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ABSTRACT Endovascular aneurysm repair (EVAR) is an established and reliable surgical treatment of
abdominal aortic aneurysm (AAA), where a covered stent is implanted to prevent blood flow in the
aneurysm sac. Although current EVAR is an effective technique, it requires long-term monitoring for the
post-operative complications (e.g., endoleak, stent occlusion), which usually requires expensive radiologic
imaging techniques such as ultrasonography, computed tomography (CT), or magnetic resonance imaging
(MRI). In this paper, we present an accessible and continuous post-EVAR surveillance scheme by developing
a smart stent that features ultrasonic powering, blood flow sensing, and integrated wireless electronics. As the
body of the smart stent, a piezoelectric membrane with a custom pore architecture is utilized. The benefits of
the embedded pore architectures include the expansion and contraction to comply with a minimally invasive
procedure and enhanced ultrasonic powering and sensing capability. The smart stent is able to expand up to
112% in diameter when stretched due to the negative Poisson’s ratio. The ultrasound generates 0.23 mW of
electrical power, which can sufficiently operate a low power wireless electronics. A comprehensive operation
of the smart stent is demonstrated in vitro. The integrated flow sensor can measure blood flow ranging
between 30 mL/min to 980 mL/min with an average sensitivity of 0.11 mV/mL/min. The wireless electronics
transmit and receive such blood flow rate data by modulating the carrier frequency from 81 to 88 MHz from
1 m away. The developed smart stent prototype is the first step towards minimizing post-EVAR complications
by providing early and frequent access to diagnostic information to patients and physicians.

INDEX TERMS Piezoelectric transducers, biomedical telemetry, ultrasonic transducers, sensors,

implantable biomedical devices, endovascular aneurysm repair, stent.

I. INTRODUCTION

Abdominal aortic aneurysm (AAA) is the most commonly
diagnosed arterial aneurysm, accounting for over
10,000 deaths in the United States every year [1]. Aneurysm
refers to an abnormal bulge on the wall of the aorta or
artery associated with the gradual thinning of the vessel
wall. The mortality of AAA can be over 80% if it ruptures.
As a preventative treatment, a vascular surgeon places a
covered stent-graft that is a self-expanding metal frame with
woven polyester material at the aneurysm site via a minimally
invasive procedure. The stent-graft redirects blood flow away
from the aortic wall, and this procedure is called Endovascu-
lar Aneurysm Repair (EVAR). Since its first implementation

The associate editor coordinating the review of this manuscript and
approving it for publication was Vishal Srivastava.

96340

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

in patients in 1991 [2], EVAR has become an exceedingly
common technique that can minimize surgical trauma, reduce
the length of hospital stays, obviate the need for full-body
anesthesia, and decrease overall mortality rate [3], [4].

Despite the advances in stent technology and procedural
techniques, persistent post-EVAR complications, such as
endoleak, are still remained. Endoleak is direct or collat-
eral blood flow into the aneurysm sac [5]. Some types of
endoleak are associated with aneurysm expansion and rup-
ture. One study shows that post-EVAR complications occur in
16% - 30% of the cases, among which 19% - 24% of the
patients require secondary intervention to treat endoleaks
[5]. Thus, periodic monitoring, also called post-EVAR
surveillance, is highly recommended [4], [6].

Currently, post-EVAR surveillance is done using imaging
technology such as computed tomography (CT) or duplex
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FIGURE 1. Example view of a smart stent that can monitor blood flow in
the abdominal aneurysm.

ultrasound (DUS) [7]. Although these technologies can pro-
vide high-resolution images of the implanted stent-graft and
surrounding tissues, they are expensive and require trained
personnel. The patient follow-up is also challenging in an
outpatient setting as the patients need to visit the clinic reg-
ularly to be scanned. It is reported that over 30% of patients
were lost to follow-up after EVAR outside of clinical trials
[8]. In addition, frequent imaging has a risk of nephrotoxicity
due to the repetitive administrated iodinated contrast [9].

An alternative post-EVAR surveillance is direct pressure
measurements within the aneurysm sac [10]-[12]. Although
catheter-based pressure transducers have been used for
this purpose [12], there are recent efforts to make the
post-EVAR surveillance more frequent and continuous via
wireless modality, allowing early detection of the complica-
tion and thereby further reducing the mortality. For example,
an implantable MEMS pressure sensor (e.g., CardioMEMS)
has been approved for clinical use [11]. The miniaturized
pressure sensor is implanted within an aneurysm sac and
provides pressure information. Another approach is a smart
stent technology that integrates a MEMS pressure sensor on
a stent body, which acts as a wireless antenna [13], [14]. For
wireless interrogation, both technologies share the same tech-
nique. An integrated LC (i.e., inductor-capacitor) resonator
in the implantable pressure sensor or smart stent is excited by
an external electromagnetic field, which creates a reflected
RF wave that contains pressure information. An external
readout system then reads the pressure information wire-
lessly. Although it is a mature technology, challenges remain.
In the human body, the wireless signal (i.e., electromagnetic
field) is susceptible to higher tissue absorption and angular
orientation. The long-distance between the stent system and
the source coil can degrade the interrogation. The quality
factor is usually low due to the small coil size [15]-[18].
Most importantly, the pressure information itself may not
be sufficient to detect or predict the endoleak due to the
complexity of the hemodynamics [6], [19], [20].

In this paper, we present a smart stent that could address
the challenges of deep body energy delivery via ultrasonic
powering, deep body communication via low-frequency RF
signal, and seamlessly integrated blood flow sensing through
flexible electronics (Fig. 1). The use of low frequency in
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both ultrasonic powering and wireless communication allows
deeper penetration due to the longer wavelength. Notably,
ultrasonic powering is insensitive to the angular misalign-
ment between a transmitter and a receiver (typical inductive
powering requires a transmitter and a receiver to be placed in
parallel) [15], [16]. The smart stent comprises multiple piezo-
electric porous membranes deployed at multiple locations
of a traditional covered stent (Fig. 1). These piezoelectric
membranes act as ultrasonic power receivers as well as flow
sensors. The location could be interior, exterior, proximal,
mid, and distal. For example, we expect the piezoelectric
membrane placed interior would detect the blood flow in
circulation, whereas the piezoelectric membrane deployed
exterior of a covered stent can detect the hemodynamics
within an aneurysm sac. We experimentally demonstrate the
piezoelectric membrane as a single ultrasonic receiver and a
sensing element in vitro.

Il. MATERIALS AND METHODS

The stent is based on a flexible piezoelectric polymer
membrane (polyvinylidene fluoride, PVDF), which offers
piezoelectricity, flexibility, biocompatibility, and easy fabri-
cation [21], [22]. The membrane features a custom-designed
perforation for two important functions: negative Poisson’s
ratio (NPR) and enhanced ultrasonic powering efficiency.
The NPR due to the perforation allows the smart stent to
expand transversely under an axial strain. The shape and
pattern of the perforations can be optimized to enhance the
ultrasonic response, i.e., the vibrational response to ultrasonic
stimuli for both powering and sensing. A portion of the PVDF
membrane is also utilized as a blood flow sensor, which
generates an electrical voltage signal corresponding to the
blood flow rate. The rest of the PVDF membrane converts
incident ultrasonic waves into electric power to drive the
integrated wireless electronics. As such, the overall design
of the smart stent can be categorized into three main parts:
1) a piezoelectric PVDF membrane that is woven on a stent
cloth as an ultrasound receiver, 2) a blood flow sensor that
utilizes a portion of the PVDF membrane, and 3) integrated
electronic circuits for power management, sensor readout,
and wireless communication. Table 1 summarizes the design
specifications of the smart stent.

The fabrication process is illustrated in Fig. 2. We start
from a gold-plated PVDF thin film (Precision Acous-
tics U.K), which is cut into a smaller rectangular piece
(30 mm x 62.8 mm, see Fig. 2(a)). These dimensions are
determined based on the moderate-sized AAA. Note that the
dimensions can be varied by the shape and location of the
aneurysm. For example, the preoperative diameter of AAA
can vary between 4 and 8 cm, depending on the patient, age,
and location of the aneurysm [23]. Typically AAA interven-
tions are required when diameter expands beyond 5.5cm [24].
However, for the demonstration purpose, the stent we built
had a diameter of 2 cm and it showed full functionality at this
dimension. When scaled to larger diameters, we expect the
smart stent to receive more energy due to larger surface area
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TABLE 1. Summary of smart stent design specification.

PVDF membrane thickness 110 pm
Density (p) 1,780 kg/m3
Piezoelectric constant (ds3) 30 pC/N
Young’s modulus (Y) 8.3 GPa
Bulk modulus (K) 4.3 GPa
Shear modulus (U) 3.5 GPa
Longitudinal velocity (cr) 2,250 m/s
Shear velocity (cg) 1,410 m/s
Relative dielectric constant () 10 - 12
Poisson’s ratio (Vpydf) 0.18
Poisson’s ratio (Vsmart stent) -1.1

6 mm X 4 mm
10 pm
14.0 MHz
81 — 87.74 MHz
30 mm X 20 mm
a=b=13mm
¢ = 0.6 mm,d = 0.3 mm

PCB dimension (length x width)
PDMS layer thickness
Ultrasonic powering frequency
Radio frequency range
Dimension (length x diameter)
Dimension of pore pattern
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FIGURE 2. Device fabrication and integration: (a) plain PVDF film is cut
into the desired shape, (b) patterns are cut on the solid film, (c) circuit
fabrication, (d) PDMS passivation by submerging and (e) curing at 60°C,
(f) dimension of patterns, (g) a fabricated smart stent with electronics.

interfacing with the incoming ultrasonic waves. After select-
ing the proper dimension, using a tungsten blade-equipped
cutter plotter (Cameo 3, Silhouette Inc.), the PVDF film
is patterned with a slightly modified re-entrant honeycomb
(bow-tie) design with rounded corners (see Fig. 2(b)), which
is inspired by the novel design with enhanced negative Pois-
son’s ratio and Young’s modulus reported by Lu er al. [25].
The modified bow-tie design also has a small fin-like struc-
ture acting as a flow sensor. The blood flow inside the stent
will induce surface stress on the fin, resulting in voltage
change due to piezoelectricity [26]. The flow sensors are
then directly connected to the circuitry (the circuit design
will be discussed later) (Fig. 2(c)). Note that we used three
fins at the center of the PVDF thin film as flow sensors.
The fins were electrically isolated from the body by laser
ablating the gold surface on both sides of the thin film

96342

I’ Rectificy g » RFout RFin 3
: — J>:, Power :((( ))> <((T))) :
| [ ¢ : ittt il |
: . RF i a
| — A fTTransmitter: : !
I Voltage $ 4 ! ) |
I

Telemetric stent controlled . ~
\(a) capacitor  Circuit module

Rectifier Colpitts oscillator
33pF RF
s § 4k Fin ")
£ s 3 g <
— =3 - g o
[ - [ = N
[T o S ~
[a) =] N
g 3 S s
a = 2 MMBT3904 ®
g ©
o) 0.1 pF
(b) 220R

FIGURE 3. (a) System block diagram, (b) circuit diagram.

(Universal Laser System). The circuit was etched onto the
PVDF surface using laser ablation, then surface mount elec-
tronic components were assembled using lead-free solder.
The connection between the circuit with the PVDF mem-
brane and sensors was bonded using conductive silver epoxy
(8331, MG Chemicals) and the whole circuit was secured
using a layer of UV curable glue to increase the mechanical
strength and ensure reliability. The overall circuit dimension
was 6 mm x 4 mm for the prototype smart stent. Next, the per-
forated PVDF film with electronics is passivated by poly-
dimethylsiloxane (PDMS). To create a thin layer (5 um on
each side) of PDMS, the device is submerged in a pre-cured
PDMS solution for 30 minutes (see Fig. 2(d)). Then it is taken
out and fully cured in a vacuumed heater (60 °C) for another
30 minutes while hanged on a fixture (see Fig. 2 (e)). Lastly,
the device is rolled and woven to a cylindrical shape, com-
pleting the smart stent (Fig. 2(f)). A prototype of a smart stent
with an integrated circuit on the surface is shown in Fig. 2(g).
Note that it can also be woven inside the cloth part of a stent
in a similar manner a custom endograft stent is manufactured
(i.e., weaving polyester clothe to the bare metal stent).

Fig. 3(a) illustrates a simplified block diagram, which
consists of power management (i.e., an AC-to-DC recti-
fier) and a Colpitts oscillator-based RF transmitter circuit
(i.e., FM transmitter). Fig. 3(b) shows a detailed inte-
grated circuit design. A full-wave bridge rectifier using dual
Schottky diodes (CMRSH-4DO, Central Semiconductor
Corp., USA) with a 100 pF capacitor is assembled on the
PVDF film surface. It converts the AC power induced by the
incoming ultrasound (14-MHz continuous in our case) to DC
power, which can drive the RF transmitter circuit. The RF
transmitter processes the fin sensor output and transmits its
information via a low-frequency RF signal. The fin sensor
is connected to a voltage-controlled capacitor (BB202, NXP
Semiconductors), which is a part of an LC tank of the Col-
pitts oscillator. The blood flow would induce correspondent
voltage output from the fin sensor, resulting in frequency
modulation of an RF transmitter. In our case, the capac-
itance in the LC tank is measured to be 12.2 - 14.3 pF.
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Pairing the variable capacitor with an inductor (L = 270 nH,
B82422 x 100, TDK Corporation), we obtain the resonant
frequency f, by f, = 1/(2m+/LC), which is calculated to be
in the range of 81 - 87.74 MHz. The RF signal is detected
from outside of the body using a simple instrument such as a
spectrum analyzer.

Ill. RESULTS AND DISCUSSIONS

To evaluate the smart stent, we performed three differ-
ent sets of experiments. We characterized the mechanical
expansion/contraction, ultrasonic powering, and flow
rate in vitro.

A. MECHANICAL CHARACTERIZATION FOR
ANGIOPLASTY PROCEDURE

To conform with the minimally invasive procedure,
we studied mechanical behavior using both simulation
and experiment. The smart stent used in both simulation
and experiment has a dimension of 30 mm x 20 mm
(length x diameter). We defined the pattern arrangement
by a center distance between the patterns, ¢, as shown
in Fig. 1 and Fig. 2(b). For simulation, we selected a smart
stent with ¢ = 2.5mm, and the experiment used smart stent
with ¢ = 2.5, 3.5, and 4.5mm. We have experimentally
measured the diameter expansion and fin angles from five
samples for each ¢ group and measured three times per
each sample. As indicated by the simulation data shown
in Fig. 4(c), when the stent elongates, its diameter increases,
confirming the stent has NPR (v = —1.1). The NPR is also
experimentally validated. A custom-made fixture is used to
hold and stretch the smart stent (Fig. 4(a)). During the stretch,
time-sequence pictures (for example, Fig. 4(e) for ¢ = 2.5mm
design) are taken using a digital camera (Sony, NEX-5N),
from which we measure the diameter of the smart stent and
the out-of-plane fin angles (Fig. 4(c) and 4(d)).

The maximum diameter that the smart stent achieves is
22.2 + 0.4 mm (112% of the original size) (Fig. 4(c)). This
expansion ratio can be enhanced by placing the unit cell of
the NPR design more closely. It is expected that the smart
stent with a closer unit cell (¢ = 2.5mm) exhibits a 33%
wider expansion compared to that with ¢ = 4.5 mm. The
results are consistent with the simulation results. Note that the
PDMS encapsulation has negligible effects on the mechanical
behavior of the smart stent. It is attributed to the rigidity of
plate that is proportion to Eh?, where E is Young’s modulus
and £ is the thickness. The PVDF has a thickness of 110 um
and Young’s modulus of 8.3 GPa. In comparison, the PDMS
encapsulation layer is only 10 um, and Young’s modulus is
<1 MPa. These results indicate that the smart stent expands
transversely under an axial strain, which can comply with
a minimally invasive procedure. As it is also a thin film,
it is expected to interface the clinical stent-graft easily. The
prototype collapses structurally at some maximum diameter
expansion, care must be taken to ensure the deformation is
within the break-down limit.

To use the fin structures as flow sensors, we further inves-
tigate how the fins deform as the stent is stretched. It is
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FIGURE 4. Mechanical test (a) experiment setup, (b) simulated expansion
in COMSOL multiphysics, (c) diameter expansion, (d) incr d fin angle
during expansion, (e) time sequence picture of increasing fin angle.

observed that the fins gradually bend inward and outward
in an alternating manner, while the smart stent is stretched.
At the maximum diameter expansion (& 3 mm), the fin angle,
denoted by the angular displacement 6 in Fig. 4(d), is mea-
sured to be 34.8° and the maximum deployment amplitude
for the fins was 0.5 mm. Thus, the fins bent inwards helps to
detect the blood flow, whereas the fins bent outwards provides
an anchor that holds the stent in place at the site of the
aneurysm. Although the simulation and experimental results
validate the expansion ratio due to design parameters, it did
not include in vivo condition (e.g. immersion in the blood or
fixation to the stent). The rigidity of the end conditions and
pressure from the artery wall interferes with the mechanical
responses, which may affect the ultrasound powering effi-
ciency and blood flow sensing. However, the overall char-
acteristics trend should be the same including the negative
Poisson’s ratio. It must be noted that the dynamic vibration
response in the simulation has taken into account the sur-
rounding watery medium, although it is also simulated under
static and uniform conditions. As such, in our future research,
the actual scenarios after implantation will be investigated
both numerically and experimentally.

B. IN VITRO ULTRASONIC POWERING

After mechanical testing, the electrical performance,
i.e., ultrasonic powering, is characterized. A water tank
(60 x 30 x 40 cm?) is used to mimic biological tissue
as they have similar acoustic properties [27]. The experi-
ment setup is shown in Fig. 5. An ultrasound transducer
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(lead zirconate titanate (PZT) transducer, 72 x 72 x 1 mm?,
Mide Technology, USA) is attached to one end of the water
tank and driven by a continuous sinusoidal signal via a
signal generator (4064, B&K Precision Corp.) connected to
an RF amplifier (1040L, E&I Ltd.). This allows supplying
ultrasonic waves to the smart stent. The receiver (smart
stent) is positioned at 30 cm away from the transducer. The
acoustic intensity is confirmed using a fiber optic hydrophone
(FOHS64, Precision Acoustics, UK), which is controlled to
be within the FDA limit of ultrasonic intensity for imaging
applications (720 mW/cm?) [28].

First, the frequency is swept from 1 to 20 MHz to find the
resonance frequency and the bandwidth of the smart stent.
The output voltage from the smart stent is normalized by
the acoustic intensity for the comparison. The peak voltage
is observed near 14 MHz (resonance frequency) (Fig. 6(a)),
which depends on the design parameter ¢ (see the inset of
Fig. 6(b) and Fig. 2(b)): the more closely the patterns are
placed, the lower the resonant frequency. It can be attributed
to the overall compliance of the plate. As the pores are
placed closer, a greater number of pores are placed in the
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given space, and thus the whole structure becomes more
compliant.

The reduced plate rigidity also affects the overall vibration
response. We observe a slightly higher voltage output from
the smart stent with more closely placed patterns (Fig. 6(b)).
The output voltage also depends on the input intensity. When
the input voltage to the RF amplifier increases from 50 mV
to 400 mV, the output open-circuit voltage of smart stent
also increases linearly from 1.6 V to 12 V. There is a 13.2%
improvement compared to the non-perforated control sample.
This confirms that the higher vibrational response and thus
the higher voltage output can be induced by adding perfora-
tions to the surface (Fig. 6(b)).

The power output is also investigated. In this experiment,
the output is rectified and converted to DC voltage. Variable
load resistance is connected across the storage capacitor. The
current through the load resistance and the voltage across the
load resistance (I = 60.5 pA, V = 3.88 V) is adequate to
power the RF transmitter circuit that sends the flow rate data
to the external receiver. The calculated ultrasonic powering
efficiency is 11.5%. The ultrasonic powering is able to gen-
erate up to the maximum short circuit current of 140 pA.
The optimal electrical power is measured to be 0.23 mW (UT
transmitter consumed 2.05 mW when it is driven at 14 MHz).

It is noteworthy that all experiments were performed using
a PDMS-encapsulated smart stent. Such passivation would be
essential to protect the circuit in the aqueous environment and
to ensure the safety from a short circuit of the PVDF mem-
brane. As such, the resultant resonant frequency and voltage
outputs accounted have taken the PDMS encapsulation into
account.

C. IN VITRO WIRELESS COMMUNICATION
CHARACTERIZATION

Finally, we conduct a comprehensive investigation of the
smart stent using a closed-loop flow system (Fig. 7). A mass
flow pump adjusts the water flow within a tubing while
monitoring it by a digital flow meter (FS2012, Integrated
Device Technology, Inc., USA). The smart stent is placed
inside a larger diameter tubing, which mimics the fluidics
flow in the aneurysm. The PZT transmitter is then placed on
the tubing to transmit ultrasound to the smart stent. Because
the blood flow is not a laminar flow but rather a turbulent and
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pulsed flow, the water pump is programmed to generate vari-
able flow rates with the blood flow-like waveform. The smart
stent then measures this change in flow rate using its fin and
sends the RF signal to a dedicated receiver (i.e., a spectrum
analyzer, N9320B, Keysight Technologies, Inc.).

The flow rate is controlled from 30 mL/min to 980 mL/min,
which is based on a few clinical studies [29], [30]. The
lower end of the blood flow is 30 mL/min, whereas
the blood flow can reach up to 980 mL/min due to an
occlusion in the artery. The corresponded sensor output is
53 mV - 131mV (Fig. 8(a)). In general, the output voltage
increases linearly within the flow rates. Specifically, the sen-
sor response has two linear regions: the first linear region is
30 - 200 mL/min with a sensitivity of 0.16 mV/mL/min,
and the second linear region is 201 — 980 mL/min with a
sensitivity of 0.06 mV/mL/min.

These voltage changes are detected by the shifts in the
carrier frequency of the transmitted RF signal. A spectrum
analyzer is placed approximately 1 m away from the exper-
iment setup, i.e., the smart stent in a water tubing. For the
given flow rate changes (30 - 980 mL/min), the frequency is
varied between 81 — 87.74 MHz (Fig. 8(b)).

IV. CONCLUSION

In this paper, we demonstrate an ultrasonically powered smart
stent with a flow sensing and wireless communication func-
tion. The smart stent can measure and send the blood flow
information periodically whenever excited by ultrasound.
Ultrasound, recognized as an FDA-approved technique, has
superior advantages in transferring energy wirelessly to
deeply implanted stent compared to inductive coupling due to
less angular alignment sensitivity and lower tissue absorption.
This method promises efficient power transfer to the elec-
tronics and increases interrogation distance. The integration
of piezoelectric film eliminates the needs of a battery, which
has been a significant bottleneck for the stent technology to
integrate any electronics. The developed smart stent offers an
alternative, portable, low-cost, and frequent monitoring for
the post-EVAR surveillance in the out-patient setting. The
smart stent can be further developed as a multimodal sensing
platform to measure parameters such as pressure, flow rate,
temperature, pH, and oxygen level. Overall, the developed
smart stent can potentially provide convenient, early, and
frequency access to critical diagnostic information, which can
eventually minimize post-EVAR complications.
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