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There is a large current need for new and improved approaches to treat chronic diseases such as non-neurogenic
bladder diseases, the solution to prevent urethritis or inflammation of the urethral meatus being to slide a
catheter along the urethra. In order to improve this procedure, it would be advantageous to place sensors in the
catheter, allowing to monitor forces and deformation along the process. This work reports on a new generation of
functional, sustainable piezoresistive sensors for their implementation in catheter medical devices. Composite
films based on polyether block amide with varying contents of multiwalled carbon nanotubes (MWCNTs) as
fillers have been produced with MWCNT contents up to 5 wt%. Further, their morphological, thermal, me-
chanical, electrical and piezoresistive functional response have been evaluated. Composite materials with suit-
able filler dispersion have been obtained, with a maximum electrical conductivity of 9 x 103 S.m™! for the
samples with the highest filler content of 5 wt% of MWCNT, the percolation threshold is between 1 and 2 wt%
MWCNT content. All composites show appropriate piezoresistive behavior, with the gauge factor (GF) ranging
between 0.5 and 1.5. At a maximum deformation of 5 mm, a composite with 3 wt% of MWCNT dip-coated on a
catheter demonstrates an exceptional GF ~ 4.5. Additionally, an electrical system was developed to demonstrate
the suitability of the self-sensing catheter for practical applications, by detecting bending deformations in real
time. This work shows that these sustainable polymer-based nanocomposites can be used in the biomedical
industry due to their excellent piezoresistive characteristics.

1. Introduction

Nowadays, several countries are experiencing a growing rate of aged
population and an unprecedent increase in multimorbidity, which is
leading to strong challenges in the healthcare services provided to
populations [1,2]. Elderly care, stroke rehabilitation, chronic diseases
and physiotherapeutic treatment requires a long-time commitment of
medical and human resources [3,4]. In recent years and in an effort to
address some of these challenges, it has been an increase effort in the
development and application of digital technologies in health care

services [5]. The concept of internet of things (IoT) appears in these
specific topics as a new and needed trend. IoT is a system of interrelated
physical objects (“things™) that are embedded with sensors and software
for the purpose of connecting and exchanging data with other devices
and systems over the internet [6,7]. The acquisition of data is particu-
larly important for the development of this new field, the monitorization
of the heart rate for a post stroke rehabilitation with the use of wearable
sensors being a perfect example of this [8,9]. Numerous applications are
already being implemented in the field of health care not only in health
condition monitoring, but also in rehabilitation assistance for lost limbs
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and prosthetics adaptation [10,11], as well as in the area of peripheral
nerve injuries (PNIs) [12]. Having this in mind, the fabrication and
optimization of sensors is of the most utterly importance and there are a
large variety of different sensors that are required in this specific area of
health monitorization, including pressure, force, pulse oximetry and
temperature sensors, among many others.

In the specific case of personalized health monitoring, piezoresistive
sensors, able to convert a mechanical stimulus to an electrical signal, are
suitable for force, deformation and shape variation monitoring, both
under quasi-static and dynamic conditions, being therefore demanded
for a large variety of applications [13]. Piezoresistive sensors offer a
series of advantages, including simple fabrication methods and working
principle, low energy consumption, high sensing range for a long and
stable period of time, and low cost when compared to other types of
sensors [14,15]. One of the most interesting types of piezoresistive
sensors, are the ones based on polymer composites, composed by a
polymeric matrix and conductive fillers, the latter allowing to tune the
electrical and mechanical characteristics of the polymers and, therefore,
the piezoresistive functional response [16]. Different polymer matrices
have been implemented for polymer based piezoresistive sensor devel-
opment [16,17], the majority deriving from petroleum oil and requiring
hazardous solvents during processing [18]. Thus, more sustainable ap-
proaches are needed in this area to advance in the implementation of
more environmentally friendly technological approaches and solutions.

A possible way to address the latter issues is to replace synthetic
polymers for natural polymers with characteristics including biocom-
patibility, an essential requirement in devices to be placed inside the
human body [19], biodegradability [20], and, in some cases, being
processable with environmental friendly solvents, including water [21].

Different natural polymers such as natural rubber [22], silk fibroin
[23] and cellulose [24] have already being used as polymer matrix in
piezoresistive sensors for different applications. However, this is still a
very recent area of research, and more studies are required addressing
the tailoring of the functional properties of the sensors, their stability
over time and their implementation into proof-of-concept devices.

This work introduces a new type of piezoresistive sensors based on a
sustainable polymer and varying conductive filler content in order to
tune the morphology, electrical and mechanical properties and func-
tional piezoresistive response, allowing to optimize characteristics for
medical device application.

The polymer selected was a thermoplastic elastomer, polyether block
amide (PEBAX), composed of blocks of hard polyamide (PA) and flexible
polyether (PE) and containing 90 % renewable carbon. Thus, this
biocompatible polymer allows a wide range of hardness and flexibility
values, depending on its specific composition, it shows strong cold
impact resistance and is shows an efficient recovery during repeated
flexural cycling [25,26]. The use of this polymers has already been
demonstrated in sports gear, including football shoes and sky boots [27].
PEBAX has been also introduced as a possible alternative for the pro-
duction of medical catheters [28].

Composites with different filler content up to 5 wt% multiwalled
carbon-nanotubes (MWCNT) content have been prepared and the elec-
trical, mechanical and electromechanical properties evaluated. The
optimized material formulations have been printed on a catheter and a
proof of concept is presented to assess the viability of the developed
sensors for biomedical applications.

2. Experimental
2.1. Materials

Polyether block amide (PEBAX, Rnew 72R53 SP 01) with a molecular
weight Mw = 13 000-23 000 g/mol was supplied by Arkema. Multi-
walled carbon nanotubes (MWCNT) with reference NC7000, an average
diameter of 9.5 nm, length of 1.5 pm and carbon purity of 90 %, were
purchased from Nanocyl. Formic acid 98-100 % (FA) solvent was
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obtained from Supelco. All materials were used as purchased.

2.2. Preparation of the composites

The composites were prepared by solvent casting (Fig. 1) with
different percentages of MWCNT: 0, 1, 2, 3, 4 and 5 wt percentage (wt
%). The first point was to disperse in formic acid with the help of an
ultrasound bath for a period of 3 h at a temperature between 25 and
30 °C the corresponding MWCNT content allowing them a suitable
dispersion. After this, the developed polymer was added with its cor-
responding solvent 1 g/6 ml. After that, the solution was magnetically
stirred at 80 °C until the polymer was fully dissolved.

The solutions were then poured in a glass substrate and, with the
help of an extensor with 700 pm space, the solution was spread to obtain
uniform films by doctor blade (Fig. 1). The films were placed in a con-
ventional oven (PSelecta, model no 2000208) at 120 °C for 10 min so
that the solvent evaporates. The composites thickness ranged between
15 pm and 70 pm, depending on the specific filler content.

In the succeeding, the composites will be recognized as yYMWCNT/
PEBAX, y identifying the filler content in the composite.

2.3. Samples characterization

Morphological characterization of the samples was executed by
scanning electron microscopy (SEM) with a Hitachi S-4800 equipment,
allowing also to determine the dispersion of the MWCNT within the
polymer matrix. Surface and cross-section images were obtained at a
magnification of 5 000 x .

Fourier transformed infrared spectroscopy analysis was carried out
in a Jasco FT/IR-4100 equipment in the attenuated total reflectance
(ATR) mode at room temperature. FTIR spectra were collected from 600
to 4000 cm ™!, at scans with resolution of 4 cm™?.

X-Ray Diffraction (XRD) was applied to study the structure of the
composites. A Philips X “Pert, Pro diffractometer was used, along with
Cu Ko radiation, 40 kV of applied voltage, and 40 mA of current.

Raman spectra were recorded with a confocal Raman microscope
(Renishaw, InVia, UK) at ambient temperature with excitation wave-
length of 532 nm.

Thermal properties were evaluated with the help of Differential
Scanning Calorimetry (DSC) from O to 200 °C at a rate of 10 °C/min in a
dry nitrogen atmosphere using a Mettler Toledo 822e set up. TGA was
conducted using a TA instruments Q50 analyzer with a heating rate of
10 °C/min under a nitrogen atmosphere.

Mechanical tests were carried out in a Shimadzu model AG-IS with a
500 N load cell in the tensile mode. To prepare the samples they were
design in rectangular shapes with dimensions 5 x 10 mm and with
thickness from 15 to 70 pm and analyzed at deformation rates of 5 mm/
min. The initial modulus was evaluated from the stress-strain mea-
surements up to 5 % of strain, measured for 3 different samples for every
material.

The electrical resistance (R) in volume mode was obtained after
measuring the current-voltage (I-V) response by applying voltage (V)
steps of 1 V from —10 to + 10 V and measuring the electrical current (i)
with an automated picoammeter/voltage source Keithley 6487. 5 mm
diameter Au parallel contacts were previously deposited on both sides of
the samples with a Polaron SC502 sputter coater. The electrical re-
sistivity (p) and conductivity (c) were calculated using the Eq. 1:

1 d
r=,=Ry W
where, A is the area of the electrodes and d is the sample thickness.

Piezoresistive measurements were also made in the 4-point bending
mode as represented in Fig. 2. The composites were glued to a poly-
propylene polymer flexible substrate with a thickness of 0.5 mm. The
electrodes on the composite were printed with a silver ink (Agar
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Fig. 1. Schematic representation of the procedure to develop the MWCNT/PEBAX nanocomposites: a) weight of the polymer, b) addition of the solvent and the filler
¢) dispersion of the filler content d) mixing the solution with a constant speed, e) doctor blade procedure, f) evaporation of the solvent.
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Fig. 2. Schematic representation of the piezoresistive performance test in 4-
point bending tests.

scientific) with an area of 25 mm x 11 mm of (length x width). The
electromechanical response was evaluated for the 1IMWCNT/PEBAX,
3MWCNT/PEBAX and 5SMWCNT/PEBAX samples from 0.5 to 5 mm of
bending at different deformation speeds (1-5 mm/min).

The piezoresistive sensibility of the composites was evaluated using
the equation:

_ AR/R
e

GF (2)
where AR is the variation of resistance, R is the initial resistance and ¢ is
the applied deformation, that can be obtained using the theory of pure
bending [29] that can be translated in the equation:

L3
"~ 5q2

3)

where d is the thickness of the support and the sample, d = 0.759 mm for
1MWCNT/PEBAX; d= 1.18 for 3SMWCNT/PEBAX and d= 0760 mm for
5MWCNT/PEBAX sample, z is the vertical displacement, up to 5 mm,

and a is the distance between electrodes 25 mm.

2.4. Self-sensing catheter implementation: prototype development

To evaluate the performance of the piezoresistive composites, a
functional self-sensing biomedical device based on a child urinary
catheter- a flexible tube that is used to empty the bladder and collect
urine in a drainage bag- has been developed based on the developed
materials, allowing to monitor the deformation, mimicking a real
application. A commercial catheter (LoFric origo REF 44210) was used
and the natural polymer PEBAX based inks reinforced with 3 wt%
MWCNT was implemented as piezoresistive sensors to determine the
bending movements. Fig. 3 shows the process used to place the
3MWCNT/PEBAX piezoresistive inks on the catheter.

For the dip coating procedure, the catheter was embedded in a goblet
with the prepared ink solution (Fig. 3b). The deposited ink was then
cured at 25 °C for 10 min (PSelecta, 2000208) to remove the solvent.
The temperature used in this step was different form the one previously
used in the composites due to the properties of the material present in
the urinary catheter (polyolefin-based thermoplastic elastomer). For
high temperatures, the flexibility of the urinary catheter will be
compromised.

Further, for signal acquisition, two silver electrodes were deposited
at a distance of 30 mm within the piezoresistive layer using a brush, and
conductive electric paint (Bare conductive with a sheet resistance of 55
Q/sq at 50-micron film thickness) was used to connect a copper wire to
each silver electrode. The copper wires were connected to a Wheatstone
bridge in the position of the resistance Rs (Fig. 4).

The same value of 170 kQ was assigned to the remaining bridge
resistances (the RO of the sensor). The bridge output was directly con-
nected to a 5 V-referenced 24-bit analog-to-digital converter (ADC). The
ADC was controlled by a microcontroller Arduino Uno that receives the
data from the ADC via Serial Peripheral Interface (SPI) and sends the
raw data to a graphical interface on a computer for analysis.
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Fig. 3. Schematic representation of the implementation of piezoresistive ink on the catheter a) the catheter and the ink were prepared, b) the ink was placed in the
catheter by dip-coating, c) cured and d) silver ink was deposited on the catheter to serve as electrodes.
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Fig. 4. A) Electronic circuit acquisition and b) corresponding image of the prototype.

Based on the piezoresistive effect of the material, the results provided
proof of concept for a responsive catheter. By manually bending the
catheter tip with a non-conductive tweezers, various bending de-
formations were applied. Based on the amount of catheter deformation,
it is possible to detect multiple positions (see video in supplementary
information). The material resistance increases proportionally to
bending deformation, in a reversible way, returning to the original
resistance values when the deformation is released.

3. Results and discussion

3.1. Morphological features, vibrational spectra and thermal
characterization

SEM images were used to evaluate the composites’ morphology, as
presented in Fig. 5. Fig. 5 shows representative cross-sectional SEM
images of the different samples, allowing also to assess the dispersion of
MWCNTs in the PEBAX polymer matrix. The morphology of the samples
remains unaffected by the addition of the carbon nanotubes, and a
compact microstructure free of voids is observed in all samples.

Fig. 5f (insert) demonstrates the good compatibilization between
MWCNTs and polymer matrix, the MWCNTs being evenly distributed
throughout the matrix for all samples without large aggregates. Thus,
the PEBAX polymer composites exhibit a compact morphology suitable
for piezoresistive sensor applications.

After mechanical stretching within in the plastic region (up to 8 %
strain), just the appearance of small cracks is observed in the samples, as
shown in the SEM images in Figure S1, supplementary information.

Fig. 6a) shows the vibrational modes of the samples obtained by
FTIR-ATR measurements. The obtained spectra of the PEBAX polymer
sows the vibrational modes of the PA and PE blocks that constitute it.
Further, it is observed that the MWCNTSs content does not affect the
vibration modes of the PEBAX. In all samples, the main vibration peaks
of the PA block are detected at 3292, 1640 and 1539 cm !, which
correspond to the -NH- stretching of the amide group, amide I band and
amide II band, respectively [30].

For the PE block, the main vibration bands at 1733, 1277 and
1112 cm™! are detected, corresponding to the C=0 stretching of ester

group, C-O-C asymmetric stretching and C-O-C symmetric stretching,
respectively [30].

Fig. 6b) shows the X-ray diffractograms of neat PEBAX and com-
posites, showing crystalline peaks at 19.8° and 23°, corresponding to the
(002) (a2) crystal type and y-crystalline phase of the PA chain segment,
respectively [31]. These peaks are observed in all samples, demon-
strating the semicrystallinity of the composites and that the MWCNT
content does not affect the crystalline phase.

Figure S2 shows the Raman spectra of the PEBAX composites, being
characterized by the bands at 1347 and 1443 cm ™!, attributable to the
second -order Raman modes of D-band [32], regardless of the MWCNT
content.

The DSC curves and TGA thermograms are presented in Fig. 6¢ and
d for neat PEBAX and the corresponding composites. For all samples,
Fig. 6¢ shows an endothermic peak at 183-185 °C that corresponds to
the melting of the PA crystalline phase [30]. Furthermore, it is observed
that the MWCNT content does not affect the melting behavior of the PA
block. For the IMWCNT/PEBAX and 4MWCNT/PEBAX samples the
melting behavior is made up of two peaks (Fig. 6¢), which can be
attributed to two distinct crystalline conformations of PA [33].

Given that the PEBAX polymer contains a significant amount of PA,
Fig. 6d) shows the TGA thermograms of the samples, showing a single-
step degradation at a temperature of about 415-450 °C. This tempera-
ture corresponds to the degradation of the PA and PE blocks [34,35].
The MWCNT content of the composites has no effect on this degradation.

Therefore, the inclusion of the MWCNT in this polymer matrix has no
effect on the crystalline properties, vibration bands, or thermal
behavior.

3.2. Mechanical and electrical characterization

The mechanical behavior of the composites based on PEBAX with
0-5 wt% MWCNT content is shown in Fig. 7a), while the calculated
values of the Young’s modulus in the elastic region, obtained by the
secant method at 2 % deformation, are illustrated in Fig. 7b). It is
observed that the mechanical behavior is typical for a thermoplastic
polymer and that the addition of MWCNT affects the maximum strain
and stress, as well as the Young modulus. The mechanical behavior of
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Fig. 5. SEM images of the cross-section of a) OMWCNT/PEBAX, b) IMWCNT/PEBAX, c) 2MWCNT/PEBAX, d) 3SMWCNT/PEBAX, e) 4AMWCNT/PEBAX and f)
SMWCNT/PEBAX (insert: higher magnification). the arrows identify the MWCNT in certain small aggregates.

PEBAX is strongly dependent on the PA block [30], which is achieved by
the chemical crosslink. The hydrogen bonding and the softs segments of
polyether provides flexibility to the material [36].

The Young’s modulus (Fig. 7b) is nearly independent of the MWCNTSs
added to a polymer matrix. Also, these composites show high Young’s
modulus above 0.4 GPa, the hard PA crystalline domains being
responsible for the stiffness of the material. Yield stress and strain are
influenced by the MWCNT content, indicating the effectiveness of
MWCNT strengthening, due to the good dispersion in the polymer ma-
trix [36]. As a conclusion, the composites show suitable mechanical
properties for functional applications.

The I-V curves of the polymer matrix and composites are linear
(ohmic) for all samples (Fig. 7c). Due to the conductivity of the MWCNT
[371, Fig. 7c shows that the addition of MWCNT in the polymer matrix
increases the slope of the IV curves. Eq. 1 was used to calculate the
electrical conductivity (¢), and Fig. 7d shows the value of ¢ as a function
of the MWCNT content. With the exception of 4 wt% of MWCNT, it is
noticed that the electrical conductivity value (o) increases as the
MWCNT content increases. For the neat polymer matrix, the ¢ value is
2.04 x 1078 S.m™~!, but when the MWCNT is increased to 5 wt%, a
maximum o value of 9.0 x 10~ S.m™! is obtained, the composites

becoming electrically conductive. The percolation threshold for the
composite is between 1 and 2 wt% of MWCNT which depends on the
formed MWCNT network [38].

Based on mechanical and electrical results, these composites have
excellent potential for piezoresistive sensor applications.

3.3. Piezoresistive response

For piezoresistive sensors, the composites are mechanically reques-
ted, and the resistance variation evaluated. The piezoresistive behavior
depends on the percolation threshold to obtain high sensitivity [39],
where composites with higher filler contents typically need large de-
formations to obtain stable piezoresistive responses [40]. The piezor-
esistive response was evaluated under different bending mechanical
solicitations (1-5 % maximum strain) and different deformation speeds.

Fig. 8a) shows the piezoresistive response for the composites for 10
loading-unloading bending cycles at 5 % maximum uniaxial strain and
deformation speed of 5 mm/min. For other applied strains, the behavior
is similar. Fig. 8b) shows the gauge factor (GF) as a function of applied
bending. For all composites, it is observed an excellent response due to
the mechanical and electrical characteristics of the PEBAX composites.
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Fig. 6. A) FTIR spectra, b) X-ray difraction, ¢) DSC curves and d) TGA thermograms of the composites based on PEBAX polymer with 0-5 wt% MWCNT content.

Fig. 8a) shows the good linearity between relative electrical variation
and applied bending for all composites. It is noted that the IMWCNT/
PEBAX and SMWCNT/PEBAX composites do not fully recover from
deformation release because to long-term alterations and slow relaxa-
tion of the conductive network.

The piezoresistive sensitivity under bending solicitation ranges from
0.5 to 1.5 for all composites (Fig. 8b). Despite an increase the filler
content, the IMWCNT/PEBAX and 3MWCNT/PEBAX samples show
similar GF values between 0.5 and 0.7 for deformations between 1 and
5 mm as presented in Fig. 8b). It is to notice that both composites present
a GF dominated by the geometrical contributions (1 +2v). However, in
the SMWCNT/PEBAX sample the values are much higher showing the
prevalence of the intrinsic resistivity changes. For SMWCNT/PEBAX, it
is found that the intrinsic resistivity changes as the bending deformation
increases, causing the GF to decrease. This behavior is not observed for
other composites and is related to the reconfiguration/relaxation of the
MWCNT network [41].

Despite the resistance value decrease in each cycle this has no
particular adverse effect in the overall use of the sensors, the GF is
constant in each cycle and this variation can be corrected when the
signal acquisition board developed to collect the data.

This GF observed for this polymer matrix is also similar to that
observed for other sustainable polymer matrices such as silk fibroin or
carboxymethyl cellulose, among other polymers [38,42-44].

Based on its renewable nature and piezoresistive behavior, the
composite material offers a suitable strategy for biomedical applications
that takes into account the needed sustainability of technological solu-
tions [45,46].

3.4. Design of a self- sensing medical device

Despite the 3SMWCNT/PEBAX composite is not the sample with the
best GF values in comparison with the other ones, is shows an improved
stability over repeated cycling (Fig. 8a). Thus, this sample was selected
to develop the proof of concept. Further, as the biomedical device final
objective is the introduction in the interior of the organism, the least
filler content in the application the better in terms of safety. As more
MWCNT content is in the sample more defects in the matrix will surge
causing the composite to fracture under less stress reducing the overall
flexibility of the developed sensors[36].

By using a dip coating method, the SMWCNT/PEBAX composite was
incorporated into the catheter to assess the functional performance of
the piezoresistive composites in catheter applications (Fig. 9).

The piezoresistive response of the sensor on a commercial Foley
urine catheter under for lateral bending deformations of 5 mm of the tip
for over 40 cycles is shown in Fig. 9a.

Excellent linearity between the mechanical and electrical response
under mechanical bending is observed in Fig. 9a, where the catheter’s
resistance changed linearly in response to the bending stimulus. The
piezoresistive sensitivity of the 3SMWCNT/PEBAX composites is 4.5,
where this value is higher than that observed in Fig. 9b) due to the
excellent compatibility between the ink and the catheter surface and the
load/deformation transfer to the sensor.

Furthermore, as shown in Fig. 9b, this catheter with a piezoresistive
sensor was connected to an electronic system to evaluate the resistance
variation in real time during different (in direction and intensity)
bending solicitation. The electrical resistance variation in response to
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Fig. 8. A) Piezoresistive bending behavior for 10 bending loading-unloading cycles at v=5 mm/min for the PEBAX composites with 1, 3 and 5 wt% MWCNTs and b)
gauge factor value for the composites from 1-5 mm of maximum bending deformation.

the different bending modes on the catheter are depicted in Fig. 9b), the

resistance of the sample
the bent state as (2).
Also, the catheter p

in the relaxed state being identified as (1) and in

resents excellent response under different de-

formations as shown in Fig. 9b. A hybrid polymer-based polyimide/SU-8
catheter tip MEMS gauge pressure sensor has been reported in the

literature with good sensitivity [47], where based on the behavior
observed in Fig. 9, the printed PEBAX allows for the real-time mea-
surement of a commercial catheter’s bending movements, which pre-
sents a viable way for the biomedical industry to provide patients with
improved, more precise and less intrusive care.
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Fig. 9. A) Piezoresistive response of S3MWCNT/PEBAX applied to the catheter and b) resistance variation of the catheter with the composite coating applied by dip-

coating connected to the electronic circuit.

4. Conclusions

Polyether amide block (PEBAX) is an interesting thermoplastic
elastomer for the development of multifunctional composites, as it
contains 90 % renewable carbon and can be processed using additive
manufacturing. PEBAX composites with conductive multiwall carbon
nanotubes (MWCNTs) were processed by solvent casting technique with
different contents of MWCNTs (0, 1, 2, 3, 4 and 5 wt%) for application in
medical catheters. Furthermore, the composite with adequate electro-
mechanical performance was incorporated into the catheter surface by
dip-coating technique to monitor its deformation in real time.

For these developed composites, the morphology, thermal, me-
chanical and electromechanical properties in stretching and bending
mode are evaluated.

The composites reveal a homogeneous dispersion of MWCNT and the
addition of MWCNT does not affect the vibration bands and thermal
properties of the polymer.

The content of MWCNTs in the polymer matrix affects the mechan-
ical and electrical properties. The Young’s modulus varies from 0.7 GPa
for the PEBAX matrix to 0.8 GPa for the sample composed with 4 wt%
MWCNTs. Further, the electrical conductivity ranges between
2.04 x 1078 S.m™! for the pure polymer matrix and 9 x 10~ S.m™" for
the 5 wt% MWCNT content composites. The percolation threshold is
between 1 and 2 wt% MWCNT content. These composites exhibit suit-
able piezoresistive behavior with the GF varying between 0.5 and 1.5
under bending deformation.

The 3BMWCNT/PEBAX composite was dip-coated on a catheter to
obtain a self-sensing catheter with a GF ~ 4.5, allowing to detect
bending deformations in real time.

This work shows that it is possible to obtain sustainable polymer-
based nanocomposites with excellent piezoresistive properties suitable
for implementation in the biomedical area.

CRediT authorship contribution statement

D. Miranda: Writing — review & editing, Writing — original draft,
Investigation, Funding acquisition, Formal analysis, Conceptualization.
S. Lanceros-Méndez: Writing — review & editing, Writing — original
draft, Validation, Supervision, Project administration, Methodology,
Funding acquisition, Formal analysis, Conceptualization. Costa Carlos
Miguel: Writing — review & editing, Writing — original draft, Supervi-
sion, Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization. J.L.
Vilaca: Writing - review & editing, Writing — original draft, Investiga-
tion, Formal analysis. Tubio C. R.: Writing — review & editing, Writing —
original draft, Investigation, Formal analysis. P. Costa: Writing — review

& editing, Writing — original draft, Investigation, Formal analysis. N.
Pereira: Writing — review & editing, Writing — original draft, Investi-
gation, Formal analysis. E. Pimentel: Writing — review & editing,
Writing — original draft, Investigation, Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors thank the Fundacao para a Ciéncia e Tecnologia for
financial support under framework of the Strategic Funding UID/
04650: Physics Centre of Minho and Porto Universities (CF-UM-UP),
UIDB/05549/2020, UIDP/05549/2020, LASI-LA/P/0104,/2020, UIDB/
04650/2020, UID/FIS/04650/2021 and UIDB/00319/2020 and project
SmartHealth, “NORTE-01-0145- FEDER-000045", supported by North-
ern Portugal Regional Operational Program (Norte2020), under the
Portugal 2020 Partnership Agreement, through the European Regional
Development Fund (ERDF). The authors also thank the FCT for financial
support under individual research grant UI/BD/151058/2021 (E.P.),
grant SFRH/BPD/110914/2015 (P.C.) and FCT investigator contract
2020.04028.CEECIND (DOI: 10.54499/2020.04028.CEECIND/
CP1600/CT0018) (C.M.C.). The authors acknowledge funding by the
Basque Government Industry Departments under the ELKARTEK pro-
gram. This study forms part of the Advanced Materials program and was
supported by MCIN with funding from European Union NextGener-
ationEU (PRTR-C17.11) and by the Basque Government under the IKUR
program. Technical and human support provided by Sgiker (UPV/EHU)
and PCT-UBU are gratefully acknowledged.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jallcom.2025.181447.

References

[1] R. Atun, Transitioning health systems for multimorbidity, Lancet 386 (2015)
721-722.

[2] W. He, D. Goodkind, P.R. Kowal, An Aging World: 2015, United States Census
Bureau, Washington, DC, 2016.

[3] S. Inoue, J. Hatakeyama, Y. Kondo, T. Hifumi, H. Sakuramoto, T. Kawasaki, S.
Taito, K. Nakamura, T. Unoki, Y. Kawai, Acute medicine & surgery, Post-intensive
care syndrome: its pathophysiology, prevention, and future directions, 6 (2019)
233-246.


https://doi.org/10.1016/j.jallcom.2025.181447
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref1
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref1
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref2
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref2

E. Pimentel et al.

[4]
[5]

[6]
[71
[8]

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

S. Whitehead, E. Baalbergen, Post-stroke rehabilitation, South Afr. Med. J. 109
(2019) 81-83.

M. Senbekov, T. Saliev, Z. Bukeyeva, A. Almabayeva, M. Zhanaliyeva, N. Aitenova,
Y. Toishibekov, 1. Fakhradiyev, The recent progress and applications of digital
technologies in healthcare: a review, Int. J. Telemed. Appl. 2020 (2020).

J.T. Kelly, K.L. Campbell, E. Gong, P. Scuffham, The internet of things: impact and
implications for health care delivery, J. Med. Internet Res. 22 (2020) e20135.
M.M. Dhanvijay, S.C. Patil, Internet of things: a survey of enabling technologies in
healthcare and its applications, Comput. Netw. 153 (2019) 113-131.

1. Boukhennoufa, X. Zhai, V. Utti, J. Jackson, K.D. McDonald-Maier, Wearable
sensors and machine learning in post-stroke rehabilitation assessment: a systematic
review, Biomed. Signal Process. Control 71 (2022) 103197.

J.-W. Jeong, W. Lee, Y.-J. Kim, A real-time wearable physiological monitoring
system for home-based healthcare applications, Sensors 22 (2022) 104.

L. Rajan, Advanced materials and technologies for touch sensing in prosthetic
limbs, IEEE Trans. NanoBiosci. 20 (2021) 256-270.

D. Esposito, E. Andreozzi, A. Fratini, G.D. Gargiulo, S. Savino, V. Niola, P. Bifulco,
A piezoresistive sensor to measure muscle contraction and mechanomyography,
Sensors 18 (2018) 2553.

S. Ghosh, M. Dhiman, S. Chauhan, P. Roy, D. Lahiri, Dual functional
electroconductive biofortified electrospun scaffold functionalized with MWCNTSs
and bacopa monnieri for accelerated peripheral nerve regeneration, Small 21
(2025) 2410735.

L.E. Hollander, G.L. Vick, T. Diesel, The piezoresistive effect and its applications,
Rev. Sci. Instrum. 31 (1960) 323-327.

L. Duan, D.R.D. Hooge, L. Cardon, Recent progress on flexible and stretchable
piezoresistive strain sensors: from design to application, Prog. Mater. Sci. 114
(2020) 100617.

S. Marco, J. Samitier, O. Ruiz, J.R. Morante, J. Esteve, High-performance
piezoresistive pressure sensors for biomedical applications using very thin
structured membranes, Meas. Sci. Technol. 7 (1996) 1195-1203.

J.R. Dios, C. Garcia-Astrain, S. Gongalves, P. Costa, S. Lanceros-Méndez,
Piezoresistive performance of polymer-based materials as a function of the matrix
and nanofiller content to walking detection application, Compos. Sci. Technol. 181
(2019) 107678.

P. Costa, M.F. Carvalho, V. Correia, J.C. Viana, S. Lanceros-Mendez, Polymer
Nanocomposite-Based strain sensors with tailored processability and improved
device integration, ACS Appl. Nano Mater. 1 (2018) 3015-3025.

S. Bhatia, Natural polymers vs synthetic polymer. Natural Polymer Drug Delivery
Systems, Springer, 2016, pp. 95-118.

M. Bernard, E. Jubeli, M.D. Pungente, N. YagoubiBiomaterials science,
Biocompatibility of polymer-based biomaterials and medical devices-regulations,
in vitro screening and risk-management, 6, 2018. pp. 2025-2053..

N.G. Shimpi, Biodegradable and Biocompatible Polymer Composites: Processing,
Properties and Applications, Woodhead Publishing, 2017.

N. Gowthaman, H. Lim, T. Sreeraj, A. Amalraj, S. Gopi, Advantages of biopolymers
over synthetic polymers: social, economic, and environmental aspects.
Biopolymers and their Industrial Applications, Elsevier, 2021, pp. 351-372.

N.T. Selvan, S. Eshwaran, A. Das, K. Stockelhuber, S. Wiener, P. Potschke,

G. Nando, A. Chervanyov, G. Heinrich, Piezoresistive natural rubber-multiwall
carbon nanotube nanocomposite for sensor applications, Sens. Actuators A Phys.
239 (2016) 102-113.

A. Reizabal, S. Gongalves, R. Brito-Pereira, P. Costa, C.M. Costa, L. Pérez-Alvarez,
J.L. Vilas-Vilela, S. Lanceros-Méndez, Optimized silk fibroin piezoresistive
nanocomposites for pressure sensing applications based on natural polymers,
Nanoscale Adv. 1 (2019) 2284-2292.

G. Dandegaonkar, A. Ahmed, L. Sun, B. Adak, S. Mukhopadhyay, Cellulose based
flexible and wearable sensors for health monitoring, Mater. Adv. (2022).

M. Farsi, A. Tavasoli, H. Yousefi, H.Z. Tabari, 3A study on the thermal and
mechanical properties of composites made of nanolignocellulose and Pebax®
polymer, J. Thermoplast. Compos. Mater. 2 (2019) 1509-1524.

1. Salahshoori, M.N. Jorabchi, K. Valizadeh, A. Yazdanbakhsh, A. Bateni,

S. Wohlrab, A deep insight of solubility behavior, mechanical quantum,

[27]

[28]

[29]

[30]

[31]
[32]
[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Journal of Alloys and Compounds 1034 (2025) 181447

thermodynamic, and mechanical properties of Pebax-1657 polymer blends with
various types of vinyl polymers: a mechanical quantum and molecular dynamics
simulation study, J. Mol. Liq. 363 (2022) 119793.

L. Wen, J. Zhang, T. Zhou, A. Zhang, Hydrogen bonding in micro-phase separation
of poly (polyamide 12-block-polytetrahydrofuran) alternating block copolymer:
enthalpies and molecular movements, Vib. Spectrosc. 86 (2016) 160-172.

H. Wang, H. Yu, T.N. Tran, K. Fu, K. Kiley, S. Kullar, J. Hu, M. Kamberi, Chemical
characterization of leachables in catheter device, ACS Omega (2022).

A. Paleo, F. Van Hattum, J. Pereira, J.G. Rocha, J. Silva, V. Sencadas, S. Lanceros-
Méndez, The piezoresistive effect in polypropylene—carbon nanofibre composites
obtained by shear extrusion, Smart Mater. Struct. 19 (2010) 065013.

S. Todros, A.N. Natali, G. Pace, V.Di Noto, Correlation between chemical and
mechanical properties in renewable Poly(ether-block-amide)s for biomedical
applications, Macromol. Chem. Phys. 214 (2013) 2061-2072.

Y. Jiang, B. Zhang, Y. Zheng, Y. Wu, Highly permselective Pebax/MWCNTSs mixed
matrix membranes for CO2/N2 separation, Polym. Bull. 81 (2024) 9699-9719.
H.-B. Zhang, G.-D. Lin, Z.-H. Zhou, X. Dong, T. Chen, Raman spectra of MWCNTs
and MWCNT-based H2-adsorbing system, Carbon 40 (2002) 2429-2436.

Q. Zhang, Z. Mo, S. Liu, H. Zhang, Influence of annealing on structure of nylon,
Macromolecules 11 (33) (2000) 5999-6005.

S. Ghosh, D. Khastgir, A.K. Bhowmick, P. Mukunda, Thermal degradation and
ageing of segmented polyamides, Polym. Degrad. Stab. 67 (2000) 427-436.

F. Sliwa, G. Marin, F. Charrier, F. Malet, A new generation of wood polymer
composite with improved thermal stability, Polym. Degrad. Stab. 97 (2012)
496-503.

W.-S. Bae, O.J. Kwon, B.C. Kim, D.W. Chae, Effects of multi-walled carbon
nanotubes on rheological and physical properties of polyamide-based
thermoplastic elastomers, Korea-Aust. Rheol. J. 24 (2012) 221-227.

H. Tanabi, M. Erdal, Effect of CNTs dispersion on electrical, mechanical and strain
sensing properties of CNT/epoxy nanocomposites, Results Phys. 12 (2019)
486-503.

E. Pimentel, P. Costa, C.R. Tubio, J.L. Vilaca, C.M. Costa, S. Lanceros-Méndez,

D. Miranda, Printable piezoresistive polymer composites for self-sensing medical
catheter device applications, Compos. Sci. Technol. 239 (2023) 110071.

A. Ferrreira, J.G. Rocha, A. Ans6n-Casaos, M.T. Martinez, F. Vaz, S. Lanceros-
Mendez, Electromechanical performance of poly(vinylidene fluoride)/carbon
nanotube composites for strain sensor applications, Sens. Actuators A Phys. 178
(2012) 10-16.

P. Costa, J. Silva, A. Anson-Casaos, M. Martinez, M.J. Abad, J. Viana, S. Lanceros-
Meéndez, Effect of carbon nanotube type and functionalization on the electrical,
thermal, mechanical and electromechanical properties of carbon nanotube/
styrene-butadiene-styrene composites for large strain sensor applications,
Compos. Part B Eng. 61 (2014) 136-146.

B.F. Gongalves, J. Oliveira, P. Costa, V. Correia, P. Martins, G. Botelho, S. Lanceros-
Mendez, Development of water-based printable piezoresistive sensors for large
strain applications, Compos. Part B Eng. 112 (2017) 344-352.

P. Costa, J. Oliveira, L. Horta-Romaris, M.-J. Abad, J.A. Moreira, 1. Zapirain,

M. Aguado, S. Galvan, S. Lanceros-Mendez, Piezoresistive polymer blends for
electromechanical sensor applications, Compos. Sci. Technol. 168 (2018) 353-362.
P. Huo, H. Ding, Z. Tang, X. Liang, J. Xu, M. Wang, R. Liang, G. Sun, Conductive
silk fibroin hydrogel with semi-interpenetrating network with high toughness and
fast self-recovery for strain sensors, Int. J. Biol. Macromol. 212 (2022) 1-10.

T. Zhou, J. Liu, P. Liu, W. Wang, L. Bai, H. Chen, H. Yang, L. Yang, D. Wei,
Carboxymethyl cellulose sodium nanocomposite hydrogels for flexible sensors of
human motion and glucose levels in sweat, ACS Appl. Polym. Mater. (2024).

T. Monia, Sustainable natural biopolymers for biomedical applications,

J. Thermoplast. Compos. Mater. 37 (2024) 2505-2524.

M.R. Rahman, N.-A.A.B. Taib, M.K.B. Bakri, S.N.L. Taib, Importance of sustainable
polymers for modern society and development. Advances in Sustainable Polymer
Composites, Elsevier, 2021, pp. 1-35.

W. Hasenkamp, D. Forchelet, K. Pataky, J. Villard, H.V. Lintel, A. Bertsch, Q. Wang,
P. Renaud, Polyimide/SU-8 catheter-tip MEMS gauge pressure sensor, Biomed.
Microdevices 14 (2012) 819-828.


http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref3
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref3
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref4
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref4
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref4
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref5
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref5
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref6
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref6
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref7
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref7
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref7
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref8
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref8
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref9
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref9
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref10
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref10
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref10
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref11
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref11
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref11
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref11
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref12
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref12
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref13
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref13
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref13
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref14
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref14
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref14
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref15
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref15
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref15
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref15
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref16
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref16
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref16
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref17
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref17
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref18
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref18
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref19
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref19
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref19
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref20
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref20
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref20
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref20
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref21
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref21
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref21
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref21
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref22
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref22
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref23
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref23
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref23
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref24
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref24
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref24
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref24
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref24
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref25
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref25
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref25
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref26
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref26
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref27
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref27
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref27
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref28
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref28
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref28
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref29
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref29
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref30
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref30
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref31
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref31
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref32
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref32
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref33
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref33
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref33
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref34
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref34
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref34
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref35
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref35
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref35
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref36
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref36
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref36
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref37
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref37
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref37
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref37
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref38
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref38
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref38
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref38
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref38
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref39
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref39
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref39
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref40
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref40
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref40
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref41
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref41
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref41
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref42
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref42
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref42
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref43
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref43
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref44
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref44
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref44
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref45
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref45
http://refhub.elsevier.com/S0925-8388(25)03008-7/sbref45

	Piezoresistive polymer composites based on polyether block amide and carbon nanotubes for self-sensing medical urinary cath ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of the composites
	2.3 Samples characterization
	2.4 Self-sensing catheter implementation: prototype development

	3 Results and discussion
	3.1 Morphological features, vibrational spectra and thermal characterization
	3.2 Mechanical and electrical characterization
	3.3 Piezoresistive response
	3.4 Design of a self- sensing medical device

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supporting information
	References


