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CHAPTER 1: THE THESIS OBJECTIVES 

 
Keywords: MEMS sensor optimisation, COMSOL Multiphysics, finite element analysis. 

 

The present-day miniaturization trends found in numerous technical and scientifical fields 

have grown also in the case of pneutronic systems developing new applications for these fields 

concerning microbiotics and biomedical engineering. These applications though require working 

with low pressure and flow, which demanded the development of new transducers capable of 

precise measuring of fluid characteristics, even when the value of these units of measure is below 

the normal threshold.. 

The first objective of this thesis is the development of some parametric numeric calculation 

models for the simulation of piezoresistive pressure sensors MEMS. Through the utilization of 

these models are obtained microsystems with optimal performance, from a measuring precision 

standpoint as well as the sensibility of transducers. 

The second objective of this thesis consisted in the proposal of an optimization method for 

the performance of miniature static pressure transducers which function based on the 

piezoresistive principle. This proposal was sustained through the development of a numerical 

analysis for the constructive solution proposed and the comparison between the sensibility of 

these types of transducers with the ones built the classic way. 

The third objective of this thesis addresses an issue often encountered in automated 

pneumatic systems and it is measuring the dynamic pressure of the fluid. This thesis proposes a 

new approach for the electromagnetic resonant sensor, which measures the dynamic pressure and 

speed of compressed air on the trajectory of a pneutronic system. The proposed sensor can 

function either in a static state, relying on the variation of the inductance of a coil, or in a 

dynamic state, through the measuring of variations in the resonance frequency under the 

influence of a fluid. Both functioning principles will be demonstrated through numerical models, 

and the model of functioning in a static state will be validated experimentally. Also, different 

future constructive solutions for the proposed sensor will be tested, both through numerical 

calculations and through experimental results..    

 

 

CHAPTER 2. STATE OF THE ART ON THE DEVELOPMENT IN 

THE PNEUTRONIC SYSTEMS FIELD 
 
 
 

2.1. General considerations 
 

With the development in the field of microelectronics and sensory equipment, the 

performance of smart pneumatic systems has shown great improvements, allowing using these in 

new fields of activity [1]. Alongside standardized pneumatic systems, they were developed also 

specially designed devices, which allow the integration of sensory elements and adjustment 

algorithms, for obtaining the best control of these systems. 

The pneutronic systems represent the answer to current automatization tendencies of 

pneumatics, through the integration of electronics and programing elements in classic pneumatic 

systems [2]. The result of this mergere consists in developing new inteligent systems, equiped 

with all the elements necesary for automatic control. 

Although the structure of the pneutronic systems can vary based on their purpose and 

complexity, most intelligent pneumatic systems are composed of several basic modules, 



 

6 

 

including pneumatic actuators, sensory elements ( the informational subsystem ) and the 

command subsystem [3]. The general structure of pneutronic systems is presented in fig. 2.1. 
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Fig. 2.1. The general structure of pneutronic systems [3] 

 

At the base of the pneutronic systems are advanced regulation and control algorithms, for 

the implementation of which it is necessary to acquire in real time the specific parameters of the 

pneumatic process. The determination of these parameters is done with the help of sensors 

dedicated to each size, which then transmit the information to the system controller. Based on 

this information, as well as the implemented software, the controller sends commands to the 

system actuators, in order to carry out the regulation and control process. Currently there are two 

possibilities for implementing sensory elements in pneutronic systems: either as stand-alone 

equipment, or integrated into the structure of other equipment (cylinders, throttles, etc.). In both 

cases, the control and regulation accuracy of the system is closely related to the performance of 

the transducers, which is why current trends in the development of pneutronic systems are 

closely related to the optimization of sensory equipment. 

To highlight the importance of sensory elements in intelligent pneumatic systems, a study 

was conducted of equipment and pneumatic systems that include in their structure sensors for the 

main process quantities (pressure, flow, temperature, position, etc.). 

 

2.2. Pneutronic systems and equipment with integrated transducers 

 

2.2.1 Pneutronic systems with transducers for process quantities 

 

Pneutronic systems are used in a wide range of industrial applications, due to the many 

advantages they have, including: low fire risk, high working speed and compliance with hygiene 

and sanitation due to the absence of oil leaks or toxic substances. However, due to the 

compressibility of the air, the position of the load is difficult to adjust, therefore most of these 

systems are controlled in a closed loop, using a position reaction given by a transducer specific 

to this size. Also, for these systems to work properly, it is necessary to ensure a constant working 

pressure, which is why accurate pressure measurement is an aspect of major importance in the 

design and implementation of pneutronic systems. 

 

2.2.2 Pneutronic equipment with integrated transducers 

 

The next stage in the development of pneutronic systems was the integration of sensory 

elements in the system in the structure of pneumatic equipment, thus obtaining complex devices 

with high performance, which may even be in some cases an automatic system on its own. The 

purpose of introducing transducers into the structure of conventional equipment is either to 

reduce hysteresis (in the case of proportional distributors) or to ensure closed-loop control of the 

device (in the case of pressure regulators and special construction motors) [9]. Pressure 

regulators are essential equipment for the operation of any pneumatic system. In the case of 

systems that operate with compressed air, most regulators have an exhaust valve in the 
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atmosphere, but the classic constructions are slow and do not ensure a real-time regulation of the 

pressure in the system.  

 

2.3. State of the art in the development of transducers used in pneumatic systems 

 

The efficient operation of pneutronic systems involves real-time monitoring of several 

physical quantities (pressure, temperature, flow, displacement, forces, speeds, accelerations, 

moments) which are the main process parameters of these systems. The automatic adjustment of 

pneumatic automation systems is based on the precise, real-time adjustment of these parameters, 

which implies a more accurate knowledge of the values of the physical process quantities listed 

above. Consequently, current efforts to develop the field of pneutronic systems focus on two 

main directions: improving the characteristics of measuring devices and developing data 

acquisition systems. 

The chapter aims to identify the main features of transducers used in pneutronic systems. 

The aim of this study is to develop methods to compensate for the limitations of various 

measurement elements to obtain the most accurate values of the physical quantities of the 

process. 

The transducers most frequently used in automatic pneumatic systems can be classified 

according to [12], according to the measured quantity, as follows: 

a) Transducers for mechanical units: 

 Movement transducers 

 Pozition transducers 

b) Fluid transducers: 

  Temperature transducers 

  Flow transducers 

  Pressure transducers. 

 

2.4. Miniaturization trends in pneutronics 
 

The introduction of sensory elements in conventional pneumatic systems has opened the 

possibility of operating these systems in automatic mode, which allows the use of intelligent 

pneumatic systems in a wide range of applications. 

Current research trends in the field of drive, regulation and measurement systems focus on 

obtaining precise, modular, small and low cost systems. New pneutronic equipment can reach 

miniature dimensions and can be made with the help of micro-manufacturing technologies, even 

on a single silicon wafer. Their advantages are low manufacturing costs and simple construction, 

which increases the life of the equipment by the absence of moving components that can easily 

break down. 

The main problem in the development of pneutronic microsystems is the work at low 

pressures and flows, characteristic of the equipment used. For this reason, there has been a need 

to develop new transducers, small enough to be successfully implemented in microsystems and 

offering high measurement accuracy for low pressures and flows. 

The solution for obtaining these new measuring equipments appeared with the 

development of MEMS technologies (micro-electro-mechanical systems). MEMS type 

transducers are characterized by small dimensions (of the order of millimeters), constructive 

simplicity (which substantially reduces the cost of equipment) and the possibility of measuring 

very small variations of process sizes. For these reasons, MEMS sensors are the answer to the 

need to measure low flow rates and working pressures in micropneutronic systems. 

 

   



 

8 

 

CHAPTER 3: RESEARCH ON THE OPTIMIZATION OF 

PIEZORESISTIVE MEMS PRESSURE TRANSDUCERS 

 

 

3.1. INTRODUCTION  

The chapter studies the main aspects related to the design and simulation of the operation 

of piezoresistive pressure MEMS transducers, as well as aspects regarding their optimization. 

For this purpose, I have intensively studied the physical phenomena underlying the operation of 

these sensors and have performed simulations of their behavior, in order to verify the proposed 

optimization possibilities. In this chapter I have studied two types of elastic membranes: circular 

and square, these being specific to piezoresistive pressure transducers, due to the ease of their 

manufacturing through monocrystalline silicon etching processes. 

I also determined the influence of membrane geometry on the sensitivity of the sensors by 

analyzing the output signal obtained for each geometry. The variations of Von Mises stresses, 

specific deformations and output signal for each structure and for different thicknesses of the 

elastic membrane have also been studied. At the same time, I determined the ideal positions of 

the piezoresistors on the membrane surfaces, in order to ensure the highest possible sensitivity of 

the transducers. In the same chapter, I developed and proposed a possibility to optimize the 

structure of piezoresistive pressure transducers with circular membrane, which would ensure a 

superior sensitivity of this equipment 

 

3.2. THE MATHEMATICAL MODEL OF THE MEMS PIEZORESISTIVE PRESSURE 

TRANSDUCERS 

Due to the piezoresistive properties of the sensitive elements in the structure of the 

pressure transducers, the deformation induced by the application of pressure on the sensor 

membrane produces a variation of the electrical resistance of the piezoresistors. According to 

[35], the variation of the electrical resistance of a piezoresistor is described by the equation: 

 
(3.1) 

 

where: 

l = length of the piezoresistor, 

A = the cross-sectional area of the piezoresistor 

ρ = resistivity of the piezoresistor material 

In a more general case, if we consider the plane state of mechanical stresses but without neglecting 

the mechanical planar shear stress, we obtain the following relation: 

 
(3.21) 

where, according to [40], if the effect of the transverse mechanical stresses is also taken into 

account, the lateral and transversal piezoelectric coefficients for the <110> direction are: 

 

 

         (3.22) 

The variation of the electrical resistance of the piezoresistive elements depends on the 

type and value of the mechanical stresses to which they are subjected and therefore on their 

arrangement on the elastic membrane of the sensor. There are thus two cases: piezoresistors 
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oriented on the x axis (fig. 3.1) and piezoresistors oriented on the y axis of the membrane (fig. 

3.2). 

. 

X

y

piezorezistor

 
Fig. 3.1. X oriented piezoresistor 

Fig. 3.1 shows an elastic membrane of a MEMS transducer, on the surface of which a 

uniformly distributed pressure acts. When the pressure is applied, a positive radial stress σrad, 

equal to σl, and a tangential voltage σtan, negative, equal to σt (σtan <0, σrad> 0) act on the 

piezoresistor. Therefore, according to [7], the value of the voltage σtan is described by equation 

3.19, and the relative variation of the electrical resistance can be calculated using relation 3.24. 

In this case, the electrical resistance of the element increases with the value ΔR.  

 (3.23) 

 
(3.24) 

X

y

piezorezistor

 
Fig. 3.2. Y oriented piezoresistor 

 

The piezoresistor in fig. 3.2 is oriented on the y direction of the membrane, and on it acts a 

tangential tension σtan, positive, with the value σl and a radial tension σrad, negative, equal to 

σt. (σtan> 0, σrad <0). 

Therefore, according to [40], the transverse voltages are described by equation 3.25, and 

the relative variation of the electrical resistance as a function of stress can be calculated using the 

relation 2.26. In this case, the strength of the element decreases.  

 
(3.

25) 

 

(3.

26) 

In order to be able to measure the smallest resistance variations, the MEMS piezoresistive 

pressure sensors have in their structure four sensitive elements of equal dimensions, arranged in 

a Wheatstone bridge (fig. 3.3). 
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R1

R4

R2

R3

 
Fig. 3.3. Wheatstone bridge [40] 

 

The Wheatstone bridge consists of two series of two resistors, connected in parallel. Using 

Ohm's law and Kirchoff's laws, one can write the relationship between the supply voltage of the 

bridge and the output voltage, as following: 

 
(3.27) 

If no pressure is applied to the membrane, the Wheatstone bridge is balanced, and V0 = 0. 

If V0 = 0, using the relation 3.27, the equilibrium condition of the Wheatstone bridge can be 

written: 

 
(3.28) 

Under the action of pressure on the surface of the sensor membrane, each piezoresistive 

element registers an increase, respectively a decrease of the electrical resistance, depending on 

their orientation in the plane and on the mechanical stresses acting on them. 

In the case of piezoresistive pressure sensors, the positioning of the sensitive elements is 

done in such a way as to obtain a maximum sensitivity of the transducer, so an output voltage as 

high as possible for a minimum value of the load. For this, it is necessary to obtain as large an 

imbalance as possible of the Wheatstone bridge, produced if the resistance value of two elements 

decreases and of the other two, increases, as will be demonstrated in the following. 

Based on fig. 3.1 and 3.2, as well as relations 3.24 and 3.26, in order to obtain the increase 

of the resistance of a pair of elements, it is necessary to position them in the x-x direction, and in 

order to obtain a decrease, the positioning of the elements is done in the y-y direction. Thus, the 

configuration of fig. 3.4, in which the elements R2 and R4 register a decrease in electrical 

resistance, and R1 and R3 an increase in it. 

 
Fig. 3.4. Piezoresistors position on a pressure sensor [40] 

Due to the positioning of the elements on the flexible membrane, the transverse elongation 

supported by resistors R2 and R4 is equal to the longitudinal elongation supported by resistors 

R1 and R3 and the longitudinal elongation supported by resistors R2 and R4 is equal to the 

transverse elongation supported by resistors R1 and R3. Due to this aspect, as well as the fact 

that from a dimensional point of view the piezoresistive elements are identical, the absolute 

value of the variation of their electrical resistance is equal for all four resistors, as follows: 

 (3.29) 
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Thus, for the configuration of the piezo resistors in the figure. 3.4, is obtained using 

relation 3.27, the voltage at the output of the Wheatstone bridge: 

 

 
(3.30) 

 

 

3.3. RESEARCH ON THE INFLUENCE OF ELASTIC MEMBRANE GEOMETRY ON 

THE PERFORMANCE OF MEMS  PIEZORESISTIVE PRESSURE TRANSDUCERS. 

 

In the following, I modeled and simulated two types of MEMS piezoresistive pressure 

transducers [38], which differ in the geometry of the elastic membrane: one transducer has a 

circular membrane and the other a square membrane. To highlight the influence of membrane 

geometry on transducer performance, both sensors have the same surface area and aperture 

thickness, as well as the same size, position, and orientation of the piezoresistors. Also, the 

materials that go into the structure of the sensors are similar. Therefore, since the inlet pressure is 

the same for both transducers, the differences in performance will come strictly from the 

geometry of the elastic membrane. 

3.3.1. Research on the performance of a piezoresistive pressure transducer with a circular 

membrane 

The sensor is built on a n-crystalline monocrystalline silicon wafer, measuring 5 mm x 5 

mm. The total thickness of the plate is 500 µm, in which a circular membrane was positioned in 

the center of the plate, with a thickness of 30 µm. The membrane is embedded on the edges of 

the fixed frame of the sensor and, having a much smaller thickness than the rest of the plate, it 

will deform under the action of an inlet pressure. 

The transducer model was designed entirely using the 2D and 3D module, integrated in the 

COMSOL Multiphysics software. Four piezoresistors, equal in size, made of p-doped silicon and 

connected in a Wheatstone bridge are deposited on the sensor membrane. They are 200 µm long, 

50 µm wide and have a thickness of 0.5 µm. In order to differentiate them, I represented the 

piezoresistors in red and assigned them the notations R1, R2, R3 R4. 
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Fig. 3.6. Sensor circuit 

 

The figure also indicates the power supply terminal of the sensor (denoted VIN) and its 

mass, denoted GND. To apply a 9V voltage to the circuit terminals, we used a Terminal type 

condition. The voltage measurement at the output of the transducer is performed between the 

terminals opposite the two, diagonally. 

According to [40], resistors R1 and R2 will be subjected to transverse voltages, so their 

electrical resistance will decrease by ΔR1 and ΔR2, respectively, and R3 and R4 will increase by 

ΔR3 and ΔR4, respectively, due to the longitudinal voltages acting on them. Using relation (3.1), 

the formula for the electrical resistance of each pair of piezoresistors can be written as follows: 

 

 

 

 

(3.31) 

where: 

ρ1...4 = material resistivity; 

l1...4 = piezoresistors length; 

w1...4 = piezoresistors width; 

h1...4 = piezoresistors thickness; 

Based on the above reasoning, the strength of the pair of elements R1 and R3 will increase 

after deformation with ΔR, and the resistance of the pair R2 and R4 will decrease with ΔR, thus 

unbalancing the Wheatstone bridge and generating an output signal proportional to the 

deformation, so with the applied pressure . 

In fig. 3.7 is presented the three-dimensional model of the pressure transducer with circular 

membrane, for which we determined the variation of the output signal with the inlet pressure. 
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Fig. 3.7. 3D model of the sensor 

 

To simulate the behavior of the pressure transducer, I used the Piezorezistivity and 

Boundary Currents module, which allows the declaration of the piezoresistive properties of the 

material from which the four resistors are made. 

On the opposite side of the piezoresistive elements we applied a uniformly distributed 

pressure (fig. 3.8 a), which varies between 0.5 and 10 kPa, and we considered the sensor frame 

fixed (fig. 3.8 b), to simulate the behavior of a recessed membrane. 

To introduce the membrane load, I used the Boundary Load option, which allows the 

application of force on a surface selected by the user. Although the software allows defining the 

mechanical load both as a point force and as a force uniformly distributed in a given direction, I 

opted to declare the load as pressure, so as a force evenly distributed in the normal direction on 

the membrane surface, due to the most accurate correspondence with reality. In order to vary the 

inlet pressure in a predetermined interval, we declared its value parametrically, and later we 

opted for a stationary study of Parametric Sweep type, imposing the initial and final values of the 

desired pressure range and the size variation step between the desired values. 

 
a                                                                                             b 

Fig. 3.8.: a – pressure, b – fixed rim 

Given the very small size of the structure, the shape and the minimum size of the 

discretization elements have a significant influence on the study results. 

It is observed from fig. 3.9 that as the size of the network decreases, the output signal 

increases, so that the value of the output signal is maintained at small values of the network size. 

The reduction of the dimensions of these elements and implicitly the increase of the 

network density, have as a secondary result a very long calculation time and require the use of as 

many hardware resources as possible. Therefore, the main objective in performing finite element 

calculations is to obtain a balance between the calculation accuracy and the time and resources 
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required to conduct the study. Therefore, given that starting with an element size of 7 μm the 

output signal remains unchanged, we chose this value as a discretization step for the following 

calculations. This option offers the best resource-accuracy ratio, the simulation result being 

superior in quality compared to configurations with larger elements, but close in precision to the 

variant with a minimum size of 1 μm, which required a long calculation time. 

  

 
Fig. 3.9. Variation of the sensor output signal, depending on the size of the meshing elements 

Therefore, a simulation of the circular membrane pressure transducer was performed, using 

an inlet pressure ranging from 0.5 to 10 kPa, from 0.5 to 0.5 kPa. In this configuration, the 

piezoresistors were positioned at 50 μm from the edge of the elastic membrane. The output 

signal of the transducer is shown in fig, 3.10. 

 
Fig. 3.10. Variation of the output signal of the circular membrane sensor, depending on the inlet 

pressure 

 

3.3.2. Research on the performance of a piezoresistive square membrane pressure transducer 

The configuration of the detection circuit of the square membrane pressure sensor is shown 

in fig. 3.11. The same notations were kept as in the case of the circular membrane sensor, as well 

as the same algorithm for making the three-dimensional model. 

Like the sensor with circular membrane, the model was assigned as material n-doped 

silicon, and piezoresistors, p-doped silicon. . 
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The piezoresistors have the same dimensions as those used in the case of the circular 

membrane (200 x 50 x 0.5 μm), and the surfaces and thicknesses of the two membranes (circular 

and square) are equal. Also, the piezoresistors were positioned at the same distance from the 

edge of the membrane as in the previous case (50μm). Thus, from a geometric point of view, the 

different shape of the membranes represents the only difference between the two models. 

 
Fig. 3.11. Detection circuit on a square membrane[38] 

As in the previous case, an inlet pressure with values between 0.5 - 10 kPa was evenly 

distributed on the lower face of the membrane, opposite the piezoresistors, and the edge around 

the membrane was considered fixed. 

The simulation of the sensor behavior was performed for the same pressure range as in the 

case of the circular membrane and following the same algorithm presented previously. The 

dependence of the output signal on the inlet pressure sensor is shown in fig. 3.13.  

 

 
Fig. 3.13. The relation between the input pressure and the output (square membrane) 

 

3.3.3. The influence of membrane geometry on the sensitivity of piezoresistive pressure 

transducers 

To determine the influence of the membrane geometry of pressure piezoresistive sensors 

on their sensitivity, we made a comparison between the output signals of the two types of 

sensors, for the same values of the inlet pressure. Given that the elements are dimensionally and 

materially similar, the only difference between the values of the two signals is given by the 

geometry of the membrane. The comparison between the two obtained signals is shown in fig. 

3.14. 
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Fig. 3.14. The output signals of the two sensors [38] 

In both cases of elastic membrane geometries, a linear dependence of the output signal on 

the inlet pressure is observed, but the output signals differ for the same value of the inlet 

pressure. 

According to [8], the sensitivity of a piezoresistive pressure sensor is calculated using the 

relation: 

 
(3.32) 

where: 

V0 = output signal of the sensor 

Vin = input signal 

ΔP = pressure variation 

Given that both sensors are supplied with the same voltage (9V), and the pressure variation 

is the same in both models, it follows that the difference between the output signals of the 

transducers induces a difference between their sensitivities. 

Using relation 3.32, the sensitivities for the circular membrane as well as for the square 

one and the relative difference between the sensitivities of the sensors were calculated. 

The sensitivity of the circular membrane sensor is: 

 
 

According to the same algorithm, the sensitivity of the square membrane sensor was 

calculated: 

 
 

Relative difference in sensitivity: 

  

Analyzing the obtained results, it can be concluded that the square membrane ensures a 

higher sensitivity of the pressure sensor, compared to the circular membrane variant. 

In chapter 3.2 of the paper, the dependence between the specific deformation of a 

piezoresistive material and the variation of its electrical resistance was highlighted, as well as the 

relationship between stresses and deformations, described by Hooke's law. In conclusion, the 

response of a piezoresistive pressure transducer and therefore its sensitivity depend on the 

mechanical stresses and specific deformations produced in the surface of the membrane on 

which the piezoresistive elements are mounted. 

In view of the results obtained previously and shown in fig. 3.14, which denotes a relevant 

difference in sensitivity between the circular membrane sensor and the square membrane sensor, 

it was necessary to determine the causes that lead to this difference, in order to identify the 



 

17 

 

optimization possibilities of the sensors. For this purpose, the distribution of mechanical stresses 

and specific deformations in both membranes were determined.  

Fig. 3.15 shows the specific deformations of the circular membrane, on the Ox and Oy 

axes, as well as the distribution of Von Mises stresses on the membrane surface. 

 
 

Fig. 3.15. Specific deformations and distribution of Von Mises stresses in the round membrane 

 

 
Fig. 3.16. Specific deformations and distribution of Von Mises stresses in the square membrane 

From fig. 3.15 can be seen a change in the distribution profile of mechanical stresses near 

the piezoresistors of the circular membrane, which indicates that they, although only 0.5 µm 

thick, exert a stiffening effect on the membrane, which could adversely affect the performance of 

sensors. 

In support of this statement, I performed simulations of both types of membranes, at the 

same inlet pressure, this time without piezoresistive elements. The distribution of Von Mises 

stresses in membranes is shown in fig. 3.17. 

 
Fig. 3.17. Distribuția tensiunilor Von Mises în membrana circulară și pătrată [38] 

I therefore conclude that, for a simple circular membrane, the Von Mises stresses reach 

maximum values around the embedded edge. By comparison with fig. 3.15, it can be seen that 
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the piezoresistive elements influence the distribution profile of the Von Mises stresses in the 

circular membranes. The stiffening effect produced by the piezoresistors becomes problematic, 

because the values of the mechanical stresses are maximum outside the surface of the sensitive 

elements, and next to the piezoresistors the Von Mises stresses reach minimum values. 

To determine whether this is the cause of the difference in sensitivity between the two 

sensors, it is necessary to analyze the relationship between the variation of the electrical 

resistance and the Von Mises stress. 

According to [41], the equation for Von Mises stress is: 

 

 

(3.33) 

Rezultă: 

 
(3.34) 

 

Relation 3.13 describes the dependence between stresses and specific deformations. 

Therefore, using relations 3.13 and 3.34, we can write: 

 

 
(3.35) 

Given that the variation of the electrical resistance of the sensitive elements is a result of 

the membrane deformation, and the values of Von Mises stresses depend, according to relation 

3.35, on the difference between the deformations on the two axes of the membrane plane, it can 

be concluded that the sensitivity of the pressure sensor depends on Von Mises voltage values at 

piezo resistors. 

Due to the fact that piezoresistors change the distribution of Von Mises stress in 

membranes, and the points where the voltages are maximum are outside the sensitive elements in 

the case of the circular membrane, there is a decrease in sensitivity of this type of sensor 

compared to the square membrane model. 

 

3.4. DEVELOPMENT OF COMPUTATIONAL PARAMETRIC MODELS FOR 

DETERMINING THE OPTIMAL PARAMETERS OF THE PIEZOSISTIVE PRESSURE 

SENSOR MEMBRANES 

As previously demonstrated, the sensitivity of MEMS-type piezoresistive pressure 

transducers is influenced by the specific deformations of the sensor membranes and by the 

distribution of mechanical stresses that lead to these deformations. According to the 

mathematical model presented in subchapter 3.2, the higher the values of the mechanical stresses 

in the elastic membranes, the higher the output signal of the transducers. Therefore, in order to 

develop a sensor sensitive to low pressures, it is necessary to determine the appropriate value of 

the thickness of the elastic membrane, so that it deforms considerably at the lowest values of the 

inlet pressure, but without yielding under the action of mechanical stresses. . In addition, in order 

to ensure the highest possible sensitivity of the sensors, it is necessary to position the 

piezoresistors at the points where the mechanical stresses produced by the inlet pressure reach 

the highest values, so that the ratio between the value of the output signal and the value of the 

inlet pressure is maximum. . 

The calculation models that we have developed and presented in this subchapter have been 

defined parametrically, so that they can be adapted according to the constructive requirements of 

each application. By using such a model to simulate the behavior of the sensors, maximum 
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performance of these devices can be obtained, eliminating potential errors from the design phase 

and thus increasing the productivity of the manufacturing process.. 

3.4.1. Optimization of membrane thickness 

According to [42], the maximum allowable stress of silica processed by anisotropic 

corrosion is 300 MPa. Therefore, the maximum values of the Von Mises stress developed in the 

sensor membranes must be below this resistance limit. 

To determine the optimal thickness of the membranes, we used the models with circular 

and square diaphragm, respectively, previously developed. The pressure range set for the 

proposed sensors is 1… 10 kPa. Therefore, the maximum load that the membranes must 

withstand is 10 kPa. In order to determine the optimal membrane thickness of each sensor, we 

conducted a study of the variation of Von Mises stress for membrane thicknesses from 6 to 30 

µm, at the maximum value of the inlet pressure. 

It was observed that membranes with a thickness of 6 and 9 μm, respectively, yield under 

the action of a pressure of 10 kPa. The minimum thickness of the stress-resistant membranes is at 

the intersection between the Von Mises voltage graph and the maximum allowable voltage 

graph. The x-axis coordinate of the intersection point is determined using Excel software to be 

12 µm. Therefore, for the given pressure range (0-10 kPa), the minimum thickness of the circular 

membrane of the sensor is 12 µm. 

3.4.2. Optimization of pressure sensors with circular and square membrane, in terms of 

position of the piezoresistors 

We have previously demonstrated the dependence of the output signal of pressure sensors 

on the variation of Von Mises stress. Therefore, according to the distribution of the voltages in 

the circular and the square membrane, the high sensitivity of the pressure sensors is ensured by 

the positioning of the piezoresistors as close as possible to the embedded edge of the elastic 

membrane. 

In order to determine as accurately as possible the optimal position of the piezoresistors, 

we performed simulations of the behavior of the sensors, varying the position of the 

piezoresistors, from the edge to the center of the elastic membranes. All simulations were 

performed at an inlet pressure of 10 kPa, for the optimal membrane thicknesses, previously 

determined. 

The position of the piezoresistors on the two membranes was varied over a distance of 50 

to 1200 µm from the embedded edge, and the thickness of the membranes was set at 12 µm. 

The distribution of Von Mises stress in the two membranes, under the action of an inlet 

pressure of 10 kPa, is shown in fig. 3.19. It can be seen from the figure that, in the case of a 

membrane with a thickness of 12 µm, the stresses reach maximum values near the embedded 

edge.  

 
Fig. 3.18.Von Mises variation in the two membranes 
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I then evaluated the maximum values of Von Mises stress at the piezoresistors, for their 

various positions, as well as the output signal of the two sensors for each position of the sensitive 

elements. The obtained results are presented in fig. 3.19 and 3.20. 

 
a 

 
b 

Fig. 3.19. . Variation of Von Mises at piezo resistors, depending on their position (a - circular 

membrane, b - square membrane) [38] 

In fig. 3.19 a decrease of the Von Mises stress at the piezoresistors can be observed, once 

they move away from the recessed edge of the membrane, after which a slight increase of them 

near the center of the membrane. 
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a  

Fig. 3.20. Variation of the output signal of the sensors, depending on the position of the 

piezoresistors on the elastic membrane (a - circular membrane, b - square membrane) [38] 

 

Because the increase in Von Mises stress to the center of the membrane is not significant 

enough to match the initial values, the highest values of the output signals are obtained for 

piezoresistors positioned near the edge of the membrane. According to fig. 3.20, the optimal 

position of the piezoresistors for a maximum sensitivity of the sensors is at 70 µm from the 

recessed edge of the membrane. 

3.5. STRUCTURAL OPTIMIZATION OF CIRCULAR MEMBRANES, IN ORDER TO 

INCREASE THE SENSITIVITY OF PRESSURE SENSORS 

Following the studies in subchapter 3.3, we concluded that the sensitivity of circular 

membrane pressure transducers is lower compared to sensors with a square elastic membrane, 

due to the variation of Von Mises stress distribution in the membrane surface, produced by the 

stiffening effect of piezoresistors. Therefore, we have developed a new structural approach to the 

circular membrane, which ensures an increase in the sensitivity of these sensors compared to 

their classic version. 

To date, piezoresistive pressure sensors have been designed with a uniform thickness of the 

elastic membrane, regardless of its geometry. The proposed constructive solution involves the 

realization of a step of thickness with circular shape, in the surface of the membrane. The 

diameter of the step was defined as a percentage of the membrane diameter. 

Several configurations of the sensor, with various depths and diameters of the thickness 

step have been simulated, to determine which configuration provides the best ratio between the 

maximum mechanical stresses and the output signal, as well as superior performance to the 

membrane of uniform thickness. I therefore calculated using finite element analysis Von Mises 

stress and output signals for step diameters between 10 and 95% of the membrane surface and 

depths of h = 3, 6, 9, 12, 15, 18, 20, 21 µm. All simulations were performed for an inlet pressure 

of 10 kPa, and the stress values were compared with the previously mentioned resistance limit 

[43]. 

In fig. 3.22 we presented the variation of the Von Mises stress and the output signal for 

each diameter of the thickness step and each its depth. 

I noticed a significant increase in the values of Von Mises stresses with the depth of the 

step, for diameters over 40% of the original diameter of the membrane. However, the value of 

the output signal does not increase until the step reaches the piezoresistors and the mechanical 

stresses are concentrated in the active area of the sensor. 

Because the 18 µm depth step induces the appearance of mechanical stresses well below 

the resistance level of the sensor, and the 21 µm depth step exceeds the safety limit, the optimal 

step depth is 20 µm. 
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In order to validate the proposed optimization solution, a comparison was made between 

the Von Mises stress and the output signals provided by a membrane with optimal uniform 

thickness, at an inlet pressure of 10 kPa and those obtained with the new constructive variant of 

the membrane, at a step depth of 20 µm, for the same value of the inlet pressure. Since the value 

of the output signal increases with the diameter of the membrane, according to fig. 3.22, the 

comparison was performed for a step diameter of 95% of the membrane diameter value. 
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Fig. 3.22. Von Mises stress variation and output signal for each diameter and depth of the thickness 

step [43] 

 

The maximum values of the Von Mises stress and the output signal for both configurations 

are shown in Table 1 [43]. 

Tabelul 1 – - Comparison between Von Mises stress and the output signal obtained in the 

classic membrane version, respectively in the optimized version. 
 Von Mises [N/m2] Output [V] 

Membrane with optimal uniform thickness (12 μm) 2.74E+08 0.026350 

Membrane with step thickness (depth 20 μm, diameter 

95% of the original) 
2.74E+08 0.035338 

 

Table 1 shows a significant difference between the output signals provided by the two 

types of membranes at the same inlet pressure. According to the obtained results, the proposed 

constructive solution confers a higher sensitivity of these sensors, compared to the classic 

variants. 
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CHAPTER 4: RESEARCH ON MODELING AND SIMULATION OF A 

RESONANT ELECTROMAGNETIC PRESSURE SENSOR 

 

4.1. SENSOR OPERATING PRINCIPLE 

The paper presents a new variant of resonant pressure sensor, which can be used in two 

ways: with electromagnetic actuation or with electromagnetic detection of pressure variation. 

The proposed sensor consists of two slats in the console, provided at the free ends with a 

matrix of permanent magnets, respectively a flat spiral coil. The lamella at the end of which 

the coil is located is fixed, and the one provided with magnets is flexible. The residual 

induction of the magnets is oriented along the Ox axis, in the xOy plane. The three-

dimensional model of the sensor developed was made using Solidworks 2015 and is shown in 

fig. 4.1. 

             

Lamelă Cu-Be

Lamelă Si
Magneți 

permanenți

Bobină

 
                       Fig. 4.1.  Resonant pressure sensor with electromagnetic actuation 

 

The flexible sensor lamella is made of a copper-beryllium alloy, the coil support plate is 

made of silicon, the neodymium magnets doped with boron ions, and the copper coil. The 

properties of the materials used are shown in Table 1. 

 
Material Modulul lui 

Young E 

[GPa] 

Constanta lui 

Poisson ν 

Densitatea de 

masă ρst 

[kg/m3]  

Permeabilitatea 

megnetică relativă 

µr 

Inducția 

remanentă Br 

[T] 

Permitivitatea 

electrică εr 

σ [S/m] 

Cu-Be 102 0,3 8250 1 - 3,4 1163 

Si 168 0,22 2329 1 - 12,1 - 

Cu 117 0,35 8700 1 - 1 5,998e7 

NdFeB 414 0,28 7000 1,1 1,3 1,05 0.66e6 

 

In the operation mode with electromagnetic actuation, an adjustable current is introduced 

in the spiral coil, thus obtaining an electromagnetic field that interacts with that of the permanent 

magnets. Following the interaction between the two fields, a deflection of the flexible lamella 

occurs. For maximum system efficiency, the flexible lamella is brought to resonant frequency by 

introducing a sinusoidal signal into the coil. Following the introduction of the assembly into an 

air flow, the pressure exerted on the flexible lamella will induce a variation of its resonant 

frequency. The variation of the resonant frequency of the lamella thus indicates the value of the 

absolute pressure of the enclosed air. 

 

The second mode of operation of the sensor is static and is based on the variation of the 

inductance of a coil with its electromagnetic field [10]. Both sensor blades are at rest and the 

system is introduced into an airflow. The dynamic air pressure causes a deformation of the blade 

with the matrix of permanent magnets, which results in a variation of the magnetic flux in the 



 

24 

 

coil, due to the change in the distance between the two blades of the sensor. The result is a 

variation of the coil inductance, which can be detected by means of an oscillating circuit. 

 

4.2. MODELING THE PROPOSED SYSTEM 

 

 

Numerical modeling of the system was performed using the finite element method and 

COMSOL Multiphysics software. The realization of the proposed resonant sensor model 

involves solving several problems that take place on 3D computing domains. A simplified model 

of the system was proposed, in which the action of physical phenomena was considered 

unidirectional: the distribution of electric current in the coil is not influenced by the magnetic 

field, and the magnetic field does not vary with the structural deformations. Therefore, it is 

necessary to initially model the system in steady state and solve the problems of electric and 

magnetic field, in order to determine the electromagnetic interaction force between the coil and 

the matrix of permanent magnets. 

4.2.2. Modeling and simulation of the sensor in the version with electromagnetic drive, using 

COMSOL Multiphysics 

After realizing the three-dimensional model and defining the initial conditions, I 

proceeded to solve the problem of electromagnetism, structured in several stages. The first 

stage of modeling consists in determining the current density distribution in the coil, after 

which the magnetic field problem is solved, respectively the determination of the 

electromagnetic force. The deformation induced by the action of force on the permanent 

magnet lamella is initially determined in steady state, after which a modal analysis of the 

system is performed, calculating the values of resonant frequencies for the first six vibration 

modes of the flexible lamella. Subsequently, the variation of the resonant frequencies under 

the action of a fluid is highlighted and the law of variation of the frequency with the inlet 

pressure is calculated. We also made a modal model of the system. 

4.2.2.1. Importing the CAD model and defining the initial parameters 

 

Thanks to the Livelink for Solidworks option, implemented in the COMSOL 5.0 

software, the import of the previously made CAD model was possible using the Geometry - 

Import -3D CAD File command (fig. 4.2). The workspace has been set to 3D and the lengths 

to mm. 
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Fig. 4.2. Importing the CAD model from Solidworks 

In addition to the geometry of the sensor, a circumscribed sphere has been added to it, 

to which air has been assigned as material and which is necessary for the delimitation of 

magnetic field lines. 

After importing the model, the initial parametric quantities were declared. In a first 

stage, using the command Definitions - Parameters - Add parameter, the value of the electric 

voltage at the coil terminals (Ub = 0.022 V), necessary for solving the electrokinetic field 

problem (fig. 4.4), was defined. All other initial parameters used later in the simulation of the 

system during this work were defined by the same method. 

 

 
Fig. 4.4.  Declaring the initial parameters 

4.2.2.2. Assignment of materials 

 

The addition of materials in the modeling of the electromagnetic system is done with 

the command Materials - Add material. Each material is then assigned to the corresponding 

domain (fig. 4.5), and their properties correspond to table 1. 

COMSOL offers the possibility to use materials with predefined properties, available in 

its own material library, as well as materials whose properties are fully defined by the user. 

When using a predefined material, any of its properties is editable, without affecting the rest 

of the characteristic constants. If you want, instead, to use a non-existent material in the 

COMSOL database, whose characteristics are known to the user, it is recommended to use the 

command Materials - Add blank material. 

4.2.2.3. Solving the electric field problem 

 

The electrokinetic field problem aims to determine the current density in the coil. For 

this, the Electric Currents module is used, defined on all areas of the 3D model. The 

declaration of the electric voltage on the coil was made by adding an Electric Potential 

condition to one of the coil terminals and a Ground condition (V = 0) to the other. The value 

of the electric potential at the coil terminals is declared by the condition Electric Potential, 

using the parameter Ub, defined in the first stage of the simulation. 

To solve all three problems (electrokinetic, magnetic and structural), a Stationary study 

was used, considering all the declared and calculated quantities as constant over time. 

Following the solution of the electrokinetic field problem, the current density in the coil 

resulted, shown in fig. 4.8. 
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Fig. 4.8. Current density in the coil 

 

4.2.2.4. Solving the magnetic field problem 

 

Solving the magnetic field problem aims to determine the magnetic induction and 

electromagnetic interaction force between the coil and the permanent magnet matrix. The 

determination of the electromagnetic force is necessary to solve the structural problem, which 

is responsible for the deformation of the moving slide. 

The definition of the magnetic problem is done using the Magnetic fields (mf) module, 

introduced using the Add physics - Magnetic fields (mf) command. 

The magnetism problem is defined on all areas of the model, the delimitation of the 

field lines being made with the help of the air sphere. 

The definition of magnets is done with an Ampere’s Law type condition, applied on the 

domain of the element matrix. Under the same condition is specified the orientation of the 

remaining induction of the magnets, Br, in the xOy plane, in the direction Ox 

The closure of the field is obtained by declaring a condition of magnetic insulation on 

the contour of the sphere. The condition is accessed from the Physics - Boundaries - Magnetic 

Insulation menu. 

   To solve the magnetism problem, it is necessary to introduce the current density into 

the coil, using an External Current Density condition, applied to the coil domain. The values 

of the current density in the directions Ox, Oy and Oz, resulting from the electric field 

problem are specified in the condition. 

The components of the current density on the three axes are taken from the section 

Results - Expression - Electric currents - Currents and charge - Current density (Spatial), and 

the names of the variables (ec.Jex, ec.Jey, ec.Jez) are entered in the condition from fig. 4.12. 

The calculation of the electromagnetic force that will produce the deformation of the 

movable slide is performed by applying a Force Calculation type condition on the coil 

domain. Since the lamella provided with the coil is fixed, the electromagnetic force of interest 

is that exerted by the conductor on the lamella provided with magnets. The direction in which 

the force acts is specified in the Torque Axis field, with the help of which the direction of Oz 

was determined by the force. 

Due to the very small diameter of the electrical conductor, the coil was discretized using 

a smaller finite size compared to the rest of the system. Given the spiral structure of the coil, 

as well as its reduced thickness, a Swept type discretization was used, using triangular 

elements with a maximum size of 0.3 mm. 

The results of the magnetic field problem consist in the display of the magnetic field 

lines (fig. 4.16) and the determination of the electromagnetic interaction force between the 

coil and the magnets, presented in fig. 4.17. 
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Fig. 4.16. Magnetic field lines                                Fig. 4.17. Electromagnetic force 

 

4.2.2.5. Solving the structural problem 

 

The proposed sensor operates in dynamic mode, therefore it is necessary to determine 

the deformations of the movable slide for several resonant frequencies, respectively several 

vibration modes. 

The first six vibration modes and resonant frequencies of the moving slide were initially 

determined in the absence of any loading. For this purpose, it was necessary to use the Solid 

Mechanics module, together with an Eigenfrequency study. 

The slide with the coil was considered fixed, together with the base of the movable 

slide, using a Fixed Constraint condition 

The next stage of the structural problem was to determine the influence of air pressure 

on the resonant frequencies of the moving slide. 

To make the model, it was necessary to introduce electromagnetic force as a force of 

volume acting on permanent magnets and air pressure exerted on the movable slide. After 

solving the structural problem, the law of variation of the resonant frequency of the lamella 

will be determined according to the value of the inlet pressure. 

The values of the electromagnetic force in the directions Ox, Oy and Oz were obtained 

after solving the magnetic field problem. It was necessary to define three interpolation 

functions (called forzax, fortay and fortaz), for the components of the electromagnetic force 

on the three spatial axes. 

The electromagnetic force is then defined as a charge on the magnet field, using a Body 

load condition. The components of the force on the three axes are declared using the name of 

the corresponding interpolation functions. 
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The pressure exerted by the air flow is then declared using a Boundary load condition, 

on all the free surfaces of the movable lamella, the lamella provided with the coil being 

considered fixed. The air pressure value was declared parametrically. 

The next stage of the simulation was to perform a parametric study of Prestressed 

Analysis - Eigenfrequency, to determine the variations of the resonant frequency of the sensor 

blade, under the simultaneous action of electromagnetic force and external pressure. The first 

six eigenfrequencies of the moving slide were determined for inlet pressure values between 1 

and 10 kPa, with a pitch of 0.5 kPa. 

In fig. 4.23 graphically represents the variation of the first six resonant frequencies of 

the moving slide, depending on the inlet pressure. 

           Fig.4.23. Variation of resonant frequencies depending on the inlet pressure 

 

The law of variation of each frequency with the inlet pressure is presented next to each 

curve on the graph in fig. 4.23. The only case in which the variation of the resonant frequency 

with the inlet pressure takes place according to a linear law is for the first vibration mode, at a 

frequency of 236, 51 Hz. 

4.3 THE MATHEMATICAL MODEL OF THE DYNAMIC SYSTEM 

 

Având în vedere funcționarea în regim dinamic a senzorului, a fost necesară determinarea 

parametrilor modali pentru modul de vibrație de interes al elementului mobil. Acești parametri 

(masa, constanta elastică și amortizarea) sunt apoi utilizați pentru a dezvolta modelul modal al 

senzorului. 

Senzorul studiat se încadrează în categoria sistemelor cu un singur grad de mobilitate (fig. 

4.24), unde x este deplasarea lamelei mobile a senzorului, iar xb, deplasarea bazei). 
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Fig. 4.24. The model of a system with a single degree of freedom 

 

The equilibrium equation of a system with a single degree of freedom is [58]: 

 (4.15) 

 

 

Where: 

m = the modal mass of the system, 

c = depreciation, 

k = elastic constant, 

f(t) = external forces acting on the system, 

After applying d'Alembert's principle, according to which the sum of forces is zero at any 

given time, the homogeneous form of the equation is obtained. (4.15): 

 

 (4.16) 

  

 

The frequency system model is a link between the calculation model and the 

experimental results and is based on the transfer function which represents the force-

displacement ratio of the system [58]: 

 (4.17) 

 

Prin aplicarea unei transformate Fourier relației (4.15), se obține forma algebrică a 

ecuației diferențiale inițiale, astfel: 

 (4.18) 

Where: 

 (4.19) 

 

B (ω) = system impedance. 

From the relations  (4.17), (4.18) și (4.19), results: 

 

 

(4.20) 

And: 

 

 

(4.21) 

 

During the testing process, the sensor was placed on a piezoelectric actuator, 

controlled by a sinusoidal voltage signal. In the absence of a second measurement reference at 

the base of the slide, the following can be written for the measured system: 
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(4.22) 

 

Where: 

x = moving of the tip of the sensor lamella, 

xb = moving of the base of the lamella. 

U = input voltage 

From (4.22) results: 

 

 (4.23) 

 

The relation (4.23) can be written as: 

 

 

(4.24) 

 

The system transfer function can be written as: 

 

(4.26) 

From the equations (4.22) și (4.26), results: 

 

(4.27) 

 

The speed of the lamella and its embedded base were determined experimentally, 

using laser vibrometry and the experimental stand described in detail in chap. 5. (fig. 4.25) 

 
 

Fig. 4.25. Measuring the speed of the base and the tip of the lamella 
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Prin raportul celor două mărimi s-a obținut graficul funcției de transfer a sistemului, 

prezentat în 4.26. 

 
 

Fig. 4.26. System transfer function 

 

 

To determine ωmax the relation applies: 

 

(4.28) 

  

Results: 

 

(4.29) 

 

The maximum value of the amplitude Rmax, corresponds to the graph in fig. 4.26., The 

value   of ωmax. 

Thus: 

 (4.30) 

 

Results the value of the maximum amplitude: 

 

(4.31) 

For the calculation of the damping it is necessary to determine the bandwidth 

corresponding to an attenuation of 3dB below the maximum value of the amplitude. The 

segment of the graph in fig. 4.26. which corresponds to the maximum amplitude has been 

increased, in order to be able to observe the required bandwidth. 

The determination of the bandwidth is presented in 4.27. 
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Fig. 4.27. Determining the bandwidth 

 

 

The 3 dB attenuation is approximately equal to √2 / 2 of the maximum amplitude value. 

Therefore, the relation that determines the bandwidth abscissas, ω1 and ω2 can be written: 

 

(4.32) 

ω1 and ω2 are the two real and positive solutions of equation 4.32. 

4.3. MODELING AND SIMULATION OF STATIC OPERATION 

 

The static operation of the proposed sensor is based on the variation of the inductance 

of the coil, depending on the change of the magnetic flux in its coils. The calculation relation 

of the inductance of a spiral plane coil is of the form: 

 

(4.33) 

Where: 

N = the number of turns of the coil, 

Ф = magnetic flux through the coil 

I = electric current intensity 

 

The inductance of the sensor coil was first determined using the finite element method 

and COMSOL Multiphysics software. For this purpose, it was necessary to make a modified 

sensor model, in which the linear coil supply terminals were extended to the limit of the air 

body that closes the magnetic field. This modification was necessary in order to be able to use 

a Terminal type condition at the air-coil boundary (fig. 4.28). 
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Fig. 4.28. Modified coil model 

 

A voltage V = 0.22 V was applied to the coil terminals, and the working environment 

used was Magnetic and Electric Fields. The use of another working module was necessary to 

determine the inductance of the coil, this option not being available in all electromagnetism 

modules. 

Each subdomain of the studied set was discretized separately, using elements of 

different sizes, depending on the geometry of each subset. This type of discretization ensured 

the obtaining of precise results, in a relatively short working time. 

The distribution of the electromagnetic field of the coil, as well as its inductance are 

shown in fig. 4.29. 

 
Fig. 4.29. Electromagnetic field distribution and coil inductance 
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4.4 DETERMINATION OF THE INFLUENCE OF THE POSITION AND THICKNESS 

OF THE MAGNETIC ELEMENT ON THE COIL INDUCTANCE 

 

4.4.1. The influence of the position of the magnetic element on the inductance of the coil 

In order to demonstrate the functionality of the inductive sensor, a numerical calculation 

model was developed with the help of which the influence of the position of the magnetic 

plate of the sensor on the inductance of the detection coil is determined. In the same study 

was determined the influence of the thickness of the magnetic element on the inductance of 

the coil, as well as the law of variation corresponding to both parameters. 

The 3D model of the studied system was made using SolidWorks 2015 software. 

Initially, the thickness of the magnetic plate was defined with the value of 1 mm, following to 

vary the distance between the magnetic plate and the detection coil, incrementally, with a step 

of 0.5 mm 

 

 

 

  
a.                                                                                            b. 

Fig. 4.30. Gap of 0.5 mm (a) and 5 mm (b) respectively 

 

 

In addition to the geometry of the sensor, a circumscribed parallelepiped was added to 

it, to which air was assigned as material and which is necessary for the delimitation of 

magnetic field lines. 

The variation of the inductance of the coil depending on the distance between it and the 

magnetic element is shown in the graph in fig. 4.33. 

 

 
Fig. 4.33. Induction variation  
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CHAPTER 5: EXPERIMENTAL RESULTS 

5.1. THE INFLUENCE OF MANUFACTURING TECHNOLOGIES ON THE 

MECHANICAL PROPERTIES OF THE NICKEL THAT ENTERS THE STRUCTURE OF 

THE PROPOSED MICROSENSOR 

5.1.1. Introduction 

The objective of the study was to determine the dynamic modulus of elasticity of nickel 

processed by electroplating, in order to obtain a more accurate characterization of the 

behavior of the moving slide that is part of the MEMS microsensor. In order to achieve the 

proposed objective, we opted for an analytical determination of the studied parameter, using 

the equation that describes the resonant frequency of the rectangular shaped beams in the 

console, existing in the literature. In this sense, the natural frequencies of several microgeams 

that are part of a plate made by electrodeposition of nickel on a gilded silicon support were 

determined experimentally. The obtained results were introduced in the analytical model, thus 

determining the modulus of elasticity of the electrodeposited nickel and highlighting, in 

parallel, the variation of its value on the x and y axes of the nickel plate, due to the influence 

of technological parameters. 

5.1.2. Description of the experimental stand used 

Microscopic visualization and static and dynamic analysis are key aspects of the process 

of developing and testing MEMS structures. They are indispensable for the validation of finite 

element calculations and the measurement of surface deformation. The MSA 500 

microsystems analyzer (fig. 5.1) was designed to combine several measurement techniques in 

order to characterize the studied surfaces, as well as to determine the displacements in and out 

of the studied structure. 

 
Fig. 5.1. Microsystems analyzer MSA 500 (Polytec)[52] 
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The Polytech MSA 500 uses optical techniques for non-contact measurement of the 

shapes and displacements of structures on the 3 axes: Laser-Doppler vibrometry for out-of-

plane measurements, stroboscopic video microscopy for displacement in the plane, white light 

interferometry for high-resolution topography. By integrating all these technologies into the 

same measuring device, the MSA 500 has become the global standard tool for dynamic 

characterization of MEMS. 

In the design and manufacture of microsystems, a precise verification of the topography 

of functional surfaces is necessary to ensure the achievement of quality and performance 

standards. Due to its excellent spatial resolution, both in terms of structure and out of plan, the 

topography measurement unit, part of MSA 500, is ideal for analyzing the three-dimensional 

profile of structures. 

The measurement principle is based on the interference resulting from the overlap of 

two monochrome light beams. An LED light source emits a beam that is then divided into two 

distinct rays, using an optical prism. The reference radius is directed towards a reference 

surface, and the measuring radius is directed towards the studied surface. The light is then 

reflected from both surfaces and, depending on the differences, interference fringes are 

obtained, detected by a camera. 

By this method the flatness, parallelism, radii of curvature, angles, volumes, height and 

roughness of the sample can be determined. 

The vibrometer itself is a high-precision optical transducer used to determine vibration 

frequencies and sample movements. Its operation is based on the detection of the variation of 

the frequency of a light radiation, reflected by the studied surface. During travel, the sample 

reflects the light beam previously directed at it, and the Doppler variation of the frequency is 

used to measure the speed of movement along the axis of the measuring radius. 

The internal signal generator periodically excites the component with a sinusoidal or 

pulse signal. A "model generator" uses a green LED to generate ultra-short flashes of light 

(<80 ns) synchronized with the phase position of the excitation signal. This results in a high 

degree of phase accuracy, even in the case of high frequency excitations. The diaphragm of 

the camera is, in turn, synchronized with the excitation. 

This procedure guarantees high measurement accuracy and real-time visual analysis. 

The system is set to operate in the selected frequency bands following out-of-plane vibration 

measurements. 

   The diagram of the measurement method is shown in fig. 5.4. 

Cameră

Diodă 
LED

 
Fig. 5.4. Measurement by stroboscopic video microscopy method [53] 

 

To place the structure in the measuring field, a positioning table with three degrees of 

freedom is used (fig. 5.5), in order to ensure an appropriate adjustment of the position of the 

microfeam in which to obtain the best possible reflectivity of the laser beam on the studied 

area. 
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                          Fig. 5.5. Sample positioning system 

 

During the measurements, it was found that obtaining a good reflectivity on the surface 

of the structure is relatively difficult to achieve, due to the inaccurate adjustment of the table 

on the three axes. To eliminate this problem, a new positioning system was designed (fig. 

5.6), whose adjustment accuracy will be ensured with the help of micrometric screws. 

 
Fig. 5.6. New positioning system used 

 

In order to minimize the effects of a defective grip of the structure on the measurement 

results, a special construction vise was used to fix the samples on the positioning table (fig. 

5.7). The main objectives pursued in the design and realization of the clamping device were to 

obtain the most efficient grip of the samples and to maintain the parallelism of the vise in 

order to achieve the highest level of reflectivity of the laser beam on the surface. As such, the 

vise clamping surfaces were made by high-precision cutting processes, followed by a grinding 

process and rigorous metrological checks. 

 
Fig. 5.7. The sampling device and the piezoelectric actuator used 
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It was found that although the sampling device meets the conditions listed above, the 

proper fixing of the parts is a relatively difficult and inaccurate procedure, which can 

introduce possible errors in the measurement results. In order to compensate for this 

disadvantage, a new clamping device has been designed (fig. 5.8), which ensures, in addition 

to increased stability and adequate fixation of the samples. 

 
Fig. 5.8. New sample holding system 

 

5.1.3. Description of the tested samples 

To obtain the test samples, a Ni plate was made by electroplating the metal on a gilded 

silicon support. The support was made by LIGA technology with laser beam, which has the 

same quality results as the process based on UV rays, but with much lower costs. 

The studied beams were cut from the Ni plate thus obtained, by a wire EDM process. It 

was preferred to obtain all the microstructures from the same Ni plate, in order to avoid the 

possible variations of the mechanical properties of the material induced by the use of 

individual molds. 

To study the variation on the surface of the plate of the dynamic modulus of elasticity 

of the deposited nickel, one set of samples was oriented along the x-axis of the plate and 

another along the y-axis. The shape of the base of the microfeamers in the console differs 

depending on their orientation, to facilitate their identification. To check whether the variation 

of this parameter occurs even if the x- and y-oriented samples have close positions on the 

plate, an additional set of samples was created, in which the x and y microgeams alternate 

within the same row (fig. 5.11). 

 

 
Fig. 5.11. The position of the studied samples, on the Ni plate 
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5.1.4. Test method 

The resonant frequency of the microfeamers in the console was determined using the 

Polytech MSA 500 microsystems analyzer, by the method of laser - Doppler vibrometry. The 

interferometer generates two laser beams: a reference one, positioned in the microscope field 

using the dedicated software and a measuring one, which during the data acquisition process 

scans a network of points, initially established by the user. 

After bringing the vibrometer to the optimal operating parameters by adjusting as 

precisely as possible the position of the structure relative to the emitted laser beam, with the 

help of specialized software a network of measuring points is generated. In the case of the 

studied structures, a network of rectangular points was chosen, corresponding to the geometry 

of the structure (fig. 5.12). The density of the measuring points is chosen by the user, and it is 

recommended to have a sufficiently high value to obtain an accurate measurement. 

Subsequently, during the measurement process, the laser beam will scan each of these 

points, in order to obtain the frequency band and the shapes of the vibration modes of the 

microstructures. 

 

 
Fig. 5.12. Network of measurement points for one of the studied micro-beams 

A piezoelectric actuator shown in fig. 5.6. It was operated using a pseudo-random 

signal, with an amplitude of 0.5 and a frequency of 50 kHz. 

Figure 5.13 shows the shape of the first vibration mode of one of the studied structures, 

together with the frequency spectrum. The cursor indicates the resonant frequency of the 

beam, the value of which is shown in the right window. 

 
Fig. 5.13. Experimental results 

 



 

40 

 

5.1.5. Interpretation of results 

The determination of the dynamic modulus of elasticity of deposited Ni was performed 

by introducing the experimentally determined values in the formula used in the literature to 

describe the algorithm for calculating the resonant frequencies of rectangular microfeams. 

The values of Young's modulus determined according to the described algorithm were 

divided by an EE constant, representing the value of the dynamic modulus of elasticity of a 

similar structure of larger dimensions, obtained by the same technological process. 

Based on the results obtained, a comparison was made between the E / EE ratio values 

for the studied beams, in relation to their position on the Ni wafer. The comparison had the 

role of highlighting the variation on the plate surface of the Young's modulus of the deposited 

material, and its results are presented in fig. 5.14. 

The x-axis of the graphs corresponds to the position of the samples on the plate, where 0 

represents the center of the plate, and the dynamic modulus of elasticity is represented on the 

y- axis. 

 

                               
Fig. 5.14. Variation of Young's modulus depending on the position of the micro-beams on the plate 

It can be seen that for x-axis oriented micro-beams, no major differences appear 

between the two rows of samples. The E / EE ratio increases with the distance between the 

center of the platelet and the sample studied, in the direction of OY. 
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In the case of samples oriented in the y direction, the E / EE ratio decreases from the 

center of the plate in the OX direction. The largest variation is recorded for the 11y-15y series 

of samples. The analysis of the variation of the plate thickness indicated the existence of a 

relationship between this parameter and the value of the dynamic modulus of elasticity. Thus, 

Young's modulus has higher values in the case of low thickness samples. This aspect is 

explained by the fact that the thicker samples resulted from a higher density of the electrolysis 

current, which led to the obtaining of areas with spongy structure, of low rigidity. 

For samples alternately oriented on x and y, it can be seen that the differences between 

the values of each set of samples are small and the E / EE ratio increases with the distance 

from the center of the platelet. 

 

5.2. DETERMINATION OF THE FREQUENCY RESPONSE OF MORE MOBILE 

LAMELLA CONFIGURATIONS 

For the subsequent realization of the miniature version of the proposed sensor, several 

configurations of the flexible lamella were tested, in order to determine its optimal 

configuration. The test pieces are made of brass, with various sizes. 

The first set of parts (1-7) have the inertial mass attached to the fixed edge of the 

lamella by two fasteners, and the second set (8-14) uses a single fastener. The microscopic 

image of a section of both types of parts is shown in fig. 5.16. 

 

 
Fig. 5.16. Microscopic image with both types of parts 

I determined the resonant frequencies of each piece, using a numerical model made 

using COMSOL Multiphysics software. The resonant frequencies and vibration modes 

obtained were then compared with those determined experimentally, using the same stand 

described in chap. 5.1. 
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In fig. 5.17 shows an example of validating the numerical model for calculating the 

resonant frequencies by comparison with the experimental results. 

 
Fig. 5.17. Validation of the model for calculating the resonance frequency through experimental results 

 

5.3. EXPERIMENTAL DETERMINATION OF COIL INDUCTANCE VARIATION 

DISTANCE BETWEEN COIL AND MAGNET MATRIX LAMELLA 

 

The static operation of the sensor involves the introduction of the coil-movable 

lamella assembly in a fluid flow, whose impact pressure will cause the deformation of the 

movable lamella of the sensor. Following the deformation, the distance between the magnets 

and the coil changes, which causes a variation of the magnetic flux in the coil. Due to the 

difference in magnetic flux, the inductance of the coil will also register a variation. 

The response curve of the coil in relation to the distance between the blades was 

determined experimentally, in order to validate the numerical model made in the previous 

chapter. 

5.3.1. The experimental stand 

An LDC 1614 circuit, produced by Texas Instruments and the dedicated development 

board, was used to detect the variation of the coil inductance, produced by the proximity and 

distance of the matrix of permanent magnets. 

This circuit is based on the property of some materials to induce a change in the 

electromagnetic field generated by an inductor. An inductor, together with a capacitor forms 

an L-C resonant circuit, used to create an electromagnetic field. In the case of an L-C 

resonator, a disturbance of the electromagnetic field will cause a change in the inductance of 

the coil leading to a change in the resonant frequency. LDC 1614 integrated circuit, which is a 

digital signal inductance converter that measures the frequency oscillation of an L-C 

resonator. The electronic device will generate a digital value proportional to the resonator 

frequency, and the measured frequency can be converted into an equivalent inductance. 

The measuring stand used is shown in fig. 5.20. 
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Fig. 5.20. The experimental stand 

 

The sensitive element (coil) (1) is electrically connected to the LDC 1614 EVM board 

(4) via the shielded cable (2). Data is collected by a PC via the connection (5). The whole 

electronic assembly is supported by the support (3). 

The coil is made on a double layer printed circuit board, the distance between the layers 

being 1,524mm. 

The signal is taken from the coil to minimize interference by a shielded cable that is 

attached to one of the input channels of the integrated integrated circuit LDC1614 for 

converting the inductance into a digital signal that has a resolution of 28 bits. 

 

5.3.2. The results obtained 

The first stage of the tests consisted in determining the inductance of the coil in the 

absence of the permanent magnet matrix and comparing the value obtained with the numerical 

calculation model. 

The coil inductance value is 0.385 µH, which thus validates the numerical calculation 

model in fig. 4.29, in which an inductance value of 0.387 µH was obtained. 

The next step of the test was to insert the permanent magnet lamella, which was 

positioned in turn at distances between 1.4 and 3 mm of the coil, with a pitch of 0.1 mm, and 

the inductance of the coil was measured in each case. For the precise adjustment of the 

positioning of the movable blade in relation to the coil, a positioning system with micrometric 

screw was used. The experimental stand used is shown in fig. 5.22. 

 
Fig. 5.22. Magnet lamella positioning system 
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5.3.3. Interpretation of experimental results 

After measuring the inductance in each position, the response curve of the coil was 

determined according to the distance between it and the moving element. The variation of the 

inductance with the interstice between the elements is presented in fig. 5.23. 

 

 
Fig. 5.23. Sensor response curve 

 

From fig. 5.22 a decrease in the inductance of the coil can be observed with the proximity 

of the magnetic element to it, which demonstrates the principle of operation of the proposed 

sensor 

 

CHAPTER 6: CONCLUSIONS, PERSONAL CONTRIBUTIONS, AND 

FUTURE RESEARCH POSSIBILITIES 

 

6.1. RESEARCH ACTIVITY CONCLUSIONS 

The field of interest of this doctorate thiesis consists of studying, optymizing, development 

and testing of sensory elements of presurre measuring for pneutronic systems of reduced size. 

The thesis was chosen based of studying from the latest documentation and research paths in the 

field of smart pneutronic systems, from which I concluded that the main development tendency 

of pneutronic systems is based on miniaturizing of these systems for incorporating them in the 

most number of applications. 

To complete the first objective of this thesis which would be the modeling and simulation 

of constructing MEMS type pressure transducers with a classic configuration, I have determined 

the influence of the geometry of the membrane of these sensors upon their sensibility. With the 

goal of optimizing the response of piezoresistive transducers, I have developed several 

calculation models that allow determining the optimal constructive parameters of these sensors. 

Also, I have developed a new constructive model of the MEMS piezoresistive pressure sensors 

which allows the increase in sensitivity for the circular membrane transducers. 

Another objective of this thesis was the modeling simulation and testing of a new 

constructive solution for the electromagnetic pressure sensor, with static or dynamic state 

functioning. The proposed sensor is designed for measuring the dynamic pressure of compressed 

air, and the functioning of this sensor was designed both analytic and numerical using the finite 

element method and the COMSOL Multiphysics software. Based on the simulations carried out 
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it was concluded that optimal functioning of the sensor was in dynamic state, especially when it 

is used at its first resonant frequency because in the first vibration pattern, the variation of it’s 

own frequency with the pressure of the fluid has a linear characteristic. 

The static functioning state of the sensor was tested including experimental measurements 

of the variation of the coil inductance with the distance between the slides of the sensor. After 

comparing the results gathered from testing the principle and from those determined through the 

finite element method, the correctness of the models designed was validated and also the 

functionality of the constructive solution was validated. 

Taking into account that the purpose of this thesis consists mostly of miniature sensors, in 

chapter no.5 it was determined experimentally the influence of microfabrication technologies on 

the mechanical properties of materials specific to MEMS transducers. The technology studied 

was electroplating and it was concluded that the evenness of the material properties on the 

directions of the plane of the plaque consists in the close connection with the current density 

used in the electroplating process. 

6.2. FUTURE RESEARCH 

Within the furture research options stands the testing of the proposed sensor in a simple 

pneutronic system and the validation of the results gathered with the help of an additional 

ansamble of transducers. 

Also future research will be focused on the development of a MEMS model for the 

proposed electromagnetic sensor, the first steps of the miniaturing process being already 

followed through from the experimental deduction of the resonant frequencies of certain 

contrucive solutions for the mobile slide of the sensor.   

 

 6.3. PERSONAL CONTRIBUTIONS 

Among the personal contributions of the author of this thesis stand the following : 

The development of a numerical calculation model for determening the influence of the 

geometry of piezoresistive pressure transducers on their sensitivity, 

The development of a numerical calculation models destined for constructive optimization 

of piezoresistive pressure transducers, from a stand-point of the thickness of the elastic 

membrane and the positioning of the sensitive elements, 

The design and simulation of a constructive solution for the piezoresistive pressure 

transducers, MEMS type, with superior perfomance above the clasicall model, 

The proposal of a new type of electromagnetic transducer designed for measuring dynamic 

pressure in a pneutronic system, 

The design of the mathematical model for the proposed sensor, in the case of dynamic state 

functioning, with determening the modal parameters (m,c,k,), 

Establashing through finite element analysis the resonant frequency of the proposed sensor 

and the variation of this under the influence of a fluid, 

The making of a numarical calculation model for determening the coil inductance of the 

proposed sensor, 

The 3D design of new positioning and securing systems for elements tested through the 

vibrometric laser method, 

Establishing experimentaly the influence of curent density utilized in the electroplating 

processs on the mechanical properties of materials, 

Determining experimentaly and numericaly the resonant frequency of brass slides destined 

for making the miniature model of the proposed sensor, 
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The experimental testing of the functionality of the proposed and studied electromagnetic 

transducer within this doctoral thesis. 
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