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The integration of nanoscience and 3D printing has given rise to the emerging field of printable and flexible
electronics. Direct ink writing (DIW) has transformed the field of 3D printing by using viscoelastic inks,
ensuring design, intricacy, and flexibility. This study presents the fabrication of flexible piezoresistive
pressure sensors using multiwalled carbon nanotubes (MWCNTSs)/polydimethylsiloxane (PDMS) based
conductive inks via the DIW method. Three ink formulations were prepared with MWCNT concentrations
of 2 wt%, 4 wt%, and 6 wt% to investigate their rheological and printability characteristics. Rheological
analysis revealed that MWCNT loading concentrations above 4 wt% impart shear-thinning behavior and
solid-like viscoelastic properties essential for DIW printing. Among the formulations, the 6 wt% MWCNT/
PDMS ink exhibited the best printability and structural integrity for porous woodpile architectures.
Morphological analysis confirmed the dispersion of MWCNTs within the PDMS matrix, indicating an
effective filler distribution and network formation throughout the composite. Mechanical testing
demonstrated that 6 wt% MWCNT/PDMS exhibited a threefold increase in Young's modulus (3.61 MPa)
and a higher tensile strength (2.44 MPa) compared to pristine PDMS, owing to effective stress transfer
and nanotube reinforcement. Cyclic tensile fatigue tests confirmed the CNT-6 composite's mechanical
stability and low stress softening at lower strains, underscoring its durability for flexible pressure sensor
applications. The fabricated pressure sensor demonstrated a pronounced piezoresistive response with
a high sensitivity of 0.047 kPa™, along with excellent repeatability and stability under both static and
dynamic loading conditions, establishing its potential for precision pressure monitoring in flexible and
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1 Introduction

Flexible and stretchable electronics are crucial for various smart
technologies, including robotics, prosthetics, wearable elec-
tronics, and energy-harvesting devices." The burgeoning
demand for smart wearable and healthcare technologies has
resulted in notable progress in the development of flexible
sensors for measuring purposes.>® Soft and flexible pressure
sensors have garnered significant interest due to their
prospective use in electronic skin,* healthcare monitoring,® soft
robotic systems,® etc. Comprehensive research has been con-
ducted to investigate several facets of flexible sensors, including
their material characteristics, fabrication techniques, and
applications.”® Various sensing mechanisms, such as piezor-
esistive, piezoelectric, capacitive, and triboelectric, have been
employed in the development of flexible and soft pressure
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sensors.” Among these, piezoresistive sensors are particularly
attractive because of their simple structural design, cost-
effective fabrication, straightforward signal acquisition, and
high sensitivity."” Conventionally, piezoresistive sensors
primarily rely on the geometrical deformation of the bulk
sensing material under applied pressure, which often suffers
from limited sensitivity and a narrow operational range."* An
improved structural design, particularly the construction of
porous microstructures, improves the functionality of pressure
sensors.'” Porous structures fabricated using soft conductive
composites at millimeter and micrometer scales have been
extensively used in pressure sensors owing to their ability to
provide much higher strain levels than bulk solid alternatives.*
Currently, micro- and macro-structured features in pressure
sensors are mostly fabricated using techniques such as photo-
lithography and sacrificial template methods, which are costly,
highly complex, and time-intensive.'*** To resolve these chal-
lenges, it is essential to develop a straightforward, economical,
and efficient approach for the fabrication of soft pressure
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sensors featuring well-regulated microstructures that have
optimal sensing capability.

Advancements in the field of additive manufacturing (AM)
have allowed the manufacture of 3D printed components to
provide the benefits of product customization, material waste
reduction, and faster production.'® This allows for greater
design freedom, customization, and scalability than conven-
tional manufacturing methods."” 3D printing constructs elec-
trical devices incrementally and has significantly improved the
controllability and tunability of device architectures. Among
several 3D printing techniques, direct ink writing (DIW) is
a notable technology that is especially advantageous for the
fabrication of both micro- and macro-structures pressure
sensors because of its simplicity, efficiency, and cost-effective-
ness.'" DIW is an extrusion-based technique that utilizes
viscoelastic inks and a software-controlled bed with a syringe
nozzle to print materials with tailored structures and compo-
sitions.” DIW accommodates a wide range of materials,
including polymers, hydrogels, nanomaterials, ceramics, and
emulsions. However, effective 3D-printing requires inks to
exhibit shear-thinning behavior, a suitable yield stress,
viscosity, and modulus to ensure printability and shape reten-
tion. Nanomaterials exhibit unique mechanical, chemical, and
electronic properties, which can be attributed to their specific
sizes and structures. Nanomaterials such as multi-walled
carbon nanotubes (MWCNTs) have great potential for use in
flexible sensors due to their low percolation threshold, high
conductivity, and mechanical flexibility under bending and
stretching.”** Chen et al.*® developed a soft pressure sensor
through DIW of porous polyurethane foam substrates, subse-
quently dip-coated with CNT suspensions. Li et al.** successfully
3D printed stretchable capacitive sensors for tactile and
electrochemical sensing using the DIW technique. Mena et al.*
demonstrated the effect of MWCNT concentration on the elec-
trical conductivity and fabricated wearable strain sensors based
on polymer-reinforced MWCNT composites using solvent
casting. Wang et al.>® enhanced the mechanical properties of
flexible circuits by inkjet printing with CNT-doped silver oxide
ink.  Elizabeth et al*” developed an MWCNT/
polydimethylsiloxane (PDMS) composite sensor via a simple
dispersion-freezing method for monitoring human flexion
movements. Naeem et al®® enhanced the thermoelectric
performance of flexible functionalized MWCNT films by fabri-
cating them via vacuum filtration and optimizing their prop-
erties through hot-pressing at different temperatures. Singh
et al.” fabricated serpentine and I-shaped flexible strain sensors
by drop-casting a MWCNT/graphene composite onto a polymer
substrate. Although nanomaterial-based flexible sensors have
shown great potential, their performance is often constrained
by structural limitations. Structural design is therefore a key
strategy to enhance sensitivity, pressure range, and positive
piezoresistive response. Engineered geometries such as micro-
pyramids, domes, porous lattices, woodpile structures, and
serpentine traces amplify strain concentration and modulate
contact areas, thereby producing pronounced resistance varia-
tions and enhancing the sensitivity of flexible pressure
sensors.**** Owing to the high design freedom of extrusion-
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based 3D printing, these architectures can be systematically
optimized to achieve enhanced sensitivity and stable piezor-
esistive behavior. However, conventional fabrication methods
are mostly restricted to two-dimensional structures with
restricted complexity and versatility. To overcome these chal-
lenges, 3D-printable inks with tuned rheological properties
were formulated for the single-step DIW of flexible pressure
sensors exhibiting piezoresistive behavior.

This study presents a systematic approach for the one-step
fabrication of flexible piezoresistive pressure sensors via DIW
printing using MWCNT/PDMS-based viscoelastic inks. The
development of the MWCNT/PDMS ink has been discussed in
detail. MWCNT/PDMS inks with concentrations of 2 wt%,
4 wt%, and 6 wt% of MWCNTs were formulated to analyze their
printability characteristic in DIW. The rheological properties of
the MWCNT/PDMS inks were analyzed using a shear rate-
controlled rotational test and oscillatory shear tests. The role
of MWCNT concentrations on ink shear thinning behavior and
viscoelastic moduli was analyzed. Its significance was also
presented with respect to the printability aspect and the capa-
bility to maintain structural integrity in complex 3D geometries.
A porous woodpile architecture was 3D printed, and its pie-
zoresistive performance was analyzed. This study demonstrates
how tailored ink formulations can enable high-fidelity printing
and enhance the sensor performance, highlighting the poten-
tial of DIW-printed MWCNT/PDMS composites for next-
generation wearable electronics and soft robotic applications.

2 Materials and methods
2.1 Materials

Multi-walled carbon nanotubes (MWCNTs) (purity of = 98%,
diameters range 10-15 nm, and lengths 3-10 pm) were procured
from Ultra Nanotech Pvt. Ltd, India. The polydimethylsiloxane
(PDMS), comprising the base polymer and curing agent (Sylgard
184, Dow Corning), was sourced from Kevin Electrochem, India.
Nanofibrillated cellulose (NFC) was procured from Aritech
Chemazone Pvt. Ltd, India. Isopropyl alcohol (IPA) was used as
the solvent and was supplied by Loba Chemie Pvt. Ltd, India.
Polyethylene terephthalate (PET) sheets were procured from
a local supplier.

2.2 Methods

2.2.1 Ink formulation. The conductive inks were formu-
lated using MWCNTs as the active ingredient, PDMS as the
polymer matrix, NFC as the dispersant, and IPA as the solvent.
MWCNTs were selected as conductive fillers owing to their
exceptional electrical conductivity, high thermal conductivity,
superior tensile strength, and high aspect ratio.**** PDMS was
selected as the matrix material due to its mechanical flexibility,
low cost, biocompatibility, and wide applicability in flexible
electronics. Nanofibrillated cellulose (NFC) was incorporated as
a bio-based dispersant to improve the dispersion stability and
suppress MWCNT agglomeration, owing to its high aspect ratio,
surface functionality, and fibrous network structure.*> NFC
outperforms other surfactants (e.g., Triton X-100 and sodium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Step-by-step schematic illustration for formulation of MWCNT/PDMS inks.

dodecyl sulfate) in dispersing MWCNTs, offering enhanced
stability, electrical conductivity, and processability, thereby
serving as a more effective and sustainable choice for conduc-
tive nanocomposite inks.***” IPA was incorporated as the
solvent due to its partial compatibility with both MWCNTSs and
PDMS, while also enhancing dispersion stability and ink
printability.*® Fig. 1 illustrates the MWCNT/PDMS ink formu-
lation for DIW printing, wherein NFC was dispersed in IPA and
sonicated for 30 min. Thereafter, the MWCNTSs were mixed in
the solution with a ratio of IPA: MWCNT of 50 : 1 and subjected
to another sonication for 30 minutes. In the present study,
sonication was carried out for only 30 min to maintain the
integrity of the MWCNTs, as intense sonication can mechan-
ically impact the MWCNTSs by subjecting them to severe stress
and heat, thus decreasing their length and considerably
affecting their electrical conductivity.**** The PDMS base poly-
mer was added to the sonicated mixture (IPA + NFC + MWCNTs)
and further sonicated for 30 min. To evaporate the IPA and to
improve the mixing, the mixture was subjected to magnetic
stirring at a temperature of 75 °C and 800 rpm. After complete
evaporation of IPA, the curing agent was added to the mixture at
a weight ratio of 1: 10 to the base polymer and stirred manually
before loading into the syringe barrel for printing. In this study,
a series of conductive inks was prepared by varying the MWCNT
concentration from 2 to 6 wt% and were designated as CNT-2,
CNT-4, and CNT-6, corresponding to 2 wt%, 4 wt%, and
6 wt% MWCNT loadings, respectively. A fresh batch of ink was
prepared for all the experiments using the same procedure to
ensure consistency and assess reproducibility.

2.2.2 DIW printing. A syringe-based extrusion DIW setup
was employed for the fabrication of 3D-printed structures using
the formulated MWCNT/PDMS inks. Fig. 2 shows the DIW
equipment, which consists of a computer-controlled three-axis
motion stage integrated with an extrusion unit. The extrusion
mechanism consists of a lead screw assembly coupled to an
injection syringe. The 3D structures were designed using
computer-aided design (CAD) via 3D modeling and then con-
verted to G-code using Cura, an open-source program. The inks
were dispensed into 10 mL syringes equipped with blunt-tip
nozzles with an inner diameter of 600 um. Subsequently, the
syringes were installed on the three-axis motion stage and
coupled to a motorized lead screw mechanism, which provided

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Direct ink writing (DIW) setup.

the required pressure to drive the ink through the nozzle during
the extrusion process. The porous woodpile structures were
then fabricated by a layer-by-layer deposition technique on
a PET substrate and cured at 80 °C for a duration of 2 hours.
2.2.3 Characterization. The rheological behavior of the
formulated inks was evaluated at 25 °C using a rotational
rheometer (RheolabQC, Anton Paar, Austria). Viscosity
measurements were performed over a shear rate range of 1 to
100 s, while the storage modulus (G') and loss modulus (G")
were determined through frequency sweep tests ranging from
0.1 to 100 rad s~ '. The morphological characteristics of the
printed MWCNT/PDMS composite were examined using field
emission scanning electron microscopy (FE-SEM; ZEISS Sigma
500 VP). Thermogravimetric analysis (TGA) was conducted
using a PerkinElmer thermogravimetric analyzer at a heating
rate of 10 °C min " over a temperature range of 25 °C to 800 °C.
Mechanical characterization was conducted using a universal
testing machine (UTM) (Tinius Olsen), while cyclic fatigue tests
were performed on a servo-hydraulic UTM (BISS, India).
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Fig. 3

modulus (G") as a function of angular frequency for (b) PDMS, (c) 2 wt%, (d) 4 wt%, and (e) 6 wt% MWCNTs formulations.
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(a) Apparent viscosity as a function of shear rate for MWCNT/PDMS inks having 0, 2, 4, and 6 wt% MWCNT. Storage modulus (G’) and loss
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Electrical measurements were recorded using digital multi-
meters (Keithley DMM6500 and UNI-T UT803).

3 Results and discussion
3.1 Rheological properties of the MWCNT/PDMS inks

A key factor in ensuring the printing of inks is the rheological
optimization of MWCNT/PDMS inks, with viscosity being
a crucial parameter for fine-tuning ink performance in the DIW
process. For effective printing of inks into 3D structures, a print-
able DIW ink must satisfy the specified printing criteria, such as
demonstrating shear thinning characteristics and possessing
a storage modulus (G') greater than the loss modulus (G”).*"*
Shear thinning refers to non-Newtonian behavior, where the ink's
viscosity decreases with an increase in shear rate. The rheological
characteristics of the inks were characterized by evaluating the
change in viscosity as a function of the shear rate. The viscosity of
the inks was altered by varying the MWCNT concentration from 2
to 6 wt%, and the results are presented in Fig. 3(a). From Fig. 3(a),
it was observed that the pristine PDMS shows Newtonian fluid
properties with relatively uniform viscosity and limited shear-
thinning behavior, rendering it unsuitable for DIW applica-
tions. In contrast, the CNT-2 ink demonstrated slightly enhanced
shear-thinning characteristics, although this was still insufficient
for efficient printability. Both CNT-4 and CNT-6 inks exhibited
pronounced shear-thinning behavior, confirming their suitability
for the extrusion-based DIW process.

The Power Law model is a well-established approach for
characterizing the flow behavior of non-Newtonian fluids,
mathematically represented by the eqn (1).

T =Ky", (1)

where 7 is the shear stress (Pa), ¥ is shear rate (s '), K is the flow
consistency index, and 7 is the flow behavior or the Power law
index.** The flow behavior is considered Newtonian whenn =1,
0 < n < 1 corresponds to shear-thinning behavior; and n > 1
indicates shear-thickening. Also, as the power law index
decreases, the degree of shear-thinning exhibited by the fluid
increases. For pristine PDMS, the power law index n was
calculated to be = 1, confirming its behaviour as a Newtonian
fluid, not suitable for the DIW printing. In contrast, the n values
for the various MWCNT ink formulations were found to be less
than 1, with values of 0.84, 0.65, and 0.43 corresponding to
MWCNT concentrations of 2%, 4%, and 6% respectively. Table
1 details the results of rheological characterization and the
printability aspect of the fabricated inks. The results indicate
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that increasing MWCNT content leads to more pronounced
shear-thinning behavior, an essential characteristic of the ink
for application in DIW.

For DIW inks, an appropriate yield stress is essential: it
ensures the material can retain its printed shape under its own
weight after the printing, while allowing continuous flow when
the applied stress exceeds this threshold.** Generally, the
optimal yield stress recommended range for DIW applications
is ~100-1000 Pa.* In the study, the developed MWCNT/PDMS
inks showed a clear trend of increasing yield stress with
higher MWCNT loadings. Specifically, the CNT-2, CNT-4, and
CNT-6 inks exhibited yield stress values of 12 Pa, 120 Pa, and
550 Pa, respectively (Table 1). This progressive increase indi-
cates enhanced network formation and stronger interparticle
interactions at higher CNT concentrations, which is desirable
for stable and self-supporting structures during 3D printing.
Notably, the CNT-2 ink's low yield stress suggests it may be
more prone to slumping or spreading after extrusion, whereas
CNT-4 and CNT-6 provide sufficient yield stress to retain printed
geometries with good structural integrity. These results high-
light the importance of tuning filler content to achieve optimal
yield stress for DIW printing of inks.

In addition, oscillatory shear tests were conducted to eval-
uate the rheological behavior of the MWCNT/PDMS inks by
determining the storage modulus (G’) and loss modulus (G”) as
a function of the angular frequency (Fig. 3(b)-(e)). The oscilla-
tory results showed a clear transition from liquid-like to solid-
like behavior with increasing MWCNT concentration in the
PDMS matrix. Pristine PDMS exhibited a dominant viscous
behavior (G” > G') across the frequency range, indicating
a primarily fluid nature (Fig. 3(b)). The CNT-2 ink showed that
a crossover point was observed at lower frequencies, indicating
the formation of a weak bonding network. Also, G' > G for
a larger frequency domain, indicating a liquid behavior with
limited ability to hold its shape after printing (Fig. 3(c)). For
CNT-4, the crossover shifted to higher frequencies, suggesting
the development of a stronger CNT network that sustains elas-
ticity over a broader frequency domain. This transition, where
G’ consistently exceeds G” across most of the tested domain,
reflects a shift to dominant solid-like behavior, suitable for
shape retention during and after extrusion (Fig. 3(d)). For CNT-
6, no crossover point was detected within the measured range as
G’ remained consistently higher than G” at all frequencies,
signifying a well-percolated CNT network that provides robust
structural integrity necessary for high-fidelity DIW printing
(Fig. 3(e)). These results show that increasing the MWCNT
content optimizes the balance between extrusion flow and post-

Table 1 Rheological and printability characteristics of PDMS and MWCNT/PDMS composites with varying MWCNT concentration

MWCNT wt% Power law Yield stress Shape retention
S. no. in ink index (n) Flow behavior classification (Pa) capability (Fig. 4)
1 PDMS (0 wt%) =1 Newtonian 0 Not printable
2 CNT-2 (2 wt%) 0.84 Shear-thinning (non-Newtonian) 12 Very poor
3 CNT-4 (4 wt%) 0.65 Shear-thinning (non-Newtonian) 120 Limited
4 CNT-6 (6 wt%) 0.43 Shear-thinning (non-Newtonian) 550 Optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deposition shape retention, with solid-like behavior becoming
dominant beyond 4 wt% MWCNT.

3.2 DIW printing of porous woodpile structure

The structure of the pressure sensor enhances its sensitivity and
stability of pressure sensor. Hence, this study used a porous
woodpile structure to analyze the printability of the fabricated
MWCNT/PDMS inks. Fig. 4(a) presents a schematic illustration
of the porous woodpile structure obtained by DIW printing. All
formulated MWCNT/PDMS inks were used to fabricate the
porous woodpile structure using the DIW setup. The structure
fabricated using CNT-2 ink resulted in ink spreading and poor
shape fidelity (Fig. 4(b)). This was attributed to the insufficient
viscosity and limited shear thinning behavior, which was also
confirmed by rheological testing (Section 3.1).

In contrast, the CNT-4 ink demonstrated no ink spreading
and offered improved structural definition and mechanical
stability, attributed to its enhanced viscoelastic properties.
However, it was still insufficient to fully preserve the geometric
integrity of the porous woodpile architecture after 3D printing.
The CNT-6 ink produced a well-defined and porous woodpile
architecture (Fig. 4(d)), enabled by its improved rheological
properties, including a dominant storage modulus and
pronounced shear-thinning behavior, both of which are critical
for maintaining structural fidelity during extrusion-based
printing. The woodpile structure fabricated using the CNT-6
ink demonstrated exceptional mechanical flexibility, with no
damage or structural degradation under bending, which can be
attributed to the strong interfacial adhesion between the
intersecting filaments, ensuring mechanical integrity and
resilience under deformation (Fig. 4(e)). This highlights its
potential for implementation in flexible and wearable pressure-

<+— Syringe

«—Nozzle

<+— Extruded ink

Fig. 4
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sensing applications. A porous woodpile structure fabricated
using the CNT-6 ink was subsequently employed for perfor-
mance characterization as a flexible pressure sensor.

3.3 Morphological analysis of MWCNTs and MWCNT/PDMS
composite

The field emission scanning electron microscopy (FE-SEM) was
used to examine the microstructure of MWCNTs and the
MWCNT/PDMS composite fabricated using CNT-6 ink. Fig. 5(a)
illustrates the entangled network structure of the MWCNTS,
which arises from the strong van der Waals interactions acting
at the nanoscale. The SEM image of the MWCNT/PDMS
composite, shown in Fig. 5(b), reveals a conducting network
produced by the MWCNTs with a high aspect ratio, which is
successfully distributed throughout the PDMS matrix. The
formation of such an interconnected nanotube network
enhances not only the structural integrity but also the electrical
conductivity of the material, making it suitable for applications
in flexible electronics.

Further, SEM analysis confirms the successful fabrication of
the woodpile structure using CNT-6 ink via DIW. As shown in
Fig. 5(c), the structure exhibits a well-aligned, multilayered
architecture with excellent filament shape retention and
consistent interlayer spacing. Fig. 5(d) presents the cross-
sectional view, where the filaments maintain a nearly circular
geometry with pore sizes of approximately 609.1 um and 610.4
um, indicating uniform deposition. These observations validate
the rheological suitability of the CNT-6 ink for DIW and high-
light the potential of the DIW for fabricating high-fidelity,
porous architectures tailored for flexible and functional elec-
tronic applications.

(a) lllustration of the woodpile structure fabricated via direct ink writing (DIW). Woodpile structures printed using (b) 2 wt% (CNT-2) ink, (c)

4 wt% (CNT-4) ink, (d) 6 wt% (CNT-6) ink, (e) demonstration of the flexibility of the porous woodpile structure printed using CNT-6 ink.
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Fig. 5 SEM images representing (a) entangled network of pristine MWCNTSs, (b) dispersion of MWCNTSs within PDMS matrix, configuration of 3D

printed woodpile structure (c) lateral and (d) cross-sectional view.
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Fig. 6 TGA curves of pristine PDMS and MWCNT/PDMS composites
for 4 wt% (CNT-4) and 6 wt% (CNT-6) inks.
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3.4 Thermal stability

Thermogravimetric analysis (TGA) was conducted to evaluate the
thermal stability of the pristine PDMS and the MWCNT/PDMS
composite fabricated with CNT-4 and CNT-6 inks. As shown in
Fig. 6, the pristine PDMS exhibited an initial degradation
temperature around 400 °C and a final mass residue of approx-
imately 42.16 wt% at 800 °C. In contrast, the CNT-4 and CNT-6
composites demonstrated enhanced thermal stability, with
higher onset degradation temperatures and increased residual
masses of about 45.19 wt% and 49.40 wt% at 800 °C, respectively.
The incorporation of MWCNTs significantly affects the thermal
stability of the MWCNT/PDMS composite. The addition of
MWCNTs resulted in a shift of the TGA curves towards higher
temperatures, indicating enhanced thermal stability. This
improvement is attributed to the uniform dispersion of MWCNTs
within the PDMS matrix and the strong interfacial interactions
between the nanotubes and the polymer chains, which together
hinder the thermal degradation process.*** These results
confirm that the developed nanocomposite inks possess superior
thermal stability, highlighting their potential for applications
that demand elevated thermal endurance.
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3.5 Mechanical properties of MWCNT/PDMS composites

The mechanical characteristics of the MWCNT/PDMS compos-
ites with varying MWCNT concentrations were examined to
evaluate their strength and behavior under tensile loading
conditions. Tensile tests were performed on a UTM equipped
with a 10 kN load cell at a crosshead speed of 40 mm min ™. For
tensile testing, a dumbbell-shaped specimen was prepared in
accordance with ASTM-D412, which specifies standard test
methods for vulcanized rubber and thermoplastic elastomers.*®
Fig. 7(a) presents the geometry of the tensile specimen, whereas
Fig. 7(b) displays the 3D-printed specimen fabricated using the
CNT-6 ink. Owing to the inherent low viscosity and insufficient
structural integrity of PDMS for direct 3D printing, tensile
specimens were prepared by casting the material into a 3D-
printed mold in accordance with the ASTM D412 standard.
The tensile specimen with CNT-2 ink could not be fabricated by
3D printing because its low yield stress led to excessive
spreading, rendering it unsuitable for DIW; hence, it was not
considered. Fig. 7(c) presents the stress-strain curves of the cast
PDMS specimen and 3D-printed specimens fabricated using the
CNT-4 and CNT-6 inks. As observed from the stress-strain
curves (Fig. 7(c)), a linear relationship between the stress and
strain was maintained across varying MWCNT concentrations.
The pristine PDMS sample fractured at a relatively low stress of
1.11 MPa with a strain of 0.87, whereas the 6 wt% MWCNT/
PDMS composite exhibited significantly higher fracture stress

Table 2 Mechanical properties of pristine PDMS and MWCNT/PDMS
composites at varying MWCNT loadings as determined from tensile
testing

MWCNT content Young's Tensile strength
S. no. (Wt%) modulus (MPa) (MPa)
1 Pristine PDMS 1.21 1.11
2 4 Wt% (CNT-4) 2.62 1.78
3 6 wt% (CNT-6) 3.61 2.44

6948 | Nanoscale Adv, 2025, 7, 6941-6953

of 2.44 MPa with a strain of 0.68, highlighting the substantial
reinforcement provided by the MWCNT incorporation.

The slope of the stress-strain curve corresponds to the
Young's modulus of the composites. The Young's modulus of
pristine PDMS was measured at 1.21 MPa, while the 6 wt%
MWCNT/PDMS composite exhibited a modulus of 3.61 MPa,
representing an approximately threefold increase. This
enhancement is attributed to efficient stress transfer at the
nanotube-matrix interface and the stiffening effect imparted by
the MWCNTs, whose superior mechanical properties (Young's
modulus ~1 TPa and tensile strength ~30 GPa) far exceed those
of PDMS.* The tensile strength of the composites exhibited
a trend similar to that of Young's modulus (Table 2).

3.6 Fatigue behavior of MWCNT/PDMS composite

The fatigue behavior of MWCNT/PDMS composites by CNT-6
ink was evaluated under tensile cyclic loading and unloading
at varying strain amplitudes (10%, 20%, 30%, and 40%) to
evaluate their mechanical durability and energy dissipation
characteristics under repeated loading. As shown in the stress—
strain hysteresis loops (Fig. 8(a)), the composites exhibited
viscoelastic behavior with increasing energy dissipation at
higher strain levels, as evidenced by the broadening of the
loops. At lower strains (10% and 20%), the loops remained
narrow and stable, indicating minimal stress softening and
good structural integrity. In contrast, higher strain amplitudes
(30% and 40%) led to increased hysteresis and more
pronounced stress relaxation, suggesting enhanced polymer
chain mobility and interfacial debonding between MWCNTs
and the PDMS matrix. The evolution of maximum stress over
1000 cycles (Fig. 8(b)) revealed a gradual decline across all strain
levels, with more significant degradation observed at higher
strains of 30% and 40%. This stress-softening behavior is
attributed to the Mullins effect,*® which results from irreversible
changes in the microstructure and weakening of the filler-
matrix interface during the initial loading cycles. Despite this,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maximum stress with number of loading cycles under different strain conditions.

the composite maintained mechanical stability over multiple
cycles, particularly at lower strains, underscoring its potential
for applications in flexible and stretchable electronics. These
results highlight the material's suitability for use in flexible
pressure sensors, where reliable mechanical response and
fatigue resistance under repeated deformation are essential.

Computer

Digital Multimeter (DMM 6500)

3.7 Electromechanical characterization of MWCNT/PDMS
flexible pressure sensor

The MWCNT particles establish conductive pathways within the
matrix, forming a network of resistors.” The distribution of
these particle connections is influenced by the external pres-
sure, resulting in variations in resistance. Owing to the pressure
caused by loading, the conductive networks experienced
a process of disintegration and the development of percolation

3% «—— Weight

-4_ -

Fig.9 Schematic representation of the experimental setup used for resistance measurements of the 3D-printed pressure sensor under applied

load.
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Fig. 10 Resistance response of the 3D printed woodpile structured flexible pressure sensor under (a) incremental static loads (50 g, 100 g, and

200 g), and (b) repeated cyclic loading at 500 g.
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channels inside the particle network. Deformation of the
MWCNT polymer nanocomposite induced alterations in the
conductive pathways. Consequently, the electrical resistivity of
the material may either increase or decrease. This behavior is
correlated with the aspect ratio of the filler particles. Low-
aspect-ratio fillers, such as carbon black, decrease resistance
under external pressure, known as the negative pressure coef-
ficient of resistance (NPCR). Conversely, resistance increases
under pressure with high-aspect-ratio particles, such as CNTs,
resulting in a positive pressure coefficient of resistance (PPCR)
effect.”” The PPCR effect in CNT/polymer composites describes
the increase in electrical resistance under applied mechanical

View Article Online

Paper

pressure. This arises from the disruption of conductive path-
ways as pressure induces deformation of the polymer matrix,
leading to increased inter-tube spacing and reduced electron
tunneling between adjacent CNTs.>® The effect is especially
pronounced near the electrical percolation threshold, where
minor structural changes significantly alter conductivity. In this
study, the resistance increased with pressure and exhibited
piezoresistive behavior. To assess the performance of the flex-
ible pressure sensor, the 3D-printed sensor was placed on a flat
surface. The ends of the flexible pressure sensor were connected
to a digital multimeter (DMM&6500, Keithley) using electrical
wires and metallic clips. The multimeter was subsequently
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(a) Experimental setup for electromechanical testing using a universal testing machine (UTM) coupled with resistance measurement via

a digital multimeter, (b) relative resistance change (AR/Rg) response under cyclic compression; (c) relative resistance change (AR/Rg) response
under repeated finger pressing (AR represents the change in electrical resistance during testing, and Ry denotes the initial resistance of the sensor

prior to loading).
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Table 3 Comparison of MWCNT-based flexible pressure sensors reported in the literature and the present work

Study Fabrication method Sensing material Sensitivity Range (kPa)
Cai et al.>* Dip coating MWCNTs/polyurethane (PU) 0.00125 kPa™" 0-200
Zhong et al.>® Solution mixing MWCNT/PDMS 0.004 kPa™* 0-100

Zhou et al.”® Dip coating CNTs/polyvinyl alcohol/polyvinylidene fluoride 0.0196 kPa™' 0-40

He et al.”’ Solution mixing Modified-MWCNTSs/PU 0.042 kPa™" 0-63

Shao et al.”® Digital light processing CNTs/PEDOT : PSS/PU dispersion 0.00354 S kPa ™" 0-22

Yang et al.”® Fused deposition modeling CNT/Thermoplastic polyurethane 0.040 kPa™* 0-20

This work DIW printing MWCNTs/PDMS 0.047 kPa™* 0-200

interfaced with a computer via a USB connection, as shown in
Fig. 9.

The piezoresistive performance of the porous woodpile
pressure sensor was systematically evaluated under mechanical
loading conditions to determine its sensitivity and stability.
Under incremental static loads of 50 g, 100 g, and 200 g
(Fig. 10(a)), the sensor exhibited a distinct and repeatable
increase in resistance, indicating its sensitivity to the applied
pressure. Resistance increased proportionally with applied
load, confirming the deformation-induced compressive
disruption of conductive pathways within the MWCNT/PDMS
composite network. This behavior highlights the effective
transduction of mechanical stimuli into electrical signals.
Under dynamic conditions, as shown in Fig. 10(b), the sensor
was subjected to repeated loading with a 500 g weight. The
resistance response exhibited sharp and consistent peaks for
each loading cycle, demonstrating excellent repeatability and
fast response. These results confirm that the sensor delivers
a reliable and stable performance under both static and
dynamic loading conditions, making it a promising candidate
for flexible and wearable piezoresistive sensing applications.

To assess the mechanical durability and pressure-sensing
capability of the fabricated MWCNT/PDMS-based flexible pres-
sure sensor, cyclic compressive loading-unloading tests were
performed using a UTM equipped with a FUTEK load cell, as
illustrated in Fig. 11(a). The sensor was positioned between the
compression plates, and a controlled sinusoidal compressive
force was repeatedly applied to simulate dynamic mechanical
input. Force control and test execution were managed via the
BISS testware software, while the real-time electrical response
(resistance change) was continuously monitored using a UNI-T
UT803 digital multimeter connected to a secondary laptop.
Stable electrical connections were maintained using probe
wires, ensuring accurate resistance measurements during each
loading cycle. As shown in Fig. 11(b), the sensor exhibited
repeatable and consistent relative resistance changes (AR/R,)
under cyclic mechanical stress, confirming its high mechanical
resilience and reliable electromechanical performance.
Notably, the sensor maintained its electrical stability even after
repeated cyclic loading, indicating minimal degradation in
conductivity and sensing functionality. These findings high-
light the suitability of the MWCNT/PDMS composite sensor for
flexible and wearable electronics applications.

To further assess the sensor's applicability for human-
interactive wearable electronics, a finger compression test was

© 2025 The Author(s). Published by the Royal Society of Chemistry

performed by manually applying pressure to the sensor surface,
as illustrated in the inset of Fig. 11(c). The sensor demonstrated
a clear, rapid, and repeatable response to finger-induced pres-
sure, with (AR/R,) reaching up to ~200%, validating its capa-
bility to detect low-force stimuli. This confirms the sensor's
potential for real-life applications in flexible electronics, such as
tactile sensing, health monitoring, soft robotics, and human-
machine interfaces.

The sensitivity of a pressure sensor is a critical parameter
that quantifies its ability to convert mechanical stimuli into
electrical signals. It is commonly defined as the ratio of the
sensor's output response to the applied input pressure. For
piezoresistive sensors, this is typically expressed as the
normalized change in resistance with respect to applied pres-
sure, mathematically given by eqn (2)

_ AR/Ry

S P

(2)
where S is the sensitivity, AR is the change in resistance, R, is the
initial resistance, and P is the applied pressure. Based on this
relationship, the fabricated flexible pressure sensor exhibited
a sensitivity of 0.047 kPa ™. Table 3 summarizes MWCNT-based
flexible pressure sensors fabricated by different methods re-
ported in the literature. The proposed DIW-printed MWCNT/
PDMS sensor achieves a sensitivity of 0.047 kPa™" over a broad
sensing range of 0-200 kPa, exceeding the range of most reported
studies and showing good sensitivity. This enhanced sensitivity
demonstrates a high responsiveness to low-pressure stimuli and
further supports its potential for precision pressure monitoring
in flexible and wearable sensing applications.

4 Conclusions

In this study, 3D-printable conductive inks incorporating
varying concentrations of MWCNTs were developed for the
fabrication of flexible piezoresistive pressure sensors using
DIW. Rheological analysis revealed that MWCNT loading above
4 wt% imparts the shear-thinning and solid-like viscoelastic
properties necessary for successful DIW printing. Although
both the CNT-4 and CNT-6 inks fulfilled the rheological criteria
for extrusion and shape fidelity, only the CNT-6 formulation
maintained the structural integrity of the complex woodpile
architecture post-printing. Morphological analysis further
confirmed the uniform distribution of the MWCNTSs within the
3D-printed MWCNT/PDMS composites. The incorporation of
MWCNTs into PDMS significantly enhanced the mechanical

Nanoscale Adv., 2025, 7, 6941-6953 | 6951
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properties of the composites, with the 6 wt% MWCNT/PDMS
exhibiting a threefold increase in Young's modulus (3.61 MPa)
and a higher tensile strength (2.44 MPa) than pristine PDMS,
which is attributed to the effective stress transfer and superior
mechanical properties of the MWCNTs. Furthermore, fatigue
analysis demonstrated stable mechanical performance of the
DIW-printed MWCNT/PDMS composites under cyclic loading,
affirming their suitability for long-term flexible pressure sensing.
The MWCNT/PDMS porous woodpile pressure sensor exhibited
a robust PPCR effect with a good sensitivity of 0.047 kPa ",
having excellent repeatability and stability under diverse loading
conditions, establishing its potential for precision pressure
monitoring in flexible and wearable piezoresistive sensing
applications. Future work will focus on enhancing the sensor's
sensitivity and exploring its integration into diverse real-world
applications. This work represents a valuable contribution that
could open new avenues for research and applications, particu-
larly in optimizing material development in diverse fields,
including wearable electronics, prosthetics, and robotics. Future
works may focus on harnessing the geometric tunability to
design next-generation flexible pressure sensors with enhanced
sensitivity, pressure range, and overall performance.
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NFC Nanofibrillated cellulose
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CAD Computer-aided design

TGA Thermogravimetric analysis

FE-SEM Field emission scanning electron microscopy
UTM Universal testing machine

PPCR Positive pressure coefficient of resistance
NPCR Negative pressure coefficient of resistance
PU Polyurethane
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