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a b s t r a c t   

Atherosclerosis is a common cause of coronary artery disease and a significant factor in broader cardio-
vascular diseases, the leading cause of death. While implantation of a stent is a prevalent treatment of 
coronary artery disease, a frequent complication is restenosis, where the stented artery narrows and stif-
fens. Although early detection of restenosis can be achieved by continuous monitoring, no available device 
offers such capability without surgeries. Here, we report a fully implantable soft electronic system without 
batteries and circuits, which still enables continuous wireless monitoring of restenosis in real-time with a 
set of nanomembrane strain sensors in an electronic stent. The low-profile system requires minimal in-
vasive implantation to deploy the sensors into a blood vessel through catheterization. The entirely printed, 
nanomaterial-based set of soft membrane strain sensors utilizes a sliding mechanism to offer enhanced 
sensitivity and detection of low strain while unobtrusively integrating with an inductive stent for passive 
wireless sensing. The performance of the soft sensor platform is demonstrated by wireless monitoring of 
restenosis in an artery model and an ex-vivo study in a coronary artery of ovine hearts. The capacitive 
sensor-based artery implantation system offers unique advantages in wireless, real-time monitoring of 
stent treatments and arterial health for cardiovascular disease. 

© 2022 Elsevier Ltd. All rights reserved.    

Introduction 

Atherosclerosis, where arteries narrow as artery walls thicken 
and stiffen, is a leading cause of cardiovascular diseases [1,2]. In 
total, cardiovascular diseases are the most common cause of death 
and account for 31% of deaths [3]. Atherosclerosis can lead to a 
variety of conditions, including myocardial infarctions, angina, 
strokes, aneurysms, and gangrene, among others [1]. A common 
treatment of atherosclerosis is angioplasty and stenting, where the 
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narrowed artery is widened with a balloon catheter and then held 
open with a stent [4,5]. Although several million stents are im-
planted per year, a frequent complication of stenting is restenosis, 
where the treated artery narrows and stiffens again [6–9]. Restenosis 
is often defined as a lumen reduction of at least 50–70% with varying 
degrees of severity [10–12]. Restenosis progresses gradually and 

often causes no symptoms until the blockage becomes severe. While 
recent advances in drug-eluting stents have reduced restenosis rates 
to less than 10%, affordability and complication concerns exist for 
drug-eluting stents [6,8,13–15]. Thus, bare metal stents are still often 
used and have shown restenosis in 17–41% of treatments [7,8]. No-
tably, restenosis correlates with morbidity and a study has 

Fig. 1. Design of a fully implantable batteryless platform with membrane arterial stiffness sensors for wireless restenosis monitoring. (a) Illustration of an implanted wireless 
sensor for monitoring of arterial wall strain and restenosis detection. (b) Schematic of a stented artery during restenosis progression and the resulting change of arterial wall 
strain. (c) Illustration of the implantable device and equivalent electrical circuit comprised of capacitive strain sensor and inductive stent. (d) Illustration of aerosol jet printed, 
nanomaterial-based strain sensor showing layers of PI and AgNP. The top and bottom plates slide relative to each other to enable capacitive sensing of strain. The assembled sensor 
is imaged on tweezers. (e) Design of multi-material, wireless stent using Au loops and PI connectors to enable a solenoid-like flow of current. Loops consist of SS, Au, and parylene. 
The wireless stent is imaged on tweezers with an enlarged view of the PI connector. (f) Photo of a sensor-integrated stent with an enlarged view of the arterial strain sensor. (g) 
Photo of ovine heart with an implanted sensor with an enlarged view of the coronary artery. 
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previously indicated restenosis as a predictor of 4 year mortality  
[12,16]. Moreover, restenosis may be a risk factor of stent throm-
bosis, a rarer condition where an acute occlusion occurs of the 
stented artery [17]. While stent thrombosis occurs in approximately 
1% of patients, it shows a mortality rate up to 45% [18,19]. Despite 
the high prevalence of restenosis, monitoring methods are limited to 
imaging techniques or catheterization, such as angiography, in-
travascular ultrasound, optical coherence tomography, and catheter- 
based measurements [12]. Follow-ups occur at varying intervals of 
time and, as a result, the progression of restenosis is incompletely 
monitored. Continuous monitoring would enable early detection and 
prevention of complications, especially since it has been shown that 
restenosis rates vary by patient, stent properties, and type of inter-
vention [12,20]. 

Continuous, non-invasive monitoring of restenosis enabled by 
implantable electronics would allow early detection and manage-
ment of patient health and provide a better understanding of stent 
designs to minimize restenosis. However, the development of im-
plantable vascular electronics has been restricted due to stringent 
requirements associated with implantation and operation within 
soft, narrow arteries. Requirements include a miniaturized, low- 
profile structure to minimize the impact on blood flow, soft, flexible 
mechanics to interface with compliant arterial walls, and wireless 
sensing. Recent advances in soft, wireless electronics offer solutions 
for the design of implantable vascular sensors [21–29]. Multiple 
prior works have developed implantable vascular sensors for mon-
itoring blood pressure, and a few have incorporated monitoring of 
blood flow [26,28,30–32]. These works have developed both stent- 
based sensors and sensors wrapped around the outside of an artery. 
While some stent-based devices apply a single pressure sensor with 
a target of monitoring occlusion, it cannot measure the fractional 
flow reserve (FFR) for restenosis or arterial distensibility [25,28]. FFR 
is a widely used measurement to determine the significance of the 
blockage and is measured by recording pressure both upstream and 
downstream of a restenosis [12,33]. One work employed two pres-
sure sensors to measure FFR, but relies on x-ray imaging to read the 
sensor [32]. 

Alternatively to blood pressure monitoring, measuring arterial 
stiffness or distensibility offers a more direct means to quantify 
restenosis. As restenosis progresses, artery walls thicken and stiffen, 
decreasing arterial strain and distensibility. In a similar concept, 
prior works have investigated sensors to detect the expansion and 
contraction of arterial walls during blood flow [25,34–36]. These 
prior works have developed wireless pressure sensors to be wrapped 
around the artery to detect arterial occlusion [25,35]. Additionally, 
strain sensors, including a capacitive sensor and photonic sensor, 
have been studied for wrapping around an artery to measure re-
sponse to blood pressure [34,36]. While these wrapped sensors de-
monstrate detection of an occlusion, implantation would be 
significantly more invasive than conventional catheterization pro-
cedures. Moreover, the prior wireless sensors do not demonstrate 
the ability to quantify restenosis or arterial stiffness and, thus, an 
implantable device is lacking [25,35]. Beyond restenosis, an arterial 
stiffness sensor would offer a broad impact on vascular sensing since 
arterial stiffness is a significant biomarker of cardiovascular disease 
and mortality [37–40]. Studies have demonstrated arterial stiffening 
as a warning sign of cardiovascular morbidity and mortality and is an 
independent predictor of cardiovascular diseases, including hy-
pertension, atherosclerosis, coronary artery disease, strokes, and 
heart failures [37–40]. Arterial stiffening is also associated with a 
heightened risk of organ damage, including to the kidneys and brain, 
due to the effect on blood flow and pressure [37]. Thus, an arterial 
stiffness sensor could be readily extended to broader applications, 
such as continuously monitoring local arterial stiffness to under-
stand the role of arterial stiffness further and as a preventative 
measure of cardiovascular diseases [41]. 

This article reports wireless soft electronics comprised of a ca-
pacitive strain sensor and an electronic stent to monitor arterial 
stiffness changes stemming from restenosis. The stent-based device 
is deployable by conventional balloon catheters for minimally in-
vasive implantation and offers unobtrusive sensing of arterial wall 
strain changes during blood flow. The aerosol jet printed, nanoma-
terial-based soft strain sensor employs a sliding mechanism that is 
investigated and optimized to enhance sensitivity compared to ex-
isting soft, capacitive strain sensors. The highly flexible, nanomem-
brane strain sensor is integrated onto a multi-material, inductive 
antenna stent to enable wireless sensing via inductive coupling. The 
wireless vascular device is demonstrated in a biomimetic coronary 
artery model to detect restenosis progression. An ex-vivo study with 
ovine hearts demonstrates restenosis sensing in narrow coronary 
arteries. 

Results and discussion 

Design of a fully implantable batteryless platform with arterial stiffness 
sensors for wireless restenosis monitoring 

A wireless implantable sensor system is developed to monitor 
the change in arterial stiffness stemming from restenosis, which 
measures arterial wall strain. Fig. 1a illustrates the overview of the 
monitoring system and arterial strain changes during blood flow. 
The implantable sensor, consisting of a soft strain sensor and elec-
tronic stent, is inductively coupled with an external antenna to re-
cord real-time changes in arterial wall strain as an artery expands 
and contracts. The stent-based device is implanted within an artery 
via a balloon catheter, identical to the current treatment of athero-
sclerosis of angioplasty and stenting. The monitored arterial stiffness 
changes with restenosis progression, as illustrated in Fig. 1b. The 
gradual build-up within the artery thickens and stiffens the artery 
wall, resulting in lower strain changes and higher stiffness. The 
change from normal strain to low strain is quantified to assess the 
severity of restenosis in the artery. The implantable device is com-
prised of a capacitive strain sensor laminated on an inductive stent, 
which forms an LC circuit with a resonant frequency dependent on 
strain (Fig. 1c). The soft strain sensor is orientated on the outer 
surface of the stent to detect circumferential strain in the artery. The 
integrated stent and sensor are operated via inductive coupling to 
wirelessly monitor changes in resonant frequency. The soft, arterial 
strain sensor is aerosol jet printed with silver nanoparticles (AgNP) 
and polyimide (PI) (Fig. 1d). Aerosol jet printing was selected as it is 
compatible with a wide range of ink viscosities (1 – 2500 cP). It is a 
digital, maskless form of printing, which allows for rapid proto-
typing and customization of printed devices. Moreover, this method 
allows for high-resolution printing of both conductive nanoparticle 
inks and polymer inks with thicknesses of a few microns, which is 
beneficial to form a low-profile, multi-layered sensor. Comparatively, 
screen printing offers lower resolution with thicker depositions 
while requiring fabrication of patterned masks [42–44]. Another 
form of digital printing is inkjet printing, but inkjet printers operate 
with a more narrow viscosity range incompatible with printing of 
higher viscosity polyimide [42–45]. A top and bottom plate are 
printed separately prior to transfer and assembly in elastomer en-
capsulation to form a parallel-plate capacitor (details in Methods 
and Fig. A.1). Elastomer encapsulations were made of poly(styrene- 
isoprene-styrene) (SIS) and sealed along the sensors edges with 
polydimethylsiloxane (PDMS). As illustrated at the bottom of Fig. 1d, 
the overlapping plates slide in opposing directions when the sensor 
is strained. The sliding of plates shifts the alignment of overlapping 
fingers, decreases the overlapping area, and causes a decrease in 
capacitance. The miniaturized strain sensor employing stretchable 
interconnects is imaged in Fig. 1d on a set of tweezers. The sensor is 
integrated onto a wireless stent platform to enable wireless 
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communication from an artery. The wireless stent uses a multi- 
material structure of stainless steel (SS), PI, gold (Au), and parylene 
(Fig. 1e). The stent is laser machined to have SS loops and microscale 
PI connectors prior to electroplating the structure with Au and in-
sulating in parylene (details in Methods and Fig. A.2). As illustrated 
in Fig. 1e, this enables a current flow resembling a solenoid inductor 
and allows the stent to function as an inductive antenna. A key ad-
vance of the stent design is using the ‘S′ shaped PI connectors that 
offer mechanics similar to conventional stents while enabling 
wireless functionality. Fig. 1e also shows an image of the stent in an 
unexpanded form with an enlarged view of the PI connector. The 
integrated set of a stent and a sensor is expandable with a balloon 
catheter for minimally invasive implantation. Fig. 1f shows the ex-
panded device with an enlarged view of the strain sensor. Owing to 
the low-profile form and flexible mechanics, the sensor is im-
plantable into narrow arteries, as shown by the sensor implanted in 
the coronary artery of an ovine heart in Fig. 1g. 

Characterization and optimization of membrane strain sensors that use 
a sliding mechanism 

Strain sensor design was investigated to enable high sensitivity 
and low strain detection in order to detect minute changes in arterial 
stiffness. To enable passive sensing, a capacitive strain sensor design 
was utilized. Numerous studies of soft capacitive strain sensors 
employ a sensing mechanism based on the Poisson effect, where the 
dielectric layer changes dimensions under strain [46–56]. However, 
this mechanism theoretically limits the sensitivity to around a gauge 
factor of 1 [57]. In order to enhance sensitivity and detection of low 
strains, an alternative is to employ a sliding mechanism where 

overlapping plates slide relative to each other [58]. Here, plates 
consisting of a set of fingers are fabricated with AgNPs and aligned to 
form a soft strain sensor with high sensitivity. Fig. 2a illustrates an 
exploded view of the strain sensor consisting of top and bottom 
plates encapsulated in elastomers. Both plates are aerosol jet printed 
to have a bottom PI layer, middle AgNP layer, and a top PI layer 
(details in Fig. A.1 and Video A.1). The two identical plates are 
aligned on top of each other, with the extended bottom PI layer 
orientated in opposite directions along the length of the sensor. This 
orientation allows the two PI base layers to be pulled in opposite 
directions as the elastomer is stretched. Fig. 2b displays an as-
sembled strain sensor and depicts the sliding mechanism where the 
overlapping fingers shift during strain (Video A.2). As shown in  
Fig. 2c, the shifting of plates during strain causes a decrease in ca-
pacitance as the overlapping area decreases (Fig. A.3). To enhance 
sensitivity, optimization of strain sensor design was investigated in 
terms of finger dimensions (Fig. 2d). Key parameters were de-
termined to be finger length (L), finger width (x), and number of 
fingers (N). The spacing of fingers (y) does not impact sensitivity but 
rather dictates the maximum strain that can be detected, which 
occurs when the fingers begin to re-overlap. Middle electrode width 
(d), which is the width of the line connecting all fingers, can be 
eliminated by offsetting the connection to prevent overlap between 
two plates. Using these parameters, an analytical model to predict 
capacitance change (ΔC/C) for a given strain was developed (details 
in Note A.1): 

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2022.101557. 

Using this analytical model, the effects of all finger dimensions 
were evaluated. Total sensor length (Ltotal) and strain (ε) are included 

Fig. 2. Characterization and optimization of membrane strain sensors that use a sliding mechanism. (a) Exploded view of a strain sensor consisting of PI and AgNP layers 
encapsulated in elastomeric membranes. (b) Photo of an assembled strain sensor (left) with images showing the shifting of plates with and without strain (right). (c) Change in 
capacitance of a sensor from 0% to 6% strain. Inset illustrations show the shifting of plates as strain is increased. (d) Critical design features of the strain sensor. (e-g) Optimization 
results of strain sensor for (e) finger length, (f) finger width, and (g) number of fingers. Strain sensitivity is improved by increasing finger length and decreasing finger width. 
Increasing the number of fingers shows a minimal increase in sensitivity. Experimental results compare well with trends predicted by an analytical model of sensitivity. (h) Photos 
of three different strain sensors using different finger widths. (i) Optimized strain sensors show high sensitivity with a 60% change in capacitance at a strain of 4.8%. (j-k) 
Capacitance change is observed for strains as low as (j) 0.4% and (k) 0.15%. 
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in the model. Finger length, finger width, and number of fingers 
were identified as critical to sensitivity and size of the sensor. To 
validate the analytical model, strain sensors were printed and as-
sembled with variations in finger dimensions (Fig. A.4). A baseline 
sensor was fabricated using five fingers with a width of 0.75 mm and 
length of 5 mm. All sensors maintained a total length of 25.6 mm, 
measured from the edges of the PI plates. Strain sensors were tested 
from 0% to 4.8% linear strain, and an overall sensitivity was de-
termined (Fig. A.5). The strain range was selected to more than en-
compass expected strains of a normal, healthy coronary artery which 
have been previously reported with varying values, including arterial 
strains of 2.9% and 3.8% calculated from lumen area and diameter 
changes [59–61]. The healthy coronary artery case results in the 
largest strain to be measured as stenting and restenosis increases 
arterial stiffness. The baseline sensor displayed a gauge factor of 3.7.  
Fig. 2e displays the impact of finger length, where both analytical 
and experimental trends show a slight increase in sensitivity. The 
sensitivity values shown are normalized to the baseline sensor. As 

shown in Fig. 2f, finger width displays the largest impact on sensi-
tivity, where a smaller finger width enhances sensitivity. A finger 
width of 0.25 mm offers a 3-times improvement in sensitivity 
compared to a finger width of 0.75 mm. Fig. 2g indicates a larger 
number of fingers showed a moderate increase in sensitivity. Based 
on these results, fewer and more narrow fingers may be used to 
achieve a miniaturized strain sensor while maintaining a high sen-
sitivity. This size change is highlighted in Fig. 2h showing a re-
presentative set of printed plates using different finger widths. 
Although the narrowest fingers offer the smallest size, it offers 
greater sensitivity than the larger ones. The narrowest fingers 
achieved a sensitivity as high as 10.5 and the sensor capacitance for 
3 different stretching cycles is shown in Fig. 2i. The sensor achieved a 
60% change in capacitance with less than 5% strain. This sensitivity is 
approximately 10-times greater than the sensitivity typically 
achieved by soft capacitive strain sensors relying on the Poisson 
effect design and 3-times greater than a previously reported sliding 
strain sensor (Table A.1) [46–56,58]. In addition to high sensitivity, 

Fig. 3. Mechanics and functions of strain sensors for arterial stiffness monitoring. (a) Photo of a strain sensor for restenosis monitoring with an enlarged view displaying a thin, 
printed plate and the overlapping two fingers of the miniaturized sensor. (b) Capacitance change of a restenosis sensor during cyclic strain changes at increasing levels. (c) 
Capacitance change of the sensor in (b) from a strain of 0–16% indicates minimal hysteresis. (d) The strain sensor shows an immediate response to significant strain changes. (e) 
Capacitance changes of the sensor during cyclic strain from 0–16% strain for 1000 cycles. (f) Photos of the thin-film strain sensor demonstrating high flexibility during bending and 
twisting. (g) Capacitance changes showing enhanced stability during cyclic 180° bending of strain sensor. (h-i) Photo of a strain sensor showing conformal lamination (h) on 
curved surfaces and (i) onto a wireless stent. Integrating the stent and sensor forms the wireless device. (j) Illustration depicting strain sensor location for monitoring cir-
cumferential strain in the tubing. (k) Wireless S11 signals from the integrated stent and strain sensor showing the shift in resonant frequency as strain is increased. (l) Resonant 
frequency of wireless device detecting circumferential strain from a silicone tube as pressure is changed. An increase in pressure expands the tubing and causes an increase in 
strain. (m) Wireless sensing displays a fast response time. (n) Summary of resonant frequency change with increased pressures for 4 different tubing wall thicknesses. A decrease 
in the resonance change with pressure is observed as tubing wall thickness increases since it stiffens the tubing. 
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the strain sensor enables the detection of small strain changes. Fig. 2j 
shows detection of cyclic, 0.4% strain changes, while Fig. 2k shows 
0.15% strain changes, which was the lowest strain achievable by the 
testing equipment. The strain sensor exhibits a 1.11% and 0.63% 
change in capacitance for the 0.4% and 0.15% strain changes, re-
spectively. The baseline of the raw capacitance signal of the sensor 
shows shifts of 0.29% and 0.42% in Fig. 2j and k, respectively. The 
shift in baseline capacitance may arise from slipping of elastomer 

within the testing clamps (Fig. A.3g), shifting or misalignment of 
fingers during stretching, and operating the motorized stretch stand 
near its minimum resolution. Signal processing can be applied to 
minimize the baseline trend, which resulted in lowered baseline 
changes of 0.04% and 0.10% (Fig. A.6). The fluctuations in amplitude 
change for the 0.15% strain cycles indicate the sensor operating near 
its sensing limit and the motorized stretching stand operating near 
its minimum resolution. 

Fig. 4. Restenosis sensing in artery model with sensors integrated in a stent. (a) Photos of integrated stent and strain sensor before and after expansion with a balloon catheter. (b) 
Photos of implantable device demonstrating high flexibility before and after expansion. (c) Capacitance of sensor during crimping of stent and sensor onto balloon catheter. The 
sensor endures crimping and returns to a baseline capacitance after release. (d) Photo of the device deployed in artery model. (e) Schematic of wireless sensing system using VNA 
to record S11 of stent and sensor circuit. The resonant frequency changes with arterial strain. (f) Arterial strain measured optically showing a decrease in strain in the stented 
region. Strain in the stented region decreases further as restenosis progresses. (g) Illustration of wall thickening and stiffening as restenosis progresses from 0% to 90%. (h) Average 
strain optically measured across the stented region showing a decreasing strain at higher restenosis levels. (i) Sensor capacitance during pulsatile flow within artery model. (j) 
Sensor capacitance during pulsatile flow at four restenosis levels. A smaller change in capacitance occurs as restenosis increases due to stiffening of the artery. (k) Summary of 
capacitance change during the progression of restenosis. (l) Resonant frequency of wireless sensor during pulsatile flow in artery model. (m) Resonant frequency changes of the 
sensor at each restenosis level. An increase in restenosis causes smaller changes in resonant frequency. (n) Summary of resonant frequency change at each restenosis level. 
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Mechanics and functions of strain sensors for arterial stiffness 
monitoring 

Criteria based on the sensor optimization results were applied to 
develop a miniaturized strain sensor for integration with a stent and 
sensing of arterial stiffness. Fig. 3a displays the miniaturized vas-
cular sensor design for restenosis sensing using stretchable, ser-
pentine interconnections. With respect to the photo in Fig. 3a, the 
sensor fingers slide vertically to detect strain changes. The sensor 
uses 2 fingers with a width of 0.3 mm and length of 7.5 mm to 
achieve high sensitivity at a small, narrow size. Fig. 3a also displays a 
side view of a thin printed plate to highlight the low-profile com-
patibility with implantation. The soft miniaturized strain sensor 
shows a sensitivity over 1.5 despite a sensing area with a length of 
3 mm (Fig. A.7). The sensor displays a stable performance, as shown 
in Fig. 3b. No hysteresis is observed as strain continuously changes 
on the sensor (Fig. 3c). Since the sensor is required to respond to 
quick, cyclic changes in strain, it is critical the sensor displays a fast 
response time. As shown in Fig. 3d, the sensor displays immediate 
changes in capacitance despite sudden stretching to 11% strain. 
Coupled with the high sensitivity, the sensor shows stable operation 
over 1000 cycles of significant strain changes from 0% to 16% 
(Fig. 3e). The sensor was evaluated at strains that more than suffi-
ciently cover the maximum expected artery wall strains of 2–5%  
[59,60,62]. Along with sensitivity, the sensor is required to be highly 
flexible and durable for implantation into an artery and to interface 
with compliant artery walls. As imaged in Fig. 3f, the sensor displays 
high flexibility as it folds onto itself and twists without failure. The 
sensor shows no change in baseline capacitance after 100 cycles of 
180° bending to a radius of 0.5 mm (Fig. 3g). Additionally, the re-
sistance of the AgNP remains unchanged during cyclic bending (Fig. 
A.7). Owing to the flexibility of the sensor, the sensor seamlessly 
conforms to curved surfaces as shown by the photos of a sensor on 
silicone tubing in Fig. 3h. This conformal contact is critical to the 
integration with a stent to form a low-profile device and to interface 
unobtrusively with soft artery walls. As a result, the sensor is well 
suited to be laminated onto the wireless stent, as shown by the in-
tegrated device in Fig. 3i. Based on the orientation of the sensor, 
circumferential strain of the stent is measured by the sensor, as il-
lustrated in Fig. 3j. The sensor is electrically connected at the two 
ends of the stent with silver paint and insulated with PDMS. Soft 
tubing was used to validate sensing of circumferential, or tubing 
wall, strain as the tubing expands and contracts with internal 
pressure changes. Pressure within the tubing is monitored and 
controlled, where an increase in pressure causes expansion of the 
tubing, simulating the distensibility of an expanding artery. Re-
sonant frequency of the wireless stent and sensor system was 
measured with a vector network analyzer (VNA) monitoring the S11 

parameter. Resonant frequency is identified as the frequency where 
the S11 parameter is at a minimum. The resonance frequency shifts 
with a change in sensor capacitance. In this work, the S11 parameter 
is monitored directly from the VNA as has been shown in prior de-
monstrations of passive, wireless sensors [25,63,64]. The real part of 
impedance is another method that may be used to measure resonant 
frequency (Fig. A.8b). Due to the ‘S′ shaped polyimide connector, the 
inductive stent shows a parasitic capacitance of 0.8 pF. Self-re-
sonance of the stents were measured to calculate parasitic capaci-
tances (details in Note A.2; Fig. A.8c). Capacitive sensors averaged 
baseline capacitances of 5 pF, and are able to be increased up to 10 pF 
with the use of a laminating press to compress and align sensor 
fingers together during sensor sealing with elastomer. Variations in 
sensor assembly occur due to manual alignment of sensor fingers 
and sealing, which can cause sensor baseline capacitances to range 
from 2 pF to 10 pF, but the application of a laminating press reduced 
variability between sensors. In addition, quality factor of the com-
bined stent and sensor was measured to be 16 (details in Note A.2;  

Fig. A.8e). A coupling constant of 1.1 × 10−3 between the wireless 
device and antenna was determined (details in Note A.2). Stent in-
ductances and resistances averaged 450 nH and 4.5 Ω. Wireless de-
vices consisting of stent and sensor averaged resonant frequencies of 
110 MHz, but ranged from a minimum of 80 MHz to a maximum of 
200 MHz throughout this study due to the variations in stent in-
ductance and sensor capacitance. As shown in Fig. 3k, an increase in 
strain caused resonant frequency to increase from 190 MHz to 
198 MHz due to the decreasing capacitance of the strain sensor. 
Continuously monitoring resonant frequency enables real-time de-
tection of strain changes within the tubing, as highlighted in Fig. 3l 
where an approximate 10 MHz change is realized for a 90 mmHg 
change in pressure (Fig. A.9). Owing to the immediate response time 
of the strain sensor, a fast response time is observed wirelessly as 
shown in Fig. 3m. The wireless sensor embedded in soft tubing was 
further demonstrated by detecting wall strains for different tubing 
wall thicknesses. A thicker wall tubing will show less strain at a 
given pressure compared to a thinner wall tubing (details in Fig. 
A.10). As shown in Fig. 3n, the wireless sensor shows a larger change 
in resonance for thinner tubing walls. The response correlates well 
with the expected decrease in distensibility and strain as tubing 
walls thicken. The decrease in distensibility with thickening tubing 
walls has been previously observed in the development of arterial 
models [65–67]. The restenosis model applied here has been com-
putationally shown previously and is experimentally measured op-
tically during pulsatile flow in the next section [68]. Additionally, 
low strain changes stemming from low pressure changes 
(< 30 mmHg) were detected by the sensor, which is critical for op-
eration in coronary arteries (Fig. A.11). This soft tubing model mimics 
the progression of restenosis where arterial walls thicken, which 
validates the potential of the wireless sensor for arterial stiffness 
sensing. 

Restenosis sensing in artery model with sensors integrated in a stent 

Based on the capability to detect tubing distensibility, the wire-
less sensor is well suited for monitoring arterial stiffness. To enable 
implantation into arteries, the integrated stent and sensor were 
developed to be compatible with conventional catheterization pro-
cedures. As shown in Fig. 4a, the integrated device is able to be 
mounted onto a balloon catheter and expanded. The stent uses a 
length of 25 mm and starts at a 2 mm diameter and expands up to a 
4.8 mm diameter. In both unexpanded and expanded forms, the 
device demonstrates a high flexibility which is critical for guiding 
through narrow, curved arteries to the target location (Fig. 4b). In 
addition to flexibility, the device demonstrates mechanical dur-
ability, as indicated by the crimping of the stent and sensor onto a 
balloon catheter in Fig. 4c. Crimping is a common process for stents 
and ensures proper mounting onto a balloon catheter. The applica-
tion of high force increases sensor capacitance but the sensor returns 
to a baseline capacitance shortly after release. During expansion, the 
parylene coating is deformed as the stent pattern expands. The 
parylene layer was examined at the arcs of the stent pattern, which 
are the locations of highest strain, but signs of cracking were not 
observed (Fig. A.12). Additionally, resistance of the stent changed by 
less than 0.9% when submerged in saline, indicating insulation from 
the surrounding conductive fluid. To demonstrate arterial stiffness 
sensing to quantify restenosis, a soft artery model was developed 
and validated experimentally and computationally [68]. The artery 
model used a wall thickness of 2 mm and an inner diameter of 4 mm 
to achieve the biomimetic performance of coronary arteries. The 
wireless stent and sensor was expanded and implanted into the 
artery model, as shown in Fig. 4d. Pulsatile flow was applied within 
the artery model while resonant frequency of the implanted device 
was monitored with a VNA and loop antenna (Fig. 4e, Fig. A.13). As 
flow changes, expansion and contraction of the artery occur and are 
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detected by changes in resonant frequency, as shown by the fre-
quency sweeps in Fig. 4e. The wireless stent and sensor were char-
acterized to measure readout distance in both air and saline (Fig. 
A.14a-d). Resonant frequency was detected in air up to 2.5 cm and 
1.0 cm in the radial and axial directions, respectively. While this 
paper focused on the implantable device, ongoing work to develop 
an improved external antenna, electronics, and readout system will 
increase the communication distance for future in vivo demonstra-
tions. The use of an untuned loop antenna and VNA limits measuring 
the wireless sensor’s readout distance. As distance increases, the 
change in magnitude of the S11 parameter decreased. When oper-
ating in a 0.08 M saline solution, matching the blood conductivity, 
the distance decreased to 1.5 cm and 0.5 cm in the radial and axial 
directions, respectively (Fig. A.14e) [69–71]. Saline causes a decrease 
in resonant frequency and dampens the signal due to the con-
ductivity of the surrounding medium and capacitive damping effects 
on the stent [72]. Future work on additional insulations will be 
performed to improve performance for in vivo conditions where the 
device will operate in blood and tissues and the wireless signals will 
be dampened. In addition to distance, the impact of alignment be-
tween external antenna and stent was evaluated (Fig. A.14f-i). Ro-
tation of the stent with respect to the antenna causes a decrease in 
the signal amplitude at resonance before becoming unreadable at a 
90°, or perpendicular, rotation. Additionally, the concentric align-
ment was evaluated and did not show changes, which may be due to 
the initially low coupling efficiency between antenna and stent. For 
in vivo application, the impact of alignment will need to be con-
sidered depending on artery location and orientation towards the 
skin. The artery model was applied to demonstrate the detection of 
restenosis with both the wired capacitive strain sensor and the in-
tegrated wireless device. The wired capacitive sensor results are 
included to directly observe the strain sensor capacitance. To 
quantify the change in stiffness stemming from restenosis, an optical 
measurement system was developed to measure arterial strain 
changes at 0%, 60%, 75%, and 90% restenosis levels. These restenosis 
levels were selected as 0% for a healthy artery while restenosis be-
comes significant as it increases from 60% to 75% and higher. Optical 
strain measurements were performed to quantify the arterial stiff-
ness along the length of the artery during a flow rate of 60 mL min−1 

using 60 b.p.m (Video A.3). The measured arterial strain correlated 
with the applied pulsatile flow in the artery model (Fig. A.15). Optical 
measurements indicated the stented region of the artery showed 
less strain than the artery before and after the stent, which is due to 
the stent locally stiffening the artery. This stiffening can be observed 
when measuring the strain along the entire length of the artery at 
different time points during a pulsatile wave (Fig. A.15). Importantly, 
the pulsatile strain along the stented region decreases further when 
restenosis progresses, as shown in Fig. 4f for a healthy artery and an 
artery with 90% restenosis. Fig. 4g illustrates the cross-sectional 
view of restenosis at the 4 restenosis cases, where a thickening of 
the artery decreases strain. A summary of the strain changes, nor-
malized to a healthy artery, is shown Fig. 4h for each restenosis case. 
The summarized values are determined by measuring the amplitude 
of pulsatile strain change during flow (Fig. A.15f-i). Deviations in 
optically measured strain result from differences in stent stiffness 
due to fabrication variations. 

Supplementary material related to this article can be found on-
line at doi:10.1016/j.nantod.2022.101557. 

The measured change in arterial stiffness was used to validate the 
arterial stiffness sensor. Fig. 4i shows the capacitance of a wired 
sensor during pulsatile flow at 3 flow rates. While the implantable 
device is a wireless one, here the wired sensor was separately 
characterized to directly validate the capacitive strain sensor per-
formance for restenosis monitoring and to measure sensor capaci-
tance independently from the wireless stent. The sensor captures the 

pulsatile waveform of the artery expanding and contracting during 
the changes in flow rate and pressure (Fig. A.16). The sensor in-
dicates a 0.8% change in capacitance for a flow rate of 60 mL min−1. 
As restenosis is introduced into the artery model, a decrease in ca-
pacitance change is observed from 0% to 90% restenosis for the same 
flow rate of 60 mL min−1 (Fig. 4j). Fig. 4k summarizes the capacitance 
changes normalized to the healthy artery. The capacitance changes 
were measured as the average amplitude of capacitance change (Fig. 
A.16). Owing to the softness of the sensor, the alignment of the 
overlapping fingers in the strain sensor was susceptible to shifting 
during implantation into the artery model and could lead to an in-
verted signal, where capacitance increases with small levels of strain 
as the shifted fingers realign (Fig. A.17). This misalignment was also 
noted when linearly stretching the larger strain sensors at small 
strains. Similar to the optical measurements, the wired sensor shows 
a larger change from 60% to 75% restenosis and compares well with 
the trends in Fig. 4h. A 60% restenosis shows a 12% decrease in ca-
pacitance changes from a normal artery. A larger change is observed 
for a 75% and 90% restenosis with a 40% and 62% decrease in capa-
citance changes, respectively. Wireless signals were similarly re-
corded from an implanted wireless device (Fig. A.18). Fig. 4l shows 
resonant frequency changes over time at 3 different flow rates and is 
timed to correlate with wired capacitance measurements previously 
shown in Fig. 4i. Fig. 4m shows resonant frequency changes at a 
60 mL min−1 flow rate for each restenosis stage. As restenosis in-
creases, the change in capacitance decreases and causes a decrease 
in overall resonant frequency change. Importantly, the inductance of 
the stent showed minor changes and confirms resonance is being 
shifted by the capacitive sensor (Fig. A.18g). Additionally, the elec-
trical connection between the stent and sensor during flow was 
measured (Fig. A.18h). Resistance was measured from the strain 
sensor fingers, which allows for measuring of resistance across the 
serpentine sensor interconnections, the stent, and the two connec-
tion points between sensor and stent. Baseline resistance was 4.7 Ω 
and the maximum fluctuation observed was 0.27 Ω corresponding to 
a 5.7% fluctuation. Fluctuations correlated with pulsatile flow in-
dicating an impact of conductive fluid flow along the device. The 
intrusive attachment of wires through encapsulation of the device 
within the artery model may increase the shifts in resistance com-
pared to an enclosed, wireless device. Resonant frequency changes 
were compared based on the average amplitude change and nor-
malized to the healthy artery case (Fig. 4n). Similar to wired capa-
citance measurements, when sensors were misaligned during 
implantation, the resonant frequency changes were inverted (Fig. 
A.17). Fig. 4n shows a similar trend to the wired measurements with 
a large decrease detected from 60% to 75% restenosis. A 35% decrease 
in resonance changes was observed when introducing a 60% rest-
enosis to a healthy artery. For 75% and 90% restenosis cases, a 63% 
and 68% decrease in resonance changes were detected. Overall, the 
artery model validates the use of arterial stiffness sensing and the 
wireless electronics to quantify clinically relevant stages of rest-
enosis. Compared to prior works, this is the first demonstration of a 
stent-based arterial stiffness sensor and wireless arterial stiffness 
sensing (Table 1)[28,32,34–36]. Prior works in Table 1 were selected 
based on if they measured arterial stiffness, monitored changes in 
movement of arterial walls, or discussed restenosis as a target ap-
plication. By integrating a wireless stent platform with the enhanced 
soft, capacitive strain sensor, wireless arterial stiffness sensing is 
achieved while enabling minimally invasive implantation via a ca-
theter. The reported sensor offers advancements in arterial stiffness 
sensing in order to quantify restenosis and offers broader potential 
for cardiovascular health monitoring. 

In addition to restenosis monitoring, the long-term stability of 
the sensor and stent were briefly characterized. Long-term stability 
tests were performed in saline at a temperature of 62 °C to accelerate 
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testing. At this temperature, an aging factor of 5.6 is applied, where a 
9 day test is equivalent to 50 days implanted [73]. The capacitive 
strain sensor was characterized using two different elastomers: 
PDMS and SIS (Fig. A.19). SIS was included as it has been previously 
shown to be a superior fluid barrier compared to PDMS [74]. A key 
concern of the capacitive sensor when operating in a conductive 
fluid is swelling of the encapsulation and permeation of fluid that 
disrupts sensing and may cause shorting, although the printed PI 
helps insulate individual conductive traces. Conductance was mon-
itored over the test period, where PDMS encapsulated sensors 
showed an increase in conductance from 0.22 µS to 272 µS while SIS 
demonstrated a more stable conductance in changing from 0.36 µS 
to 3.59 µS (Fig. A.19). Similarly, PDMS sensors increased in baseline 
capacitance from 4.1 pF to 151.2 pF while SIS sensors showed a lower 
change from 6.7 pF to 14.6 pF (Fig. A.19). As a result, the SIS en-
capsulated sensors maintained sensing of strain but with varying 
decreases in sensitivity over time until no detectable change in ca-
pacitance was observed during stretching. SIS encapsulated sensors 
were sealed along the edges with PDMS and this PDMS sealant was 
observed to detach from the SIS films over time when manually 
handled, which would introduce additional fluid permeation. The 
use of SIS to seal the sensor may minimize this leakage. In addition 
to capacitive sensors, stents and wireless devices were evaluated 
(Fig. A.20). Resistance of the stent during pulsatile flow showed 
fluctuations over time, presumably disrupting the electrical con-
nection of the monitoring wires and sensor wires to the stent where 
the electrical connections had been coated with only PDMS (Fig. 
A.20). Wireless signals fluctuated between samples when in saline 
over time, but changes in strain from the artery model could still be 
observed until day 9 with degrading signal quality (Fig. A.20). Future 
work will be performed to add improved encapsulation materials 
upon the device design and sensing strategy presented here. While 
the demonstrations of long-term performance is limited, future 
application of multi-layered encapsulations, previously developed in 
other works may be used to improve long-term stability for longer 
test periods [75–79]. Such encapsulations include integrating addi-
tional material layers with the existing parylene on the current stent. 
Integrating improved coatings with the currently presented stent 
and sensor designs will be performed to improve long-term cap-
abilities and enable long-term in vivo evaluations. 

Ex-vivo ovine study of restenosis sensing 

An ex-vivo study with ovine hearts demonstrated sensing of 
stiffness changes in soft arteries. The study was performed to de-
monstrate the wireless arterial sensor can be implanted and oper-
ated in soft tissue in addition to the silicone artery model. Fig. 5a 
shows an ovine heart and indicates one of the coronary arteries used 
for implantation (Fig. A.21). A wired sensor was implanted into a 
coronary artery to validate the ability of the capacitive sensor to 
detect arterial strain, as imaged in Fig. 5b with an enlarged view of 
the soft sensor. As shown in Fig. 5c, changes in capacitance were 
observed between no flow and flow conditions (Fig. A.22). Im-
portantly, the capacitance displays a characteristic waveform 
showing systole and diastole regions of the pulsatile wave (Fig. 5d). 
Conditions of no restenosis and restenosis were introduced to the 
coronary artery of the ovine heart, as imaged in Fig. 5e. Silicone was 
added to the artery to stiffen the region near the implanted sensor. 
As shown by capacitance signals in Fig. 5f, restenosis causes a de-
crease in the change of capacitance for identical flow conditions. In 
both cases, the sensor showed the pulsatile waveform, detection of 
flow changes, and identified pulse rates similar to the flow setting of 
20 and 30 b.p.m. Fig. 5g summarizes the detected stiffness changes 
between a healthy artery and an artery with restenosis at 2 different 
flow rates. Capacitance changes were measured as the average am-
plitude of during flow and normalized to the normal artery. At the Ta
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higher flow rate a 46% decrease in capacitance change occurs due to 
restenosis and at the lower flow rate a 39% decrease in capacitance 
change occurs due to restenosis. In addition, wireless sensing was 
demonstrated in the coronary arteries of the ovine heart (Fig. A.23). 
The integrated stent and sensor were implanted in the artery, as 
shown in Fig. 5h. The external antenna was placed within 1 cm of the 
device to monitor the device and wirelessly detected resonance 
changes, as shown in Fig. 5i. A device in an artery with restenosis 
displayed lower changes in resonant frequency compared to the 
normal artery. The resonance changes are summarized in Fig. 5j after 
normalizing resonance amplitude changes to that of the normal 
artery. Wireless results compare well with the trends observed from 
the wired capacitive sensors. The ex-vivo study demonstrates strain 
sensing within soft arterial tissue. Future in vivo demonstrations will 
require guiding the stent and sensor through arteries on a catheter 
and will require an improved external electronic system to wire-
lessly couple with an implanted device. Additionally, the soft sensor 
was evaluated for biocompatibility and hemocompatibility using rat 
vascular smooth muscle cells and ovine blood (Fig. A.24). Fig. 5k 
displays scanning electron microscopy (SEM) images of the strain 
sensor surface along with three established biocompatible materials 
of polydimethylsiloxane (PDMS), polyethylene terephthalate fabric 
(Dacron), and polytetrafluoroethylene (ePTFE). SEM images indicate 
the degree of aggregation and adhesion areas of the platelets to the 
surfaces. PDMS and ePTFE shows a consistent number of platelets 
across its surface while Dacron shows more aggregation. The en-
capsulated sensors shows a lower and less widespread platelet de-
position, indicating greater hemocompatibility. Platelet deposition 
was quantified by lactate dehydrogenase (LDH) assay after contact 
with ovine blood and is summarized in Fig. 5l. Results indicate he-
mocompatibility of the sensor and the potential of the wireless 
sensor for arterial stiffness and restenosis monitoring. 

Conclusion 

We have demonstrated an implantable arterial stiffness sensor 
system comprised of soft strain sensors and an electronic stent for 
the detection of restenosis. A capacitive strain sensor is designed and 
optimized to use a sliding sensing mechanism to improve both 
sensitivity and low strain detection at a miniaturized size. This 
sensor design and printed nanomaterials offer significant improve-
ments for capacitive strain sensing. The aerosol jet printed strain 
sensor seamlessly integrates with an inductive stent to enable 
wireless sensing of arterial stiffness. The wireless device is demon-
strated for unobtrusive monitoring of restenosis in a biomimetic 
artery model and in an ex-vivo study with ovine hearts. Overall, the 
reported advancements in capacitive strain sensing and wireless 
integration extend battery-free vascular electronics capabilities and 
enable monitoring of arterial stiffness and restenosis progression. 
The wireless arterial stiffness sensing electronics presented here 
offers broader potential for monitoring arterial stiffness for pre-
dicting and monitoring cardiovascular health. Future work will in-
clude improving encapsulation materials and strategies to improve 
long-term stability of the device, modifying sensor encapsulations 
towards thinner sensors, investigating pressure-related effects of the 
sensor within the artery wall, and an in-vivo study of restenosis 
monitoring. 

Experimental section 

Microfabrication of strain sensor 

An aerosol jet system (Optomec, Aerosol Jet 200) was used to 
print strain sensors. A glass slide was coated with a layer of poly-
methyl-methacrylate (PMMA; MicroChem) by spin-coating at 3000 
r.p.m. for 30 s and cured for 3 min at 180 °C. A bottom PI layer was 
printed using ink consisting of PI (HD MicroSystems, PI-2545) and 1- 
methyl-2-pyrrolidinone (NMP, Sigma Aldrich) mixed at a 3.5:1 ratio. 
The bottom PI layer was cured for 1 h at 240 °C. The cured PI was 
plasma treated prior to printing AgNP ink (UTDOTS, AgNP40X). The 
printed AgNP layer was sintered for 1 h at 240 °C. A top PI layer was 
printed and cured similar to the bottom PI layer. The bottom and top 
plates are printed separately on the same glass slide using identical 
printing parameters. After printing, the PMMA layer is removed by 
covering the glass slide and placing it in acetone for over 1 h. The 
printed sensor plates are then transferred and aligned on elastomer 
with tweezers. The bottom plate is placed on a thin elastomer film 
and the top plate is place over top while aligning the overlapping 
fingers of the two plates. A thin elastomer film is then placed on top 
of the sensor, sandwiching the two plates between elastomer films. 
Uncured elastomer is added around the sensor edges to seal the 
sensor. Both polydimethylsiloxane (PDMS; Sylgard 184, Dow 
Corning) and poly(styrene-isoprene-styrene) (SIS) were used as 
elastomer films. PDMS was used to attach elastomer layers together 
and seal the sensor. PDMS was mixed in a 10:1 ratio of base to curing 
agent. SIS solution was formed based on prior work, where 15 g of 
poly(styrene-isoprene-styrene) (14% styrene; Sigma-Aldrich) was 
mixed with 100 mL of propyl acetate (Alfa Aesar). For wired sensing 
of capacitive sensors, Cu wire was attached to the sensor using silver 
paint (Fast Drying Silver Paint; Ted Pella). For wireless sensing with a 
stent, silver paint was used to connect to the serpentine inter-
connections of the sensor to the two ends of the stent. The sensor is 
placed with the conductive side of the interconnect facing towards 
the stent and pressed together while the silver paint dries. PDMS 
was coated over the connections for insulation. 

Microfabrication of wireless stent 

A femtosecond laser (Optec) was used to fabricate the wireless 
stent from stainless steel tubing (Vita Needle, 304SS 14XX). First, the 
steel tubing is laser machined to remove material from the con-
nector locations. The machined surfaces were electropolished and 
rinsed with DI water. PI was then coated onto the tubing and cured 
at 240 °C for 1 h. The coating process was repeated twice before 
sanding the tubing surfaces to remove PI. This allowed PI to only 
remain in the precut connector locations. Laser machining was 
performed to cut the remaining stent structure and followed by 
electropolishing and rinsing. An electroless gold plating solution 
(Sigma Aldrich) was used to surface plate the stent with approxi-
mately a 15 µm thick layer of Au. Electrodeposition was performed 
with a three-electrode system while temperature and pH of the 
solution were maintained at 55 °C and 8. PI may be added over the 
connector locations strengthen the filled PI connections. The plated 
stent was rinsed before insulating the stent with a 30 µm thick layer 
of parylene. 

Fig. 5. Ex-vivo ovine study of restenosis sensing. (a) Photo of ovine heart used to demonstrate restenosis sensing. (b) Restenosis sensor implanted in a coronary artery of the ovine 
heart with an enlarged view showing the sensing area and interconnectors. (c) Capacitance change of the implanted sensor during pulsatile flow with (d) an enlarged view of a 
waveform. (e) Photos of implanted strain in a normal artery (top) and artery with restenosis (bottom). Illustrations show the cross-section of the artery. (f) Capacitance of sensor at 
two flow rates from an artery with and without restenosis. A lower change in capacitance occurs in the artery with restenosis due to stiffening of the artery. (g) Summary of 
capacitance changes before and after restenosis occurs at 2 different flow rates. (h) Wireless stent and sensor implanted in a coronary artery with blood flow. (i) Wireless signal of 
stent and sensor showing resonant frequency change between flow conditions and with and without restenosis. (j) Summary of resonant frequency changes at different flow rates 
in the artery with and without restenosis. A smaller shift in resonant frequency occurs as the artery is stiffened by restenosis. (k) SEM images showing hemocompatibility of the 
strain sensor compared to controls with deposited platelets. (l) LDH assay of samples in (k) after contact with citrated fresh ovine whole blood. 
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Characterization of strain sensor 

Linear strain was applied to the sensors with a motorized test 
stand (Mark-10 ESM303) while capacitance was measured with an 
LCR meter (B&K Precision 891). The circumferential strain was ap-
plied by embedding sensors in silicone tubing and applying pressure 
within the tubing. The pressure was measured with a commercial 
sensor (Honeywell 26PCBFB6G). For strain sensor optimization tests, 
a linear strain of 4.8% was applied to all sensors. Cyclic stretching 
and cyclic bending were evaluated using the motorized test stand. 
Wireless signals from integrated stents and sensors were acquired 
using a loop antenna connected to a vector network analyzer (VNA; 
Tektronix TTR506A) to continuously monitor resonant frequency. 
Resonant frequency was recorded by locating the minimum in the 
S11 parameter. 

Restenosis sensing in artery model 

A coronary artery model was formed by molding silicone (Ecoflex 
00–30, Smooth-On). The mold formed an artery with a 3 mm inner 
diameter, 2 mm thickness, and 100 mm length. Restenosis models 
included a restenosis of 60%, 75%, or 90% at the center of the artery 
model. To simulate blood viscosity and flow, a 58.5–41.5 mixture of 
water to glycerin was flowed through the artery model with a pul-
satile pump (Harvard Apparatus). A flow rate of 60 mL min−1 at 60 
b.p.m. was used to compare sensor signals at different levels of 
restenosis. The sensor and stent were embedded in the silicone ar-
tery model, which is consistent with typical tissue growth over 
implanted stents. Arterial strain was measured optically by re-
cording videos of the artery during pulsatile flow. Each frame of the 
videos were converted to black and white images and the two edges 
of the artery were located. The change in artery diameter from the 
initial, zero flow diameter was measured in pixels from each frame. 
The amplitude of strain change was determined and normalized to 
normal artery models without restenosis. Strain changes were 
averaged over the location of the sensing area within the artery 
model. Wired and wireless signals from the sensor were acquired 
with the LCR meter and VNA, respectively. For restenosis detection, 
the amplitude of capacitance or resonance changes were compared 
at each restenosis case and normalized to the amplitude recorded in 
the normal artery. 

Ex-vivo restenosis monitoring 

Ovine hearts were collected for implantation of stents and sen-
sors into the coronary arteries. A pulsatile pump was connected to 
the arteries via tubing to enable blood flow. Both a water and gly-
cerin mixture and ovine blood was used for fluid flow in the cor-
onary arteries. Restenosis was simulated by adding silicone (Ecoflex 
00–20, Smooth-On) within the artery near the implanted sensor. An 
LCR meter and VNA were used to measure wired and wireless 
signals. 

Hemocompatibility and biocompatibility tests 

For hemocompatibility tests, citrated fresh ovine whole blood 
was distributed into a vacutainer tube where samples were placed 
for 2 h at 37 °C. Platelet deposition was quantified by lactate dehy-
drogenase assay. Biocompatibility was evaluated with rat vascular 
smooth muscles cells by an indirect contact method for 24 h. Cell 
viability was analyzed with MTS assay. Data was normalized to the 
negative control, which included cells cultured in cell medium only. 
Cell death was induced in the positive control with 1 M acrylamide 
dissolved in cell culture medium. 
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