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Spray-printing piezoresistive sensors based on
poly(D,L-lactide-co-glycolide) copolymer
composites for urinary catheter applications

E. Pimentel,abc R. Rodrigues,ac C. R. Tubio,d J. L. Vilaça,ac C. M. Costa, *be

S. Lanceros-Méndez bdf and D. Miranda*ac

There is an increasing demand for new and improved methods for treating chronic diseases, such as

Hinman syndrome or non-neurogenic bladder. Typically, a procedure called clean intermittent

catheterization (CIC) is performed to remove urine by inserting a urinary catheter into the urethra,

thereby relieving pressure on the bladder and preventing kidney damage. The placement of piezo-

resistive sensors in the urinary catheter can help optimize the insertion path during the procedure by

monitoring the catheter’s deformation along the urethra. Considering this, a sustainable approach was

implemented for the development of biodegradable and biocompatible piezoresistive sensors based on

the natural polymer poly(D,L-lactide-co-glycolide) (PDLG) with different contents of multiwalled carbon

nanotubes (MWCNTs) up to 5 wt%. Their mechanical, electrical, thermal, morphological, and

piezoresistive functional responses were assessed. The electrical percolation threshold occurred at a

MWCNT content of 1 wt% and the maximum piezoresistive response was characterized by a gauge

factor (GF) of B1.5 for the same composite. The composite with 1 wt% MWCNT content was spray-

printed onto the urinary catheter and the proof-of-concept implied the evaluation of the piezoresistive

response of the sensor as a function of the catheter’s deformation angle. The developed spray-printed

piezoresistive sensors demonstrated suitable electrical, mechanical, and piezoresistive properties,

offering an environmentally friendly and sustainable approach for the development of this type of

biomedical device.

1. Introduction

There is a pressing societal challenge in the improvement of
human well-being associated with increasing average life
expectancy.1 In particular, in western countries, the population
aged 65 and over is growing very fast and the number will
nearly double from 12% to 22% in the 2015–2050 period.
Furthermore, 80% of older adults suffer from chronic diseases
that require constant monitoring and treatment.2 In each
western economy, a large part of the gross domestic product
(GDP) is attributed to health. Specifically, in the European

union countries, the expenditure in this sector was the second
largest item in 2021, representing 10.9% of the GDP.

On the other hand, the integration of digital methods in the
health sector is being implemented at a high rate and repre-
sents a possible solution for the monitoring and treatment of
different health conditions. The Internet of Things concept
enables the use and interconnectivity of electronic devices that
can capture specific and relevant health information.3–5 This
approach offers the opportunity for the development of smart
devices that can bring direct information from and to the
patient and reduce the need for the direct interaction between
the patient and doctor, saving their time and reducing the
overall cost of health procedures.6–8

Bladder diseases such as the Hinman syndrome or non-
neurogenic bladder are voiding dysfunctions of the bladder of
neuropsychological origin that is characterized by the absence
of a neurological communication between the brain and the
bladder, which causes an abnormal function of the latter,9,10

and, if not properly treated, can lead to chronic renal
insufficiency.11 Typically, a procedure called clean intermittent
catheterization (CIC) is performed to remove the urine via the
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introduction of a urinary catheter through the urethra, thereby
alleviating pressure on the bladder and preventing kidney
damage.12,13 This method has a certain set of health complica-
tions, namely urethritis or inflammation of the urethral meatus
due to the constant insertion of the catheter, urethral bleeding
due to trauma, strictures or infections.14,15 Epididymitis is a
genital infection that widely occurs in men/children who have
a urethral stricture.16 These issues highlight the need for a
solution and an upgrade of this procedure.

The incorporation of piezoresistive sensors represents a
possible approach to functionalize catheters and improve the
corresponding procedures through proper measurement and
continuous evaluation, as they are already used in various
biomedical applications and especially in urinary catheters.17,18

Proper placement of piezoresistive sensors in urinary catheters
enables the evaluation of the best path during the procedure to
avoid possible health complications in the patient. Monitoring of
this trajectory would represent an improvement in patients’ quality
of life.

Another major concern in today’s society is environmental
impact related to technological developments. In particular,
there is an effort to replace, whenever possible, synthetic
polymers originating from fossil fuels with natural polymers
from renewable sources with low ecological footprint.19 Bio-
degradable and biocompatible polymers are in high demand in
the context of the transition to a circular economy.20,21 Poly-
lactic acid (PLA) is a thermoplastic aliphatic polyester widely
used in a variety of applications, including in the biomedical
field.22,23 PLA is an ecofriendly, biocompatible and biodegrad-
able material originating from natural sources such as sugar
cane.24 PLA offers unique advantages for the development
of piezoresistive sensors, including its natural origin and
environment-friendly nature. Furthermore, it is biocompatible
and biodegradable, which is a relevant aspect when developing
medical devices. This polymer enables the development of
carbonaceous composites with tunable electrical conductivity.
As an example, PLA with a 4% concentration of carbon nano-
tubes reaches the percolation threshold, which is achieved only
at 7–10 wt% of graphene as a filler. The maximum electrical
conductivity was 4–6 S m�1. This is attributed to the higher
aspect ratio (41000) of CNTs with respect to graphene.25

Different stereochemical forms exist and impart specific
mechanical and structural properties to the material depending
on the L (laevorotatory) and D (dextrorotatory) isomer contents.
By adding D-isomers to L-isomer based polymerization, poly-D,L-
lactic acid (PDLA) is obtained.26 Adjustment of the amount
of the D and L isomers allows tuning of the biomechanical,
thermal, rheological and biological properties of the material. A
higher percentage of D-isomer leads to a higher disruption of
the polymeric chain, which results in a higher degradation rate
and a lower degree of crystallinity,27 which allows tuning of the
material for applications in which a faster resorption is desir-
able, such as drug delivery systems.28 A 50 : 50 mixture of D- and
L-isomers was selected in this work due to the extended
resorption time, related to the D-isomer, and the enhanced
mechanical properties, related to the L-isomer.29 PLA can also

be blended or copolymerized with different polymeric compo-
nents, such as poly(glycolic acid) (PGA), for further tuning its
properties. In this work, the most common PDLG composition
with a 50 : 50 ratio of D,L-lactide/glycolide was selected due to its
controlled degradation rates and customizable molecular
weight, which allows tuning of biodegradability and biocom-
patibility. Furthermore, PDLG is an established polymer that
has already been used in a range of biomedical applications,
such as sustained drug delivery,30 tissue engineering31 and
surgical implants.32 The aim of this study was to develop
piezoresistive printable sensors based on PDLG with different
percentages of MWCNTs, which endow them with electrical
and mechano-electrical properties, making them suitable
for implementation in biomedical devices, such as urinary
catheters.

2. Experimental details
2.1. Materials and methods

The polymer Purasorb PDLG with D/L-lactide and glycolide
components in a 50 : 50 molar ratio and an inherent viscosity
of 0.4 dl g�1 was supplied by Corbion. Multiwalled carbon
nanotubes (MWCNTs) with reference NC7000 were purchased
from Nanocyl. The MWCNTs had an average diameter of
9.5 nm, a length of 1.5 mm and a carbon purity of 90%. The
solvent chloroform was obtained from Sigma-Aldrich.

2.2. Materials processing

The composites were prepared with different percentages (0, 1,
3, and 5 wt%) of MWCNTs. First, the corresponding MWCNT
content was dispersed in chloroform in an ultrasound bath
(ATU, model: ATM 40-3LCD) for 3 h at room temperature. Then,
the polymer PDLG 50/50 was added in a specific solvent ratio of
1 : 5 (g mL�1), and the solution was magnetically stirred at room
temperature until the polymer was completely dissolved.

Then, the solutions were poured onto a glass substrate and
spread using an extensor to obtain uniform films. After solvent
evaporation at 25 1C, films with an average thickness of 50 mm
were obtained.

The preparation procedure is presented in Fig. 1.

2.3. Characterization techniques

2.3.1. Physical–chemical characterization. Scanning
electron microscopy (SEM) was carried out using a Hitachi S-
4800 system to evaluate the morphology of the samples as well
as the distribution of the MWCNTs within the polymer. Images
of cross sections were acquired at a 5000� magnification.

Fourier transform infrared spectroscopy at room tempera-
ture was performed with a Jasco FT/IR-4100 system in the
attenuated total reflectance mode (ATR). FTIR spectra were
obtained between 600 and 4000 cm�1 at a scan resolution of
4 cm�1.

X-ray diffraction (XRD) was used to examine the composites’
structures. Experiments were performed using a Philips X’Pert
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Pro diffractometer with Cu Ka radiation (l = 1.5418 Å) and a
step size of 0.0011.

Differential scanning calorimetry was used to evaluate the
thermal characteristics of the samples using a DSC 3+ equip-
ment. Experiments were carried out from 30 to 230 1C at a rate
of 10 1C min�1 in a dry nitrogen atmosphere.

Mechanical testing in the tensile mode was performed using
a Shimadzu AG-IS with a 500 N load cell. The samples were
prepared in rectangular shapes with dimensions of 5 � 10 mm2

and a thickness of approximately 50 mm, and measurements
were carried out at a deformation rate of 5 mm min�1. Three
separate samples at each MWCNT concentration were used to
determine the Young’s modulus from stress–strain measure-
ments up to 5% strain.

An automatic Keithley 6487 picoammeter/voltage source was
used to measure the current–voltage (I–V) response by applying
voltage (V) increments of 0.1 V from �1 to +1 V and measuring
the current (I). The volume electrical resistance (R) was deter-
mined using gold electrodes (5 mm diameter) deposited
(Polaron SC502 sputter coater) on both sides of the sample in
a parallel configuration. The electrical conductivity (s) was
determined using eqn (1):

s ¼ d

R� Að Þ (1)

where d is the sample thickness and A is the area of the
electrodes.

2.3.2. Piezoresistive functional characterization. Piezore-
sistive tests were performed in the 4-point bending mode as
described in ref. 33. The composites were adhered to a 1.03 mm
thick flexible polypropylene polymer substrate. Agar Scientific
silver ink was used to print two electrodes on the composite
with an area of 25 mm � 11 mm and an average thickness of
0.18 mm, and the distance between them was 29.02 mm. The
electromechanical response of the samples was assessed

between 1 and 5 mm of bending at various deformation rates
(1 to 5 mm min�1).

Eqn (2) was used to evaluate the composites’ piezoresistive
sensitivity (gauge factor, GF):

GF ¼ DR=R0

e
(2)

where R0 is the initial resistance, DR is the variation of
resistance under mechanical deformation, and e is the applied
strain, which can be obtained using the theory of pure
bending34 (eqn (3)):

e ¼ 3dz

5a2
(3)

where a is the distance between electrodes (15 mm), z is the
vertical displacement, up to 5 mm, and d is the thickness of the
support and the sample (d = 1.048 mm).

2.4. Prototype development and characterization

Spray printing was used to demonstrate an easy, cost-effective
and scalable way to print inks onto a 30 cm long Lofric Origo
urinary catheter, typically used to completely empty a child’s
bladder. The ink containing 1 wt% MWCNTs was selected
based on the electrical and piezoresistive characteristics. The
biomedical device was placed on a wooden stand to ensure its
stability and the piezoresistive inks were printed using an
airbrush gun and an air compressor, as shown in Fig. 2a.

After printing, the catheter was placed in an oven (JSelecta,
model no. 2000208) at a temperature of 70 1C (evaporation
temperature of chloroform) for 10 minutes in order to evapo-
rate all the solvent present in the substrate. Two conductive
silver ink electrodes of dimensions 25 mm� 11 mm� 0.18 mm
were deposited at a distance of 29.02 mm with the use of a
brush and a copper wire was connected to them using a
conductive electric ink (bare conductive with a sheet resistance
of 55 O sq�1 at 50 mm film thickness).

Fig. 1 Schematic representation of the processing of the PDLG piezoresistive composite films: (a) weighing of the polymer and fillers; (b) addition of
chloroform and MWCNTs; (c) ultrasound bath for a period of 3 hours; (d) mixing of the solvent with the MWCNTs and the polymer; (e) doctor blade
technique for the development of the films; and (f) evaporation of the solvent.
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The piezoresistive response of the sensor printed on the
urinary catheter was evaluated using an angle measure device
(Fig. 3a), simulating the monitoring of the urinary catheter
during the trajectory in clean intermittent catheterization.35

Thus, the normal procedure of inserting a catheter into the
urethra was simulated, allowing the study of the voltage varia-
tion (V) as a function of the catheter angle variation. For signal
acquisition, a Wheatstone bridge (Fig. 3b) was developed. On
one side, two 47 kO resistors are placed, whereas on the other
side the piezoresistive sensor is placed, together with a poten-
tiometer to help adjust the bridge output (Fig. 3). The bridge
output is connected to a differential amplifier that subtracts the
value of the two sides of the bridge and amplifies the signal.
The signal is then delivered to the microcontroller (ATmega328)
that receives and processes the raw data. Finally, an application

was developed in Python to read the data through Serial
Peripheral Interface (SPI) and save it in a computer (Fig. 3c).

Overall, considering the piezoresistive response of the sen-
sor, the voltage variation was obtained as a function of the
deformation angle.

3. Results and discussion
3.1. Morphology, vibrational spectra, and thermal and
mechanical characteristics

The morphology of the composites and the dispersion of the
MWCNTs in the PDLG polymer matrix were examined by SEM
of their cross-sections, as shown in Fig. 4. The inclusion of
carbon nanotubes in the samples 0MWCNT/PDLG, 1MWCNT/
PDLG, and 3MWCNT/PDLG has no effect on the samples’

Fig. 2 (a) Spray printing of the piezoresistive sensors based on inks with 1 wt% MWCNT content on the Lofric Origo urinary catheter and (b) the urinary
catheter with the developed piezoresistive sensors placed in the angle measurement device.

Fig. 3 (a) Schematic representation of the angle measure device, (b) the electronic acquisition circuit and (c) the corresponding computer analysis.
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morphology, which maintains a compact microstructure with-
out voids, similar to that of the pristine polymers. However, the
5MWCNT/PDLG sample shows an increase in roughness and
surface morphology, attributed to larger MWCNT agglomerates
at this highest filler concentration.

Furthermore, the MWCNTs are evenly dispersed throughout
the matrix with no large aggregates and good wettability
between MWCNTs and the polymer, with no voids detected
around the MWCNTs.

The interaction between the polymer and MWCNTs is
typically driven by non-covalent weak forces, specifically van
der Waals forces and mechanical interlocking, which creates
interfacial adhesion, dispersion and reinforcement. In the
specific case of PLA derived polymers, carbon nanotubes tend
to effectively block the passage of water molecules into the
polymer matrix due to their hydrophobic properties.36

The vibrational spectra of the composites obtained through
FTIR-ATR experiments are displayed in Fig. 5a. The vibrational
modes of the PDLG polymer are found to be unaffected by the
MWCNT inclusion and content. Because of the stretching of the
carbonyl groups in both D- and L-lactide monomers, the primary
vibration peak is observed in the area between 1760 and
1750 cm�1 in all samples. Additionally, the asymmetric and
symmetric C–C(QO)–O vibrations associated with the PDLG
polymer are responsible for the detection of different stretching
bands in the range between 1300 and 1150 cm�1.37 No new
vibration bands or shift of bands are observed, indicating that
no chemical interactions occur between the filler and polymer
matrix.

The XRD patterns of neat PDLG and composites are shown
in Fig. 5b. Low-intensity peaks in the y range of 10–251
correspond to a dome-shaped region, indicating that all
samples are primarily amorphous.38 Moreover, MWCNTs have
an impact on the peaks, intensifying them when added to the
polymer matrix.

Fig. 5c displays the DSC curves of both neat PDLG and
composites. No melting phase transition is observed in line
with the amorphous nature of the films and with the literature,
as the addition of MWCNTs to the polymer matrix does not
increase the crystallinity of the films.37

The mechanical behavior of neat PDLG and composites with
different MWCNT contents is shown in Fig. 5d. Fig. 5d depicts
the typical mechanical behavior of a thermoplastic polymer and
shows that the Young’s modulus and maximum strain and
stress are impacted by the inclusion of MWCNTs.

Using the secant method at 2% strain, the calculated values
of Young’s modulus in the elastic area range between 170 MPa
for neat PDLG and 160 MPa for the 5 wt% composite.

According to the literature, it is expected that the Young’s
modulus increases at low filler concentrations (o1–2 wt%), as
low filler concentrations act as mechanical reinforcement,
whereas higher CNT concentrations lead to a decrease in the
Young’s modulus, as the fillers tend to act as defects under
mechanical loading.39 This is also corroborated by the general
decrease of the maximum yield stress and deformation strain
upon the inclusion of the MWCNTs. In the present case, the
Young’s modulus is similar for all samples, with variations
falling within the experimental error.

Fig. 4 Cross-sectional SEM images of (a) 0MWCNT/PDLG, (b) 1MWCNT/PDLG, (c) 3MWCNT/PDLG, and (d) 5MWCNT/PDLG. The insets show the same
images at higher magnification.
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In any case, the flexibility of the composites is maintained,
and their mechanical properties are suitable for piezoresistive
applications.

3.2. Electrical and piezoresistive characterization

The I–V curves of the PDLG polymer matrix and the composites
are characterized by a linear (ohmic) behavior, as displayed in
Fig. 6a. The addition of increasing MWCNT filler content to the
polymer matrix increases the slope of the I–V curves, indicating
the increase of electrical conductivity.40 The electrical conduc-
tivity (s) value was determined using eqn (1), and Fig. 6b
displays the value of s as a function of the MWCNT content.
A maximum s value of 8.6 � 10�4 S m�1 is obtained for the
composite with 5 wt% MWCNT content, making the compo-
sites electrically conductive, in contrast to the dielectric beha-
vior of the polymer matrix, with an electrical conductivity of
1.2 � 10�13 S m�1. The electrical percolation threshold, which
depends on the characteristics of the filler and matrix,41 occurs
below 2 wt% MWCNT content in the present case, indicating
the suitable dispersion of the fillers.

Based on their mechanical and electrical data, the materials
exhibit great potential for piezoresistive applications, as shown
in Fig. 7a–c.

Piezoresistive sensors exhibit electrical resistance variations
under mechanical stress or deformation, with the piezoelectric
sensitivity of polymer composites being maximized around the
percolation threshold or slightly above it.42,43 For the compo-
sites with varying MWCNT contents, the piezoresistive response
was evaluated under mechanical bending with maximum strain
ranging from 1% to 5% and at different strain rates.

Fig. 7a displays the piezoresistive response of the polymer
composites containing 1, 2, and 3 wt% MWCNT contents for 10
loading–unloading cycles at a maximum strain of 5% and a
strain rate of 1 mm min�1.

The MWCNT content that affects electrical and mechanical
behavior and the interactions between the filler and the poly-
mer determines this behavior, as shown in Fig. 7a. It is
observed that increasing bending deformation leads to an
increase in electrical resistance, whereas releasing the deforma-
tion leads to a decrease in resistance. Despite an overall
variation of the maximum and minimum resistance over
cycling, the obtained GF remains constant (within the experi-
mental error) over cycling. Additionally, a second peak in
the piezoresistive behavior is observed in the relaxation
curves (sample unloading) (Fig. 7a) as a result of the rearrange-
ment of the conductive network.44 Once the polymer matrix

Fig. 5 (a) FTIR spectra, (b) X-ray diffraction patterns, (c) DSC curves and (d) stress–strain mechanical results of the composites based on PDLG polymers
with different MWCNT contents.
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exhibits viscoelasticity, which combines elastic (spring-like)
and viscous (flow-like) qualities, this dynamic rearrangement

may result in the creation, disruption, or modification of
conductive pathways, which will affect the resistance of the

Fig. 7 (a) Piezoresistive bending behavior and (b) gauge factor for 10 bending loading–unloading cycles at v = 1 mm min�1 for the PDLG composites
with 1, 2 and 3 wt% MWCNTs. (c) Gauge factor value of the PDLG composite with 1 wt% MWCNTs and (d) piezoresistive bending behavior of the 1 wt%
MWCNT sample at 5 mm min�1 bending speed for 30 cycles.

Fig. 6 (a) I–V curves and (b) electrical conductivity of the composites.
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composite.45 The presented results are similar for all applied
maximum strains.

The gauge factor (GF) of the composites with 1, 2, and 3 wt%
MWCNT contents is shown in Fig. 7b, which ranges from 0.9 to
1.6. The composite containing 1 wt% MWCNT content repre-
sents the best GF sample because of its electrical conductivity
that allows greater resistance variation. Fig. 7c shows the
piezoresistive sensitivity of the composite containing 1 wt%
MWCNT content under bending between 1 and 5 mm, showing
a value around 0.9–1.6. The GF values for strains ranging from 1
to 5 mm in these samples are around 1.6 for most of the
samples, except for the sample with 2 wt% MWCNT content,
attributed to filler aggregates.

Fig. 7d shows the cycling stability of the response over 30
cycles, showing that despite overall relaxation of the resistance
due to non-reversible filler network reconfigurations and inter-
nal stress relaxation in the samples,46 the GF remains nearly
constant during cycling.

According to previous works, the sensitivity of polymer-
based piezoresistive sensors typically exhibits GF values above
2.47 However, for natural polymers, these values tend to be
lower. CMC/CNT polymer composites show GF values around
1.79.48 The alignment of the MWCNTs can be taken into
consideration for the improvement of the piezoresistive sensi-
tivity. In conductive pathways, when a strain is applied
perpendicular to the alignment direction of a conductive path-
way, the geometrical variations lead to a drop in conductivity,
leading to higher gauge factors.49

3.3. Prototype characterization

The 1MWCNT/PDLG composite was selected for the fabrication
of the prototype due to the larger GF values when compared to
the other samples. The 1MWCNT/PDLG composite was spray-
printed on the catheter (Fig. 3). Fig. 8a shows the printed
sensor’s piezoresistive response in the Lofric Origo catheter
under 5 mm lateral bending deformation of the tip over 10 cycles.
Fig. 8a shows excellent linearity between the mechanical and

electrical responses under mechanical bending (GF = 0.97), which
is suitable for the application, and the behavior is comparable to
that observed in the film (Fig. 7). The large initial variation in
resistance in the first cycle and the subsequent increase in
maximum and minimum resistance are due to irreversible
reconfigurations of the conductive filler network, as men-
tioned previously.

Fig. 8b shows the voltage variation as a function of the
bending angle. A progressive 101 variation was applied step by
step and the signal variation was acquired and stored in a data
acquisition system. The maximum angle (901) was selected accord-
ing to the normal procedure of catheter insertion into the urethra.
The results show that there is an increase in voltage with increas-
ing bending angle with excellent linearity (r 4 0.95).

Given the behavior observed in Fig. 8, the printed PDLG
composites allow the measurement of a commercial catheter’s
flexion movements in real time.

A long-term analysis was carried out, demonstrating the
piezoresistive bending behavior at 3 mm min�1 and a max-
imum bending of 3 mm over 100 cycles, proving that the cycling
stability is maintained.50

Table 1 compares the composites developed in this work
with other piezoresistive sensors based on sustainable materi-
als reported in the literature.

The composites developed in this work exhibit performance
similar or superior to that of other materials reported in the
literature, as shown in Table 1.

Table 1 shows that the developed materials exhibit potential
for applications in the biomedical industry, enabling improved
and less invasive patient care.

Regarding biocompatibility and cytotoxicity, MWCNT
nanocomposites typically exhibited non-toxic behavior after
24 hours of incubation (viability greater than 70%), as reported
in the literature.54

Nevertheless, in order to improve biocompatibility, the
sensor can be encapsulated with medical grade biocompatible
materials.

Fig. 8 (a) Piezoresistive response of the composite with 1 wt% MWCNT content applied to the catheter and (b) voltage variation of the catheter as a
function of the bending angle.
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4. Conclusions

Poly(D,L-lactide-co-glycolide) (PDLG) with different contents of
multiwalled carbon nanotubes (MWCNTs; 0, 1, 2, 3, 4 and
5 wt%) was proven to be suitable for the development of
piezoresistive sensors. The PDLG composites were developed
by the solvent casting method and can be applied to biomedical
devices by spray printing.

In terms of morphological characterization, no agglomer-
ates and good dispersion of the MWCNTs were observed,
providing suitable electrical properties for piezoresistive applica-
tions with a maximum electrical conductivity of 8.6 � 10�4 S m�1

and a percolation threshold below 2 wt% MWCNT content. The
piezoresistive response of the composites shows a GF ranging
from 0.9 to 1.6 under bending deformation.

1 wt% MWCNT/PDLG ink was spray-printed onto a urinary
catheter to obtain a self-sensing device, allowing monitoring of
bending motions through the corresponding electrical variations.

This work demonstrates that a natural polymer-based nano-
composite with suitable piezoresistive properties can be applied to
urinary catheters and related biomedical applications.
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41 A. Oseli, T. Tomković, S. G. Hatzikiriakos, A. Vesel,
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