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In recent years, self-sensing composite materials based on the direct piezoelectric effect have attracted wide-
spread interest as they combine the composite material’s mechanical performances with the piezoelectric phase’s
sensing capability. In this context, piezoelectric nanofibers exhibit minimal impact on the mechanical structure
of the composite — differently from bulky films or ceramic disks - and represent a promising strategy for robotic
applications or wearable devices. This work aims to develop a self-sensing laminate based on piezoelectric core-
shell nanofibers (PEDOT:PSS-based core and P(VDF-TrFE)-based shell). Each layer of the laminate is made of a

flexible epoxy material and embeds aligned nanofibers. By orthogonally overlapping two layers, the intersection
points of the matrix-like arrangement of the nanofibers generate a network of piezoelectric pixels, which are
responsible for sensing. Such a self-sensing composite material exhibited a noticeable capability to recognize the
exact position of a mechanical stimulus on its surface.

1. Introduction

In the last period, the increasing diffusion of artificial intelligence
and robotic systems has led to a rapid growth of innovative materials
that combine their mechanical properties with other functionalities [1].
Many efforts have been made in mechanical engineering to integrate
composite materials with sensors that can provide information about
their status, such as deformations or mechanical impacts [2]. Moreover,
the development of increasingly intelligent robotic systems (i.e., robotic
hands or transfemoral prostheses) is giving rise to a generation of flex-
ible devices that can interpret and dynamically interact with the sur-
rounding objects [3,4]. Various stretchable and flexible pressure sensors
— called electronic skins (e-skins) — have been developed according to
different working principles [5-7]. Among these, the piezoresistive
e-skins measure the change of the electrical resistance of a specific
material as a consequence of an applied pressure. Their working de-
pends on the intrinsic resistivity of the material, and improved sensing
performances can be achieved by inserting nano additives into the
polymeric matrix, such as carbon nanotubes [8] or graphene [9].
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On the other hand, pressure sensors based on the capacitive effect
convert the mechanical pressure into a variation of the capacitance. The
sensitivity of such sensors strongly depends on the Young’s modulus of
the material used for their manufacturing [10,11]. However, the resis-
tive and capacitive sensors require a power supply for their work, thus
causing issues with battery replacement, especially in the case of
remote-located sensors. The piezoelectric materials overcome this
problem, as their transducing mechanism is intrinsically correlated with
the non-centrosymmetric configuration of their crystal lattice. When an
external stress is applied to the piezo material, the electric dipoles of the
crystal get oriented, and electric charges are generated on the two
opposite surfaces of the material. This principle is crucial in developing
smart materials with intrinsic sensing capability without an external
power supply [12]. Various piezoelectric composite materials have been
designed and fabricated in the last decade, but the piezoelectric layer’s
interleaving negatively impacts the device’s mechanical properties [13].
For this reason, the use of nanostructured piezoelectric materials (such
as nano-powder [14] or nanofibers [15]) is paving the way for a class of
self-sensing composite materials with negligible or no impacts on their
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mechanical properties [16,17]. Tactile sensors based on piezoelectric
nanofibers have recently attracted widespread attention because of their
high sensitivity and the self-powering capability of piezoelectric poly-
mers such as poly(vinylidene fluoride) (PVDF) and its copolymer poly
(vinylidene fluoride-trifluoro ethylene) (P(VDF-TrFE)) [18,19]. Several
works in the literature report on the realization of flexible pressure
sensors embedding PVDF nanofibers in a soft polymeric matrix [20-22].
Electrospinning is a consolidated technique for preparing nanofibrous
materials, which allows the production of polymeric nanofibers by
high-voltage electrostatic extrusion of a polymeric solution when placed
on a sharp edge [23]. The high voltage applied during the electro-
spinning induces a mechanical stretching of the polymeric jet, which is
beneficial for forming the p phase, responsible for the piezoelectric
behavior of PVDF [24,25]. The randomly oriented PVDF and P
(VDF-TrFE)-based nanofibrous layers were used in the robotic field (i.
e., development of electronic skins [5]) or wearable applications [26].
Despite the valuable effect of the electrospinning process on the
piezo-properties of the nanofibers, a subsequent polarization process is
generally required to align the ferroelectric dipoles of the material, thus
enhancing the piezoelectric response of the layer ([27-30]). Besides the
polarization process, other strategies to enhance the piezoelectric
response of the nanofibers were investigated in the literature. The
pressure sensitivity and the ability to generate electric charge of the
PVDF fibers increase when they are more aligned in one direction [31].
Various methods were developed to achieve this alignment for the
nanofibers. For example, Edmondson et al. proposed a technique that
combines parallel-electrode electrospinning and centrifugal dispersion
to produce highly aligned and uniform nanofibers. They showed how the
degree of fiber alignment affects the voltage production capacity [32].
The influence of different rotation speeds of the disk collector during the
electrospinning process was investigated in relation to the alignment
level of the nanofibers and the p phase orientation in the polymer chains
[33]. Sensors with 80 % of aligned fibers produced signals with ampli-
tudes about four times higher than those with only 30 % [34]. The
nanofibrous layers were made more sensitive by adding nanofillers, such
as Ag nanowires and multi-walled carbon nanotubes, increasing the p
phase content in the crystalline structure [35]. Another significant
improvement in sensitivity was achieved by using aligned core-shell
nanofibers of P(VDF-TrFE) made by electrospinning. The sensitivity
values (up to 4000 pV/mmHg) of P(VDF-TrFE) nanofibers were four
times higher when they were arranged in an aligned array with a
conductive core (PVP-PEDOT:PSS) and a piezoelectric shell (P
(VDF-TrFE)). These sensitive membranes were applied to create pres-
sure sensors for endovascular use [36].

The innovative self-sensing technique of the proposed laminate
consists of incorporating self-powered micro-pixels inspired by the skin
sensing principle. The laminate comprises nanostructured wires
embedded within a flexible matrix and aligned with each other. These
sensing wires are comprised of core-shell piezoelectric nanofibers. The
composite is formed by overlapping at least two layers, with the nano-
structured wires arranged perpendicularly. The cross-points of the wires
represent the micro-pixels responsible for sensing. Semiconductive
flexible electrodes connect the edges of the composite’s individual layers
to the measurement instrumentation to extract piezoelectric signals
from each pixel. The simplicity of construction, sensibility, and accuracy
with which the new material can sense impacts and shocks are presented
in the paper. These characteristics make the material especially suitable
for soft robotics, biomedical, textiles, and industrial automation
applications.

2. Materials and methods

This section illustrates the manufacturing steps for the fabrication of
the piezoelectric sensor. Section 2.1 and Section 2.2 strongly focus on
producing high-quality core-shell nanofibers, as they play a crucial role
in the sensor working mechanism. The electrospinning parameters and
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the polymeric solution concentrations (both for the core and the shell)
have been accurately tuned to ensure coaxial morphology. Afterward,
the sensor fabrication and electromechanical characterization are re-
ported in Section 2.3 and Section 2.4, respectively.

2.1. Polymeric solutions preparation

The interaction between the core and the shell polymeric solutions is
a critical parameter for high-quality nanofiber production. When the
droplet is charged at a sufficiently high electric field, it emits a charged
jet with the liquids coaxially arranged within the jet. The evaporation
rate of the volatile solvents of the liquid solutions depends on different
factors (i.e., solvents boiling point, solutions concentrations, distance
from the ground collector) and determines the coaxial morphology of
the solid fibers [37]. A successful process depends on the design of the
two polymeric solutions so that the electrospinning process and the
solidification of the fibers happen in the desired manner. In this section,
the preparation of different core and shell solutions has been studied by
varying their solvent concentrations and thus their viscosity. The aim is
to precisely tailor the nanofibers’ morphology by controlling the solu-
tions’ viscosity values and to identify the parameters for producing
smooth and beads-free coaxial nanofibers in a stable electrospinning
process.

2.1.1. Shell polymeric solutions

For the shell solution, P(VDF-TrFE) Solvene (75/25%mol, Mw = 410
kDa), kindly provided by Solvay Specialty Polymers (Bollate, Italy), was
dissolved in methylethylketone (MEK) and dimethylformamide (DMF)
(Sigma Aldrich). The solvents were fixed in a 72:28%wt proportion,
MEK and DMF respectively. The piezoelectric polymer concentration
was varied from 18%wt to 28%wt to produce six shell polymeric solu-
tions (S1-S6), as reported in Table 1. Each solution was left on a mag-
netic stirrer at 40 °C for 40 min before the electrospinning.

2.1.2. Core polymeric solutions

The conductive polymer poly(3,4-ethylenedioxythiophene) doped
with poly(styrene sulfonate) anions (PEDOT:PSS dissolved in water in a
concentration of 3-4%, as provided by Sigma Aldrich, with a viscosity
equal to 10-30 mPa*s) was used as the core of the nanofibers. The
polymeric solutions were prepared by dissolving the PEDOT:PSS in
DMEF. Polyvinylpyrrolidone (PVP) was added as a carrier polymer and
solution viscosity modifier, creating a solution based on PEDOT:PSS and
PVP. The PVP concentration was varied from 2.9%wt to 6.1%wt to
prepare three core solutions (C1-C3), as reported in Table 2. Moreover,
a PEDOT:PSS dissolved in 5 % in water, as provided by Sigma Aldrich,
was used to produce seven core solutions, both with PVP and without.
Compared with the PEDOT:PSS used for C1-C3 solutions, the higher
concentration of this PSS results in higher conductivity, a viscosity of
30-90 Pa*s, and a gel physical state. The higher viscosity of the PEDOT:
PSS dissolved in 5 % in water allowed the production of polymeric so-
lutions ready for electrospinning without adding PVP. However, some
polymeric solutions were still prepared with PVP (C8-C10). All the
polymeric solutions used for the core are reported in Table 2.

Table 1

Shell polymeric solutions based on P(VDF-TrFE) different concentrations.
(%wt) P(VDF-TrFE) DMF MEK
S1 18 % 23.0 % 59.0 %
S2 20 % 22.5% 57.5 %
S3 22 % 21.8 % 56.2 %
S4 24 % 21.3% 54.7 %
S5 26 % 20.7 % 53.3 %
S6 28 % 20.1 % 51.9 %
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Table 2
Core polymeric solutions based on PEDOT:PSS.
PEDOT:PSS (% DMF (% PVP (%
wt) wt) wt)
PEDOT:PSS (3-4% in c1 20.2 % 76.9 % 2.9 %
water) c2 20.2 % 75.4 % 4.4 %
c3 20.2 % 73.7 % 6.1 %
PEDOT:PSS (5 % in c4 60 % 40 % /
water) C5 50 % 50 % /
c6 45 % 55 % /
c7 40 % 60 % /
Cc8 44 % 50 % 6 %
c9 42 % 53 % 5%
c10 36 % 60 % 4%

2.2. Electrospinning process

The electrospinning process took 15 min, and 50 pm thickness
nanofibrous mats were produced for each core-shell solutions combi-
nation described in Section 2.1. The randomly oriented nanofibers were
collected on a ground plane collector, and each sample was analyzed in
terms of the stability of the electrospinning process and coaxial
morphology of the nanofibers. The setup parameters of the electro-
spinning process were adjusted for each core-shell solutions pair in order
to achieve a stable configuration of the Taylor cone and avoid liquid
leakage from the needle.

The distance between the needle and the ground collector was varied
from 10 cm to 16 cm, and the high voltage value was set from 9 kV up to
16 kV, depending on the properties of each polymeric solution. In gen-
eral, higher electric field values are required for more viscous solutions
as the droplet’s surface tension has a dominant role. The flow rate of the
shell solution was equal to 1.1 mL/h, and the core solution was equal to
0.35 mL/h. The coaxial needle has an inner diameter of 0.8 mm, and the
outer one equals 1.2 mm. The room temperature was 25 °C for all the
tests, and the chamber moisture was set at 40 %.

2.3. Sensor manufacturing

The core-shell polymeric solutions pair that produced the best
quality core-shell nanofibers were identified and exploited for sensor
manufacturing. The sensor working principle is based on the direct
piezoelectric effect, as schematically represented in Fig. 1. As a me-
chanical impact is applied on a single nanofiber, the piezoelectric shell
generates a charge distribution on its opposite surfaces (inner part and
outer part). Hence, by covering the outer part of the shell with a metal
coating, it is possible to realize a coaxial nano-piezoelectric sensor,
where the opposite polarity charges are collected by the inner conduc-
tive core and the outer metalized layer, thus generating a voltage dif-
ference, as shown in Fig. 1.

The nanofibers are aligned and integrated into the epoxy matrix to
fabricate the first layer of the sensor. The second layer of the laminate is

Outer metalization

Conductive core:
PEDOT:PSS

X A
i 0"\‘ 7" Piezoelectric shell:
i a_".\‘ F Q P(VDF-TrFE)
«

Fig. 1. Schematic configuration of the core-shell nanofiber.
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then added so that the nanofibers are orthogonal to those of the first one
as if they were arranged in a matrix-like disposition (rows-columns). The
cross-points of the nanofibers represent the sensitive pixels that make
the laminate sensitive all over its surface. Suppose an impact occurs on
the sensor surface. In that case, the amplitude of the output voltage
correlated to the impacted pixel should be the highest if compared with
the voltages referring to the non-impacted ones. The output voltage is
measured by electrically connecting the core (core signal) and the outer
metallization (shell signal) to an acquisition system. However, due to the
nanometric scale of the connections, it is challenging to acquire the
electrical signals generated by every nanofiber.

Nevertheless, a proof-of-concept to demonstrate the working prin-
ciple of such a sensor can be done by electrically connecting multiple
nanofibers using macroscale electrodes, as this work aims to do. For
instance, in the schematic representation of Fig. 2, the nanofibers are
grouped in three rows and three columns, thus creating a surface with
nine sensitive pixels. The macroscale electrodes for the shell and the core
signals collection are disposed on the opposite edges of the sensor, and
their electrical contact with the nanofibers (e.g., connections with the
core and with the outer metallization) can be seen in the red magnifi-
cation panels of Fig. 2. In the case of the shell electrode, the aim is to
surround the nanofibers with the macroscale electrode without any
contact with the core. To ensure adequate contact between the elec-
trodes and the nanofibers, traditional metallic electrodes such as brass
sheets or aluminum foils are unsuitable, as they cannot surround the
cylindrical shape of each nanofiber and could rip in case of bending.
Therefore, semiconductive materials may be fabricated by adding
conductive nanoparticles to the epoxy matrix (i.e., carbon nanotubes or
carbon black nanoparticles) to make the embedding medium electrically
conductive. In this way, the semiconductive epoxy matrix can surround
the whole structure of the nanofiber and electrically connect the outer
metalized portion of the nanofiber during the curing process. Similarly,
the core signals were collected by curing the semiconductive material on
the smooth edge of the sensor, where the cores of the nanofiber face (see
magnification panel of Fig. 2). The nanofibers’ last portions are not
metalized to avoid electrical contact between the core and the outer
metallization. The output voltage for each group of nanofibers is then
measured as a voltage difference between the inner cores and the shell
for each group of nanofibers, which compose the nine sensitive pixels of
the sensor surface. The exact position of a mechanical impact on the
surface of the sensor is detected by comparing the output voltages of
each group of nanofibers and going back to the corresponding positions.
In the case of an impact in the center of the sensor — as shown in Fig. 2 —
the highest output voltages would be AVs and AV,. Consequently, the
resolution of the impact localization strongly depends on the number of
core electrodes stacked on the sensor’s edge, which determines the
number of sensitive pixels. The higher the number of core electrodes, the
higher the precision of the impact localization. Ideally, if it was possible
to distinctly acquire the signal of every single nanofiber, this sensor
could recognize the impacted position with nanometric precision. In this
work, a flexible sensor with 3 x 3 sensing positions has been fabricated.
The manufacturing steps of the flexible sensor are described in this
section and schematically represented in Fig. 5.

2.3.1. Aligned coaxial electrospinning

The electrospinning process apparatus used to produce aligned co-
axial nanofibers is represented in Fig. 3. The alignment process of the
nanofibers was electrically induced by using two copper wire electrodes
parallelly disposed at 7 cm distance from each other. In this way, the
liquid jet in the whipping zone is influenced by the two parallel ground
electrodes and the coaxial nanofibers solidify perpendicularly to their
direction. Such an alignment mechanism preserves the geometrical
structure of the nanofibers, contrary to mechanical alignment methods
(i.e., high-speed rotating drum collectors [38]) that could damage their
coaxial morphology. The coaxial electrospinning process took place for
5 min to produce a thin layer of aligned coaxial nanofibers. A translation
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Coaxial needle

PEDOT:PSS

Fig. 3. Electrospinning apparatus for aligned core-shell nanofibers.

movement was imposed on the structure of the ground collector in order

to have a uniform distribution of the nanofibers along the length of the
grounded wires.

2.3.2. Shell electrodes

Considering a group of aligned nanofibers (Fig. 5a), the electrical
charges generated by the piezoelectric shell accumulate on their outer
part. Therefore, the nanofibers were sputter-coated with gold (Quorum
SC7620 Sputter Coater) to create a nanoscale external electrode. The
final part of the nanofibers (1 cm length) was not metalized to avoid
electric contact between the core and the outer metallization (Fig. 5b).
As previously explained in Fig. 2, a single macroscale electrode has to be
connected to the metalized portion of the nanofibers for signal acqui-
sition. For this purpose, the use of traditional metallic electrodes such as

aluminum foils or copper tapes could not be effective, as the nanofibers
could move or not totally be in contact with them. With the aim to
guarantee flexibility to the sensor and avoid any mechanical disconti-
nuities, carbon black (CB) nanoparticles were adopted to realize the
electrodes. If the CB nanoparticles are mixed into a polymer matrix, their
high specific surface area can form a conductive network, which
significantly increases the conductivity of the resin, even by mixing a
low amount of nanoparticles [39,40]. When embedding the nanofibers
within a semiconductive polymeric matrix, the whole surface of each
nanofibers is surrounded, and the electrical contact is guaranteed.

In this work, CB nanoparticles (Printex XE2B, BET surface area =
1000 m2/g, average particle size = 30 nm) were dispersed in a soft
polymeric matrix. The soft matrix consists of a mixture of epoxy resin
(Itapox 108, kindly provided by Ddchem S.Lr., Verona, Italy) and
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Fig. 4. Electrical conductivity of the semi-conductive layers as function of the
CB content.

blocked isocyanate polyurethane prepolymer (Synthane 2095, Syn-
thesia Technology, Barcelona, Spain).

Before manufacturing the macroscale shell electrodes of the sensor,
an experimental campaign was conducted by fabricating different layers
with and varying the amount of CB content. The CB nanoparticles were
added in different weight percentages to the aforementioned polymeric
matrix in a range between 0.5 and 20 %wt. The liquid formulation was
then prepared by adding 300%wt of isopropanol and magnetically
stirred for 120 h at room temperature to uniformly disperse the CB
nanoparticles in the solution. The curing agent (Itamine CA119, Ddchem
S.Lr., Verona, Italy) was added and the mixture was heated at 50 °C to
facilitate the isopropanol to evaporate. The curing process was then
carried out for 2 h at 50 °C. The thickness of the produced layers was
equal to 100 + 12 pm, and the electrical conductivity was measured for
all of them, as reported in Fig. 4.

As observable from the graph, the electrical conductivity of the
layers gradually increases for a CB content between 0.5 and 7%wt. Af-
terward, for values higher than 7%wt, the conductivity sharply increases
up to 1.25*10* S/m for a CB content equal to 10%wt. In that region, the
percolation threshold is reached (red-dashed area of the graph of Fig. 4)
and the CB nanoparticles created a conductive network, remarkably
enhancing the electrical conductivity. Higher CB contents (i.e., 15 %wt
and 20 %wt) strongly affected the curing process of the layers, thus

p—
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worsening their mechanical properties (i.e., stretchability and
flexibilities).

For these reasons, the macroscale shell electrodes of the sensor were
manufactured by adding a CB content equal to 10 %wt. The pre-cured
semiconductive mixture was deposited on a Teflon support, and before
curing, the metalized edge of the nanofibrous mat was deposited on the
uncured electrode. A further CB-based layer was deposited on it to create
a sandwich-like structure for the electrical contact with the metalized
part of the shell of the nanofibers. The gel-like consistency of the
conductive polymeric matrix before the curing process allows an
optimal embedding of the nanofibers and ensures electrical contact with
the metalized shell of the nanofiber.

The same process was repeated for the other 90° oriented shell
electrode, as shown in Fig. 5c. The curing process was performed at
50 °C for 2 h. Signal cables were added during the curing process.

2.3.3. Integration in a soft matrix

The central portion surface of the piezoelectric sensor was made by
embedding the nanofibers in the same embedding medium described in
Section 2.3.2, without the CB nanoparticles. Therefore, the polymeric
mixture - composed of epoxy resin (55%wt), polyurethane (24%wt), and
curing agent (21%wt) - was poured on the nanofibrous layer and cured
for 2 h at 50 °C (Fig. 5d).

The choice of the same polymeric mixture both for the CB-based
electrodes and for the embedding medium was made to achieve a
good adhesion at the interface. Metallic electrodes such as copper wires
or aluminum foils would limit the flexibility of the sensor as a conse-
quence of their limited maximum strain before the break.

2.3.4. Core electrodes

The electric charges accumulated in the inner surface of the shell of
the nanofibers flow through the conductive PEDOT:PSS-based core,
which works as a nanometric electrode. At the macroscopic scale, the
core of the nanofibers is electrically connected to CB-based electrodes,
which are stacked at the edges of the sensor surface. Their composition is
the same as used for the shell electrodes, as described in Section 2.3.2.
Before their deposition, each non-metalized side of the sensor was
broken in a nitrogen bath in order to have a smooth and clear cross-
section area (Fig. 5e). Thus, the whole cross-section areas of the core
of the nanofibers were exposed, and the CB-based solution was depos-
ited on them to create the electrical contact (Fig. 5f). The curing process

Shell
electrodes

M CBpased electrodes

—; N —  Core-shell nanofib
_ “ ore-sheli nanornbers
=

-

Metallized nanofibers
Epoxy resin + PU blend
e Signal cables

~--.>.] Core
.--=""| electrodes

= Signal cables

:.\,
-

Fig. 5. (a) Aligned core-shell nanofibers; (b) partial metallization of the nanofibers; (c) CB-based electrodes for shell signal; (d) integration in soft hosting matrix; (e)
fragile cut in nitrogen bath for the core exposing; (f) CB based electrodes for core signal; (g) final sensor.
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was then carried out for 2 h at 50 °C, and signal cables were added.

As proof of concept, in this work, three core electrodes were designed
for each side of the sensor, but higher precision in tactile sensing can be
achieved by increasing their number.

2.4. Characterization techniques

2.4.1. Viscosity analyses

The viscosity of each polymeric solution was measured by means of
an Anton Paar rheometer. The polymeric solution was placed on a
horizontal plate, and a rotating cone was placed into it. The angle be-
tween the surface of the cone and the horizontal plate was equal to 1°.
The cone worked at growing rotating speeds, thus making the liquid
move. The viscosity was then measured for different velocity values. In
particular, the viscosity value considered for this study corresponds to
the velocity of the polymeric solutions when they flow out from the
needle during the electrospinning process.

2.4.2. Nanofibers characterization

The crystallinity and the morphology of the core-shell nanofibers
mats were characterized using a variety of methods. The morphology of
the electrospun fibers was analyzed through a Phenom Pro X Scanning
Electron Microscope (SEM). The SEM images from above the nano-
fibrous mats are used to monitor any discontinuities along the fiber axis
or bead formations, and to measure the average diameter. The cross-
section views of the nanofibrous layers are used to estimate the coax-
ial shape of the nanofibers in the observed point, and to measure the
thickness of the shell. In this case, the nanofibrous layers were previ-
ously cut in a nitrogen bath to have a fragile break of the fibers, thus
leading to a smooth cross-section. Afterward, the mats were soaked for
30 min in a distilled water bath to dissolve the PEDOT:PSS-based core. In
this way, the hollow fibers visible in the SEM images represent the
previous core-shell nanofibers. Furthermore, the morphology of the
produced nanofibers was observed by means of a Transmission Electron
Microscope Philips TEM CM 100 at an electron accelerating voltage of
80 kV. The TEM micrograph analyses were performed with the aim to
investigate at high spatial resolution the coaxial shape of the nanofiber
along its length. In the TEM images (Section 3.2), the dark portion of the
nanofibers corresponds to the conductive polymer (PEDOT:PSS-based
core), whereas the light grey one refers to the piezoelectric shell of P
(VDF-TrFE).

To investigate the fraction of the f§ phase, the one responsible for the
piezoelectric behavior, the characteristic absorption bands the Infrared
Spectra were performed by using a Fourier transform infrared spec-
trometer (FTIR, PerkinElmer UATR Two) in the range between 600 and
1600 cm™! range. Moreover, the crystallinity X-ray diffraction (XRD)
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measurements were carried out using an X’PERT pro Instrument, with
detector 1-D PIXcell using Cu radiation 1.54 A. For comparison, FTIR
and XRD tests were also performed on a P(VDF-TrFE) (75/25%mol, My,
= 410 kDa) nanofibrous mat, appositely manufactured via
electrospinning.

2.4.3. Electromechanical characterization

The electromechanical tests were performed on the piezoelectric
sensor to verify its capability to recognize the position of a mechanical
impact on its surface. As shown in Fig. 6, the nanofibrous piezoelectric
sensor was fixed on a support placed over a 300 N capacity load cell
(Model 1042, Single point load cells, Tedea-Huntleigh). The slider initial
position of a linear motor (LinMot) was fixed such in a height that the
amplitude of the impact force on the piezoelectric sensor was equal to
100 N. The indenter has a diameter equal to 1 cm. The impact position
on the surface of the sensor was varied in all the nine sensitive pixels of
the 3x3 matrix and the output piezoelectric signals of the shell and core
electrodes were simultaneously acquired by means of a digital oscillo-
scope (Tektronix DPO 5034). The comparison between the magnitude of
the output voltages gives an estimate of the impacted position. To
monitor eventual contribution of the triboelectric effect on the piezo-
electric output voltage, the electromechanical tests have been repeated
on an additional composite laminate (named as virgin laminate), which
was fabricated with the same procedure described in Section 2.3, but
with no nanofibers interleaved (Section S3 of Supplemetary Materials).

3. Results and discussion

The viscosity values of the polymeric solutions used for the core and
for the shell of the nanofibers are reported in Section 3.1, and their
impact on the morphology of the coaxial nanofibers obtained via elec-
trospinning is evaluated through micrograph analyses of Section 3.2.
Finally, in Section 3.3 the impact localization capability of the sensor is
reported.

3.1. Polymeric solutions viscosity

The shell solutions’ viscosities are reported in Fig. 7a, and the core
solutions ones are reported in Fig. 7b both for the PEDOT:PSS dissolved
in water at 3-4% and for PEDOT:PSS dissolved in water at 5 %. The
higher the concentration of P(VDF-TrFE), the higher the viscosity of the
shell solutions, whose maximum value is for the S6 solution (0.9 Pa*s).
Considering the core polymeric solutions, the carrier polymer PVP
strongly affects the viscosity values even for low variations (i.e., from
0.27 Pa*s of solution C10 to 2.2 Pa*s of solution C8).

Fig. 6. Linear motor impacting the sensor in three different sensing positions.
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Fig. 7. Viscosity values of the a) shell solutions based on P(VDF-TrFE) and the b) core solutions based on PEDOT:PSS.

3.2. Micrograph and chemical analyses

The TEM and SEM micrographs of the most representative combi-
nations between the core and the shell solutions are reported in this
section and correlated with the viscosity measurements reported in the
previous section. Each row of the panel corresponds to a specific com-
bination of core and shell polymeric solutions, together with the
respective viscosity values. The first column of the panel of Fig. 8 reports
the SEM images of the nanofibers from the top view, whose average
diameters @, and standard deviation were measured on 100 fibers by
using the software ImageJ. The hollow fibers can be seen in the SEM
cross-sections of the second column, and the shell thickness tg was
measured on the fibers directly facing the cut plane. Finally, in the TEM
images of the third column of the panel the coaxial morphology of the
nanofibers can be observed, and tg was also measured. It is worth
highlighting that in TEM images, the black portions of the images
correspond to conductive material (in this case, PEDOT:PSS), whereas
the light grey portions of the nanofibers correspond to P(VDF-TrFE).

The first row of the panel (Fig. 8a) refers to the S1 and C1 combi-
nation, with a viscosity value equal to 0.11 Pa*s and 0.25 Pa*s,
respectively. The top view SEM image of the nanofibrous layer presents
nanofibers with coarse and not regular surfaces, resulting in a high
standard deviation value of their average diameter (@, = 915 + 488
nm). The very low viscosity of the shell polymeric solution resulted in a
leakage of the core outside of the shell, thus deforming the nanofibers
into split emptied entanglements. The compromised coaxial shape can
also be observed both in the cross-section SEM image, where most of the
fibers appear flat and crumpled, and in the TEM image (third column of
Fig. 8a), where the light grey (P(VDF-TrFE)) and the dark (PEDOT:PSS)
portions are not coaxially arranged. In this case, the measurement of ty,
was not applicabile (N/A). The C4/S2 combination is observable in
Fig. 8b. The coaxial morphology of this combination is not achieved as
the core solution presents a very high viscosity value (1.01 Pa*s) with
respect to the shell one (0.25 Pa*s). This aspect leads to the formation of
enlargements of the fibers (top view and cross-section SEM images) in a
way that the core fills up the totality of the fiber diameter (TEM image).
Moreover, very few hollow fibers are visible in the SEM image of the
cross-section of the nanofibrous layer of Fig. 8b. As consequence, g, was
not measurable and @, is very irregular. The third combination of the
panel (Fig. 8c) presents a reversal of trend, as the viscosity of the shell
solution S4 (0.56 Pa*s) is higher than the viscosity of the core solution
C2 (0.29 Pa*s). In this case, smooth and beads-free nanofibers are visible
in the SEM images of Fig. 8c, and the core leakage outside of the shell is
not visible, as the viscosity of the shell solution S4 is considerably
increased with respect to S1 and S2. The core is well confined inside the
shell (TEM image), and a remarkable amount of hollow fibers is
observable in the SEM cross-section view of Fig. 8c. However, high
values of standard deviation are present both for @,¢ and ty,, and the
latter considerably differs if calculated in the SEM cross-section view or
in the TEM image. Fig. 8d and e report the images of S4/C7 and S4/C10

combinations, respectively. The core solutions present very similar vis-
cosity values (C7 = 0.3 Pa*s and C10 = 0.27 Pa*s). However, they differ
in composition, as the C10 polymeric solution was made by adding 4%
wt of PVP, and in the core solution C7 the PVP is absent. Similarly to
Fig. 8c, no split fibers are present, and a remarkable amount of hollow
fibers is visible in the SEM cross-section views of Fig. 8d and e. More-
over, the TEM images confirm the optimal coaxial shapes obtained with
those viscosity values, as the cores are well-confined within the piezo-
electric shells, both for the S4/C7 and S4/C10 combinations. In partic-
ular, the S4/C10 combination led to the production of nanofibers with
@ps = 659 £ 90 nm, presenting the lowest standard deviation value
among all the tests performed. Similarly, in the SEM cross-section view
the measured shell thickness (t5 = 241 + 31 nm) has the lowest stan-
dard deviation value, and it is consistent with the tg; measured in the
TEM image. Consequently, for the self-sensing laminate manufactured in
this work, the combination of core-shell polymeric solutions used for
electrospinning was S4/C10 (High-Voltage applied to the needle equal
to 14 kV and needle-ground distance equal to 12 cm). The FTIR and XRD
analyses were performed on the core-shell nanofibers obtained via co-
axial electrospinning with S4 and C10 polymeric solutions, as reported
in Section S1 of Supplemetary Materials. Figure S1 shows an overlay of
the IR spectra of the as-spun sample based on P(VDF-TrFE)/PEDOT:PSS
core-shell nanofibers and the one with P(VDF-TrFE) nanofibers. Ac-
cording to literature, the peaks at 846, 1083, 1285 and 1431 cm ! are
the one related to the p phase [41-43], while the peak at 1123 em s
related to the TrFE content [42]. The crystalline phase of the two
nanofibrous mats is visible in the XRD patterns of Fig. S2. A prominent
peak at 20 = 19.8° is visible, which is typically assigned to the p-crystal
phase of P(VDF-TrFE). In the case of core-shell nanofibers (blue line),
the shoulder centered around 17° is associated to the amorphous phase
of PEDOT:PSS [44].

3.3. Electromechanical response

The piezoelectric core-shell nanofiber-based sensor was electrome-
chanically characterized as described in section 2.4.3. The edges of the
sensor equipped with the three core electrodes provide a surface with
nine sensitive pixels. The indenter impact position was varied to me-
chanically stress all the pixels on the sensor’s surface, and the piezo-
electric signal was simultaneously acquired for each electrode.

As the indenter impacts one of the nine available positions with a
force of 100 N, the three signal amplitudes of the electrodes stacked on
each side of the sensor are compared. The output signals with the highest
amplitudes provide the coordinates to recognize the position of the
sensor surface where the impact occurred. Each core electrode was
labeled (i.e., electrodes A, B and C for one side and electrodes D, E and F
for the other side), and each pixel was numbered as shown in Fig. 9. For
instance, Fig. 9 reports the output piezoelectric signals measured for an
impact occurring on the pixel in the center of the sensor (red circle, Pixel
5). The signal amplitude AVg, which refers to the central pixel, exceeds
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the other piezoelectric signal amplitudes of the corresponding belonging
side. Similarly, AVf is higher than AVp and AVg. As a consequence, it
can be assumed that the mechanical impact occurred in the intersection
between the row of electrode_B and the column of electrode_E, i.e., the
central pixel of the sensor surface.

Similarly, the mechanical impacts were performed on the nine

sensing positions of the sensor. For each impacted pixel, Fig. 10 reports
the piezoelectric signal amplitudes (calculated as the peak-to-peak
value) as the average value of the three repetition, along with the cor-
responding standard deviation. The dashed circles on the surface of the
sensor represent the nine sensing pixels, and the red one indicates the
position of the mechanical impact. The position of the impact is obtained
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Fig. 9. Output voltages of the electrodes in the case of an impact in the center of the sensor.
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Fig. 10. Piezolectric output voltages of each electrode measured for nine different impact positions.

by comparing the output voltages measured on the electrodes at the
edges of the sensor, i.e., the signals AV,, AVg, AV, and the edge with
electrodes AVp, AVg, AVg. Crossing the row and the column with the
highest amplitudes makes it possible to identify the sensing pixel where
the impact occurred. The piezoelectric output voltages values are also
reported in Table S1 (see Supplementary Materials) for the nine impact
positions and the highest piezoelectric output is boldly highlighted for
each electrode row. The electric signals of each electrode are reported as

the average of the three repetitions performed on each pixel, together
with the corresponding standard deviation, as reported in Section S2 of
Supplementary Materials. Overall, the positions of the impacts were
correctly identified for all nine positions. The highest output voltages
were always measured on the electrodes referring to the mechanically
stressed pixel, thus validating such an impact localization technique.
Nevertheless, variations in the amplitude of voltage outputs are evident
across different impacted positions and two primary factors contributing
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to this phenomenon can be discerned. Firstly, the non-uniform distri-
bution of nanofibers on the sensor surface may result in areas of
heightened sensitivity as well as less responsive regions. Additionally, an
uniformly sensitive area of the sensor is the result of an ideal coaxial
configuration of each nanofiber. It is reasonable to assume that the core-
shell structure of individual nanofibers may undergo alterations along
their length, thereby influencing their piezoelectric response. It is worth
highlighting that the proposed composite material presents a piezo-
electric response even without a poling process following the electro-
spinning, likely attributable to two main factors. First, the high electric
field used during the electrospinning process induces itself a dipole
orientation when the fluid jet comes out from the needle and deposits as
nanofibers in the ground collector [45-48]. Moreover, as previously
demonstrated in literature, the presence of the conductive PEDOT:PSS
core possessing free charges helps the randomly oriented dipoles in the
piezoelectric P(VDF-TrFE) shell to align [49].

Furthermore, the absence of any triboelectric contributions was
demonstrated by performing the electromechanical tests on the virgin
laminate, in which no signals were acquired during the impact events
(Section S3 of Supplementary Materials). The embedding of the nano-
fibers within the epoxy matrix prevents the friction between the two

Composites Part B 280 (2024) 111494

phases, and no triboelectric charges were measured during the impact
between the impactor and the surface of the laminate.

Starting from the piezoelectric signals measured for each electrode, it
is possible to map the surface of the self-sensing laminate in terms of
sensing capability, with the aim to associate each pixel with its sensi-
tivity value. A Pixel Sensitivity Index (PSI) has been introduced as the
ratio between the sum of the two signals of the electrodes which
geometrically intersect each pixel (AV; and AV;) and the applied force
(mV/N), when the pixel itself is mechanically compressed by the
indenter. The PSI provides an immediate overview of the sensing surface
and could be exploited in the signal conditioning algotithms. When a
mechanical impact occurs on a pixel of the laminate surface, for that
specific the PSI is defined as follows:

(AV/+aV) + /o + 0}

PSI = F

@

where the subscripts j and k indicate the electrodes on the two edges of
the laminate, and ¢ is the corresponding standard deviation. In partic-
ular, the index j refers to AV,, AVg, and AV, while the index k refers to
AVp, AVg, and AVf. In Fig. 11, the PSI are reported for each impacted
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Fig. 11. Sensitivity of each pixel of the composite laminate, represented for each impact position.
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position, together with the sensitivities of the not-impacted pixels,
which are still defined according to Equation (1). This operation allows
for a visual assessment of the sensitivity of each region of the laminate,
and could be employed for immediate tactile recognition in real sensing
applications. The green areas on the bar graphs in Fig. 11 replicate the
square geometry of the sensor, while the red circles indicate the posi-
tions of the mechanical impact. The impacted positions are accurately
identified by the bars with the highest amplitude (highlighted in red).
This representation offers a straightforward overview of the sensitivity
distribution across the entire laminate area. When the impact occurs, the
two piezoelectric signals associated to the impacted pixel are generated
as the result of the compressive force on the piezoelectric phase, and are
used to define the corresponding PSI. Conversely, the sensitivities
associated to the surrounding not-impacted-pixels are caused by vibra-
tions and elastic waves propagation in the composite matrix. Addition-
ally, inadequate alignment of nanofibers may result in transversal
disposition, causing mismatch effects and amplifying the piezoelectric
signals in non-impacted pixels. These secondary effects collectively
diminish the disparity between the PSI (pertaining to the impacted
pixel) and the piezoelectric response in regions of the laminate unaf-
fected by mechanical compression from the indenter. As observable
from the graphs of Fig. 10, the piezoelectric signals corresponding to the
not-impacted pixels are not negligligle, and their conversion in the
graphs of Fig. 11 results in bars which are still comparable with the
signal amplitude of the PSI (red bar). However, due to the proper tuning
of the coaxial electrospinning and the high alignment grade of the
nanofibers interleaved in the composite, in this work the effect of the
compression action is preponderant with respect to the other effects. The
worst case scenario occurs for the impact on Pixel 1, where the second
highest piezoelectric signal is 19.6 % lower than the PSI (7.7 mV/N), and
a successful localization was achieved. The average PSI of the impacted
piezoelectric pixels (highlighted in red bars) is 7.10 mV/N, with a
standard deviation of 0.99 mV/N (13.9 %). In particular, Pixel 5 exhibits
the highest PSI (9.04 mV/N), while the lowest PSI is equal to 5.58 mV/N
for Pixel 6. According to the experimental findings of this study, this
standard deviation value is sufficient for a precise localization and the
PSI can define the position of the impact with optimal precision. As
aforementioned, the coaxial geometry of each nanofiber plays a crucial
role in the sensing mechanism, and achieving lower standard deviation
values would result from finer control over the core-shell morphology
and the distribution of nanofibers across the sensitive surface of the
laminate. Moreover, thanks to the nanometric scale of the of the coaxial
fibers, the implementation of sub-micrometric core electrodes stacked
on the edges of the laminate would lead to a extremely finer localization
capability, with a larger amount of sensitive micro-pixels mapping the
composite laminate surface.

4. Conclusions

The composite material proposed in this work embeds piezoelectric
core-shell nanofibers (shell of P(VDE-TrFE) and core of PEDOT:PSS),
which are exploited for a novel impact localization technique. The
sensor comprises a first layer of aligned nanofibers embedded in an
epoxy matrix. The second layer is stacked so that its nanofibers are
perpendicular to those of the first.

Such a matrix-like disposition generates a pattern of piezoelectric
pixels at the intersection of the aligned nanofibers, which are respon-
sible for the detection of an impact on the sensor surface.

By impacting a specific portion of the sensor surface, the amplitude
of the measured output voltage corresponding to the impacted pixel was
higher than the non-impacted ones. Indeed, the mechanical stress
transferred to the piezoelectric nanofibers led to a higher charge gen-
eration in that specific region compared to the not-mechanical stressed
pixels. In this way, it was possible to localize the impact position by
comparing the amplitudes of the output voltages and knowing to which
pixel they correspond. A crucial role in the operation of the sensor is
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given by the core-shell morphology of the nanofibers, which has been
expressly tailored as a result of a deep investigation of the interaction
between the two coaxially-disposed fluids.

It is noteworthy that the nanofibers do not negatively impact the
mechanical performances of the hosting material, and they can be easily
integrated into various kinds of polymeric matrices, i.e., silicon-based
polymers, to develop flexible structures. This approach can be used to
create a sensing network for highly precise mechanical stimuli recog-
nition, and it can be exploited in robotic or biomedical applications.
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