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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Fully implantable wireless batteryless vascular 
electronics with printed soft sensors for multiplex 
sensing of hemodynamics
Robert Herbert1,2, Hyo-Ryoung Lim3, Bruno Rigo2,4, Woon-Hong Yeo1,2,5,6*

The continuous monitoring of hemodynamics attainable with wireless implantable devices would improve the 
treatment of vascular diseases. However, demanding requirements of size, wireless operation, and compatibility 
with endovascular procedures have limited the development of vascular electronics. Here, we report an implant-
able, wireless vascular electronic system, consisting of a multimaterial inductive stent and printed soft sensors 
capable of real-time monitoring of arterial pressure, pulse rate, and flow without batteries or circuits. Develop-
ments in stent design achieve an enhanced wireless platform while matching conventional stent mechanics. The 
fully printed pressure sensors demonstrate fast response times, high durability, and sensing at small bending radii. 
The device is monitored via inductive coupling at communication distances notably larger than prior vascular sen-
sors. The wireless electronic system is validated in artery models, while minimally invasive catheter implantation 
is demonstrated in an in vivo rabbit study. Overall, the vascular system offers an adaptable framework for com-
prehensive monitoring of hemodynamics.

INTRODUCTION
Vascular diseases are the leading cause of death, accounting for more 
than 30% of deaths worldwide (1). Diseases and conditions, such as 
hypertension, atherosclerosis, and aneurysms, occur throughout the 
vascular system, including in arteries from a few millimeters to centi-
meters in diameter with varying curvature (2). Blood pressures and 
flow rates, among other hemodynamics, are monitored to follow dis-
ease progression and treatment (3–6). However, current hemo dynamic 
monitoring methods, including angiography, magnetic resonance im-
aging, Doppler ultrasound, and catheterization, provide narrow and 
incomplete views of vascular health due to limited and repetitive mon-
itoring periods and patient immobilization (3, 6, 7). Although contin-
uous hemodynamic monitoring has been shown to improve patient 
outcomes, existing clinical devices offer limited sensing capabilities 
due to their bulky packages and rigid materials (8–12). These devices 
are suitable for only pressure monitoring within the heart, abdominal 
aneurysms, and pulmonary artery and are incompatible with other ar-
teries (9–12). Overall, the development of vascular electronics for arte-
rial sensing has been limited by strict requirements for implantation 
and operation, including offering sufficient wireless capabilities with a 
flexible, miniaturized, and low- profile system that affixes itself within 
an artery and is compatible with minimally invasive catheter implan-
tation. Advances in stretchable and flexible electronics offer a means of 
forming wireless arterial sensors (13–19). One recent work targeted 
vessel anastomosis and demonstrated a cuff-type, flexible pulse sensor 
that is sutured outside of an artery with a wireless antenna extending 

outward (17). For catheter compatibility, works have developed stent-
based systems because stents provide an implantable backbone and 
are commonly used, with more than 3 million implanted in cardiovas-
cular arteries each year (19, 20). Stent-based systems have attached 
wireless sensors to stents and have used stents as wireless antennas 
(19, 21–23). However, all existing devices have shortcomings in re-
quiring memory modules, displaying low wireless distances or show-
ing fragility during implantation (21–25).

This paper reports a vascular electronic system consisting of a wire-
less stent platform integrated with soft sensors to meet implantation 
and operation requirements. The device is wirelessly operated by in-
ductive coupling to offer real-time, simultaneous monitoring of pres-
sure, pulse rate, and flow, which offers an opportunity to detect a wide 
range of vascular conditions. A laser-machining process is developed 
to form a multimaterial inductive stent, which addresses the key chal-
lenge of enabling wireless connectivity while maintaining critical stent 
mechanics. The soft pressure sensors are fully aerosol jet–printed and 
conformally integrated with the stent. The use of a printed elastomer 
pattern as the dielectric enables fast response times and pressure sens-
ing even when bending at a radius of 0.25 mm, which is a key advance-
ment as flexible pressure sensors often are not demonstrated to sense 
during bending or degrade at bending radii as large as tens of milli-
meters. The wireless device is compatible with conventional stenting 
procedures and exhibits a 5.5- and 3.5-cm readout distance in air and 
blood, which is two to three times improvement in the wireless dis-
tance over existing stent-based devices. Device performance is evalu-
ated in a biomimetic silicone artery with pulsatile flow. An in vivo 
study in a rabbit model demonstrates minimally invasive catheter 
implantation in an iliac artery with carotid access.

RESULTS
Design and sensing scheme of a wireless vascular electronic 
system with printed sensors for wireless monitoring 
of hemodynamics
The implantable wireless device consists of an inductive smart stent 
integrated with soft, capacitive sensors (Fig. 1A). The stent platform 
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offers wireless monitoring of capacitive sensors while providing a 
reliable structure for implantation. The stent structure’s main de-
sign and fabrication challenges offer sufficient wireless capabilities 
without deviating from typical stent mechanical properties. To ac-
complish this, a multimaterial stent uses conductive loops and non-
conductive connectors to achieve a conductive pathway resembling 
a solenoid and serve as an inductive antenna (Fig. 1B). A scanning 
electron microscopy (SEM) image in Fig. 1B shows the fabricated 
stent. To unobtrusively sense hemodynamics, we laminate soft, 
low-profile pressure sensors on the inner surface of the stent. The 
capacitive sensors, shown in Fig. 1C on an index finger, use a struc-
tured dielectric layer for enhanced sensitivity and response time. 

The wireless device is compatible with catheter deployment, includ-
ing delivery through a guide catheter and balloon expansion, as il-
lustrated in Fig.  1D. The integrated stent and sensor shown in 
Fig. 1E have an initial diameter of 2 mm before expansion of up to 
5 mm. Similar to conventional stents, the wireless device is readily 
adaptable for varying artery sizes. Owing to this adaptability and 
optimized mechanics, the device can be implanted via a minimally 
invasive catheter into a living rabbit’s 1.93-mm-diameter iliac ar-
tery (Fig. 1F). For wireless sensing, the integrated stent and sensors 
form inductor-capacitor (LC) circuits with a resonant frequency 
dependent on pressure (Fig.  1G and section S1). While pressure 
monitoring requires only one sensor, placing a pressure sensor at 
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Fig. 1. Overview of a fully implantable, wireless vascular electronic system with printed sensors for wireless monitoring of hemodynamics. (A) Illustration of the im-
plantable electronic components. (B) Inductive stent design using conductive Au loops and nonconductive polyimide (PI) connectors to achieve a current path resembling a 
solenoid (left) and an scanning electron microscopy (SEM) image of the stent (right). (C) Layers of the soft pressure sensor using a printed dielectric layer (left) and photo of 
index finger holding a simultaneous flow and pressure sensor (right). AgNP, silver nanoparticle; PDMS, polydimethylsiloxane. (D) Illustration of minimally invasive catheter 
deployment and balloon expansion of the wireless vascular stent. (E) Initial and expanded state of the sensor-integrated stent system. (F) Wireless stent system implanted in 
the right iliac artery of living rabbit. (G) Illustration of the wireless design and sensing scheme to simultaneously monitor pressure, heart rate (HR), and flow.
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each end shares the stent and forms two LC circuits with distinct 
resonant frequencies. To detect both upstream and downstream 
pressures, the use of two sensors monitors a pressure gradient 
across the length of the stent, which allows for detecting flow rate 
changes. The resonant frequency of each circuit is wirelessly moni-
tored with the S11 parameter via an external loop antenna and vec-
tor network analyzer (VNA). Overall, the wireless system enables 
real-time, simultaneous monitoring of pressure, pulse rate, and flow.

Fabrication and characterization of a wireless stent
Stent design and materials were evaluated to reconfigure a conven-
tional stent as a wireless platform. A conventional stent is formed 
by loops and connectors of a single material (26). By removing con-
nectors and organizing loops as a continuous path, a solenoid-like 
design is achieved, but this design is detrimental to stent mechanics 
and compatibility with balloon expansion (fig. S1) (27–29). Instead, 
here, an inductive stent design and fabrication process are devel-
oped to use conductive loops and nonconductive connectors, which 
prevents electrical shorting between adjacent loops. Fabrication 
steps are highlighted in Fig. 2A and rely on laser machining a cylin-
drical tube, which is a common stent fabrication strategy (details in 
Materials and Methods) (26). First, stainless steel tubing is laser- 
machined to remove material from the connector location be-
fore being dip-coated in polyimide (PI) to fill the connectors. After 
curing PI, the overall stent structure is laser-machined and then 
electropolished to remove impurities and smooth surfaces (fig. S2). 
To enhance the quality factor of the LC circuit, the resistance of the 
stent is decreased from 25  to 2  ohms by electroplating a 25-m-
thick layer of gold (Au) onto the steel surfaces (figs. S3 and S4). A 
25-m-thick layer of parylene, which has been previously shown to 
be biocompatible and hemocompatible, is deposited to insulate the 
stent and reinforce connectors (30–32). Figure  2B illustrates the 
stent design using conductive loops and nonconductive connectors 
to achieve a solenoid-like structure (details in fig. S1). The stent ap-
plied in this work uses 27 loops with a wire width of 120 m and a 
length of 28 mm. The loop pattern can be varied to accommodate 
different diameters and inductances (fig. S5). While a variety of 
connector designs failed to endure laser machining, an “S” shape of 
PI with interlocking steel hooks is durable while adjacent insulating 
loops. Connectors failed when stretched because of insufficient ad-
hesion between PI and steel, but the “S” shape reinforces the inter-
face during stretching by the steel hooks compressing onto the 
center, the horizontal portion of the PI “S.” An SEM image in 
Fig. 2C shows the inductive stent with enlarged views of the opti-
mized connector (additional images in fig. S6). A 60-m trace width 
of PI accommodates electroplating of the Au layer without electri-
cally shorting across the connector. A cross-sectional image in 
Fig. 2D shows the multilayer coating of a stent strut without delam-
ination (fig. S7). A collected set of photos and data in Fig. 2 (E and F) 
demonstrates balloon catheter expansion of the inductive stent 
from a diameter of 2 to 5 mm with pressure below 10 atm, which is 
comparable with conventional stents (33). The expansion increases 
inductance from 0.15 to 0.46 H, which compares well with theo-
retical expectations, and minimally increases resistance as the loops 
deform (fig. S8). Stent photos in Fig. 2E show that the PI connectors 
enable uniform expansion and loop spacing. For comparison, re-
moving the PI connectors causes distortion during expansion as a 
result of lowered axial stiffness (fig. S9) (27–29). While the stent 
uses 27 loops, the density and number of loops can be increased by 

reducing wire thickness, increasing inductance, and lowering ex-
pansion pressure (fig. S10). However, the addition of loops increases 
resistance because of a longer wire length, which diminishes 
wireless performance. A key benefit of reducing the strut thickness 
of the stainless steel base is to reduce the overall strut thickness of 
the wireless stent. Currently, the stent shows an average strut thick-
ness of 190 m. Future work will involve using a thinner stainless 
steel strut and minimizing coating thickness because thicker stents 
have shown lower endothelialization and higher risk of restenosis 
and complications (34–37). To demonstrate adaptability and wide-
spread application for arteries, a smaller and thinner stent with an 
initial diameter below 1.5  mm and an expanded diameter up to 
3 mm was fabricated with a strut (115 m in thickness) and evaluated 
alongside the larger stent (fig. S11).

For wireless performance characterization, a loop reader antenna 
connected to a VNA recorded the S11 parameter of the expanded 
stent integrated with a printed capacitive sensor (fig. S12). The 
5-mm-diameter stents with one pressure sensor and with two pres-
sure sensors for flow sensing were tested, along with the 3-mm- 
diameter stent with one pressure sensor (fig. S13). Wireless readout 
distance of the stent in the air was measured in radial and axial di-
rections and compared to an identically dimensioned solenoid in-
ductor formed with copper (Cu) wire. Figure  2G compares the 
magnitude of the S11 parameter at resonance for the Cu coil and 
stent (details in fig. S14). The Cu coil achieved distances of 2 and 
3 cm in the axial and radial directions, respectively, while the stent 
reached 1.5 and 2.0 cm. The distance was improved by tuning the 
external reader antenna with a capacitor, enabling radial distances 
of 5.5 cm for a large stent, 3 cm for a large stent with two sensors, 
and 3.5 cm for a small stent (Fig. 2H, details in fig. S15). Figure 2I 
shows the decrease in the signal magnitude of the frequency sweep 
at increasing distances. The wireless signal indicates a low-power 
transfer efficiency due to the small stent size and an unoptimized 
external reader system coupled with the device. Thus, future work 
will include applying for relevant works on inductive coupling, pas-
sive sensors, and wireless powering through biological tissues to 
develop and optimize external reader electronics and the overall 
wireless system consisting of the reader and implantable device to 
enhance efficiency, distance, and reliability (38–40). The external 
electronics will be improved with impedance-matching methods 
and an optimized frequency range based on stent dimensions, im-
plant depth, and tissue absorption to improve device functionality 
and communication distance through biological tissues (41–44). 
Because implant locations in arteries may require bending of the 
stent, wireless performance was additionally observed when the 
stent is subject to bending. Wireless communication distance during 
bending of the stent to 30° notably affected the axial direction, 
while the radial direction remained unchanged (fig. S16). This 
occurs because of bending, causing degradation of axial alignment 
as axial distance increases while not affecting radial alignment. 
However, as the degree of bending increases, the wireless signal also 
degrades in the radial direction. Along with enhancing wireless 
performance, the multimaterial design notably improves stent 
mechanical properties compared to prior works (45). The key 
implantation criteria, including axial, bending, and radial stiffness, 
were measured and compared among four stents: an inductive stent 
with PI connectors, an inductive stent without connectors, an in-
ductive stent with only steel, and a commercial stent (fig. S17) 
(27, 28, 45–48). As shown in Fig. 2J, the PI connectors are critical in 
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providing axial stiffness comparable to a commercial stent. Al-
though the brief increases in force result from connectors buckling, 
the overall stiffness of the inductive stent and commercial stent is 
similar. Bending stiffness was identical for all stents except the steel 
inductive stent because of the lack of Au coating, because increasing 
the thickness of the stent wires increases bending stiffness (Fig. 2K). 
Figure 2L shows similar radial stiffness of the inductive stent and 
commercial stent. The axial and radial collapses of the inductive 

stent without connectors indicate the importance of the PI connec-
tors for structural integrity.

Design, fabrication, and characterization of a soft 
pressure sensor
The aerosol jet printing method was applied to enable a fully printed 
sensor by taking advantage of its rapid fabrication process compat-
ible with a wide range of ink viscosities from 1 to 1000 cP. Figure 3A 
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illustrates the printed layers of PI, silver nanoparticles (AgNPs), and 
polydimethylsiloxane (PDMS) forming the pressure sensor with 
stretchable interconnects (details in Materials and Methods and fig. S18). 
The top and bottom electrodes are printed separately on the same 
substrate via a nozzle, as shown in Fig. 3B (movies S1 and S2). Fol-
lowing printing, the two layers are transferred and laminated together 
in elastomer, and the completed sensor is shown in Fig. 3C. PDMS 
encapsulation is used in this work because of the known hemocom-
patibility, which may be enhanced with surface modifications; future 
work will investigate other encapsulation materials (49, 50). Ink and 
printing parameters were optimized to achieve a thin and durable 
sensor (table S1). A structured dielectric layer is printed with PDMS 
on the bottom electrode, as shown by the colored SEM image in 
Fig. 3D (movie S3). Following prior reports of molding PDMS 
microstructures to enhance pressure sensitivity, here, printing 

replaces molding to achieve rapid fabrication with fewer processes 
and direct PDMS patterning. Interconnect thickness is less than 
12 m, while the bottom electrode and the dielectric layer are less 
than 16 m thick (Fig. 3E). The printed PDMS structures show uni-
formity and could be continuously printed on numerous sensors. 
Printing speed and the number of passes can be controlled to adjust 
the height and width of PDMS traces (fig. S19).

The dielectric layer of printed PDMS lines offers notably higher 
pressure sensitivity compared to a solid film, as shown in Fig. 3F, 
and achieves an average sensitivity of 0.013 kPa−1. The improve-
ment stems from the PDMS structures having space to deform un-
der pressure. Capacitance values are shown as capacitance change 
divided by baseline capacitance (C/C0). Typical baseline capac-
itances were 3 to 6 pF. The capacitive sensors indicated impacts 
of stray capacitance during wired tests, but these effects were not 
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observed once wires were removed and sensors were integrated 
with the wireless stent. A variety of PDMS patterns were printed, 
but the manual assembly of thin electrode results indicated similar 
sensitivities (fig. S20). All sensor results shown use printed PDMS 
lines with 525-m centerline spacing. Future work will further opti-
mize the printed PDMS structures. The sensor detects continuous 
pressure changes and displays an immediate response time even at 
high pressures (Fig. 2G). A solid dielectric layer slows response time 
and lowers sensitivity (fig. S20). The sensors display durability to 
cyclic pressure varied from 0 to 1000 mmHg, which is over 5× larger 
than artery pressures (Fig. 3H). In addition, it is critical for the 
sensor to withstand the pressure exerted onto a stent during balloon 
expansion. Figure 3I shows the sensor capacitance during stent de-
ployment with a balloon pressure maintained at 14  atm for 30  s, 
which exceeds the typical time and pressure required to expand the 
inductive stent. Sensor capacitance increases and quickly decreases 
with a 3.5% baseline change after 60 s. The thin printed layers em-
bedded in the elastomer offer a highly flexible sensor capable of 
twisting and bending without failure (Fig. 3J). The sensor conforms 
to bending radii smaller than 0.5 mm and recovers baseline capaci-
tance (fig. S21). While prior pressure sensors offered flexible for-
mats, many show sensitivity losses or are not demonstrated to sense 
pressure in a bending state (table S2) (51–61). By using thin active 
sensor layers and disconnected PDMS microstructures as the di-
electric layer, the pressure sensor conforms to a bending radius of 
1.5 mm without loss of sensitivity (Fig. 3K; details in fig. S22). Pres-
sure sensing is demonstrated to a 0.25-mm bending radius, which is 
20× smaller than prior capacitive pressure sensors and the second 
smallest among resistive pressure sensors (table S2) (51–60). Figure 3L 
shows a comparison to existing sensors, including both resistive 
and capacitive types. The larger thickness in this work compared to 
the resistive sensors results from the elastomer encapsulation.

Demonstration of a wireless device in an artery model
For implantation, the sensor is integrated within the stent and con-
nected at each end to complete the LC circuit before crimping onto 
a balloon catheter and advancing through a guide catheter (Fig. 4A). 
The narrow sensor allows for attachment along the length of the 
stent to avoid excessive deformation of the sensor during stent ex-
pansion (fig. S23). The low-profile system is expanded into a sili-
cone artery connected to a pulsatile pump to create physiological 
conditions (Fig. 4B, details in fig. S24). The stent and sensor were 
validated through wired monitoring of capacitance and wireless 
monitoring of resonant frequency, as illustrated in Fig. 4C. Figure 4D 
shows wired monitoring of sensor capacitance closely following the 
pulsatile pressure. A variety of pressures, flow rates, and pulse rates 
were applied to the sensor (fig. S25). During sensing, the low-profile 
form of the sensor avoids flow noise interferences despite large flow 
rate changes from 0 to 1000 ml min−1 (Fig. 4E). Wireless monitor-
ing is achieved by continuously measuring the S11 parameter of the 
device with an external loop antenna and VNA. Figure 4F shows 
frequency sweeps of a device in the artery model at different pres-
sures during pulsatile flow. Baseline resonant frequencies of devices 
in the artery model ranged from 70 to 110 MHz, depending on stent 
inductance and sensor capacitance. Continuous collection of fre-
quency sweeps enables real-time monitoring of arterial pressure, as 
demonstrated in Fig.  4G. Owing to the fast response time of the 
pressure sensors, the device wirelessly detects the average, mini-
mum, and maximum values of each pulsatile pressure waveform 

(Fig. 4H). Measurements in static air pressures demonstrated a 
wireless resolution as low as 5 mmHg, along with detection of sud-
den and large pressure changes (figs. S26 to S28). In the artery model, 
the wireless system monitored changes in system pressure, flow 
rate, and pulse rate, along with sudden, abnormal changes (figs. S29 
to S31). With real-time pressure monitoring, pulse rates are simul-
taneously monitored by evaluating the recorded pulsatile wave fre-
quency (fig. S30). Figure 4I compares pulse rates calculated using 
wireless device signals and using wired signals from a commercial 
pressure sensor.

Fitting the stent with two pressure sensors enables monitoring of 
flow rate changes in an artery (fig. S32). Each pressure sensor is lo-
cated at the stent ends to detect a pressure gradient across the length 
of the stent. By electrically connecting the pressure sensors together 
at the center of the stent, the stent is split into two inductors and 
allows for monitoring two distinct resonant frequencies (72 and 
105 MHz) to determine a pressure gradient (Fig. 4J, details in fig. S32). 
Figure 4K shows different flow rates, the average pressure gradient, 
and amplitude measured by the wireless device, which is similar to 
commercial pressure sensors. The difference in linearity may arise 
from the delay between wirelessly measuring the two sensors, wire-
less resolution, minor pressure changes within the stent, and the 
obtrusive attachment of commercial sensors to the artery. The in-
creased difference at lower flow rates is expected to be caused by the 
increasingly smaller pressure gradient and a need for more precise 
calibration at lower pressures. However, the wireless system provid-
ed similar pressure values and captured flow changes, which indi-
cates the ability to estimate flow rate and physiological changes, 
such as restenosis. Wireless performance when operated in blood 
and tissue was characterized. When operated in blood, the conduc-
tivity of blood dampens the inductive stent signal. While a thick 
parylene coating decreases this effect, operation in a saline concen-
tration matching the conductivity of blood dampens the wireless 
signal, as shown in Fig. 4L (24). As a result, the readout distances are 
approximately halved when operating in a saline and through tissue 
surroundings (Fig. 4M, details in fig. S33). The distance of 5.5 cm in 
air and 3.5 cm in saline is an improvement over existing stent-based 
devices, which have been demonstrated up to 3 cm in air and 1 cm 
in the blood (Table 1) (21). Figure 4N shows the maximum 3-cm 
readout distance achieved through both saline and tissue for the 
5-mm-diameter stent. Table 1 compares device performance with 
previously reported implantable arterial sensors (9, 17, 18, 21–23). 
Compared to prior works, the presented device offers more com-
prehensive sensing of normal artery hemodynamics at the best 
readout distances while maintaining a low profile and demonstrates 
the most thorough in vivo catheter implantation for stent-based de-
vices. It should be noted that prior work, showing longer communi-
cation distance, requires complete implantation by using a stent 
graft to fix itself in the aorta and only measures aneurysm sac pres-
sure, not normal artery hemodynamics (18).

In vivo study of device implantation via a catheter
An in vivo rabbit study was performed to demonstrate catheter de-
ployment. For implantation, a small inductive stent with an initial 
diameter below 1.5 mm and an expanded diameter up to 3.0 mm 
was used (Fig. 5A). An expanded device is shown in Fig. 5B with 
an enlarged view of the stent and a further miniaturized printed 
pressure sensor (fig. S34). In prior works on vascular sensors delivered 
by catheter, in vivo studies have been limited to minimal catheter 
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advancement, failed implantations, and the use of surgical grafts 
(21, 22, 24, 25). Here, the wireless device was guided from a vascular 
sheath insertion site in the left carotid artery, over the aortic arch, 
through the abdominal aorta, and into the right iliac artery (Fig. 5C). 
This route is the most extensive implant demonstration via catheter 
for existing stent-based devices (Table 1). The pathway highlights the 
ability of the wireless device to advance through narrow and curved 

arteries with an aorta diameter of 4.5 mm and a right iliac artery 
diameter of 1.93 mm (fig. S35 and movie S4). Figure 5D shows 
fluoroscopy images during expansion and after catheter removal 
in the right iliac artery (fig. S36 and movie S5). Figure 5E shows 
photos of the implanted device in the right iliac artery following 
the in vivo study. In addition, a second wireless device was able to 
be guided around a sharp turn and into the left renal artery with a 
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diameter of 1.53 mm, indicating the potential for sensing in highly 
narrow arteries (fig. S37). Following the in vivo study, the right iliac 
artery was harvested to confirm the functionality of the implanted 
sensor (fig. S38). Future in vivo studies will monitor endothelial for-
mation, restenosis, and long-term stability of the device. Figure 5F 
shows wireless signals from the stent before implantation, 2 hours 
after removal, and 3 months after removal. The resonance signals in 
Fig.  5F differ from the prior signals shown in Fig.  4F because of 
stent size differences. Signals shown in Fig. 4F were collected with a 
stent expanded to a 5-mm diameter, while signals in Fig. 5F were 
collected with a stent expanded to a 2-mm diameter. The smaller 
stent diameter causes a decrease in inductance and an increase in 
resonant frequency. In addition, variations in sensor base capaci-
tance shift the frequency range of devices. Using a laminating press 
to more uniformly seal sensors will improve the consistency of the 
devices. The shift in resonant frequency from 175 to 135 MHz due 
to expansion compares well with theoretical calculations (Fig. 5G). 
For the implanted device, sensor capacitance and initial stent in-
ductance were 5.3 pF and 0.15 H, respectively. On the basis of 
these parameters, the theoretical resonant frequency of the device 
before expansion is 178 MHz (section S1). Following expansion from 

a diameter of 1.5 to 2 mm, the stent inductance is expected to in-
crease to 0.26 H, which shifts the resonant frequency to 136 MHz. 
Similar to that observed in vivo, pressure changes were applied to 
the harvested device and artery to ensure pressure sensing function-
ality (fig. S39). Figure 5H indicates the implanted device’s change in 
resonant frequency with low-pressure ranges.

DISCUSSION
We have reported a fully implantable, vascular electronic system 
consisting of a wireless stent platform and printed soft sensors for 
real-time sensing of arterial pressure, pulse rate, and flow. Design, 
materials, and fabrication strategies of the inductive stent are devel-
oped to enhance wireless capabilities while maintaining key aspects 
of conventional stents. The fully printed capacitive sensors with mi-
crostructured features enable a notable improvement in pressure 
sensing during bending due to the thin, flexible layers and patterned 
PDMS. The wireless device demonstrates multiplex sensing of he-
modynamics at extended readout distances in an artery model. An 
in vivo rabbit study shows minimally invasive catheter implantation 
in narrow arteries. Future work will improve sensor encapsulation, 

Table 1. Performance comparison of implantable, wireless arterial sensors and systems.  

Reference Device
type

Sensing
parameter

Wireless distance (cm) Wireless 
strategy

Device size 
(mm)

In vivo 
implantationAir Blood

This work Soft, stretchable 
sensor

Pressure, pulse, 
and flow (artery 
hemodynamics)

5.5* 3.5 Inductive 
coupling

5 (d) Catheter

0.3 (t)

(Access: 
common carotid; 

implant: right 
iliac artery)

(21) Rigid sensor Pressure only 3 1 Inductive 
coupling

5 (d)
Vascular graft‡

0.3† (t)

(22)
Rigid sensor and 

memory 
modules

Temperature and 
flow –§ radiofrequency

6 (d) Catheter||

0.21 (t)

(Access: 
common carotid; 

implant: 
common carotid)

(17) Cuff-type sensor Pulse¶ – Inductive 
coupling

5 (w)
Suture**

0.16# (t)

(23) Flexible sensor Pressure only 0.8 – Inductive 
coupling

3 (d)
–

0.15†† (t)

(18)
Planar sensor 

(required stent 
graft)

Pressure and 
pulse (aneurysm 

sac only)
>20‡‡ (complete implantation) Inductive 

coupling

11 (d) Stent graft and 
catheter

0.3 (t) (Access: femoral; 
implant: aorta)

(9) Sensor package Pressure and 
pulse –§§ Inductive 

coupling

3.4 (w) Catheter

2 (t)
(Access: femoral; 

implant: 
pulmonary)

*Distance decreases to 3.0 cm for flow sensing.   †Thickness estimated by combining stent and sensor thicknesses.   ‡Device was implanted in graft, 
followed by attachment of graft.   §Wireless signal magnitude measured from 1 to 5 cm but does not indicate what magnitude is sufficient.   ||Device was 
implanted with a wired connection.   ¶Device was used to measure pulse rate and distinguish between flow and no-flow conditions.   #Overall thickness 
determined by adding thicknesses of reported layers.   **Device was wrapped around the artery and sutured to surrounding tissue.   ††Thickness of 
sensor without a stent.   ‡‡Device required complete implantation, not freestanding or self-supported like other devices.   §§Distance is not reported, but 
the CardioMEMS HF system has been implanted in human trials.
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reduce stent strut and sensor thickness, and develop external reader 
electronics, which will be used for in vivo long-term studies of im-
planted sensor functionality, endothelial formation, and inflamma-
tion concerns. Overall, the reported advancements in electronic 
designs, materials, and system integration enable opportunities for 
implantable vascular electronic systems and comprehensive wire-
less monitoring of hemodynamics. The wireless implantable device 
platform is readily adaptable for a multitude of sensors to monitor 

more parameters, such as strain, temperature, and biomarkers, and 
would allow for disease-specific devices.

MATERIALS AND METHODS
Fabrication of inductive stents
The inductive stent was fabricated with a femtosecond laser (Optec) 
using a tubing cutting stage. Stainless steel tubing (Vita Needle) 
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with an outer diameter of 2.1 mm and a wall thickness of 76 m was 
the first laser-machined using a 60% power, a speed of 3.6 mm s−1, 
and five passes to form holes for the connectors. Following cutting, 
the tubing was sonicated in deionized (DI) water to remove debris 
and clean the machined surfaces. Electropolishing was performed 
for 45 s with a current of 0.6 A in the electropolishing solution 
(E972, ESMA). The polished tubing was then rinsed with DI water 
and dried. The tubing was then dip-coated in PI (HD MicroSys-
tems, PI-2545) before curing at 240°C for 1 hour. Dip coating and 
curing were then completed a second time to ensure full coverage. 
Following PI coating, sanding the surfaces of the tubing removed 
excess PI. The tubing was then laser-machined at identical parame-
ters to form the final stent structure. Sonication in DI water and 
electropolishing of the stent structure was performed with identical 
parameters to clean surfaces. Surface plating of a 20-m-thick layer 
of Au was performed by electrodeposition using a three-electrode 
system with a reference electrode (commercial Ag/AgCl electrode), 
Pt counter electrode, and the electropolished stent as a working elec-
trode. The electrodes were submerged into a bright electroless gold 
plating solution (Sigma-Aldrich), and cyclic voltammetry deposi-
tion was conducted via a potentiostat (Gamry 1010E). During the 
deposition, the temperature and pH of the plating solution were 
controlled at 55°C and 8, respectively. The potential was swept from 
−0.65 to −0.95 V versus the commercial Ag/AgCl electrode for 
850 cycles at a scan rate of 0.05 V s−1. The surface of the Au-deposited 
stents was thoroughly rinsed by DI water to remove chemical resi-
dues that are potentially active and harmful in the implant circum-
stance. Following electroplating, a 25-m-thick layer of parylene 
was deposited onto the stent using a parylene coater (SCS Labcoter).

Stent characterization
Balloon expansion was performed with a 5-mm-diameter balloon 
catheter (Cook Advance 18LP PTA) and an inflator with a pressure 
gauge filled with DI water. Small stents with an initial diameter of 
1.5 mm used a 2-mm-diameter balloon catheter (Cordis Savvy Long 
PTA). Inductance was measured using an inductance-capacitance- 
resistance (LCR) meter (B&K Precision 891), and resistance was 
measured using a multimeter (Keithley DMM7510). Wireless 
frequency sweeps of the S11 parameter were recorded with a VNA 
(Tektronix TTR506A) controlled by a custom MATLAB program 
to determine the resonant frequency. The resonant frequency was 
determined by locating the minimum of the S11 parameter after 
subtracting a baseline frequency sweep. Loop reader antennas were 
formed with a single loop of Cu wire and connected to the VNA for 
recording. For performance comparison between a stent and Cu 
coil, the Cu coil was created by wrapping Cu wire around plastic 
tubing with a diameter, number of turns, and length equal to the 
stent. Noise levels were measured at frequencies lower and higher 
than resonance. Readout distances were measured for inductive 
stents connected to printed pressure sensors. Axial readout distance 
was measured by recording frequency sweeps while increasing the 
axial distance between the stent and external reader antenna. Radial 
readout distance was measured by recording frequency sweeps with 
different reader antenna diameters and placing the stent at the cen-
ter of the reader antenna. To improve readout distance, external 
reader antennas were tuned with discrete ceramic capacitors to the 
resonant frequency of the stent and sensor. Stent’s mechanical stiff-
ness was measured with a motorized vertical test stand (Mark-10 
ESM303) and force gauge (Marl-10 M5-5). The stage was moved by 

a set displacement while recording force. All stent samples, includ-
ing the commercial stent (Medtronic Visi-Pro), were expanded to 
4.5 mm in diameter.

Fabrication of soft pressure sensors
An aerosol jet printing system (Optomec 200) was used to print sen-
sor layers. First, a layer of polymethyl methacrylate (PMMA; Micro-
Chem) was spin-coated on a glass slide at 3000  rpm for 30 s and 
cured at 180°C for 3 min. The support layer of PI was printed via the 
pneumatic atomizer with parameters in table S1. The PI ink was formed 
in a 3.5:1 mixture of PI to 1-methyl-2-pyrrolidinone (Sigma- Aldrich). 
The bottom layer of PI was then cured in an oven at 240°C for 1 hour. 
Following curing, the printed PI was plasma-treated for 1 min before 
printing AgNP ink (UTDOTS, AgNP40X) via the ultrasonic atomiz-
er with parameters in table S1. The AgNP layer was sintered at 240°C 
for 1 hour. After sintering, a top layer of PI was printed and cured 
with identical parameters. Printing of PDMS (Sylgard 184, Dow 
Corning) with the pneumatic atomizer and parameters in table S1 
was then performed on the bottom electrode area of the sensor. 
PDMS ink was formed with an 18:4 mixture of 10:1 (base to cure) 
PDMS and toluene (StarTex). Printed PDMS was cured at 100°C for 
1 hour. Following printing, the glass slide was covered and placed in 
an acetone bath for at least 1 hour to dissolve the underlying PMMA 
layer. After removing from the acetone bath, the sensors were trans-
ferred and aligned with tweezers onto elastomer. For transferring, 
the bottom electrode was first placed onto the elastomer with the 
PDMS dielectric layer facing up. The top electrode was then aligned 
and stacked on top of the bottom electrode. A small amount of PDMS 
was applied and cured along the interconnects to keep the sensor lay-
ers in place on the elastomer substrate. To seal the sensors, a piece of 
elastomer substrate was cut and laminated over the electrode area. A 
small amount of PDMS was poured and cured along the edges and 
interconnects while applying pressure to the elastomer piece cover-
ing the electrodes. After curing, the assembled and sealed sensor was 
removed from the plastic dish. Cu wires were attached to the inter-
connects with silver paint for wired sensing. The sensor was attached 
inside the stent for wireless sensing and connected to each end of the 
stent and the center of the stent with silver paint. A small amount of 
PDMS was used to insulate the electrical connections and to provide 
additional attachment points along the length of the sensor.

Sensor characterization
Sensor capacitance was recorded with the LCR meter. Pressure re-
sponse was characterized by placing the sensors in silicone tubing 
connected with a syringe. The pressure was applied by displacing 
the syringe, while a commercial sensor (Honeywell 26PCBFB6G) 
recorded pressure. Pressure sensing during a bending state was ac-
complished by bending the sensor around glass slides and taping 
the sensor at both ends away from the bending area. Glass slides 
with a thickness of 1.0 mm were stacked and used for bending radii 
between 0.5 and 2.0 mm. A bending radius of 0.25 mm was main-
tained by taping the sensor interconnects together without a spacer 
in between. The pressure was then applied by displacing the syringe. 
Cyclic tests were performed using the motorized vertical test stand 
attached with a force gauge. The vertical stage applied pressure onto 
a sensor, while the LCR meter recorded capacitance. Compatibility 
with balloon catheter expansion was validated by attaching the sen-
sor inside a stent. The stent was then expanded against the wall of 
silicone tubing while recording capacitance.
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Wireless sensing in an artery model
An artery model, with a wireless device expanded within, was 
formed with silicone tubing connected to a pulsatile pump (Harvard 
Apparatus). Valves were included upstream and downstream of 
the wireless device to modify system pressure, while the pump 
was used to modify pulse rate from 0 to 120 min−1 and stroke vol-
ume from 0 to 10 ml. The flow of both DI water and saline was used 
to characterize sensing. A commercial pressure sensor was located 
near the sensor and stent to record pressure simultaneously. Wired 
measurements used an LCR meter, while wireless measurements 
used a VNA. The antenna was placed around the silicone artery and 
aligned with the stent for wireless sensing. Pulse rate was calculated 
by determining the maximum and minimum values of the recorded 
pressure and capacitance waveform. The time difference between 
the two was determined and converted to a pulse rate. A pressure 
gradient was wirelessly measured by recording the resonant fre-
quency of each pressure sensor simultaneously. Before testing in 
flow, the resonant frequency of each sensor was measured for static 
pressure. By using static pressures, a calibration curve of resonant 
frequency and pressure was created for each sensor. During wireless 
recording in flow, the resonant frequency of each sensor was con-
verted to pressure by using its calibration curve. The pressure dif-
ference between the sensors was then determined at each time point 
by subtracting the two pressure values. The calculated pressure dif-
ference determined the average pressure gradient and amplitude of 
the pressure gradient. For comparison, two commercial pressure 
sensors were located at a distance equal to the wireless device’s sen-
sors. The pressure gradient between the two commercial sensors was 
recorded. The wireless device was characterized when implanted in 
saline and meat to replicate in vivo conditions of blood and tissue. A 
saline concentration of 0.08 M was used to match the conductivity to 
blood (62–64). The meat was wrapped around the artery model to 
the specified thickness and extended more than 4 cm away from the 
implanted stent in both directions along the axial length.

In vivo demonstration
A New Zealand white rabbit was used in accordance with the ap-
proved protocol (#GT69B, T3 Labs, Global Center for Medical In-
novation). Under inhalant isoflurane anesthesia, a vascular sheath 
was placed in the left carotid artery. The animal was then heparinized 
to achieve an active clotting time over 250 s. The device was mounted 
on a balloon catheter (Cordis Savvy Long PTA) and advanced over 
a 0.46-mm (0.018-inch) guidewire with fluoroscopic visualization. 
The device was advanced from the left carotid artery, over the aortic 
arch, and through the abdominal aorta to reach the targeted right 
iliac artery. The device was expanded with a balloon catheter pres-
sure of 10 atm before removal of the catheter. The animal was mon-
itored during the study. In vivo wireless measurements were found 
to be unreliable because of the small artery size and distance be-
tween the implanted device and skin. Following the in vivo study, 
the right iliac artery was harvested and stored in 10% neutral buff-
ered formalin. The harvested device was maintained in the right ili-
ac artery and placed inside silicone tubing for wireless testing of 
pressure sensing. Wireless signals were recorded 2 hours after har-
vesting and 3 months after harvesting. Wireless signal noise was 
removed using a low-pass filter and a cubic-smoothing spline. The 
pressure was applied by displacing a syringe, while a commercial 
pressure sensor was simultaneously recorded. Wireless signals were 
collected with a loop antenna and VNA.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm1175
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