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INTRODUCTION 

The application of microelectromechanical systems (MEMS) has been 
widespread in technological solutions found in a variety of areas. Starting only from 
the beginning with silicon etching and polymer processing, it has extensively grown 
during the last few decades due to a large interest in laser and robotics technologies, 
measurement and medical applications. These industry segments are similar 
regarding the way of acting: all of them require high quality, sensitivity, high 
resolution, and reliable devices. All of the above mentioned properties can only be 
sought if the technologies and materials of new and improved devices are present. 
By searching for the optimal alternatives to the latest solutions, many scientists have 
been assigned continuous funding in MEMS and microoptoelectromechanical 
systems (MOEMS). Consequently, many successful projects have been completed 
which satisfy the requirements of the previously listed industry segments. 

It is crucial to be able to control the MEMS device if high sensitivity is 
expected. The high quality factor (Q-factor) is a critical condition in this segment. A 
variety of aspects are connected with the ability to increase the Q-factor of the 
device: structural dimensions, the type of the structure, the class of the material in 
use, its chemistry, defects, microstructure, residual stress, surface chemistry and 
topography, the mode of vibration, the frequency of oscillation, temperature, 
pressure, the amplitude of oscillation, as well as the nature and structure of its 
boundaries [1]. On the other hand, the type and the material of which the oscillator, 
being the main component in the MEMS device, is fabricated plays a vital role. In 
the technological development, there are many various types of materials in use, 
such as polyethersulfone (PESU), polydimethylsiloxane (PMDS), nylon, 
polypropyline (PP), polyactic acid (PLA) nanofibers, cellulose, polycarbonate (PC), 
polyacrylamide (PAM), cellulose acetate, polyvinyl chloride (PVC), 
polyamide/polyurethane (PA) [2–12], polyvinylidene fluoride (PVDF) [4]. The 
selection of the material plays a key role in designing MEMS devices. Additionally, 
the designing of novel devices includes the creation of novel active elements and 
materials. Their properties can be adjusted in order to meet the system requirements.  

This thesis is based on solving many technological problems, such as 
nanocomposite material usage for active element fabrication for a MEMS device, 
sensitivity improvements, the accuracy of measurements, and combination of 
feedback signal outputs. Major investigations and the attained knowledge in this 
thesis came from sensors and their operation, periodical microstructure formation 
principles, materials science and analysis fields. One of the main areas of focus of 
this research was to choose a low cost and simple method to improve today’s 
technologies in creating MEMS devices. 

Part of the experimental work conducted for this thesis were funded by grants 
“Development and analysis of new type microresonator for microelectromechanical 
systems” (No. MIP-081/2015) and “Research and development of innovative 
functional nano/micro components for micro hydrolic devices in biomedicine” (No. 
S-MIP-17-102) from the Research Council of Lithuania. 
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The aim of the thesis 

The aim of the thesis is to develop and analyze a piezo-active membrane for a 
pressure sensor on the basis of a piezoelectric nanocomposite material. 

The objectives of the thesis 

In order to achieve the above stated thesis aim, several objectives were raised: 
1. To identify and investigate materials, technology, tools, and methodology 

for the development of a piezo-active membrane for a pressure sensor on the 
basis of a piezoelectric nanocomposite material with electro-optic feedback 
signal outputs. 

2. To develop and analyze the piezoelectric composite material for a piezo-
active membrane for an electro-optic pressure sensor. 

3. To create a finite element model of a piezo-active membrane for a pressure 
sensor on the basis of the piezoelectric nanocomposite material with electro-
optic feedback signal outputs. 

4. To fabricate and investigate the functional prototype of the piezo-active 
membrane for an electro-optic pressure sensor. 

Research methodology 

Theoretical and experimental analysis methods have been applied in the study 
of novel nanocomposite materials and their integration into a MEMS device. In 
order to evaluate the chemical, piezoelectric, and mechanical properties of these 
novel materials as well as to analyze their surface morphology, the following 
equipment and methodology was used: scanning electron microscopy, atomic force 
microscopy, energy dispersive X-ray spectroscopy, Fourier transform infrared 
spectroscopy, Keithley meter scanner 2002 series, laser triangular displacement 
sensor LK-G3000 with PicoScope 3424 oscilloscope, electronic speckle pattern 
interferometry system PRISM, voltage standing wave ratio methodology, Vickers 
and Martins microhardness analysis. Finite element models were created and 
calculated by using COMSOL Multiphysics software environment. Additionally, 
GSolver software for diffractive element calculations was used. High voltage 
polarization equipment was fabricated by scientists from the Institute of Materials 
Science (KTU). 

Experimental research was conducted at Kaunas University of Technology, 
Faculty of Mechanical Engineering and Design, Institute of Mechatronics and the 
Institute of Materials Science. 

Scientific novelty 

The novelty of this research is based on piezocomposite material applicability 
to the pressure sensor field: 

1. A piezoelectric nanocomposite has been developed, in which, a periodical 
microstructure can be formed; this provides optical feedback based on the 
principles of coherent optics. 

2. A piezoelectric nanocomposite developed in the interaction with other 
structural elements of a pressure sensor improves materials adhesion during 
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their dynamic interaction and enhances the stability of the optical feedback 
signal. 

3. The selected geometric shape of the active element for a pressure sensor 
allows correlation of electrical and optical signals while providing 
maximum stresses and strain in electro-optical pressure sensors. 

Defended statements 

1. The developed piezoelectric nanocomposite wherein periodical 
microstructures with the period reaching the micrometer level can be 
formed ensures possibility to use coherent optics principles by using lasers 
of 441–632 nm wavelength. 

2. The developed piezoelectric nanocomposite shows high resistance to 
scratching while withstanding critical loads of up to 4 N, which ensures 
prevention of uncoupling of the piezoelectric nanocomposite during micro 
formation and high quality in the further steps of fabrication.  

3. The application of commonly used excitation voltages (up to 200 V) allows 
to achieve micrometer-level deflections and mega Pascal-level stress of the 
square-shaped piezoelectric membrane. 

Practical value 

1. The developed piezoelectric nanocomposite with an integrated periodic 
microstructure offers the possibility to operate at the micrometric level, 
which allows creating a new type pressure sensor. 

2. The developed piezoelectric nanocomposite materials expand the usage of 
sensing technologies and increase the effectiveness of the sensing system. 

3. The developed piezoelectric nanocomposite allows forming a periodical 
microstructure on the surface of an active element for a pressure sensor 
enabling optical detection. 

4. Correlation of electrical and optical feedback signals improves the temporal 
pressure changes detection effectiveness of the active element of the 
pressure sensor. 

Approval of the doctoral thesis 

This research was funded by grants “Development and analysis of new type 
microresonator for microelectromechanical systems” (No. MIP-081/2015) and 
“Research and development of innovative functional nano/micro components for 
micro hydrolic devices in biomedicine” (No. S-MIP-17-102) from the Research 
Council of Lithuania. The results have been presented in 5 articles in the ISI Web of 
science database with the citation index, 6 articles in the ISI Web of science 
database without the citation index and 5 conference proceedings 

The results of this doctoral thesis have been presented at 6 scientific 
conferences: 

1. Mechanika 2016: proceedings of the 21st international scientific conference, 
12–13 May, 2016, Kaunas, Lithuania. “Development of finite element 
model for new type composite piezoelectric material.”  
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2. Proceedings of SPIE: Optical sensing and detection IV, 3 April, 2016, 
Prague, Czech Republic. “Developing and investigation of MOEMS type 
displacement-pressure sensor for biological information monitoring.”  

3. Proceedings of SPIE: Optical modelling and design IV, 3 April, 2016, 
Prague, Czech Republic. “Development and analysis of new type 
microresonator with electro-optic feedback.”  

4. Proceedings of SPIE: Smart sensors, actuators, and MEMS VIII, 8–11 May, 
2017, Barcelona, Spain. “Influence of binding material of PZT coating on 
microresonator’s electrical and mechanical properties.”  

5. SPIE BIOS: Microfluidics, BioMEMS, and Medical Microsystems XVI: 19 
February, 2018, San Francisco, California, United States. “Q-factor control 
of multilayer micromembrane using PZT composite material.”  

6. Bioinformatics and biomedical engineering: 6th international work-
conference, IWBBIO 2018, 25–27 April, 2018, Granada, Spain. 
“Composite piezoelectric material for biomedical micro hydraulic system.”  

Structure of the doctoral thesis 

The doctoral thesis contains the introduction, 3 chapters, general conclusions, a 
list of the author’s scientific publications, and a list of literature featuring 221 
references. The doctoral thesis is composed of 114 pages, 89 figures, and 24 tables. 
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1. LITERATURE REVIEW 

Many different sensing devices surround us each day in the nature. All living 
organisms are made of cells whose functions are imitated by mechanical sensors in 
industries. They detect various physical changes of light, motion, magnetic fields, 
temperature, moisture, gravity, humidity, sound, vibration, pressure, electrical field, 
or other physical aspects, such as motion or stretch. This is just a small portion of all 
the natural fields of sensing wonders. Some of them are imitated by mechanical 
alternatives in the broadest definition sense; they are commonly called ‘sensors’. 

A sensor is a part of any micromechanical system (MEMS) which works in 
collaboration with other electronic devices. A microelectromechanical system 
contains the central device which has the function of data processing, and additional 
units surrounding the central device which gather information and send it as a signal 
[13]. A sensor, as described by the Merriam-Webster dictionary, is a device that 
responds to a physical stimulus (such as heat, light, sound, pressure, magnetism, or a 
particular motion) and transmits a resulting impulse (as for measurement or 
operating a control) [14]. The stated resulting input is usually called the output 
signal of the sensor. Some of them are electrical signals, mechanical signals, optical 
signals, etc. Additionally, a sensor can also be named as a transducer, but, in this 
case, the transducer acts as an energy convertor, while a sensor responds to a change 
of a specific physical property [15]. 

1.1. Sensor types and their functionality 

Many types of sensors can be found in today’s industry fields. Their 
classification is usually very different, but classifications often end up taking into 
account the application segment, specifications, working physics, and the detection 
area. Another important classification aspect is the research object. Classifying 
sensors by the objective of the research would end up in a similar manner: 

 Light sensor – IR sensor (IR transmitter/IR LED), photodiode (IR 
receiver), light dependent resistor; 

 Temperature sensor – thermistor, thermocouple; 
 Pressure/force/weight sensor – strain gauge (pressure sensor), load cells 

(weight sensor); 
 Position sensor – potentiometer, encoder; 
 Hall sensor (detect magnetic field); 
 Flex sensor; 
 Sound sensor (microphone); 
 Ultrasonic sensor; 
 Touch sensor; 
 Passive infrared sensor (PIR); 
 Tilt sensor – accelerometer; 
 Gas sensor. 
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Although this list is not an official one, nor does it include all the possible 
sensor types, but it helps to paint the big picture of the vast number of possibilities 
for the application of sensors and their differences. 

The light sensor is able to measure change or difference of one or several light 
sources. They have significant advantages compared to the conventional sensors. 
Some of the advantages are the greater sensitivity, electrical passiveness, freedom 
from electromagnetic interference, a wide dynamic range, and multiplexing 
capabilities. This type of sensors is used in a huge number of researches and 
commercial applications incorporating quality and process control, medical 
technologies, metrology or imaging [16–18]. Light sensors are also denoted by 
several different sensing abilities. In some structures, the sensor measures the 
intensity change of the light source. Other sensors may look for a change in the light 
source phase. Also, a sensing solution would be the light quantity measurement from 
a reflected surface.  

Many industry fields benefit from a temperature monitoring system. Their 
common uses in the daily life include the monitoring of a car’s engine temperature 
or human health, food transportation, agriculture. These temperature monitoring 
systems usually include a thermocouple, a thermal resistor, a PN junction or any 
other lead-type temperature sensors [19]. A thermocouple outputs a temperature-
dependent voltage which can be used to monitor the temperature. Monitoring is 
based on the following Equation (1.1.1): 

, (1.1.1) 

where  is the sensing temperature of the thermocouple,  is the 
reference temperature,  is the temperature dependency, and Seebeck coefficients 
(conversion of heat directly into electricity at the junction of different types of wires) 
are represented here with  and  elements, and are taken off the conductors 
attached to the positive and negative terminals of the voltmeter [20]. 

A thermistor, on the other hand, senses the change of resistance, which depends 
on the temperature. A linear relationship of resistance and temperature can be 
expressed by Equation (1.1.2): 

, (1.1.2) 

where  is the temperature coefficient of resistance, and  is the temperature.  
The temperature coefficient of resistance determines the polarity of the 

thermistor. If the coefficient is positive, then the resistance increases with the 
increasing temperature. When the resistance decreases with the increasing 
temperature, the temperature coefficient of resistance is negative [21]. Thermistors 
are widely used as low-temperature thermometers, inrush current limiters [22], fluid 
temperature monitoring, or as a part of an inertial sensor [23]. 

Thousands of applications are incorporating pressure sensors for their stable 
work. In addition to the main purpose of pressure monitoring, they can also be used 
for fluid/gas flow, speed water level, and altitude measurement [24–26].  
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One of the examples could be the strain gauge which is used to measure the 
strain on an object. This type of sensor monitors the electrical resistance change 
during the deformation of an object. An output sensor voltage can be determined by 
Equation (1.1.3): 

, (1.1.3) 

where  is the bridge excitation voltage,  is the Gauge Factor, and  is the 
strain of the strain gauge [27].  

Strain could be caused by external impact or internal change. It could be caused 
by forces, pressures, moments, heat or even structural changes of the material. 
Various applications of this kind of sensors are present: air cooling systems for 
mechanical strain measurements during the thermal cycle [28], laser forming [29], 
medical applications [30, 31]. New technology even allows drawing working strain 
gauges with a pencil [32]. 

The load cell, on the other hand, works as a force gauge. It produces an 
electrical signal which is linearly proportional to the measured force. A load cell can 
also be a strain gauge. The deformations cause change in the resistance, and the 
electrical value of the output change depends on the calibration. Mostly, this type of 
sensors is used in the weighting industry [33, 34]. Moreover, biomedical 
applications also benefit from load cells [35, 36]. 

A position sensor, as stated by its title, senses the change in the position or 
displacement of the unit. They can be absolute position sensors or relative position 
sensors. The sensor detects the movement of an object and converts it into an 
appropriate signal. There are also various types of position sensors: 

 The potentiometric position sensor: its operation is based on the resistive 
effect [37].  

 The capacitive position sensor: its operation is based on either the 
changing dielectric constant or on the changing overlapping area [38]. 

 The magnetostrictive position sensor: its operation is based on 
measurements between the head end of a sensing rod and the position 
magnet [39]. 

 The eddy current-based position sensor: its operation is based on the eddy 
current induced change of the secondary magnetic field caused by the 
presence or absence of a conducting material [40]. 

 The Hall effect-based magnetic position sensor: its operation is based on 
the movement of a body, which leads to the formation of a magnetic field 
[41]. 

 The optical position sensor: its operation is based on the change in one of 
the following characteristics: wavelength, intensity, phase, or polarization 
[42]. 

These and similar types of position sensors can be found in the vast majority of 
applications: medical equipment [43, 44], packaging machines [45], injection 
molding machines [46], etc. 
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Bending of a surface can be measured with a flex sensor (Fig. 1). As well as the 
previously defined sensors, this one is also directly proportional to the resistance 
which occurs due to bending.  

 
Fig. 1. Scheme of a resistive flex sensor: a) Top view, b) Lateral view, c) View in the 

working environment [47] 

A flex sensor works based on the same principle as strain gauges. It can be used 
in computer interfaces, rehabilitation, security systems, or music interfaces [48]. 

Various sound sensors are also present in today’s industry. One can find 
dynamic microphones, condenser microphones, ribbon microphones, carbon 
microphones, and many other types of sound sensors. All of them convert sound into 
an electrical signal; they find application in medicine [49], environmental 
monitoring [50], music industry [51], aviation [52], and various other fields may 
also be noted [53]. 

The ultrasonic sensor, on the other hand, is employed to measure distance by 
using ultrasonic waves. An emitted ultrasonic wave travels to the target and back. 
The time between the emission and reception is measured and evaluated as the 
output of the sensor (Fig. 2). 

 
Fig. 2. Schematic representation of the working process of an ultrasonic sensor [54] 



20 
 

There is also a possibility that the transmitter and the receiver are in separate 
units, but they cooperate based on the calibration process.  

A very common application is the parking sensors of a car. They measure the 
distance to the obstacle, and the received electrical output signal is converted either 
to the graphical view or a sound for the driver [55]. A similar application has also 
been developed to measure either the ultrasonic velocity in any material state or 
object detection in shallow or deep water [56]. Medicine is also benefiting by using 
ultrasonic sensors: imaging and therapy [57], measuring the Lung Clearance Index 
[58], or intravascular applications [59]. 

A touch sensor works when an object gets in physical contact with it. They are 
more sensitive, they can respond to various kinds of touch, such as tapping, swiping 
and pinching. Mainly, touch sensors can be located in tech devices (smartphones or 
tablet computers [60]). Yet they can also be found in household items [61], 
automobile industry [62], and many other industry fields. 

If one wished to employ the infrared light, it is possible to measure its radiation 
change with a PIR. Even though infrared radiation (IR) is not visible to the human 
eye, every single object whose temperature is above the absolute zero emits heat 
energy in the form of radiation. A PIR sensor can detect this radiation with its sensor 
face.  

A PIR sensor is mainly used for motion detection. Security alarms [63] or 
automatic lights [64] are based on this technology. 

Tilt sensors produce an electrical signal which is dependent on the angular 
movement of the device. They measure the slope and tilt within a limited range of 
motion. Usually, a tilt sensor consists of a rolling ball with a conductive plate 
beneath them. By moving the sensor, the ball moves to the plates and forms an 
electrical circuit. Otherwise, the ball does not conclude the electrical circuit and 
there is no signal (Fig. 3).  

 
Fig. 3. Tilt sensor working principle [65] 

Tilt sensors, as any of the above listed ones, are denoted by a variety of 
application capabilities. Some of them are suitable for solving environmental 
problems [66–68], medical applications [69], or even for gravitational wave 
detection [70]. 

The gas sensor helps to detect the presence of gases in the analyzed area. Often 
is a part of safety systems, i.e., a home security system involving protection against 
fire. A specific gas concentration level is measured, and the sensor serves as a 
reference scale. If the response surpasses a certain level which has been pre-set 
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before, the alarm will activate to warn the surroundings. Essentially, all types of 
sensors serve the same function. Usually, only the detector, which is a part of the 
sensor, changes depending on the required technology [71]. 

Each overviewed sensor has a common element – the transducer. It converts a 
property change into an electrical or other kind of signal, which can then be read by 
computer software or some following devices in the circuit. 

1.2. Pressure sensors 

Pressure in a pressure sensor is mainly sensed by mechanical elements, such as 
shells, tubes, and plates, which are designed to deform when pressure is applied. 
Deformation is then transduced to obtain an electrical or any other type of signal. In 
general, pressure sensors may differ in many fields: technology, design, 
performance, application, or costs. They can also be classified. One of the 
classification types is a classification based on transduction principles. These 
transduction principles can be resistive/piezoresistive, tunnel effect, capacitive, 
optical, ultrasonic, magnetic, and piezoelectric. The advantages and disadvantages of 
various transduction principles are listed in Table 1. 

Table 1. Advantages and disadvantages of various pressure sensor types [72] 

Type Advantages Disadvantages 

Resistive 1. Sensitive 
2. Low cost 

1. High power consumption 
2. Generally detect single contact point 
3. Lack of contact force measurement 

Piezoresistive 

1. Low cost 
2. Good sensitivity 
3. Low noise 
4. Simple electronics 

1. Stiff and frail 
2. Nonlinear response 
3. Hysteresis 
4. Temperature sensitive 

Tunnel effect 1. Sensitive 
2. Physically flexible 1. Nonlinear response 

Capacitive 

1. Sensitive 
2. Low cost 
3. Availability of commercial A/D 
chips 

1. Hysteresis 
2. Complex electronics 

Optical 

1. Physically flexible 
2. Sensitive 
3. Fast 
4. No interconnections 

1. Loss of light by micro bending 
chirping 
2. Power consumption 
3. Complex computations 

Ultrasonic 1. Fast dynamic response 
2. Good force resolution 

1. Limited applicability at low frequency 
2. Complex electronics 
3. Temperature sensitivity 

Magnetic 

1. High sensitivity 
2. Good dynamic range 
3. No mechanical hysteresis 
4. Physical robustness 

1. Suffer from magnetic interference 
2. Complex computations 
3. Somewhat bulky 
4. Power consumption 

Piezoelectric 1. Dynamic response 
2. High bandwidth 

1. Temperature sensitivity 
2. Not so robust electrical connection 

Conductive rubber 1. Physically flexible 1. Mechanical hysteresis 
2. Nonlinear response 
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There are thousands of various technological approaches used in pressure 
sensor designs. These technological approaches cover the sensing element method, 
material, MEMS, nanotechnology, and many other aspects. In addition, a significant 
difference can be seen in different types of pressure sensor results which stem from 
a different material or with different functional properties. 

Significant attention has been received by the MEMS technology using 
pressure sensors during the recent years. Due to their numerous advantages over 
conventional electromechanical sensing technologies, the rise of MEMS has been 
noted and significant. The abilities and properties of low volume, low weight, low 
cost, high performance, large scale integration, low power consumption, wider 
operating temperature, and higher output signal differentiate MEMS from other 
sensing technologies [73]. To understand the differences of the majority of sensors, 
we need to look deeper into a few sensor types. Table 2 shows three most common 
sensor types: piezoresistive, piezoelectric, and capacitive which are also denoted by 
similar advantages and disadvantages [74–76]. 

Table 2. Analysis of piezoresistive, piezoelectric, and capacitive pressure sensors  

Type Summary 

Piezoresistive 

Piezoresistive sensors employ the change of electrical resistance in a material when 
it has been mechanically deformed. The resistance can be calculated with Equation 
(1.2.1): 

, (1.2.1) 

where , , , and  in Equation (1.2.1) show the resistivity, length and thickness of 
the piezoresistor, and the width of the contact. 
An example of a piezoresistive sensor is given in Fig. 4.  

 

Fig. 4. Piezoresistive pressure sensor [77] 

Low cost, good sensitivity, relatively simple construction, long-term stability with 
low noise, accuracy and reliability properties show strong development of this 
technology. Moreover, a piezoresistive sensor is easy to fabricate and integrate with 
into a MEMS system due to the characteristics of piezoresistive materials.  

Piezoelectric 
Piezoelectric sensors convert the applied stress or force into electric voltage. Fig. 5 
shows the working principle of a piezoelectric disk. 
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Type Summary

 

Fig. 5. Working principle of a piezoelectric disk [78] 

A piezoelectric material, also called a smart material, benefits of the piezoelectric 
effect, which helps it to be used as a sensor or even as an actuator. In addition, 
piezoelectric materials have high sensitivity and high voltage outputs when force is 
applied.  
These sensors are also denoted as a passive sensor. It can offer high reliability that is 
useful to apply in a vast number of applications. Many piezoceramic materials, for 
example, lead zirconate titanate (PZT), are suitable and used in this type of sensors. 
Additionally, composite materials consisting of PZT and polymers are now more and 
more commonly employed in various applications.  
Piezoelectric sensors offer excellent mechanical flexibility, high piezoelectric 
coefficients, dimensional stability, low weight, workability, chemical stability, and 
chemical inertness [79]. 

Capacitive 

Capacitive sensors are denoted by one distinguished feature: the movement caused 
by an external force or pressure causes the area or gap between two plates to change. 
This change is registered, and the change of capacitance is calculated by using 
Equation (1.2.2). 

 (1.2.2) 

Here,  is capacitance,  is the relative permittivity of the free space constant,  is 
the dielectric constant of the material in the gap,  is the area of the plates, and  is 
the distance between the plates. A schematic example of a capacitive sensor with two 
parallel plates can be seen in Fig. 6. 

 

Fig. 6. Capacitive sensor with two parallel plates [80] 

Capacitive sensing technology has been improved for a long time now, with a result 
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Type Summary 
of excellent features of high spatial resolution, good frequency response, low power 
consumption, and a large dynamic range [81]. It is considered as one of the most 
sensitive techniques for detecting small deflections of structures [82]. 

To summarize the information presented in Table 2, one can state that there is 
no ideal pressure sensor technology that can be used in all applications since each 
application is denoted by specific advantages and constraints.  

1.3. Transducers and actuators 

The majority of actuators and sensor transducers consist of four groups: 
electrostatic, piezoelectric, thermal, and magnetic. When dividing them into 
families, a more detailed division of each of the groups can be shown as in Table 3.  

Table 3. Families and classes of actuators and sensor transducers 

Electrostatic Piezoelectric Thermal Magnetic Optical 
Parallel plate [83] 

Inchworm [84] 
Distributed [85] 
Repulsive force 

[86] 
Comb drive [87] 

Impact [88] 
Scratch drive [89] 
Electrostatic relay 

[90] 
S-shaped [91] 

Curved electrode 
[92] 

Expansion 
[93] 

Bimorph [94] 

Solid expansion 
[95] 

Bimorph [96] 
Fluid expansion 

[97] 
Topology 

optimized [98] 
Shape memory 

alloy [99] 
State change 

[100] 
Thermal relay 

[101] 

External field 
[102] 

Electromagnetic 
[103] 

Magnetostrictive 
[104] 

Magnetic relay 
[105] 

Light emitting 
diodes [106] 

Liquid crystal 
displays [107] 

Reflective 
micromechanical 
light modulators 

[108] 

This is a non-complete list of possible actuators and sensor transducers, as it is 
only an example of scattering of some of the possible solutions. It is based on 
grouping the actuators as much as possible.  

Electrostatic actuation is based on the attraction of two oppositely charged 
plates. By incorporating MEMS devices, it is possible to fabricate conductive plates 
with a small gap between them. To calculate the force between the plates Equation 
(1.3.1) comes in play 

, (1.3.1) 

where  is the capacitance between the plates,  is the voltage of the charge,  
is the distance between the plates, and energy  can be determined with Equation 
(1.3.2). 

 (1.3.2) 

On the other hand, comb-drive-type actuators employ a high number of fine 
interdigitated fingers which are actuated by the voltage applied between them (Fig. 
7). The force generated by an actuator is directly proportional to the number of 
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fingers. The number of fingers is related to the value of capacitance as it is based on 
the area. 

 
Fig. 7. Comb-drive electrostatic actuator [109] 

Electrostatic rotary motors are another great example as they rely on a freely-
moving rotor in the center and a surrounding circle of capacitive plates (Fig. 8). 
Their phase changes to drive the rotor. Harmonic motors turn in a larger stator ring, 
which allows to reduce the sliding friction as well as to increase the electrostatic 
force. 

 
Fig. 8. Electrostatic harmonic motor [110] 

Piezoelectric actuation works based on the piezoelectric effect. The electrically 
caused strain is directly proportional to the applied potential difference. High forces 
can be achieved by employing only lower voltages (in the 106 levels). Nevertheless, 
there are some disadvantages, such as the dependency on the geometry [111]. 
Additionally, the piezoelectric actuator is fairly complex to fabricate [112] and has 
only small actuation displacements [113]. To reach large displacements, multiple 
piezoelectric layers are used to form a piezoelectric bimorph [114].  

Thermal actuators tend to feature tiny heaters or resistors in their structure. 
They can be controlled, and they can locally heat only specific areas. The basic 
thermal actuation uses the difference in the thermal coefficients for the expansion of 
two bonded materials. For example, a shape memory alloy changes its length as it 
contracts when heated.  
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A current-carrying conductor creates a magnetic field. Magnetic actuation here 
is based on this phenomenon. By interacting with another external magnetic field, a 
mechanical force is produced.  

The final class of actuators in Table 3 is the optical actuators. They can be 
active or passive. For example, passive devices are couplers, mirrors, wavelength 
division multiplexers, polarizers, etc. The active class, on the other hand, are laser 
emitting diodes, photodiodes, and optical switches [115]. Their application is based 
on the control and analysis of the acquired optical data.  

If we look more profoundly into the field of pressure sensors, they can be 
differentiated by transduction methods as well. In Table 4, there are some examples 
of designation of the development of pressure sensors.  

Table 4. Pressure sensors with various applications based on various transduction 
methods 

Transducer 
method 

[Reference] 

Material 
type 

Limitations 

Advantages Weaknesses 

Piezoelectric 
[116] 

Liquid 
crystal 
polymer 

1. Detection of very low 
frequency (down to 0.1 Hz) in 
water 
2. High resolution (3 mms-1) 
3. Self-powered and passively 
sensing of underwater objects 

1. Applied underwater 

Resistive 
[117] 

Conductive 
rubber 

1. Flexibility and stretchability 
2. Linearity 

1. Needs external power 
2. Maximum pressure is low 

Strain gauge 
[118] Polymer 1. Measurement of normal and 

shear loads simultaneously 1. Low force capacity (0.6 N) 

Piezoresistive 
[119] 

Silicon 
rubber 1. Highly sensitive sensor 1. Complex design 

2. Inflexibility 
Capacitive 
[120] Polymer 1. Measure normal and shear 

force distribution 
1. Nonuniform gap between 
electrodes 

Piezoresistive 
[121] Silicon 

1. High spatial resolution (0.42 
mm) 
2. Large scale sensing array 

1. Complex design 

Piezoresistive 
[122] 

Elastic 
rubber 

1. Detection of a three-
dimensional force 
2. Good flexibility and taped on 
nonplanar surface 

1. Large area skin with low 
density of receptors 

Piezoresistive 
[123] Polysilicon 

1. High resolution shear and 
normal force 
2. Stress 

1. Sensor array is high (64 × 64) 
2. Needs complex signal 
condition circuit 

Capacitive 
[124] Silicon 1. Low cost 

2. Simple construction 
1. Low resolution (0.05 mm) 
2. Measures normal force only 

Ultrasonic 
[125] 

Ferroelectric 
polymer 

1. Operation at higher 
frequencies 

1. Low resolution (<3 mm) 
2. Absorption of the ultrasonic 
signal in air 

The above mentioned transducers and actuators are an essential part of a sensor. 
In the pressure sensor industry, they can be classified in two major groups: 
cantilevers or diaphragms. 
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1.4. Dynamic elements of a sensor 

As mentioned in Paragraph 1.3, there are two major groups of dynamic 
elements. Both of them come with their own specific technical characteristics as 
well as their strengths and weaknesses.  

To begin with, cantilevered beams are the most common structures in the field 
of MEMS. It is the simplest mechanical structure which is clamped at one end and is 
free at the other end (Fig. 9). It is a rectangular-shaped structure, much longer if 
compared to its width, and its thickness is much smaller than its other two 
parameters (length or width). Sensors based on cantilevers as their dynamic element 
have numerous applications in diverse fields. They range from engineering to 
natural and physical sciences. This kind of sensors is used for the detection of small 
masses, biomolecular binding events, and non-contact topographic and localized 
charge imaging when using atomic force microscopy [126].  

 
Fig. 9. Cantilever based sensor [127] 

MEMS cantilevers are usually fabricated from such materials as silicon (Si), 
silicon nitride (Si3N4), or polymers. 

In order to understand the effect of a cantilever, Stoney’s formula can be used 
(Equation 1.4.1) to calculate the resulting surface stress change [127]. 

 (1.4.1) 

In the equation,  is Poisson’s ratio,  is Young’s modulus,  is the bending 
radius of the cantilever, and  is the thickness of the cantilever. 

In addition, the relation of cantilever’s spring constant  to the cantilever’s 
dimensions and material constants produces Equation (1.4.2). 

 (1.4.2) 

Here,  is the force, and  is the deflection,  is the width of the cantilever,  
is the elastic modulus of the cantilever,  is the thickness of the cantilever, and  is 
its length. The cantilever’s spring constant is also related to , which is the 
resonant frequency of the cantilever. When using Equation (1.4.3), the cantilever 
resonance frequency can be calculated by knowing the  mass of the 
system. 
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 (1.4.3) 

Change in the applied force to a cantilever can shift the resonant frequency.  
The principal strength of cantilevers in MEMS is their inexpensive and easy 

fabrication in large numbers. Additionally, they feature lower stiffness and reduced 
sensitivity because of their temperature and residual stress. On the other hand, the 
weaknesses of these cantilevers are based on their practical applications. The 
superlinear dependencies (square and cubic dependencies of cantilever performance 
specifications on the dimensions) show that this dynamic element is highly sensitive 
to change in the process parameters, especially to the thickness of the cantilever 
[128].  

Cantilever-based sensors are used in various applications: for the measurement 
of object-contacting forces [129], for measuring elastic body deformations, when it 
is embedded with the device [130], for measuring air flows and vibrations [131, 
132], for measuring differential air pressure [133], for measuring the differential 
pressure between cavities and the external environment, etc. [134]. 

On the other hand, pressure sensors are primarily diaphragm-based [135]. 
MEMS offer a different fabrication process to the fabrication of diaphragms in 
various applications. The different shapes of diaphragms (square, rectangular, and 
circular shapes) play a significant role in the operation of different applications. The 
working principle of a diaphragm is based on the force applied on one side of the 
diaphragm, which causes its deflection. It is described by Midlin-Reissner theory for 
thick plates, which is an extension of Kirchhoff-Love plate theory that takes into 
account shear deformations through-the-thickness of a plate [136]. 

If we take into account the usage of vibrating diaphragms, they not only allow 
continuous vibration throughout the whole structure, but also offer the possibility of 
working in two environments at the same time (Fig. 10). One of the sides of the 
vibrating diaphragm can be immersed into the analyte which has to be analyzed, but 
the other side is freely working in ambient conditions or in vacuum where it can be 
connected to additional measuring tools or even can work in different pressure. A 
diaphragm-based resonating device would be able to measure the pressure of the 
analyte even in very large pressure areas, where additional overpressure from the 
free side of the diaphragm would be used in order to prevent structural failures.  

The dynamic elements of diaphragms are characterized by high pressure 
sensitivity and significantly lower temperature sensitivity. They can operate up to 
temperatures of about 300 °C and remain almost free of hysteresis [137]. 
Additionally, the diaphragm can minimize the nonlinearity of a sensor [138].  
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Fig. 10. Schematic view of a vibrating membrane working in two different environments 

at once 

Diaphragms have been widely used in various applications for pressure sensors. 
One of the most promising industries for their application is biomedicine. Here, 
diaphragms are employed for pressure sensors to monitor health and tactile touch 
[139], blood pressure [140], or for any other medical application [141]. However, 
there are many other fields of science where the diaphragm type pressure sensors are 
common, such as acoustic pressure sensing and acoustic spectroscopy [142], gas 
pressure monitoring [143], and environmental applications [144].  

The right choice of the material for the vibrating diaphragm can also help to 
control its geometrical, optical, and mechanical parameters across a wide range of 
oscillation frequency. 

1.5. Materials for sensing elements 

In MEMS, many different types of materials are used for their functional 
element fabrication. The tendency is that they have to be smart, adaptive, and 
intelligent materials or structures. On the other hand, they cannot work on their own 
and need to have supporting equipment, such as microprocessors, computers, or 
control algorithms in order to achieve the designated sensitivity, efficiency, and 
quality of performance. Sensors with control systems redefined the concept of 
MEMS from the traditional passive and inflexible system to the newly developed, 
functional, active and flexible system which is capable of self-diagnosis, self-
sensing, and control [145–147]. Here, the above mentioned smart materials are 
classified into 10 classes: piezoelectric, shape memory, magnetostrictive, 
electrostrictive materials, electrorheological fluids, magnetorheological fluids, 
polyelectrolyte gels, photostrictive materials, photo-ferroelectric materials, 
pyroelectrics, magneto-optical materials, and superconducting materials. 

1.5.1. Piezoelectric materials 

Piezoelectricity is a phenomenon when an electric charge is being generated in 
a material due to an external mechanical force. Two types of piezoelectric effects are 
present in today’s physics: direct and reverse piezoelectric effects. The direct 
piezoelectric effect is, actually, the same as the general definition of piezoelectricity. 
Electric charge is being generated due to the response of a material to a mechanical 
force. On the other hand, the reverse piezoelectric effect works from the other side: 

Diaphragm 

Substrate 
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the electrical potential induces mechanical stresses or strains in a material. Mostly, 
sensing platforms benefit from the direct piezoelectric effect, while the reverse 
piezoelectric effect is employed when a precise actuating platform is needed. 
Piezoelectricity is a first-order effect due to its applicability from the nano- to the 
milli-scale at a low electric field that produces a strain proportional to the electric 
field and the direction of the displacement dependent directly on the sign of the 
electric field [148]. 

Piezoelectricity can be found in a vast number of natural and synthetic 
materials. In general, there are four classes: natural crystals, liquid crystals, non-
crystalline materials, and synthetic piezoelectric materials. Due to the easier 
fabrication of synthetic materials and polymers, they are widely used in many 
sensors and actuators [149].  

Zinc oxide (ZnO), aluminum nitride (AlN), and lead zirconium titanate (PZT) 
are the most common materials used for the sensor industry. Lots of works have 
been done on ZnO, which was one of the first piezoelectric materials used 
commercially. ZnO is known for its less demanding vacuum conditions, good film 
quality, high sputtering rates, and ease of chemical etching. Despite that, ZnO has a 
high piezoelectric coupling factor, it cannot be widely used in the semiconductor 
technology due to the increased conductivity, and ZnO also raises issues due to its 
temperature dependencies.  

Aluminum nitride (AlN), on the other hand, is stable under humid and 
temperature dependent conditions. It is also known for large resistivity and can be 
perfectly compatible with the processing of metal-oxide-semiconductors. Moreover, 
AlN has a high quality factor, which makes it useful in resonator applications, and it 
is denoted by high acoustic velocity. This feature is useful for high-frequency 
applications. However, AlN lacks electromechanical coupling. Its value is the lowest 
of the three presently listed materials here.  

Extremely high piezoelectric coupling makes PZT the most popular and widely 
used thin film material. While comparing to ZnO and AlN, PZT exhibits much 
larger electromechanical coupling, what makes it suitable for energy harvesting 
applications. Due to the advantages of PZT, many researchers focus their work on 
developing effective processing methods. PZT can be fabricated by using radio 
frequency sputtering, screen printing, electron-beam evaporation, ion-beam 
deposition, magnetron sputtering, and many other techniques [150]. The processing 
method is selected depending on the application, but all of them focus on two main 
factors – the layer thickness and the annealing temperatures.  

Many works have focused on the creation of the perfect piezoelectric material, 
which would have a high power factor with minimum energy loss. Despite the 
research, some of the remaining major concerns are the reduction of hysteresis and 
an increase of the mechanical quality factor by reinforcing resonance displacement.  

1.5.2. Other smart materials 

Shape memory materials can be described by their uncommon properties, such 
as their shape memory effect, high damping capacity, adaptive properties, or pseudo 
elasticity. As the name states, this kind of material is able to change depending on 
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the environment it is surrounded by. It can change the shape, position, strain, 
damping, stiffness, friction, natural frequency or other dynamical or static 
properties. The change is induced by temperature, mechanical impact, electric 
stimulus or magnetic field changes.  

Electrostrictive materials belong to the category of ferroelectric materials. With 
the movement of ions in the material, caused by electrostriction, their displacement 
accumulates, which results in the overall strain (elongation). The consequential 
strain is proportional to the square of polarization. Materials with a high dielectric 
constant, such as relaxor ferroelectrics, can expose high electrostrictive constants. 
The most common materials in this segment are lead magnesium niobate (PMN), 
lead magnesium niobate-lead titanate (PMN-PT), and lead lanthanum zirconate 
titanate (PLZT). 

The ability to convert magnetic energy into mechanical energy is called 
magnetostriction. This feature is the main property of magnetostrictive materials. 
With the help of such advantages as the large magnetomechanical coupling 
coefficient, large output stress, fast response, high Curie temperature, and high 
energy density, magnetistrictive materials attract more and more attention from 
various industry fields. Damping, pneumatics and hydraulics, electrical automation 
and various other applications are benefiting from magnetostrictive materials and 
their properties.  

Electro and magnetorheological fluids contain micro-sized particles in the 
carrier liquid. When an external electric or magnetic field is applied, particles 
develop yield stress. We may thus wonder whether the viscosity of these electro and 
magnetorheological fluids can be controlled. These fluids can also be categorized 
into three groups: electrorheological, magnetorheological and ferrofluids. 
Ferrofluids contain small, nano-sized particles scattered in it. The ferrofluid can be 
manipulated when a magnetic field is present. These particles align due to the 
magnetic field; it also helps to increase or decrease the fluid viscosity. The change of 
viscosity takes only milliseconds, thus the change from liquid to solid, like a 
Newtonian fluid, is virtually instant. This feature is sought by engineering 
applications and is very promising for future prospects [151]. Depending on the 
application, one can choose which energy field is needed. An electrorheological 
fluid requires a high voltage and low current electric field. On the other hand, a 
magnetorheological fluid works with a magnetic field which could operate high fluid 
shear stress that can be generated by a battery. Thus, electrorheological fluids need 
lots of attention regarding safety. Additionally, magnetorheological fluids are 
superior due to high shear stresses at the maximum applied field. They also exhibit 
very low shear resistance at the zero field, chemical inertness, fast response time, 
temperature stability, and low hysteresis.  

The polyelectrolyte gel is a polymer chain with a charged polymer network 
where macro ions are fixed. Additionally, the material contains micro counter ions 
which are localized in the network frame. One of the features of the polyelectrolyte 
gel is the absorption of high amounts of water. The polyelectrolyte gel is affected by 
the environmental surrounding where pH, the electrical field or the electrical charge 
alter the physical properties of materials.  
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Pyroelectric materials possess the ability to instantaneously polarize crystals 
due to the temperature differential. Pyroelectric materials are only a subgroup of 
piezoelectric materials. Ceramic materials based on lead zirconate, lithium tantalite, 
triglycine sulface, polyvinylidene difluoride and strontium barium niobate are the 
main pyroelectric materials used in the contemporary scientific and industry projects 
[152]. 

There is a wide range of optoelectric/magneto materials. Due to the vast 
number of possible examples, they are classified into three main groups: 
photostrictive, magneto-optical, and photo-ferroelectric materials. The first group – 
photostrictive materials – are mainly used as a sensor or an actuator. The main 
feature of this kind of material is its working principle which is based on the 
photovoltaic effect and the converse of the piezoelectric effect. The two other groups 
can be used as a storage device. Magneto-optical materials exhibit the magneto-
optical effect, which is also found in ferromagnetic materials. Due to this 
phenomenon, data storage based on these materials is denoted by a relatively high 
Curie point, and no matter how strong magnetic field is applied, it will not affect any 
stored data. Yet, it is only eligible for temperatures below the Curie point. Photo-
ferroelectric materials become relatively polarized when impacted by a light 
impulse. It also enhances photo-conductivity, shifts ferroelectric phase transition 
temperatures, causes photo-striction, and may modify the domain structure at the 
nanoscale level [153]. 

Superconductivity can be defined by a decrease of resistance due to the 
vibration ions when the temperature is lowered. Superconducting materials reach the 
superconductive state when the temperature decreases below a certain value of the 
critical temperature. Most physical properties of superconducting materials vary 
depending on the material itself. Such properties as heat capacity, critical 
temperature, critical field, and critical current density are material dependent and can 
be different for two different materials.  

1.5.3. Piezoelectric composites 

Composite materials show improved or elevated properties, and, in some cases, 
additional functions if compared to single-phase materials. The piezocomposite, 
consisting of piezoelectric ceramic and a polymer, are this type of a material. It is a 
promising study field because of the material’s excellent tailorable properties.  

The geometry for two-phase composites can be classified according to the 
connectivity of each phase (1, 2, or 3 dimensionally) into 10 structures: 0-0, 0-1, 0-
2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3, and 3-3. If taking an example of a 1-3 piezocomposite, 
in other words, PZT-rod/polymer-matrix composite is considered most useful [154]. 
This composite is distinguished by having a high coupling factor, low acoustic 
impedance, good matching to water or a human tissue, mechanical flexibility, and 
broad bandwidth in combination with a low mechanical quality factor.  

There are three types of composite effects (Fig. 11): the sum effect, the 
combination effect, and the product effect. 



33 
 

 
Fig. 11. Composite effects: a) sum, b) combinations, and c) products effects [154] 

The sum effect is considered to be present when the composite material has 
features from all the forming materials. The combination effect takes place when the 
materials exhibit a specific feature which is then enhanced in the final product. And, 
finally, the product effect is when a combination of materials creates a completely 
new feature. 

Polymer piezoelectric materials are highly suitable for sensor applications. A 
polymer itself lacks several properties depending on the materials, such as a small 
piezoelectric constant, low elastic stiffness, etc. Yet, in combination with PZT, they 
play a huge role in the design of transducers.  

Although there are many different examples of piezoelectric composites (PZT-
Epoxy, PZT-Silicone rubber, PZT-Rubber, etc.), all of them come with their own 
disadvantages. Some of them are rather stiff and brittle, whereas some of them are 
lacking piezoelectric properties but have good flexibility. In some cases, the material 
is very promising, but it cannot be used due to high fabrication costs and low 
applicability. Easy adhesion and strong piezoelectric features are always sought by 
material scientists around the world. 

There are many different polymer types which can be used in piezoelectric 
nanocomposites. Some of them are described in Table 5. The list of polymers given 
in Table 5 is not an exhaustive list. It is used only to briefly describe the most 
common polymers used for piezoelectric composites. One can find many different 
examples in the literature and fabrication. 

Table 5. Common polymer types for piezoelectric nanocomposites 

Polymer Description 

Polyethersulfone Polyethersulfone – a polymer of the family of thermoplastic polymers 
(Fig. 12). These polymers are known for their high thermal, oxidative and 
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Polymer Description
hydrolytic stability. In addition, polyethersulfone is amorphous, 
transparent, and can be thermoformed into shapes.  

 

Fig. 12. Chemical structure of polyethersulfone 
Polyethersulfone is suitable for medical and food/beverage contact 
applications due to its ability to be sterilized. It can withstand high 
temperatures and corrosive media, which makes it suitable for components 
in batteries, printers, etc. [155]. Polyethersulfone allows easy 
manufacturing of membranes. Such membranes can be used in various 
applications, ranging from hemodialysis to gas separation.  

Polydimethylsiloxane 
(PMDS) 

PMDS belongs to the family of organosilicon compounds or – as widely 
referred – silicones (Fig. 13). PMDS is clear, inert, non-toxic, and non-
flammable. It is viscoelastic and acts as a viscous liquid in high 
temperatures. Low temperatures transform it to an elastic solid, similar to 
rubber.  

 

Fig. 13. Chemical structure of polydimethylsiloxane 
PMDS is commonly used in soft lithography, where it acts as a stamp 
resin. Medicine and cosmetics are also an industry field which benefits 
from PMDS. It is used for over-the-counter drugs, contact lenses or even 
lubricants [156]. 

Polyvinyl butyral 
(PVB) 

PVB (Fig. 14) is fabricated from the polyvinyl alcohol reaction with 
butyraldehyde. The most common uses for PVB are observed when strong 
binding is needed. Also, there exist applications benefiting from PVB 
features, such as optical clarity, adhesion to many surfaces, toughness and 
flexibility. 

 

Fig. 14. Chemical structure of polyvinyl butyral 
PVB is used for laminated glass production [157]. It can be employed in 
graphite composites for solar thermal energy storage [158], or even for 
medical applications [159]. 

Polypropyline 
Polypropyline is a thermoplastic polymer which belongs to the group of 
polyofelins (Fig. 15). It is very similar to polyethylene. Its density is low, 
which allows to achieve a lower weight of the produced parts from a 
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Polymer Description
certain mass.  

 

Fig. 15. Chemical structure of polypropyline 

It is produced by using hydrocarbon or bulk slurry. Additionally, a gas 
phase, where gaseous propylene is in contact with the solid catalyst,
fabricates solid polypropyline. 
By using extrusion or molding techniques polypropyline can be used for 
manufacturing of various parts. Hinges, piping systems, or plastic items 
for medical or laboratory uses are only a small fraction of all the possible 
polypropyline applications.  

Poly(methyl 
methacrylate) 
(PMMA) 

Poly(methyl methacrylate) is a transparent thermoplastic often known as 
acrylic, acrylic glass or plexiglass (Fig. 16). PMMA is cheaper to 
manufacture if compared to polycarbonate. It features higher tensile 
strength, flexular strength, transparency, polishability, and higher UV 
tolerance. Also, PMMA does not contain bisphenol-A, which is a harmful 
subunit.  

 

Fig. 16. Chemical structure of poly(methyl methacrylate) 

PMMA can be used in a wide field of applications. It can be found in the 
vehicle industry, appliances, lenses of glasses, construction, furniture, etc. 

Polyactic acid (PLA) 
nanofibers 

Thermoplastic aliphatic polyester polyactic acid or polyactice (PLA) is 
fermented from plant, such as corn or sugarcane, starch (Fig. 17). PLA has 
a glass transition temperature of 60–65 °C, a melting temperature of 173–
178 °C, and a tensile modulus of 2.7–16 GPa [160, 161].  

 

Fig. 17. Chemical structure of polyactic acid 

PLA is used as a 3D printers’ filament material [162]. Packaging is 
another industry field where manufacturers benefit from PLA. By casting 
or injection-molding, it is used to make cups and bags [163]. Also, as 
previously stated materials, PLA is widely used in medical applications. 
Medical implants, such as anchors, screws, plates, or mesh are fabricated 
from PLA [164]. It can break down inside the body within 2 years. The 
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Polymer Description
time interval changes depending on the type of PLA in use. It helps to 
avoid additional surgeries needed to remove the implanted structural 
elements. 

Polycarbonate 

Polycarbonates designate a group of thermoplastic polymers which contain 
carbonate groups in their chemical structure (Fig. 18). Even though 
polycarbonate is a durable material it does not show a high scratch 
resistance. On the other hand, it is able to withstand a strong impact. 

 

Fig. 18. Chemical structure of polycarbonate 
Many applications are available for polycarbonate. Mostly, it is used for 
electronic components. Being a good electrical insulator it is used in 
various products associated with this industry field. Additionally, its 
properties of heat resistance and flame retardance offer a great impact for 
electrical solutions. Constructional structures are also extensively 
fabricated from polycarbonate. And, as well as many other polymers, 
polycarbonate is also used for medical applications.  

Polyacrylamide 

Polyacrylamide is a polymer formed from acrylamide subunits (Fig. 19). It 
is high-level water-absorbent, and becomes a soft gel when in touch with 
water. Polyacrylamide, when in touch with food, can contaminate it with 
acrylamide which is a well-known neurotoxin and carcinogen.  

 

Fig. 19. Chemical structure of polyacrylamide 
Mainly, polyacrylamide is used in water treatment. Also, paper making 
and screen printing benefit from this polymer.  

Polyvinyl chloride 

One of the most widely produced synthetic plastic polymers is polyvinyl 
chloride (Fig. 20). It can be rigid or flexible. This is highly dependent on 
its application. It is a hard polymer. Its elastic modulus can reach 1500–
3000 MPa. With the addition of heat stabilizers, it is possible to increase 
polyvinyl chloride resistance to high temperatures. The melting 
temperatures reach 100 °C to 260°C. 

 

Fig. 20. Chemical structure of polyvinyl chloride 
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Polymer Description
Mainly, polyvinyl chloride is used for pipers for municipal and industrial 
applications. It is also used as insulation for electrical cables. Electrical 
cables are not the only construction part benefiting from polyvinyl 
chloride. Being a strong but lightweight plastic, polyvinyl chloride is used 
as vinyl or vinyl sidings in construction works. It can even substitute 
wood. 

Polystyrene (PS) 

Polystyrene is a synthetic hydrocarbon polymer made from monomer 
styrene (Fig. 21). PS can take two material states – solid or foam. It is a 
clear, hard, but rather brittle material. It is one of the most widely used 
plastics. Despite the advantages of PS, it suffers from a relatively low 
melting point. 

 

Fig. 21. Chemical structure of polystyrene 

Polystyrene is widely used in packaging because packing bags for peanuts 
or protective cases are made from it. Also, containers, lids, bottles, trays, 
tumblers, and disposable cutlery are made from polystyrene and then used 
across a broad range of industries. 

Addition of various polymers allows modifying some sought-for properties, i.e., 
a lowered dissipation factor, increased piezoelectric coefficients, the dielectric 
constant, the loss, etc. Thus, such polymers as PVB [165], polymethyl methacrylate 
(PMMA) [166], and polystyrene (PS) [167], have shown strong characteristics in 
microfabrication processes, i.e., strong binding, high adhesion, toughness, 
flexibility, etc. This interaction of these materials with lead zirconate titanate (PZT) 
allows changing the main properties of microresonators such as the surface 
morphology, chemical, optical, electrical, and mechanical properties when seeking 
to enhance its functionality as well as performance, and to simplify the design and 
fabrication process. 

The search for new piezoelectric nanocomposites was also discussed in the 
dissertation of Alfredas Brunius titled “Research and development of piezoelectric 
composite material for biomedical application” [168]. In his thesis, Brunius sought 
development of high sensitivity, accuracy of measurements properties in a novel 
material by changing the material ratio of PZT and the polymer. His results have 
shown that the best properties can be achieved by using 80% of PZT and 20% of the 
polymer. These results were taken into account and used in this thesis. 

1.6. Section conclusions 

The following conclusions were drawn from the completed analysis: 
 The review of sensors in today’s industry shows a broad number of 

possible types and their functionality, as well as their applicability to 
various fields of science and commerce. Pressure sensors are one of the 
most common types of sensors which are employed in a vast number of 
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applications. Even though there are many variants of pressure sensors, 
scientists still are in search for small size, low weight, low cost, high 
performance, low power consumption, and higher output signal properties 
of pressure sensors. 

 In-depth analysis of sensor elements revealed two possible approaches for 
the sensing element: cantilevers and membranes. Pressure sensors are 
primarily based on membranes as their dynamic elements. Membranes can 
be of various geometry (square, rectangular, and circular shapes) and are 
capable of high pressure sensitivity. They can also minimize the 
nonlinearity of a sensor. It is also possible to control geometrical, optical 
and mechanical parameters of a vibrating membrane across a wide range 
of oscillation frequency if the suitable material to fabricate the membrane 
is chosen. 

 Material selection for the sensing elements makes a significant impact to 
its following working properties and performance. Piezoelectric 
nanocomposites are among the most promising sensing materials as it 
combines both piezoelectric and polymer properties. From the review of 
polymers, polyvinyl butyral (PVB), polymethyl methacrylate (PMMA), 
and polystyrene (PS) have been chosen to create a novel piezoelectric 
composite due to their strong binding, high adhesion, toughness, and 
flexibility. 
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2. PIEZOELECTRIC NANOCOMPOSITE SYNTHESIS AND ANALYSIS 

2.1. Synthesis and formation of piezoelectric composite film 

The newly proposed piezoelectric nanocomposite material fabrication began 
with the preparation of powder. Milled PZT powder was mixed together with 3 
different bonding materials in order to design the novel composite material. The two 
components were mixed in 20% to 80% proportions, where 20% of the polymer and 
80% PZT were present. PVB in benzyl alcohol, polymethyl methacrylate (PMMA) 
in benzyn alcohol, and polystyrene (PS) in benzyl alcohol were used as the binding 
material for the created samples. 

The axolate/hydroxide co-precipitation method [169] was used for lead 
zirconate titanate [Pb(Zr0.52Ti0.48)O3] synthesis. Lead (II) acetate Pb(CH3COO)2, 
titanium butoxide Ti(C4H9O)4, zirconium butoxide Zr(C4H9O)4 (80% solution in 
n-butanol), oxalic acid dehydrate C2H2O4·2H2O, 25% ammonia solution, and 
deionized water were used in this procedure as the main materials. 

In 100 ml of deionized water, 8.62 g of lead (II) acetate was dissolved. In 
another glass beaker with 500 ml of deionized water, 32 g of oxalic acid dehydrate 
was also dissolved. This solution was then heated to 50 °C. Oxalic acid solution was 
supplemented by 5.1 g of titanium butoxide and 7.65 g of zirconium butoxide 80% 
solution by dropwise addition. The reaction mixture was vigorously stirred up to the 
point when a clear yellow solution could be seen. The lead acetate solution was 
afterwards poured into the solution of titanium and zirconia alkoxides. At the same 
moment, the pH of the mixed solution had to be adjusted to 9 ÷ 10 by the addition of 
25% ammonia solution. The presently explained reaction took additional 60 
minutes. During that time, white amorphous precipitation of PZT began to appear. It 
was filtered under vacuum, then washed with deionized water and acetone, and dried 
for 12 hours in 100 °C temperature. As the next step, the calcination of the dried 
powder took additional 9 hours at 1000 °C temperature. The obtained PZT powder 
was milled. It was then used to prepare the screen-printing paste by mixing it 
together with 30% solution of PVB in benzyl alcohol, polymethyl methacrylate 
(PMMA) in benzyl alcohol, and polystyrene (PS) in benzyl alcohol. Three separate 
mixtures were prepared. As mentioned above, the components in the mixture were 
calculated to get 20% of binder material and 80% of PZT in the dry coating, i.e., 
0.83 g of 30% PVB solution for 1 g of PZT powder. Finally, the viscosity of the 
paste had to be adjusted to ensure the possibility of screen printing. It was done with 
a Brookfield viscometer and an ABZ spindle (at 10 rpm and 25 ± 1 °C) to reach 
40 ± 5 Pa s of viscosity.  

Conventional screen printing was used to apply the created paste to copper foil 
substrates. Three different types of polyester monofilament screens were used: with 
32/70, 48/70, and 140/34 meshes. Then, again, the coatings were dried in an electric 
oven for 30 min at 100 °C temperature. The fabricated samples (Figs. 22–24) were 
of high quality and showed strong PZT dominance as shown in Paragraph 2.4. 
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Fig. 22. Fabricated sample with piezoelectric nanocomposite with PMMA 

 
Fig. 23. Fabricated sample with piezoelectric nanocomposite with PVB 

 
Fig. 24. Fabricated sample with piezoelectric nanocomposite with PS 

2.2. Testing methodology and tools 

2.2.1. Scanning electron microscopy (SEM) 

In order to analyze the synthesized composite material topography and 
chemical composition, a Scanning Electron Microscope (SEM) Quanta 200 FEG 
was used (Fig. 25). Additionally, this Quanta 200 FEG SEM features an integrated 
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energy dispersive X-ray spectrometer (EDS) detector X-Flash 4030 which is 
manufactured by Bruker Corporation, USA. SEM is widely used in topography 
analysis when high amplification is needed. The technical characteristics of Quanta 
200 FEG SEM are listed in Table 6. 

 
Fig. 25. Scanning electron microscope Bruker Quanta 200 FEG 

A beam of electrons is concentrated on the sample which has to be analyzed, 
and it transfers energy to the focused area. The primary electrons attributed to those 
in the electron beam are used to dislodge electrons from the sample. These dislodged 
electrons become the secondary electrons (SE). They are magnetized during the 
process and then collected via a grid or a detector which has a positive potential. 
Furthermore, these captured electrons are converted into a signal.  

The signal conversion to an image through SEM is done by tracing the electron 
beam across the analyzed area. Then, the signal is amplified to increase the quality 
and is translated to a surface topography image which could be easily 
understandable and suitable for further analysis. The number of SE depends on the 
amount of energy which the primary electrons bring through the electron beam. 
Additionally, there is direct dependence of the radiance of SE to the energy of 
primary electrons until a certain limit. If that energy point has been passed, the 
quantity of SE decreases even though the energy value of the primary electrons 
increases. This can be explained by the depth of penetration of the primary electron 
beam. Due to the deep penetration of the beam, the electrons from the furthest points 
from the surface recombine themselves even before the emission [170].  

Three different processes for generating information via SEM are present: 

 Images from backscattering electrons (BSE), 
 Images generated from emitted secondary electrons (SE), 
 Images generated from elemental X-ray mapping. 
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Table 6. Technical characteristics of Quanta 200 FEG scanning electron microscope 

Electron source Field emission gun 
Accelerating voltage 500 V–30 kV 
Resolution 2 nm at 30 kV (SE) 

Imaging detectors Everhart-Thornley (SE/BSE), Solid State BSE, Large Field, 
Gaseous SE, Gaseous BSE, Gaseous Analytical and CCD Camera 

Imaging modes High, low vacuum and environmental 

Analytical capabilities Energy dispersive X-rays (Oxford Instruments 80 mm2 X-Max 
silicon drift detector, MnKα resolution at 124 eV) 

There is an obvious difference between BSE and SE methods. 
Two separate dissipation variants are possible: inelastic and elastic. They both 

occur when a primary electron with high energy interacts with an atom. Inelastic 
dissipation, though, occurs during the interaction of a primary electron with an 
atomic electron. On the other hand, elastic dissipation is observed when a primary 
electron interacts with the nucleus of an atom. Elastic dissipation is also connected 
with electrons which do not lose the kinetic energy of the atom nucleus. In general 
conditions, BSE is related with higher than 50 eV energy of the emitted electron, 
and also the energy values pertaining to this method can be compared to that of the 
primary beam.  

BSE is also connected with the atomic number of the chemical element. The 
probability of backscattering to occur increases together with the increase in the 
atomic number of the chemical element. Because of this, BSE can indicate multiple 
phases of a mixture structure of different materials [171]. 

On the other hand, SE interacts with the material only several nanometers 
below the material’s surface. During the collision between the primary and the 
secondary electron, some energy is transferred to the latter. If this energy amount is 
not sufficient to surpass the energy surrounding it, the electron will be unable to 
launch itself out through the material’s surface. Only when the energy is strong 
enough, then the emitting electron can be registered as passing the surface area. SE 
is situated with an energy level lower than 50 eV [172]. 

2.2.2. Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a type of scanning probe microscopy 
(SPM) with a resolution level in the order of nanometers. It is based on the 
cantilever/tip assembly that interacts with the sample. This assembly is called the 
probe. The raster scanning motion, which is up/down and side-to-side motion of the 
AFM tip as it scans the surface, is the method by which AFM interacts with the 
sample. Scanning along the surface is monitored by the reflection of a laser beam off 
the cantilever. This beam is traced by a position sensitive photo-detector which can 
determine vertical and lateral motion. AFM has three major features: force 
measurement, imaging, and manipulation. 

Force measurement employs AFMs to measure the forces between the probe 
and the sample as a function of their mutual separation. This can be used to measure 
the mechanical properties of the sample, such as the sample’s Young’s modulus. 
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Imaging is used to form a topography image of the sample surface at a high 
resolution. This is completed by scanning the position of the sample with respect to 
the tip of the probe and recording the height of the probe that corresponds to the 
constant probe-sample interaction. In addition, other properties of the sample can be 
measured locally and displayed as an image. Mechanical properties, such as stiffness 
or adhesion strength, and electrical properties, such as conductivity or surface 
potential, can be analyzed and plotted by AFM. 

During the manipulation, it is possible to change the properties of the sample in 
a controlled way by using the forces between the probe tip and the sample. Such 
applications as scanning probe lithography and local stimulation of cells benefit 
from this approach. 

To analyze the mechanical properties of the samples, a JPK NanoWizard 3 
AFM was used (Fig. 26). JPK NanoWizard 3 was developed by the same company 
as the SEM Quanta 200 FEG, i.e., Bruker, USA. 

 
Fig. 26. Atomic force microscope JPK Nanowizard 3 

AFM can be used in a wide range of natural science fields including solid-state 
physics, semiconductor science and technology, molecular engineering, polymer 
chemistry and physics, surface chemistry, molecular biology, cell biology, and 
medicine. 

Its applications include the identification of atoms at a surface [173], 
determination of mechanical properties [174], or even medical applications where 
normal and cancerous cells can be differentiated [175]. 

2.2.3. Energy dispersive X-ray spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS) is an analytical method of sample 
analysis and characterization. An excited X-ray is interacting with a sample, which 
provokes a unique element to emit its electromagnetic emission spectrum. As each 
chemical element is unique with its own atomic number and structure, this allows to 
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clearly differentiate each of them with their unique set of peaks. As low as 0.001 
percent concentration can be detected by EDS. This analysis is a non-destructive 
method which is used for solving a variety of physico-chemical problems across a 
broad spectrum of industries [176]. 

To cause the emission of the electromagnetic energy spectrum, the sample has 
to be bombarded with a high-energy beam (electrons or protons), or concentrated 
X-ray. Before the excitation, during the unexcited state of an atom, all of its 
structure follows its own path. All atoms have electrons only on specific levels, and 
electrons are bound to the atomic nucleus. The electron shell, which is the closest to 
the nucleus, is designated as the K shell, and the following shell is the L shell. The 
other subsequent shells are also noted by Latin alphabet letters. During excitation, 
electrons also become excited, which causes them to leave their regular position and 
either to eject from their space, or to take over another electron position. Electrons 
from the outer shell fill in the missing position and, with that, they emit the energy 
difference. This energy is released in the form of X-ray. These X-ray lines are noted 
by the Latin alphabet letter which indicates the shell containing the vacancy of the 
electron. Additionally, a Greek letter (α, β, etc.) specifying the intensity of the group 
to which the line belongs (Fig. 27), is used. These released X-ray beams are 
registered in the emission spectrum with an energy-dispersive spectrometer.  

 
Fig. 27. X-ray characteristic lines 

In order to calculate the numerical value of the energy difference when 
electrons shift from one shell to another, it is possible to use Equation (2.2.2.1) 
[177]. 

, (2.2.2.1) 

where  – initial principle quantum number,  – final principle quantum 
number,  – screening factor, and  is the atomic number. 
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During the analysis, SEM with an integrated dispersive X-ray spectrometer 
detector was used. The whole unit is presented in Fig. 26. The energy dispersive X-
ray spectrometer detector X-Flash 4030 is presented in Fig. 28.  

 
Fig. 28. Energy dispersive X-ray spectrometer X-Flash 4030 [178] 

During the analysis, this 30 mm2 modern solid state drift detector was cooled 
with a Peltier element. The detector was capable to provide 133 eV (at MnK) energy 
resolution at 100000 cps. The technical data of the X-Flash 4030 detector is given in 
Table 7. 

Table 7. Technical data of X-Flash 4030 detector 

Technical data Value and description 

Energy resolution 133 eV (Mn Kα) guaranteed at 100000 cps, stable over whole throughput 
range at a given shaping time 

Max. pulse load 1000000 cps 
Active area 30 mm2 
Detection range From Boron (5) to Americium (95) 
Cooling Peltier cooling (no liquid nitrogen or other cooling agents required) 
Weight Low weight (approx. 2.5 kg) 

2.2.4. Fourier transform infrared spectroscopy (FTIR) 

Fourier transform infrared spectroscopy is an analysis method which allows 
registering infrared spectra. The infrared light passes through the interferometer and 
then through the sample. Additionally, a moving mirror in the inside of the 
interferometer changes the amount of light passing through the machine. The 
recorded signal that shows the light output as a function of the mirror position is 
called the interferogram. By using the Fourier transform technique, the gathered data 
is remastered to the sought spectra which represent the light output as a function of 
infrared wavelength.  
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Analytical calculations for extracting the spectrum from the sample are based 
on the following calculations of the total intensity (the function of the path length 
difference) at the detector (Equation (2.2.3.1)) 

, (2.2.3.1) 

where  is the path length difference in the interferometer,  is the 
wavenumber, and  is the spectrum to be determined. The previously stated 
formula is applicable for any desired values of  [179]. 

FTIR can be used to analyze and identify chemicals. A major advantage of this 
technique is that the analyzed samples can be of any material phase – solid, liquid, 
or gas. FTIR analysis is widely used in organic and inorganic chemistry. This helps 
to implement it in various industry fields. It can be used to identify and measure the 
concentration of various compounds in various food products in the food industry 
[180, 181]. Another example of its application lies in the field of semiconductor 
microelectronics, where FTIR can be applied to silicon, silicon nitride, etc. 
semiconductors [182]. Additionally, FTIR has already been used for some time in 
art analysis, where pigments identification is needed in paintings [183], other art 
objects [184], or illuminated manuscripts [185]. 

The total infrared regions are in the 12800–10 cm-1 wavelength and can be split 
into three smaller intervals: 12800–400 cm-1, which is near the infrared region, 
4000–200 cm-1, which is the middle of the infrared region, and 1000–50 cm-1, which 
is the far infrared region. Various spectrometers work in the stated infrared regions.  

FTIR Vertex 70 is made by the same company as mentioned above, i.e., Bruker, 
USA (Fig. 29).  

 
Fig. 29. Fourier transform infrared spectrometer Vertex 70 

Some technical characteristics of FTIR is given in Table 8.  
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Table 8. Technical characteristics of Fourier transform infrared spectrometer Vertex 70 

Technical characteristic Value and description 
Spectral range Mid-IR, NIR, Far-IR/THz, Visible/UV 10 cm-1 to 28000 cm-1 (360 nm) 
Spectral resolution Better than 0.4 cm-1 (apodized), optional 0.16 cm-1 
Input ports Up to 2 
Output ports Up to 5 
Rapid scan >70 spectra/sec at 16 cm-1 spectral resolution 

Slow scan & step scan 100 Hz (0.0063 cm/sec), Phase modulation and internal demodulation, 
Temporal resolution 6 μsec/2.5 nsec 

2.2.5. Keithley meter scanner 

The piezoresistive characteristics of the fabricated samples were investigated 
with an 8½-Digit High Performance Multimeter from Keithley 2002 series, 
manufactured by Tektronix, USA (Fig. 30).  

 
Fig. 30. Keithley 2002 Series 8½-Digit High Performance Multimeter 

With the use of this precision multimeter, it is possible to complete various 
types of electric unit measurements. It can be direct or alternating current, voltage, 
resistance, or frequency. It is also possible to analyze the temperature. All the 
analyses use the approach of mathematical functions (averages, spread, polynomial 
calculations, etc.). 

In order to analyze the piezoresistive characteristics of the samples (Fig. 31), 
the following experimental setup was created: 

The experimental setup consisted of a sample tested in the direct piezoelectric 
mode applying single hits, excitation, a measurement system, and a data acquisition 
device, i.e., this method investigates the changes of resistance and/or voltage when 
force F is applied to the surface of the sample, and after it is released (the reverse 
piezoelectric effect) (Fig. 32). The applied mechanical energy to the piezoelectric 
layer was converted into electrical energy due to layer deformation.  
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Fig. 31. Prepared samples for analysis of piezoresistive characteristics  

Operational conditions were examined during this analysis, and they were 
compared with the other samples.  

 
Fig. 32. Schematics of analysis of piezoresistive characteristics  

A gauge factor (GF) (the ratio of the relative change in electrical resistance R 
versus mechanical strain ɛ) here was calculated according to Equation (2.2.4.1) 
given below [186]: 

 (2.2.4.1) 

The material’s ability to demonstrate a strong piezoresistive effect is affected 
by strain, which is stated by adding the  term. Otherwise, the change of 
resistance would only be based on geometric terms. 

The mechanical strain ɛ was then calculated [186] (Equation (2.2.4.2): 

 (2.2.4.2) 

The units in Equation (2.1.2.4.1) and Equation (2.1.2.4.2) are explained as 
follows:  is the resistance change due to the strain,  is the initial resistance,  is 
the change in length,  is the original length of the wire or foil, and  is the unit 
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strain to which the sample is subjected,  is Poisson’s ratio,  is the resistivity, while 
 is the sample height, and  the sample width. 

A negative gauge factor indicates that resistance decreases when the applied 
strain is increased and vice versa. 

2.2.6. Laser triangulation sensor LK-G3000 and PicoScope 3424 oscilloscope 

A laser triangular displacement sensor LK-G3000 developed by Keyence, 
Illinois, USA, was used for the analysis of dynamic and electric characteristics of all 
the three samples. This sensor is assembled of a sensor head LK-G82 (Fig. 33) and a 
control block LK-G3001P (Fig. 34). The LK series sensor enables the measurement 
of multicolored or patterned targets. Also, no additional adjustment is needed to 
measure low reflectance targets, such as black rubber.  

  
Fig. 33. LK-G82 sensor head [187] Fig. 34. LK-G3001P control block [188] 

Technical characteristics of the LK-G82 sensor head and the LK-G3001P 
control block are given in Table 9 and Table 10, respectively.  

Table 9. Technical characteristics of LK-G82 sensor head 

Technical characteristic Value and description 

Reference distance Diffused reflection: 80 mm 
Specular reflection: 75.2 mm 

Measuring range Diffused reflection: ± 15 mm 
Specular reflection: ± 14 mm 

Light source type Red semiconductor laser 
Light source wavelength 650 nm 
Light source laser class Class II (FDA CDRH 21CFR PART1040.10) 
Light source output 0.95 mW 
Linearity ± 0.05% of F. S. (F. S. = ± 15 mm) 
Repeatability 0.2 μm 
Ambient temperature 0 to +50 °C 

An LK series sensor was used to measure the piezoelectric properties of the 
fabricated samples. The employed experimental setup for the measurement of 
piezoelectric properties is given in Fig. 35. 



50 
 

Table 10. Technical characteristics of LK-G3001P control block 

Technical characteristic Value and description 
Analog voltage output ± 10 V × 2 
Analog current output 4 to 20 mA × 2 
Power voltage 24 VDC ± 10% 
Current consumption 500 mA or less 
Ambient temperature  0 to +50 °C 

The experimental setup consists of three main systems: a piezoelectric element, 
excitation device, and a measurement system with connection to the data analysis 
software. Excitation is mainly generated by an electromagnetic shaker which excites 
the clamped sample.  

 
Fig. 35. Experimental setup for measurement of piezoelectric properties [189] 

The signal of harmonic excitation is transferred to the shaker and is controlled 
by an AGILENT 33220A function generator through a voltage amplifier 
VPA3100MN from HQPower. Acceleration at the top of the clamp was measured by 
a single axis miniature accelerometer KD-35. Its working frequency range is from 5 
Hz to 5 kHz, and the sensitivity reaches 50 mV/g ± 2%. The retrieved experimental 
data from the accelerometer, the sample, and the voltage amplifier was collected by 
a 4 channel oscilloscope (analogue to a digital converter) PICO 3424, which also 
forwarded the information to the computer. Picoscope 6 software processed the raw 
data from PICO 3424, which helped to generate the graphical data and obtain the 
final results. The experimental setup is given in Fig. 36. 
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Fig. 36. Experimental setup for piezoelectric response measurement: (1) pendulum, (2) 

LK-G82 sensor head, (3) sample, (4) PicoScope oscilloscope, (5) LK-G3000 control 
block, and (6) power supply block 

The technical characteristics of the PICO 3424 oscilloscope are given in 
Table 11. 

Table 11. PICO 3424 oscilloscope technical characteristics 

Technical characteristic Value and description 
Voltage accuracy 1% 
Maximum sampling rate 20 MS/s 
Buffer memory 512 kilo sample, captures long, complex waveforms at high speed 
Measuring range ± 20 Mv TO ± 20 V 

2.2.7. Electronic speckle pattern interferometry system PRISM 

The mechanical response of the samples caused by electrical excitation was 
evaluated by the electronic speckle pattern interferometry system PRISM fabricated 
by Hytec Company, USA (Fig. 37). During the analysis, the resonant frequency of 
the sample was analyzed. The system PRISM allows measuring the vibrations and 
deformations of the sample with only an insignificant preparation of the sample. 
Also, there is no direct contact between the sample and the system PRISM. This 
helps to avoid possible sample violations or destruction. The measurement 
sensitivity of the PRISM system is less than 20 nm, while the measurement range 
exceeds the 100 μm range.  



52 
 

 
Fig. 37. Electronic speckle pattern interferometry system PRISM 

The experimental setup for electrical excitation response measurement was 
constructed as follows. Green laser light (532 nm, 20 mV) was used for the 
measurements. The laser beam directed to the object is called the object beam. A 
laser beam directed to the camera is called the reference beam. In Fig. 38, the laser 
beam directed at the object and the reference beam goes directly to the camera. 
Laser light is scattered from the object and collected by the camera lens which 
images the object onto CCD camera sensors. The image is then sent from the camera 
to the computer, where it is analyzed with PRISM DAQ software. This PRISM setup 
can also be defined as a high-speed holographic technique. The used samples are 
presented in Figs. 39–41. 

 
Fig. 38. Schematic view of the experimental setup for PRISM system 

This technique can be applied to several applications where nondestructive 
testing of objects is required. Its universality has increased with the advances in 
coherent light sources and their calculations, detector technologies, and imaging 
[190, 191]. The technical properties of this kind of system allow exploring this 
methodology in the micrometric setup for MEMS analysis in terms of their structure 
and fabrication materials [192]. 
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Fig. 39. Prepared sample 
for PRISM system analysis 

with PMMA 

Fig. 40. Prepared sample 
for PRISM system analysis 

with PVB 

Fig. 41. Prepared sample 
for PRISM system analysis 

with PS 

2.2.8. Voltage standing wave ratio (VSWR) 

The voltage standing wave ratio (VSWR) methodology was used to measure 
the sheet resistance of the sample. A P2-67 VSWR meter was used which was 
fabricated by RF and CIS from Moscow, Russia. The technical characteristics of the 
P2-67 VSWR meter are listed in Table 12. 

Table 12. Voltage standing wave ratio meter P2-67 technical characteristics 

Technical characteristic Value and 
description 

Frequency range 12.05–17.44 GHz 

Cross section of waveguide paths 16 × 8 mm 
17 × 8 mm 

Measurement limits KSVN 1.06–5 
Attenuation -35 … 0 dB 
Accuracy 0.5% 

The voltage standing wave ratio can be calculated first by calculating the 
reflection coefficient with Equation (2.2.7.1) [193] 

, (2.2.7.1) 

where  is the magnitude of the reverse wave of DC voltage, and  is the 
magnitude of the forward wave of DC voltage. 

The actual voltage as a function consists of a sine wave at frequency  with the 
magnitude and phase of the complex voltage function. According to the 
superposition principle and the standing wave pattern theory, the net voltage present 
at any point on the transmission line is equal to the sum of the voltages of the 
forward and reflected waves. As the net voltage varies in time, the max and min 
values are the ones to consider. In order to find out the values, it is needed to 
calculate the squared magnitude of the net voltage. The following Equation (2.2.7.2) 
represents the complex mathematical function of the net voltage squared magnitude 
which then translates to a fairly simple Equation (2.2.7.3) by replacing and 
simplifying some of the terms.  
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, 
(2.2.7.2) 

where  is the position along the transmission line,  is the end of the 
transmission line where the load is located,  is the wavenumber due to the guided 
wavelength along the transmission line,  is the reflection coefficient,  is the 
amplitude, and  represents the real part of the term. Then, the following Equation 
(2.2.7.3) can be used to calculate the voltage standing wave ratio [192] 

, (2.2.7.3) 

where  is the max voltage,  is the minimal voltage, and  is the 
reflection coefficient. Mostly, VSWR is used when installing and tuning 
transmitting antennas [194]. Although it could have a significant impact for medical 
applications, it does have a major impact on the performance of microwave-based 
medical devices. Microwave electrosurgery is one of those applications where the 
presence of the standing wave ratio can impact the reliability of the devices in use 
[195]. 

2.2.9. Microhardness measurement 

Microhardness, or indentation hardness, analysis is the analysis of the hardness 
of a material to deformation. Macroscopic and microscopic scale analysis can be 
performed by indenting the material until the surface forms an impression. In some 
cases, hardness can also be measured linearly to the tensile strength of the material 
[196]. 

Two classes of microhardness tests are established: microindentation and 
macroindentation. They differ by the forces in use. Less than 2 N corresponds to 
microindentation, and a higher force corresponds to macroindentation. Both of these 
classes of analysis have the advantage of no or low level surface finish. The surface 
finish does not have an effect on the hardness measurement, although the scratch or 
the indentation has to be large compared to the surface roughness [197].  

Various microhardness tests are available: 

 Vickers hardness test (HV) 
 Brinell hardness test (HB) 
 Knoop hardness test (HK) 
 Janka hardness test 
 Meyer hardness test 
 Rockwell hardness test 
 Shore hardness test 
 Barcol hardness test. 

In this thesis, the HV test was used. It involves the same basic principles: the 
target is to analyze a material’s ability to resist plastic deformation from a standard 
source. It can be used for all metals and has one of the widest scales of all tests. The 
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achieved result is the Vickers Pyramid Number (HV). The HV number is determined 
by the ratio of the force applied to the diamond (the indenter) and the surface area of 
the resulting indentation. By using Equation (2.2.8.1), the Vickers Pyramid Number 
can be calculated: 

, (2.2.8.1) 

where  is the force applied to the diamond,  is the surface area of the 
resulting indentation, and  is the average length of the diagonal left by the indenter. 
The surface area of the resulting indentation depends on the indenter diamond angles 
and can be calculated by Equation (2.2.8.2): 

, (2.2.8.2) 

where  is the average length of the diagonal left by the indenter. Additionally, 
the Martens hardness (HM) test was implemented. The HM test can also be named 
the Hardness Under Test Force. Whereas the HV test is evaluated only after the 
force has been removed, the HM test follows the effect of elastic deformation under 
the indenter [198]. The analytical background of the HM test is similar to the HV 
test. 

The samples were measured by using a dynamic microhardness meter with HM 
2000S base devised by Fischer, Lymington, UK (Fig. 42).  

 
Fig. 42. Fischerscope HM 2000S michrohardness meter 

Dynamic microhardness meter can analyze various mechanical and elastic 
properties of materials. With the advantage of its easy-to-handle construction and 
sample positioning, it is suitable for evaluating such material parameters as HV or 
HM. 
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2.2.10. Micro-scratch tester MST3 

Adhesion failure of the designed coatings was tested with a micro-scratch tester 
MST3 made by Anton Paar GmbH, Germany (Fig. 43). The Anton Paar device 
allows making reliable measurements even on curved or uneven surfaces.  

 
Fig. 43. Micro-scratch tester MST3 [199] 

The technical characteristics of micro-scratch tester MST3 are given in Table 13. 
Some of the typical applications for this kind of tester vary from automobile bumper 
paint adhesion testing to therma/plasma spray coatings testing. The stated noise floor 
value is specified under ideal laboratory conditions when using an anti-vibration 
table. 

Table 13. Technical characteristics of micro-scratch tester MST3 

Technical characteristic Fine range Large range 
Maximum penetration depth, μm 100 1000 
Depth resolution, nm 0.05 0.5 
Noise floor, rms 1.5  
Maximum normal load, N 10 30 
Load resolution, mN 0.01 0.03 
Noise floor, rms 100  
Maximum friction load, N 10 30 
Resolution friction load, mN 0.01 0.03 

To determine the adhesion of the coatings which would ensure a long lifetime 
of surface adherence to the substrate, the following methodology was used. A 
Rockwell type diamond indenter (AD-295) with a 200 μm radius was used. The 
given load was 0.02 N, which was increased in 0.02 N steps until reaching 6 N. The 
loading rate was 11.96 N/min. 
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2.3. Structural Composition 

Three samples were manufactured with PZT, and three separate binding 
materials (PVB, PMMA, and PS) were used. Fig. 44 shows the SEM picture of 
every sample. A relatively even surface was registered in the sample with the PVB 
binder which only had small pileups of particles ranging from 10 to 20 μm diameter 
on the top (Fig. 44a). The PMMA-bonded PZT sample showed the smoothest 
surface of these three samples. Only diminutive pileups of particles were registered 
which reached only up to 5 μm diameter on the surface of the sample. The pileups 
also appeared very seldom (Fig. 44b). The last sample, PZT with the PS binder, 
looked similarly to the first sample, PZT with PVB. Here, pileups from 5 to 15 μm 
diameter particles were found (Fig. 44c). This analysis showed that the best result of 
the surface finish was registered in the sample with a PMMA bonding material. This 
can be explained by the bonding material loading into the PZT matrix. This caused 
the irregular shape and nucleation, as well as growth in the solution. The bonding 
material PMMA due to the previously stated conditions formed much smaller grain 
and generally developed a smoother and flatter surface by comparing it to the 
sample of PVB with PZT and PS with PZT. 

   
(a) (b) (c) 

Fig. 44. Sample views in SEM: PZT with PVB polymer (a), PZT with PMMA polymer (b), 
and PZT with PS polymer (c) 

2.4. Chemical Composition 

By using the EDS with pulse height analysis, the chemical composition of all 
the three samples was investigated. Ionization caused by incident X-Ray photons 
created an electrical charge. In the following EDS spectrum, the x axis shows the 
X-Ray energy in channels 1–6, while the y axis represents the number of counts per 
channel, from 0 to 6 keV and up to 18 cps/keV, respectively. Carbon (C), Oxygen 
(O), Titanium (Ti), Zirconium (Zr), and Lead (Pb) were found in all the three 
samples. These spectra are presented in Fig. 45. 
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Fig. 45. Energy dispersive spectra of PMMA/PZT, PVB/PZT, and PS/PZT samples 
The Carbon Kß peak was registered at about 0.2 keV for PVB/PZT sample. 

Energy resolution of the Oxygen (O) Kß peak was approximately at 0.5 keV. The 
Titanium Kß energy resolution peak was specified at two positions – 0.3 keV and 4.5 
keV. Zr Lα showed energy resolution peaks at two positions as well. They were 
registered at 2.1 keV and 15.8 keV. Lead (Pb) was also registered twice. The first 
peak for Pb Lα was at 2.4 keV, and the second peak was at 10.5 keV. The map of the 
distribution and the relative proportion of the chemical elements over the scanned 
area is presented in Table 14 and Fig. 46. 

 Table 14. Chemical characterization of PVB/PZT sample 

Element C O Ti Zr Pb Sum Series K K K L L 
Normalized 
Concentration 
(norm. wt.%) 

42.24 31.81 3.35 7.82 14.79 100 

The Atomic Weight 
Percent (norm. 
at.%) 

61.36 34.68 1.22 1.49 1.24 100 

Error in the Weight 
Percent 
Concentration (%) 

5.51 33.64 0.13 0.36 0.57 - 

Figure Fig. 46a Fig. 46b Fig. 46c Fig. 46d Fig. 46e - 
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(a) (b) (c) 

  

(d) (e) 

Fig. 46. Relative proportion (intensity) and distribution maps of PVB/PZT samples 

Following the energy dispersive spectra of the PMMA/PZT sample in Fig. 
45, the Carbon Kß peak was registered at about 0.2 keV. The energy resolution of 
the Oxygen Kß peak was approximately at 0.5 keV. The Titanium Kß energy 
resolution peak was specified at two positions – 0.4 keV and 4.5 keV. Zr Lα 
showed energy resolution peaks at two positions as well. They were registered at 
2.1 keV and 15.8 keV. Lead (Pb) was also registered twice. The first peak for Pb 
Lα was at 2.4 keV, and the second peak was at 10.5 keV. Both samples showed 
almost identical values in the energy dispersive spectra, although here Aluminum 
(Al) element also appeared. Its small peak was registered in the region of 1.4 keV 
energy. A map of the distribution and relative proportion of chemical elements 
over the scanned area is presented in Table 15 and Fig. 47. 
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(a) (b) (c) 

   

(d) (e) (f) 

Fig. 47. Relative proportion (intensity) and distribution maps of the PMMA/PZT sample 
Table 15. Chemical characterization of the PMMA/PZT sample 

Element C O Ti Zr Pb Al 
Sum Series K K K L L K 

Normalized 
Concentration 
(norm. wt.%) 

37.38 35.56 3.17 8.05 15.71 0.14 100.00 

The Atomic 
Weight Percent 
(norm. at.%) 

55.88 39.90 1.19 1.58 1.36 0.09 100.00 

Error in the 
Weight Percent 
Concentration 
(%) 

5.07 34.41 0.13 0.38 0.62 0.04 - 

Figure Fig. 47a Fig. 47b Fig. 47c Fig. 47d Fig. 47e Fig. 47f - 

The energy dispersive spectra of the PS/PZT sample in Fig. 45 shows 
slightly different results than the two samples before. The Carbon Kß peak was 
registered at about 0.2 keV. The energy resolution of the Oxygen Kß peak was 
approximately at 0.4 keV. The Titanium Kß energy resolution peak was specified 
at two positions – 0.4 keV and 4.5 keV. Zr Lα showed its energy resolution peaks 
at two positions as well. They were registered at 2.1 keV and 15.7 keV. Lead (Pb) 
was also registered twice. The first peak for Pb Lα was at 2.4 keV, and the second 
peak was at 10.6 keV. Nevertheless, the received values were still in the same 
range as for the PVB/PZT and PMMA/PZT samples. The map of the distribution 
and the relative proportion of the chemical elements over the scanned area is 
presented in Table 16 and Fig. 48. 
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(a) (b) (c) 

  

(d) (e) 

Fig. 48. Relative proportion (intensity) and distribution maps of PS/PZT sample 
Table 16. Chemical characterization of PS/PZT sample 

Element C O Ti Zr Pb 
Sum Series K K K L L 

Normalized 
Concentration (norm. 
wt.%) 

69.40 10.65 2.65 6.21 11.08 100.00 

Atomic Weight 
Percent (norm. at.%) 87.27 10.05 0.84 1.03 0.81 100.00 

An Error in the 
Weight Percent 
Concentration (%) 

8.91 19.44 0.12 0.31 0.46 - 

Figure Fig. 48a Fig. 48b Fig. 48c Fig. 48d Fig. 48e - 

The defined position of every element stated in the tables had its own 
characteristic peak in the sample corresponding to the transition in its electron shell. 
Five main elements were registered in each sample: Carbon (C), Oxygen (O), 
Titanium (Ti), Zirconium (Zr), and Lead (Pb). The registered intensity value was 
highly dependent on the excited X-Ray intensity, as well as on the X-Ray detector 
efficiency on the energy spectrum and on the geometry of the investigated sample 
itself. 

FTIR analysis on all three samples was completed. The results are shown in 
Figs. 48–50. The absorbance spectrum of FTIR analysis was selected as 4000–500 
cm-1 as it is the typical spectrum for this kind of analysis. 

Strong and wide absorption peaks were registered in the PVB/PZT sample 
across the whole FTIR spectrum (Fig. 48). Peaks at 3502 cm-1, 2971 cm-1, 
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1726 cm-1, 1436 cm-1, 1382 cm-1, 1154 cm-1, and 1006 cm-1 were registered for the 
O-H stretch, C-H stretch, C=O stretch, CH3 bend, CH2 bend, C-O-C stretch, and C-
O stretch, respectively. The entire range of these results corresponded to the FTIR 
absorbance spectra of PVB, which is the bonding material in this sample [200].

Fig. 48. FTIR spectra of PVB/PZT sample with 80 wt.% PZT

Strong and wide absorption peaks were registered in the PMMA/PZT sample 
across the whole FTIR spectrum (Fig. 49). Peaks at 3451 cm-1, 3009 cm-1,
1752 cm-1, 1652 cm-1, and 1209 cm-1 were registered for the -OH stretch, C-H
stretch, C-H bend, -OH bend, and C-O-C stretch respectively. The entire range of 
these results corresponded to the FTIR absorbance spectra of polymethyl 
methacrylate (PMMA), which is the bonding material in this sample [201].

Fig. 49. Fourier Transform Infrared Spectroscopy spectra of PMMA/PZT sample with 80
wt.% PZT

Strong and wide absorption peaks were registered in the PS/PZT sample across
the whole FTIR spectrum (Fig. 50). Peaks at 2941 cm-1, 1732 cm-1, 1601 cm-1,
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1271 cm-1, and 764 cm-1 were registered for C-H stretch, C=C bend, C=C stretch, -
CH2 stretch, and C-H stretch, respectively. The entire range of these results 
corresponded to the FTIR absorbance spectrum of polystyrene (PS) which is the 
bonding material in this sample [202]. 

 
Fig. 50. Fourier Transform Infrared Spectroscopy spectra of PS/PZT sample with 80 wt.% 

PZT 

The presence of polymers was defined by the infrared spectra of all the three 
samples in the interval of 4000–1000 cm-1. A strong impact on the absorbance of the 
spectra was registered at about 700 cm-1 due to the presence of PZT. This also 
identifies the difficulty of results registering at the 511 cm-1 band for the composites 
with 20 wt.% and higher content of ceramics. The range of 800–550 cm-1 shows 
wide and very strong peaks which correspond to M-O-M bonds (where M is a metal) 
of PZT (e.g., Ti-O, Ti-O-Ti, Zr-O, and Zr-O-Zr) [203]. A conclusion can be 
suggested here that the increased PZT part of the composite makes the binders’ 
material absorbance peaks weak because of PZT dominance. Weak absorbance 
peaks show that there are more M-O-M bonds in the concentration than there are 
organic compounds. 

2.5. Piezoresistive characteristics of piezoelectric composite 

A Keithley meter scanner was used to analyze the piezoresistive characteristics 
of the sample with all the three different binder materials. In terms of the schematic 
view of the sample given in Fig. 31, all the samples were made with the width and 
height of 24 and 0.5 mm, respectively. The acting force points were separated by 42 
and 24 mm, and they were designated as L and l. The obtained experimental data is 
presented in Table 17. 

Table 17. Gauge factor (GF) 

Value PVB/PZT Coating PMMA/PZT Coating PS/PZT Coating 
GF −139.5 1151.0 −3458.8 
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A negative gauge factor value which was registered in the PVB/PZT and 
PS/PZT samples indicates that resistance decreases when the applied strain is 
increased. The PVB/PZT sample gauge factor was the lowest, specifically, -139.5, 
while for the PMMA/PZT sample the gauge factor was 1151. The sample with PS 
binder registered a gauge factor of -3458.8, which is almost 27 times higher than the 
gauge factor of the PVB/PZT sample. 

The dependency between resistance and force was linear in all the three 
samples. Nevertheless, the relationship curve started to ascend only from a specific 
point (Fig. 51). This point for PVB/PZT coating was 3 N. After the increase in force 
resulted in an increase of resistance, only very minor changes were observed 
(Fig. 51 (a)). During the analysis of the PMMA/PZT sample, the resistance value 
decreased significantly when the force reached ~4.2 N. From this point, the 
resistance started to increase again, but with high fluctuations of values (Fig. 51 (b)). 
The highest turning point was registered for the sample with PS binder. Here, a 
significant change was registered at ~7 N of force. Same as before, after this point, 
the resistance level began to climb up once again (Fig. 51 (c)). The results showed 
that these samples, piezoelectric films, have a clear start threshold where force is 
needed to drop the resistance at a certain point to 7 pΩ and then to ascend linearly. 
Also, it is clearly seen that the threshold is highly dependent on the material of the 
binder. This analysis was performed 15 times for each case in order to ensure high 
repeatability and objective results. Only the average values are given in the figures 
below.  

 

(a) 

 

(b) 
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(c) 

Fig. 51. The resistance-force relationship: (a) PVB/PZT sample, (b) PMMA/PZT sample, 
and (c) PS/PZT sample 

The value of capacitance, which is an important aspect of any piezoelectric 
material, was also analyzed with the samples given in Fig. 52.  

 
Fig. 52. Prepared samples for analysis of capacitance 

The piezoelectric material does work as a capacitor when it operates well below 
its resonant frequency. In order to calculate the capacitance of a piezoelectric layer, 
Equation (2.5.1) was used [204]. The value of capacitance is directly dependent on 
the surface area and on the thickness of the piezoelectric coating and its material 
properties  

, (2.5.1) 
where C is the capacitance, n is the number of coating layers, ε33 is the dielectric 
constant, A is the electrode surface area of a layer, and dS is the layer thickness. 
The calculated values of the capacitance of each sample are given in the table below 
(Table 18).  
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Table 18. Capacitance of each sample

Coating Capacitance C, pF 
PVB/PZT 0.13 

PMMA/PZT 0.20 
PS/PZT 0.10 

From the obtained results, it can be stated that the capacitance value of every 
piezoelectric coating which was 70 μm thick was virtually the same, and only small 
changes were registered. Nevertheless, the highest capacitance of 0.20 pF was 
calculated from the sample with PMMA binder.  

The current–voltage curve was obtained by using the same Keithley meter 
scanner as in the previous analysis. By sourcing the voltage in the 0–200 V interval 
by a 2 V step, each piezoelectric nanocomposite coating could be evaluated 
(Fig. 53).  

 
Fig. 53. Current–voltage characteristics of each piezoelectric coating 

The curves in Fig. 53 are defined as current I which goes through the device 
relationship to voltage V across the terminals of devices. Each of the evaluations 
was completed 10 times, i.e., 5 times for each terminal. To calculate the results, the 
voltage had to be increased in steps across the device from one level to another, and 
then we had to measure the currents in this process (a sweep). Therefore, the sweep 
of the voltage in the interval of 0–200 V resulted in the following values: the current 
of PS/PZT increased linearly up to ~23 nA; the PMMA/PZT current also increased 
linearly till ~51 nA. On the other hand, the PVB/PZT linearity extended only to 
0.94 nA, which is 24 and 54 times less than the other samples, respectively. The 
obtained values are similar to those found in literature [205, 206]. Due to the 
significant increase in the current in PMMA/PZT binder, a suggestion to make an 
active element for a pressure sensor based on piezoelectric nanocomposite from 
PMMA/PZT material arose as it could increase the sensing performance of the 
created device.  

The dynamical analysis of each sample was performed with the stand presented 
in Paragraph 2.2.6. A pendulum with a suspended mass was released and had to hit 
the sample. The pendulum was stopped after the contact. The impulse excitation to 
the sample created a free vibration response which was registered by the PicoScope 
system. Fig. 54 (a), 54 (b), and 54 (c) represents the mechanical response of the 
sample. 
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(a) 

 
(b) 

 
(c) 

Fig. 54. Vibrational response of the (a) PVB/PZT, (b) PMMA/PZT, and (c) PS/PZT coating 
to a mechanical impulse 

The main factors of the quality of a microresonator could be evaluated by 
defining the damping ratios and Young’s modulus of each sample (Table 19). 
Constructional or environmental damping imposes the top limit on the quality [207]. 
It means that the quality is ameliorated if the negative damping feedback is 
increased. Young’s modulus impacts the stiffness of the created coating. By using 
the values received from experiment analysis, the values of the damping coefficient 
and Young’s modulus, as outlined above, are calculated (Table 19). 
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Table 19. Main factors of created coatings 

Coating Binding 
Material 

Density,  
ρ, kg/m3 

Damping 
Ratio, ζ 

Resonant 
Frequency, 

f, Hz 

Young’s 
Modulus, E, GPa 

PVB/PZT PVB 6298 0.0052 ± 0.0003 26.5 ± 0.4 3.9 ± 0.3 
PMMA/PZT PMMA 6316 0.0077 ± 0.0006 29.4 ± 0.9 6.3 ± 0.8 

PS/PZT PS 6288 0.0080 ± 0.0004 28.3 ± 0.6 5.3 ± 0.4 

6.3 GPa, the highest value of Young’s modulus, was calculated for the 
PMMA/PZT coating. Although polystyrene coating (PS/PZT) showed similar results 
(5.3 GPa), the value for PVB/PZT coating was 1.6 times lower than for PMMA/PZT 
sample, i.e., it was only 3.9 GPa. The results calculated in this analysis do 
correspond to the tendency observed in literature: the PMMA binder material with 
the highest Young’s modulus [208], the PS binder with a lower one [209], and PVB 
with the lowest of the three [210]. The correlation of the obtained analytical and 
theoretical results shows the veracity of the performed calculations.  

Holographic interferograms (shown in Fig. 55 (a), 55 (b), and 55 (c) were 
obtained with the help of the PRISM system described in Paragraph 2.2.7. From the 
registered interferograms, the resonant frequencies of all the samples could also be 
acquired. 

The amplitude of vibrations for the PVB/PZT coating sample reached 100 nm 
at 114 Hz resonant frequency. This was registered at 100 V of voltage. By using the 
same conditions for the two other coatings (PMMA/PZT and PS/PZT), the obtained 
results were 164 nm at 114 Hz of the resonant frequency and 366 nm at 114 Hz of 
the resonant frequency, respectively.  

   
(a) (b) (c) 

Fig. 55. Holographic interferograms of the (a) PVB/PZT, (b) PMMA/PZT, and (c) PS/PZT 
coating samples 
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The direct piezoelectric effect was applied for further investigations of the 
created piezoelectric nanocomposites. The obtained results showed that the samples 
are able to generate electrical voltage when they are mechanically excited. This is 
achieved due to the piezoelectric effect which comes from the 80% PZT part of the 
coating (Fig. 56). The generated electrical energy from each sample was 3 mV, 
2.1 mV, and 2.5 mV for PS/PZT, PVB/PZT, and PMMA/PZT coatings, respectively. 
All of the coatings showed similar results, although the highest value was obtained 
for the polystyrene sample, and the lowest value was received for the PVB/PZT 
sample.  

 
Fig. 56. Generated electrical energy from each of the samples by periodical excitation 

VSWR meter P2-67 was used to measure the sheet resistivity of each coating. 
The analysis was done for each sample by placing it between a λ/4 jumper and the 
open end of a waveguide with a 16 × 8 mm2 inner cross-section. The results showed 
that the sheet resistance for each sample exceeded 20,000 kΩ/sq (Table 20). The 
uniformity of the conductive coating for quality assurance is defined by these 
results.  

Table 20. Sheet resistivity values of each coating sample 

Coating Sheet Resistivity, (Ω/sq) 
PVB/PZT >20,000 

PMMA/PZT >20,000 
PS/PZT >20,000 

2.6. Microhardness of Coatings 

A dynamic microhardness meter with its base HM 2000S was used to perform 
the microhardness analysis of each coating sample. The measurements took place 10 
times each with a maximum indentation depth of 4 μm. The analysis was performed 
under a maximum load of 200 g increased gradually. Two types of microhardness 
were measured: Martins microhardness (HM), and Vickers microhardness (HV) 
(Table 21).  
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Table 21. Martins and Vickers microhardness measurement results 

PVB/PZT PMMA/PZT PS/PZT 
HM HV hmax HM HV hmax HM HV hmax 

n = 10 N/mm²  μm N/mm²  μm N/mm² μm 
X. 320.81 33.87 4.32 337.40 35.77 4.34 330.22 32.54 4.43 
q 108.81 12.11 0.18 84.87 9.58 0.13 81.26 7.81 0.10 
s 152.07 16.93 0.25 118.61 13.40 0.18 113.56 10.91 0.14 

V/% 47.40 49.98 5.76 35.15 37.45 4.16 34.39 33.54 3.20 
Min. 108.60 11.90 4.10 133.80 14.90 4.00 132.50 12.00 4.27 
Max. 515.00 55.30 4.95 567.40 61.30 4.61 514.30 47.90 4.67 

R 406.38 43.90 0.85 433.59 46.33 0.61 381.74 35.87 0.40 
R/% 126.67 128.12 19.73 128.51 129.51 14.04 115.60 110.24 9.08 

Here, HM is microhardness in the Martins scale; HV is microhardness in the 
Vickers scale; n is the number of single readings per block; X. means the value of 
the individual mean values, i.e., the so-called arithmetic mean value; q is a random 
measurement error (within a certain probability (confidence level), the likely ‘true’ 
value m of the measured quantity is in an interval (a two-sided confidence interval) 
around the measured mean value X of a measurement series, and the borders of this 
interval have distance q from the ‘true’ value); s is the standard deviation, a measure 
for the deviation of the spread of the single readings of a measurement series around 
their common mean value X; V/% is the coefficient of variation describing the 
spread of a measurement series in percentage; Min. is the lowest reading of the 
block; Max. is the highest reading of the block; R is the range, the difference 
between the highest and the lowest reading of the block; R/% is the range in 
percentage. 

From the obtained results, it is clear that there is only an insignificant difference 
of Martins and Vickers microhardness values between the different coatings. 
Martins microhardness differs only by about 17 N/mm2, and Vickers microhardness 
difference was even lower – only about 3 N/mm2 (Fig. 57). On the other hand, the 
PMMA/PZT coating showed stronger elastic deformation than other binding 
materials.  

 
Fig. 57. Martins and Vickers microhardness of each coating 
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The critical load with the coefficient of friction, as well as the frictional and 
normal forces on the created coating samples could be identified during the scratch 
test. In order to determine whether the coating failed several types of analysis were 
performed, optical microscopy, acoustic emission, and analysis on the penetration 
depth variation were conducted. A scratch test was performed on a sample with 
2 μm coating thickness with all the three materials (PVB, PMMA, and PS). A 0.2 
mm radius diamond was used for a 5 mm scratch length. The scratch test took 30 s, 
and, in that time, the normal load was increased from 0 to 6 N. Each sample was 
analyzed 4 times, and the mean data for the scratch tests of each sample is presented 
in Fig. 58.  

 
(a) 

 
(b) 
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(c) 

Fig. 58. Frictional force, normal force, friction coefficient, and the corresponding panorama 
image of (a) PVB/PZT, (b) PMMA/PZT, and (c) PS/PZT coatings recorded during the 

scratch test of each sample 

The highest resistance to scratching was recorded in the sample with the 
PMMA binder material. Here, the average critical load reached 3.988 N. That is 
36% more than the second highest result and almost twice as high as the sample 
with the lowest critical load. The PS/PZT sample withstood a 2.556 N force and 
PVB/PZT of only 1.865 N. These results suggest that, from the three samples, the 
PMMA/PZT sample is the hardest and most resistant to scratching. The panorama 
pictures given in Fig. 58 clearly show these results. Here, the scratch track can be 
seen where the brighter area (the scratched material) corresponds to the vertical line 
of the critical load. The point where the scratch becomes wide is the critical failure, 
and it is there that the critical load reached its maximum value. To achieve 
qualitative results, several tests were completed. The values showed excellent 
repeatability. All the values and registered results are presented in Table 22.  

Table 22. Critical load values of PVB/PZT, PMMA/PZT, and PS/PZT samples 

Coating Critical Load 
1, N 

Critical Load 
2, N 

Critical Load 
3, N 

Critical Load 
4, N 

Average Critical 
load, N 

PVB/PZT 1.88 1.89 1.76 1.93 1.87 
PMMA/PZT 4.04 3.91 3.97 4.03 3.99 

PS/PZT 2.48 2.67 2.55 2.53 2.56 

2.7. Section conclusions 

The following conclusions were drawn from the completed analysis: 

 Effective and relevant scientific equipment and methodology were selected 
and incorporated for the fabrication and analysis of the novel piezoelectric 
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composite. Composite material fabrication, thin layer formation and 
analytical equipment for material properties evaluation were chosen.  

 The main factors for choosing the materials are functional properties and 
costs. Three different piezoelectric composite materials were fabricated: 
PVB/PZT, PMMA/PZT, and PS/PZT. A rather simple screen-printing 
technique, which is also low cost and effective, was chosen.  

 For the analysis of the fabricated samples various types of methodology and 
tools were selected: SEM with Quanta 200 FEG, Bruker Corporation, AFM 
with JPK NanoWizard 3, Bruker Corporation, EDS with X-Flash 4030, 
Bruker Corporation, FTIR with Vertex 70, Bruker Corporation, Keithley 
meter scanner 2002 series, Tektronix, laser triangular displacement sensor 
LK-G3000, Keyence, with a PicoScope 3424 oscilloscope, Picotech, 
electronic speckle pattern interferometry system PRISM, Hytec, voltage 
standing wave ratio methodology with a P2-67 meter, RF and CIS, Vickers 
and Martins microhardness analysis with a Fischerscope HM 2000S 
microhardness meter, and micro-scratch tester MST3, Fischer Technology. 

 The structural composition, chemical composition, piezoresistive 
characteristics, capacitance, current–voltage characteristics, mechanical 
response, mechanical properties, piezoelectric response, sheet resistivity, 
and microhardness were analyzed for each novel piezoelectric composite. 

 The analysis results determined a superior sample of all the three options – 
the PMMA/PZT piezoelectric composite which showed the highest 
operation characteristics in almost all of the performed analyses. For further 
analysis and research, the PMMA/PZT piezoelectric nanocomposite was 
selected for the fabrication of the active membrane for a pressure sensor. 
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3. MODELING AND ANALYSIS OF OSCILLATING MEMBRANE FOR 
PRESSURE SENSOR 

3.1. Methodology and tools 

3.1.1. Mindlin-Reissner theory for thick plates 

In the theory of thick plates, a.k.a. the theory of Raymond Mindlin and Eric 
Reissner, the normal to the mid-surface remains straight but not necessarily 
perpendicular to the mid-surface. Mindlin-Reissner theory was selected as it is stated 
as a more accurate, particularly for moderately thick plates [211]. 

For uniformly thick, homogenous, and isotropic plates, the stress-strain 
relations in the plane of the plate are calculated by Equation (3.1.1.1) 

, (3.1.1.1) 

where  is Young’s modulus,  is Poisson’s ratio, and  are the in-plane 
strains. The through-the-thickness shear stresses and strains are related by Equation 
(3.1.1.2) and Equation (3.1.1.3) 

, (3.1.1.2) 

; (3.1.1.3) 

where the shear modulus  can be replaced as Equation (3.1.1.4). 

 (3.1.1.4) 

The relations between the stress resultants and the generalized displacements for an 
isotropic Mindlin-Reissner plate are represented by Equation (3.1.1.5) and Equation 
(3.1.1.6) 

, (3.1.1.5) 

; (3.1.1.6) 

where  is Young’s modulus,  is Poisson’s ratio, and  is the thickness of the plate. 
Additionally, we employ Equation (3.1.1.7) 

, (3.1.1.7) 
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where  is the shear correction factor,  is the shear modulus, and  is the thickness 
of the plate. The simplification of Equations (3.1.1.5), (3.1.1.6), and (3.1.1.7) yields 
the result of Equation (3.1.1.8). Here, the bending rigidity is defined as quantity . 

 (3.1.1.8) 

If  in Equation (3.1.1.9) is considered as half of thickness , then the bending 
rigidity becomes as in Equation (3.1.1.10) 

 (3.1.1.9) 

 (3.1.1.10) 

3.1.2. Membrane formation 

Silicon dioxide is one of the most common structural or sacrificial layers in thin 
film fabrication [212]. Mainly, it is used as a sacrificial layer in order to obtain 
aluminum membranes.  

Before the deposition process taking place, samples have to be prepared by 
removing any contamination. All the samples are cleaned by using plasma cleaning 
techniques. They incorporate energetic plasma which removes impurities and 
contaminants from surfaces. Such gases as argon or oxygen are used as well as their 
mixtures. Plasma is then created by using electric fields of the GHz level to ionize 
low pressure gas. The energized ions react with the material on surfaces by 
evaporating them and thus creating gaseous products which are removed by vacuum. 
The process requires extremely high temperatures. 

Even though the samples have been prepared, the issue of the thickness ratio of 
the membrane is still present. This could lead to fragile and unstable structures. 
Thus, photolithography, photoresist application and etching processes were used for 
the formation of a membrane. 

Photolithography is a process to remove parts of a thin film selectively. Light is 
used to transfer the required geometric pattern from a photo mask to a light-sensitive 
chemical on the substrate. Then, the geometric pattern is engraved in the material. 
Photolithography is well known for its control ability of the geometrical parameters 
of the final product and also for its ability of pattern creation on the entire surface 
although a flat substrate is needed for that. Additionally, sterile operating conditions 
are required. Cleanliness is ensured by plasma cleaning techniques. 

Photolithography is based on the processes of photoresist application, exposure 
and developing, etching, and photoresist removal. First of all, the substrate is 
covered with a photoresist. The sample is immersed into a liquid solution of the 
photoresist and then spun rapidly. This makes the photoresist layer uniform. 
Furthermore, the substrate is soft-baked so that to remove the excess solvent. It was 
completed in an IR drying/heating oven LADA. This process was performed two 
times under the same conditions in order to deposit the photoresist on both sides of 
the substrate. The subsequent process was superpositioning and exposure. The 
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removal of the photoresist was completed by using a mask alignment and exposure 
system JUB 76G. Due to chemical reactions, it becomes possible to remove some 
parts of it. The removal is completed by a solution of clean deionized water and 
0.8% of sodium hydroxide (NaOH). Finally, etching of the silicon layer was 
performed. First of all, the silicon layer was removed with tetramethylammonium 
hydroxide (TMAH). It left the SiO2 layer untouched. By using the reactive ion 
etching (RIE) technology, the silicon dioxide layer was removed. Strong radio 
frequency (RF) radiation was applied to the substrate, which caused the formation of 
plasma. 

Thin film deposition is commonly performed by using the vacuum evaporation 
method. The evaporated metal particles with the help of vacuum travel directly to 
the substrate where they condensate back to a solid. Evaporation is used in 
microfabrication and to make macro-scale products, such as metallized plastic films. 

Two main processes are involved in vacuum evaporation: firstly, it is the 
evaporation of the source material by using high temperatures, and, secondly, it 
condenses back to the solid on the substrate. This resembles the process of liquid 
water appearance on the lid of a boiling pot. Although the tools and environment are 
different, both processes are denoted by very similar approaches. A schematic view 
of the vacuum evaporation process is given in Fig. 59. 

 
Fig. 59. Schematic view of vacuum evaporation process [213] 

As the name states, the evaporation process takes place in vacuum. It means 
that almost all other vapors are removed before the process begins. This helps the 
material’s particles travel directly to the deposition substrate without being involved 
in any additional processes. In the case of low vacuum, the evaporated atoms are in 
danger of colliding with any unwanted particles, which can cause a reaction. A 
simple example is aluminum evaporation when the atoms of aluminum collide with 
oxygen, which causes aluminum oxide to form. Additionally, unwanted reactions 
interfere with the process stability. In low vacuum, or in an unstable system, the 
thickness of the final product is impossible to control. On the other hand, if the 
process is stable and proceeds as intended, it is easy to control and calculate the final 
thickness of the metal film. Another drawback of the process caused by the rough 
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surface of a substrate is the non-uniformly deposited material. This is again caused 
by a low level of the preparation and quality of the process.  

Vacuum evaporation of the membrane was performed by using vacuum 
evaporation equipment YBH-71D3 (Fig. 60). 

 
Fig. 60. Vacuum evaporation equipment YBH-71D3 

Vacuum evaporation is incorporated in various fields of industry. It is mainly 
used for material creation and fabrication [214]. Also, food industry is benefiting 
from vacuum evaporation, i.e., it is used for production of cherry juice [215]. 
Electronics [216] and environmental problems can also be solved by this method 
[217]. 

3.1.3. Thermal embossing for microstructure imprinting 

Thermal embossing is a process for periodical microstructure formation on the 
surface of a sample. Heating up a sample causes the polymer to reach its melting 
temperature. The heated mold is pressed onto the surface at the melting temperature 
point. The time interval for pressing can be different depending on the process 
regime. Afterwards, the mold is removed, and the sample is left with the imprint of 
the periodical microstructure which resembles the original geometry. The process of 
thermal embossing is shown in Fig. 61. 
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Fig. 61. Schematic view (a) and process graph (b) of thermal embossing technique [218] 

Thermal embossing is widely used due to its simple set-up and short 
implementation time [219]. It is also able to replicate various materials in the ranges 
from several nanometers to hundreds of micrometers. Unfortunately, in some cases, 
this method takes too long, which is a drawback for the stamping industry [220].  

For the thermal imprinting of periodical microstructure into a multilayered 
membrane, the technology used by Sodah was employed [221]. Three main steps are 
taken into account: heating, imprinting, and demolding: 

1. Heating starts at ambient temperature. At the time the stamp reaches the 
membrane surface, it starts to heat up. During this process, the heat transfers 
to the multilayered membrane, where the imprint of the stamp begins to 
form. 

2. During the imprinting process, the force acting between both samples (the 
stamp and the multilayered membrane) is increased. Plastic deformations 
start to form in the multilayered membrane. 

3. Demolding happens after the imprinting when the stamp is being removed. 
The multilayered membrane is left to cool down and is left with an imprint 
in the form of the periodical microstructure. 

A schematic representation of the imprinting process is given in Fig. 62.  

 
Fig. 62. Schematic diagram of thermal imprinting with high frequency vibration 

assistance [221] 

The imprinting process (Fig. 63) can be used for a vast number of materials. 
This is an advantage of this technique because other replication technologies are 
incapable of such differentiation of materials. 
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Fig. 63. Schematic view of imprinting process 

3.1.4. Laser Doppler vibrometer 

Frequency response analysis of the fabricated membranes was performed by 
using a Polytec scanning laser Doppler vibrometer (Fig. 64). 

 
Fig. 64. Experimental setup of Polytec scanning laser Doppler vibrometer 

The tested sample was fixed on the platform which was attached to a 
piezoelectric actuator PSt 150/4/20VS9 (produced by Piezomechanik GmbH, 
Munich, Germany). It was excited by using a periodical signal which was generated 
by a function waveform generator Agilent 33220A and amplified by a linear 
amplifier EPA-104 (made by Piezo Systems Inc., Woburn, MA, USA). The 
interference optical laser signals generated and registered by a Polytec OFV 512 
fiber-optic interferometer were transformed into an electrical signal using a Polytec 
OFV 5000 vibrometer controler via an MSV-Z-40 Scanner controler. Furthermore, it 
was transmitted to a Polytec Vibrascan DAQ PC for further analysis. For adjusting 
the laser beam and the sample, a Nikon microscope Eclipse LV100 with a digital 
video camera Pixelink PL-A662 was used. The center of the membrane was 
positioned for the concentrated laser beam. The electrical signal generated by the 
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piezoelectric layer of the energy harvester was collected by an oscilloscope 
PicoScope 3424 (developed by PicoTechnology Ltd., St Neots, UK). 

3.2. Shape of the membrane 

As stated in Paragraph 1.4, there are three different approaches towards the 
membrane. The geometry can be selected as a rectangle, a square, or a circle. The 
most common approach for pressure sensors is the square membrane. Square 
membranes are denoted by a superior sensitivity in comparison with the two other 
variants with the same thickness. Also, it is easier to fabricate a square or rectangle 
membrane than a circular one. 

To fully compare all the three geometries of the membrane, their maximum 
stresses and maximum deflections can be calculated and compared. Maximum 
stresses and the maximum deflection of a circular membrane are calculated by using 
Equation (3.2.1) and Equation (3.2.2), respectively. Equation (3.2.3) and Equation 
(3.2.4) are for a rectangle membrane, whereas Equation (3.2.5) and Equation (3.2.6) 
are for a square membrane. 

, (3.2.1) 

, (3.2.2) 

, (3.2.3) 

, (3.2.4) 

, (3.2.5) 

(3.2.6) 

where  is the total force acting in a membrane,  is the thickness of the 
membrane,  is Young’s modulus,  and  correspond to the ratio between the 
length and the width of the membrane,  is the acting pressure,  and  correspond 
to the dimensions of the membrane, and  is expression , where  is Poisson’s 
ratio. The total force acting in a membrane can be expressed by Equation (3.2.7). 

 (3.2.7) 

The negative sign in Equation (3.2.2) and Equation (3.2.6) shows only the 
direction of the deflection. It can be neglected by taking the modulus of the final 
result. A comparison of all the three shapes of geometry is given in Table 23. 
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Table 23. Geometric effect on membrane stresses and deflection 

Geometry Dimensions Surface area Maximum 
stress (MPa) 

Maximum 
deflection 

(μm) 
Reference 

Circular d = 600 μm 0.283 μm2 0.43 69 Fig. 65 

Rectangle a = 752 μm 
b = 376 μm 0.283 μm2 5.62 27 Fig. 66 

Square a = 532 μm 0.283 μm2 6.96 54 Fig. 67 

The calculations in Table 23 are based on the same 26 μm thickness of the 
membrane. The boundary conditions are the same for all the three samples and are 
taken only as arbitrary values used for a comparison of the geometry. All of these 
three shapes feature the same surface area. Piezoelectric composite is taken as the 
material of which the membrane is fabricated, and aluminum is neglected because of 
its low impact on the final values (aluminum constitutes only 4% of the material in 
the membrane). Young’s modulus was calculated in Paragraph 2.5. The maximum 
pressure is taken as 54 kPa. All of the edges of the structure are fixed. Poisson’s 
ratio is taken as 0.25.  

   

Fig. 65. Circular membrane 
for comparative analysis 

Fig. 66. Rectangle 
membrane for comparative 

analysis 

Fig. 67. Square membrane 
for comparative analysis 

The square membrane has the highest induced stress of all the three cases. It is 
a favored geometry for pressure sensors because the high stresses generated by 
applied pressure loading result in high sensitivity. Even though the maximum 
deflection is not the highest for the square shape, it is still of a higher level in 
comparison with the other two geometry types (circular and rectangle). Combining 
both the maximum induced stress and the highest deflection ensures the highest 
electrical and optical sensitivity of the square-shaped membrane. 

3.3. Finite element model of membrane 

In order to analyze potential structure specifications of the membrane for a 
pressure sensor, COMSOL Multiphysics software was used to mimic the possible 
conditions of the working oscillating element. For that, a model of the membrane 
had to be created. A schematic view of the membrane is presented in Fig. 68.  
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Fig. 68. Schematic drawing of multilayered vibrating membrane: 1 – aluminum layer, 2 – 

PZT nanocomposite layer, 3 – aluminum layer 

The model is 250x250 μm in length and width. The top layer of the membrane 
is an aluminum electrode, the middle is piezoelectric composite with the PMMA 
binding material, the bottom is an aluminum electrode. The thickness of the layers is 
1 μm of aluminum and 25 μm of piezoelectric composite. Even though there is a 
second aluminum layer, it is neglected in the final model to save computational time 
and resources. Only a very insignificant part of the final material structure 
(0.0008%) makes up the second aluminum layer; that is why it can be neglected in 
the final computations. 

A 3D view of the model in the COMSOL Multiphysics environment is shown in 
Fig. 69.  

 
Fig. 69. 3D view of the model with the corresponding boundary conditions and structure: 1 – 

aluminum, 2 – PMMA/PZT 
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The used mesh for simulations was constructed from hexahedral (Fig. 70) and 
quadrilateral (Fig. 71) elements with an average element quality of 0.4882. The total 
statistics of the mesh is given in Table 24. 

 
 

Fig. 70. Quadrilateral finite element 
schematic representation (numbers show the 

numbering of nodes) 

Fig. 71. Hexahedral finite element 
schematic representation (numbers show 

the numbering of nodes) 

The mesh constructed for this model consisted of two parts. Section No. 1 was 
constructed of a fine mesh, section No. 2 was a coarse mesh (Fig. 72). This was 
done in order to obtain a more detailed image of the junction of two layers as well as 
the aluminum layer changes during the analysis. The total number of degrees of 
freedom (DOF) was 75684. 

Table 23. Mesh statistics 

Description Value 
Minimum element quality 0.1014 
Average element quality 0.4882 
Hexahedral 5400 
Quadrilateral 3982 
Edge element 434 
Vertex element 12 

In order to achieve the results, the Structural Mechanics model was chosen in 
COMSOL Multiphysics together with the Piezoceramics Devices model. 
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Fig. 72. Mesh of the structure used for finite element model 

For both small and finite deformations, the total Lagrangian formulation is 
used. The computed stress and deformation state is then referred to the material 
configuration without taking its current position in space into account. The gradient 
of the displacement in 3D is always computed with respect to the material 
coordinates (Equation (3.3.1)) 

, (3.3.1) 

where , , and  are the displacements in the corresponding , , and  axes.  

3.4. Harmonic analysis of multilayered membrane 

The resonant frequencies show the highest kinetic energy in the system. In 
order to fully represent the kinetic energy change during the oscillation, the shift 
between the modes Equation (3.4.1) and Equation (3.4.2) was used 

, 
(3.4.1) 

; (3.4.2) 

where  is the resulting kinetic energy,  is the input kinetic energy, 
 is the capacitance of PMMA/PZT material, and  is the input 

voltage. Taking into account the previously calculated value of capacitance in 
Paragraph 2.5, the input energy was calculated to equal 80 pJ. The kinetic energy 
represented in decibels is given in Fig. 73. 
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Fig. 73. Kinetic energy in resonant frequencies of multilayered membrane 

The negative sign in the results shows that the input energy was higher than the 
one registered after the simulation. The kinetic energy registered in the 1st and 3rd 
vibration modes is similar as it reached approximately -58 to -35 dB. Other vibration 
modes are significantly lower. 

The natural frequency modes of the multilayer membrane were calculated by 
using the kinetic energy peaks found in Fig. 73. The model was damped by using the 
conditions given in Paragraph 2.5 Piezoresistive characteristics of microresonators.  

The membrane was given 20 V voltage harmonic excitation on its electrodes. 
Four vibration modes of the multilayer membrane were calculated. They are given in 
Figs. 74–75. 

  
Fig. 74. 1st vibration mode of multilayered 

membrane 
Fig. 75. 2nd vibration mode of multilayered 

membrane 

  
Fig. 76. 3rd vibration mode of multilayered 

membrane 
Fig. 77. 4th vibration mode of multilayered 

membrane 
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The 1st vibration mode of the multilayered membrane was registered at 
1.006 MHz, 2nd at 1.800 MHz, 3rd at 2.591 MHz, and 4th at 2.877 MHz. For the 
subsequent numerical studies, only the 1st vibration mode will be considered. 

The highest stress is recorded on the fixed edges in the model. Additionally, a 
clear stress zone can be seen in the middle of the membrane where it reaches 
approximately 3.5 MPa. The simulation was completed by calculating results in the 
interval of external pressure starting from 10 kPa to 100 kPa in 10 kPa steps. The 
Aluminum yield strength was 7 MPa. The maximum allowed external pressure was 
calculated to equal 54 kPa. Fig. 78 represents von Mises stress distribution in the 
membrane at its maximum value just before break. The change of stress at the edge 
of the membrane affected by the change of external pressure is given in Fig. 79.  

 
Fig. 78. Von Mises stress distribution on the membrane 

 

 
Fig. 79. Stress distribution on the edge of the membrane 
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In Fig. 79, it is clearly seen that the highest stress zone is in the middle of the 
edge – i.e., at the 125 μm point. Linear dependence of the stress magnitude on 
external pressure is also seen from all the curves given in the plot.  

By taking a closer look at the center point of the membrane, the stress 
distribution here is also affected by the composition of the layers in the membrane 
(Fig. 80). 

 
Fig. 80. Line graph of stress distribution by the depth of the membrane 

The stress on the surface of the nanocomposite is higher compared to the 
middle part of it, as it is clearly stated by the decreasing value of stress. On the other 
hand, the stress starts to increase when the middle of the nanocomposite has been 
passed. At 25 μm depth, we reach Aluminum, where the stress becomes the highest 
as here rests the metal part of the membrane. 

3.5. Fabrication of multilayered membrane 

The results in Section 3.4. offer a clear picture of the possible performance of 
the multilayered membrane. Although the finite element model used for modeling 
the membrane does include boundary conditions which mimic the real world 
conditions, the properties of the simulated membrane can still be different from 
those received in our empirical analysis. 

For the fabrication of a multilayered membrane from Aluminum and the novel 
piezoelectric composite, the vacuum evaporation methodology was employed. The 
in-depth description of this method is given in Section 3.1.2. The n-type <100> 
silicon substrate with a thickness of 380 μm was used for the membrane formation. 
The Low Pressure Chemical Vapor Deposition (LPCVD) process was used to 
deposit the low stress thermal silicon nitride (Si3N4) layer with a thickness of 500 
nm on both sides of the double-sided polished substrate following backside 
photolithography by using a photomask with defined dimensions. The bottom layer 
of Si3N4 was etched by using the CF4/O2 plasma, thus making openings for the deep 
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etching of silicon. The deep etching of silicon was done through the substrate up to 
the top layer of Si3N4 by using 30% KOH solution (T= 80 °C). Then, e-beam 
evaporation was used to deposit the Al layer (thickness 800 nm) on the top Si3N4 
layer. Finally, the membrane was released by using CF4/O2 plasma in order to 
remove the top layer of Si3N4. 

Due to the limited accuracy during the fabrication process, it was hard to 
fabricate a membrane which would be the same as the one in the COMSOL 
Multiphysics model. Images of several defective membranes can be seen in Fig. 81.  
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Fig. 81. Fabricated defective membranes 

The defects shown in the pictures are the variability of edge dimensions. Also, 
they deviate from the intended outcome – i.e., 250 μm. All of them are in 
micrometers. The membranes in Fig. 80 could be used, but the properties of these 
membranes would differ significantly. Even though the membrane was fabricated 
with the intention to be of the square shape, all of those above, except for one, 
happened to be similar to the rectangle geometry. The last one, which is similar to a 
square membrane, features a much smaller edge than the one which was modeled. 
The defects occur due to irregular etching. 

The best results were achieved with the membrane shown in Fig. 82. The edges 
of the fabricated membrane were 267 μm, 282 μm, 281 μm, and 252 μm. The 
fabricated membrane was taken as the analysis object as the error of the edge 
difference does fall into the acceptable range. 

 
Fig. 82. Fabricated multilayered membrane with the closest geometry to the model 
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3.6. Finite element model verification 

The fabricated membrane was analyzed with a laser Doppler vibrometer to 
calculate its frequency response to mechanical excitation. The membrane was 
excited with a periodical signal, and its center point was analyzed. 

The steady-state response of the fabricated membrane due to harmonic 
mechanical excitation showed similar results to those achieved with the finite 
element model of the membrane (Fig. 83). The analysis represents a 4 μs time 
interval, during which, 4 periods of oscillation take place. The amplitude of the 
velocity changed from 3.2 m/s for the finite element model results to 2.8 m/s for the 
fabricated membrane. This is only 0.4 m/s difference, or 12.5% if we measure in 
percentage. 

 
Fig. 83. Comparison of transient response of the finite element model membrane and the 

fabricated membrane 

The resonant frequency of the multilayered membrane for the finite element 
model reaches 1006 kHz, while for the fabricated membrane it equals 900 kHz. It is 
a 106 kHz difference, or 11.5% difference between the two values. 

Taking into account the fabrication and measurement errors, the differences are 
acceptable. The finite element model can be used for any further analysis as 
adequate representation of the oscillating membrane. 
3.7. Vibrational analysis of loaded multilayered membrane 

Resonant frequency analysis of a loaded multilayered membrane was 
completed. The membrane was acted upon by outside pressure. The pressure was 
increased from 0 Pa to 54 kPa in equal increments of 13.5 kPa. Table 24 shows the 
resonant frequency shift depending on the outside pressure magnitude. 

-3.5

-2.5

-1.5

-0.5

0.5

1.5

2.5

3.5

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

V
el

oc
ity

, m
/s

Time, μs

Modelled Fabricated



91 
 

Table 24. Resonant frequency shift of loaded multilayered membrane 

Pressure, kPa Resonant frequency, Hz , Hz 
0 1005806 - 
13.5 1005778 28 
27 1005749.5 56.5 
40.5 1005721 85 
54 1005693 113 

Here, only the 1st vibration mode is taken into account and analyzed. The 
change in kinetic energy is also evident (Fig. 84). 

 
Fig. 84. Kinetic energy of the multilayered membrane dependency on the acting pressure 

The lowest kinetic energy was registered during the loading of 27 kPa. The 
highest value was retrieved when the membrane was loaded with the maximum 
withstanding pressure of 54 kPa. A higher pressure is not possible as the membrane 
will rupture.  

When calculating the vibrational amplitude for the multilayered membrane, an 
unloaded membrane was analyzed first (Fig. 85). The harmonically excited 
membrane can reach an amplitude of 3.6 μm. The highest value of the amplitude is 
located at the center of the membrane. 
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Fig. 85. Vibrational amplitude distribution of unloaded multilayered membrane 

Loading the membrane with the maximum allowable external pressure of 
54 kPa brought smaller values of the amplitude. The recorded value was 1.4 μm. 
These results are given in Fig. 86. 

 
Fig. 86. Vibrational amplitude distribution of loaded multilayer membrane with 54 kPa 

external pressure 

In order to fully understand how the amplitude of oscillations is dependent on 
the external pressure load, analysis of each external pressure load was completed 
(Fig. 87). The amplitude is exponentially dependable on the external load as it can 
be seen in the line graph. A significant decrease of the amplitude from a free 
oscillating to the maximally loaded element is also noted.  
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Fig. 87. Oscillations amplitude dependency on external pressure load 

3.8. Optical properties of multilayered membrane 

In order to ensure optical output from the sensor, the oscillating element has to 
feature adequate optical properties. Forming a periodical microstructure in the 
multilayered membrane allows registering diffraction efficiency changes when the 
oscillating element exhibits vibrations.  

Due to the simultaneously working electrical and optical measurement 
techniques, the effectiveness of the sensing device increases significantly. Hot 
embossing, as stated in Paragraph 3.1.3. “Thermal embossing for microstructure 
imprinting,” was used to form a lamellar periodical microstructure (period 4 μm, 
depth 574 nm) in the PZT composite material at a temperature of 150 °C, 5 atm 
pressure, and a holding time of 10 s (Fig. 88). 

 
Fig. 88. 3D view of the periodical microstructure imprinted by using hot embossing 

technique in PMMA/PZT multilayered membrane 



94 
 

The periodical microstructure was imprinted in the composite material, which 
enables us to control the optical parameters as well as the mechanical properties of 
the microfluidic device as it was already analyzed in Paragraph 2.  

In order to retrieve high quality optical output, the dependency of the 
diffraction efficiency and the angle of diffraction on the period change caused by the 
electrical signal was analyzed (Fig. 89).  

 
Fig. 89. Diffraction efficiency and diffraction angle versus period of periodical 

microstructure 

The first diffraction maxima, as it is the main diffraction maxima used in 
technological approaches, was analyzed. A change of 0.1% of diffraction efficiency 
and about 0.15° diffraction angle was registered when the period changed by 10 nm. 

3.9. Section conclusions 

The following conclusions were drawn from the completed analysis: 
 Further analysis of the selected piezoelectric composite PMMA/PZT has 

been completed. A pressure sensing membrane has been selected with the 
shape of a square. Three different shapes were compared: circular, 
rectangular, and square; the square shape ensures higher maximum stress 
and maximum deflection.  

 A finite element model was created in the COMSOL Multiphysics software 
environment. A multilayered model consisting of aluminum – piezoelectric 
composite – aluminum has been developed.  

 The highest kinetic energy during the modal analysis has been registered in 
the first and third vibration modes. Additionally, stress analysis has shown 
the highest stress concentration at the center of the membrane as well as in 
the middle of each edge.  

 A multilayered membrane for a pressure sensor has been fabricated, and its 
frequency response has been analyzed. Only an insignificant error has been 
registered while comparing the frequency response of the modeled 
membrane and the fabricated one. This has verified the reliability of the 
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finite element model. All further analysis has been completed by using the 
finite element model.  

 A clear amplitude dependency on the preload has been registered. The 
amplitude decreases with an increase of the membrane preload. The highest 
sustainable value of pressure which could be handled by the created 
membrane was 54 kPa. At this pressure, the vibration amplitude has reached 
1.4 μm. 

 The imprinted periodical microstructure has given the possibility for an 
optical output from the oscillating membrane. During membrane 
oscillations, its geometrical parameters change, which results in the change 
of the diffraction maxima efficiency and the diffraction angle change.  
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GENERAL CONCLUSIONS 

A review of sensors in today’s industry shows a vast number of possible types 
and their broad functionality, as well as their applicability to various science and 
commercial fields, such as pressure sensing. Even though there are many variants of 
pressure sensors, scientists still are in the search for small volume, low weight, low 
cost, high performance, low power consumption, and higher output signal properties 
of pressure sensors. In-depth analysis of sensor active elements revealed two 
possible approaches for the sensing element: cantilevers and membranes. The 
material selection for the sensing element makes a significant impact on its 
subsequent working properties and performance. Piezoelectric nanocomposites are 
the most promising sensing material which combines both, piezoelectric and 
polymer properties.  

1. Three polymers have been selected for new piezoelectric nanocomposite 
formation. Polyvinyl butyral (PVB), polymethyl methacrylate (PMMA), and 
polystyrene (PS) have been selected due to their explicit properties of 
excellent flexibility, toughness, and strong binding, respectively. The 
structural and chemical composition, mechanical and electrical properties, 
and optical parameters have been selected to analyze the created novel 
piezoelectric nanocomposites. 

2. Three piezoelectric nanocomposite materials have been developed: PS/PZT, 
PMMA/PZT, and PVB/PZT. The chemical analysis has shown that five 
elements were dominant in all samples: C, O, Ti, Zr, Pb. Chemical and 
morphological analysis has shown that the smoothest surface was achieved 
with the PMMA sample. Elemental bonds were the same in all the three 
samples as registered by FTIR. Investigation of the piezoresistive 
characteristics showed that the gauge factor of the PS/PZT sample was -
3458.8 thus being the highest value. The resistance-force analysis revealed 
that all the samples had a clear start threshold which highly depends on the 
material of the binder. The highest capacitance was observed in the 
PMMA/PZT coating; it reached 0.20 pF. When investigating 
microresonators in the reverse piezoelectric effect, the measured current of 
PMMA/PZT linearly increased up to ~51 nA. The PMMA/PZT sample 
generated up to 2.5 mV voltage. The scratch test showed that the 
PMMA/PZT coating was almost twice as hard if compared to the other two 
values, i.e., the average critical load was 3.988 N. The vibrational amplitude 
and Young’s modulus were investigated, and the registered results for the 
PMMA/PZT sample were 6.3 GPa and 164 nm. The PMMA/PZT sample 
has been selected for further fabrication and analysis. 

3. When comparing geometrical shapes on the basis of Middling-Reissner 
theory of analytical calculations, the shape of the square has been selected as 
the optimal geometry for the piezo-active membrane. The finite element 
method has been used to determine the vibration modes of the piezo-active 
membrane. The 1st vibration mode of the multilayered membrane has been 
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registered at 1.006 MHz. The modeled piezo-active membrane is able to 
withstand a pressure of 54 kPa.  

4. The active element has been fabricated and analyzed regarding its capacity 
to behave under an external pressure load. Clear exponential dependency of 
the vibrational amplitude on an external pressure load has been determined. 
The resonant frequency shifts in the range of 0 to 54 Hz. The vibration 
amplitude decreases with the increased preload. At the maximum allowable 
external pressure, the membrane’s oscillation amplitude is 1.4 μm. 
Periodical microstructure formation on the membrane enables optical sensor 
readout. The formatted periodical microstructure allows registering a 
dimensional change of the period as low as 0.25%.  
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