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between the simulated resonant frequency from COMSOL and the measured values from 

the impedance analyzer agrees well. Therefore, a low frequency PMUT is designed to 

deliver the acoustic output pressure. 

1.3 Thesis Outline 

 In Chapter 2, various medical imaging technologies such as Radiography, 

Tomography, Nuclear Medicine, Magnetic Resonance Imaging (MRI) and Ultrasound 

along with the principles of operation are reviewed. Moreover, the capacitive 

micromachined ultrasound transducer (CMUT), as well as PMUT, are studied. 

 In Chapter 3, a comprehensive study has been done on the principle of operation of 

PMUT.  The piezoelectric effect along with the equivalent circuit model is studied. The 

effect of critical parameters such as radius, thickness and geometry on resonant frequency 

and acoustic output pressure are studied and analyzed. 

 Chapter 4 includes the layer by layer electrical analyses of the PMUT structure 

using the COMSOL Multiphysics software. Appropriate boundary conditions along with 

the critical parameters analyses have been done for each layer. Moreover, the analytical 

modelling has been done and the calculated values are compared with the simulated values. 

In Chapter 5, the critical parameters are analyzed for the acoustic simulations. The 

acoustic output pressure is determined for various radii, thickness and medium for the 

proposed designs. 

 Chapter 6 outlines the PiezoMUMPs fabrication technique which is selected to 

fabricate the proposed PMUT designs. The fabrication steps of the proposed PMUT is 

discussed in detail. Furthermore, the proposed PMUT design layout is discussed along with 
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the electrical characterization of the PMUT chip – IMPWR001. Then, the comparison of 

simulated data and the measured data has been done to determine the resonant frequency 

of the PMUT.  

Finally, Chapter 7 provides the conclusion and the summary of the thesis and 

potential future works are further provided. 
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     Chapter 2 

   Medical Imaging Technologies  

“Indeed, we often mark our progress in science by improvements in 

imaging.” 

        - Martin Chalfie  
 

2.1 Introduction 

 From unrefined to life-like images, one can trace the evolution of Medical Imaging. 

This involves not only the technology but also the minds who have changed concepts into 

medical marvels. The primordial medical diagnosis involves palpating, auscultation, 

percussion and specimen observation [4]. Over the centuries, the basic drawbacks of 

diagnostic methods caused a lack of reliability and precision. At the end of the 18th century, 

the world of medicine and science experienced an alteration with the discovery of invisible 

rays called X-rays by Wilhelm Conrad Rontgen [5].  The medical imaging became more 

quantitative and contributed towards the diagnosis of diseases. It met the need for treatment 

involving earlier detection, cost-effectiveness, reliability and less human intervention. The 

process of visualizing the inner organs demands a multitude of technologies. In this 

chapter, various medical technologies such as Radiography, Tomography, Magnetic 

Resonance Imaging (MRI), Nuclear Medicine and Ultrasound will be reviewed, discussed, 

and compared. 
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2.2 Radiography 

 Without having to do surgery, X-rays help doctors observe the inner organs. X-rays 

are high-energy beams of electromagnetic radiation and are invisible to human eyes. When 

a high voltage is applied to accelerate the electrons in a vacuum tube consisting of a cathode 

and an anode, X-rays are generated. Their energy level ranges between 10eV to 100eV 

which facilitates the penetration through the tissue and air of the target object. But they are 

blocked when encountered by the materials of high density such as tumor, metal or bone 

[6] [7]. 

 In order to get an image of the part or patient to be examined, the desired area is 

placed between the X-ray beam and a coated plate. The quality of the image is proportional 

to the density, geometry, distance and medium. The X-rays pass through the thinner 

materials and appears white whereas the denser materials appear as black or a shadow when 

the plate is processed. A qualified physician deciphers the processed photographic negative 

image for the patients. This entire process takes only a few minutes and based on the organ 

to be tested, the duration varies [8]. 

 The main limitation of X-rays is radiation exposure. Prolonged exposure results in 

skin burn, radiation sickness, tissue damage and even cause defects in genes. Furthermore, 

the patients who have been implanted with monitoring devices like Pacemaker are prone 

to electrical disturbances due to the radiation. X-rays are highly inadvisable for pregnant 

women as the radiation will affect the fetus. Another significant drawback is the disability 

of the X-rays to process moving objects such as the heart. The movement of the target 

object compromises the resolution of the image. The aforementioned limitations of 

Radiography prompted the medical science to develop to a better imaging technique [9]. 
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2.3 Tomography  

 The limitation of radiography was overcome by an impressive computational speed 

and a high-power imaging technique called X-ray Computed Tomography also known as 

CT, CAT Scan (Computed Axial Tomography) scan or X-Ray CT scan [10]. The resultant 

image is a two-dimensional slice of a three-dimensional target object, called a Tomogram. 

In this process, the object or patient to be analyzed is placed between equipment with an 

X-ray source or generator and X-ray detector. This follows a simple principle of relative 

motion of X-ray source and detector in opposite directions which determines the focal point 

in the desired area and blurs out the remaining area. The tomogram is reconstructed using 

a mathematical algorithm [11]. The development of technology contributes to the 

advancements in this technique such as Spiral Scanning, Electron Beam CT, CT 

Fluoroscopy, and Multi-Slice Scanners. These processes address the major limitation such 

as the insufficient information about density distribution and depth of the layers in a 

structure [12].  

     This process of scanning is brief and inexpensive. However, radiation exposure is 

a common setback to both the conventional and advanced process of computed 

tomography. The three factors that determine radiation exposure are absorbed dose 

effective dose and collective dose. They are expressed in Computed Tomography Dose 

Index (CTDI) and Dose-Length Product (DLP). Based on these three factors, the exposure 

in CT ranges between 10-100 mGy (milliGray). This prolonged exposure to radiation might 

increase the risk of developing cancer. The size and design of the CT scanner also play a 

predominant role.  Statistics of diagnostic radiology from hospitals indicates that CT 
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contributes 75% radiation dosage. Limiting the examination time might solve the problem 

but in turn, it compromises the quality of the image or the tomogram [13]. 

2.4 Nuclear Medicine  

 The process of using the nuclear properties of radioactive materials such as 

Calcium-14, Carbon-15, in diagnosis and research is, Nuclear Medicine. This procedure is 

performed with other imaging techniques generally for detecting rather than curing the 

disease [14]. A prescribed amount of radioactive material is either injected, inhaled or 

ingested into the bloodstream followed by a waiting period. A window of thirty minutes is 

given for the material to concentrate on the body part to be diagnosed. Once the material 

starts disintegrating into the bloodstream, it emits electromagnetic radiation. Based on the 

nuclear properties of the material, the rate of decay varies. High-end detectors such as 

gamma cameras trace down the radiation. This machine is capable of converting the 

radiation into electrical signals which results in a black and white image and the diagnosed 

area in programmed colors. A nuclear medicine physician or radio pharmacist deciphers 

the processed image to patients. The radioactive material decays quickly and is passed out 

through body fluids [15]. The diagnostic procedure in nuclear medicine uses invasive 

methods for imaging which puts children and pregnant women at risk. Furthermore, this 

therapy is limited to diagnosing large tumors as they require a higher intake of radioactive 

material to detect smaller and deeper tumors. The accessibility to the machines and slower 

adaptation by clinicians to learn the technology makes it unattainable for impoverished 

countries. It covers only 10% to 20% of the targeted people as it is not affordable in most 

cases [16]. 
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2.5 Magnetic Resonance Imaging 

 The human body is mostly made of fat, proteins, minerals and water as shown in 

Table I [17]. Among these, water plays a significant role. The alignment of water molecules 

in tissue is controlled by the magnetic field created by the primary and secondary magnets. 

This facilitate the imaging mechanism of Magnetic Resonance Imaging (MRI). MRI relies 

on the magnetic characteristics of the water molecule to look deep into the body to give 

detailed images. The setup consists of a super conducting magnet (primary magnet), 

gradient coils (secondary magnet), transmitting and receiving radio frequency (RF) coils, 

RF detector and computer system. The three gradient coils (secondary magnet) attached to 

the primary magnet, gives the MRI to image in three axes [18].  

Table I shows the percentage of water present in human body 

Name of the Organs in human 

body 

Amount of water present in each 

organ (%) 

Brain and Heart 73 

Lungs 83 

Skin 64 

Muscles and Kidneys 79 

Bones 31 

Liver 71 

               

Under normal conditions, water molecules move randomly. The primary magnet produces 

a magnetic field of strength 1.5 to 3T, which aligns the water molecules in the targeted area 

to a particular frequency. The majority of water molecules align in the direction of the 

primary magnetic field. RF coils are used to transmit the radio frequency and produce a 

secondary magnetic source which realigns the molecule. After a few seconds, the 

secondary source is switched off, which realigns the molecules again. This results in the 
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frequency shift of the water molecules [19]. This change in frequency induces an electrical 

signal and it is received by the RF detector. Based on the type of tissue, resolution of the 

image varies accordingly. The generalization of the test results of the patients results in 

accuracy and questions the validity of the MRI [20]. The higher expense in conducting 

clinical study and intricacies in technical development slows down the process of 

implementation. Moreover, the strong magnetic field generated by MRI machines makes 

it hard for the patients with implanted devices as it creates a magnetic and electrical 

disturbance in their devices which may lead to fatal internal injuries [21] [22].  

2.6 Ultrasound Imaging 

 Ultrasound lies above 20 kHz in the sound spectrum, is inaudible for humans 

utilized for diagnosis [23]. It plays an influential role in the medical domains such as 

Cardiology [24], Gynecology [25], Oncology [26], Obstetrics [27] etc. It does not involve 

any ionizing radiation and also a magnetic field for its operation which makes the 

ultrasound a non-destructive, affordable and also an efficient tool [28] [29] [30]. As 

illustrated in Figure 1, the structure of a conventional ultrasonic transducer is made up of 

an active material i.e. Piezo material, top and bottom electrodes to supply the AC voltage, 

a backing material, a matching layer for the acoustic impedance mismatch between two 

medium and acoustic lens in the front to focus the generated ultrasound beam [31]. The 

acoustic impedance is the measure of resistance experienced by the ultrasound. The larger 

the acoustic impedance, the better the reflection of the ultrasound. Therefore, a gel is used 

to match the impedance between the ultrasound and the respective test medium [30]. The 

ultrasonic transducer works under the principle of piezoelectricity which is discussed in 

Chapter 3. The piezoelectric element is the active part of the transducer. This element is 
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sandwiched between the top and bottom electrodes. When the voltage is applied to the 

active element through the electrodes, stress is induced in the form of mechanical 

vibrations. This produces a pulse of ultrasound [32]. 

 
Figure 1 Cross-sectional view of conventional ultrasound transducer. (Not to Scale). 

Based on the density of the tissue and the acoustic impedance of the medium, the speed of 

the transmission and the receiving of the ultrasound will alter. The transmitted ultrasound 

hits the targeted tissue and reflects back in the form of echoes. This principle is the pulse-

echo method. The reflected ultrasound hits the transducer and produces voltages of small 

magnitude [30]. This excites the piezo material due to the piezoelectric effect. These echoes 

are fed into the electronic system such as band-pass filters, amplifiers and a data acquisition 

system such as microprocessor and Analog/Digital converter for signal processing. This 

signal is further converted to form an image for the patients. Different modes are used in 

the ultrasound for imaging. The 1D A-mode, and M-mode (M stands for motion) were the 

first used modes in the earliest transducers [33]. The resolution of the image is directly 

proportional to the number of transducer elements as this increases the output power of the 

ultrasound and determines the resultant image in real time as well [2]. Therefore, multiple 

elements are used to make 1D and 2D arrays. However, 2D imaging provides only flat 

images and does not give all the necessary information such as lateral and axial resolution 
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of the target object and especially complex structures [34]. To overcome these limitations, 

3D/4D imaging is developed. This method addresses the limitations of 2D imaging has 

served the medical field for more than three decades [35].  

 Despite developing advanced imaging, the fabrication limitations remain as a 

concerning issue because the conventional piezoelectric transducer fabrication process is 

based on the dice and fills approach. The process begins by dicing the piezo ceramic slab 

followed by sandwiching them between a top and a bottom electrode. Then the matching 

and backing layer is attached in the front and back respectively. A dicing saw is used to 

make a cut between the elements called kerf and those cells are put side by side to make 

arrays [36]. A lens is attached at the front as illustrated in Figure 1. The shape of the lens 

varies based on the requirements of the applications. The whole process is time-consuming 

and makes the structure bulkier for array configuration. This design is prone to electrical 

cross talk, high acoustic impedance and high noise level due to the high-frequency 

operations. This process of creating transducers challenges the batch fabrication and also 

other factors such as electromechanical coupling, quality factor, frequency bandwidth and 

design flexibility as well [37] [38] [39] . This can be overcome using the MEMS technology 

which is discussed in the next section. 

2.7 Micromachined Ultrasound Transducer 

   As discussed in the previous section, conventional transducers are limited to 

fabrication, size, flexibility, acoustic impedance mismatches. These limitations can be 

overcome by employing Micromachined Ultrasound Transducers (MUT) which is a device 

made using MEMS technology. MUTs have membranes of micro or nano scale which is 
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As illustrated in Figure 34, the axial symmetry applies the symmetrical condition on the 

region r=0. The COMSOL rotates the structure at axis r=0.  

 

Figure 34 Axial Symmetry condition of the 2D axis-symmetric circular PMUT. 

As shown in Figure 35, the spherical wave radiation condition is applied to the 2D axis-

symmetric circular PMUT. This boundary condition allows the radiating ultrasound waves 

from the point (𝑥0, 𝑦0, 𝑧0) to leave the domain and with minimum reflections at the 

boundary.  

 

   
Figure 35 Spherical Wave Radiation of a 2D axis-symmetric circular PMUT. 
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The governing equation is based on the spherical coordinates given by in Equation (12) 

[71], 

 
−n ∙  (−

1

𝜌𝑐

(∇𝑝𝑡 − 𝑞𝑑)) + (𝑖𝑘𝑒𝑞 +
1

𝑟𝑟𝑓
)

𝑝

𝜌𝑐
−

𝑟𝑟𝑓∆||𝑝

2𝜌𝑐(1 + 𝑖𝑘𝑒𝑞𝑟𝑟𝑓)
= 𝑄𝑖 

(12) 

 

As shown in Figure 36, the cylindrical wave boundary condition is applied to the 2D 

rectangular PMUT. The radiating ultrasound is analyzed based on the cylindrical 

coordinates as shown in the Equation (13) and the field is assumed to be independent of 

the axis as this does not involve symmetrical condition. 
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−  
1
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𝑝

𝜌𝑐

−
𝑟𝑟𝑓∆||𝑝

2(1 + 𝑖𝑘𝑒𝑞𝑟𝑟𝑓)𝜌𝑐

= 𝑄𝑖  
(13) 

To evaluate the acoustic pressure outside the computational domain, COMSOL utilizes the 

Exterior Field Calculation. The analyses have been done using the Helmholtz-Kirchhoff 

equation, which is given in Equation (14) [71], 

 

Figure 36 Cylindrical Wave Radiation condition of 2D rectangular PMUT 
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𝑝𝑒𝑥𝑡(𝑅) = ∫ (𝐺(𝑅, 𝑟)∇𝑝(𝑟) − ∇𝐺(𝑅, 𝑟)𝑝(𝑟) ∙ (−𝑛)𝑑𝑠

0

𝑆(𝑟)

 
(14) 

The G(R, r) is the Green’s Function where r is radiating wave from a source at R. 

 

Figure 37 Exterior Field Calculation boundary of the 2D axis-symmetric circular PMUT. 

As shown in Figure 37, the boundary of the circular domain is selected as the Exterior Field 

Calculation Boundary Condition. The results of this section are analyzed using the 

radiation pattern. 

5.3 Effect of Radius 

 As the objective of the thesis is to generate acoustic output pressure using a low-

frequency PMUT, the radius is varied to analyze and evaluate. Moreover, as discussed in 

Chapter 4, the PMUT is designed based on the PiezoMUMPs design rules so the thickness 

of the membranes cannot be varied. The dimensions of both the circular and rectangular 

PMUTs are converted to the area to perform a fair comparison as given in Table IX. The 

same dimensions and geometry, as listed in Table VIII, is selected for the analyses of the 

effect of thickness and medium on the acoustic output pressure for the proposed designs of 

the PMUT. As Figure 38 depicts, there is a decrease in the output pressure with the increase 
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in the area of the piezo layer under the fixed biasing condition of 10 V. As discussed in 

4.5.2 and 4.6.1, the smaller radii have the highest resonant frequency. 

Table IX The geometries of the proposed PMUT with their respective area of the piezo 

layer 

Geometry of the PMUT Area of the Piezo layer (𝑚𝑚2) 

Circle 

0.04 

0.09 

0.13 

0.19 

Rectangle 

0.05 

0.06 

0.07 

0.08 

 

The graphs in Figure 38 shows the maximum output pressure of 39.2 kPa at 0.04𝑚𝑚2 for 

the circular PMUT and 4.7 kPa at 0.05𝑚𝑚2 for the rectangular PMUT. This shows that 

the acoustic output pressure is inversely proportional to the area of the piezo layer under a 

fixed biasing condition. 

 

Figure 38 This graph is plotted between the area of the piezo layer and the acoustic output 
pressure of both the circular and rectangular PMUT. 
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of the ultrasound beam outside the computational domain as shown in Figure 43. The 2D 

radiation pattern evaluates the sense of direction of propagation of the ultrasound beam. 

 

Figure 42 Sound pressure level analyses in 2D and 2D axis-symmetric components in the water 
medium. (a) 185 dB is observed for the circular PMUT operated at its resonant frequency of 1.3 
MHz for an input AC voltage of 10V. (b) 164 dB is observed for the rectangular PMUT operated at 
its resonant frequency of 1.45 MHz for 10V. 

As shown in Figure 43(a), the radiation pattern of the single cell circular PMUT is high 

directional in the water medium and no side lobes or grating lobes are observed. However, 

in rectangular PMUT, the main lobe is wider with no side or grating lobes. This shows that 

the directivity is higher in the proposed circular PMUT and the beam width is higher in the 

rectangular PMUT.  

 

Figure 43 The radiation pattern of exterior field pressure for (a) circular PMUT and (b) 
rectangular PMUT. 


