ferent types of reference substrates. The first one, was a non-conductive wire using the
electrospinning set up showed in figure 4.3 of chapter 4. The second and the third reference
substrates were aluminum foils arranged on a planar (figure 5.1 (a)) and drum collector,
with a length of 22.5 cm and diameter of 10 cm (figure 5.1 (b)), respectively.

Figure 5.1: Reference substrate and type of collectors used during the PVDF nanofibers
deposition: (a) planar and (b) drum collector.

5.2 Choosing electrospinning parameters for PVDF
solution deposition

Electrospinning parameters for PVDF solutions deposition have been chosen to be able to
make the piezoelectric response of the layer of the deposited nanofibers, as high as possi-
ble. Like it was extensively discussed in chapter 3 section 3.6, the piezoelectric response of
PDVF is strictly correlated to the fraction of polar phases, in particular the β one, inside
the sample. Indeed, electrospinning parameters have to be chosen in order to enhance the
nanofiber stretching and alignment and, solvents evaporation [104], [105], [106] ,[107] (see
chapter 3 section 3.6).
During these years, many researchers (see tables C.3 C.4 in appendix C) have tried to
understand the influence of various electrospinning parameters on morphology, β phase
fraction and therefore, on the piezoelectric response of PVDF nanofibers. In particular,
many works in the literature focused their attention on the electric field that affect β
phase fraction, defining a range of electric fields values between 0.5 kV/cm and 1.6 kV/cm.
Moreover, it is evident that very often the value used as tip-to-collector distance is equal
to 150 mm. Using a drum collector for the nanofiber deposition, the rotation speed was set
equal to 50 rpm that corresponds to a tangential velocity of 0.27 m/s, in order to find if this
tangential velocity was sufficient to favour the increase of the crystalline β-phase fraction
inside the PVDF nanofiber mat. In line with all these considerations, in my project thesis,
electrospinning parameters were also chosen in order to have a continuous polymeric jet,
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during the electrospinning process, ensuring thus the formation of nanofibers mats, avoid-
ing as much as possible electrospray process.
Finally, electrospinning parameters for the deposition of PVDF nanofibers on both planar
(samples denominated with number ’1’) and drum (sample denominated with number ’2’)
collector were chosen and shown in table 6.1. Particular attention, in this choice, was given
to the electric field values used.

Samp. Collector Applied Tip to Feed Rotation Spinneret Time
type voltage collector rate speed width of

[kV] distance [ml/h] [rpm] [mm] dep.
[mm] [min]

1a Planar 22 150 2 - 85 30
1b Planar 26 120 2 - 85 30
1c Planar 26 110 3 - 85 30
2a Drum 22 150 2 50 85 120

Table 5.1: Electrospinning parameters used for PVDF deposition.

The deposition time was chosen in order to have a thickness of the electrospun nanofiber
mat on the substrate to be able to perform both IR (see appendix A section A.3) and
piezoelectric characterization. Indeed, the deposition of nanofibers on drum was done for
a longer time (2h) than the planar one (30 min).

5.3 FT-IR characterization
Fourier Transformed infrared (IR) spectroscopy (see appendix A.1) was carried out with the
main aim to verify the presence of β phase fraction and γ phase fraction, which are normally
responsible for piezoelectric behaviour/properties [79]. FT-IR analyses was implemented
for each of the samples previously realized. Moreover, a preliminary step was necessary
to perform in a better way samples FT-IR characterizations. All spectra were baseline
subtracted.
The FT-IR spectroscopy sample analysis was performed choosing a range of wavenumbers
from 400 cm−1 to 1500 cm−1, consistent with the wavenumbers of the three different
crystalline phases of PVDF (α, β, γ) found in the literature (see tables C.3 and C.4 in
appendix C). The FTIR plots for different samples are shown in figure 5.2, while in table
5.2 the wavenumber of the peaks belonging to the two different polar phases β and γ, are
summarized. From the FTIR plots the peaks at 532 cm−1 and 761 cm−1 belong to the
α-phase of the PVDF nanofibers. On the other hand, the larger peaks belonging to the
β-phase at 510 cm−1 and 840 cm−1 highlight that most of the α-phase has been converted
to the β-phase. Moreover, other peaks belonging to the β-phase at 445 cm−1, 1274 cm−1

and 1430 cm−1 are present. The last one at 1430 cm−1 is present as a sort “knee” inside
the spectra but more pronounced in sample 1a, indicating that probably the final β-phase
peak formation was not finished. γ-phase peaks are present at 431 cm−1 and 1234 cm−1.
The last one is less pronounced for sample 1c, probably because the electric field used for
the deposition of the PVDF nanofiber mat was too high with respect to the electric field
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range used in literature (see table C.3). From all the FTIR plots, despite small differences
in the position of some peaks in the different samples, it is still possible to observe in each
of them the presence of peaks related to the two polar crystalline phases β and γ, which
suggest a possible piezoresistive response to the application of an external stress.

Figure 5.2: IR spectra of samples in planar (1a, 1b, 1c) and drum (2a) deposition
configurations. The three different crystalline phases of PVDF nanofiber mat are

highlighted in red for the β-phase, in green for the γ-phase and in black for the non-polar
α-phase.

β-peaks [cm−1] γ-peaks [cm−1]
445 431
510 1234
840
1274
1430

Table 5.2: β and γ phases peaks position (wavenumber).

In figure 5.3 was taken a comparison between sample 1a and sample 2a. This was done
because all the electrospinning parameters used for the realization of these two samples are
the same except for the deposition time and configuration used, the first one planar (1a)
and the second one on drum (2a).

It is important to notice that there is no difference between the spectrum obtained from
the sample in which the layer of nanofibers was deposited in planar configuration (1a) and
that on drum (2a). As mentioned in chapter 3 section 3.6.1, it could be expected to obtain
more β peaks because the drum rotation speed can influences the nanofibers stretching
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Figure 5.3: Comparison between IR spectra of samples 1a and 2a. The three different
crystalline phases of PVDF nanofiber mat are highlighted in red for the β-phase, in green

for the γ-phase and in black for the non-polar α-phase.

and alignment thus favoring the conversion of α peaks into β ones [105]. Probably, this was
not obtained because the selected drum rotation speed was not the right one to improve
this conversion.
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5.4 Piezoelectric characterization
Ferroelectric polarization hysteresis loops, and piezoelectric displacement measurements
were recorded simultaneously by a Piezo Evaluation System (PES, TFAnalyzer 2000HS,
Aixacct) coupled to a single point laser vibrometer (Polytec OVF-505), exploiting the
converse piezoelectric effect (i.e., generation of a mechanical displacement under the ap-
plication of an electric field). To perform the piezoelectric characterization of our samples,
PVDF nanofiber were deposited on both planar and drum collectors using as substrate an
aluminum foil on which a piece of polyimide-copper sheet was attached (figure 5.4).

Figure 5.4: (Left)Kapton-copper sheet used as deposition substrate. (Right)Example of
PVDF nanofiber deposition on a Kapton-copper sheet.

PVDF nanofibers are deposited on a polyimide-copper sheet in order to perform the
piezoelectric characterization of nanofibers deposited on it. Polyimide-copper was used not
only to guarantee a good mechanical conductance of the stress applied and a system able
to deform without bringing to the rupture of the nanofiber mat deposited on it, but also
as an electrical contact to perform the characterization. Moreover, the upper electrode was
obtained by sputtering deposition.
By applying a voltage stimulus to the polymeric nanofiber mat with the piezo evaluation
system, the ferroelectric hysteresis loops and the displacement loops were obtained.
All samples showed some piezoelectric response, confirming that the presence of β-phase
peaks within the IR spectrum is related to the piezoelectric properties of the analyzed
material. Among all the samples realized in planar configuration (1a, 1b, 1c), 1a is the one
from which the piezoelectric response was analyzed. The results are shown in figure 5.5, in
which the ferroelectric hysteresis loop, Polarization vs Voltage, and the displacement loop,
Polarization vs Displacement, for sample 1a are shown. The reason for the better behavior
shown by sample 1a, is probably due to the fact that the electric field used for the realiza-
tion of sample 1a is equal to 1.46 kV/cm, the only one exactly inside the electric field range
proposed in literature (see table C.3) (0.5 kV/cm – 1.6 kV/cm) which probably bring to
an higher crystalline β phase fraction. However, what we expected from the piezoelectric
ananlysis of the samples, was to get a better responce from the sample made by depositing
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the PVDF solution on the drum instead of the planar collector. This because, like previ-
ously exposed in chapter 3 section 3.6.1, the orientation of electrospun fibers obtained by
using a rotating collector favours the conversion of the crystalline phase into the β one
[105]. Probably, this was due not only to the selected drum rotation speed not perfect to
emphatize this conversion, like previously said (see 5.3), but also due to the too low PVDF
nanofiber mat thickness obtained [104] (see chapter 3 section 3.6.1).
In figure 5.5 the ferroelectric hysteresis loop, Polarization vs Voltage, and the displace-

Figure 5.5: Ferroelectric hysteresis loop and the displacement loop of sample 1a.

ment loop, Polarization vs Displacement, loop obtained from sample 1a were shown. The
graph shows an hysteretic behavior with a remanent polarization of about 0.02 /cm2 and a
coercive voltage of about 100 V, which highlights a piezoelectric response of the nanofibers
mat. The value of the remanent polarization was comparable with the literature [127].
Toghether with the coercive voltage, the remanent polarization it’s an important parame-
ter of ferroelectric materials because determines the amount of polarization that remains
in the material after the electric field removal (see chapter 2 section 2.3). The shape of
the hysteresis curves tends to the rectangular shape of ideal ferroelectric materials but is
slightly distorted by the presence of defects inside the sample, which increase its electri-
cal conductivity worsening the ferroelectric properties [128]. As explained in the previous
paragraph, the improvement of the ferroelectric response of the material, is linked to the
fraction of β-phase inside the PVDF nanofiber mat, directly linked to the solution and
electrospinning condition used during nanofiber deposition. Moreover, piezoelectric mate-
rials develop an electric voltage at their ends if they are deformed and vice versa, they
deform if they are immersed in an electric field. Regarding the deformations induced by
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the application of a certain electric field on the PVDF nanofiber mat, the displacement
curve was obtained with a typical butterfly shape which is in accordance with displace-
ment curves found in the literature [128] [129]. This displacement curve probably could be
improved thanks to the reduction of the diameter of the deposited nanofibers, like it was
demonstrated in the work of Bui, Tan Tan, et al. [129]. In this work, it was described that
a reduction of the nanofiber diameter from 200 nm to 70 nm brings to an improvement
of the shape of the butterfly displacement curve, finding a higher displacement with lower
bias voltage applied for PVDF nanofibers with a diameter of 70 nm.

5.5 Repeatibility
From the piezoelectric tests on samples 1a, 1b, 1c and 2a, sample 1a was found to be
the one with a better piezoresistive response. In order to confirm the repeatability of the
deposition, we have made six different replicas of sample 1a. These replicas were obtained
using the same electrospinning parameters but with different solutions, all obtained using
the same PVDF , the same binary mixture of the two solvents DMF/acetone and the same
procedure used before and described in the first section of this chapter.
The infrared spectroscopy sample analysis was performed in the way described in appendix
A section A.3. The FTIR plots for different replicas are shown in figure 5.6 together with
that of the sample 1a previously analyzed.

Figure 5.6: Comparison between IR spectra of samples 1a and all the six replicas. The
three different crystalline phases of PVDF nanofiber mat are highlighted in red for the

β-phase, in green for the γ-phase and in black for the non-polar α-phase.

From the FTIR plots obtained, it is possible to confirm the repeatability of the depo-
sition. Indeed, all the spectra have the same profile and the same position of the peaks, in
particular those related to the two polar phases β and γ.
However, what we expected from the piezoelectric analysis of the samples, was to get a bet-
ter response from the sample made by depositing the PVDF solution on the drum instead
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of on the planar collector. Like said before, this was probably due to the drum rotation
speed used during the PVDF nanofibers deposition. In order to eliminate any doubt that
the piezoelectric response of the sample obtained by deposition on drum was also influ-
enced by the deposition time, a second sample was made, using the same electrospinning
parameters of sample 2a but with a longer deposition time, i.e. instead of two hours, three
hours of deposition. The FTIR spectrum obtained by these two samples obtained with
two different deposition times, are shown in figure 6.1. Looking closely at the two curves

Figure 5.7: Comparison between IR spectra of samples realized with drum collector for 2h
and 3h of deposition. The three different crystalline phases of PVDF nanofiber mat are

highlighted in red for the β-phase, in green for the γ-phase and in black for the non-polar
α-phase.

of figure 6.1, it is noted that the spectra obtained from the samples by deposition of the
PVDF solution on drums with different deposition times, turn out to be of the same type.
Indeed, the position of the peaks, in particular those related to the two polar phases β
and γ, are the same. This is a demonstration of the fact that, the deposition time, and
therefore the thickness of the PVDF nanofiber mat, does not affect in any way the IR
spectrum obtained, as is also demonstrated in the literature [105]. Indeed, like previously
said, the PVDF nanofiber mat thickness has an effect only on the energy conversion of the
PVDF nanofiber-based device [104].
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Chapter 6

Fututure developments

In this section it is described a possible strategy for a future realization of an all-nanofibers
flexible sensing able to combine both piezoelectric and piezoresistive mechanisms. This is
introduced in order to give the possibility to realize a flexible sensor able to detect static
and highly dynamic signals integrating both piezoresistive and piezoelectric nanofibers in
the same sensing unit by a layer-by-layer approach.
This approach consists in the realization of a nanostructured core based on composite
nanofibers of PEO/MWCNTs, covered by a piezoelectric nanofiber layer, made of PVDF,
as represented in figure 6.1.
To realize a core based on composite nanofibers of PEO/MWCNTs, a polymeric solution

Figure 6.1: Schematic representation of the “layer-by-layer” deposition.

of 3.5 wt% MWCNTs and 5wt% PEO was prepared, like described into chapter 4. This
solution was initially deposited on a non-conductive wire. Subsequently, a PVDF solution
was electrospun and deposited onto nanostructured core. The electrospinning parameters
used for these two electrospinning depositions, are shown in table 6.1.

Solution Applied Tip to Feed Rotation Spinneret Deposition
type voltage collector rate speed width time

[kV] distance [ml/h] [rpm] [mm] [min]
[mm]

PEO/CNT 29.5 145 0.5 100 70 20
PVDF 26 145 1.5 50 15 5

Table 6.1: Electrospinning parameters used.
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The spinneret width electrospinning parameter, defined as the travelled distance from
the center of the collector by spinneret, is strictly correlated with the length of final
samples. In this case, with the main target to cover only a region of PEO/MWCNTs
nanofibers with PVDF nanofibers, two different spinneret width values were defined: 70
mm for PEO/MWCNT solution and 15 mm for PVDF solution. In this way, the presence
of conductive composite nanofibers at the extremities of insulator yarn is guaranteed and
an electrical characterization can be perfomed.
The electrical characterization was done using the same benchtop digital multimeter used
for all the previous electrical characterizations (see 4 section 4.1). A bias voltage of 1V
was applied firstly, at the extremities of the wire, named in figure 6.2 “External part”, and
secondly, at the extremities of the PVDF nanofiber layer, named in figure 6.2 “Internal
part”. Electrical current values were measured for a certain time interval corresponding to
the acquisition of 100 values.
From figure 6.2 it is possible to see that, current measured in the “Internal part”, the
one where PVDF nanofiber are present in the external layer, is much lower than the one
measured in the “External part”, where we have only PEO/MWCNT nanofiber deposited.
This gives us the demonstration of the fact that the electrospinning system can be used for
a layer-by-layer deposition, of a layer of non-conductive nanofibers on a layer of conductive
ones. From the electrical characterization performed, it is possible to deduce that there is
no electrical interaction between these two layers.

Figure 6.2: Schematic representation of the electrical characterization set-up.

In order to understand if the Ohmic behavior was present or not, for both internal and
external part the I/V characteristics were made, setting a voltage varying from -10V to 10V
and measuring the corresponding current in a number of point which have been set to 600.
From figure 6.4 it is possible to verify that the linear Ohmic trend is present, with a electri-
cal resistance value of the external part (PEO/MWCNT) equal to Rexternal = 4.27 · 106Ω
much lower than the internal (PVDF) one Rinternal = 6.96 · 109Ω. Moreover, the resistance
value obtained for the external part (PEO/MWCNT) is comparable to the one previously
obtained in chapter 4 for the solution at 3.5 wt% conductive filler weight percentage (see
table 4.2). This is a demonstration of what previously said about the absence of electrical
interaction between these two layers.
This preliminary study of this layer-by-layer configuration of deposition lays the founda-
tions for the future development of a sensor capable of combining the piezoresistive effect
with the piezoelectric one, with all the advantages linked not only to nanostructuring (see
chapters 1 and 2), but also to use a versatile and low-cost nanostructuring method such
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Figure 6.3: Current values obtained setting a bias voltage equal to 1V for the “External
part” (red curve) and the “Internal part” (blue curve).

Figure 6.4: I/V curves for the “External part” (red curve) and the “Internal part” (blue
curve).

as electrospinning. In future, this layer-by-layer configuration could be realized on all the
different type of deposition substrates used in this thesis to match the requirements of the
application.
Moreover, the future realization of this sensing unit could be improved trying to enhance
the ferroelectric responce of the PVDF "Internal part", for example by changing some
electrospinning deposition parameters such as the rotation speed. Like previously said the
correct choose of the wire rotation velocity could bring to an enanchment of the nanofiber
alignment, favoring the conversion of the α into β crystalline phase. In the work of Ahn,
Yongjin, et al. [127] it is showed another possibility to improve the PVDF nanofiber mat
piezoelectric response. In this work it was demonstrated that the addition of MWCNTs
inside the PVDF polymer matrix further enhance the ferroelectric properties and the value
of the remanent polarization is increased. This is due to the promotion of the conversion of
the PVDF α-phase into the β-phase because they behave like nuclei in the crystallization
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process and induce charge accumulation at the interface [127].
Another possible improvement of this thesis work with the final aim of realizing this layer-
by-layer configuration, could be produced by studying the piezoresistive response of the
PEO/MWCNT layer using a more accurate electrical contacts and set-up of analysis, per-
haps using more and even higher pressure values in such a way as to construct a resistance-
pressure curve that includes all three regions mentioned in the literature [130], [131].
In future it could also be useful to study the behavior of the various deposition substrates,
in particular the tubular one, used in this thesis work to better understand the actual defor-
mation induced on the nanofiber mat under the application of a certain external stimulus.
A preliminary literature review was performed trying to compare the tubular shape used
in this thesis with a very similar shape like the one of blood vessels [133], [134].
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Chapter 7

Conclusions

In conclusion, the main aim of this work is the design and optimization of electrospun poly-
meric nanofibers, developed as sensitive materials of piezoresistive and piezoelectric flexible
sensors. This work demonstrates that not only electrospinning is an effective method to
fabricate functional nanomaterials for pressure and strain flexible sensors, but it also offers
several strategies to adapt and tune the final architecture of the functional nanomaterials,
to match the requirements of the application (e.g., integration in smart-textiles, design of
wearable sensors).
Electrospun composite nanofibers, based on PEO/MWCNTs, were optimized to develop a
suitable piezoresistive materials, while, on the other hand, PVDF nanofibers were investi-
gated for their piezoelectric properties. From a piezoresistive point of view, obtained results
allowed confirming the percolative behavior of PEO/MWCNTs composite nanofibers, re-
gardless of the collectors’ architecture. Furthermore, the analysis of piezoresistive responses,
achieved when two composite nanofibers, containing a wt% of MWCNTs close to perco-
lation threshold and one wt% MWCNTs far from it, confirmed a certain piezoresistive
response, comparable with one exposed in the literature.
The main result obtained from the analysis of electrospun composite nanofibers of CNTs/poly-
mer demonstrated and confirmed their percolative behaviour, also if final nanofiber’ mats
were directly collected on a substrate, wire and tubular shapes, that showed a geomet-
rical configuration different from the common planar architecture. Moreover, performing
a preliminary analysis of two samples with conductive filler weight percentages close to
the percolation threshold and above and far from it, a certain piezoresistive response was
obtained, in accordance with literature.
On the other hand, the main results obtained from the analysis of PVDF electrospun
nanofiber mats on a planar and drum collector, was the IR spectra of different samples
realized by using different electrospinning parameters, which were consistent with previ-
ous works found in literature, confirming the presence of the polar β-phase, linked to its
piezoelectric properties. Moreover, thanks to the use of a Piezo Evaluation System, the
ferroelectric hysteresis loop, and the displacement loop were obtained from one of the re-
alized samples, confirming that the presence of β-phase peaks within the IR spectrum was
related to the piezoelectric properties of the analyzed material.
Since one of the main goal was to develop an all-NFs flexible sensing platform, able to com-
bine both piezoelectric and piezoresistive mechanisms, a possible strategy was designed and
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applied.
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Appendix A

Instruments of analysis

In this section a brief description of the principal instrument used in this thesis for the
analysis is presented. In the next chapters the different uses of each of these instruments
is explained.

A.1 Optical microscope
An optical microscope is a microscope based on optical lenses and it can produce a magni-
fication of samples or detail of them, too small to be observed with human eye. The optical
microscope works with visible light with a wavelength between infrared and ultraviolet.
This type of microscope, by means of a system of lenses, enlarges the image of the sample,
collecting the visible light reflected (reflection configuration), transmitted (transmission
configuration) or emitted by the sample itself (figure A.1).

Figure A.1: Scheme of an optical microscope operating in reflection (right) and
transmission (left) [110].

Three parameters define the efficiency of an optical microscope: magnification, resolu-
tion power and diffraction.
Magnification is defined as the ratio between the dimensions of the original object, and
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those of the image obtained. The magnification of a microscope cannot be indefinitely
increased since the diffraction phenomenon. Indeed, the objective diffraction limits the
smaller distance between two objects allowing distinct images, so limiting the magnifica-
tion.
The resolution power is defined as the minimum distance between two points that the
microscope allows to observe distinct. Unfortunately, the resolution power is limited by the
diffraction phenomenon. The resolution power of the microscope can be expressed thanks
to the formula r = 0.61 · λ/AN where λ is the wavelength of the used light source and AN
is the objective numerical aperture.
To achieve higher resolutions, it is necessary to use smaller wavelengths, such as in the
X-ray microscope, or, taking advantage of the equivalence between waves and particles
defined by quantum mechanics, using electrons (electronic microscope) whose wavelength
equivalent is much smaller than that of visible light.
So, in some cases it is convenient to use electron microscopy instead of optical microscopy,
it depends on what it is necessary to study. In the table below the advantages of electron
microscopy over optical one is showed, but the optical microscope is cheaper with respect
to an electron microscope.

MAGNIFICATION RESOLUTION
Optical microscopy 4x-1000x ∼ 0.5µm
Electron microscopy 20x-106x < 10−3µm

Table A.1: Advantages over optical microscopy [110]

A.2 FESEM

FESEM stays for Field Emission Scanning Electron Microscopy, and it is an instrument
that belongs to the optical microscopy. Like SEM (Scanning Electron Microscopy), it gives
us a very wide variety of information from the sample surface that is scanned with an
electron beam while a monitor displays the information of user interest on the basis of
detectors available. Accelerated electrons interact with the sample atoms producing differ-
ent types of signals: secondary electrons, reflected or back-scattered electrons, X-rays and
light (cathodoluminescence). For each of these signals it is present a detector inside the
FESEM apparatus. Samples in the FESEM (figure A.2 (a)) are observed in high vacuum
because gas molecules tend to disturb the electron beam and the emitted secondary and
backscattered electrons used for the analysis.
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Figure A.2: a) FESEM of Polytechnic of Turin laboratory, (b) FESEM sample holder, (c)
sample preparation before the FESEM analysis.

FESEM samples must be small enough to be putted in the sample holder, and they
need a previous preparation to increase their electrical conductivity and to maintain them
stable during the analysis because they must withstand the high vacuum conditions and
the high energy beam of electrons. In order to enhance their stability, samples are generally
mounted rigidly on a specimen holder or stub using a conductive adhesive (figure A.2 (b)).
If it is required to analyze nonconductive or very low conductive samples, it is necessary to
cover them with a conductive film like platinum, gold, palladium, but without producing
damages on their surface. For example, in our analysis samples are covered with platinum
by low-vacuum sputtering (figure A.2 (c)). This step must be done because of the charge-
up effect; when an insulator is irradiated with a primary electron beam, electrons tend
to localize on its surface. To reduce it a conductive ultra-thin film is deposited on the
sample surface to obtain a sort of short circuit between the sample surface and the sample
holder which is conductive. Connecting the sample holder to the ground of the system, the
impinging primary beam has a certain high mobility on the surface which can be discharged
exploiting to the sample holder connected to the ground.
FESEM shows higher resolution and much greater energy range with respect to SEM.
FESEM makes use of in-lens detectors. These detectors are optimised to work at high
resolution and low acceleration potential and are fundamental for getting the maximum
performance from the equipment.
The biggest difference between FESEM and SEM systems lies in the electron generation
system. FESEM uses a field emission gun that provides extremely focused high and low
energy electron beams, which improves spatial resolution and allow to work at very low
potentials. This reduces the charging-up effect for non-conductive samples and helps to
avoid damage to electron beam sensitive samples.

A.3 FT-IR
Fourier-transform infrared spectroscopy (FTIR) is a particular type of IR spectroscopy
[111]. IR spectroscopy is an absorption technique that works with electromagnetic radia-
tion in the infrared region. IR is a vibrational spectroscopy technique. The basic idea behind
any vibrational spectroscopy is the observation of how light is scattered or absorbed when
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reaches the material.
As a general approximation, the energy levels of electrons in a molecule can be divided
into three classes: rotational, vibrational, and electronic energy levels. The absorption of
infrared radiation brings about changes in molecular vibration within molecules. So, a
molecule can be excited to a higher vibrational state when absorbs infrared radiation. In
general, the frequency at which a particular bond absorbs the radiation depend on atom
size, bond length and bond strength. The absorption of the infrared photon occurs only if
it has a sufficient energy for the transition to the next allowed vibration energy state and
when the infrared radiation interacts with a molecule bringing to a permanent change in
dipole.
FTIR differently from simple IR spectroscopy, uses not a monochromatic beam of light
toward the sample, but a beam containing many frequencies of light at once and measures
how much of the beam is absorbed by the sample. The Fourier transform is needed to
transform the signal from the time domain to the frequency domain. The produced final
spectrum can give both qualitative and quantitative information. Absorbed wavelengths
are due to the chemical groups present in the sample. The absorption intensity at a par-
ticular wavelength is related to the concentration of the chemical group that absorbs this
wavelength.

Figure A.3: Schematic representation of the Michelson Interferometer. Reprinted from
[111], Copyright (1993), with permission from Elsevier.

FTIR spectrometers are based on the Michelson Interferometer (figure A.3). Indeed,
FTIR produce an interferometric pattern that reaches the detector after passing through
the sample. A light source emits a light beam in the infrared region; this beam reaches a
semi-reflective mirror, called beamsplitter, that divides it into a 50% toward a fixed mirror
(F) and 50% toward a moving mirror (M). Rays reflected by these mirrors are sent again
to the beamsplitter (B) which reunites the two rays and sends them to the detector pass-
ing through the sample. Even if the two rays reached the detector together, they made
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a different optical path. Depending on this difference in the optical path, constructive or
destructive interferences can occur, crating a signa proportional to the difference in the op-
tical path of the two rays and to the position of the moving mirror. The produced signal,
the interferogram, is a plot of intensity vs optical path difference or mirror movement. The
interferometric data from this time domain is then Fourier transformed into the frequency
domain.
To sum up, FTIR is a very diffused technique that gives us information about the type of
molecules present in the sample, thanks to identification of molecular bonds. It is a very
versatile technique, that gives the possibility to study organic, inorganic, biological, liquid,
solid and gaseous samples. Thanks to the FTIR spectrum it is possible to obtain qualita-
tive and quantitative information with very high accuracy and precision. Moreover, because
all the frequencies are measured simultaneously, the generation of the spectrum is very fast.
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Deposition of PEO/MWCNT
solutions at different CNTs
weight percentages.

The deposition of solutions prepared at different weight percentages of MWCNT with
respect to PEO was performed using electrospinning parameters relative to sample “BW2”
as reported by table 4.1 of Chapter 4 but with a longer time of deposition of 40 minutes,
to have a greater amount of nanofibers deposited for a better electrical characterization.
Like said in chapter 4 section 4.1, the different solutions were deposited on a hollow wire
of a heat shrinkable material with a length equal to 9 cm.
Figure B.2 showed the I/V curve of all the realized samples in order to understand if

Figure B.1: Schematic representation of the hollow wire division in segments for
multimeter data acquisition.

the Ohmic behavior is respected. Moreover, for each sample the I/V curve was plotted
at different sample locations (figure B.1), in order to take into account the possibility to
have a non-perfect uniform deposition over the entire sample length. In this way the final
conductivity value is the result of an average on conductivity values calculated in different
segments of the sample under test.
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Figure B.2: I/V curves of samples at different MWCNT weight percentages for different
sample locations: (a) sample with 0 wt%, (b), (c), (d) samples with 1.5 wt%, (e) sample
with 2.2 wt%, (f) sample with 2.5 wt%, (g) sample with 3.5 wt% and (h) sample with 5

wt%.

Looking at the I/V curves related to the different samples, it can be seen that the linear
trend is almost respected. However, in samples containing a weight percentage of MWCNT
less than or equal to 1.5 wt% (figure B.2 (a), (b), (c) and (d)), the presence of a significant
amount of noise is observed, since these samples, being poorly electrical conductive, are
affected by the background noise of the multimeter during the measurement of the current.
In addition, in all the other samples (figure B.2 (e), (f), (g) and (h)), the I/V characteristic
made for the different ∆l’s turns out to have different slopes, Indicating that, probably in
some substrate’ regions, there is a greater amount of composite nanofibers than in other
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segments of the same sample. In table A.1 are shown the electrical resistance values of each
sample and for each ∆l, calculated as the slope of the I/V curve. The solution contain-
ing a 1.5wt% of MWCNTs was tested 3 times, obtaining also three comparable different
nanofiber’ mats, since this MWCNTs’ amount could be close to the percolation threshold,
as already demonstrated by Massaglia Massaglia, et al. [46].

wt% Sample ∆l1[cm] ∆l2[cm] ∆l3[cm] R∆l1 [Ω] R∆l2 [Ω] R∆l3 [Ω]
0 Dep0 1.4 2 1.5 8.49·109 8.70·109 8.10·109

1.5 Dep1.5/1 1.35 2.1 2.4 1.19·1010 1.12·1010 1.06·1010

1.5 Dep1.5/2 2 2.2 2.2 1.32·1010 1.43·1010 1.43·1010

1.5 Dep1.5/3 2 2.2 1.6 1.24·1010 1.30·1010 1.29·1010

2.2 Dep2.2 1.6 2.35 2.5 2.59·108 7.45·109 1.11·1010

2.5 Dep2.5 1.8 1.2 2.8 3.91·105 2.27·105 1.96·107

3.5 Dep3.5 1.9 2.65 2.5 2.10·106 1.81·105 4.60·105

5 Dep5 1.85 2.05 1.85 4.54·105 4.97·104 1.08·105

Table B.1: Electrical resistance values for each sample with different MWCNT weight
percentages and for each ∆l.

The samples electrical characterization was performed again using the set-up shown in
figure B.3,where the electrical contacts were realized through metallic contact plates.
To define the electrical conductivity values for each sample and for each ∆l, the nanofiber

Figure B.3: Set up for a more accurate electrical characterization of our samples.

mats’ cross-section S was defined, considering also the geometry of substrate on which
nanofibers were directly collected, as reported in equation B.1.

S = π((R + r)2 − R2) (B.1)

where R = 1.375 mm represents the outer radius of the hollow wire, while r is the nanofiber
mat thickness deposited on it. To better assess the value of r, each sample was carefully
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B – Deposition of PEO/MWCNT solutions at different CNTs weight percentages.

cut into three pieces so as not to damage the layer of nanofibers deposited. Subsequently,
thanks to the use of the optical microscope and of a tool that was able to keep the sam-
ple in upright position (figure B.4 (Left)), different values of r were measured in different
sample’s locations. At the end, for each sample the final value of r was evaluated as an
average of all the measured thickness values. In this way any non-uniformity of deposition
can partly be taken into account.

Figure B.4: (Left) Set up used for nanofiber mat thickness. (Right) Schematic
representation of a sample cross section.

In table B.2 the thickness values of the layer of deposited nanofibers and the corre-
sponding calculation of the sections are shown. It can be immediately noticed that samples
Dep2.2 and Dep2.5 have an average thickness one order of magnitude greater with respect
to all the other samples. This can be explained thanks to the electrical resistance values
calculated in these two samples for different ∆l shown in B.1. Indeed, in sample Dep2.2
the three electrical resistance values related to the three different ∆l vary by one or two
orders of magnitude relative to each other, leading thus to suppose how a greater thickness
of nanofibers’ layer affects the calculation of the average thickness raverage. This non uni-
form nanofiber deposition along the wire could be justified by the fact that these sample,
containing a weight percentage of MWCNT very close to the percolation threshold have
a less stable behavior during the electrospinning deposition than solutions well below or
above percolation.
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B – Deposition of PEO/MWCNT solutions at different CNTs weight percentages.

wt% Sample raverage[µm] S [cm2]
0 Dep0 3.9 3.4·10−4

1.5 Dep1.5/1 3.1 2.7·10−4

1.5 Dep1.5/2 3.4 2.9·10−4

1.5 Dep1.5/3 3.8 3.3·10−4

2.2 Dep2.2 15.5 1.3·10−3

2.5 Dep2.5 67.2 5.9·10−3

3.5 Dep3.5 5.1 4.4·10−4

5 Dep5 4.1 3.5·10−4

Table B.2: Evaluation of nanofiber mat cross section.

In order to be sure that the thickness values of the nanofiber layer measured with the
optical microscope were correctthese values were compared with the ones obtained by ana-
lyzing FESEM (Appendix A.2) images, represented in figure B.5. FESEM images allowed
confirming how measured thickness results to be in line with the ones estimated by an-
alyzing optical microscope images. For this reason, the section values used in the final
calculation of conductivity were those obtained from the measurement by optical micro-
scope, shown in the table B.2.

Figure B.5: (Left) FESEM image of sample Dep1.5/3. (Right) FESEM image of sample
Dep3.5

To obtain the final implementation of the percolation curve, conductivity values are
calculated for each sample and for each ∆l, thanks to the electrical resistance values pre-
viously calculated and shown in table B.1 and using the values of cross-section S, obtained
with the measurement of the nanofiber mat thickness shown in table B.2. In Table B.2
these values of conductivity are summarized.
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wt% Sample σ∆l1 [S/cm] σ∆l2 [S/cm] σ∆l3 [S/cm]
0 Dep0 4.79·10−7 6.68·10−7 5.38·10−7

1.5 Dep1.5/1 4.23·10−7 6.94·10−7 8.38·10−7

1.5 Dep1.5/2 5.17·10−7 5.26·10−7 5.26·10−7

1.5 Dep1.5/3 4.89·10−7 5.13·10−7 3.75·10−7

2.2 Dep2.2 4.56·10−6 2.33·10−7 1.67·10−7

2.5 Dep2.5 7.72·10−4 8.90·10−4 2.41·10−5

3.5 Dep3.5 2.06·10−3 3.32·10−2 1.24·10−2

5 Dep5 1.17·10−2 1.19·10−1 4.92·10−2

Table B.3: Electrical conductivity values for each sample with different MWCNT weight
percentages and for each ∆l.

The final conductivity values were obtained as an average of the three electrical conduc-
tivity values in each of the three different ∆l for each sample. Only for the solution which
contains MWCNT with a weight percentage equal to 1.5 wt%three samples were realized.
So, the final conductivity for MWCNT weight percentage equal to 1.5 wt% is obtained by
the average of the conductivity values of each of these three samples.
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Electrospinning parameters for
PVDF deposition in literature
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C – Electrospinning parameters for PVDF deposition in literature

Wire number of Wire number of Wire number of Ref.
α-phase[cm−1] β-phase[cm−1] γ-phase[cm−1]

1182 841 - [119]
1073 1280
878
765
489 475 483 [120]
532 510 512
613 840 838
762 1275 1234
795
975
761 840 - [104]

1274
613 840 - [106]
763 1275

- 510 776 [121]
840 881
1279 1236

530 510 - [122]
612 840
760 1274
796 1430
970

410 854 445 431 [123]
489 975 473 482
532 1149 1275 811
614 1209 1431 1234
763 1383 510 1429
795 1432 840

766 840 - [124]
766 840 1234 [125]

1275
614 510 - [126]
766 840
795 1279
975

Table C.4: Wavenumbers of α, β, and γ peaks of infrared spectra from literature.
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