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Abstract. The increase of life expectancy in the European Union, and the high 

risk of cardiovascular diseases associated with age, are some of the main factors 

to contribute to the rise of healthcare costs. An intelligent stent (e-stent), 

capable of obtaining and transmitting real-time measurements of physiological 

parameters for its clinical consultation, can be a useful tool for long-term 

monitoring, diagnostic, and early warning system for arterial blockage without 

patient hospitalization. In this paper, a behavioural model of capacitive Micro-

Electro-Mechanical (MEMS) pressure sensoris proposed and simulated under 

several restenosis conditions. Special attention has been given to the need of an 

accurate fault model, obtained from realistic finite-element simulations,to 

ensure long-term reliability; particularly for those faults whose behavior cannot 

be easily described by an analytical model. 

Keywords: Biomedical Electronics, Implantable Biomedical Devices, 

Biomedical Transducers, Cardiology, MEMS Testing, Fault Injection. 

1   Introduction 

Cardiovascular diseases are the leading cause of mortality in the European Union 

(EU), being responsible of nearly 35% of all deaths in the year 2009 [1]. Percutaneous 

Coronary Interventions (PCIs) are the most common coronary revascularization 

procedures, consisting mainly of a balloon angioplasty procedure with stent 

placement.A stent is a bio-compatible mesh tube designed to be inserted into the body 

in a collapsed way, mounted at the tip of a catheter with a deflated balloon inside it. 

At the point of blockage of a blood vessel, the balloon is inflated, so the stent is 

expanded against the vessel walls, where it is deployed in order to create a durable 

unobstructed path for blood flow. 

The stent has had a strong impact in modern cardiovascular medicine, positioning 

as a minimally invasive alternative to coronary artery bypass grafting surgery 

(CABG), with a short recovery time and low major complications rate. Particularly, 

the Universitary Hospital Marqués de Valdecilla in Santander (Spain) conducts more 

than 1500 procedures with stent implantation per year.Unfortunately, this procedure is 

not exempt oflong-term complicationsas the in-stent restenosis (ISR), that consists of 
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the re-occlusion of the vessel lumen due to physiological repair mechanisms triggered 

by damage induced to the vessel walls during an angioplasty procedure [2]. 

The development of MEMS, together with micro-fabrication technologies 

compatible with CMOS fabrication processes, allow the integration of sensor 

structures and electronic circuits in the same chip, increasing the capabilities of 

implantable medical electronic devices. An intelligent stent (e-stent) that incorporates 

a sensor and integrated electronic circuitry, capable of monitoring and transmitting 

real-time measurements of physiological parameters related to blood vessel occlusion, 

such as pressure and flow velocity, can be a useful tool to ISRearly detection [3-5]. 

It is relevant to point out that an implantable sensor must fulfil certain design 

restrictions, including reduced size, low power consumption, low cost, and above all, 

long-term reliability and stability. This is why heterogeneous testing, fault modelling 

and fault injection are critical issues to validate the fabricated device. 

In this paper an initial model of a proposed ISR monitoring device is presented 

and evaluated under different grades of stenosis; focusing on the analysis of MEMS 

pressure sensors, to estimate the influence of their most common fabrication faults on 

the system response. Section II summarizes the relationship of this work to the 

Internet of Things (IoT). Section III describes the behavioural model of the proposed 

implantable device under different grades of stenosis.In Section IVanalytical models 

of a MEMS pressure sensor are validated using FEM simulations. A common 

fabrication fault error is injected into the FEM model, so that its influence on the 

sensor response can be quantified. The paper finishes in Section V with the 

conclusions and future work. 

2   Relationship to the Internet of Things 

The Internet of Things (IoT) was born with the main objective of providing wireless 

communication capabilities to daily life objects, in order to create a new network 

concept based on the interaction between an imaginary environment (internet) and the 

real world (objects and sensors). The application of IoT technology in the healthcare 

field represents a potential way to minimize, social problems related, among others, to 

population aging and the associated risk of long-term diseases. 

In this sense, a field of interest in the IoT lies in the concept of Medical Body Area 

Networks (MBAN) [6]. The use of implantable or wearable sensors, together with the 

addition of network connectivity, short range wireless communication to handheld 

modules, and remote data transmission via mobile phone or home gateway, can 

optimize the way medical data is nowadays acquired, stored and analyzed by 

healthcare providers. This type of sensors offers numerous benefits, such as 

continuous monitoring of patient’s health state and personalized treatment or 

instantaneous first aid notification in the case of critical condition 

This work proposes a behavioural model of an implantable pressure sensing 

device for the pulmonary artery, capable of obtaining and transmitting real-time 

measurements for the early detection of ISR condition without patient hospitalization. 
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3   Intelligent Stent Model 

Blood flow and pressure measurements are some of the most commonly carried out 

procedures tomonitor cardiovascular diseases. In this field, three approaches have 

been proved to be compatible with e-stent design: electromagnetic, ultrasonic and 

pressure-based techniques [3-5]. Pressure-based techniques are of special interest, 

because of their simple implementation, low power requirements, reduced dimensions 

and integration capabilities of sensors and electronic circuits on the same silicon 

substrate. Moreover, these approaches allow measuring both blood flow velocity and 

pressure in the vessel, providing a complete set of data to carry out ISR follow-up. 

The relationship betweenthe two physiological parameters in an obstructed vessel can 

be expressed as[7]: 

 
(1) 

 

Where ∆P is the pressure gradient between both sides of the stenosis, v is the mean 

cross-sectional flow velocity in the vessel, and R1, R2 and R3 are coefficients that 

depend on the geometry of the obstruction and fluid properties. Parameter R3 is 

related to fluid inertial effects and has been reported to be despicable under medium 

to strong stenosis conditions [7]. 
 

 

Fig. 1. Sensor placement and measures. 

The simplest pressure-based e-stent implementation consists of a pair of capacitive 

MEMS sensors to measure blood pressure and an inductance to form an LC tank for 

remote power transfer and data transmission through inductive coupling. Fig. 1 shows 

a simplified representation of the proposed device, where P0 and P1 are blood pressure 

values in the heart and distal sides of the stent respectively. 

A behavioural model of the implantable device, implemented in Matlab, is shown 

in Fig.2. This model has been simulated under different grades of stenosis, by varying 

R1 and R2 parameters, in order to obtain an approximation of its response under real 

disease conditions. 
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Fig. 2. Simplified model of the electronic system. 

The first block of the model, called F2dP, converts blood flow velocity to 

differential blood pressure in the pulmonary artery, using the relationship exposed in 

(1). The values of R1 and R2 have been taken from clinicaltrials concerning ISR [8], as 

seen in Table.1. Using pressure and blood flow velocity signals from clinical trials, 

the F2dP block provides two pressure waveforms to be measured by the proximal (P0) 

and distal (P1) MEMS sensors. 
 

Table 1. Characteristics of the instantaneous flow velocity and pressure gradient relationship. 
 

Condition R1 R2 

Normal artery 0.032±0.018 0.00030±0.0049 

Intermediate stenosis 0.15±0.11 0.0021±0.0014 

Severe stenosis 2.67±1.58 0.0014±0.010 

 

The P2C block contains an analytical model of a capacitive MEMS pressure 

sensor. This kind of sensor consists of a fully clamped diaphragm suspended over a 

sealed cavity and a fixed backplate. Once a uniformly distributed pressure is applied 

to the sensor, the top membrane deforms towards the backplate, reducing the chamber 

size and causing an increase in the resulting capacitance. A more detailed sensor 

description will be carried out in section IV. 

The C2V blockconvertsthe output capacitance value from the pressure sensors to 

electric digital voltage signals V0 and V1. The former voltage is related to the pressure 

recorded at the proximal location of the stent, while the latter is proportional to the 

pressure at the distal side. The converter model presents a linear response; and its 

description has been selected to be similar to common capacitance-to-digital 

converters (CDC) [9]. The most relevant parameters of the model are: a reference 

capacitance of 1.5 pF, a conversion range of 1.7 pF and a resolution of 10 bits. 

Moreover, several undesired effects, such as capacitive input noise, absolute error 

after calibration, gain error, integral nonlinearity and differential nonlinearity, have 

been taken into account to obtain a first estimation of their influence over the pressure 

and flow velocity measurements. 

The behaviour of the modelled system for low ISR rate in the pulmonary artery is 

shown in Fig. 3. It shows the output voltage of the system (right graph), as a function 

of the blood flow signal for a healthy artery, and pressure waveforms to be measured 

by the MEMS sensors (left graph). 
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Fig. 3. Output system voltage compared to blood flow (right),reflecting the differential 

pressure measured in a pulmonary artery under low stenosis conditions (left). 
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Fig. 4. Output mean voltage for R1 and R2 parameter sweep. 
 

Several sets of R1 and R2 parameters have been introduced in the model, to 

generate blood flow waveforms under various real ISR conditions. As shown in Fig. 

4, worse ISR conditions, reflected in higher R1 and R2 values, increase the pressure 

gradient along the longitudinal axis of the e-stent, as well asthe mean output voltage 

of the system. The simulation results show a similar behaviour to the one expected 

(1), and have been compared to experimental data obtained from clinical trials [10]. 

It must be noted that a fault-free analytical model of the sensor has been used to 

carry out the previous simulations. As will be seen in the next section the accuracy of 

the mathematical models under faulty conditions must be analyzed, in order to 

evaluate its influence in the behaviour of the whole device. 

4   Capacitive MEMS Pressure Sensor 

The principle of operation of MEMS capacitive pressure sensor is based on the 

concept of a two parallel plate capacitor, as mentioned in Section III. Fig. 5 shows a 

typical cross-sectional view of this kind of sensors, where P is a uniformly distributed 

pressure applied to the sensor, w0 is the center deflection of the membrane, tg is the 

gap between the membrane and the fixed backplate when the external pressure is 

equal to the one in the cavity, and tm is the thickness of the diaphragm. 
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Fig. 5. Output mean voltage for R1 and R2 parameter sweep. 
 

The deflection of a fully clamped circular diaphragm can be analytically modeled 

as a function of the radial distance from the center of the plate [11]. To validate this 

approach, some assumptions must be considered [11]: (a) the material of the 

diaphragm must have isotropic mechanical characteristics; (b) the thickness of the 

metallic electrode on the plate has to be neglected; (c) the gap between the plates 

needs to be small compared to the lateral extents of the plates, so the electric field 

fringing effects can be depicted; (d) the residual stresses in the diaphragm are not 

considered. Once fulfilled the previous requirements, the deflection of a circular 

diaphragm under large deflection conditions (w0> 30% tm) can be stated as: 

 

(2) 

 

(3) 

 

Where r is the distance to the center of the diaphragm,a is the radius of the 

diaphragm, and w0 is the maximum center deflection. 

Once known the expression relating radial displacement and pressure applied to a 

fully clamped circular diaphragm, the sensor capacitance can be defined as: 

 

(4) 

 

Where C0 is the capacitance of the undeflected sensor, ϵ0 is the dielectric 

permittivity of free space, and A is the common area of the plates. 

Finite element analysis (FEA) techniques allow non-linear mechanical and 

electromagnetic simulations of complex structures. In the particular case of MEMS 

pressure sensors, FEA analysis enables the validation of the aforementioned analytical 

models under various environmental conditions, as well as fault injection in the 

structural model of the sensor. Fig.6 shows the analytical and FEA capacitance and 

deflection response of a pressure sensor with a polysilicon diaphragm (Young 

Modulus: E = 169 GPa; Poisson Ratio Coefficient:� = 0.22) of 4µm thickness, a 

radius of 350µm and a sealed cavity of 2µm height. 
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Fig. 6. Output mean voltage for R1 and R2 parameter sweep. 
 

Because of its small thickness and high deformation degree, the sensor’s 

diaphragm can be considered to be the most vulnerable part to fabrication defects. As 

the critical element of a capacitive sensor, its analytical model response, obtained 

from (2), (3) and (4), has been compared to the one from a FEA simulation, in fault 

injection cases. Fig. 7 contains analytical and FEA results when a defect, in the form 

of a pyramidal protuberance, appears on the top diaphragm of the sensor. This type of 

defect has been reported to occur because of the presence of impurities during the 

anisotropic wet etching of a single crystal silicon; a widely used process to create 

membranes [12]. Fig. 7 (left) shows that the capacitance response of the sensor, under 

constant pressure conditions, decreases for higher pyramid base areas at the center of 

the diaphragm. Fig. 7 (right) contains the capacitance results, under similar pressure 

conditions, calculated for different locations of a pyramid with a base side of 50µm. 
 

0 500 1000 1500 2000 2500
3.1

3.15

3.2

3.25

Base Area (um
2
)

C
a
p

a
c
it

a
n

c
e
 (

p
F

)

C(pF) vs. Pyramid Base Area

 

 

C(pF) w/o. pyramid (FEA)

C(pF) w/. pyramid (FEA)

0 50 100 150 200 250 300
3.1

3.15

3.2

3.25

Center Distance (um)

C
a
p

a
c
it

a
n

c
e
 (

p
F

)

C(pF) vs. Pyramid Location

 

 

C(pF) w/o. pyramid (FEA)

C(pF) w/. pyramid (FEA)

 
 

Fig. 7. Capacitance for different pyramid base sizes (left) and capacitance for different 

pyramid locations from the center of the diaphragm (right), under a pressure of 8kPa. 
 

As shown in Fig. 7, the presence of a pyramid on the top membrane of the sensor 

reduces its deflection and equivalent output capacitance value, implying a loss of 

sensor sensitivitywhich can seriously compromise its reliability. 

As shown in Fig. 6, an acceptable analytical solution can be achieved in the fault-

free case, based on (2), (3) and (4). However, this mathematical formulation is no 

longer valid for modeling a faulty membrane. Hence, it is necessary to create 

additional analytical membrane models under faulty conditions, considering 

deflections results obtained from FEA simulations; especially for those faulty cases in 

which the geometry and/or material properties of the membrane are altered. 
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5   Conclusions and Further Work 

In this work, a behavioral model of an implantable device for ISR early detection has 

been presented. Test related problems for implantable capacitive MEMS pressure 

sensors have been considered; especially those cases which significantly affect the 

properties of the diaphragm. The deflection issue of circular membranes has been 

proved to be solvable for a fault-free case, using an accurate analytical behavioral 

model. Nevertheless, the aforementioned mathematical model evidences a lack of 

accuracy when tested under fault-injection conditions. The creation of additional 

models to precisely describe the behavior of a flexible diaphragm under faulty 

scenarios, using deflection results from FEA simulations, seems to be an essential 

requirement to completely characterize implantable MEMS pressure sensors. 
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