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ARTICLE INFO ABSTRACT

Keywords: This work proposes the use of solvents in the form of small size droplets to improve the connections among
Electrospinning nanofibers (NFs) in electrospun composite nanofibers with carbon nanotube multiwalled (MWCNT) by
Nanofibers

improving the electrical and piezoresistive behavior of such electrically conductive polymer composites. The
here proposed Aerosol Mediated Localized Dissolution (AMLD) process has been shown to be effective in
improving the 3D microporous NF mat by inducing local dissolution that is effective in improving the connec-
tions among fibers within the mat. The AMLD process is demonstrated here for polyethylene oxide (PEO) /
MWCNTs composite nanofibers, showing that the electrical conductivity is particularly improved in those
samples with low content of MWCNTs, even below the original percolation threshold. The improved electrical
conductivity is coupled with exceptional sensitivity of the flex sensor for low MWCNTSs contents, this is partic-
ularly due to the ability of the AMLD process to preserve the high surface area of the 3D mat by inducing better
fiber-to-fiber contacts in few regions only. In addition, this work demonstrates the effectiveness of applying an
electrical potential difference during the AMLD process to improve the alignment of MWCNTSs within the 3D
microporous NF mat. The combination of voltage and AMLD allow to obtain a gauge factor as high as 571.9 with
a MWCNTs loading of 1 wt%.

Wearable sensors
Inter-fibers melting
Piezoresistive nanocomposites

1. Introduction

In recent decades, electrically conductive polymer composites
(ECPCs) have received much attention from the scientific and engi-
neering communities for their ability to fuse mechanical and electrical
properties into unique piezoresistive behaviors [1]. In ECPCs, electri-
cally conductive fillers are added to a nonconductive polymer matrix: if
the filler content exceeds a threshold value, a conductive network is
formed throughout the insulating polymer matrix. The level of electrical
conductivity of ECPCs is strictly related not only to the concentration of
the filler, but also to its shape and size, with a significant improvement
of the final behavior when nanostructured fillers are used [2]. Nano-
structured materials, as carbon nanotubes, carbon and metallic nano-
particles, and 2D materials have been successfully introduced
minimizing the required filler concentration and improving the final
behavior of the materials [3-6], thus achieving ECPCs with higher
sensitivity with respect to piezoresistive materials with traditional
fillers.

Improvements on ECPCs have contributed significantly to the
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development of new classes of flexible and stretchable strain and pres-
sure sensors useful for exciting applications in health monitoring,
human motion detection, augmented reality, electronic skins [7,8].

Further improvements of piezoresistive sensors have been possible
by transforming flexible continuous sensing films into 3D microporous
structures that can improve the pressure sensing performance of the
device. The design and fabrication of flexible 3D microporous materials
offers a unique opportunity to increase the surface area of the material,
increasing the likelihood of changing electrical pathways when pressure
is applied to the sensing material [9-19]. Among the possible ap-
proaches to produce 3D microporous structure, electrospinning is one of
the most attractive methods to couple effective polymer matrix nano-
structuring with traditional strategies to design exceptional ECPCs. In
fact, with respect to traditional ECPSs nanocomposites characterized by
a continuous matrix, electrospinning enables to design lightweight and
flexible nanofiber mats from polymer solutions with dispersed inorganic
nanofillers such as carbon nanotubes [20-24].

Electrospinning is an electrohydrodynamic process whose working
principle is based on the ability of strong repulsive electrical forces to
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overcome the surface tension in a charged polymeric jet [25]. The
resulting polymeric nanofibers are collected into porous mats charac-
terized by high surface area to volume ratio [26-29]. This technology is
extremely versatile as it allows polymeric solutions of natural and syn-
thetic polymers to be processed and polymer mats to be converted into
metal oxides, ceramics, metals, and composite nanomaterials [30-34].

The porosity characterizing the nanofiber mats is critical for the most
part of applications [35,36]. Unfortunately, porosity is usually associ-
ated to an open structure with a low degree of connection among
nanofibers, and this can significantly limit the properties of the resulting
mats, particularly by reducing both in-plane and out-of-plane transport
and conduction phenomena [37,38]. In electrochemistry and water
filtration, electrospun nanofiber mats are usually treated by thermal
and/or solvent-assisted processes, usually combined with mechanical
compression, to increase the degree of connection among nanofibers
[37-39]. With these approaches, the improvement in transport proper-
ties is unfortunately combined with a decrease of the overall internal
porosity of the nanofiber mats. The reduction of porosity is inherently
associated with compression-based processes for forming inter-fiber
junctions and may limit the applicability of the obtained materials in
other fields, as it may worsen the mechanical behavior of the mats. In
cell culture technology, the problem can be overcome by
post-compression treatments to create new pores in the proper size
range [40,41]. More recently, a thermal bonding procedure that does
not require the application of pressure has been shown to be effective in
enhancing inter-fibers bonds [42]. However, even without the applica-
tion of pressure, heat treatments at temperatures in the range between
the glass transition and the melting temperature significantly compro-
mise the porosity of the starting mats.

A proper balance between large surface area and large number of
fiber-to-fiber connections plays a key role in determining the final
properties of nanofiber mats, in terms of large surface area and electrical
conductivity, necessary to design exceptional piezoresistive properties
for wearable sensors [7]. Indeed, considering composite nanofibers
made of skin-compatible polymers and multiwall carbon nanotubes as
the electrically conducting nanofiller [3], the fabrication of a
three-dimensional mat with excellent behavior requires large surface
area associated with open pores to improve mechanical properties in
terms of compressibility, elasticity, and flexibility, and large number of
fiber-to-fiber connections to ensure rapid electrical transduction [43].

This work proposes the use of solvents in the form of small size
droplets to induce local enhancement of fiber-to-fiber connections while
preserving the original porosity of the electrospun material in the re-
gions not reached by the droplets. Among the various approaches
available to atomize solvents, we chose ultrasonic aerosol in this work.
The resulting process, called Aerosol Mediated Localized Dissolution
(AMLD), aims to achieve control over the morphology of the 3D nano-
fibrous materials by inducing a hybrid structure in the treated mat, in
which a small number of modified regions form in a predominantly
unmodified 3D microporous mat. In this work, composite nanofibers of
polyethylene oxide (PEO) and multi-walled carbon nanotubes
(MWCNTSs) were chosen as a model material for two main reasons: i)
their electrical behavior is based on a percolation process [44] and is
therefore particularly sensitive to the arrangement of the nanofibers in
the mat; ii) the high skin compatibility of PEO, which makes this poly-
mer an ideal choice for wearable applications [45,46]. In this scenario,
composite nanofibers based on PEO and MWCNTs can be very repre-
sentative to demonstrate the potential of the AMLD process for highly
sensitive flexible sensors.

In the present work, the central role of AMLD in improving the
electrical and piezoresistive behavior of the 3D microporous NF hybrid
mat is first demonstrated in terms of the enhanced electrical conduc-
tivity of the PEO/MWCNTs composite nanofibers. The electrical con-
ductivity is particularly improved in samples with low MWCNT content,
even below the original percolation threshold, and this is particularly
related to the improved percolation pathway achieved by increasing the
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number of fiber-to-fiber connections. The improvement in electrical
conductivity is accompanied by an extraordinary sensitivity of the flex
sensor for low MWCNTSs contents, mainly due to the ability of the AMLD
process to preserve the high surface area of the 3D mat, inducing an
improvement of the fiber-to-fiber contacts only in certain regions.
Moreover, this work demonstrates the effectiveness of applying an
electrical potential difference during the AMLD process. The combina-
tion of voltage and local dissolution allows exploiting the mobility of
MWCNTs into the dissolving regions [47,48], achieving further
improvement of the electrical conductivity by rearranging MWCNTs.

2. Materials and methods
2.1. Synthesis of polymeric composite nanofibers

Water-based solutions were prepared by adding 5 wt% PEO with an
average molecular weight of 1000 kDa (purchased from Sigma Aldrich).
The solutions were then aged overnight under continuous stirring at
room temperature. Composite conductive nanofibers were obtained by
adding MWCNTs to the PEO solutions. The complete process flow is the
same as that reported by Massaglia et al. [44].

MWCNTs (NC3100 by Nanocyl) with purity ~95% and 1.5 pm long,
were dispersed by ultrasonic bath (2000U Digital Sonifier by Branson) in
solutions of DI water and sodium polystyrene sulfonate (Na-PSS, Sigma
Aldrich), with a Na-PSS to MWCNTs molar ratio equal to 1. Weight
percentages of functionalized MWCNTs were used, ranging from 1 to 7
wt%. The final electrospinning solutions were obtained by mixing the
two water-based solutions, the one containing PEO and the one with
MWCNTs, and aged un-der continuous stirring overnight at room
temperature.

The polymeric solution was appropriately loaded into a syringe for
the electrospinning process. A NANON 01A equipment by MECC was
used, allowing the selection of flow rates in the range (0.1 - 99.9) ml/hr
and fixing the operating voltage in the range from 0.5 kV to 30 kV.
Disposable plastic syringes with a volume of 6 ml, connected to a 27
Gauge x 15 mm needle, were used. Aluminum foils were used as refer-
ence substrates during process optimization, and glass slides were used
for electrical characterizations to collect the nanofibers. In agreement
with the results obtained from our previous work, [44] we selected PEO
with a higher molecular weight with the main objective to obtain a
denser nanofiber netting, which played a pivotal role to enhance the
electrical conductivity of the final composite nanofibers.

Aerosol treatment was carried out with a Clenny A Family system, by
Chiesi. Also, in the present work, given the high solubility of PEO in
water, the solvent atomized by AMLD process is deionized water.

2.2. Nanofibers characterizations

Field Effect Scanning Electron Microscopy (FESEM) by Zeiss Merlin
was used to deeply analyse the morphology of the nonwoven mats.

Glass slides were used as substrates to fabricate the samples for
electrical characterizations. Hard-masks, made of poly(methyl)methac-
rylate PMMA were fabricated by column CNC milling machine and, by
placing them on the glass slides, were used both to prepare the elec-
trodes and to pattern the nanofibers mats for the electrical character-
izations. Nanofiber strips, having a length of 2 cm and a width of 2 mm,
were prepared with hard-mask.

A Tencor P-10 Surface Profiler was used to evaluate the thickness of
the nanofiber strips, and FESEM analysis on the samples analysed in
cross section helped confirm the values. Four Au electrodes were ob-
tained on each nanofiber strip by sputtering with a current of 50 mA for
120 s (Q150T ES by Quorum Technologies) in presence of a hard-mask.
Platinum films 100 nm thick, 1 mm wide and 5 mm long were
fabricated.

Four-point electrical measurements were made by applying different
volt-ages (V) and measuring the resulting currents (I) flowing through
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Fig. 1. Sketch of the AMLD process. It is made of two steps: in a) the first one
corresponds to a standard nanofibers mat deposition by electrospinning; in b)
the second step is shown: it is based on the exposure of the as-electrospun to
solvents drops obtained by aerosol atomization.

the sample by means of a Keithley 2635A Source measure unit.

2.3. Fabrication of the sensors and their characterization

PDMS sheets (Sylgard 184 by Dow Corning) were prepared as the
flexible substrates for the sensors, using a 10:1 weight ratio of PDMS to
crosslinking agent. The crosslinking step was performed at 75°C for 3 h
in oven. The molds were made of PMMA by CNC milling machine in such
a way to obtain PDMS substrates 5 cm long, 3 cm wide and 2 mm thick.
Electrodes were fabricated on the substrates using a composite flexible
material obtained by mixing PDMS (standard 10:1 ratio) with 10 wt%
MWCNT. [49] The PDMS/MWCNTs mixture was spread on the flexible
substrate to create 2 electrodes for electrical characterizations at a dis-
tance of 2 cm and cured at 150°C for 1h.

Microporous mats of composite nanofibers were deposited directly
onto the flexible PDMS substrates using a rigid PMMA hard mask
fabricated with a CNC milling machine to obtain 1.75-cm-wide sensing
strips. The parameters used for the electrospinning process were the
same described in the previous paragraph.

To simulate the behavior of human body joints, such knees and el-
bows, piezoresistive analysis was performed by inducing deformation of
flex-sensors in bending mode. Samples were mounted on the joint of a
mechanical arm. Positioning was facilitated by the sticky behavior of
PDMS surfaces and enhanced with a side clamp. Alligator clips were
used to contact the PDMS/MWCNTs electrodes, avoiding stress to the
sensitive NFs. Tests were performed changing the bending angle from
15° to 60°, inducing principal compression in the microporous NF mats,
measuring the electrical resistance R of the sensors. The dimensionless
parameter AR/Rg was then calculated as the ratio of the change in the
electrical resistance of the deformed sensor (Ry) to the undeformed one
(Rg) over Rp. The Gauge Factor was obtained through the model
described by Saggio et al. [50].

The sensors were used to monitor the motion of human elbow. To
perform that analysis the sensors were placed on the inside part of the
arm, in correspondence of the elbow. The sensor was blocked using
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Fig. 2. The hybrid structure obtained by AMLD with and without of voltage
application is shown in a) in b) its simplified representation is proposed and in
c) scheme proposed the effect of voltage onto MWCNTs placed into the drop
obtained by aerosol.

electrically insulating and flexible adhesive tape. During the arm
movement, the current through the sensor was measured using a
Keithley 2635A Source Meter.

3. Results and discussion
3.1. AMLD process description and characterization

The AMLD process is based on two steps, as depicted in Fig. 1. The
first step consists of fabricating the nanofibers of interest by solution-
based electrospinning (Fig. 1a)). The electrospinning step is performed
by applying a voltage difference between a needle and a counter elec-
trode on which nanofibers are collected. In this work, PEO/MWCNTSs
composite nanofibers were fabricated starting from an aqueous solution
in which a variable loading of PSS-functionalized MWCNTs, from 1 to 7
wt%, was used. The use of PEO with a high molecular weight of 1000
kDa for the preparation of the composite nanofibers containing
MWCNTs allowed us to obtain nanofiber mats with a dense hierarchical
nanofiber netting structure already described in our previous work
Massaglia et al. [44] In that study it is shown that the number of
nanofiber nets increases with the concentration of MWCNTs and with
the voltage applied during the electrospinning process.

After electrospinning the nanofiber mats were exposed to solvent
droplets obtained by aerosol. The solvent droplets induced the local
dissolution that characterizes the AMLD process (Fig. 1b)). When the
water-based droplets hit the nanofiber mats, they locally induced
dissolution of nanofibers promoting bonds among those NFs placed in
the treated regions only. Importantly, the microporous nanofiber mat
changed its structure only in the dissolved regions, while in the rest of
the mat the nanofibers do not change their morphology, preserving their
as-spun arrangement. This is particularly evident by comparing the
FESEM images proposed in Fig. 1.

The AMLD process induces reorganization of the PEO/MWCNTs
composite nanofibers due to the local dissolution of the polymer matrix
of the nanofibers, as shown by the FESEM image in Fig. 2a). In the un-
modified nanofibers the position of MWCNTs is that which characterizes
the electrospinning process, as discussed in our previous paper from
Massaglia et al. [44]. Indeed, as sketched in Fig. 2b), electrospinning
induces strong alignment of CNTs in the main direction of the NFs. At the
same time, the unmodified regions provide a true 3D microporous NF
mat that can exhibit the best mechanical response to applied stress. Due
to these features, the unmodified regions help to determine the final
high sensitivity of the flex-sensor, while in the dissolved regions the
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Fig. 3. In a) the morphology of PEO/MWCNTSs nanofibers treated by AMLD process is proposed for different times, i.e. 20, 40 or 60 minutes. In b) enlargements of
the treated regions are proposed highlighted in yellow, while the image analysis is highlighted in orange.

polymer matrix loses its nanostructured morphology, transforming into
a denser structure (see Fig. 2a)) in which MWCNTs can easily create new
and effective percolation pathways during the deformation process,
locally improving the electrical conductivity. The overall arrangement
resulting by AMLD processing is a 3D microporous NF hybrid mat.

In addition, since MWCNTs can reorganize into polymer matrices by
application of a potential difference [47,48], we tested the effect of
applying voltage during the AMLD process (V-AMLD), with the aim to
promoting further improvement of the percolation threshold in the
dissolved region, as depicted in Fig. 2¢) [48].

The morphology of PEO/MWCNTSs mats treated by AMLD at different
processing times, i.e., 20, 40 and 60 minutes, was analyzed in detail by
performing FESEM characterizations. The results are reported in Fig. 3,
starting with the general overviews of the samples in Fig. 3a), which
allow us to appreciate how the number of dissolved regions in the
polymeric matrix increases progressively with exposure time, from 20
min to 60 min. Fig. 3b) highlights the regions where the hybrid structure

b)

is visible in the treated mats, alternating among dissolved and unmod-
ified regions. Fig. 3b) allows to appreciate that during the AMLD process
all the treated regions have similar morphologies regardless of pro-
cessing time, what changes is the number of the dissolved regions after
the process. This was demonstrated by processing the FESEM images
with the aim to emphasize the contrast among light (unprocessed) and
dark (dissolved) regions for the different processing times. The results
are highlighted in orange in Fig. 3b): they demonstrate that AMLD is an
effective approach to achieve control over the morphology of the 3D
microporous NF mats transforming them into a controllable hybrid
structure.

The electrical behavior of 3D microporous NFs was then analyzed.
The samples were prepared by electrospinning as described in the pre-
vious section, with weight percentages of functionalized MWCNTs
ranging from 1 to 7 wt%. For each composition, the performance of NF
mats as obtained by electrospinning was compared to that of NFs treated
by AMLD process at the three process times (20, 40 and 60 min). Finally,
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a third group of samples was fabricated and treated with V-AMLD, that given in Eq.1 and Eq.2. The two equations describe the close correlation

is, with a 1 V applied voltage difference. Again, samples were fabricated between the electrical conductivity of the final NF nanocomposite mat
with the different concentrations of MWCNT and using different AMLD and the amount of MWCNTSs above and below the percolation threshold,
treatment times. Based on previous work [44], we analyzed the data respectively:

obtained for electrical characterization using the percolation models
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In the percolation model, p. is the percolation threshold, ¢ is the
electrical conductivity, p is the weight percentage of MWCNTSs and oy,
04,8, t are fit parameters.

The experimental setup used to study the AMLD process is shown in
Fig. 4a), a closed and controlled chamber was used to treat the com-
posite nanofibers with solvent droplets. A voltage generator and a
multimeter were placed near the chamber and connected directly to a
computer. To perform the electrical characterization, samples were
fabricated using glass as the substrate. The overall structure of a sample

is proposed in Fig. 4a), which also shows the Au electrodes sputtered on
the nanofiber strip as electrical contacts.

The fit curves related to models of Eqs. 1 and 2 are proposed in
Fig. 4b) for samples prepared by electrospinning only (blue curve), for
NF mats treated by the AMLD process for 60 minutes (red curve), and for
NF mats processed for 60 minutes plus the voltage difference (pink
curve). The obtained values of the percolation thresholds are marked in
the same figure by dots with the same colour of the corresponding curve.
The electrical characterization of samples processed by ALMD and V-
AMLD for 20 and 40 minutes are reported in the Supporting Information
in Fig. S1 a) and b), respectively.

When AMLD process is applied, the observed percolation threshold is
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1.7 wt% for all the processing times, showing that increasing the dura-
tion of the AMLD treatments have no significant effects of the electrical
behavior of the sensors. Anyway, it is important to stress that with 20
minutes, the obtained value is lower than that obtained for untreated
composite nanofibers, characterized by p. value of 2.1 wt%. Samples
processed by V-AMLD behave differently than those treated by AMLD.
Samples treated for 40 minutes behave better than samples treated for
20 minutes only, with percolation thresholds pc that are equal to 1.5 and
1.1 wt%, respectively. As described in the main manuscript, the mini-
mum p, value of 0.9 wt% is found for samples prepared by 60 minutes
long V-AMLD process.

The resulting hybrid structure in the nanofiber mat after the AMLD is
particularly effective in improving accessibility of MWCNTs the one to
the other, significantly facilitating the creation of a percolation pathway
in the nanocomposite mats and thus increasing the electrical conduc-
tivity. The improvement is particularly high for samples with low
MWCNTs loading. The obtained results make it possible to demonstrate
that the modified regions created by AMLD process inducing the disso-
lution of the nanofibers, is effective to promoting tunneling phenomena
among the MWCNTs in those regions. As a consequence, the percolation
threshold value of the final 3D microporous NF hybrid mat is lower than
that of the unprocessed nanofiber mat. Thus, this result allows us to
demonstrate that the creation of controlled and localized connections
among nanofibers in droplet-size regions is a key strategy to improve the
electrical conductivity in this class of nanocomposites. Finally, it is very
important to point out that the application of an electrical voltage of 1V
during the AMLD process helps to further reduce the value of the
percolation threshold, also increasing the electrical conductivity of
nanofibers nanocomposite for all concentrations of MWCNTs. Indeed,
the arrangement of MWCNTs in these regions obeys the field direction,
so it is expected that the conductive continuous pathway is formed at a
lower percolation threshold.

To better appreciate the characteristics of the AMLD and V-AMLD
processes, Fig. 5 analyzes the effect of these two treatments on the
electrical conductivity of PEO/MWCNTs nanofibers prepared with
MWCNTs concentrations of 0.75 wt%, 1 wt%, 3 wt% and 5 wt%.

The AMLD process is analyzed in Fig. 5a). For untreated samples, the
electrical conductivity of samples with 0.75 wt% and 1 wt% of MWCNTSs
is more than five orders of magnitude lower than that of samples with
1.5 wt% and 3 wt% of filler. Increasing the AMLD processing time the
electrical conductivity of the nanocomposite material exhibits a slight
increase. This is due to fact that the longer the time, the higher the
number of droplets of solvent impinging the mat, and thus the higher the
number of dissolved regions in which accessibility of MWCNTs is
improved. Nevertheless, the improvement is not sufficient to further
reduce the percolation threshold.

The results obtained for the V-AMLD process are reported in Fig. 5b).
In this case, the effect of the external voltage is very effective in inducing
a dramatic improvement of the electrical conductivity even for low
processing time. The observed behavior can be explained by the effec-
tiveness of the voltage difference in promoting the rearrangement of
MWCNTs in locally dissolved areas, forcing them to adapt to the applied
electric field. As explained above, during AMLD, polymeric NFs dissolve
due to the effect of solvent droplets. The dissolution of adjacent NFs
allows the creation of densely packed polymeric regions, and due to the
applied tension the MWCNTs are mobile enough to rearrange them-
selves in the matrix before solvent evaporation, thus further improving
the percolation pathway while increasing the processing time. The
minimum value of the percolation threshold is obtained for a processing
time of 60 minutes.

Thus, the results obtained allow us to confirm that the porosity,
which characterizes nanofiber mats fabricated by electrospinning,
significantly limits the properties of the resulting mats. Porosity is
usually associated with the presence of an open structure between NFs, i.
e., characterized by a low degree of connection among nanofibers. This
work demonstrates that the controllable reduction of porosity, through
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the formation of junctions among the nanofibers, achieved through the
AMLD process, proved to be crucial in ensuring an electrical conduc-
tivity enhancement of PEO/MWCNT composites nanofibers. The right
balance between large surface area and large number of inter-fibers
connections played a key role in defining the final properties of the
3D microporous NF hybrid mats. In addition, due to the local dissolu-
tion, the mobility of MWCNTs in the newly dissolved regions was suf-
ficiently high to achieve further improvement in electrical conductivity
through the application of an electrical potential difference during the
V-AMLD process. The results obtained thus demonstrated the effec-
tiveness of the potential applied during AMLD to achieve a higher
electrical conductivity and a lower percolation threshold value.

Given such promising results obtained in terms of electrical behavior
of the 3D microporous NF hybrid mats, they were integrated into flexible
Sensors.

3.2. Flex sensors with hybrid nanostructured mats by AMLD process

Flex sensors were fabricated with composite PEO/MWCNTSs com-
posite nanofibers deposited directly onto flexible PDMS substrates, with
electrodes made of conductive PDMS/MWCNTs. PDMS was selected
since it offers an optimal combination of skin compatibility, mechanical
flexibility and electrical insulating properties, which are essential for the
design of wearable sensors. The objective of this part of the work is to the
verify the possibility of using the flex sensor to analyze the behavior of
human body joints, such as knees and elbows. To achieve this goal,
samples were mounted on the joint of a mechanical arm as shown in
Fig. 6a), where the sample is also shown. The samples were secured
through to the sticky behavior of PDMS surfaces and further enhanced
with a side clamp; the optimal adherence can be appreciated from the
side view of the setup in Fig. 6b). Piezoresistive analyses were performed
by deforming the flex-sensors in bending mode, causing the nanofiber
mats to deform especially in compression. [46] Different stress values
were applied corresponding to the bending angles of 0°, 15°, 30° and
60°, as shown in Fig. 6b). For each value of the bending angle, the
electrical resistance R of the sensitive hybrid nanostructured mats was
measured. Starting from all results obtained in the previous part of this
work regarding the electrical characterizations of the nanomaterials.
Since nanocomposite materials with a MWCNTSs concentration close to
the percolation threshold are expected to have the best piezoresistive
behavior, [51] we decided to perform the piezoresistive analysis by
comparing the behavior of nanostructured hybrid mats with 1 wt% of
MWCNTs with that of samples with 3 wt% of filler in order to compare
the sensing behavior of samples below and above the percolation
threshold, respectively. The 1 wt% of MWCNTs is close to the percola-
tion also for samples treated by V-AMLD for 20 minutes, so that 20 min
has been selected as the processing time also for the AMLD treatment.
The results of the so performed analyses are described in Fig. 6¢) and in
d), for samples with 3 wt% MWCNTS and with a 1 wt% MWCNTS
loading, respectively. In both figures, the dimensionless parameter |A
R/Rg|was calculated and plotted as a function of the compression angle.
|AR/Ry| is the ratio of the change in the electrical resistance of the
deformed sensor (R;) with respect to the undeformed one (Rg) over Rg.
For each composition, samples with sensitive layer formed by NFs pre-
pared by electrospinning were compared with samples in which the
sensitive nanofibers were also treated with AMLD and with V-AMLD.

All set of data show a linear trend of |AR/Rq| versus the bending
angle, no matter the composition of the sensitive layer in term of
MWCNTSs concentration. Moreover, the samples with sensitive layers
made of untreated electrospun NFs (i.e., as prepared) show no signifi-
cant difference of the values of |AR/Rg| versus the bending angle no
matter the composition.

The behavior observed for samples with 1 and 3 wt% MWCNTs is
completely different when they are processed with the AMLD and V-
AMLD treatments. In particular, Fig. 6d) shows that for samples pre-
pared with 1 wt% of MWCNTs the value of |AR/Ro| for each angle is



M. Quaglio et al.

| elaxe /
) Relaxed ! /
— y —

AN

Applied Materials Today 33 (2023) 101863

Fig. 7. In a) the relaxed sample in sketched. In
b) the same sample is sketched during bending.
A central portion of the sample is made evident
in both a) and b), characterized of two dis-
solved regions connected by an unmodified NF
mat. In c) pictures of the central part are pro-
posed in red color to represent the 3 wt% of
MWCNTs. In d) yellow is used to depict the 1 wt
% loading. In both c) and d) the left side shows
the undeformed central region, while on the
roght the region is prone to deformation.

Bending
Deformation

higher for samples treated by AMLD and V-AMLD, with the best sensi-
tivity for V-AMLD treated samples. This behavior is consistent to the
ability of the newly developed NF microporous 3D hybrid mats to offer
higher changes of the electrical conductivity for large applied stress,
indeed for low filler concentration the application of compressive mode
stresses increases the probability of building new conductive paths along
the direction of the applied stress. [3] V-AMLD treatment improves the
alignment of MWCNTSs within nanocomposite strain sensors; this has
been shown to make the tunnelling resistance more responsive to strain,
with a dramatic increase in sensitivity. [52] The trend is opposite for for
samples at 3 wt%, where AMLD and V-AMLD processes have negative
effects on the piezoresistive behavior of the hybrid nanostructured mats,
as shown in Fig. 6¢). To explain the observed behavior, it is important to
consider that samples with 3 wt% of MWCNTs are well above the
percolation threshold, and thus characterized by a very good electrical
behavior, and AMLD and V-AMLD have no effect on samples, as shown
in Fig. 5. In samples with such high loading the main effect of both
AMLD and V-AMLD is to change the morphology of the samples,
creating microscale dissolved regions in which the polymer is no longer
nanostructured. Such dissolved regions react to the bending stress as a
whole, while nanofibers respond mainly individually and a collective
response arise only because of the entanglements among them. The
morhology of the samples and a sketch of the effect of deformation on
them is proposed in Fig. 7a) and b).

This different mechanical response explains the observed opposite
trend in the piezoresistive behavior of samples above and below the
percolation threshold. Indeed, when samples with high MWCNTs
loading are bended (see Fig. 7c) right side), the deformation of the
dissolved regions induces a more direct contact among MWCNTs,
improving charge transfer. A similar behavior characterizes the un-
modified NF-based regions. Nevertheless, at the interface among dis-
solved and unmodified regions the applied stress is less effective, being
prone to a transition of the material between a nanostructured area and
a sort of bulky state. For high loading of conductive filler this has a
detrimental effect on the tunneling phenomena among dissolved regions
and adjacent unmodified NFs, reducing the electrical conductivity.
When samples with 1 wt% of MWCNTs are tested, the opposite trend is
observed. As shown in Fig. 7 d) the application of stress in this kind of

samples is always very effective in increasing the probability of building
new conductive paths among MWCNTs along the direction of the
applied stress. The improvement occurs in both the two regions and
among them. Morphology has a key role in the mechanism proposed so
far in Fig. 7. Nanostructured hybrid mats with a high concentration of
filler, experience severe damage to the overall conductive pathways of
MWCNTs when they are treated by AMLD. This is due to the transition
among dense and porous (i.e. nanostructured) matrix along the stress
direction. Indeed, the creation of densely packed regions by AMLD en-
hances the destruction effect of applied stress, and the application of
voltage during AMLD promote further changes of the MWCNTs
conductive network that are detrimental for the overall response of the
sensor [3].

Finally, the Gauge Factor (GF) of the flex sensors was analysed. The
calculation is based on the following model [46]:

AR 1 2y

Where Ag is the angular strain expressed in radians and it is associated
with the compression angles shown in Fig. 6b), lio is the length of the
sensitive 3D microporous NF mat, and h is the thickness of the PDMS
substrate. The resulting GF values are shown in Fig. 8a) for both the
samples with 1 wt% MWCNT and 3 wt% MWCNT.

The GF value obtained for flex sensors having NFs prepared by
electrospinning only as the sensitive layer is equal to 296.6 and 322.8 for
samples at 3 wt% MWCNTs and 1 wt% MWCNTSs, respectively. These
results compare very well with the data we obtained in our previous
work [46] and more generally with the literature [53,54]. Interestingly,
the GF value is higher for devices with lower filler content. This funding
is in line with the results proposed by Garcia et al. [55], who demon-
strate a strong dependence of the gauge factor on the filler concentration
in nanocomposite strain sensors. More specifically, the gauge factor
diverges as the volume fraction of filler approaches the percolation
threshold, with a decrease of its value as filler loading increases. For
each composition, GFs of flex sensors with NFs prepared only by elec-
trospinning are compared with the GFs of flexible sensors obtained with
sensitive NFs treated by AMLD and V-AMLD. Similar to what was
observed for the piezoresistive characterization described in Fig. 6, the
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Fig. 8. In a) Gauge Factors of flex sensors with nanostructured mats containing 3 wt% MWCNTSs are compared to GFs of sensors prepared using mats with 1 wt%
MWCNTs. AMLD and V-AMLD processed have been tested on each class of 3D nanocomposite materials. In b) the stability over time is analysed for all the type of

sensors with 1 wt% of MWCNTs and a deformation angle of 30°.

GFs have opposite trends for samples with 3 wt% MWCNTs and 1 wt%
MWCNTSs. For low filler content, both AMLD and V-AMLD contribute
significantly to further improve the sensitivity of the sensor, reaching an
outstanding value of 571.9. The behaviour of samples with 3 wt%
MWCNTs is opposite, with a further decrease in GF of the devices whose
nanostructured sensing layer was treated with AMLD and V-AMLD. The
results to date demonstrate the great potential of AMLD and V-AMLD to
design and fabricate wearable flex sensors with a dramatic reduction in
MWCNTs loading, expanding the application potential of this class of
Sensors.

The stability and reliability of the sensors were analysed by repeating
bending and release cycles. Tests were conducted at a deformation angle
of 30° on the sensors with 1 wt% MWCNTs either directly prepared by
electrospinning or treated by AMLD and V-AMLD processes for 20 min.
During each test, i.e. cycle, the sensor was bended and released for 20
consecutive times. In the supporting information, Fig. S2 shows the
setup used to performed the stability, while Fig. S3 shows the data of

current versus time referring to 4 consecutive repetitions. Starting from
the values of the current as a function of time, the average value of the
|AR/Rg| parameter for each test (i.e., a cycle) of 20 repetitions was
calculated. The values of |AR/Ry| for each cycle are shown in Fig. 8(b).
The results show good stability for sensors from electrospinning and
excellent behaviour for sensors processed with both AMLD and V-AMLD.
A supporting video is available, showing part of a stability cycle. The
points reported in Fig. 8b) were acquired in two separate phases: the first
phase includes the first 18 test cycles and refers to measurements con-
ducted over 3 months; the second phase refers to the last 18 test cycles
conducted on the same sensors after a break of 3 months later and refers
to measurements conducted over 2 months. During the period between
the 2 phases, the sensors were stored in laboratory cabinets. The long-
term tests conducted revealed excellent stability and reliability for the
AMLD and V-AMLD sensors.

Finally, the flexible sensor with 1 wt% MWCNT treated by V-AMLD
process for 20 minutes has been tested in real-time for human body
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Fig. 9. Test on human body for real time elbow monitoring: in a) pictures show the position of arm during the measurements, in b) the real time results in terms of

current change during flexion of the sensor are reported.

activity monitoring. To carry out the test, the sensor was placed on the
inside of the arm, at the elbow, as shown in Fig. 9a). The arm was moved
continuously to cause bending of the sensor, and the corresponding
current changes through sensor was recorded. For each angle value
tested with the mechanical arm, i.e. 15°, 30°, 45°, and 60°, the human
arm was held still to record the peak current value for that angle and
then returned to a horizontal (rest) position. The setup used for real time
tests is described in the supporting information (see Fig. S4) and a
supporting video shows a real time measurement. In Fig. 9b) the current
peaks recorded during real time elbow monitoring are reported and
associated to the corresponding angle. The values obtained are in line
with those observed during the tests conducted with the mechanical
arm.”

4. Conclusions

In the present work, the AMLD process to fabricate a 3D microporous
hybrid NF mat from PEO/MWCNTSs composite nanofibers by electro-
spinning is reported. The nanostructured composite materials have been
shown to exhibit a higher electrical conductivity than NF mat from PEO/
MWCNTs prepared only by electrospinning. The improvement is
particularly high for samples with low MWCNT content, even below the
original percolation threshold, due to the improved percolation pathway
achieved by increasing the connections between. The improved elec-
trical conductivity is accompanied by exceptional sensitivity of the
flexible sensor for low MWCNT contents. This is due in particular to the
ability of the AMLD process to preserve the high surface area of the 3D
mat, inducing improved fiber-to-fibers contacts only in certain regions.
Finally, this work shows that further improvement can be achieved by
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inducing the alignment of MWCNTs during the AMLD process applying a
potential difference. The combination of voltage and local dissolution
allows exploiting the mobility of MWCNTs in the regions that are being
dissolved, resulting in a marked improvement in GF (571.9) for sensors
with a MWCNT loading of only 1 wt%. These results help further expand
the applicability of flexible sensors in wearable and healthcare
applications.
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