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SUMMARY

Early detection of limb ischemia, strokes, and heart attacks may be enabled via
long-term monitoring of arterial health. Early stenosis, decreased blood flow,
and clots are common after surgical vascular bypass or plaque removal from a
diseased vessel and can lead to the above diseases. Continuous arterial moni-
toring for the early diagnosis of such complications is possible by implanting a
sensor during surgery that is wirelessly monitored by patients after surgery.
Here, we report the design of a wireless capacitive sensor wrapped around the
artery during surgery for continuous post-operativemonitoring of arterial health.
The sensor responds to diverse artery sizes and extents of occlusion in vitro to at
least 20 cm upstream and downstream of the sensor. It demonstrated strong
capability tomonitor progression of arterial occlusion in human cadaver and small
animal models. This technology is promising for wireless monitoring of arterial
health for pre-symptomatic disease detection and prevention.

INTRODUCTION

Continuous long-term arterial health monitoring is integral for early detection of peripheral vascular dis-

ease and stroke prevention. Elevated blood pressure was the leading cause of premature death worldwide

in 2015 (Forouzanfar et al., 2017). Studies have shown that hypertension, high cholesterol, and atheroscle-

rosis all cause differences in the blood flow rate, pattern, and pressure in the artery and are the main causes

of peripheral vascular disease (PVD), heart attack, and stroke (Makin et al., 2001; Stroke, 2017; Virani et al.,

2020). In 2015, PVD accounted for 20% of all hospital admissions in the United States, with incidence rates

rising (Fanari and Weintraub, 2015). In fact, it is often overlooked in routine physical exams (Ouriel, 2001).

Heart disease is the leading cause of death in the United States (Virani et al., 2020) while stroke accounts for

1 in 20 deaths and costs an estimated $34 billion in the United States each year (Stroke, 2017) and is the

leading cause of serious long-term disability (Stroke, 2017).

Previously, we have reported sensors for arterial pulse wave monitoring on patients’ wrists to obtain ambulatory

bloodpressure (Boutry et al., 2015).Moreover, we reliedonexternal, indirect sensors—sensors not placedon the

vessels themselves (Swartz et al., 1988)—tomonitor vascular mechanical properties and function due to a lack of

sensors with direct measurement capabilities (Vardoulis et al., 2016). A major limitation of these methods is that

sensors are not directly implanted on the arteries, which limits the ability to monitor specific arteries, especially

pertinent in high-risk areas such as surgical sites. However, recent work in our lab has shown that direct, contin-

uous, in vivomeasurementusinganarterial-pulse sensor inanimalmodels ispossible (Boutryetal., 2019). Further,

recentworkhasdemonstrated thatocclusionmonitoring ispossibleexvivousinganartificial artery (Li et al., 2020).

Here, we aim to design a wireless pressure sensor that can detect changes in arterial pressure both in the short

term and long term to allow continuous monitoring of vascular health and function post-surgery (Figure 1). The

sensor is targeted for implantation during open surgeries such as carotid artery bypass, carotid endarterectomy,

coronary artery bypass, and lower extremity bypass, amongothers. Short-termusewould allowmonitoring of the

vascular anastomosis, where two vessels are connected in the aforementioned surgeries. This is a common site of

early stenosis, decreasedbloodflow, and/or clot.Design and fabrication of awireless sensor that candirectly and

continuously monitor local blood pressure long-term would allow for early detection and consequently more

timely treatment toavoid heart attack, stroke, and limb ischemiadependingon the surgical site.Heart attackpre-

vention would be targeted for patients who undergo a coronary artery bypass surgery. Approximately, 8% of

patients—over32,000patients—haveanon-fatal heartattackwithin thefirst 5 years after thebypasssurgery (Alex-

ander and Smith, 2016; Lamy et al., 2016). In fact, hospital readmission following a coronary artery bypass costs
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Figure 1. Biocompatible, flexible arterial-pressure sensor design

(A) Early detection of arterial blockage progression can be integral to preventing PVD, heart attacks, and strokes.

(B) Occluded arteries result in major changes to arterial pressure and can be monitored using a pressure sensor.

(C) The sensor is wrapped around the artery for monitoring of arterial health.

(D) An exposed view illustration of the sensor with the inductor coil for wireless data transmission and interdigitated fringe field capacitive sensor to wrap

around the artery. Note: the cross-sectional view is not drawn to scale.

(E) Image of the fabricated device (left) with a scanning electron microscope image of the PDMS pyramid microstructures (right).
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over $250million annually in the United States alone (Khoury et al., 2019). Further, approximately, 10% of patient

outcomes resulted in cardiovascular deaths within that time. Sensors inserted during carotid endarterectomy or

carotid artery bypass surgeries would target prevention of strokes. Thus, 4–5% of operations have primary out-

comes of non-fatal stroke within just the first 30 days of a carotid endarterectomy with increased rates including

fatalities (Knappich et al., 2019; Tu et al., 2003). Further, the 1-year risk of stroke is 5.1% and the 5-year risk is 9.4%

(Bonati et al., 2015). With over 100,000 people undergoing a carotid endarterectomy annually, this translates to

over 9,400 patients whose strokes could be prevented (Lima et al., 2020). Early detection of PVD would be tar-

getedby the insertionofa sensorduringa lower extremitybypass surgery.Notably, these statisticsdonot include

the outcomes that were prevented from earlier detection of traditional surgical site monitoring. Current post-

operative monitoring (e.g., Doppler flow imaging) after the initial hospital stay is infrequent, and there is no

method of monitoring the artery in between in person clinical evaluations. For example, in a femoro-femoral

artery bypass surgery, a subset of lower extremity bypass surgery, annual clinical follow-ups are recommended

meaning there is no monitoring in between these yearly appointments (Lane et al., 2011). Thus, continuous,

long-term monitoring can help prevent recurrent diseases through early detection. This sensor will be able to

detect changes in pressure within the artery to notify the patient of a need for further testing ‘‘before’’ symptoms

arise.

Here, we present a sensor design and fabrication for wireless, battery-free monitoring of arterial blood

pressure that can be applied to a wide range of artery types and sizes during key surgical procedures.

The thin and flexible design makes it versatile for large ranges in arterial size and locations of implantation.
2 iScience 24, 103079, September 24, 2021
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Since we will not know the location of the pressure buildup relative to the sensor in these cases, it is impor-

tant to be able to monitor a wide range of distances both upstream and downstream of the sensor. We de-

signed simple methods to predict sensor performance in vitro to account for changes in arteries and partial

to complete occlusion. Wireless operation was enabled using a well-established radio-frequency coupling

method for continuous monitoring. The operation of the sensor is further shown in a human cadaver and

in vivo in a rat model, for which the sensor demonstrated excellent response to progressive arterial occlu-

sion, biocompatibility, pulse monitoring, and long-term arterial monitoring.

RESULTS

Biocompatible sensor design

We developed an implantable sensor that wraps around an artery to detect changes in blood flow across a

wide range of arteries. First, we designed a sensor that is sensitive in the pressure sensing regime but also

capable of detecting changes when the artery is in its proximity (Figure 1D). Proximity sensors measure the

distance an object is from the sensor prior to contact. In this case, we used a capacitive pressure sensor

where the electrodes are planar to capitalize on the capacitive fringe field. We previously demonstrated

both computationally and experimentally that fringe-field sensors are capable of proximity sensing by ob-

jects disrupting the fringe field (Ruth et al., 2020a). In this case, we used an interdigitated electrode design

to increase the number of fringing capacitances, thus increasing the strength of the electric field and conse-

quently the proximity sensing sensitivity. This is important because depending on the diameter of the

artery and its location in the body, the sensor may only come in partial contact with the artery when surgi-

cally implanted. We use pyramidal elastic microstructures since they significantly increase sensor sensitivity

compared to bulk material and other microstructure shapes (Figure 1E) (Mannsfeld et al., 2010; Ruth et al,

2019, 2020a, 2020b; Ruth and Bao, 2020).

We selected a material with well-established biocompatibility to reduce the timeline to eventual imple-

mentation (Figure 1D). Polydimethyl siloxane (PDMS) at a 10:1 PDMS to cross linker weight ratio, chosen

as the packaging or encapsulation material, has demonstrated strong biocompatibility in vivo and is

even used as a reference for new materials (Bélanger and Marois, 2001; Irimia-Vladu, 2014; Victor et al.,

2019). We use a polyimide substrate (thickness 80 mm), which has demonstrated in vitro and in vivo biocom-

patibility (Hiebl et al., 2010; Richardson et al., 1993; Sun et al., 2009). We chose a lower-modulus PDMS

(23:1) for the pressure-responsive element because of its biocompatibility, low compressive modulus for

high pressure sensitivity, and negligible pressure response hysteresis (Beker et al., 2020; Ruth et al.,

2020a). In this work, we found non-statistically significant differences in terms of tissue inflammation be-

tween PDMS, polyimide, poly(octamethylene maleate (anhydride) citrate (POMaC), and control at

1 week and 12 weeks (Figure S1; Tables S1 and S2). POMaC is a biodegradable material that demonstrated

high biocompatibility in previous studies chosen here to compare our material with a biodegradable ma-

terial (Boutry et al, 2018, 2019; Oda et al., 2020). Finally, we chose copper for the electrodes, electrical inter-

connect, and wireless antenna, due to its easy fabrication, high electrical conductivity required for wireless

communication, and biocompatibility. Copper has historically used in implanted devices for over 50 years

(Zipper et al., 1969). In fact, copper has demonstrated anti-inflammatory properties in implants (Dollwet

et al., 1981). However, it is important to note that the copper layer is fully encapsulated by the PDMS

and, thus, is not expected to come in contact with the body. With the low material cost per sensor of

less than $1, our implantable device is economical, with potential for further cost reduction.

Next, we characterized the sensors and confirmed reproducibility and stability of sensor performance

(Figure 2). First, sensor performance was found to be consistent over 20 sensors with a sensitivity (S) of

0.015 G 0.0035 kPa�1 at 0–3 kPa, 0.0022 G 0.00049 kPa�1 at 3–38 kPa, and 0.00038 G 0.00011 kPa�1 at

38–100 kPa (Figure 2A). This demonstrates the reproducibility of the sensor fabrication and consistency

of its performance. Second, the sensor reproducibly responds to tens of thousands of cycles over more

than 24 h (Figure 2B). Furthermore, the sensor response is stable over 30 days even when submerged in

water after an initial period—less than 2 days—of equilibration (Figures 2C–2F). The pressure and proximity

capabilities remained intact, demonstrating its performance stability over at least 30 days (Figures 2D–2F).

In vitro design and sensor characterization

The sensors were characterized using three in vitro environments to recapitulate in vivo environments: pul-

satile air pump, continuous-flow water pump, and continuous-flow water pump with pulsations from a ro-

botic gripper. The goal of these studies is to evaluate the relevance and versatility of the sensor to monitor
iScience 24, 103079, September 24, 2021 3



Figure 2. Interdigitated fringe field electrode design with pyramid microstructures demonstrates strong and stable performance capabilities

(A) Relative capacitance changes with respect to applied normal pressure for the interdigitated fringe field capacitive sensors over 5 cycles for one sensor

show multiple levels of pressure sensitivity at different pressure ranges.

(B) Cycling test and stability of the pressure response (1 N applied force). The DCmax and DCmin refer to the deviation from the average values of the

maximum and minimum capacitances, respectively.

(C) After an initial increase in capacitance when the sensor is placed in water, it has a stable signal for at least 30 days. The baseline is the capacitance of the

sensor prior to placement in the water.

(D) Themean sensor proximity response was stable over 30 days in water with error bars representing the standard deviation of the relative capacitive change

for 3 repetitions. This was done by moving rubber-tipped tweezers toward the water surface, where the sensor was less than 1 mm below the water surface.

(E) The sensor maintained its pressure sensing capability in water over 30 days, with a stable increase in capacitance as a small pressure was applied with

rubber-tipped tweezers onto the sensor floating less than 1 mm below the water surface. On day 30, the pressure sensing was measured by applying a light

pressure with the rubber-tipped tweezers when the sensor was resting on a rigid surface rather than floating in the water. Error bars represent the standard

deviation of the relative capacitive change for 3 repetitions.

(F) The sensor demonstrates a stable response to a small pressure being applied with rubber-tipped tweezers when the sensor was resting on a rigid surface.
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a wide range of artery types and sizes and to predict its in vivo efficacy. In this in vitro study, we target 5

major arteries: radial, coronary, carotid, femoral, and popliteal. The radial artery, whose inner diameter

is 2.2–3.03 mm, is most often monitored in the intensive care unit (Korten et al., 2007; Madssen et al.,

2006). Blockages in the coronary artery lead to coronary artery disease and heart attacks. The left main cor-

onary artery has a typical diameter of 3.38–6.14 mm in 15- to 34-year-old males (Leung et al., 1991). The

popliteal artery is often associated with PVD and has a typical diameter of 4.8–7.6 mm (Sandgren et al.,

1998). Also, commonly associated with PVD is the common femoral artery with an average diameter of

6.6 mm (3.9–8.9 mm) (Spector and Laweson, 2001). The carotid artery, with a 6.3–7.5 mm diameter in 15-

to 25-year-old males and females, is associated with carotid artery disease which can lead to stroke (Hansen

et al., 1995).

Thus, to mimic these five arteries, we use either polyolefin tubes or artificial arteries (Syndaver) with inner

diameters ranging from 2 to 7 mm. First, we use a pulsatile air pump with physiological pulsation rates with

an attached 5- or 6-mm internal diameter (ID) polyolefin tube closed at one end (Figure 3A). With the sensor

wrapped around the polyolefin tube, it responded to fluctuations at each of the frequencies and can distin-

guish between the different frequencies relevant to cardiac pulsations (Figure 3B). To better mimic human
4 iScience 24, 103079, September 24, 2021
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Figure 3. In vitro demonstrations indicate strong capability to monitor arterial pulsations and arterial blockage progression

(A) Photograph of the experiment setup with the pulsatile negative air flow simulation to mimic arterial pulsatile behavior. The interdigitated fringe-field

capacitive sensor is wrapped around a polyolefin tube with either a 5- or 6-mmdiameter that is closed at one end and connected to the air pump at the other.

(B) Relative capacitance change of the wired sensor wrapped like a cuff around the artificial artery. The sensor distinguishes between different physiological

pulse rates (45, 60, and 80 bpm) when wrapped around the 6-mm tube (top). This capability is consistent for a 5-mm artery even with the addition of a 1-lb

layer of artificial fat, skin, and muscle (Syndaver) on top of the construct to better mimic implantation (bottom).

(C) Photograph of the experiment setup with a continuous water flow in a closed circular loop. The interdigitated fringe-field capacitive sensor is wrapped

around an artificial artery (Syndaver) with an inner diameter of 2–7 mm. The sensor is wrapped around the artery like a cuff and 1-lb of artificial fat, skin, and

muscle is applied on top to mimic for similar additional pressures in vivo. The blockage is incorporated by wrapping a thick rubber string around the artificial

artery at different diameters.

(D) The sensor responds to blockages 10 cm downstream of the sensor when wrapped around a 2-mm inner diameter artificial artery to mimic a radial artery.

The red-filled circle indicates a blocked artery while the circle with non-filled circle indicates normal flow.

(E) The sensor responds to progression of arterial blockages at 0%, 44%, 75%, and 100% reduction in arterial area when wrapped around a 4-mm inner

diameter artificial artery to mimic a coronary artery. The extent of blockage is represented by the extent to which blue circles (to represent an artery) are blue

filled.

(F) When wrapped around a 6-mm inner diameter artificial artery to mimic the carotid artery, the sensor demonstrates capability to detect extent of arterial

blockage for partial and full blockages up to at least 10-cm downstream of the sensor. Extent of blockage is indicated by extent of red filling of the circles to

represent arteries. Data are represented as mean change.

(G) The sensor is able to detect blockages upstream of the sensor, here wrapped around a 4-mm inner diameter artificial artery. Capacitance decreases with

application of a blockage to indicate the pressure decrease from elimination of flow.

(H) When wrapped around a 7-mm inner diameter artificial artery to mimic the femoral artery, the sensor demonstrates capability to detect extent of arterial

blockage for blockages at different distance upstream of the sensor. The sign of the relative capacitance change is dependent on the distance from the

partial blockage due to high-frequency oscillations in flow and pressure. Extent of blockage is indicated by extent of red filling of the circles to represent

arteries. Data are represented as mean change.

(I) Photograph of the experiment setup with continuous water flow in a closed circular circuit, similar to (C) with the addition of a robotic gripper (Lynxmotion

Little Grip Kit, Robotshop). The gripper was used to introduce pulsations at a rate of 60 bpm with a change in arterial area of 10–15%.

(J) When wrapped around a 6-mm inner diameter artificial artery, the sensor distinguishes between pulses and progression of blockages for a partial

blockage 1-cm upstream of the sensor.

(K) When 1-lb of artificial fat, skin, and muscle is applied to the sensor wrapped around a 6-mm inner diameter artificial artery, it still maintains capability to

distinguish between pulsations and progression of blockages, here shown for a partial blockage 2-cm downstream of the sensor.
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application, we demonstrate the response of the sensor to the pulsations of the polyolefin tube with 1-lb of

artificial fat, skin, and muscle overlying the sensor (Figure 3B). Sensor response was actually stronger in the

case, likely due to the closer contact between the sensor and the polyolefin tube. This allowed us to

observe our sensor’s response to fluctuations, but some information is not gained with this system. For

example, the flow is not circular as it is in the body, the polyolefin tubes do not perfectly mimic the mechan-

ical properties of arteries, only air is running through the tubes, and air is being sucked out of the system

instead of being pumped into the system, as is the case in the body.

Toaddress someof these issues,weuseda continuous flowwater pumpandanartificial arterymade for synthetic

cadavers tomimic arteries (Figure 3C). Here, the flow is circular sowe canmonitor partial and full occlusions in the

arteries in the formof stenoseswithour sensor.Weapply1-lbof artificial fat, skin, andmuscle layeredon topof the

sensorwrappedaround the artificial artery tobettermimic ageneral in vivo environment. Sensorswereevaluated

wrapped around various artery diameters, i.e., 2-, 4-, 6-, and 7-mm ID artificial arteries. All artificial arteries were

12–15 cm in length. Taking into account connectors and the width of the sensor, the furthest possible distance

from the sensor for analysis was 10 cm. Since the clinical target for the sensor is to be implanted at the surgical

site but not along the entire length of the artery, we confirm the sensor’s capability to respond to blockages

up to 10 cm upstream and downstream of the sensor. For occlusions downstream of the sensor, an increase in

capacitance is expected due to the pressure buildup (Figure 1B). With blockages up to 10 cm downstream of

the sensor, the sensor was able todetect themon all four artificial arteries tested (Figures 3D andS2).When there

is a full blockagedownstreamof the sensor, it is expected tocause an increase in capacitancedue to thepressure

increase upstreamwhere the sensor is located (Figueroa et al., 2006). It is important to note that despite the lim-

itation in the in vitro setup to assess the sensor’s capabilities to respond to blockages more than 10 cm from the

sensor, the clear response up to that distance indicates that the sensor can likely detect blockages beyond10 cm

away.

Our sensor is able tomonitor theprogression of arterial blockages fromawide rangeofdistancesboth upstream

anddownstreamof the sensor. This is important sincewewill not knowexactlywhere theocclusionwill be relative

to the sensor in a clinical application and the goal is to be able to monitor arterial health prior to a complete

blockage and even prior to the patient experiencing symptoms. Despite the sensor capability tomonitor extent
6 iScience 24, 103079, September 24, 2021
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ofocclusionevenuptoat least 10cmupstreamof thepartialor full blockage,weobserve that thecloser thesensor

is to the blockage, the stronger the signal response as expected (Figures 3E, 3F, and S3). For partial occlusions

upstream of the sensor, the sensor response is dependent on the distance from the blockage. Downstream of

a stenosis, the vessel wall changes in response to high-frequency oscillations in flow and pressure (Figure 1B)

(Figueroa et al., 2006;Mancini et al., 2019). This is due to the turbulent flowdownstreamof the stenosis andmain-

tained partial flow through the artery (Beach et al., 2010; Mancini et al., 2019). In the region of the artery experi-

encing thepeakof theoscillations, themeasured sensor response is expected tohavean increase in capacitance,

while other regions of the artery are expected to have a decrease due to the decrease in flow and pressure from

the stenosis. However, in all cases, the pressure and capacitance are expected todecreasewhen the artery is fully

occluded upstream of the sensor due to the elimination of flow in the sensor area. When the occlusion is up to

10 cmupstreamof the sensor, the sensor can indeed detect full arterial blockages (Figures 3G and S4). However,

we observed that the distance of the partial occlusion from the sensor determines the magnitude of the signal

(Figure 3H). Notably, in Figure 3H, when the partial occlusion is 3 cmupstreamof the sensor, the sensorwas likely

between peaks of the high-frequency oscillations, so there is an observed capacitance drop. In all cases, though,

the sensor was able to detect changes in the extent of occlusion, which predicts its ability to do the same in vivo

andearly detection of arterial occlusion prior to the patient experiencing symptoms.Oneof themajor limitations

of this in vitro testing system is the lack of pulsations that the human body exhibits.

To address this limitation, we introduced oscillations to the same circular flow system using a robotic

gripper programmed to oscillate at a frequency of 60 s�1 with percent variation in diameter of 10–15%,

within the normal range of the popliteal and carotid arteries (Figure 3I) (Buntin and Silver, 1990; Hansen

et al., 1995). Even when adding pulsations with the continuous flow system, our sensors were able to detect

changes during partial arterial blockages (Figures 3J and 3K). For Figure 3J, the artery was partially

occluded 1 cm upstream of the sensor with 30% and 56% reduction in area. The pulses are clearly distin-

guishable from the changes due to the reduction in area within the artificial artery. When 1-lb. of artificial

fat, skin, and muscle were layered on top of the sensor wrapped around the artificial artery, the signal

response was stronger (Figure 3K). In this case, the stenosis was 2 cm upstream of the sensor, and the arti-

ficial artery was monitored at full flow, 44% reduction in area, and 66% reduction in area. In all three states,

the sensor can detect the pulsations while alsomaintaining the capability to distinguish between the states.

Based on observations from the above three in vitro environments, we predicted that our sensors will be

capable of monitoring arterial pressure in vivo.
Wireless sensor design and evaluation

To improve patient comfort and long-term risk of infection, we designed a resistor-inductor-capacitor (RLC) cir-

cuit to allow wireless monitoring (Figure 4A). The wireless circuit consists of the capacitive pressure sensor con-

nected in series with an inductor coil. The resonance frequency of the LC circuit is determined by the value of

capacitance (C) and inductance (L). In our previous work, the capacitive pressure sensor had an initial capacitance

of 1.79G 0.15 pF (Ruth et al., 2020a). We then designed aminiaturized antenna coil with the dimensions <1mm

3 1mm forminimally invasive surgery. We targeted�100 nH to achieve the LC resonance frequency of <1GHz.

The resulting range of the LC resonance frequency is 300–400 MHz, which meets the system requirement for

wireless communication with the miniature vector network analyzer (mini-VNA).

The frequency of the RLC resonator is inversely proportional to the square root of the capacitance (Fig-

ure 4A). Thus, when a pressure is applied, the capacitance should increase, and the frequency should

decrease in our wireless device. To monitor these shifts wirelessly through the skin, inductive coupling is

employed with an external reader coil for which the scattering parameter S11 is measured. When 100 g

or 12.5 kPa was applied to the sensor, the frequency decreased, and this response was reversible as we

remove or load the weight (Figure 4B). This was repeated with different pressures (0, 0.011, 0.13, 0.26,

0.64, 1.3, 2.5, 6.3, and 12.5 kPa) using 10 different sensors to determine the frequency change as a function

of pressure (Figures 4C and 4D). In all cases, as the pressure increased, the frequency decreased.

Further, we confirmed that the suggested LC sensor showed reasonable sensing performance enough to

monitor arterial pulsations and arterial blockage progression. The wireless sensor was evaluated in the

in vitro environment to confirm reliability and stability. In this case, we used the in vitro environment with

a continuous-flow water pump connected to artificial arteries (Figure 3C) and evaluated under the pressure

of 1-lb of artificial fat, skin, and muscle layered on top of the sensor wrapped around the artificial artery.

Then, 1-mm thick artificial skin (Syndaver) was also placed on the antenna to better anticipate the sensor
iScience 24, 103079, September 24, 2021 7



Figure 4. Wireless sensor performance is reliable and stable in in vitro environments

(A) The design for the full wireless interdigitated fringe field capacitive sensor.

(B) Applied pressure causes a negative shift in frequency. Here, demonstrated with the addition of 12.52 kPa, the response to applied pressure is reversible.

(C) The sensor responds to increasing pressure, shown here from 0 kPa to 12.52 kPa.

(D) The wireless sensor response to applied pressure is consistent over 10 sensors. Error bars indicate one standard deviation from the mean.

(E) The wireless sensor was tested on the in vitro environment described in Figure 3C with a 1–2-mm-thick artificial skin layer (Syndaver) added on top of the

wireless antenna to mimic detection through the skin. The wireless sensor demonstrates the same capability to respond to progression of arterial blockages

when the blockage was 5-cm upstream. The extent of blockage is represented by the extent the blue circles (to represent an artery) are blue filled. Data are

represented as mean change.

(F) In the same in vitro environment described in (E), the sensor also responded to progression of arterial blockages when the blockage was 5-cm

downstream. Data are represented as mean change.

(G) The sensor was wrapped around an artificial artery for 3 days and stored in water. Its response to blockages both upstream and downstream of the sensor

was stable over this time when wrapped around the 6-mm inner diameter artificial artery. Data are represented as mean change.

(H) When the same experiment as in (G) was repeated with a 7-mm inner diameter artificial artery, the sensor response to blockages was stable over the

3 days monitored. Data are represented as mean change.
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response through the skin in vivo. The wireless sensor was found to be responsive to progression of block-

ages within the artificial artery for blockages both upstream and downstream of the sensor (Figures 4E and

4F). When the partial blockage is upstream of the sensor, there is a pressure decrease from lack of flow

where the sensor is placed resulting in a decrease in capacitance and, consequently, an increase in

frequency. The opposite is true when a partial blockage is downstream of the sensor. In this case, there

is pressure buildup from the prevention of flow by the occlusion causing an increase in capacitance and,

consequently, a decrease in frequency.

To evaluate stability of the sensor wrapped around an artery, a wireless sensor was wrapped around the 6-

and 7-mm ID artificial arteries for 3 days and stored in water (Figures 4G and 4H). This was done to deter-

mine whether the sensor would be stable when implanted around an artery and further evaluated in later

in vivo studies. In both cases, the sensor performance was evaluated with 1-lb artificial fat, skin, and muscle

layered on the sensor and 1-mm skin on the antenna to better mimic in vivo environments. The sensor

response to partial blockages both upstream and downstream of the sensor was found to be stable over

3 days for both artificial arteries (Figures 4G and 4H). Once again, we observed an increase in frequency

when the blockage was upstream of the sensor due to the decrease in capacitance from the prevention

of flow to the sensor area. The sensor frequency decreased when the blockage was downstream of the

sensor due to the pressure buildup and consequent capacitance increase.
Occlusion monitoring on a human cadaver

To examine how the sensor would perform in a human, we applied the sensor around the femoral artery of a

human cadaver. Salt (NaCl) water (0.15–0.2 M) flowed through a physiologically accurate pulsatile water

pump at a rate of 60 beats per minute (bpm) to mimic normal human blood flow pulse rate through the ar-

tery. Salt water was used because it has a similar dielectric constant and electrical conductivity to blood

(Gabriel et al., 1996; Gadani et al., 2012; Gavish and Promislow, 2016; Jaspard et al., 2003; Widodo

et al., 2018). The sensor was wrapped around the femoral artery (Figures 5A and 5B) and monitored wire-

lessly using a mini-VNA. For this study, we opened most of the length from the hip to the knee to be able to

examine the sensor’s ability to detect partial and complete occlusions both upstream and downstream. To

maintain access to occluding the vessel, the incision on the leg remained open for the duration of the study

unless otherwise specified. However, for clinical application, the sensor will be applied at a location on the

artery that is already visualized during surgery and implantation of the sensor would not require additional

surgery or surgical incisions. Due to the lack of continuous measurement capability of the mini-VNA, we

averaged each condition over 5 data points to account for fluctuations due to pulsations within the artery

with standard deviation as the error bars.

Since the location of the occlusion cannot be anticipated in PVD, carotid artery disease, or other arterial

diseases, we examined the sensor response to occlusions both upstream and downstream of the sensor.

When the occlusion was placed 8.5 cm downstream of the sensor, the sensor detected the expected pres-

sure buildup as indicated by the wireless sensor frequency decrease (Figure 5C). As the artery becomes

more occluded due to the downstream blockage, the salt water built up upstream of the blockage, where

the sensor was located. This led to an increase in capacitance due to the increase in pressure and thus a

decrease in frequency change. Notably, this length includes both the common and superficial femoral ar-

teries (Schneider et al., 2008). When the occlusion was placed 2.7 cm upstream of the sensor, the sensor was

able to detect changes in the extent of occlusion (Figure 5D). Due to high-frequency oscillations in flow and

pressure, the sensor detected an increase in pressure when the artery was partially occluded. However, full

occlusion restricted any flow to the sensor area, thus decreasing the pressure within the artery. This

decrease in pressure results in a decrease in capacitance of our sensor and thus an increase in frequency

change. Thus, our sensor is able to detect the progression of occlusion in the common and superficial

femoral arteries over at least 11.2 cm in length. Although it is difficult to anticipate where a blockage will

occur, the tested region spanned the length of the thigh in the cadaver studied and we predict from addi-

tional in vitro studies that our sensor can sense over at least 40 cm in length—20 cm upstream and 20 cm

downstream (Figure S5). This was done by suturing together two 6-mm ID artificial arteries and monitoring

response to the progression of arterial occlusion. Measuring by the average length of the femur—40 cm for

women and 45 cm for men—the sensor is capable of monitoring the entire vessel after a femoral popliteal

lower extremity bypass (Holtby, 1918; Pick et al., 1941). Based on the surgeries discussed in this work, this

would be the longest distance we would be monitoring since the carotid and coronary arteries are both

shorter than the distance monitored after this surgery. Being able to detect an occlusion over large
iScience 24, 103079, September 24, 2021 9



Figure 5. The arterial sensor demonstrates capability to monitor arterial occlusion in the femoral artery in a human cadaver

(A) Image of the implantation site with the wireless sensor wrapped around the human femoral artery. A VNA was used to monitor the frequency change of

the wireless device.

(B) Close-up view of the implantation site showing the placement of the wireless device wrapped around the artery.

(C) The wireless sensor responds progressively to partial and full occlusions 8.5 cm downstream of the sensor. Error bars indicate the range of the sensor

response to pulsations for each condition, indicating signal variation due to arterial pulsations.

(D) The wireless sensor responds to progression of arterial occlusion 2.7-cm upstream of the sensor. Due to the high-frequency oscillations in flow and

pressure, a partial occlusion causes a decrease in frequency indicating an increase in pressure. Error bars indicate the range of the sensor response to

pulsations for each condition, indicating signal variation due to arterial pulsations.

(E) Although there is a signal loss when reading the sensor antenna through the skin and �1-cm of fat layer, there is still a clear signal that can be used for

monitoring.
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distances from the sensor is vital for this case since the placement of the sensor will be dependent on the

surgery the patient is undergoing and it is difficult to predict the relative distance from the sensor that a

possible occlusion would occur.

To ensure wireless readout capability through the skin and fat in the leg, we placed the sensor antenna

approximately 1 cm beneath the skin surface, surrounded by fat. There was still a clear signal detected

through 1 cm of fat and skin in the leg (Figure 5E). For clinical applications, implanting the sensor antenna

in a pocket directly underneath, the skin will be desirable for the strongest signal, as further discussed in the

in vivo monitoring section. In this case, we were restricted to the predetermined length of the fabricated

sensor, which did not accommodate for the full distance to place the antenna directly beneath the skin.

To accommodate this in a clinical setting, the wire length between the sensor and its antenna can be easily

adjusted with standard sizes available based on vessel diameter and location of implantation.
In vivo arterial pressure monitoring

As previously discussed, prior to in vivo testing of the entire device, we evaluated the biocompatibility of

the packaging material along with the polyimide substrate. The goal of this work is to verify proper oper-

ation of the sensing fringe-field capacitor for arterial blockage monitoring, biocompatibility of the entire

sensor, and to validate wireless signal monitoring capability through the skin on a live small animal model.

The rat femoral artery is significantly smaller than human radial, femoral, or carotid arteries and exhibits
10 iScience 24, 103079, September 24, 2021



Figure 6. The arterial pressure sensor demonstrates strong capability for monitoring arterial occlusion in vivo for over 2 weeks

(A) Image of the implantation site with the wireless sensor under the femoral artery. This was followed by fully wrapping the sensor like a cuff and suturing on

each side.

(B) Image of the wireless antenna placed in the skin pocket that was made during the surgery.

(C) Image of the testing setup when the sensor was wirelessly monitored through the skin while still having access to occlude the femoral artery.
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Figure 6. Continued

(D) Sound waveform of the external Doppler ultrasoundmeasured through a microphone; the pulse rate was determined to be�6.55 bps. This was repeated

for each rat.

(E) When monitoring the sensor wirelessly through the skin, the sensor maintained its ability to respond to pulsations in the artery. The pulse rate was

calculated to be 6.18 bps.

(F) The pulse rate calculated from the Doppler ultrasound for each rat is compared to the pulse rate calculated from the wireless sensor readout. The overall

error is 1.6%. Data are represented as mean change +/� SEM.

(G) When the sensor has good contact with the artery, the response to partial arterial occlusion is strong.

(H) The sensor response to partial arterial occlusion using surgical clamps was wirelessly monitored with the mini-VNA through the skin of the rat. Error bars

indicate the range of the sensor response to pulsations for each condition, indicating signal variation due to arterial pulsations.

(I) The sensor response to partial arterial occlusion wirelessly monitored with the mini-VNA through the skin of the rat was consistent (n = 3). Error bars

indicate one standard deviation from the mean.

(J) The signal through the skin of the rat a day after implantation was strong.

(K) The signal of the sensor was stable and consistent for the three rats over 17 days with frequency changes within the range for changes due to pulsations.

Error bars indicate one standard deviation from the mean (n = 3).

(L) Even 2 weeks after implantation, the wireless sensor stably monitors the pulsations in the femoral artery.

ll
OPEN ACCESS

iScience
Article
smaller changes in pressure than the human femoral and carotid arteries. Further, due to the smaller anat-

omy of the rat, more movement of the sensor is expected in the rat as compared to a human, especially

since the sensor is implanted near a joint in the case of the small animal model. In addition, the pulsatile

behavior of the rat femoral artery is similar to that seen in human arteries but with a much higher frequency.

Male Sprague-Dawley rats that are single housed as used in this study have heart rates approximately 300–

400 bpm, while human resting heart rates are less than one-quarter of that (Azar et al., 2011). Smaller animal

models have smaller vessels and smaller changes in vessel diameter. Thus, by choosing a smaller animal

model, we ensure the sensor would perform well even on small human vessels with smaller changes in

diameter, stiffer vessels with less vasodilation, and in patients with tachycardia. We anticipate that the per-

formance of the sensor wrapped around the rat femoral artery represents theminimal performance it would

exhibit in a human.

Figures 6A–6C show the experimental design of the in vivo arterial-pulse monitoring with the wireless

sensor implanted in a rat. A sensor with the dimensions 6 mm 3 55 mm was wrapped around the femoral

artery of a Sprague-Dawley rat, fixed with sutures through the PDMS on each side of the sensor (Figure 6A).

The experiment was also repeated to confirm the results of the in vivo arterial-pulse monitoring with mod-

ifications to the overall length of the PDMS encapsulation layer (�60mm) to improve flexibility of the overall

system, the sensors were fixed with microclips instead of sutures to avoid introducing additional holes to

the device, and small branching vessels were clipped to allow some sensor movement along the vessel with

leg motion of the rat (Figure S6). All blockages were introduced upstream of the sensor. For long-term

monitoring of the sensor and performance characterization through the skin, a skin pocket was created

directly beneath the skin layer to achieve the strongest signal from the sensor antenna coil (Figure 6B).

The skin pocket allows the sensor to be wrapped around the femoral artery while the antenna coil remained

close to the external reader coil to which it was inductively coupled (Figure 6C), and the S11 parameter was

recorded with a network analyzer and a mini-VNA. The traditional network analyzer was used to monitor

pulses for comparison with a Doppler ultrasound (Figure 6D and Video S1). The mini-VNA was used to

monitor the sensor similar to the clinical target as it provides a more economic and compact alternative

to the traditional network analyzer. With the mini-VNA, we account for changes due to pulsations by taking

multiple measurements at a given condition, similar to the human cadaver study.

The external Doppler ultrasound was used tomonitor pulse rate for comparison with our sensor (Figure 6D).

The pulse rate was calculated by taking the inverse of the average beat-to-beat time over 10 s.We recorded

the sound waveform using the Doppler ultrasound and analyzed it to determine the pulse. We also tested

the sensor response with the antenna coil placed in the skin pocket, which was easily detectable and found

to have a pulse rate of approximately 6.18 beats per second (bps), matching well with the results of the

Doppler ultrasound (Figures 6E and S7). We then compared the Doppler ultrasound response to our sen-

sor’s response and found that the overall error between our wireless sensor and the Doppler ultrasound

was 1.6%, demonstrating a nearly identical response (Figure 6F). The slight difference can be accounted

for from having taken the measurements in succession and not simultaneously. When the study was

repeated with four additional rats, the results were consistent with only a 1.1% overall error between our

wireless sensor and the Doppler ultrasound (Figure S8). This ability to respond to fast pulse rates indicates

that our sensor is capable of measuring pulse rates even for patients with tachycardia. Our sensor was also
12 iScience 24, 103079, September 24, 2021
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compared to the commercially available wired Cook-Swartz Doppler Probe, which is generally only used in

the hospital for up to 1 week prior to degradation (Figure S9; Video S2). The Cook-Swartz Doppler Probe

relies on detection of blockages by changes in the audible signal that must be recognized by the physician.

This sensor was implanted around the femoral artery of two rats. The quantitative readout of our sensor

provides an advantage over the ultrasound-based commercial sensor in providing more objectivity in pro-

cessing the sensor readout. Further, we were unable to monitor the Cook-Swartz Doppler Probe beyond

the first day because the rats were able to remove the wired sensor, providing an additional advantage

in the wireless design of our sensor.

To further demonstrate the performance of the wireless sensor, an occlusion test was performed, whereby the

femoral artery was blocked for 15–20 s using a miniature surgical clamp and then released (Figure S10; Video

S3). Thegoal was toevaluate the sensor response to a change in arterial flow. Inmanymedical conditions, plaque

buildup or blood clot formation within the vessel slows down the blood flow through the artery. By applying the

surgical clamp, we mimicked this condition similar to the stenoses applied in the in vitro and human cadaver

studies. Notably, the occlusion was partial to prevent potential post-surgical blood clots. An external reader

antenna was again used to monitor the S11 parameter with both a VNA and mini-VNA.

The sensors were all evaluated at the time of implant with no barrier between the sensor antenna coil and

the reader coil. When the wireless sensor has good contact with the artery, the response is strong (Fig-

ure 6G). It can be seen that once the surgical clamps were added, the frequency increased considerably.

This increase is due to the decrease in pressure within the artery as it is partially occluded due to decreased

blood flow. However, even when the connection to the artery is weaker, the response is still clear (Fig-

ure S11). This accounts for potential changes to future movement of the sensor or subject. It can be

seen that once the surgical clamps were added, the frequency decreased, and once they were removed,

the frequency increased. In this case, there was a decrease in frequency with the addition of the clamps,

accounting for the increase in pressure, likely due to the placement of the clamps upstream of the sensor

and at the peak of the high-frequency oscillations of pressure and flow. Notably, the artery does not

completely return to its original state immediately after the clips are removed due to the viscoelastic

properties of arteries (Dorbin, 1978), as can be seen in Figure S11.

The sensor antenna coil was then placed in the skin pocket created for it, and the sensor performance was

evaluated tomimic theperformance for long-termmonitoring through the skin.Notably, ourwireless sensor

detects partial vascular occlusion through the skin, consistent across all subjects (n = 3). Figures 6H and S12

show the sample results from individual rats, with the error bars indicating the frequency change due to

pulsations, as previously discussed. Since the artery does not recover instantly from an occlusion, the fre-

quency does not return to its original value immediately after the partial occlusion is released and full

flow is restored. This trend is consistent (n = 3), as shown in Figure 6I, where here error bars indicate the stan-

dard error of the frequency changes over 3 rats. This demonstrates proper and consistent operation of the

wireless device even when detecting through the skin. This sensor capability was consistent when the in vivo

testingwas repeatedwith four additional rats (Figure S13). In fact, evenonce the surgical sitewas completely

closed, the signal remained strong (Figure 6J), indicating the capability of long-termmonitoring through the

skin and limiting potential infections at the implantation site by eliminating wires.

The rats weremonitored post-implantation for sensor biocompatibility and stability of the sensor response.

The subjects were able to move without any apparent limb impairment immediately after recovery from

anesthesia (Video S4). Further, to demonstrate function over time, the sensor was implanted and tested

continuously. The sensor signal stability was monitored to ensure that any changes to the output signal

would be due to changes in the pressure within the artery and not due to drift. The sensor signal was stable

over more than 2 weeks (n = 3) with signal changes all within the range of fluctuations due to arterial pul-

sations (Figure 6K). At 2 weeks from implantation, all implanted sensors were able to detect pulsations from

the artery, closely matching the pulse rates obtained by an external Doppler ultrasound (Figures 6L and

S14). This is longer than the 1 week use of the current market standard sensor, Cook-Swartz Doppler Probe,

and was confirmed when the in vivo study was repeated (Figure S15). In the first round of in vivo studies, the

sensors were torn and no longer intact at 3 weeks post-implantation. This was likely due to the interaction

between the sensor and surrounding branching small vessels during leg movement and introduction of

holes when sutures were used during implantation. In response to this, in a second round of in vivo studies,

we made small changes in the length of the sensor encapsulation layer and in the dissection and
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implantation of the sensor which resulted in improved stability so that the sensors remained intact for all

3 weeks (Figure S16). In fact, there was a clear response to occlusion by tying off the femoral artery with

sutures at explantation (Figure S17). Three weeks post-implantation, the sensor was removed from the

rat and samples of the surrounding artery and tissues were investigated for foreign body reactions. No

severe inflammation around the sensor implantation site was observed, and histological evaluations

showed arterial patency (Figure S18).
DISCUSSION

In this study, we design and fabricate a cost-effective sensor and evaluated its performance characteristics

for potential use in early detection of arterial blockages related to PVD, heart attacks, and strokes. Using an

interdigitated electrode design and pyramid elastic microstructures, our fringe field sensor has strong

pressure and proximity sensing capabilities made of biocompatible materials. We designed three

in vitro environments to assess the sensor’s capability to monitor physiologic pulsation rates, response

to partial and complete occlusions on a wide range of artificial artery sizes, and distinction between pulsa-

tion and occlusions of the artery. When the sensor was made wireless, the response and trend were clearly

observed with signal detection even through artificial skin. The sensor was further able to respond to partial

and full blockages in the femoral artery of a human cadaver that spanned over 11 cm of arterial length up-

stream and downstream of the sensor. For the in vivo study, we used a small animal model for preliminary

evaluation of the sensor performance, stability, and biocompatibility which is more challenging than

testing on larger animal models due to the small arterial sizes, weaker signal, and smaller changes in pres-

sure. We monitored the sensor performance in the human cadaver femoral artery to assess the clinical po-

tential with the normal range for a human adult. To further assess the usage of the sensor for carotid artery

bypass, carotid endarterectomy, coronary artery bypass, and lower extremity bypass surgeries, we evalu-

ated its response to progression of arterial blockages in vitro 20 cm upstream and downstream of the

sensor, spanning at least 40 cm of arterial length. In all cases, post-surgical short-term and long-termmoni-

toring is done around the surgical site to monitor reoccurrence of arterial occlusion. For example, averages

of 21.0% of patients have at least a moderate restenosis or occlusion within the first year of an endarterec-

tomy and almost 30% within 5 years of the endarterectomy (Bonati et al., 2018). Additionally, 3-year inci-

dence of restenosis is 39% after lower extremity bypass surgery (Darling et al., 2017). Within the first year

after lower extremity bypass surgery, there is a 12% occurrence of a graft occlusion (Goodney et al.,

2010). Following a coronary artery bypass, the graft occlusion rate is 4.3% (Hwang et al., 2021). These

frequent episodes of restenosis and occlusion do not occur in the same location in each patient, so the abil-

ity to monitor long lengths of the artery is crucial for early detection.

Future work includes evaluation on larger animal models to better predict sensor performance in humans

with larger arteries and greater distance from joints that cause significant mechanical stress to the sensor.

This will also enable evaluation of performance in arteries with longer distances and significant branching,

more indicative of performance in humans. Further, the materials may be selected for longer term stability

in vivo to limit swelling of the PDMS while maintaining mechanical stability and flexibility of the material.

This would be used to ensure stability of the sensor over at least 5 years post-surgery, during which there

are higher rates of stenosis, decreased blood flow, and/or clots.

These sensors have strong potential for clinical use with their versatility, commercially available materials,

and ease of fabrication. One of the major challenges is in locating the sensor antenna through the skin.

First, we anticipate less movement of the antenna in human subjects compared to the rat, meaning the an-

tenna location should be relatively more stable. This is because the much larger size of the human body

allows for selection of sensor implantation sites that are less subject to joint motion. Additionally, to

make the sensor more applicable in the clinical setting, larger antenna coils can be used. This would pro-

vide a larger working range for the sensor. This option was limited in the small animal model due to the

small area available for the antenna coil. For human subjects, making a larger antenna coil and implanting

it beneath the skin is feasible and would improve the sensor signal detection range. Additionally, although

we used one sensor size, we anticipate the use of a larger range of wire lengths and even sensor areas to be

customized to the artery size. Since artery sizes vary greatly between patients and even within patients de-

pending on the artery type and the distance between the artery and the skin can vary widely as well, there

could be a series of standard sizes of the sensors with different wire lengths be selected from for use clin-

ically. This streamlines the process of fitting the sensor for each patient andmakes the sensor more versatile

for a wide range of applications.
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In summary, this study introduces a biocompatible, wireless, fringe-field capacitive sensor with the poten-

tial for long-term monitoring of arterial health on a wide range of arteries for early detection of partial

blockages related to stroke, PVD, and heart attacks.

Limitations of the study

Our study is limited in its in vivo evaluation with a focus on small animal models. Although it provides invalu-

able information about the performance of the sensor in a live model, it is limited in the size and branching

of the arteries as compared to humans. Due to the size of the animal, we needed to implant the sensor close

to a joint, which would not be done when implanting the sensor in humans. Thus, it limits our capability to

accurately predict how the sensor will perform in the patient. Further, this study was limited to 3 weeks,

which limits our capability to predict more long-term efficacy of the sensor, which is why we recommend

extending the study time in future work. Finally, the study was limited to one antenna coil size, which limits

the depth at which the sensor can be implanted.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Sylgard 184 DOW Corning USA Material Number 1024001

trichloro(1H,1H,2H,2H-perfluorooctyl)silane Sigma-Aldrich CAS Number: 78560-45-9

Sil-Poxy Smooth-On https://www.smooth-on.com/products/

sil-poxy/

paraformaldehyde Sigma-Aldrich CAS Number: 30525-89-4

Experimental models: Organisms/strains

Sprague Dawley Rats ENVIGO https://www.envigo.com/

Software and algorithms

MATLAB 2013 MathWorks https://www.mathworks.com/products/

matlab.html

Origin 2021 OriginLab https://www.originlab.com/2021

Other

Agilent E4980A Precision LCR meter Agilent Model number: E4980A

Texas Instruments FDC1004EVM-4 Channel

Capacitive to Digital Converter Evaluation

Module

Texas Instruments https://www.ti.com/tool/FDC1004EVM

Lynxmotion Little Grip Kit Robotshop Lynxmotion.com

Arduino Uno, Rev 3 Arduino Code: A000066

Central Line Pump Syndaver SKU: 160503

Platform Pump Syndaver SKU: 170130

Cook-Swartz Doppler Probe Cook Medical Reference Part Number: DP-SDP001
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Zhenan Bao (zbao@stanford.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request. This paper does not report

original code.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo animal models

Sensor function assessment. Ten healthy Sprague Dawley (SD) rats (12-20 weeks, 300–350 g, male,

Envigo) were used in compliance with the regulations of animal care and use committee of our hospital.

Each rat was single-housed after the initial surgery.

Biocompatibility testing. Eighteen healthy SD rats (11-13 weeks, 300-360g, mean 333.6gmale, ENVIGO)

were used in compliance with the regulations of Institutional Animal Care and Use Committee (IACUC).

Each rat was single-housed after the initial surgery.
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METHOD DETAILS

Silicon mold fabrication

The molds used to make the pyramid microstructures was made by patterning bare <100> Si wafers with a

300 nm thermally grown oxide. The process starts with a lithography process to generate photoresist pat-

terns (S1813, Microposit) and etching of the oxide layer using buffered oxide etch (6:1, BOE) for 45 minutes.

Then, the remaining oxide layer acts as a mask during the Si etching process. By using KOH (30% at 80C)

<100> Si can be etched to create pyramid structures with a sidewall angle of 54.7. The oxide layer is

subsequently removed using buffered hydrofluoric acid, followed by a vapor deposition of trichlor-

o(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) for ease of release from themold. In this case, the pyr-

amid microstructure base itself was 50 mm 3 50 mm with 50 mm separation between the structures.

Microstructure fabrication

A 23:1 Sylgard 184 (polydimethyl siloxane (PDMS)) from DOW Corning USA) elastomer to crosslinker ratio

wasmixed using FlackTek, Inc. speedmixer at 2500 rpm for 5minutes followed by at least a 10minute degas

by vacuum. Once finished, the mixture (600 mL) was transferred on to cover the entire the silicon wafer mold

(1.5 x 1.5 cm2) and spin coated at 500 rpm (100 rpm/s acceleration) for 1 minute. Finally, it was degassed by

vacuum for 1 hour, cured at 70�C for 2 days, and demolded.

Encapsulation layer fabrication

A 10:1 Sylgard 184 elastomer to crosslinker ratio was mixed using FlackTek, Inc. speedmixer at 2500 rpm for

5 minutes followed by at least a 10 minute degas by vacuum. Once finished, themixture (1500 mL) was trans-

ferred on to cover the entire the silicon wafer (1/4 of 8’’ silicon wafer) previously treated with trichlor-

o(1H,1H,2H,2H-perfluorooctyl)silane (Sigma-Aldrich) and spin coated at 500 rpm (100 rpm/s acceleration)

for 90 seconds. Finally, it was degassed by vacuum for 2 hours and cure at 70�C for 18 hours, and demolded.

Sensor assembly

The electrodes were designed and purchased from PCBWay. The polyimide layer is 80 mm (wireless) or

100 mm (wired) thick with 18 mm thick copper on top. The electrode is placed on the thin PDMS encapsu-

lation layer. The pyramid microstructures were placed on the electrodes with the tips facing the electrodes.

A thin layer of Sil-Poxy (Smooth-On) was deposited around the outside of the polyimide on the lower

encapsulation layer. The upper encapsulation layer was then placed on top with air bubbles removed.

Normal force testing

The Agilent E4980A Precision LCR meter was used to take the capacitance measurements at 15 kHz fre-

quency with a 5 V a.c. signal. A force gauge (Mark-10, Series 5, Force Gauge Model M5-10) along with a

mechanized z-axis stage were used to apply the pressures to the sensors. Measurements were performed

at controlled temperature (23.5 G 1�C) and humidity (40 G 10%). 5 cycles with a step size of 2 mm to a

maximum for of 0.5 N and 10 N were repeated for all sensors.

In vitro testing – Air pump

These studies were conducted using Texas Instruments FDC1004EVM- 4 Channel Capacitive to Digital

Converter Evaluation Module. Measurements were taken at a sampling frequency of 400 samples per sec-

ond. For the pulsation response testing, air is pumped using an air pump (Philips Avent Electric Breast

Pump SCF312/01) into a polyolefin tube with 5- or 6-mm inner diameter. Sensors were evaluated at three

pumping rates—45, 60, and 80 bpm— to mimic a range of arterial pulse rates. To mimic the in vivo envi-

ronment, 1-lb of 10-cm x 10-cm artificial fat, skin, and muscle was applied to the sensor wrapped around

the polyolefin tube (Syndaver).

In vitro testing - Syndaver

The wired sensor studies were performed using Texas Instruments FDC1004EVM - 4 Channel Capacitive to

Digital Converter Evaluation Module. Measurements were taken at a sampling frequency of 400 samples

per second. For the response to different artificial arteries—2 mm, 4 mm, 6 mm, and 7 mm in diameter

(Syndaver, USA)—a continuous steady flow platform pump (Syndaver) was used together with artificial

skin, fat, and muscle (Syndaver) to mimic the in vivo environment of the vessels. Blockages were introduced

via stenosis of the vessel at 1 mm diameter increments with a 0.5-mm rubber tube. Sensor response was
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measured from distances 0-10 cm both upstream and downstream of the stenosis. Pulsations were intro-

duced using a Lynxmotion Little Grip Kit (Robotshop) robotic gripper. The robot gripper was connected

to a microcontroller (Arduino Uno, Rev 3) with a feedback loop developed using the microcontroller’s soft-

ware. The gripper was set to fluctuate between 5 and 6 mm at a rate of 60 cycles per second. The gripper

was placed 4-5 cm upstream of the sensor and stenoses were introduced between the gripper and the

sensor.

Wireless testing

Testing is performed using a Mini Vector network Analyzer (VNA) Tiny Plus (mini-VNA, Xuanli Electronic

Technology Factory, China). Pressure response curves are generated by applying weights 1-100g on the

sensor and measuring the frequency change. In vitro performance is confirmed using the Syndaver

in vitro setup with a 1-2 mm thick artificial skin layer (Syndaver) added between the sensor antenna and

the reader coil.

Cadaver model

A fresh cadaver (age 77) was obtained through the University of California San Francisco (UCSF) Willed

Body Program according to the standard operating procedures of Stanford University Anatomy Lab. At

room temperature, the common and superficial femoral arteries were exposed. Standard polyvinyl chloride

(PVC) tubing with a 1/4’’ barbed lightweight quick-turn tube coupling (McMaster-Carr) was used to connect

the artery to the central line pump (Syndaver) with pulsatile blood flow into the artery and drainage blood

flow out of the artery. 0.15-0.2 mol/L sodium chloride in deionized water was pumped through the artery.

The sensor was wrapped around the femoral artery and fixed with a surgical clamp on each side. Occlusions

were introduced both upstream and downstream of the sensor using a surgical tie. Sensor response was

evaluated at 60 bpm.

In vivo testing – Sensor function assessment

The implantation surgery was performed under isoflurane inhalation anesthesia with bupivacaine (Hospira)

for local anesthesia. Slow-release buprenorphine (ZooPharm) was administered as pain medication once

prior to surgery. Rats were anesthetized with 2-3% isoflurane. All sensors were sterilized using iodine

and ethanol prior to implantation. The sensor was wrapped around the femoral vessel and fixed to with su-

tures. For wireless sensor testing, the coil structure of the device was placed directly beneath the skin in a

skin pocket surgically created. Each animal was administered Enrofloxacin (Enroflox) for antibiotic prophy-

laxis prior to the surgery and for three days following the surgery. Temporary (<30 seconds) partial occlu-

sions were introduced usingmicrosurgical clips. The rats weremonitored for three weeks. At the conclusion

of the study, the animals were euthanized humanely, and samples were harvested for biocompatibility eval-

uation. This study was repeated to confirm results with four additional SD rats, with adjustments made to

the overall length of PDMS encapsulation layer (addition of �5 mm) and fixation of the sensor with micro-

clips (Teleflex, USA). During the course of the second study, one of the rats was euthanized due to an

unrelated illness. The same procedure was also repeated with the Cook-Swartz Doppler Probe (Cook

Medical, USA) wrapped around the femoral artery (n=2) and secured with microclips (Teleflex). All proced-

ures were approved by the institutional review board and the animal care and use committee at the Veter-

ans Affairs Palo Alto.

Biocompatibility – Surgery

The biocompatibility of PDMS and polyimide were histologically evaluated and compared with poly(octa-

methylene maleate (anhydride) citrate (POMaC)—a biodegradable material—and a sham. Eighteen SD

rats (11-13 weeks, 300-360g, mean 333.6g male, ENVIGO) were used in compliance with the regulations

of Institutional Animal Care and Use Committee (IACUC). SD rats were housed in a 12/12-hour light/

dark cycle and given food and water. Nine rats were euthanized at one week and 7 rats were euthanized

at 12 weeks after the implantation for testing of biocompatibility to have three samples of each material

at each time points. Two rats were euthanized due to animal welfare protocols. Rats were anesthetized us-

ing 2-3% isoflurane. Animals were given Baytril (5 mg/kg) and Buprenorphine (0.05mg/kg) injections before

skin incision. After the material was disinfected with iodine, the material was wrapped around the femoral

artery and secured. After implantation, the wound was closed with 5-0 Nylon suture. On the contralateral

hind limb, we performed a sham operation or implanted the same material sheet using the same anterior

approach to expose the femoral artery and vein from the inguinal ligament to the bifurcation of the deep
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femoral vessels. After the sham operation or material implanting, the wound was closed with 5-0 Nylon su-

ture. Following surgery, Buprenorphine was administered as postoperative analgesia every 12 hours for

3 days along with Baytril.
Biocompatibility – Tissue harvest and assessment

The femoral artery and remnants of the materials were harvested from the femoral artery and samples were

fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4�C. 25 mm thick

transverse sequential frozen sections were prepared and then some were stained with hematoxylin and

eosin. Samples were analyzed using a Keyence BZ-X700 microscope (Japan). The diameter of the

arterial lumen and the intima thickness ratio of the femoral artery were measured. Based on previous

work, the intima thickness ratio was defined as [intima thickness / (intima thickness + media thickness)] x

100 (Plock et al., 2017).

For rats monitored for in vivo testing with the entire sensor (n=3), part of the femoral artery the sensor was

wrapped around was harvested with surrounding soft tissue. As a control, the femoral artery that did not

have the wireless sensor wrapped around was harvested as well. Tissue assessment was repeated on these

samples, as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

To compare the biocompatibility among the material groups and the sham control group at each time

point, a one-way ANOVA was performed, followed by a Tukey-Kramer honestly significant difference

(HSD) test as a post hoc test. To compare the biocompatibility between two time points in each thematerial

group or sham control group, a student’s t-test was performed. The results from sensor biocompatibility

are presented as mean and standard deviation. Differences were considered significant at p < 0.05.
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Fig. S1. Histology results of sensor materials, Related to Figure 1.  

Hematoxylin and eosin staining at 12 weeks from implantation show similar results between the 

rats implanted with the (A) sham control and (B) PDMS. (C) The lumen diameter of the femoral 
artery was similar for rats implanted with polyimide (n=3), POMaC (n=3), PDMS (n=3), and the 

sham control (n=3) at both 1 week and 12 weeks from implantation. (D) The intima thickness 

ratio was similar for all four materials at both 1 week and 12 weeks from implantation. 
Inflammation was reduced for all materials between 1 week and 12 weeks from implantation.  

  



 

 

 

 

Fig. S2. Sensors respond to blockages up to at least 10 cm downstream, Related to Figure 3. 

(A) The sensor responds to blockages 6 cm downstream of the sensor when wrapped around a 2-

mm inner diameter (ID) artificial artery to mimic a radial artery. The red-filled circle indicates a 
blocked artery while the unfilled circle indicates normal flow. (B) The sensor responds to 

blockages 10 cm downstream of the sensor when wrapped around a 4-mm inner diameter 
artificial artery to mimic a coronary artery. The blue-filled circle indicates a blocked artery while 

the unfilled circle indicates normal flow. (C) The sensor responds to blockages 6 cm downstream 

of the sensor when wrapped around a 6-mm inner diameter artificial artery to mimic a carotid 
artery. (D) The sensor responds to blockages 2 cm downstream of the sensor when wrapped 

around a 7-mm inner diameter artificial artery to mimic a femoral artery.  
 

  



 

 

 

Fig. S3. Sensors respond to progression of arterial blockages in vitro, Related to Figure 3.  

(A) The sensor responds to partial and full occlusions 2 cm downstream of the artificial artery 

with a 2-mm inner diameter to mimic the radial artery. The extent of blockage is represented by 
the extent to which the red circles (to represent an artery) are filled. (B) The sensor responds to 

progression of arterial blockages at 0%, 44%, and 75% reduction in arterial area when wrapped 

around a 4-mm inner diameter artificial artery to mimic a coronary artery. Here it is 
demonstrated when the blockage is 10 cm downstream of the sensor. The extent of blockage is 

represented by the extent the blue circles (to represent an artery) are blue-filled. (C) The sensor 
responds to progression of arterial blockages at 0%, 31%, 56%, 75%, and 100% reduction in 

arterial area when wrapped around a 6-mm inner diameter artificial artery to mimic a carotid 

artery. Here it is demonstrated when the blockage is 10 cm downstream of the sensor. (D) The 
sensor responds to progression of arterial blockages at 0%, 27%, 49%, and 67% reduction in 

arterial area when wrapped around a 7-mm inner diameter artificial artery to mimic a femoral 
artery. Here it is demonstrated when the blockage is 2 cm downstream of the sensor. 

 

  



 

 

 

Fig. S4. Sensors respond to blockages up to at least 10 cm upstream, Related to Figure 3. 

(A) The sensor responds to blockages 10 cm upstream of the sensor when wrapped around a 2-

mm inner diameter artificial artery to mimic a radial artery. The red-filled circle indicates a 
blocked artery while the unfilled circle indicates normal flow. (B) The sensor responds to 

blockages 10 cm upstream of the sensor when wrapped around a 4-mm inner diameter artificial 

artery to mimic a coronary artery. The blue-filled circle indicates a blocked artery while the 
unfilled circle indicates normal flow. (C) The sensor responds to blockages 10 cm upstream of 

the sensor when wrapped around a 6-mm inner diameter artificial artery to mimic a carotid 
artery. (D) The sensor responds to blockages 2 cm upstream of the sensor when wrapped around 

a 7-mm inner diameter artificial artery to mimic a femoral artery.  

  



 

 

 

Fig. S5. Sensors respond to blockages up to at least 20 cm in each direction, Related to 

Figure 4. 

(A) The wireless sensor responds to partial and full blockages 20 cm upstream of the sensor 

when wrapped around a 6-mm inner diameter artificial artery to mimic a carotid artery. The 

return to flow indicates the immediate response of the artificial artery once the stenosis is 
removed. Since the artery does not immediately return to normal, the frequency change does not 

either. Thus, the immediate reading after return to full flow higher than the same as the initial 
full flow. (B) The wireless sensor responds to partial and full blockages 20 cm downstream of 

the sensor when wrapped around a 6-mm inner diameter artificial artery to mimic a carotid 

artery.  The return to flow indicates the immediate response of the artificial artery once the 
stenosis is removed. Since the artery does not immediately return to normal, the frequency 

change does not either. Thus, the immediate reading after return to full flow lower than the same 
as the initial full flow. 

 

 



 

 

 

Fig. S6. In the second round of in vivo testing, microclips were used instead of sutures to 

secure the sensor, Related to Figure 6.  

(A) Image of the wireless sensor fixed with microvascular clips around the rat femoral artery. (B) 
Image through a surgical microscope lens of the microclips securing the sensor around the rat 

femoral artery in vivo.  

 



 

 

 

Fig. S7. Sensors respond stably to arterial pulsations through the rat skin at the time of 

implantation, Related to Figure 6. 

The sensor response through the skin of the rat is stable and consistent with the Doppler 
ultrasound, shown here are two representative cases. (A, B) The pulse rate was calculated to be 

6.2 bps. (C, D) The pulse rate was calculated to be 6.0 bps.  

  



 

 

 

Fig. S8. Sensors comparison to Doppler Ultrasound for the second round of in vivo studies, 

Related to Figure 6. 

The pulse rate calculated from the Doppler ultrasound for each rat is compared to the pulse rate 

calculated from the wireless sensor readout. The overall error is 1.1%.   

  



 

 

 

Fig. S9. In vivo implantation of the commercially available, wired Cook-Swartz Doppler 

Probe, Related to Figure 6. 

(A) Image of the implantation site with the wired Cook-Swartz Doppler Probe along with the 

doppler monitoring system. (B) Image of the wired sensor embedded in the cuff that wraps 
around the artery. (C) Image of the Cook-Swartz Doppler Probe wrapped around the femoral 

artery and fixed using microclips. (D) Image of the sensor wires secured to the back of the rat 

using Tegaderm.    



 

 

 

Fig. S10. Microvascular surgical clamp used to occlude the artery in vivo, Related to Figure 

6.  

Image of the microvascular surgical clamp used to temporarily occlude the femoral artery during 
in vivo testing.  

 
  



 

 

 

Fig. S11. Sensors respond to blockages in the femoral in vivo even when the connection to 

the artery is weak, Related to Figure 6. 

When the connection is so weak the sensor does not detect the pulsations in the artery, it is still 
able to detect occlusions. Note the arterial clamp was inserted between 15 and 20 seconds and 

removed between 44 and 49 seconds.  
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Fig. S12. Sensors’ response to arterial occlusion as evaluated by the mini-VNA, Related to 

Figure 6.  

The sensor response to arterial occlusion was wirelessly monitored with the mini-VNA through 
the skin of the rat for the two rats not shown in the main text. Error bars indicate the range of the 

sensor response to pulsations for each condition. 

  



 

 

 

Fig. S13. Sensors’ response to arterial occlusion as evaluated by the mini-VNA in the 

second round of in vivo testing, Related to Figure 6.   

The sensor response to arterial occlusion was wirelessly monitored with the mini-VNA through 

the skin for all four rats tested in the second round of in vivo testing. Error bars indicate the range 
of the sensor response to pulsations for each condition. 

 
 

  



 

 

 

Fig. S14. Sensors respond to in vivo arterial pulsations through the skin of the rat 2 weeks 

after implantation, Related to Figure 6. 

The sensors demonstrate stable response to arterial pulsation even two weeks after being 
implanted in (A) the second rat and (B) the third rat tested in the in vivo testing. 

  



 

 

 

Fig. S15. Sensor response over more than two weeks post-implantation in the second round 

of in vivo studies, Related to Figure 6.  

(A) The signal of the sensor was stable and consistent for the three rats over more than two 

weeks with frequency changes within the range for changes due to pulsations. Error bars indicate 

one standard deviation from the mean (n=3).  (B-D) The sensors demonstrate stable response to 
arterial pulsation even two weeks after being implanted in all three rats tested in the second 

round of in vivo testing. Notably, the stronger response to pulsations in (C) and (D) can be 
attributed to a seroma at the surgical site, causing a better contact between the sensor and artery.   

  



 

 

 

Fig. S16. Images of sensors at 3 weeks post-implantation, Related to Figure 6.  

A) Images of one sensor at explanation surgery 3 weeks post-implantation. B) Image of another 

sensor 3 weeks post-implantation being read with the wireless antenna coil.    
  



 

 

 

Fig. S17. In vivo sensor response to occlusion 3 weeks post-implantation, Related to Figure 

6.  

Sensor response to occlusion via suture occlusion of the femoral artery after 3 weeks post-
implantation.      



 

 

 

Fig. S18. Histology results from implanted sensor, Related to Figure 6. 

Hematoxylin and eosin staining at three weeks from implantation of the entire sensor showed 

similar results between the (A) femoral artery that did not have the sensor and the (B) femoral 
artery that had the sensor wrapped around it.   

  



 

 

Table S1. Statistical analysis of histology results of sensor material components at 1 week 

from implantation, Related to Figure 1. 

 

 Polyimide 1w 

(n=3) 

POMaC 1w 

(n=3) 

PDMS 1w 

(n=3) 

Sham 1w 

(n=3) 

p value 

(one-way 

ANOVA) 

The diameter of 

the lumen 

(μm) 
278.4429.12 271.7438.93 279.2348.28 321.70101.76 0.746 

Intima thickness 

ratio (%) 
25.993.46 24.391.39 26.744.04 23.872.31 0.628 

Area of artery 

(mm2) 
0.1050.025 0.1130.048 0.0860.031 0.1340.097 0.793 

 

  



 

 

Table S2. Statistical analysis of histology results of sensor material components at 12 weeks 

from implantation, Related to Figure 1. 

 

 Polyimide 12w 

(n=3) 

POMaC 12w 

(n=3) 

PDMS 12w 

(n=3) 

Sham 12w 

(n=3) 

p value 

(one-way 

ANOVA) 

The diameter 

of the lumen 

(μm) 
213.5489.96 233.36127.63 211.56100.99 273.2275.16 0.86 

Intima 

thickness ratio 

(%) 
22.320.66 20.261.83 21.780.61 20.270.93 0.12 

Area of artery 

(mm2) 
0.0860.036 0.1180.050 0.0870.050 0.1830.104 0.30 

 


