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ARTICLE INFO ABSTRACT

The primary objective of this study was to deploy a promising wireless pressure sensor system capable of
monitoring real-time biological signals in an experimental object. MEMS-based micromachining technology was
Stent ) used to fabricate the proposed SU-8 wireless pressure sensor. The sensor utilizes a capacitor-inductor resonant
3D print o circuit that can operate the sensor without any external power supply. The variable capacitor in the pressure
Ere;l;l:r?;’gzglr_mg sensor is designed to change the resonance frequency (130, 183 MHz) in response to applied pressure. The

fabricated wireless pressure sensor was integrated into a polymer-based smart stent to minimize the discomfort
of medication administration and hospital visits. A 3D bio-printing-based manufacturing technique was em-
ployed for the production of a smart polymer stent with complicated shapes. The proposed method is con-
siderably more comfortable than the conventional metal stents fabrication process. The polymer smart stent
made of the biocompatible polycaprolactone (PCL) material which can be fully absorbed by the body after a
medication period. After integrating the fabricated wireless pressure sensor with the polymer smart stent, var-
ious basic experiments such as the working distance of the sensor were performed using a simple experimental
setup. The biocompatibility of the proposed polymer stent and the wireless pressure sensor was also successfully
confirmed using an experimental animal. The preliminary investigation results indicate that the proposed
wireless sensor can be used to obtain necessary information in various parts of the human body as well as the
stent.
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laser-based fabrication technique. The implanted metal stents expand
the blood vessel diameter by inflating a balloon. However, mechanical
expansion of the metal stent creates a series of side-effects to the pa-

1. Introduction

The typical atherosclerotic cardiovascular disease is characterized

by the formation of plaques and narrowing of the inner walls of the
blood vessels causing death by myocardial infarction, transient cerebral
ischemic attacks, and stroke [1-3]. According to the World Health
Organization, 17.3 million people died of cardiovascular disease in
2008, among whom 7.3 million deaths occurred following myocardial
infarction; stroke alone was responsible for 6.2 million deaths. To
overcome these issues, a balloon catheter or a stent is used to expand
the blood vessel physically. Commercially available metal stents have
mesh structures and are manufactured from long metal pipes using a

tient. Generally, the neointima grows due to thrombus in the peripheral
portion of the blood vessel, causing a new narrowing of the inner dia-
meter of the blood vessel [4,5].

Over the years, several research efforts have been devoted to
overcoming these complexities [6,7]. Among these studies, the drug-
eluting stents (DES) received considerable attention as an effective
treatment with the advantage of being able to coat a drug on the stent
and deliver the drug directly to the affected area [8,9]. DES is effective
in suppressing thrombosis in the early stages. However, the drawback
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of these stents is the availability of limited amounts of drugs, as they are
coated on the surface of Co-Cr based metal stent struts [10]. For this
reason, patients need to take thrombolytic drugs after a certain period.
Also, the inserted metal stents need to be regularly monitored using X-
ray-based inspection systems. To address these issues, many researchers
are developing biodegradable stents [11,12]. The biodegradable stent is
fabricated by using various advanced manufacturing techniques in-
cluding 3D printing technology [13]. Among the several biodegradable
stents, PCL-based biodegradable stents have substantial advantages,
including simple manufacturing process for complex shapes, mechan-
ical durability compared to the metal stents, and applicability as drug-
eluting stents [13,14].

Developing effective wireless pressure sensor is required in several
applications, including biomedical devices, environmental monitoring,
and industrial processes. In general, MEMS-based pressure sensors ex-
hibit high reliability, low manufacturing cost and ease of integration
with integrated circuits than conventional mechanical sensors. Due to
these excellent properties, the medical implant MEMS-based pressure
sensors for measuring bio-signals have received substantial attention,
and this perspective has been confirmed in a wide range of applications
[1,15-17]. Recently, several MEMS-based pressure sensors have been
developed to measure intraocular pressure [18-20], brain pressure [21]
and pressure inside the blood vessels. Increasing demand for high
sensitivity, long-term monitoring, viable and cost-effective fabrication
techniques have stimulated further research and development in the
field of MEMS-based wireless pressure sensors.

In the present study, we proposed the fabrication of a biocompatible
wireless pressure sensor and a biodegradable polymer-smart stent using
advanced 3D fabrication techniques. The fabricated wireless pressure
sensor was integrated into the polymer stent. The smart stent platform
with the wireless pressure sensor can monitor blood vessel pressure in
real-time. The unique design of the smart stent allows minimization of
periodic medical examinations and controls the dose of drugs after in-
serting the stent. The preliminary investigations of the fabricated device
using an experimental rate demonstrated that the proposed device
could be potentially used for health monitoring applications.

2. Sensor mechanism and design

The wireless pressure sensor is fabricated based on the principle of
the inductor-capacitor resonant circuit. Fig. 1 shows the schematic
diagram of the proposed inductor-capacitor circuit, in which the in-
ductor and capacitor coil is coupled together in a series connection. The
inductor coils are designed as planner spirals to reach high impedance
value by taking advantage of mutual inductance effect. The magnitude
of the generated inductance is strongly dependent on several factors,
including the arrangement of the inductor coil, size, separation dis-
tance, and shape of the coil. After several trial experiments, the opti-
mized inductance values were obtained and 18- and 30-turn inductor
coils were found to be ideal for our applications. The capacitor in the LC
circuit consisted of 1 mm round parallel plates. When the external cir-
cuit resonates with an internal inductor coil, an electromagnetic force is
produced in the inductor coil according to Faraday’s law [22]. The
generated electromagnetic force induces a current for its self-operation
without the use of a battery. As is currently well-established, the
maximum electromagnetic force and current will be observed near the
resonant frequency of the device. The gap between the two capacitor
plates is linearly deformed according to the applied pressure, resulting
in a change in capacitance of the capacitor. The change in capacitance
reflects in the sensor's resonant frequency, and it is measured by the
external circuit. The resonance frequency of the ideal sensor based on
LC circuit can be described as Eq. (1) [15], where Ls and Cs is the
inductance and capacitance of the device, and w, is the resonance
frequency of the device.
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The fabricated wireless pressure sensors were used to monitor the
biological signal from an experimental object. The 30-turn inductor coil
integrated wireless pressure sensor was designed to measure the bio-
logical pressure on the skin or under the skin surface. The length (1),
width (w) and the thickness of the sensor were approximately 6.04 mm,
6.10 mm, and 0.15 mm respectively. Another wireless pressure sensor
with the 18-turn inductor coil was also designed to measure the pres-
sure inside the blood vessel. The dimensions of the 18-turn inductor coil
wireless pressure sensor was approximately 4.66 mm in length,
4.60 mm in width and thickness of 0.15 mm. The finite element method
(FEM) analysis of the fabricated wireless pressure sensor was obtained
from a previous study [23]. The results were expected to have the same
values as the fabricated wireless pressure sensors with the same capa-
citor dimensions [23]. However, the novelty of the present study was in
the sensor fabrication that was undertaken using an improved SU-8
thermal bonding process method. The fabricated wireless pressure
sensors showed a uniform capacitor gap distance, as well as high sen-
sing accuracy, compared to values in the previous report.

The inductor coil and capacitor plates of the wireless pressure
sensor were made of gold and copper with thicknesses of 100 nm and
10 um, respectively. The estimated inductance values of the 30-turn and
18-turn wireless pressure sensors were ~3480nH and ~1230nH, re-
spectively. The measured capacitance value of the wireless pressure
sensor was ~23.18 pF when the capacitor gap distance maintained at
10 um. The resonant frequencies of the 30-turn and 18-turn sensors
were ~142MHz and ~179 MHz, respectively.

(€8]

3. Fabrication of the wireless pressure sensor and the polymer
stent

The wireless pressure sensor was fabricated on a 4-inch silicon
wafer by conventional MEMS techniques. The advanced fabrication
techniques enabled the production of a uniform capacitor (see detail in
supporting information. Fig. S1-4) and a wireless pressure sensor with
high sensing accuracy. The variable capacitor was fabricated employing
E-beam deposition on the SU-8 plate, and the inductor coil was formed
by a Cu electroplating process. The previously reported wireless pres-
sure sensor fabrication process [23] used a thin layer of inductor coil
pattern, and electroplating was later performed to produce a thick coil.
The main drawback of the aforementioned paper was the uneven
thickness and high resistance of the inductor coil. In the present study,
these disadvantages have been carefully taken care off. During the
fabrication process of the wireless pressure sensor, an AZ4620 photo-
sensitive polymer was used throughout the Cu layer to make an in-
ductor coil pattern, and then a co-inductor coil pattern was made by an
electroplating process.

Fig. 2 illustrates a process flow for fabrication of the wireless
pressure sensor. A 4-inch silicon (Si) wafer was used as a substrate.
Firstly, a ~300 nm thick SiO2 sacrificial layer was grown on the silicon
substrate through a wet oxidation process. A ~200nm thick copper
(Cu) layer was then deposited on the SiO5 layer for use as a seed layer of
an electroplating process to inductor coils (Fig. 2(a)). mold patterns
with 30 ym in width and 10 um in thickness were formed using an
AZ4620 photoresist (Fig. 2(b)). The copper coil with a thickness of
~10um was subsequently made through the electroplating of Cu
(Fig. 2(c)). After removing the AZ4620 photoresist molds (Fig. 2(d)),
the SU-8 3010 was covered on the Cu coils and patterned using a
photolithography process as shown in Fig. 2(e). This SU-8 layer was
employed as a top part of the wireless pressure sensor and the thickness
was maintained at 100 pm. Next, the SiO, sacrificial layer was removed
from the Si wafer using a buffered HF solution, completing the top SU-8
layer of pressure sensors (Fig. 2(f)). For the fabrication of a bottom SU-8
layer, the 10-um thickness SU-8 layer was coated on the SiO, layer of
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Fig. 1. Schematic representation of the wireless pressure sensor with (a) 30-turn and (b) 18-turn inductor coils, and (c) operating principle of the smart stent.
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Fig. 2. Process flow of the wireless pressure
sensor: (a) deposition of thin Cu layer on a first
Si wafer, (b) PR mold for selective electro-
plating of Cu coil, (c) electroplating for 10 um-
thick inductor fabrication, (d) removal of PR
mold and thin Cu layer, (e) patterning of SU-8
photoresist for the use as a top part of pressure
sensors, (f) etching of sacrificial SiO2 layer and
releasing SU-8 structure from the first Si wafer,
(g) patterning of bottom SU-8 layer on a
second Si wafer, (h) lift-off process for bottom
electrode of capacitor, (i) fabrication of air
cavity and through hole via (TSV) using 10 pm-
thick SU-8 layer, (j) aligning top SU-8 layer to
bottom SU-8 layer, (k) thermal-pressure
bonding of top and bottom layers and (1) re-
leasing SU-8 based LC sensor structure from
the second Si wafer.
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Fig. 3. (a) Optical image of the top view of the fabricated wireless pressure sensor, (b) SEM cross sectional view of the wireless pressure sensor fabricated using a SU-
8 thermal pressure bonding technique.
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Fig. 4. (a) Schematic image illustrating the 3D bio-printing system and (b) photograph of the fabricated polymer stent.
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Fig. 5. Optical images illustrating the top and bottom view of the 30-turn wireless pressure sensor.

Table 1 another wafer (Fig. 2(g)). Subsequently, Ti/Au layers with 10 nm/
Measurement results of wireless pressure sensors with 18-turn and 30-turn in- 100 nm in thickness were deposited using an electron beam evaporator.
ductor coils. A bottom electrode for the variable capacitor fabrication was then
Parameters Sensor with 18-turn Sensor with 30-turn patterned by a metal etching process (Fig. 2(h)). And then, the same SU-
inductor coil inductor coil 8 photoresist was spin-coated and patterned on the first SU-8 3010

layer to form air cavity of the capacitor structure. As shown in Fig. 2(i),

Capacitor size Dia. 1 mm Dia. 1 mm gold (Au) was used to electrically interconnect the top electrode of the
Resonance frequency 183 MHz 130 MHz A .

Phase @ 3mm 70° 30 capacitor to the Cu coil connected to the bottom electrode of the ca-
Size (w X h) 4mm X 4mm 6mm X 6 mm pacitor. The fabricated top SU-8 layer was aligned to the bottom SU-8
Sensitivity 160 kHz/mmHg 160 kHz/mmHg layer formed on the second Si wafer. The pressure sensor structures

were then heated for 1h by applying 850 gf at 160 °C (Fig. 2(j), (k))
[24]. Finally, the sensor structures were released from the second Si
wafer by etching the SiO, sacrificial layer. The yield and reliability of
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Fig. 6. (a—c) Optical images of the measurement setup used to evaluate wireless pressure sensors.
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fabricated wireless pressure sensors were greatly improved by em-
ploying the thermal bonding in a compressed state. Fig. 3 shows optical
and SEM images of the fabricated wireless pressure sensor. The SEM
cross-sectional view confirmed the uniform formation of the capacitor
and the inductor.

The polymer-based smart stent was made by adopting 3D printing
techniques as a manufacturing method. Fig. 4 shows the schematic il-
lustration of the 3D printer setup, consisting of a heating module for
heating the plastic materials and a pressure module for the discharging
process. Thermal extrusion with the 3D bio-printer provided a tube-
type structure to the fabrication of the stent route. The bio-printer was
equipped with a dispenser and 4-axes stages were assembled with a
temperature and a pressure controller. The controlled temperature and
pressure facilitated the formation of the smooth stent architecture. The
tube-type stent was fabricated using a biocompatible and biodegradable
polycaprolactone (PCL) polymer material [13]. The photograph in
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(a) Impedance and (b) phase changes of the wireless pressure sensor with 18-turn inductor coil as a function frequency at different applied pressure.

Fig. 4(b) shows the fabricated polymer stent with a diameter of ~3 mm
and a length of ~13 mm. The small sensor platform was provided with
the polymer stent for the integration of the wireless pressure sensor to
measure the pressure inside the smart stent.

4. Results and discussion

Fig. 5 illustrates the top and bottom view of the fabricated SU-8-
based wireless pressure sensor. Table 1 summarizes the obtained re-
sults, i.e., the resonant frequency and sensitivity analysis of both 18-
turn and 30-turn wireless pressure sensors. The sensor resonant fre-
quency of the fabricated pressure sensor with the same dimensions has
a slight variation in the resonant frequency in the range of 2 ~5 MHz. It
could be attributed to the difference in current strength depending on
the position of the silicon wafer during the electroplating process of the
inductor coil. The slight different thickness of a silicon wafer during the
sensor fabrication resulted in a difference in the resonant frequency.

The fabricated wireless pressure sensors were characterized by
using a custom-designed plastic jig and an impedance analyzer. The
series of photographs for the preliminary experiment are shown in
Fig. 6. As shown in Fig. 6(c), the fabricated pressure sensor was glued to
the jig connected to a syringe pump. The external pressure in the range
of 0 ~ 200 mmHg at a pressure interval of 20 mmHg was then applied
to the pressure sensor. Resonant frequency of the pressure sensor with
respect to the applied pressure was transmitted to the impedance ana-
lyzer (Agilent 4395 A) through the external antenna. A micro-stage was
employed to assess the positional alignment of the wireless pressure
sensor to the external antenna.

Resonance frequencies of two different wireless pressure sensor
with 18-turn and 30-turn inductors were investigated. Fig. 7 shows the
change of resonance frequency for the wireless pressure sensor with 18
turns inductor as a function of applied pressures in the range of 0 to
220 mmHg. The maximum error range of the pressure sensor was ~2%
as shown in Fig. 8. As observed in Fig. 8, when the applied pressure is
higher than 180 mmHg, the resonance frequency of the pressure sensor
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(a) vertical, (b) horizontal, (c) tilt and (d) phantom tissue.
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Fig. 10. (a, b) Photographs illustrating the developed wireless pressure sensor integrated 3D printed polymer and metal stents, (c) sensitivity analysis of the wireless

pressure sensor integrated smart stent and metal stent.

begins to deviate from the linear change. This is because the value of
the variable capacitor changes non-linearly at high pressure or large
deformation. However, the non-linear change of the resonance fre-
quency can be ignored in the general range of use of the fabricated
wireless pressure sensor because it deviates from a normal blood
pressure range. The measured resonance frequencies of the pressure
sensors with the 18-turn and 30-turn inductor coils were 183 MHz and
130 MHz, respectively. The sensitivity of both wireless pressure sensors
found were ~160kHz/mmHg. Owing to the same capacitor plate di-
mensions and air cavity, both the sensors possessed the same sensitivity
range.

The sensitivity of the 30-turn inductor coil integrated wireless
pressure sensor was investigated according to the distance between the
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wireless pressure sensor and the external antenna. To assess the sensi-
tivity, the sensor position was fixed and we adjusted the position of the
external antenna. The sensitivity range of the pressure sensor was
evaluated by measuring the phase changes at various measurement
conditions.

The sensitivity of the pressure sensor varied according to its align-
ment with the external antenna. Therefore, the sensitivity of the pres-
sure sensor according to its different positions: (i) vertical, (i) hor-
izontal, and (iii) slope (Fig. 9) were evaluated. Firstly, the wireless
pressure was aligned vertically to the external antenna. The difference
in phase angle of the pressure sensor was evaluated in an air medium by
increasing the distance between the sensor and the antenna using a
micro-stage. The sensitivity of the sensor was found to be 3° when the
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of the experimental animal monitored using an implanted wireless pressure sensor.

distance between the sensor and the external antenna was ~8mm
(Fig. 9(a)). The sensitivity of the wireless pressure sensor in a horizontal
position was ~5° at 3mm (Fig. 9(b)). In tilt positions, the sensitivity of
the sensor was ~2° when the angle between the pressure sensor and
antenna was 60° (Fig. 9(c)). The medium between the wireless pressure
sensor and the external antenna was also an important factor that de-
termined the sensitivity of the pressure sensor. Therefore, the pressure
sensor was placed in a phantom tissue, and the sensitivity of the sensor
was evaluated. The obtained results using a phantom tissue are shown
in Fig. 9(d). These investigations directly implied that the magnitude of
the sensor sensitivity was greatly influenced by its differential place-
ment and environmental conditions with respect to the external an-
tenna. Although the pressure sensor positions and environmental cir-
cumstances varied, the obtained results from the sensor were confirmed
to be in the acceptable range.

The main objective of this research work was to develop a wireless
pressure sensor integrated smart stent to monitor biological signals
from an experimental object. Generally, metallic stents are widely
employed to expand the blood vessels. However, when integrating
wireless pressure sensors into conventional metallic stents, it is difficult
to measure the resonant frequency signals because they are reflected or
scattered by the metal stents. To overcome these drawbacks, biode-
gradable polymer materials were used as the material of the stent.
Fig. 10(a) and (b) show photographs of the fabricated wireless pressure
sensors integrated with polymeric and metallic stents. The sensitivity of

the various smart stents was investigated using a simple experimental
setup. In the evaluation of the smart stents, the 18-turn coil of the
wireless pressure sensor was employed during the experiments due to
the smaller inner diameter of conventional stents. As shown in
Fig. 10(c), the sensitivity of the polymer stent integrated with the
wireless pressure sensor was better than that of the wireless pressure
sensor integrated metal stent. The obtained experimental results re-
vealed the feasibility of using the fabricated wireless pressure sensor
integrated polymer stent for real-time monitoring applications.
Finally, the in vivo biocompatibility of the fabricated wireless
pressure sensor was investigated to demonstrate the feasibility of using
the sensor inside blood vessels. All animal tests were carried out in
accordance with the procedures approved by the animal care com-
mittee at the Chonnam National University-South Korea and confirmed
with the guidelines of the US National Institutes of Health. The fabri-
cated wireless pressure sensors were inserted into various locations,
including the neck, heart, and femoral areas of the experimental animal
(Fig. 11(a)). The biocompatibility of the pressure sensors was in-
vestigated for more than 3 months. During the evaluation period, the
experimental mouse was monitored at regular intervals through X-ray-
based imaging analysis. The X-ray observations (Fig. 11(b)) showed no
abnormalities such as tumors or any other biological illness in the ex-
perimental animal. The photograph in Fig. 12(a) illustrates the bio-
compatibility test of the wireless pressure sensor inserted into the ex-
perimental animal. The pressure inside the blood vessels of the
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experimental animal was monitored using an inserted wireless pressure
sensor (Fig. 12(b)). The normal blood pressure range in the animal is
approximately 91 ~ 129 mmHg, and the difference between the max-
imum and minimum blood pressure is approximately 38 mmHg [25].
As shown in Fig. 12(b), the difference between the maximum and the
minimum resonant frequency was approximately 7 MHz. The pressure
difference calculated from the sensor sensitivity (0.16 MHz/mmHg)
was found to be approximately 43 mmHg, a value similar to that of the
normal blood pressure for the experimental animal.

Reproducibility and robustness of the wireless pressure sensors are
very important for practical use of the sensors. To ensure the long-term
reliability, the fabricated wireless pressure sensors were inserted into
the experimental animal and the change in blood pressure were mea-
sured continuously for more than 3 months. The resonance frequency
changes due to the contraction and relaxation of the ventricles over a
period of three months are shown in Fig. S5. The obtained experimental
results clearly indicate the repeatable measurement of the pressure
change by using the resonance frequency shift in a range of ~ 3-7 MHz.
In order to measure the pressure value precisely, the experimental an-
imal was anesthetized and the measurement was carried out, which
showed a slight deviation from the steady state pressure of the ex-
perimental rat. The preliminary study suggested the possibility of using
the fabricated wireless pressure sensor and polymer stent in a human
body. Even though the consequences do not accurately simulate those
of a human, the obtained results are crucial for the assessment of safety
and deliver valuable information regarding pathological studies.

5. Conclusions

We successfully fabricated a wireless pressure sensor and polymer-
based smart stent for biomedical applications. The SU-8 wireless pres-
sure sensor was developed through the MEMS-based fabrication tech-
nique to achieve miniaturization and stable production of the device.
The biocompatible polycaprolactone-based smart stent was developed
using 3D printing technology. The proposed stent fabrication process is
easy to create complex shapes and structures. The fabricated wireless
pressure sensor was integrated into the polymer smart stent and was
verified through biocompatibility tests. The produced wireless pressure
sensor was investigated in detail through various analyses and in-vivo
biocompatibility tests in an experimental animal. Furthermore, we also
conclusively demonstrated the possibility of measuring the in-
travascular blood pressure of the experimental animal. We anticipate
that the proposed wireless pressure sensor and smart stent will present
opportunities to develop the next generation of biomedical devices for
health monitoring applications.
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