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Abstract

Stent implantation is widely used to treat coronary artery disease, yet in-stent restenosis (ISR) remains a major clinical
challenge. Fractional flow reserve (FFR) is the gold-standard index for evaluating restenosis severity, but current
techniques are invasive and unsuitable for continuous monitoring. Here, we present a bioresorbable smart stent
platform that enables real-time intravascular pressure sensing and continuous FFR monitoring. The system integrates a
MEMS-based LC pressure sensor, fabricated from SU-8 and gold, onto a hybrid 3D-printed vascular stent composed of
polycaprolactone (PCL) and polylactic acid (PLA). Structural refinements and an optimized fabrication process enable
long-term sensor reliability, minimize signal drift, and maintain stable resonance frequency. Across 100 fabricated
devices, the pressure sensors show a resonance frequency of 822 + 1.7 MHz and a sensitivity of 37.48 + 2.13 kHz/mmHg.
In vitro closed-loop fluidic tests using a vascular phantom confirmed the stable, wireless operation of the device and its
ability to accurately assess hemodynamic parameters. The dual-sensor configuration enables simultaneous upstream
and downstream pressure measurements, yielding FFR values that closely match those from a commercial system (R* =
0.97) under varying stenosis severities. The proposed smart stent offers a promising pathway toward long-term, non-
invasive vascular monitoring and early detection of ISR.

Cardiovascular disease (CVD) is the leading cause of reducing the risk of late thrombosis and chronic inflam-

death worldwide, responsible for ~31% of all fatalities' ™.
One of the main causes of CVD is atherosclerosis, where
fibro-fatty plaques form within arterial walls and can lead
to heart attack or stroke®®. Stent implantation via per-
cutaneous coronary intervention is widely used to reopen
occluded vessels™'. Over the years, stent technology has
progressed from bare-metal to drug-eluting and bior-
esorbable designs'' ™", Bioresorbable materials offer
unique advantages over permanent metallic or polymeric
stents because they gradually degrade after the vessel has
healed, eliminating long-term foreign-body retention and
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mation'®°. Their transient presence also avoids sec-
ondary retrieval procedures and restores natural vascular
compliance once the stent is resorbed, making them an
attractive platform for next-generation vascular implants.
Despite these advances, in-stent restenosis (ISR) remains
a major complication®'~*°. Current ISR monitoring relies
on angiography, intravascular ultrasound, optical coher-
ence tomography, and fractional flow reserve (FFR), all of
which require catheter-based vascular access. These
methods are hospital-based interventions, costly, inter-
mittent, and expose patients to contrast agents and
radiation®*~%°, Consequently, a continuous, minimally
invasive approach for real-time assessment of ISR and
hemodynamics is highly desirable to enable timely inter-
vention and improve patient comfort.

To address this need, implantable “smart stents” have
been investigated for intravascular pressure and flow
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monitoring®® >, However, most designs do not measure
FFR, one of the most clinically validated metrics for
assessing restenosis severity’*>°. FFR is defined as the
ratio of distal to proximal pressure across a stenosis under
hyperemic conditions**~**. The inability of current smart
stents to measure FFR arises from two main limitations.
First, most stents integrate only a single pressure sensor,
which cannot provide simultaneous proximal and distal
measurements. Second, sensor stability is often compro-
mised: accurate FFR requires highly reliable sensors with
low noise, minimal drift, and consistent baseline reso-
nance frequencies. Even small mismatches between two
sensors can produce erroneous FFR values and false
diagnoses™®~°.

A primary cause of such drift in baseline is arising from
the inconsistency in resonance frequency of the pressure
sensors. The integrated pressure sensors typically employ
a diaphragm-—coil structure fabricated using photolitho-
graphic techniques and sealed through thermal bonding.
During bonding, elevated temperatures and pressure dif-
ferentials between the internal cavity and the external
environment can induce deformation in both the dia-
phragm and coil structures. These deformations alter the
inductance and capacitance of the LC circuit, resulting in
unpredictable shifts in baseline resonance frequency. Even
when multiple sensors are fabricated under identical
process conditions, variations in deformation across
devices often lead to noticeable differences in resonance
frequencies and high tolerance values. Such variation in
resonance frequency complicates direct comparison of
sensor outputs and prevents accurate pressure differential
calculation for FFR. Therefore, optimizing the sensor
fabrication process to minimize mechanical deformation
and ensure baseline frequency stability is critical for
enabling accurate and reliable hemodynamic sensing and
FFR monitoring in smart stent applications.

Herein, we propose a wireless pressure sensor-
integrated hybrid bioresorbable vascular stent (BVS) for
highly reliable and continuous FFR monitoring. The
hybrid BVS, composed of polycaprolactone (PCL) and
polylactic acid (PLA), was fabricated using a 3D printing
technology. The wireless pressure sensor was fabricated
through a modified photolithography process, with sev-
eral design strategies implemented to mitigate structural
deformation and enhance signal stability. The fabricated
sensor exhibited an initial resonance frequency of
822+ 17MHz and a sensitivity of 37.48 +2.13 kHz/
mmHg, as determined from the signal responses of
100 sensors. To evaluate its practical utility, the smart
stent was implanted into a vascular phantom. The pro-
posed smart stent demonstrated reliable detection of
hemodynamic changes under control in vitro vascular
phantom conditions. Specifically, the system was able to
detect varying degrees of induced in-stent restenosis,
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including 25%, 50%, and 75% luminal narrowing, through
corresponding changes in pressure and FFR values. The
FFR measurements obtained from the proposed smart
stent closely matched those recorded by a commercial
FER system, validating its accuracy, stability, and clinical
utility for continuous real-time hemodynamic monitoring.

Results and discussion

The proposed smart stent integrates a 3D-printed
bioresorbable hybrid polymer stent with wireless LC
pressure sensors for continuous intravascular pressure
monitoring and real-time FFR evaluation. Two sensors are
strategically positioned at the proximal (Pa) and distal
(Pd) ends of the stent to capture upstream and down-
stream pressures across the stenotic region (Fig. 1a). This
dual-sensor configuration is critical for FFR calculation,
which relies on the ratio of distal to proximal pressures
under hyperemic conditions. Each wireless sensor, fabri-
cated using MEMS technology, consists of an inductor
coil and a fixed capacitor plate, coupled with a diaphragm
incorporating a deformable capacitor plate and a sealed
air cavity to transduce pressure into measurable frequency
shifts (Fig. 1b). The principle of operation is based on the
LC resonance mechanism, wherein variations in dia-
phragm deflection alter the capacitance of the circuit,
thereby modulating the resonance frequency of the coil.
These frequency changes are wirelessly transmitted to an
external reader, enabling continuous and real-time mon-
itoring without the need for tethered connections or
invasive catheterization.

To ensure long-term stability, sensing reliability and
stable resonance frequency shifts several structural
refinements were incorporated into the sensor design.
The top capacitor plate was deliberately enlarged beyond
the diaphragm cavity, serving both as an electrical ele-
ment and as a mechanical support bridge.

This structural modification suppresses thermally
induced deformation of the SU-8 layer during bonding, a
known challenge in conventional MEMS-based pressure
sensors. Additionally, an open window was introduced
into the press block to prevent localized compression of
the coil during bonding, thereby maintaining the reso-
nance characteristics of the LC circuit. An air-elimination
channel was also integrated into the diaphragm to equi-
librate pressure between the internal cavity and the
external environment during bonding. This feature allows
trapped air to escape, preventing undesirable deflection
and improving device-to-device reproducibility.

The hybrid BVS was fabricated from PCL and PLA using
high-resolution 3D printing, offering a balance of radial
strength, flexibility, and controlled degradation. As shown
in Fig. 1c, the BVS was initially crimped, after which the
pressure sensors were attached via a mechanical coupling
structure. To maintain flexibility and conformal
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Fig. 1 Schematic illustration of the bioresorbable smart stent for continuous hemodynamic sensing and FFR monitoring. a Conceptual

deployment of the smart stent within a coronary artery, incorporating dual wireless pressure sensors at the proximal (Pa) and distal (Pd) sites relative
to a stenotic lesion. b Design of the MEMS-based wireless pressure sensor, featuring an enlarged capacitor plate for enhanced mechanical stability
and an air-elimination channel to equalize internal and external pressure. ¢ Integration of the pressure sensors with the 3D-printed hybrid PCL/PLA

attachment, a thin biocompatible, water-soluble PVA layer
was applied. This sacrificial PVA interface ensures stable
fixation during deployment while dissolving post-
implantation to restore natural vascular conformity.
Additional thermal and mechanical analyses confirming
that the PCL bonding temperature does not induce soft-
ening, deformation, or strength loss in PLA are provided in
the Supporting Information (Fig. S1). The assembled smart
stent was mounted on a balloon catheter and deployed into
a vascular phantom model to validate its catheter com-
patibility and mechanical integrity under physiological
conditions. By enabling implantable, wireless, and con-
tinuous hemodynamic monitoring, the proposed smart
stent provides accurate FFR assessment in real time,
representing a substantial improvement over current
catheter-based methods, which are intermittent, costly, and
invasive. The hybrid stent consists of materials with

different degradation behaviors that define its functional
lifetime. The PCL/PLA stent undergoes hydrolytic
resorption under physiological conditions, with PLA
degrading over several months and PCL over a longer
period, allowing the stent to gradually disappear after
vascular healing and minimizing long-term foreign-body
presence. In contrast, the SU-8 encapsulation layer and Au
electrode are biostable and remain chemically intact during
the monitoring period, as SU-8 resists hydrolysis and gold
is corrosion-stable in physiological environments. Because
the sensing module remains intact while the stent resorbs,
the wireless sensor can be safely retrieved via standard
percutaneous catheter techniques once vessel patency is
restored. Beyond its immediate utility for in-stent rest-
enosis surveillance, this platform offers a transformative
pathway toward next-generation bioresorbable cardiovas-
cular implants with integrated diagnostic capabilities.
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In the initial fabrication of SU-8-based wireless pressure
sensors without optimization, pronounced structural
deformation was observed in both the coil and diaphragm
capacitor plates (Fig. 2a). During thermal bonding at
150°C, the SU-8 polymer softened and could not with-
stand the applied compressive forces, leading to
approximately 10 pum inward collapse of the coil capacitor
plate. At the same time, the diaphragm capacitor plate
experienced approximately 6 pm inward deflection due to
the pressure imbalance between the sealed internal cavity
and the external environment during the cooling phase
(Fig. S2). These deformations significantly affected the
baseline resonance frequency of the LC circuit, introdu-
cing unpredictable drift and compromising both sensing
accuracy and long-term stability. Importantly, even when
multiple sensors were fabricated within the same batch,
device-to-device variations remained high, primarily due
to inconsistent deformation patterns (Fig. S3). Such
instability is particularly problematic in dual-sensor FFR
monitoring, where even small baseline mismatches
between proximal and distal sensors can generate mis-
leading diagnostic outcomes.

To overcome these challenges, three structural optimi-
zation strategies were systematically introduced. First, a
laser-cut open window above the capacitor plate reduced
the direct mechanical load during bonding, thereby
mitigating compressive stress. Second, enlargement of the
top capacitor plate enabled it to act as a structural bridge,
preventing collapse and improving dimensional stability.
Third, an air-elimination channel was incorporated into
the diaphragm, allowing trapped air to escape during
bonding and equalizing the internal and external pres-
sures. To validate their effectiveness, four fabrication
groups were studied, each incorporating a different
combination of strategies. Group 1 (enlarged plate & air-
elimination channel) exhibited coil deformation of
11.7 + 4.3 pm and a minor outward diaphragm deforma-
tion (approximately 1 um) due to residual thermal stress
from gold e-beam deposition (Fig. S4). Group 2 (open
window & air-elimination channel) reduced coil defor-
mation to 3.1 + 0.5 pm, although diaphragm deformation
persisted at approximately 1 um. In this case, the absence
of a supporting plate allowed localized collapse of the
softened SU-8 during bonding (Fig. S5). Group 3 (open
window & enlarged plate) displayed outward coil defor-
mation (approximately 3 pm), but severe diaphragm col-
lapse of 10.9 + 9.4 um due to trapped air (Fig. S6). Finally,
Group 4 (full optimization: open window & enlarged plate
& air-elimination channel) achieved excellent flatness,
with minimal coil (~3.8+0.3pum outward) and dia-
phragm (approximately 1 pm) deformation (Fig. 2b—e).
Despite the success of Group 4, a small residual coil
deformation (approximately 3 pum) was still detected,
which was attributed to the spin-coating of photoresist
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after electroplating. This additional thickness increased
structural unevenness, creating bonding irregularities. To
resolve this issue, the coil was released from the wafer and
bonded using the original wafer contact surface, followed
by PDMS-assisted lamination under external pressure to
ensure complete sealing (Figs. S7, S8).

The electrical characteristics of the four sensor groups
were systematically evaluated using a vector network
analyzer (VNA), which enables precise monitoring of
resonance frequency shifts in response to applied pressure
stimuli. The optimized group (Group 4) exhibited the
most reliable and reproducible performance, with a
baseline resonance frequency of 82.73 + 1.72 MHz and a
frequency fluctuation of only 2.1% across devices (Fig. 2f,
g). This high degree of stability is essential for dual-sensor
FFR applications, where accurate comparison between
proximal and distal pressures requires nearly identical
baseline resonance values. In addition to frequency sta-
bility, Group 4 demonstrated consistent pressure sensi-
tivity of 37.5 + 2.1 kHzz-mmHg ', with a variability of just
5.7% (Fig. 2h). This performance confirms that the opti-
mization strategies not only reduced structural deforma-
tion but also enhanced transduction efficiency and device
reproducibility.

By contrast, sensors fabricated without optimization
display higher apparent sensitivity. This effect was largely
attributed to the reduced gap between capacitor plates
caused by severe deformation during bonding. Although
this smaller gap amplified capacitance changes in
response to applied pressure, the corresponding reso-
nance frequencies exhibited substantial drift and
instability. As a result, the unoptimized devices produced
inconsistent outputs that are unsuitable for longitudinal
hemodynamic monitoring. Importantly, the instability of
these devices underscores the trade-off between respon-
siveness and reliability: while high raw sensitivity may
appear advantageous, without baseline stability and
reproducibility, it cannot support clinically meaningful
pressure measurements. These results demonstrate the
fully optimized process not only minimized structural
deformation but also established the performance stability
required for accurate FFR monitoring in a dual-sensor
smart stent platform.

The structural features of the fabricated LC-based
wireless pressure sensor were examined in detail using
scanning electron microscopy (SEM). Figure 3a shows
the electroplated capacitor plate with a diameter of
16.1 mm. Notably, the plate diameter exceeds that of the
underlying cavity (13 mm), allowing it to span the
opening and act as a structural bridge. This design choice
is critical because it prevents sagging or collapse of the
SU-8 layer under elevated bonding temperatures, thereby
maintaining capacitor alignment and stability. A magni-
fied view of the inductor coil highlights the precisely
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Fig. 2 Comparison of conventional and optimized fabrication of LC pressure sensors. a Schematic illustration of the conventional thermal

bonding process and the optimized fabrication strategy, highlighting reduced structural deformation. b, d Optical micrographs of the diaphragm
and coil structures fabricated using conventional and optimized processes. ¢, e Surface profilometry maps and corresponding line profiles of the
diaphragm regions, showing pronounced deflection in the conventional process and minimal displacement in the optimized process. f Quantitative
analysis of diaphragm and coil deformation across four fabrication groups, demonstrating significant suppression of structural distortion in Group 4
(optimized). g, h Measured resonance frequency variation and sensitivity across Groups 1-4, indicating improved baseline frequency stability and

consistent sensor performance with the optimized process
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Fig. 3 Structural characterization and functional evaluation of the LC-based wireless pressure sensor. a SEM image of the electroplated
capacitor plate. b SEM image of the electroplated inductor coil with defined line width and spacing. ¢ Cross-sectional SEM image showing the
multilayer sensor structure, including SU-8 layers, PermiNex 1010 adhesive, and the inductor coil. d SEM image highlighting the capacitor plate,
sealed air cavity, and air channel. e SEM image showing the diaphragm region with the coil part, connection hole, and diaphragm section. f Cross-
sectional SEM image of the electroplated capacitor plate and enclosed air cavity. g Experimental setup for wireless pressure characterization,
including a syringe pump, vacuum chamber, commercial pressure sensor, vector network analyzer (VNA), and data acquisition system. h Real-time
response of resonance frequency under stepwise pressure loading. i Long-term stability of the resonance frequency under sustained pressure
conditions. j Dynamic tracking of diaphragm displacement during cyclic infusion and withdrawal tests, confirming reversible and repeatable
operation. k Frequency-domain response of the sensor under increasing and decreasing pressure. | Resonance frequency shift as a function of
applied pressure, demonstrating a linear and reproducible pressure-dependent response

defined electroplated copper traces, with a line width of = which are essential for ensuring consistent inductance
34.7 um and spacing of 15.4 um (Fig. 3b). The uniformity  values across batches.

of these patterns confirms the high fidelity of the com- Cross-sectional SEM imaging reveals the multilayer
bined photolithography and electroplating processes, configuration of the device, comprising SU-8 as the
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structural framework, PermiNex 1010 as the bonding
adhesive, and the embedded inductor coil with a mea-
sured thickness of approximately 10.2 um (Fig. 3c). The
diaphragm region is presented in Fig. 3d—e. The cavity
provides the mechanical compliance necessary for dia-
phragm deflection under applied pressure, enabling
capacitive modulation of the LC circuit. A venting
microchannel with a diameter of approximately 34.2 um
was intentionally integrated into the diaphragm to
equalize pressure during thermal bonding (Fig. 3d). By
allowing trapped air to escape, this channel prevents
undesired diaphragm collapse and improves reproduci-
bility across devices. After thermal bonding, the coil and
diaphragm components are integrated into a complete
sensor. In addition, the presence of connection holes and
diaphragm features ensures robust electrical and
mechanical coupling between the coil and capacitor
(Fig. 3e).

The resulting through-via, formed due to the size dif-
ference between connection holes in the two parts, can be
filled with molten PCL during assembly, enabling stable
attachment of the sensor to the polymer stent. Figure 3f
further illustrates the electroplated capacitor plate sus-
pended above a 21.7 um air cavity, confirming successful
cavity formation and mechanical integrity. The plate is
seen bridging the cavity edges, acting simultaneously as a
sensing electrode and a load-bearing support structure.
Supplementary Fig. S9 provides additional evidence of
electroplated thickness uniformity and compares the
theoretical and measured inductance, showing excellent
agreement. To evaluate device performance, a wireless
characterization setup was constructed, as shown in
Fig. 3g. A closed-loop pressure-control system was
developed using a syringe pump coupled with a vacuum
chamber, allowing precise modulation of internal pres-
sure. A commercial pressure sensor monitored reference
pressures in real time, while a laser vibrometer quantified
membrane displacement. Simultaneously, a readout
antenna placed near the device captured resonance fre-
quency shifts, which were measured using a VNA. Rapid
transient pressure changes were introduced by manually
actuating the syringe, and synchronized resonance fre-
quency responses were recorded via a LabVIEW interface.
From these time-aligned datasets, the response time of the
device was calculated to be 20.8 ms (Fig. 3h), which is
sufficiently fast for capturing dynamic vascular pressure
fluctuations.

To assess long-term operational stability, we evaluated
the sensor performance under two representative condi-
tions. First, under ambient laboratory conditions in air, a
syringe pump was programmed to generate repeated
infusion—-withdrawal pressure cycles over a period of
100 h. Throughout this benchtop test, the resonance fre-
quency response remained highly consistent with no
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detectable signal degradation (Fig. 3i), confirming stable
operation in a non-ionic environment. Second, to simu-
late physiological conditions, the device was immersed in
PBS (pH 7.4) and maintained at 37 °C for more than
100 h, during which the resonance frequency was con-
tinuously monitored oscillations throughout the test (Fig.
S10). Additional electro-mechanical stability tests con-
firmed that the encapsulated SU-8/Au sensing module
retained structural and chemical integrity during hydro-
lytic aging, and full datasets including radial force, SEM,
and XPS analyses are provided in the Supporting Infor-
mation (Figs. S11, S12, S13). A complementary study was
conducted to examine how physiological environments
affect the resonance characteristics of the wireless LC
sensor. As detailed in the Supporting Information,
immersion in saline causes a predictable downward shift
in resonance frequency and a moderate reduction in
Q-factor due to dielectric loading. Despite these changes,
the sensor retains distinct resonance peaks and reliable
pressure-dependent frequency shifts, confirming stable
wireless operation under conditions comparable to blood
(Fig. S14). Together, these findings demonstrate that the
proposed device maintains excellent long-term stability
and durability in both air and physiologically relevant
ionic environments, supporting its suitability for extended
implantation and continuous hemodynamic monitoring.
Pressure cycling tests from O to 250 mmHg, applied in
50 mmHg increments, further demonstrated the sensor’s
repeatability and reversibility. The diaphragm exhibited
maximum displacement of 6.7 um at 250 mmHg, and
reliably returned to baseline upon pressure release, indi-
cating strong mechanical resilience (Fig. 3j). Corre-
sponding resonance frequencies decreased with
increasing pressure due to higher capacitance and
returned to baseline with pressure release. Importantly,
frequency responses were nearly identical during both
pressurization and depressurization cycles, confirming
negligible hysteresis (Fig. 3k). Figure 31 presents the fitted
correlation between applied pressure, diaphragm dis-
placement, and resonance frequency. The linear rela-
tionship across the full pressure range confirms reliable
mechanical-to-electrical transduction.

Additional experiments were conducted to evaluate the
robustness of wireless signal transmission between the
implanted LC pressure sensor and the external antenna
under various misalignment conditions, as shown in Fig.
S15. Three alignment scenarios were investigated: vertical
displacement, lateral offset, and angular rotation. In the
vertical displacement test, the antenna was moved incre-
mentally away from the sensor along the vertical axis (Fig.
S15a). The S;; signal amplitude decreased with increasing
distance, as expected due to reduced coupling efficiency.
Nevertheless, even at a 10 mm separation, the resonance
frequency shifts remained clearly detectable and
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synchronized with the reference pressure waveform. In
the lateral misalignment analysis, the antenna was dis-
placed horizontally relative to the sensor (Fig. S15b). As
the lateral offset increased, the S;; magnitude gradually
declined, indicating weaker coupling. However, resonance
frequency responses continued to track reference pressure
signals with high fidelity up to 6 mm of lateral displace-
ment. It is worth noting that this lateral displacement
threshold is significantly smaller than the physical spacing
between the two LC resonators integrated within the
smart stent ( ~ 10 mm). Since detectable signals diminish
before this separation distance, mutual coupling between
the two resonators is inherently minimized, thereby pre-
venting resonance frequency collision or interference
during dual-sensor operation (Fig. S16). In the angular
misalignment study, the antenna was rotated relative to
the sensor while keeping the distance constant, producing
an angular offset (Fig. S15c¢). Signal strength progressively
decreased as the rotation angle increased, reflecting
reduced mutual inductive coupling. Despite this, reso-
nance frequency tracking of pressure cycles remained
robust, even at rotation angles up to 80°. The ability of the
sensor to maintain accurate frequency shifts under
extreme angular misalignment highlights the resilience of
the wireless coupling mechanism. Taken together, these
results confirm that the LC-based wireless pressure sensor
exhibits strong tolerance to positional variations of the
external antenna, including vertical displacement, lateral
offset, and angular rotation. The demonstrated stability of
resonance frequency tracking under non-ideal conditions
underscores the practical feasibility of continuous hemo-
dynamic monitoring using the proposed smart stent
system.

The vascular stent was fabricated using extrusion-based
3D printing, which allowed precise control over geometry
and material distribution. The stent design was created in
Aspire software and incorporated two distinct polymer
components: PLA for the curved ring segments and PCL
for the connecting struts (Fig. 4a). PLA is widely regarded
as an ideal polymer for stent fabrication due to its
excellent degradation characteristics and relatively high
mechanical strength. Three-point bending tests per-
formed according to ASTM F2606-08 (2021) confirmed
that the pure PLA stent exhibited a radial force of
0.1611 N'mm ', a value that meets clinical requirements
for vascular stents. However, PLA’s high melting tem-
perature range (180—220 °C) presents challenges for direct
bonding with MEMS-based wireless pressure sensors.
PCL, in contrast, has a much lower melting temperature
of approximately 60°C, enabling facile bonding and
thermal integration of electronic components. Never-
theless, pure PCL stents demonstrated insufficient
mechanical performance, with a measured radial force of
only 0.0310 N mm ', making them too soft to provide
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adequate luminal support. To overcome the limitations of
each individual material, a hybrid design was imple-
mented in which PLA was used for the curve rings to
provide radial strength, while PCL served as the con-
nectors to impart flexibility and facilitate low-temperature
bonding (Fig. 4b). The hybrid PLA/PCL stent delivered a
radial force of 0.1504 N mm ', closely comparable to the
pure PLA stent, while retaining the advantages of PCL for
sensor bonding (Fig. 4c). This dual-material strategy thus
ensures both mechanical compliance and integration
compatibility, which are essential for fabricating a robust
yet functional smart stent.

A major challenge in developing a clinically deployable
smart stent lies in sensor integration. Conventional stra-
tegies typically attach the pressure sensor to the inner
stent wall before crimping. However, this internal place-
ment exposes the device to extreme bending strain during
expansion, often leading to mechanical damage, delami-
nation, or functional failure (Fig. S17). To address this
issue, a modified strategy was developed. The stent was
first mechanically crimped from its original diameter of
4 mm to 2 mm using a custom jig. The wireless pressure
sensor was then externally mounted onto the crimped
stent, avoiding exposure to high radial compression. Pre-
designed connection holes on the sensor were aligned
with the PCL struts and thermally fused using molten
PCL to achieve strong adhesion. To ensure conformal
attachment, the partially integrated sensor—stent assem-
bly was placed into a circular mold, and a thin layer of
biocompatible, water-soluble PVA was applied to main-
tain intimate contact during curing (Fig. 4d). The fully
assembled smart stent was then mounted on a balloon
catheter for delivery. Successful expansion and vascular
apposition were demonstrated in a transparent tubing
model (Fig. 4e) and within the 3 mm-diameter coronary
artery regions of a heart phantom (Fig. 4f). In both cases,
the device expanded uniformly at an inflation pressure of
1.8 atm and maintained stable apposition to the vessel
wall, confirming compatibility with clinical catheter-based
procedures.

Functional validation was performed in a closed-loop
phantom system designed to replicate physiologically
relevant pulsatile pressure conditions. The setup incor-
porated a pulse pump to generate controlled pulsatile
flow, a commercial pressure transducer as the reference
standard, and a VNA for wireless interrogation of the
implanted LC sensor. Resonance frequency traces were
sampled at 20 Hz over 10s intervals, providing sufficient
temporal resolution to capture rapid hemodynamic fluc-
tuations (Fig. 4g). The raw S;; spectra revealed clear
pressure-induced shifts of the resonance frequency, ran-
ging from approximately 38.1 to 38.6 MHz during the
pulsatile cycles. To enhance data reliability, the time series
was processed using a custom Python algorithm that
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\.

applied smoothing and automated detection of resonance  and baseline drift. The temporal evolution of the reso-
minima (Fig. 4h). This processing enabled accurate nance was visualized as an S;; spectrogram (Fig. 4i),
extraction of resonance features while minimizing noise = which clearly illustrated the dynamic response of the
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Fig. 4 Fabrication, integration, deployment, and functional validation of the smart stent system. a Two-dimensional design of the hybrid
polymer stent incorporating PLA curve rings and PCL connectors. b Optical image of the 3D-printed stent fabricated from PCL/PLA hybrid material.
¢ Radial force comparison of stents composed of pure PCL, pure PLA, and hybrid PCL/PLA, demonstrating enhanced mechanical strength of the
hybrid structure. d Optical images of the wireless pressure sensor and stent prior to and following integration using a PVA-based coupling layer.
e Stepwise catheter-based delivery process showing crimping, expansion, and vascular apposition of the smart stent. f Deployment of the integrated
device into a 3 mm-diameter coronary artery phantom, confirming compatibility with standard balloon-catheter procedures. g Resonance frequency
response recorded under varying hydrostatic pressures, simulating physiological hemodynamic conditions. h, i Extraction of resonance frequency
minima and curve fitting, highlighting pressure-dependent frequency shifts. j Correlation between applied pressure and resonance frequency
derived from fitted data. k Linear regression analysis confirming strong agreement between applied pressure and frequency response. I Comparison
of predicted versus measured pressure values, validating the reliability of the smart stent for real-time intravascular pressure monitoring

J

wireless sensor to repeated pressure fluctuations. The
resonance frequency response closely tracked the
imposed pulsatile waveform, with frequency shifts that
scaled linearly with applied pressure (Fig. 4j). Linear
regression analysis against the commercial pressure
transducer confirmed excellent agreement, yielding a
coefficient of determination of R*> = 0.97 (Fig. 4k). To
further assess the agreement between the two measure-
ment methods beyond linear correlation, a Bland—Altman
analysis was performed. As shown in Fig. S18, the mean
bias between the reference transducer and the wireless
sensor was close to zero, and the limits of agreement
remained well within +1.0 mmHg, indicating no sys-
tematic overestimation or underestimation by the pro-
posed device. The narrow dispersion of data points
around the zero line confirms that the reconstructed
pressures are statistically interchangeable with those of
the commercial sensor and validates the clinical relevance
of the wireless readout. Based on this calibration, the
wireless resonance signals were converted into recon-
structed pressure values. The predicted waveform showed
nearly perfect overlap with the reference signal, validating
the accuracy, stability, and reproducibility of the wireless
sensing mechanism (Fig. 41).

Collectively, these results demonstrate that the smart
stent is capable of faithfully capturing dynamic intra-
luminal pressure changes in real time, translating
mechanical pulsations into precise electrical readouts.
Comprehensive characterization of the readout perfor-
mance is provided in the Supporting Information. This
includes frequency noise analysis and limit-of-detection
calculations based on resonance fluctuations under zero
pressure (Fig. S19), as well as small-step pressure dis-
crimination studies that report signal-to-noise ratio
(SNR), area-under-the-curve (AUC), and 100% detection
hit rate for pressure increments down to 1 mmHg (Fig.
S20). Thermal drift measurements and long-term reso-
nance tracking further confirm that physiological tem-
perature variations (34-40°C) induce only minor
frequency shifts that do not compromise sensing accuracy
(Fig. S21). Likewise, pH-dependent testing in PBS solu-
tions (pH 6.8-7.8) shows negligible changes in baseline
resonance, sensitivity, or detection limit, validating sensor

robustness in chemically relevant environments (Fig. S22).
A depth-dependent wireless coupling analysis conducted
in a saline phantom confirmed that the resonance signal
remained clearly detectable over implantation depths up
to 10 mm, with only modest attenuation and no loss of
sensing capability (Fig. $23). Table S1 provides a concise
summary of the key experimental conditions and sensing
performance metrics, facilitating a direct and intuitive
comparison across different experimental scenarios.
Finally, hemocompatibility and cytotoxicity assays
demonstrate that neither the hybrid stent nor the inte-
grated wireless sensor elicits adverse biological responses,
supporting their suitability for vascular implantation. Full
datasets and experimental details are provided in the
Supporting Information (Figs. S24, S25).

FFR is widely regarded as the clinical gold standard for
evaluating the physiological significance of coronary ste-
nosis, as it directly reflects the impact of luminal nar-
rowing on downstream blood flow. In this study, we
implemented a dual-sensor configuration within the
hybrid BVS to enable simultaneous measurement of
proximal (Pa) and distal (Pd) pressures, allowing real-time
calculation of FFR as the ratio Pd/Pa. The experimental
setup is illustrated in Fig. 5a, consisting of a water tank
and tubing phantom with pulsatile flow generated by a
pulse pump, a VNA for wireless data acquisition, a Lab-
VIEW interface for signal processing, and a commercial
FFR system for validation. Obstruction blocks were
inserted into the tubing to mimic varying stenosis seve-
rities (0%, 25%, 50%, and 75%). A 3-mm-diameter stent
model was designed in SolidWorks, with the mid-segment
lumen partially occluded to replicate 25%, 50%, and 75%
diameter restenosis conditions. The models were fabri-
cated using a high-precision 3D printer with a resolution
of 35um. Two wireless pressure sensors were bonded
with resin at the proximal (Pa) and distal (Pd) ends of the
stenotic segment to enable simultaneous pressure mea-
surements. For comparison, a commercial FFR pressure
sensor was advanced through a guide catheter and posi-
tioned co-axially with the smart stent to record Pa and Pd
at the same anatomical sites.

The resonance frequency shifts from each sensor were
recorded and converted into pressure values, enabling
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Fig. 5 Evaluation of FFR using the proposed smart stent and comparison with a commercial FFR system. a Schematic of the experimental
setup, consisting of a water tank model with two embedded pressure sensors, a pulse pump to simulate pulsatile flow, a vector network analyzer,
and LabVIEW-based data acquisition, along with commercial FFR equipment for validation. b1-b3 Simultaneous pressure and FFR data collected
under 25% stenosis condition. ¢1-c3 FFR-related waveforms and bar chart comparisons under 50% stenosis. d1-d3 Experimental results under 75%
stenosis, highlighting significant pressure drop and FFR reduction as detected by both systems
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calculation of FFR values for direct comparison with the
commercial system. Under the baseline (0% stenosis)
condition, Pa and Pd were nearly identical, yielding an
FFR of 0.973+0.012 from the wireless system and
0.998 + 0.007 from the commercial probe (Fig. 5b1-b3).
At 25% stenosis, Pd decreased by 3 mmHg relative to Pa,
and the calculated FFR values were 0.963 + 0.014 (wire-
less) and 0.983 + 0.008 (commercial), showing excellent
agreement. With further stenosis progression to 50%, a
more pronounced gradient developed, with Pa increasing
by 2 mmHg and Pd decreasing by 14 mmHg.

The resulting FFR values were 0.811+0.012 and
0.831 £ 0.008 for the wireless and commercial systems,
respectively (Fig. 5c1—c3). Finally, under severe stenosis
(75%), flow was markedly restricted, and the pressure
gradient was substantial (Pa increased by 14 mmHg, Pd
dropped by 69 mmHg). The smart stent measured an
FFR of 0.296 + 0.017 compared with 0.268 + 0.009 from
the commercial system (Fig. 5d1-d3). The maximum
deviation of 0.028 between the two systems was
attributed to reduced signal amplitude and increased
noise at the low Pd site, yet the values remained within
clinically acceptable limits. These results demonstrate
that the smart stent not only tracks pressure variations
with high fidelity but also provides FFR values closely
matching those of an established commercial system
across a broad range of stenosis severities. The ability to
obtain such accurate measurements using a fully
implantable, wireless, and bioresorbable device repre-
sents a major advancement over conventional catheter-
based approaches, which are invasive, intermittent, and
limited to acute measurements. The proposed dual-
sensor smart stent thus establishes a minimally invasive
platform for continuous and long-term monitoring of
vascular physiology. By enabling real-time detection of
subtle pressure differentials and early reductions in
FFR, this technology holds strong potential for
improving the management of in-stent restenosis and
guiding timely clinical intervention. Although the pre-
sent platform employs a biostable MEMS-based wire-
less sensor integrated on a bioresorbable stent, the
system architecture is inherently compatible with future
adoption of transient electronic components. Emerging
biodegradable conductors such as Mg, Zn, and Mo,
together with dissolvable dielectric and encapsulation
materials, provide a credible materials pathway for the
realization of fully resorbable pressure-sensing mod-
ules. Nevertheless, challenges remain in achieving
controlled corrosion kinetics, preserving electrical
performance during degradation, and ensuring long-
term signal fidelity. Addressing these aspects con-
stitutes an important direction for translating this work
toward next-generation, fully bioresorbable smart stent
systems.
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Conclusion

In this study, we developed and validated a wireless
LC-based pressure sensing system integrated with a
bioresorbable polymer stent for real-time vascular
monitoring. The MEMS-fabricated pressure sensor
exhibited excellent structural integrity, mechanical
resilience, and high sensitivity. Key design optimiza-
tions, including refinement of the diaphragm geometry
and improvements in thermal bonding, minimized
deformation and enhanced fabrication reliability. The
resulting sensor demonstrated a baseline resonance
frequency of 82.2 + 1.7 MHz and a pressure sensitivity
of 37.48 + 2.13 kHz/mmHg, along with rapid response
dynamics and long-term operational stability. To con-
struct a catheter-deployable smart stent system, a
hybrid BVS composed of PLA and PCL was fabricated
using extrusion-based 3D printing. The wireless pres-
sure sensor was externally mounted onto the pre-
crimped stent using thermally bonded PCL, thereby
preventing structural damage during catheter delivery.
The assembled smart stent was deployed into a vascular
phantom using a balloon catheter and demonstrated
reliable pressure sensing under pulsatile flow condi-
tions. Resonance frequency data collected during
simulated blood pressure cycles were processed using a
Python-based algorithm, enabling accurate recon-
struction of real-time pressure waveforms with excel-
lent agreement (R>=0.97) compared to commercial
pressure sensors. Beyond single-point monitoring, a
dual-sensor configuration enabled real-time assessment
of FFR. Under simulated stenosis conditions ranging
from 0% to 75%, the smart stent system accurately
captured pressure differentials between upstream and
downstream locations. The FFR values derived from the
wireless sensors closely matched those obtained with a
commercial FFR system, with minimal deviation across
all severity levels, confirming the diagnostic reliability
of the platform. Collectively, this work demonstrates a
fully integrated, wireless, and catheter-deployable
smart stent system capable of real-time pressure
monitoring and FFR measurement. This approach
offers significant potential for early diagnosis
and management of vascular diseases through mini-
mally invasive intervention. Future work will focus on
validating the system in physiologically relevant envir-
onments. Ex vivo experiments using perfused porcine
or bovine arteries will be conducted to benchmark the
wireless FFR measurements against those obtained
from a commercial FFR wire under pulsatile flow con-
ditions. Following successful ex vivo verification, large-
animal in vivo studies will be undertaken to assess long-
term mechanical performance, biodegradation beha-
vior, inflammatory response, and continuous pressure
monitoring.
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Materials and methods
Materials

Silicon wafers were obtained from Silicon Technology
Cooperation (Korea). SU-8 3010, SU8-6002 and Permi-
Nex 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), Poly-
lactic Acid (PLA, Mw 260,000) were obtained from
Sigma-Aldrich. Polyvinyl alcohol (PVA, Mw 6000) was
purchased from Polysciences (UK). Conductive epoxy was
purchased from CHEMTRONICS (USA).

Fabrication of LC wireless pressure sensors

The detailed fabrication process is schematically illu-
strated in Figure S26. The fabrication begins by oxidizing
a silicon wafer at 1000 °C for 38 min to grow a 300 nm
SiO, sacrificial layer. The coil part is fabricated by pat-
terning a 2 pm SU8-2002 base layer on the oxide surface.
A Ti/Au (10 nm/200 nm) metal layer was then deposited
via electron-beam evaporation to serve as seed layer. A
12um AZ 4620 photoresist layer is subsequently pat-
terned through photolithography to define the 32-turn
inductor and the 1.5 mm-diameter capacitor plate. Au
electroplating, followed by metal etching to remove the
redundant seed layer, increases the thickness of these
structures to approximately 10 pm. All that structure is
encapsulated with SU8-3010, and additional photo-
lithography steps are used to open the air elimination hole
and mechanical connection hole. The complete coil part
is released by etching the sacrificial layer in BHF solution.
For the diaphragm part, a 10 pm SU8-3010 base is pat-
terned, followed by Ti/Au metal deposition under the
same parameters used for the coil. GXR photoresist
is used to define the capacitor plate shape, and selective
Ti/Au wet etching removes exposed areas. PermiNex
1010 is then patterned to define a cavity of 1.2 mm dia-
meter and 20 um depth, along with a 50 um-wide air
elimination channel. Due to the diameter mismatch
between the cavity and the capacitor plate located in the
coil part, the structure extends over the cavity to form a
suspended supporting bridge. This suspended design
prevents deformation during bonding, even at elevated
temperatures where SU-8 is softening. The proposed air-
elimination channel is designed to prevent pressure-
induced deformation from trapped air during bonding,
extending from the cavity to an air-elimination hole on
the coil region. This dual opening mechanism allows the
internal air to expand and escape during heating and
bonding, then re-enter upon cooling to equalize internal
and external pressures. The coil and diaphragm parts are
then aligned manually under a microscope, placed on a
150°C hot plate, and thermally bonded using the
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PermiNex photoresist layer. A PDMS and slide-glass
based press block with air elimination hole and open
window, prepared by spin-coating and laser etching, is
used to apply uniform pressure during bonding. During
bonding, the open-window structure above the capacitor
plate prevents vertical pressure from causing uncontrolled
deformation of the sensing elements. This design effec-
tively reduces the mechanical load on the capacitor plate,
particularly during hot-pressing at 150 °C, thereby pre-
serving the structural integrity of the LC resonant circuit
and ensuring consistent sensor performance. After
bonding and cooling, conductive epoxy is applied to
electrically connect the coil and diaphragm. The air
elimination hole is sealed using epoxy resin. Finally, the
device is released from the wafer by BHF etching of the
SiO, sacrificial layer, resulting in the fully assembled
wireless pressure sensor.

Fabrication of PCL/PLA hybrid stent

The stent was fabricated using a dual-nozzle, extrusion-
based 3D printer with four degrees of freedom (spindle
rotation, Y-axis translation of the spindle base, and X-/Z-
axis movement of the nozzles) for precise spatial control.
The geometry of the stent is designed in Aspire CAD
software, followed a conventional architecture of wavy
circular rings interconnected by straight struts. PLA was
used for wavy rings to provide high rigidity, while PCL
was used for the struts to enhance flexibility. A stainless-
steel shaft coated with a water-soluble PVA layer served as
the printing substrate, enabling easyrelease after fabrica-
tion. During the printing process, PCL was extruded first
due to its lower melting point, followed by PLA extrusion
along the predefined paths. At locations where the two
materials intersect, heat transfer from the PLA nozzle
induced localized melting of both materials, promoting
interfacial bonding and structural integration. The com-
posite printing strategy ensured mechanical synergy
between the rigid PLA rings and the flexible PCL struts,
forming a functionally graded hybrid stent. After printing,
the assembled PCL/PLA hybrid BVS and the supporting
metal shaft were immersed in DI water to dissolve the
PVA sacrificial layer.

Fabrication of smart stent

To fabricate the smart stent, a plastic shaft was inserted
into the previously prepared PCL/PLA hybrid BVS to
define its minimum internal diameter during the crimping
process. The stent, along with the shaft, was placed into a
crimping machine and subjected to a temperature of 40 °C
and a pressure of 2 atm. This process reduced the stent
diameter to 2 mm, making it suitable for intravascular
delivery. The LC wireless pressure sensor was then
aligned under a microscope with the strut region of the
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stent. The connection hole on the sensor was positioned
to match the PCL section of the hybrid stent. PCL pellets
were applied to the aligned region and heated under
pressure, allowing the melted PCL to flow into the con-
nection hole and fuse the sensor to the stent. Upon
cooling, a mechanically stable integration was achieved
between the sensor and the PCL structure. After the
initial attachment, the sensor-stent assembly was placed
into a specially designed fixture. This fixture ensured that
the sensor conformed closely to the curvature of the stent
during setting. A 30wt% aqueous PVA solution was
applied at the interface. Once solidified, the PVA layer
held the sensor and stent in tight contact during handling.
Following fixture removal, the final smart stent with a
compressed diameter of 2 mm was obtained. This device
is compatible with standard balloon catheter-based
deployment and enables wireless pressure sensing
through the integrated LC sensor.
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