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ABSTRACT Continuous post-endovascular aneurysm repair (EVAR) surveillance is critical for patients
who have undergone a stenting procedure. Despite its life-saving importance, studies have reported that
patients gradually discontinue post-EVAR surveillance due to the significant burden associated with CT
scans, X-rays, etc. Considering the importance and necessity of post-EVAR surveillance, we introduce
a self-resonating flexible tube implanted in a standard clinically approved stent that enables wireless
sensing of blood pressure inside an aneurysm through inductive coupling. To enable blood pressure
monitoring outside the body, we designed and fabricated a spiral-type antenna, specifically crafted to
capture the inherent resonance frequency of the self-resonating stent tube. To showcase the wireless pressure
monitoring capability, a 3D-printed elastic model of an abdominal aortic aneurysm (AAA)was prepared. Our
quantitative study validated the pressure-sensing capability with adequate sensitivity (up to 687.5 Hz/mmHg)
when tissue was located between the stent and the external antenna. The wireless sensing also presents a
consistent linear shift in resonance frequency across all tested measuring distances as the applied pressure
ranges from 60 to 140 mmHg. The proposed self-resonating stent offers promising insights for improving
post-EVAR surveillance.

INDEX TERMS Smart stent, post-EVAR surveillance, wireless pressure monitoring, piezoelectric, self-
resonating.

I. INTRODUCTION
The abdominal aortic aneurysm (AAA) is defined as an
abnormal dilation of the abdominal aorta, with diameters
typically ranging from 3 cm to 7.8 cm, a substantial deviation
from the normal dimensions of the abdominal aorta, which
generally measures around 1.8 to 2.8 centimeters as it extends
from the diaphragm to the level of the pelvis. [1], [2], [3].
The AAA is frequently found in older age, male sex, tobacco
use, and a family history of vascular aneurysms, including
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conditions like hypertension, hypercholesterolemia, and
coronary artery disease [1], [4]. If AAA is left untreated, the
aneurysm sac continues to grow, progressively weakening the
arterial wall and eventually leading to rupture. This deterio-
ration can lead to severe internal bleeding, accompanied by
a heightened risk of morbidity and mortality. As of today,
the treatment of AAA and prevention of AAA-related rupture
predominantly involve the implementation of endovascular
aneurysm repair (EVAR) via surgical intervention [5], [6].
This procedure entails the insertion of a fabric-covered stent
graft into the dilated aorta segment to redirect the blood flow
away from the weakened arterial wall.
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However, the risk of rupture and subsequent late compli-
cations stemming from the malfunction of EVAR, including
stent migration, structural disintegration, endoleaks, and
aneurysm growth [7]. Thus, lifelong post-EVAR surveillance
is advised to regularly track the aneurysm’s growth and
assess the necessity for intervention [7], [8]. In this regard,
computed tomography (CT) scanning and magnetic reso-
nance angiography (MRA) have been the gold standard for
post-EVAR surveillance [9]. However, patients have limited
tolerance for this extended monitoring. In accordance with a
clinical research study, 22% of the patients discontinued post-
EVAR surveillance within the first year following EVAR,
38% in the third year, and 50% in the fifth year [10]. Such
discontinuation of post-EVAR surveillance is due to the
significant burden on the patients, including but not limited
to the high cost and protracted procedure time associated
with each clinical visit. Other noteworthy factors include
concerns regarding the risks of contrast-induced nephropathy
and carcinogenesis from cumulative radiation exposure [11].

To address the above-mentioned shortcomings, the Smart
Stent concept gained considerable interest [12], [13], [14].
These stents, equipped with sensing and monitoring capabili-
ties, have the potential to reduce the cost associated with post-
EVAR surveillance, minimize hospital visits, and enhance the
overall quality of patient care [15]. For example, Park et al.
demonstrated a smart stent device that can wirelessly monitor
blood vessel pressure [16]. This device employs a biodegrad-
able polymer-based stent with a pressure sensor, fabricated
via a microelectromechanical (MEMS)-based process. They
reported that the proposed device demonstrated a high
linearity of frequency from 137 to 150 MHz in the pressure
range of 0 to 120 mmHg, with a sensitivity of 50 kHz/mmHg.
Another example of a potential smart stent device was
presented by Liu et al. [17]. Their work demonstrated a
stent antenna prototype for intravascular monitoring and
implantable wireless applications. They reported that the
stent antenna exhibited an omnidirectional radiation pattern
and a good radiation efficiency of 74.5%, both of which
are promising and useful characteristics for forthcoming
implantable wireless communication applications. Another
interesting study by Occhiuzzi et al. explored the feasibility
of implanted passive radio frequency identification (RFID)
to monitor biological processes and detect specific electro-
magnetic changes caused by evolving biological phenomena
(i.e., detecting early stages of restenosis in stents). The
design can also be extended to other implanted metal
devices like prostheses, sutures, grafts, or orthopedic fixings,
offering potential benefits in long-term patient monitoring
and personal healthcare systems [18].

However, despite the successful demonstration of wire-
less pressure sensing in the aforementioned studies, it is
important to note that their systems were designed with the
ambitious goal of entirely replacing a clinically approved
stent graft, currently regarded as the gold standard. This
ambitious endeavor underscores the practical challenges
and complexities involved in implementing their previous

work or devices in real-world clinical settings. Recognizing
the challenges associated with the complete replacement
of clinically approved stent-grafts, we aimed to devise
a more practical and adaptable solution. Our innovation
revolves around a modular pressure sensor concept, one
that seamlessly integrates into the existing infrastructure
of conventional stent grafts. This transformative approach
empowers these medical devices with smart capabilities
without necessitating a wholesale change in established
clinical procedures. Our modular self-resonating pressure
sensor, named the smart stent, was constructed using a
piezoelectric thin film featuring a strategically designed array
of perforations, offers several advantages, as conceptually
illustrated in Fig. 1. Given the varying effects of the
perforation shape of the piezoelectric thin film, we previously
investigated the perforation design for voltage generation
and sensitivity to pressure change at a low-frequency range
(1 to 1.67 Hz or 60 to 100 beats per minute) [19], [20].
While our primary focus remains on enabling wireless
interrogation of pressure within aneurysms, we have also
delved into the resonance frequency shift of the perforated
piezoelectric membrane under varying pressure conditions.
In theory, the smart stent behaves capacitive at DC due to
its dielectric properties and configuration [21]. However,
as frequency increases, parasitic inductance increases due
to various reasons, which in this particular case of smart
stent, mainly the skin effect and proximity effect [22].
As the parasitic inductance increases to a point where it
balances out the intrinsic capacitance of the smart stent,
the smart stent becomes self-resonating, which frequency is
known as the resonance frequency. When the smart stent
experiences a change in internal pressure, the piezoelectric
membrane undergoes a radial expansion. This induced
structural deformation by pressure change could cause
alternation in several aspects of the piezoelectric membrane
such as increased electric charge due to the piezoelectric
effect, changes in dielectric constant due to the shifting of
dipole alignment, expansion in the physical dimension of the
membrane’s diameter [23]. The combinations of a series of
intricate electrical and mechanical alterations would cause
a shifting of the resonance frequency. This shift, detectable
through inductive coupling using an external antenna as
depicted in Fig. 1, enables our ability to monitor and assess
aneurysm status wirelessly. In this article, we present the
results of our innovative approach and the quantitative study
we conducted to validate the pressure-sensing capabilities
of our modular sensor. Our findings demonstrate adequate
sensitivity even with the presence of lossy tissue between
the stent and the external antenna, providing a promising
foundation for improved post-EVAR surveillance.

II. METHODOLOGY
To replicate real-world conditions, our proposed smart stent
underwent testing within a closed-loop circulation system
designed to mimic the anatomical features of the abdominal
aorta, utilizing a 3D-printed model that closely emulates
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FIGURE 1. Conceptual drawing of the Smart Stent integrated into a stent
graft, then implanted into an abdominal aortic aneurysm, in which the
Smart Stent serves as a pressure sensor for early detection of potential
fatal rupture.

human physiology. The main components of the testing
system, as depicted in Fig. 1, consist of a 3D printed AAA
model, a custom-made stent graft, and our proposed smart
stent. The 3D model of the AAA [24] was 3D printed with
modifications using an elastic resin to replicate the elastic
characteristics of a human AAA. The stent graft is designed
and fabricated based on a commercially available fabric-
covered stent graft (Fluency Plus Endovascular Stent Graft)
with a diameter of 13.5 mm and a length of 120 mm, which
can be securely fitted into the AAA model. The smart stent
is designed to have a diameter of 15 mm and a length of
73 mm, which can be integrated into the stent graft. The
smart stent is wirelessly coupled with an external antenna
and examined across various pressures ranging from 60 to
140 mmHg. Pork bellies with various thicknesses (3 to 7 cm)
were placed between the external antenna and the smart stent
to replicate the lossy tissues of the human body, and artificial
blood from VATA Inc., which has similar viscosity to real
blood, was used throughout the examination.

Fig. 2 elucidates the intricate fabrication procedures
involved in crafting the self-resonating stent, comprising
two fundamental components: the Polyvinylidene fluoride
(PVDF) film and the smart stent. The initial step entailed
the preparation of a 100-μm PVDF film, conducted through
a casting method as meticulously outlined in [25]. The
procedure commenced with the formulation of a 15 wt.
% PVDF solution, achieved by combining PVDF powder
(Alfa Aesar Chemicals, Inc.) and N, N-Dimethylformamide
(DMF) 99% solution (Alfa Aesar Chemicals, Inc.), followed
by thorough mixing with a magnetic stirrer at 30 ◦C for
15 minutes. Subsequently, the solution was subjected to
10 minutes of degassing within a vacuum chamber to
eliminate any residual bubbles. As a substrate for film casting,
a glass slide measuring 50 mm × 75 mm was employed.
It is noteworthy to adjust the substrate’s width based on the
desired smart stent diameter. Specifically, a 25 mm-wide
substrate yields a 7 mm diameter smart stent, a 50 mm-
wide substrate results in a 15 mm diameter smart stent, and

a 76 mm-wide substrate leads to a 23 mm diameter when
rolled into a cylindrical form to fashion a smart stent. The
glass substrate underwent treatment with organic solvents
(acetone, methanol, and isopropanol) and subsequent oxygen
plasma treatment to eliminate organic contaminants, residues,
and particles from the surface. Following these preparatory
steps, the substrate was coated with 3 g of the prepared
PVDF solution and spread evenly. The sample was then
annealed at 30 ◦C for a minimum of 24 hrs within a
30% humidity vacuum chamber. Subsequently, due to its
hydrophobic nature, a thin PVDF film was delaminated from
the substrate when soaked in deionized (DI) water. The PVDF
film was subsequently poled for 1 hr at 5 kV and 80 ◦C,
positioned between two electrodes insulated with Kapton
tape. Subsequently, a 100 μm PVDF film, as depicted in
Fig. 2(a), was readied for the ensuing stages.

To fabricate the self-resonating stent, the PVDF film
underwent metallization with titanium and copper on both
sides, as demonstrated in Fig. 2(b). Initially, a 100 nm thin
layer of titanium was deposited onto the film to serve as an
adhesion layer, followed by the deposition of a 300 nm thin
layer of copper to ensure electrical conductivity. Copper was
used in this scenario for experimental purposes; it can be
replaced with gold or platinum for biocompatibility. How-
ever, further experimentation validation and characterization
will be required. The metalized film was then subjected to
perforation via a CO2 laser from Vevor Inc., as depicted in
Fig. 2(c). The CO2 laser was programmatically configured to
iteratively create the desired perforation pattern, employing
the lowest cutting power (15 W) and the moderate cutting
speed (100 mm/s) to achieve optimal cutting precision
while safeguarding the integrity of the deposited metal
layers. Upon completion of the perforation process, the
PVDF film was rolled into a cylindrical shape, in which
the margins were adhesively joined using DMF, with the
overlapping film area minimized to approximately 3 mm
during the rolling process. A gentle compression at the
overlapping region was performed using a glass rod to
promote adhesion while reducing the PVDF thickness to
approximately 100 μm to ensure uniform expansion over the
entire sample. The resultant smart stent exhibited a diameter
of approximately 15 mm, slightly larger than the stent
graft with a diameter of 13.5 mm. Conclusively, the smart
stent underwent passivation with a biocompatible polymer,
polydimethylsiloxane (PDMS) via immersion in a PDMS
solution, allowing excess PDMS to freely drip off at room
temperature for 30 min, followed by rolling the sample
on a flat surface to minimize the disparity in the PDMS
coating due to the vertical mounting of the sample during
the dripping process. Subsequently, the sample was cured
in a 60 ◦C convection oven for 24 hrs, as represented in
Fig. 2(e). Despite the efforts, the described process does not
guarantee absolute uniformity in the PDMS coating, with a
final measured thickness of 92 μm and 108 μm at the top
and lower ends, respectively. The fully realized smart stent is
presented in Fig. 2(f).
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FIGURE 2. Fabrication process of Smart Stent. (a) Casting PVDF film,
(b) metallization of both sides of the film with titanium and copper,
(c) laser perforation, (d) rolling and gluing, (e) passivation with PDMS,
and (f) Smart Stent completed.

III. RESULTS AND DISCUSSIONS
Fig. 3(a) presents the prototype of the smart stent, realized
through the previously outlined processes. Initially, an assess-
ment of the smart stent’s pressure-sensing capability was
conducted. For this purpose, a stent graft and an AAA model
were fabricated using 3D printing techniques. The stent graft
was fabricated using a natural rubber latex supported by
a 3D printed stretchable frame that was modeled after a
conventional stent design, as depicted in Fig. 3(b). TheAAA’s
computer-aided design (CAD) model was sourced from the
open-source website Thingiverse. Employing a laser-based
3D printer (Form 3, Formlabs Inc.) an elastic resin (Elastic
50A, Formlabs Inc.) was utilized to emulate the mechanical
properties of the AAA. The customized stent graft was
slightly crimped to allow the smart stent prototype to encase
it, then, releasing the crimping ensured that the smart stent
was securely mounted onto the stent graft, as showcased in
Fig. 3(c). Subsequently, the smart stent was inserted into
the 3D-printed AAA model, as illustrated in Fig. 3(d). Both
terminations of the stent graft were firmly affixed to the inner
wall of the AAA model using resin curing. The depiction
in Fig. 3(d) conveys the partial configuration of the testing
arrangement for the smart stent.

Fig. 4(a) provides an intricate overview of the experi-
mental setup designed for evaluating the smart stent. The
system is comprised of several key components meticulously
assembled to mimic physiological conditions and facilitate
testing as depicted in Fig. 4(a). An artificial blood reservoir
serves as the fluid source, with two peristaltic pumps playing
pivotal roles in the setup. Peristaltic pump 1, serving as
the core of the system, continuously transports artificial
blood from the reservoir into the 3D-printed AAA model

FIGURE 3. Fabrication results of the Smart Stent and the assembly of the
3D printed AAA model for testing. (a) Smart Stent, (b) Smart Stent
inserted onto a 3D printed stent graft, and (c) Smart Stent and 3D printed
stent graft inserted into a 3D printed AAA model with Y-coupler.

via PVC pipes. However, given the need to replicate the
complex pressure waveform characteristic of human blood
pressure (i.e., 80 mmHg for diastolic and 120 mmHg
for systolic), peristaltic pump 2 was deployed to generate
periodic pulses into the AAA model. A roller clamp was
strategically positioned at the system’s exit point, constricting
the pipe and thereby introducing resistance along the exit
path. This resistance effectively maintains elevated pressure
levels within the AAA model. The AAA model itself,
precisely constructed through 3D printing techniques, was
seamlessly integrated with the smart stent to replicate real-
world conditions accurately. The integration of pressure
gauges at both the inlet and outlet of the AAA model
facilitated the measurement of pressure variations within
the system. These pressure gauges were connected to
T-junctions, serving as crucial points for pressure monitoring,
as shown in Fig. 4(b). An essential component of the setup
was the planar inductor-based external antenna, strategically
positioned at a distance from the AAA model to wirelessly
monitor changes in internal pressure, represented as shifts in
the natural resonance frequency of the smart stent through
inductive coupling and analyzed using a Vector Network
Analyzer (VNA) model 8753ES from Agilent Inc.

To validate the experimental apparatus as a representation
of the human circulatory system, two experiments were
conducted, and the results are depicted in Fig. 5. In the
initial experiment, an average flow rate was established as
the control variable, and the corresponding inlet pressures
were measured accordingly. The average flow rate, denoted
as ‘v’ and quantified in mL/min, was systematically varied
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FIGURE 4. Testing system for the Smart Stent as a pressure sensor inside
a 3D printed AAA model with two peristaltic pumps as the pressure
generators. (a) Schematic of the testing setup, (b) photo of the testing
setup highlighted the 3D printed AAA model with two pressure gauges
(inlet and outlet), a valve, and a coupling inductor.

within the range of 940 to 1450 mL/min, utilizing 30 mL/min
increments. This manipulation resulted in a spectrum of
inlet pressures, represented as ‘Pin’ and measured in mmHg,
spanning from 60 to 140 mmHg, as shown in Fig. 5(a). The
observed exponential rise in inlet pressure with increasing
average flow rate underscores the inherent elastic properties
of the 3D-printed stent graft within the experimental setup.
The collected data were used to generate a fitting curve
equation, achieving an impressive R-squared error of 0.9979,
thus providing a robust mathematical representation of the
relationship between average flow rate and inlet pressure. The
fitting curve equation is

Pin = 11.84 · e0.001728·v (1)

which allowed us to calculate the required flow rate for any
given inlet pressure.

The second experiment aimed to confirm the consistency
between inlet and outlet pressures across various pressure

levels. In this experiment, the inlet pressure was designated
as the control variable, ranging from 60 to 140 mmHg
with 5 mmHg intervals, while corresponding outlet pressures
were measured. The obtained R-squared value of 0.9997,
as illustrated in Fig. 5(b), indicates a strong fit between
the measured outlet pressures and the theoretically expected
outlet pressures, which were assumed to match the inlet
pressure. This outcome provides compelling evidence that the
system losses were minimized, and unwanted leakage did not
occur during pressurized conditions.

FIGURE 5. Characterization of the Smart Stent testing setup. (a) Average
flow rate as control and inlet pressure as measurement, and (b) inlet
pressure is controlled, and outlet pressure is measured.

Considering the smart stent is implanted within the
human body, an external wireless sensing mechanism is
required to extract data from the smart stent. As previously
mentioned, the internal blood pressure change causes a
geometrical deformation of the smart stent, inducing a natural
resonance frequency shift. This periodic frequency shift can
be wirelessly detected using an external antenna through
inductive coupling. Inductive coupling is a common wireless
transmission technique that has been widely implemented in
implantable medical devices for various applications, such
as power transfer [26], battery recharging [27], wireless data
transmission [28], RFID [29], and telemetry [30]. In general,
inductive coupling involves two coils interacting with each
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other through magnetic field [31]. In the case of the smart
stent, the external antenna serves as the primary coil, and
the resonant frequency shift of the smart stent, which acts
as the secondary coil, is wirelessly detected by the external
antenna. The detected frequency shift is further decoded into
pressure measurements, enabling wireless data transmission
through inductive coupling. The external antenna, a single-
arm spiral antenna, was designed as the core component
for wireless monitoring of the resonance frequency shift of
the smart stent across various pressure levels in the system,
as shown in Fig. 6(a) [26]. The single-arm spiral antenna
consists of 22-gauge metal wires and a polylactic acid (PLA)
substrate. It has a spacing of 2 mm between each turn of the
coil and the number of turns was 10, resulting in an overall
diameter of the antenna of 10 cm, with a height of 5.5 mm.
The designed antenna was simulated from 100 to 120 MHz
using a commercial 3D EM simulator, a finite element high-
frequency structure simulation (HFSS) software from Ansys
Electronics Desktop. The external antennawas also simulated
with the smart stent positioned 10 cm above it, as shown
in Fig. 6(b). Fig. 6(c) shows the simulated and measured
return loss (S11) of the external antenna with and without
the smart stent. The simulated external antenna showed a
resonant frequency at 111.50 MHz with a return loss of
−12.50 dB without the smart stent. When a smart stent
was positioned 10 cm above it, the resonance frequency of
the external antenna shifted to 110.05 MHz with a return
loss of −14.69 dB. In measurement, the external antenna
showed a resonant frequency of 111.18 MHz with a return
loss of −12.27 dB without the smart stent and a resonant
frequency of 109.69 MHz with −14.17 dB with the smart
stent. The measured results of the external antenna, both
with and without the smart stent, matched well with the
simulated results. The differences between the simulated
and measured resonance frequency in both cases were only
0.32 MHz and 0.36 MHz. This comparison demonstrates that
the external antenna is reliably characterized and can monitor
the resonance frequency shift accurately.

To optimize the external antenna performance, the external
antenna was subjected to testing with a piece of tissue
located in between the external antenna and the smart stent,
as illustrated in Fig. 7(a). In this case, a 3-cm thick pork
belly was used as the tissue for the experiment to emulate
the complex composition of the human body around the
AAA [32], [33]. Due to the irregular shape of the tissue,
the closest feasible measuring distance was approximately
0.5 cm. During the investigation, one would expect the
smaller gap size between the tissue and the external antenna
to yield higher sensitivity and accuracy, whereas a larger gap
size yields lower sensitivity and accuracy. However, contrary
to expectations, we observed otherwise. The experiment was
conducted by varying the gap size between the external
antenna and the tissue from 0.5 to 5 cm in 0.5 cm increments.
A constant internal pressure of 100 mmHg was maintained
throughout the experiment, which served as our reference
data, and the resonance frequencies were measured; the

FIGURE 6. Design and characterization results of the single-arm spiral
antenna with and without the presence of the smart stent. (a) Illustration
of the external antenna. (b) Illustration of the external antenna with the
smart stent placed 10 cm above it. (c) Comparison between the
simulation and the measurement results with and without smart stent.

results are presented in Fig. 7(b). We observed that the
resonance frequency started with two peaks at a gap size
of 0.5 cm, reaching the highest S11 of −31.06 dB at a
frequency of 106.10 MHz with a gap size of 1.5 cm, before
slowly decreasing as the gap size increased. Therefore, the
optimal placement of the external antenna was 1.5 cm away
from the tissue surface, offering the highest sensitivity and
accuracy for measuring the frequency shift. Furthermore,
we conducted similar experiments but using different tissue
thicknesses ranging from 4 cm to 7 cm to find the optimal
gap size, and the results are shown in Fig. 7(c). Similarly,
the external antenna yielded the highest S11 when placed
1.5 cm away from the tissue surface. The results suggested
that doctors or patients can conveniently perform post-
EVAR surveillance wirelessly by positioning the external
antenna 1.5 cm from the patient regardless of the size of
the patient. Lastly, the resonance frequencies of the external
antenna with and without the presence of tissue at various
measuring distances were compared to investigate the amount
of frequency shifting caused by the tissue. Note that the
measuring distance was the distance between the smart stent
and the external antenna as indicated in Fig. 7(a). Fig. 7(d)
demonstrates that the average resonance frequency without
tissue was measured to be 109.77 ± 0.44 MHz, whereas the
average resonance frequency shifted to 106.37 ± 0.29 MHz
when a tissue was present. The frequency shift by the tissue
was computed to be 3.4 MHz, approximately 3.09 % of
the original resonance frequency, which is acceptable in this
application.
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FIGURE 7. Optimization of the wireless sensing performance by the
external antenna with various tissue thicknesses and measuring
distances at 100 mmHg. (a) Experimental setup with tissue positioned in
between the external antenna and the smart stent when 100 mmHg
blood pressure was applied. (b) Measured resonance frequency at
various gap sizes (0.5 to 5 cm) at 100 mmHg. (c) Comparison results of
different tissue thicknesses (3 to 7 cm). (d) Frequency shifting when a
tissue was placed between the smart stent and the antenna.

In an ideal case, the stent graft should conform to
the biomechanics of a vascular structure, expanding under
systolic pressure. This expansion induces deformation in
the encapsulated smart stent, leading to a subtle shift in its
natural resonance frequency. As previously mentioned, this
subtle natural resonance frequency shift can be wirelessly
detected using an external antenna, specifically through
inductive coupling. Fig. 8(a) demonstrates the measured
S11 when the tissue thickness was 4 cm, and the external

FIGURE 8. Resonance frequency shifts measurement results at various
pressures (60 to 140 mmHg) and different tissue thicknesses (3 to 7 cm).
(a) Resonance frequency shifted from high to low when pressure
increased. (b) Magnitude of frequency shifting when centered around
100 mmHg. (c) Smart stent sensitivity towards pressure changes with and
without tissue at various tissue thicknesses (3 to 7 cm) or measuring
distances (3.5 to 11.5 cm).

antenna was placed 1.5 cm from the tissue with the
pressures varying from 60 to 140 mmHg. A clear high-
to-low frequency shifting pattern was observed when the
pressure increased. In Fig. 8(b), considering the resonance
frequency of 106.14 MHz at the pressure 100 mmHg as
the reference point, the resonance frequency rises or drops
by roughly 30 kHz as the pressure decreases or increases,
respectively. A consistent trend emerged from the data,
presenting a sensitivity of 677.5 Hz/mmHg when the tissue
thickness was 4 cm. Similar experiments were conducted to
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examine the sensitivity for various tissue thicknesses (3 to
7 cm). In Fig. 8(c), we observed a descending pattern for the
sensitivity as the tissue thickness increased. For comparison,
the sensitivity of the external antenna without the tissue
was measured. We discovered the sensitivity was reduced
by 9 to 20% depending on the tissue thickness. Despite
the observed tissue thickness dependency, all measuring
distances exhibited similar frequency shifts, transitioning
linearly from higher to lower frequencies as internal pressure
increased. These findings collectively affirm the smart stent’s
capability as a wireless pressure sensor.

IV. CONCLUSION
In conclusion, this study presented the development and
assessment of a smart stent featuring wireless pressure-
sensing capabilities, offering a potential solution to several
challenges associated with post-EVAR surveillance. These
challenges encompassed issues such as high costs, protracted
scanning procedures, substantial radiation exposure, and
patient discontinuation. The fabrication of the smart stent
involved the use of a piezoelectric material, which was
meticulously laser-perforated with an array of patterns to
optimize voltage generation and pressure sensitivity. This
fabricated smart stent was seamlessly integrated into a 3D-
printed stent graft, which was securely implanted within a
3D-printed elastic AAAmodel. The functionality of the smart
stent as awireless pressure sensor was validated bymeasuring
its resonance frequency through inductive coupling via
an external antenna. Experimental results demonstrated a
consistent linear shift in the resonance frequency with
increasing pressure within the stent graft. Notably, the
sensitivity of the smart stent to pressure changes increased as
the tissue thickness decreased, with a maximum sensitivity
of 687.5 Hz/mmHg achieved at a tissue thickness of 3 cm.
Despite this, there is considerable room for improvement
in terms of sensitivity, either by introducing a dedicated
capacitive pressure sensing mechanism instead of solely
relying on the natural resonant frequency shifting or by
incorporating an active transmitter module powered by the
harvested energy from the proposed smart stent. Neverthe-
less, this innovative smart stent exhibits key characteristics
that position it as a cost-effective alternative for routine EVAR
monitoring. Its potential benefits encompass reduced hospital
visit frequency, shorter hospital visit durations, minimized
complications, and enhancements in the quality of life for
patients undergoing EVAR procedures.
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