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ABSTRACT: Polymer-based bioresorbable vascular scaffolds
(BVS) have garnered significant attention in biomedical applica-
tions. Among various BVS, polycaprolactone (PCL)-based scaffolds
exhibit excellent biocompatibility, flexibility, chemical stability, and
controlled degradation. However, their low radial strength limits
practical applicability. Moreover, most reported BVS require
periodic postimplantation monitoring to enable early detection of
in-stent restenosis and thrombosis. To overcome these limitations,
we fabricate a carbon nanotube (CNT)-reinforced PCL BVS using
a 3D printing process, enabling patient-specific customization while
significantly improving mechanical strength and durability. The
proposed PCL/CNT-based stent not only serves as a structural
scaffold but also facilitate real-time vascular pressure monitoring by
integrating a wireless LC capacitive pressure sensor. The LC pressure sensor is microfabricated using microelectromechanical
systems (MEMS) technology and exhibits highly stable resonance characteristics. A key innovation is the integration of a supporting
micropillar within the capacitor cavity, which minimizes structural deformation and ensures a stable capacitance response.
Mechanical testing demonstrates that PCL/CNT stents achieve significantly higher radial force (0.1 N/mm) compared to pristine
PCL (0.013 N/mm). The wireless sensor exhibits high sensitivity (49 kHz/mmHg) with minimal capacitance variation (±5%). In-
vitro studies in a phantom experiment confirm stable resonance frequency fluctuations that accurately correlate with hemodynamic
changes. This smart stent integrates biodegradable nanocomposites, 3D printing, and wireless sensing, providing a noninvasive
platform for restenosis and thrombosis monitoring. It marks a significant advancement in cardiovascular implants, paving the way for
personalized and proactive patient care.
KEYWORDS: PCL/CNT hybrid nanocomposite, 3D-printing, bioresorbable vascular scaffolds, structurally reinforced capacitive sensor,
wireless LC pressure sensor, hemodynamic monitoring

Percutaneous coronary intervention (PCI) is a widely
adopted minimally invasive technique for treating

coronary artery disease (CAD) by restoring blood flow in
occluded arteries.1−4 The underlying pathology of CAD is
atherosclerosis, characterized by the progressive accumulation
of plaque within arterial walls, leading to restricted blood flow.
Stenting remains the most effective intervention, with over
954,000 PCI procedures performed annually in the United
States.5 Traditional metallic stents, including bare-metal and
drug-eluting stents, have significantly reduced acute vessel
closure rates and improved clinical outcomes.6−8 However,
long-term complications such as in-stent restenosis, late stent
thrombosis, and imaging artifacts in computed tomography
and magnetic resonance imaging continue to pose chal-
lenges.9,10 These limitations necessitate the development of
alternative materials with enhanced performance and bio-
compatibility.

Bioresorbable vascular scaffolds (BVS) made from biode-
gradable polymers like poly(L-lactic acid) (PLLA), poly-
glycolic acid (PGA), and polycaprolactone (PCL) have gained
significant attention. These materials provide temporary
mechanical support and gradually degrade, allowing the
blood vessel to restore its natural function.11−14 Among
these polymers, PLA has higher strength and stiffness than
PCL and degrades more slowly than PLGA.15 This makes PLA
a promising biodegradable material for fabricating BVS for
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various medical applications.16 However, using PLA for
cardiovascular stents is challenging due to its brittleness.17,18

On the other hand, PCL-based BVS offers a good balance
between mechanical strength and controlled degradation.19,20

However, a key drawback of PCL-based BVS is their low radial
strength, which limits their ability to keep blood vessels open
until complete vascular remodeling occurs.21−23

Recently, several strategies have been explored to enhance
the radial force of PCL stents, including the incorporation of
reinforcing agents such as gelatin and hydroxyapatite.24−26 For
example, Guerra et al. developed a heterogeneous polymer
composite based on a PCL/PLA cardiovascular scaffold, which
exhibited enhanced mechanical properties.27 However, pro-
cessing PLLA using 3D printing or casting techniques remains
constrained by its inherent brittleness. Carbon-based materials,
such as graphene, carbon quantum dots, and CNTs, have been
incorporated into PCL to improve its mechanical proper-
ties.28−30 For instance, Misra et al. proposed patient-specific
stenting by utilizing direct 3D printing of a PCL-graphene
platelet composite, which exhibited improved mechanical
strength.28 CNTs, in particular, have been widely studied
due to their exceptional mechanical strength, electrical
conductivity, and biocompatibility.29−31 Several studies have
demonstrated that PCL-CNT composites significantly improve
tensile strength and durability, addressing the inherent
mechanical weaknesses of PCL scaffolds.32,33 However, most
of the reported PCL/CNT composite scaffolds have been
explored in tissue engineering rather than direct stent
applications. Furthermore, traditional scaffold manufacturing
techniques often fail to provide the necessary customization for
patient-specific stenting, further limiting their clinical success.
To address the challenges associated with patient-specific

stenting, 3D printing has emerged as a promising technique for
fabricating complex and customized vascular scaffolds.34,35 By
directly segmenting medical images, patient-specific stents can
be designed and 3D printed using PCL-based composites
reinforced with CNTs, improving their strength and durability.
Beyond structural support, continuous monitoring of vascular
pressure postimplantation is crucial for early detection of in-
stent restenosis and thrombosis, conditions that pose serious
risks to patient health. Conventional pressure measurement
methods, such as catheter-based techniques, are highly invasive
and unsuitable for long-term monitoring. Recent advances in
wireless sensing technology have enabled the development of
LC-based pressure sensors, which offer a noninvasive approach
to real-time hemodynamic monitoring.36−40 However, existing
LC sensors often suffer from structural deformations due to the
thermal bonding process, leading to signal instability and
inaccurate pressure readings. These limitations hinder clinical
applicability, emphasizing the need for design modifications
that enhance the sensor’s mechanical robustness and signal
reliability.
Herein, we propose a PCL/CNT hybrid BVS fabricated

using advanced 3D printing technology. The integration of
CNTs within the PCL matrix enhances tensile strength,
durability and effectively addresses the inherent mechanical
weaknesses of polymer-based stents. Compared to pristine
PCL and PLA-based BVS, the PCL/CNT composite BVS
exhibits significantly enhanced radial force, ensuring improved
vascular support and stability. Beyond structural reinforcement,
the stent incorporates a wireless LC pressure sensor for
continuous hemodynamic monitoring. To successfully mitigate
structural deformation, present in reported wireless LC

pressure sensors, a supporting micropillar structure is
strategically integrated within the capacitor cavity area,
effectively reducing diaphragm deformation and ensuring a
stable capacitance response under physiological conditions. In
vitro evaluations, including mechanical characterization,
pressure sensitivity analysis, and wireless signal stability
assessments, have demonstrated the feasibility of the proposed
stent in practical applications. This approach represents a
significant advancement in bioresorbable vascular scaffold
technology by combining biodegradable nanocomposites,
patient-specific 3D printing, and real-time wireless sensing,
paving the way for next-generation smart stents that not only
provide temporary vascular support but also enable continu-
ous, noninvasive health monitoring.

■ MATERIAL AND METHODS
Materials. Silicon wafers (4-in.) were obtained from Silicon

Technology Cooperation (Korea). SU-8 3010 and PermiNex 1000
were sourced from Kayaku Advanced Materials. The photosensitive
resist AZ4620 and buffered oxide etchant (BHF) were purchased
from MicroChemicals (Germany). Polycaprolactone (PCL, Mw
80,000), carbon nanotubes (CNT) and dimethylformamide (DMF)
were obtained from Sigma-Aldrich.

PCL and CNT Reinforced PCL BVS Fabrication. The
fabrication of both pristine PCL and CNT-reinforced PCL
composites at varying weight fractions (0.1, 0.2, 0.5, 1, and 2%)
(Figure S1) was conducted using a precisely controlled FDM (fused
deposition modeling) 3D printing process. Initially, CNTs were
dispersed into 10 mL of DMF and subjected to magnetic stirring at 80
°C for 2 h to achieve homogeneous dispersion. To further enhance
uniformity, PCL was subsequently introduced into the CNT
dispersion, followed by ultrasonic treatment to facilitate the formation
of a well-integrated polymer nanocomposite (Figure S2). To
eliminate residual solvent, the DMF was removed by employing a
drying process, utilizing a hot plate and left overnight to ensure
complete solvent evaporation. The prepared composite material was
extruded at a precisely controlled pressure of 0.5 MPa and a speed of
3 mm/s, with the container temperature maintained at 160 °C to
ensure optimal flow characteristics during printing. Notably, PCL
melt exhibits Newtonian fluid behavior, with its viscosity primarily
dependent on temperature.41 For accurate deposition, a specialized
print head equipped with a dispensing nozzle featuring an inner
diameter of approximately 200 μm was employed. The FDM-based
printing approach allowed direct and precise fabrication of the stent
structure onto the print bed while ensuring geometric accuracy.
Through systematic optimization of the printing parameters, the
stents were fabricated with a uniform thickness of 150 μm and a width
of 225 μm. The printing process was carried out on a cylindrical shaft
with a diameter of 2.75 mm to provide structural stability. The final
stents achieved an outer diameter of 3.05 mm and a length of 18 mm,
meeting the dimensional specifications required for cardiovascular
applications.

LC Pressure Sensor Fabrication. The fabrication of the LC
resonance-type wireless pressure sensor follows a meticulously
controlled microfabrication process, involving the sequential develop-
ment of the capacitor layer, inductor coil layer, and their final
assembly (Figure S3). Initially, a 300 nm thick silicon dioxide (SiO2)
layer is thermally grown on a 4-in. silicon wafer through a wet
oxidation process at 1000 °C for 40 min, serving as a sacrificial layer
for the eventual release of the sensor. A 10 μm thick SU-8 3010 base
layer is then spin-coated onto the SiO2 substrate at 2400 rpm for 40 s.
Subsequently, a 10 nm thick titanium (Ti) adhesion layer and a 100
nm thick chromium (Cr) conductive layer are deposited using DC
sputtering at 50 W for 1 h to form the capacitor electrodes. The
capacitor structure, with varying diameters (400−1300 μm), is
defined through a metal wet etching process. A 2 μm thick SU-8
insulating layer is then spin-coated and patterned to encapsulate the
capacitor electrodes, leaving a small opening for electrical
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connections. To enhance sensor performance, multiple capacitor
cavity layers (1300, 800, and 400 μm in diameter) are patterned. A
supporting microstructured pillar, with a diameter set to 10% of the
capacitor’s initial diameter, is introduced at the center of the capacitor
plate to mitigate mechanical deformation during bonding. For the
fabrication of the inductor coil layer, a thick AZ4620 positive
photoresist mask (12 μm) is applied to define the coil structure,
followed by gold (Au) electroplating (10 μm thickness) to ensure
high electrical conductivity. A gold (Au)-electroplated inductor coil,
designed with 24 precise turns, is perpendicularly aligned with the
capacitor layer, a crucial design feature that optimizes electromagnetic
performance and signal transmission efficiency. Each coil turn has a
coil width of 0.03 mm and a pitch distance of 0.03 mm, ensuring high
conductivity and resonance stability. A 35 μm thick SU-8
encapsulation layer is then coated and patterned over the inductor
coil to provide structural protection. To facilitate sensor release, a 10
μm thick PermiNex layer is spin-coated onto the SU-8 encapsulation
layer, providing an air cavity and additional electrical connection
points. The final capacitor plate layer is then released from the silicon
wafer by dissolving the SiO2 sacrificial layer using a buffered
hydrofluoric acid (BHF) solution. For sensor assembly, the capacitor

and inductor coil layers are precisely aligned in a perpendicular
configuration to optimize capacitive sensing performance. The final
integration is achieved through a thermal bonding process at 150 °C
for 1 min, ensuring stable adhesion and reliable sensor operation.

Fabrication of Smart Stent. The integration of the LC
resonance-type wireless pressure sensor with the PCL or PCL/
CNT nanocomposite stent followed a systematic fabrication approach
to ensure seamless incorporation and optimal performance (Figure
S4). Initially, the LC pressure sensor was attached to a 3D-printed
shaft using a poly(vinyl alcohol) (PVA) water-soluble solution, which
acted as a temporary adhesion layer to support the subsequent stent
printing process. Following this, the PCL or PCL/CNT composite
stent was printed directly onto the sensor. Using a high-precision 3D-
printing technique, the stent was printed with a filament width of 200
μm, as discussed in the earlier section. To achieve uniform CNT
dispersion and maintain printability, various CNT weight fractions
were explored, and an optimal concentration was selected. Once the
stent structure was successfully printed, the sacrificial PVA layer was
dissolved in water, allowing for the gentle detachment of the stent-
integrated sensor also known as smart stent from the 3D-printed shaft.
During 3D-printing process, the molten composite material

Figure 1. Schematic of the smart stent. (a) Schematic illustration of the CNT-incorporated smart stent and its wireless sensing mechanism. (b)
Measurement setup showing resonance frequency changes due to pulsatile pressure variations using a portable vector network analyzer (VNA). (c)
Supporting micropillar-integrated LC wireless pressure sensor designed to enhance mechanical stability and sensing performance under applied
pressure. (d) Schematic of the 3D printing process for integrating the LC pressure sensor with the CNT-incorporated stent to produce the smart
stent.
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penetrated the open structure of the sensor, forming a strong
mechanical interlock between the sensor and the stent (Figure S5).

Equipment Utilized for Characterization of the Sensor. The
cross-sectional view of the LC sensor was analyzed using field
emission scanning electron microscopy (FE-SEM, JSM-7900F;
JEOL). The radial force of the fabricated stents was evaluated using
a universal tensile testing machine (EZ-L; Shimadzu, Japan). The
inductance of the LC pressure sensor was measured using an LCR
meter (E4980AL; KEYSIGHT). The resonance characteristics of the
smart sensor were examined inside a pressure chamber
(MMVC2S_S/4P, MSTECH). Pressure variations were controlled
using a syringe pump (LEGATO 210, kd Scientific) and monitored
with a pressure gauge. The resonance frequency was recorded using a
network analyzer (N9913B; KEYSIGHT).

■ RESULTS AND DISCUSSION
Figure 1A illustrates the operational principle and assembly
process of the PCL/CNT BVS with an embedded LC wireless
pressure sensor. The CNT-incorporated smart stent functions
as a wireless hemodynamic monitoring system, detecting
vascular pressure changes caused by plaque formation or blood
clot-induced stenosis. To validate this function, the measure-
ment was carried out using a portable network analyzer with an
external coil antenna to detect the resonance frequency shift
caused by pulsatile pressure variations, as illustrated in Figure
1B. Figure 1C illustrates the LC wireless pressure sensor,
which consists of two primary functional layers: a capacitor

Figure 2. Structural morphology and initial characterization of the LC pressure sensor. (a, b) 3D surface morphology of the LC sensor after thermal
bonding, shown without and with a supporting micropillar. (c) Cross-sectional FE-SEM image displaying the inductor coil structures of the LC
pressure sensor. (d, e) Cross-sectional SEM images of the capacitor cavity, illustrating the structural comparison without and with a supporting
micropillar. (f) Optical image of the fabricated LC pressure sensor. (g, h) Comparison of theoretical and experimental capacitance values for
different capacitor diameters. (i, j) Simulation layouts of the inductor coil and the integrated LC sensor. (k) Resonance frequency response (S1) of
the LC sensor.
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layer that detects pressure variations via capacitance changes
and an inductor coil layer that facilitates wireless inductive
coupling, ensuring efficient signal transmission to the external
coil antenna. During the assembling two layers of the sensor,
thermal bonding at 150 °C for 1 min induces polymer
capacitor deformation due to air expansion within the cavity,
causing diaphragm displacement and potential sensor misalign-
ment. Ideally, the diaphragm should deflect inward in response
to external pressure, maintaining a precise gap to ensure
accurate capacitance measurements. However, during the hot
press bonding of the capacitor and inductor layers, trapped air
within the cavity expands at elevated temperatures, resulting in

uncontrolled upward or downward displacement of the
diaphragm, which can alter the intended electrode spacing
and baseline capacitance, compromising measurement accu-
racy.
To address this issue, a micro support pillar is strategically

incorporated at the center of the capacitor plate, with a
diameter set to 10% of the capacitor’s initial diameter. This
structure prevents excessive diaphragm deflection, maintaining
a uniform distance between the capacitor plates and preserving
sensor accuracy and reliability. The fabricated LC sensor
exhibits an overall compact footprint of 6.5 × 6.5 mm2, making
it suitable for implantation within vascular structures. As the

Figure 3. Fabrication and mechanical characterization of the PCL/CNT BVS. (a) Photograph of the 3D printing setup and PCL/CNT composite
material used for fabrication of BVS. (b) Schematic representation of the stent design. (c) Printed PCL/CNT BVS on the printing shaft. (d, e)
Optical images of the 3D printed PCL/CNT and PCL BVS. (f) FESEM images showing the distribution of CNTs within the PCL matrix. (g)
Force−displacement curves of PCL, PLA, and PCL/CNT BVS. (h) Three-point bending test of the stents under different loading conditions. (i)
Flexibility comparison of PCL, PLA, and PCL/CNT stents.
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capacitor deforms in response to pressure fluctuations, its
capacitance changes, leading to a shift in resonance frequency,
which is then wirelessly transmitted to an external monitoring
system for real-time vascular assessment. In Figure 1D, the
PCL/CNT BVS was 3D-printed onto a shaft where the LC
pressure sensor was attached, ensuring structural integration
and enhanced mechanical strength. Figure S6 illustrates
micromachined sensor components fabricated using MEMS
technology on a silicon substrate, integrating both capacitive
and inductive elements. The optical images depict arrays of
flexible capacitive sensor structures and inductor coil
components, highlighting the batch fabrication approach for
miniaturized sensing devices (Figure S6A,d). Figure S6B,c
shows the capacitor structures, deposited over a silicon oxide
layer. Figure S6E,f provides detailed images of the electro-
plated inductor coils, featuring a Ti/Au conductive layer
encapsulated within SU-8 2002, ensuring high electrical
conductivity and structural integrity.
Figure 2A shows the 3D surface profile images illustrating

the undesirable deflection of the flexible capacitors caused by
air expansion during the hot-press bonding process. This
unintended deformation introduces variations in the sensor’s
output, known as initial tolerance, complicating calibration and
reducing measurement accuracy. To mitigate these issues, a
microstructured pillar was strategically positioned at the center
of the capacitor plates, effectively stabilizing the flexible
capacitor within a controlled operational range (Figure 2B).
Figure 2c displays a cross-sectional SEM image of the
encapsulated inductor coils, revealing a uniform thickness of
10 μm. To ensure this uniformity, AZ4620 positive photoresist
was patterned onto the Au-deposited surface before electro-
plating, which was conducted under a fixed current of 0.08 A
for 30 min. Following electroplating, the photoresist was
removed, yielding a well-defined inductor coil and thick
capacitor plates (Figure S7A). Figure 2D,e provides SEM
cross-sectional views of the capacitor plates without and with
the supporting micropillar, respectively. The presence of the
supporting micropillar prevents direct contact between the top
and bottom capacitor plates during thermal bonding and
mitigates misalignment caused by sudden cooling due to air
expansion. The micropillar effectively maintains uniform
spacing in the central region of the capacitor, reducing upward
or downward deflection of the plates and thereby improving
the sensor’s mechanical and electrical stability. Figure 2F
shows the optical image of the fabricated sensor. Figure S7B,C
depicts micropatterned capacitor structures with and without
the supporting micropillar, respectively.
The initial capacitance of the capacitor was evaluated by

varying diameters (400, 600, 800, 1000, and 1300 μm) without
and with micropillar structure, as shown in Figure 2G,h. The
LC sensor’s wireless signal detection is based on the
relationship between capacitance (C) and inductance (L),
which is theoretically defined by f

LCr
1

2
= where f r

represents the resonance frequency, primarily influenced by
capacitance variations. When external pressure is applied, the
capacitor’s physical dimensions or dielectric properties change,
resulting in a capacitance shift and, consequently, a resonance
frequency variation. To quantify the impact of the supporting
micropillar, the initial capacitance was measured for capacitors
of different diameters. The experimental data indicate that
capacitors without a supporting pillar exhibited significantly
higher capacitance tolerance, with deviations reaching up to

±15% for larger diameters. In contrast, capacitors with an
integrated micropillar demonstrated a marked reduction in
capacitance variation, with tolerance limited to ±5%, high-
lighting its effectiveness in maintaining structural integrity and
reducing deformation during fabrication.
Furthermore, the Au-based inductor coil was characterized

through both simulation and experimental measurements, as
depicted in Figure 2I,j. The measured inductance of 2.64 μH
closely matched the simulated value, validating the coil’s design
accuracy. Using this inductance value, the simulated initial
resonance frequency was determined to be 87 MHz (Figure
2K).
Figure 3A presents the 3D printing setup, which includes the

preparation of the PCL/CNT composite and its deposition
process. The stent design, incorporating rings and connectors
to enhance mechanical reinforcement and flexibility, is shown
in Figure 3B. The fabricated PCL/CNT composite stent
positioned on the printing shaft is displayed in Figure 3C. The
optical images of the fabricated PCL and PCL/CNT hybrid
nanocomposite shown in Figure 3D,e. Microscopic images
further reveal an improved structural uniformity facilitated by
CNT reinforcement. The morphology and dispersion of CNTs
within the PCL matrix were examined through FESEM, as
depicted in Figure 3F. The FESEM images confirm the
homogeneous distribution of CNTs within the polymer matrix
with 1%, which plays a crucial role in enhancing load transfer
and improving the overall mechanical properties and
composite modulus of the stent.43,44 The FESEM images
confirm the homogeneous distribution of CNTs within the
polymer matrix, which plays a crucial role in enhancing load
transfer and improving the overall mechanical properties of the
composite stent. The radial force of the stent, a key parameter
in evaluating its ability to withstand vascular pressure and
maintain structural integrity, was assessed by measuring the
force−displacement relationship. Figure 3G presents the radial
force−displacement curves for stents made of PCL, PLA, and
PCL/CNT composites. The results indicate that pure PCL
exhibits the lowest radial force, which is insufficient for
maintaining adequate vascular expansion. PLA demonstrates
improved radial force compared to PCL. In contrast, the PCL/
CNT composite exhibits the highest radial force, significantly
surpassing both PCL and PLA. This enhancement is attributed
to the viscoelastic nature of the PCL matrix in combination
with the reinforcing effect of the CNT network. The addition
of CNTs creates interfacial interactions or agglomerates that
impede uniform stress distribution, leading to increased energy
dissipation during cyclic loading and unloading. As a result, the
PCL/CNT composite displays a more pronounced mechanical
hysteresis compared to pure PCL. This behavior is consistent
with previous studies, which have reported that certain
nanotube configurations in polymer matrices contribute to
delayed elastic recovery and higher internal damping.42 To
evaluate the durability of mechanical performance, cyclic
testing was conducted on the PCL, PLA, and PCL/CNT BVS
samples, as shown in Figure S8. The experimental results
indicate that the cyclic force−displacement responses of all
three samples remained stable after 10 loading−unloading
cycles, confirming their mechanical reliability under repeated
deformation. The measured radial force values for each
material were 0.013 N/mm for PCL, 0.06 N/mm for PLA,
and 0.1 N/mm for the PCL/CNT composite. These findings
confirm that incorporating CNTs into PCL significantly
enhances its mechanical strength, making it more suitable for
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stent fabrication. To further assess the mechanical performance
of the stents, a three-point bending test was conducted to
evaluate their flexibility and bending stiffness under applied
loading conditions. Figure 3H illustrates the deformation
behavior of PCL, PLA, and PCL/CNT composite stents at
different loading stages, including before load, maximum load,
and release load. The results indicate that PCL stents exhibit
the highest flexibility, undergoing significant deformation
under applied stress, while PLA stents show moderate
flexibility but are prone to brittleness. In contrast, PCL/
CNT composite stents demonstrate reduced flexibility while
maintaining their structural integrity under bending loads,
highlighting their mechanical robustness. The flexibility index

was calculated for each material to quantify its ability to
withstand bending stress, as shown in Figure 3I. The measured
flexibility indices were 8.0 ± 0.05 mm/N for PCL, 5.6 ± 0.03
mm/N for PLA, and 6.8 ± 0.11 mm/N for the PCL/CNT
composite. These results suggest that CNT incorporation
reduces overall flexibility due to the reinforcing effect of CNTs
within the PCL matrix. However, despite the reduction in
flexibility, the mechanical strength and durability of the PCL/
CNT composite are significantly enhanced, making it a more
suitable material for stent applications requiring improved
radial strength and long-term stability. A summary of the radial
force and stent diameter associated with each material is
provided in Table S1, facilitating a comparison between pure

Figure 4. Characterization of the LC pressure sensor under applied pressure conditions. (a) Schematic representation of the experimental setup
used for sensor characterization. (b) Initial resonance frequency response of the LC sensor. (c) Capacitive sensor response under different applied
pressures (60−200 mmHg). (d) Real-time resonance frequency changes recorded during stepped pressure increments from 0 to 200 mmHg in 20
mmHg intervals. (e) Time-dependent response of the sensor, showing the correlation between applied pressure and resonance frequency. (f, g)
Comparison of sensor sensitivity with and without a microsupporting pillar across different capacitor diameters (400−1300 μm).
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PCL and PLA-based stents. It is important to note that radial
force is strongly influenced by strut thickness. While some
PLA-based stents exhibit higher radial force, they also
demonstrate brittle behavior, leading to irreversible deforma-
tion upon cracking.
The flexibility index was calculated for each material to

quantify its ability to withstand bending stress, as shown in
Figure 3I. The measured flexibility indices were 8.0 ± 0.05
mm/N for PCL, 5.6 ± 0.03 mm/N for PLA, and 6.8 ± 0.11
mm/N for the PCL/CNT composite. These results suggest
that CNT incorporation reduces overall flexibility due to the
reinforcing effect of CNTs within the PCL matrix. However,
despite the reduction in flexibility, the mechanical strength and

durability of the PCL/CNT composite are significantly
enhanced, making it a more suitable material for stent
applications requiring improved radial strength and long-term
stability. A summary of the radial force and stent diameter
associated with each material is provided in Table S1,
facilitating a comparison between pure PCL and PLA-based
stents. It is important to note that radial force is strongly
influenced by strut thickness. While some PLA-based stents
exhibit higher radial force, they also demonstrate brittle
behavior, leading to irreversible deformation upon cracking.
The biocompatibility of the fabricated BVS was assessed by

culturing neonatal rat ventricular myocytes (NRVM) on three
substrates: a polystyrene dish (control), a PCL stent, and a

Figure 5. In-vitro evaluation of the 3D-Printed PCL/CNT smart stent using a custom-built phantom system. (a) Resonance frequency response of
the LC sensor embedded in PCL and PCL/CNT stents. (b) Experimental setup of the phantom system, incorporating a pulsatile pump, pressure
controller, and an artificial blood vessel with the 3D-Printed PCL/CNT smart stent for real-time pressure monitoring. (c) Long-term stability
assessment of the sensor monitoring frequency variations over an extended duration. (d) Real-time tracking of resonance frequency shifts in
response to dynamic pressure variations, highlighting the correlation between applied pressure and frequency changes. (e, f) Time-frequency
spectrograms visualizing resonance frequency fluctuations over short-term (10 s) and long-term (60 s). (g) Comparative analysis of applied
reference pressure and predicted pressure values derived from the sensor’s resonance frequency response. (h) Polynomial regression analysis of the
resonance frequency-pressure relationship, demonstrating a strong correlation (R2 = 0.96), confirming the sensor’s high sensitivity and predictive
capability for pressure variations in a in vitro environment.
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PCL/CNT composite stent. The detailed NRVM procedure is
provided in the Supporting Information. Cells were seeded at
1000 cells/mm2, and their proliferation and morphology were
monitored over 9 days to evaluate cytotoxicity. Figure S9
shows optical microscopy images of cell attachment and
proliferation at Days 3, 6, and 9. The control group exhibited
uniform adhesion and a dense NRVM monolayer. Similarly,
cells on PCL and PCL/CNT stents adhered and proliferated
without cytotoxicity. At Day 3, initial attachment was
comparable across all groups. By Day 6, cells on the control
and PCL scaffolds displayed elongated morphology and
network formation, indicative of normal cardiomyocyte
behavior. A similar trend was observed for PCL/CNT stents,
suggesting CNTs did not impair viability. By Day 9, the
control group-maintained confluency, while cells on PCL and
PCL/CNT scaffolds continued proliferating without detach-
ment or abnormalities. These results confirm that both PCL
and PCL/CNT BVS support NRVM adhesion and prolifer-
ation, demonstrating biocompatibility for cardiovascular
applications.
The pressure-dependent resonance frequency response of

the LC pressure sensor was evaluated using a tube designed to
mimic artificial blood vessels. The LC pressure sensor
integrated with the PCL/CNT BVS was positioned in the
middle of the artificial blood vessel. The applied pressure was
controlled using a syringe pump and monitored with a
commercial pressure sensor (PCM300, Nanjing Wotian
Technology, China). The sensor’s resonance frequency shifts
were measured through inductive coupling, utilizing a coil
antenna connected to a Vector Network Analyzer (VNA,
N9913B, Keysight Technologies), as shown in Figure 4A. The
initial resonance frequency of the sensor was measured at 88
MHz, closely aligning with theoretical and simulation-based
predictions (Figure 4B). The sensitivity of the sensor was then
characterized under applied pressures ranging up to 200
mmHg, with a stepped pressure increment of 50 mmHg, as
shown in Figure 4C. The sensitivity of the sensor was 48 ± 1
kHz/mmHg. The resonance frequency of the capacitor
decreased with increasing the applied pressure. The exper-
imental results demonstrated a linear relationship between
applied pressure and resonance frequency, confirming the
sensor’s reliability for real-time pressure monitoring applica-
tions.
Figure 4D shows the real-time resonance frequency changes

recorded during stepped pressure increments from 0 to 200
mmHg in 20 mmHg intervals. The resonance frequency of the
sensor decreased from 82 to 72 MHz as the applied pressure
increased from 20 to 200 mmHg, while maintaining a
consistent resonance frequency across repeated cyclic measure-
ments, demonstrating the sensor’s stability and reliability. The
sensor’s response time was evaluated by applying and releasing
pressure using a syringe pump, and the rise and fall transition
times were recorded between 0.7 to 0.8 s, indicating rapid
pressure detection (Figure 4E). The sensitivity of the LC
pressure sensor integrated PCL stent was further analyzed
under different capacitor diameters (400−1300 μm) without
and with micropiller structure to assess the impact of a
microsupporting pillar in stabilizing the capacitor structure.
Figure 4F,G shows the bar graphs that compare the sensor’s
sensitivity with and without the microsupporting pillar. The
results indicate that sensitivity increased with capacitor
diameter. However, capacitors without the supporting pillar
exhibited higher tolerance variations, attributed to undesirable

deformations caused by thermal expansion during fabrication.
In contrast, sensor incorporating the microsupporting pillar
showed significantly reduced tolerance variations, demonstrat-
ing improved mechanical stability.
The structural stability of the sensor was evaluated before

and after thermal bonding, as shown in Figure S10. The 2D
and 3D surface profiles compare capacitors with and without
the microsupporting structure. Prior to bonding, the Perminex
cavity layer maintained a uniform 10 μm thickness to ensure
consistent capacitor plate spacing. Postbonding, 3D profilom-
etry quantified membrane deformation to assess structural
integrity. Without the microsupporting pillar, the capacitor
exhibited ∼8 μm downward deflection, leading to increased
capacitance variation and higher sensitivity tolerance. In
contrast, incorporating the pillar reduced deflection to ∼1
μm, stabilizing the membrane and mitigating deformation. A
1000 μm capacitor showed a sensitivity tolerance of ±20%
without the pillar, decreasing to ±5% with its inclusion,
demonstrating improved stability. Figure S11 presents optical
images of the sensor after bonding, highlighting the inductor
side and the flexible capacitor side. These findings indicate a
critical trade-off between sensitivity and mechanical stability
when incorporating a microsupporting pillar into the sensor
design. While the pillar improves structural integrity, enhances
durability, and reduces capacitance tolerance variations, it
slightly compromises sensitivity, particularly for larger
capacitor diameters.
The performance of the LC pressure sensor integrated

within the PCL and PCL/CNT BVS was evaluated in a
controlled in vitro environment using a custom-built phantom
system. Figure 5A presents the resonance frequency response
of the sensor embedded in both PCL and PCL/CNT stents,
revealing a resonance shift to approximately 68 MHz. This
shift represents a decrease of nearly 20 MHz compared to the
sensor’s initial state (without stent integration), indicating the
influence of the stent material on the sensor’s inductive and
capacitive properties. Notably, the PCL/CNT composite stent
exhibited a substantial reduction in S11 magnitude, nearly 70%,
which can be attributed to the conductive nature of CNTs
within the composite structure, enhancing electromagnetic
absorption and signal attenuation. The experimental setup for
evaluating the sensor’s wireless performance is illustrated in
Figure 5B. The system comprises a pulsatile pump to generate
controlled pressure fluctuations, a commercial pressure sensor
for real-time pressure monitoring, and a stent-integrated LC
sensor placed within an artificial blood vessel. The entire setup
is interfaced with LabVIEW software to ensure precise data
acquisition and synchronization of input pressure variations.
The sensor’s resonance frequency was continuously monitored
using a VNA to assess its ability to detect dynamic pressure
changes.
To determine the sensor’s long-term stability, a continuous

measurement was conducted over a duration of 12,000 s with a
constant input pressure of 80 mmHg, as shown in Figure 5C.
The results demonstrated minimal frequency drift, with the
sensor maintaining a stable resonance frequency variation of
approximately 1 MHz within the water-filled phantom system.
This stability confirms the reliability of the LC sensor for
prolonged in vitro measurements, ensuring minimal signal
degradation under operational conditions.
The correlation between resonance frequency and applied

pressure was further investigated using a regression-based
analysis. Figure 5D illustrates real-time frequency shifts in
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response to applied pressure, showing a direct correlation
between resonance variations and pressure fluctuations. To
enhance data visualization, time-frequency spectrograms were
generated over short-term (10 s) and long-term (60 s)
intervals, as shown in Figure 5E,f. These spectrograms provide
insights into the temporal dynamics of resonance frequency
variations, reinforcing the sensor’s capability for continuous
and accurate pressure monitoring. Machine learning-based
regression analysis was employed to further validate the
sensor’s predictive capability. The reference pressure values
were obtained from a commercial pressure sensor and
correlated with the recorded resonance frequency shifts to
train a predictive model. The trained model was then applied
to estimate pressure values based on real-time frequency
variations. Figure 5G compares the applied reference pressure
with the predicted pressure derived from the sensor’s
resonance frequency shifts. The results indicate strong
agreement between the measured and predicted values,
validating the accuracy of the sensor’s wireless pressure-sensing
mechanism. Figure 5H presents a polynomial regression
analysis of the pressure-frequency relationship, demonstrating
a strong correlation (R2 = 0.96). The high coefficient of
determination confirms the sensor’s predictive capability,
showing that machine learning-based regression modeling
can effectively map the nonlinear relationship between
resonance frequency and applied pressure. These findings
highlight the potential of the proposed LC pressure sensor for
real-time, wireless vascular pressure monitoring in biomedical
applications. The development of a PCL/CNT BVS integrated
with a wireless LC pressure sensor represents a significant
advancement in cardiovascular implant technology. This
innovation addresses the limitations of traditional metallic
stents and earlier polymer-based scaffolds by combining
enhanced mechanical properties, patient-specific customiza-
tion, and real-time hemodynamic monitoring. Despite these
advancements, certain limitations warrant further investigation.
While CNTs offer mechanical advantages, their long-term
biocompatibility and potential cytotoxicity remain areas of
concern. Although in vitro studies using primary cardiovascular
cells have shown promising results, comprehensive in vivo
studies and clinical trials are essential to evaluate the long-term
safety, efficacy, and performance of the smart stent. Engaging
with regulatory bodies early in the development process can
facilitate navigation through the approval pathway for novel
medical devices.

■ CONCLUSIONS
To conclude, in this study, we successfully developed a CNT-
reinforced PCL BVS with an integrated MEMS-based LC
wireless pressure sensor for real-time hemodynamic monitor-
ing. The PCL/CNT stent was fabricated using a 3D printing
process, enabling patient-specific customization while signifi-
cantly enhancing mechanical strength and durability. The
wireless pressure sensor, microfabricated using MEMS micro-
machining techniques, incorporated a supporting micropillar
structure, which effectively minimized deformation and
ensured a stable capacitance response. Comprehensive
mechanical and electrical characterizations confirmed that
CNT incorporation significantly improved the stent’s radial
strength, while the LC sensor demonstrated high sensitivity
(49 kHz/mmHg) with minimal capacitance variation (±5%).
In vitro evaluations using a custom-built phantom system
verified the biocompatibility, structural integrity, and long-term

stability of the smart stent. The system enabled continuous,
real-time vascular pressure monitoring, facilitating early
detection of restenosis and thrombosis without invasive
procedures. The proposed smart stent successfully integrated
biodegradable nanocomposites, advanced microfabrication,
and wireless sensing, marking a significant advancement in
cardiovascular implants. By combining structural support with
real-time monitoring capabilities, this technology offered a
transformative approach to vascular interventions, paving the
way for improved patient-specific treatment strategies and
better clinical outcomes.
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