
ABSTRACT 

KIM, TAEYANG. Novel Piezoelectric Sensors: Design, Prototyping and Characterization. 

(Under the direction of Dr. Xiaoning Jiang). 

Piezoelectric sensors are widely utilized for automotive, aerospace, biomedical, civil 

and energy industries owing to their low profile, broad bandwidth, low power consumption, 

and cost-effectiveness. Despite these advantages, there are still crucial limitations of 

piezoelectric sensors in the lack of reliability, sensitivity and applicability in some conditions. 

In this thesis, four different types of ultrasound sensors/transducers were investigated for the 

aerospace, biomedical and civil applications: 1) Piezoelectric floating element shear stress 

sensor for the wind tunnel flow measurement; 2) Transit time difference flowmeter for 

intravenous flow rate measurement using 1-3 piezoelectric composite transducers; 3) AlN 

ultrasound sensor for photoacoustic Lamb wave detection in a high temperature environment; 

and 4) Flexible piezo-composite ultrasound transducers for biomedical applications.  

A piezoelectric sensor with a floating element was developed for direct measurement 

of flow induced shear stress. The piezoelectric sensor was designed to detect the pure shear 

stress while suppressing the effect of normal stress generated from the vortex lift-up by 

applying opposite poling vectors in the piezoelectric elements. The prototyped sensor was 

calibrated in lab showing a high sensitivity to shear stress (91.3 ± 2.1 pC/Pa) due to the unique 

bimorph design (electromechanical symmetry bimorph structure) and high piezoelectric 

coefficients (d31= –1330 pC/N) of 0.67Pb(Mg1∕3Nb2∕3)O3-0.33PbTiO3 (PMN-33%PT) single 

crystal. Moreover, the sensor showed almost no sensitivity to normal stress (less than 1.2 

pC/Pa) because of the electromechanical symmetry of the designed sensing structure. The 

usable frequency range of the sensor is up to 800 Hz. For dynamic stress measurements, the 



signal-to-noise ratio (SNR) and ambient vibration-filtered pure shear stress sensitivity were 

obtained to be  15.8 ± 2.2 dB and 56.5 ± 4.6 pC/Pa, respectively, in the turbulent flow from 

wind tunnel tests. Also, the prototyped sensor exhibited the comparable resolution (~0.5 Pa) 

and broad stress range of flow (~55 Pa: experimental, 4 kPa: theoretical). 

An ultrasonic (US)-flowmeter  with 1-3 piezoelectric composite transducers was 

designed, fabricated, and tested on a variety of flow rates mimicking medical injections. The 

transducer wedge for the angled beam propagation and an acoustic impedance matching layer 

were included in the design for transmission enhancement. To ensure an accurate measurement 

of flow rate, the effect of the flow distributions inside the Intravenous (IV) tube was taken into 

account. The developed US flowmeter exhibited the capability of detecting low flow rates (< 

0.005 m/s), with 1-2 % discrepancy compared to the reference rate of infusion, which indicates 

the potential applications of sensor into low flow rate measurement. 

 A non-destructive testing (NDT) method for high temperature applications using laser-

generated Lamb waves and aluminum nitride (AlN) sensors was developed. Lamb waves were 

introduced into a stainless steel plate by the photoacoustic effect using a Nd:YAG pulsed laser 

at one point and detected by an AlN receiver at a distant position. The fundamental symmetric 

(S0) and antisymmetric (A0) Lamb waves generated by the pulsed laser were successfully 

detected by the AlN sensor on a stainless steel plate at temperatures ranging from room 

temperature to about 800 °C. A signal-to-noise ratio (SNR) was higher than 20 dB. Based on 

the time-of-flights (ToFs) analysis, the ability of this NDT method to localize the defect at a 

high temperature (~800 °C) has been demonstrated. 

A flexible piezo-composite transducer was developed to achieve excellent flexibility, 

sensitivity, and bandwidth for biomedical applications. The prototyped 1-3 composite 



transducer was composed of the active piezoelectric material (PZT-5H) and passive polymer 

matrix (PDMS). In addition, the flexible electrodes mixed with silver nanowires (AgNWs) and 

PDMS were deposited on the transducers using the spray coating method to possess a reliable 

durability against fatigue cracking while retaining sufficient conductivity as an electrode. The 

flexible 1-3 composite transducer exhibited robust mechanical flexibility without failure due 

to the elastic mechanical properties of the PDMS and AgNWs network, which indicates that 

AgNW/PDMS electrode is a promising alternative to metal-type electrodes such as Au. The 

prototyped transducer also provided sufficient acoustic performances in bandwidth and 

sensitivity for applications in NDT and biomedical transducers. 
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CHAPTER 1  
 

INTRODUCTION 

 Piezoelectricity 

 Piezoelectric Effect 

Piezoelectricity was first discovered and demonstrated in 1880 by the brothers Pierre 

Curie and Jacques Curie. While investigating some naturally occurring materials such as 

tourmaline and quartz, Pierre and Jacques Curie realized that these materials have the ability 

to transform energy of mechanical input into an electrical output [1]. A number of man-made 

piezoelectric materials were then introduced including barium titanate (BaTiO3), zinc oxide 

(ZnO), lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF), relaxor-PT 

ferroelectric crystals (PMT-PT), yttrium calcium oxoborate (YCOB), aluminum nitride (AlN), 

zinc oxide (ZnO), gallium orthophosphate (GaPO4), lithium niobate (LiNbO3), langasite (LGS) 

and so on [2]–[21]. More specifically, when a pressure [piezo is the Greek word for pressure] 

is applied to a piezoelectric material, it causes a mechanical deformation and a displacement 

of charges. Piezoelectric materials undergo a dipole deformation and electric charges 

accumulation in response to applied mechanical stress. An electric field is generated and thus 

voltage can be detected on the upper and lower surface of the piezoelectric materials. When 

stress is removed, the voltage disappears. This phenomenon is called “direct piezoelectric 

effect”. Conversely, the internal generation of mechanical strain of the piezoelectric material 

resulting from an applied electrical field is called “inverse piezoelectric effect” [22].  

Properties of piezoelectric materials can be explained in more details by the series of 

schematics  in Fig. 1.1 [23], [24]. The polled element is shown in Fig. 1.1(a). For direct 
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piezoelectric effect, the piezoelectric materials generate electric charges on the top and bottom 

surfaces as a consequence of applying mechanical force. The induced charges are proportional 

to the mechanical force as Fig. 1.1(b) and Fig. 1.1(c). Materials with this phenomenon also 

conversely have a geometric strain proportional to an applied electric field across the devices 

as Fig. 1.1(d) and Fig. 1.1(e). This is the inverse piezoelectric effect. These effects provide the 

ability to use piezoelectric materials as both sensors and actuators. Strain, for example, can be 

measured by monitoring the voltage/charge generated across the material when it is shrunk or 

compressed. Piezoelectric devices can also be used as actuators because strain/stress can be 

generated when an electric voltage is applied across the material. This also makes piezoelectric 

devices good candidates for actuation devices or acoustic transmitter systems. 

 

Figure 1. 1. Reaction of a poled piezoelectric element to applied mechanical/electrical 

stimuli. 

(https://www.americanpiezo.com/knowledge-center/piezo-theory/piezoelectricity.html) 

 

External loading on a unit cell of crystalline material without center symmetry will change 

its internal dipole moment [25]. For example, Fig. 1.2 (a) shows the structure of a unit cell of 

Quartz crystal at the non-stress condition. The three electric dipole moments are distributed at a 
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120° angle between each other and the central of positive and negative electrons coincide, 

generating no any charge on the surface of crystal. In Fig. 1.2(b) and (c), as the stress along x-

direction applied, the vector sum of three electric dipole moments (P1, P2, P3) will be nonzero 

along the x-direction, resulting in the separation of positive and negative electrons. Thus, charges 

are generated on the surface of the unit cell along the x-direction. Similarly, stress along y or z-

direction also causes charges along x-direction. Thus x-direction is called the polarization direction 

for this crystal. Net polarization can be determined by externally applied stress for quartz crystal. 

 

Figure 1. 2. Piezoelectric effect of a unit cell of a Quartz crystal (a) non-stress condition, (b) 

compressive stress, (c) tensile stress along x-direction 

 

For polycrystalline materials such as barium titanate (BaTiO3), lead titanate (PbTiO3), and 

lead zirconate titanate (PZT) ceramics, polarization directions of all unit cells are randomly 

distributed throughout a crystal material, as shown in Fig. 1.3 (a) [26]. Hence, the diploes generated 

within unit cells will cancel each other and net polarization of the material will be almost zero, 

regardless of how external stress is applied. To produce a net polarization in these ceramic 

materials, a poling process must to be applied: under a certain temperature (must be lower than the 
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paraelectric- ferroelectric phase transition temperature or Curie temperature), applying a large DC 

electric field on the material along a certain direction (Fig.1.3(b)) and then removed. A remanent 

polarization will be generated in these ferroelectric materials, as shown in Fig. 1.3(c). This process 

is often called poling. 

 

Figure 1. 3. Polarizing a piezoelectric ceramic (a) before poling, (b) Polarization in DC 

electric field, (c) remnant polarization after poling. 

 

To achieve the piezoelectric response, a material must have a non-centro symmetric crystal 

structure. Twenty of the possible 32 point groups that describe a crystal’s symmetry fulfill this 

requirement and are piezoelectric [27]. Ferroelectric materials after poling process have remnant 

polarization Pr, and the polarization is subject to change when external stress is applied. Moreover, 

their piezoelectric response is usually far more significant than other non-ferroelectric piezoelectric 

crystals. 
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 Piezoelectric Constitutive Equations 

The electromechanical properties of piezoelectric materials are described as the 

piezoelectric constitutive equations. In piezoelectric materials, the generated electrical 

displacement is proportional to the applied stress. This direct piezoelectric effect can be 

expressed as follows [22], [28]: 

 D dT  (1.1) 

where D is the electrical displacement, d is the piezoelectric strain coefficient and T is the 

applied stress. On the other hand, the reverse piezoelectric effect is related to the ratio between 

the generated strain and the applied electric field:  

 S dE  (1.2) 

where S is the strain induced by the reverse piezoelectric effect and E is the magnitude of the 

applied electric field. These effects can be modified using the elastic properties of the material: 

 D dT cdS eS    (1.3) 

and 

 T cS cdE eE    (1.4) 

where c is the elastic modulus, s is the compliance coefficient (S = sT), and e is the piezoelectric 

stress constant. When the strain is applied to the piezoelectric material, it generates the elastic 

stress which is related to the mechanical strain. At the same time, the strain generates the 

piezoelectric polarization (D = eS). The additional electric field is produced in the material 

from this polarization as follow:  

 
D eS

E
 

   (1.5) 
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where ε is the permittivity of the material. The additional internal stress, which is against the 

deformation of materials, is produced by this electric field (i.e. T = - eE). As a result, the applied 

strain generates two stresses (external and internal) and the total stress can be modified: 

 ET eE c S    (1.6) 

where the superscript E refers to the constant electric filed. 

Similarly, the modified electric displacement can be obtained. When the electric field 

is applied to the piezoelectric material, the electric displacement is produced (D = εE). The 

applied electric field also produces the additional strain (S = dE) and this strain generates the 

additional polarization of piezoelectric material (D = eS). Thus, when the electric field is 

constant, the total electrical displacement is:  

 
SD E eS   (1.7) 

where the superscript S refers to the constant strain. These piezoelectric constitutive equations 

can be described by three different ways using the relationship between the mechanical 

variables and the electrical variables (shown in Fig. 1.4) as follows: 

 
T

E

D E dT

S dE s T

 

 
 (1.8) 

 

T

D

E E gT

S gD s T

 

 
 (1.9) 

 
S

D

E D hS

T hD c S

 

  
 (1.10) 

The meaning of symbols and their units are summarized in Table 1.1.  
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Figure 1. 4. The relationship between the mechanical variables and the electrical variables. 
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Table 1. 1. Symbols and units for various constants. 

 Symbol Unit 

Stress T N/m2 

Strain S m/m 

Electric field strength E V/m 

Electric displacement D C/m2 

Elastic compliance s m2/N 

Elastic stiffness c N/m2 

Permittivity ε F/m 

Dielectric impermeability β m/F 

Piezoelectric strain constant d C/N or m/V 

Piezoelectric stress constant e C/m2 or N/Vm 

Piezoelectric strain constant g Vm/N or m2/C 

Piezoelectric stress constant h V/m or N/C 

Electromechanical coupling k - 

Mechanical quality factor QM - 

Electrical quality factor QE - 

Frequency constant N Hz∙m 

Elastic velocity v m/s 

Density 

 

ρ 

 

kg/m3 
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 Piezoelectric Constants 

Important constants including the frequency constant, electromechanical coupling 

coefficient, elastic constants, piezoelectric coefficients and mechanical quality factor can be 

calculated according to IEEE standard on piezoelectricity [27] for various electromechanical 

applications. 

Frequency constants are one of the most influential parameters which determine the 

piezoelectric element dimensions to obtain the desired operational frequency. They are directly 

related to the resonance frequency, anti-resonance frequency, and the piezoelectric element’s 

dimensions known as the frequency determining factor. The frequency constants (N) can be 

calculated using the following equation [29]: 

 N f l   (1.11) 

where f and l are the resonance frequency and the dimension of the crystal, respectively.  

The electromechanical coupling coefficient implies the efficiency of the converting 

ratio between electric and mechanical energy. This factor determines the bandwidth of resonant 

devices, which affects the device performance significantly. Thus, the higher 

electromechanical coupling coefficient is usually favorable for efficient energy conversion. 

The electromechanical coupling is related to other piezoelectric coefficients as follows: 

 
2 2 2 2

2

T E S D T E S D

d e g h
k

s c s c   
     (1.12) 

The electromechanical coupling coefficient (k) can be calculated using the resonance and anti-

resonance frequencies of the piezoelectric element [7]: 
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 2 r r

a a

cot
2 2

f f
k

f f

  
  

 
 (1.13) 

where fr is resonance frequency and fa is the anti-resonance frequency.  

The elastic compliance is directly related to the density and the sound velocity. This 

constant is given by [29]:  

 E

2

1
s

v
  (1.14) 

Here, ρ is the density and v is the sound velocity of the piezoelectric element. The elastic 

compliance (sE) also can be calculated using the density (ρ), element dimension (t), anti-

resonance frequency (fa) and electromechanical coupling coefficient (k) as follows:  

 
E

2 2 2

a

1

4 (1 )
s

t f k



 (1.15) 

The piezoelectric charge constant (d) indicates the generated electric charge per unit of 

the applied mechanical stress or the achievable mechanical strain of piezoelectric element per 

unit of applied electric field. This constant is an important indicator especially for strain-

dependent applications since the amount of induced strain of piezoelectric material is directly 

related to the piezoelectric charge constant. The piezoelectric charge constant can be calculated 

by [30]:  

 
2 2 E Td k s     (1.16) 

 

On the other hand, the piezoelectric voltage constant (g) can be defined by the ratio of 

the generated electric field to the applied mechanical stress or the ratio of the induced 
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mechanical strain to the applied electrical displacement. The piezoelectric voltage constant is 

[30]: 

 
T

d
g


  (1.17) 

The mechanical quality factor (QM) refers to the power loss over the energy stored in 

the device, which is directly related to the sharpness of the resonance of piezoelectric element. 

For the resonator applications, the high quality factor is especially important because QM 

determines the amount of the power dissipation of the resonator while the electrical quality 

factor (inverse of dielectric loss) is important for non-resonant devices. The mechanical quality 

factor can be determined by the resonant frequency and the 3 dB bandwidth of the admittance 

as follows [29]: 

 
M /rQ f f   (1.18) 

where Δf is the frequency difference at 3 dB of the maximum admittance. 
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 Device Applications of Piezoelectric Materials 
 

Piezoelectric sensing devices can be divided into two categories, non-resonant sensing 

and resonant sensing, as shown in Fig. 1.5 [3]. In non-resonant piezoelectric sensing, the direct 

piezoelectric effect is utilized as a sensing mechanism [31]. For non-resonant piezoelectric 

sensors, the typical operation frequency range is usually much lower than the fundamental resonant 

frequency of the sensor (e.g., < 30% of the resonant frequency). This type of sensors usually 

operates in different sensing modes including flexural, compression, and face/thickness shear mode 

(Table 1.2) [32]. Each mode provides specific benefits in sensitivity, stability, and reliability for 

specific applications. On the other hand, the converse piezoelectric effect is also adopted for 

sensor designs, namely resonant-type sensors or acoustic wave sensors [33]. For this type of 

sensors, the pressure amplitude, wave velocity, and center frequency of the generated acoustic 

waves are dependent on the external stimuli including pressure, temperature, mass loading, and so 

on. For example, acoustic wave sensors generate their maximum acoustic energy at the resonance 

frequency of the sensor [34], so the acoustic wave sensors are usually called resonant-type sensors. 

Based on these sensing mechanisms, piezoelectric materials have a multitude of applications in the 

engineering and biomedical fields. The unique characteristic of the material to convert energy in 

two directions, that is, from mechanical to electrical and from electrical to mechanical, makes 

piezoelectric materials highly suited for design of smart systems. 
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Figure 1. 5. The piezoelectric sensing devices with the non-resonant method and the resonant 

method [3]. 
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Table 1. 2. Various vibration modes and their properties [32]. 

Vibration mode Shape 
Frequency (Hz) 

   1k    10k   100k  1M   10M  100M  1G 
Application 

Flexural mode 
 

         Piezoelectric 

buzzer 

Length mode 

 

   

 

 

 

 

 

     

kHz filter 

Contour or face-

shear mode 
 

         
kHz resonator 

Thickness-shear 

mode  

        MHz filter 

MHz resonator 

Thickness mode 

 

         
MHz resonator 

Surface acoustic 

wave  

         SAW filter 

SAW resonator 

 

 



 

 

15 

 Engineering Applications 

Piezoelectric materials are inherent transducers that convert mechanical energy to 

electrical energy (direct piezoelectric effect) and electrical energy to mechanical energy 

(indirect piezoelectric effect). Based on these effects, the materials have been utilized for vast 

applications in the field of engineering [2], [35]–[46]. The unique ability of the material to 

converts energy in two directions makes piezoelectric materials highly suited for design of 

smart systems. Engineering applications of piezoelectric materials as summarized in Table 1.3. 

1.2.1.1  Gas Lighter 

A gas lighter is a common piezoelectric household device which makes use of the direct 

piezoelectric effect to generate electric sparks [47]. In a gas lighter, a high voltage pulse is 

required to be generated across a narrow electrode gap. So a piezoelectric gas lighter consists 

of a PZT cylinder which is subjected to a stress pulse using a spring mechanism. When a button 

is pressed, a stress pulse is applied on the piezoelectric cylinder. The stress causes a high 

voltage which appears across a small air gap between two closely spaced electrodes. The 

voltage developed is high enough to cause breakdown of the air gap between the two electrodes, 

resulting in a spark. 

 

1.2.1.2  Pressure Sensor 

Piezoelectric pressure sensors also make use of the direct piezoelectric effect [35], [36]. 

The pressure to be measured is applied on a piezoelectric membrane which generates electric 

voltage proportional to the input pressure. Piezoelectric pressure sensors have been designed 

using quartz, PZT, and ZnO thin films. The pressure sensors are very sensitive and can be used 



 

 

16 

to directly measure absolute pressures.  Quartz piezoelectric pressure sensors are quite 

common, and they are used in industries for measuring cylinder pressures in internal 

combustion engines and for measuring pressure changes in pneumatic and hydraulic systems 

[48], [49]. The sensing element in the pressure sensor is a stack of thin synthetic quartz crystals. 

The pressure to be measured acts on a diaphragm which generates compressive force on the 

quartz crystals stack. The voltage signal is then measured using suitable electronic circuits. 

 

1.2.1.3  Accelerometer 

Accelerometers are used for measurement of vibrations in many applications which 

include impact acceleration levels experienced by vehicles during crash, shock experienced by 

space vehicles and cargo during stage separation, testing of shock resistance of packaged 

products, vibrations in mining activities, seismic vibrations during earthquakes, etc. [11], [12]. 

The shear-type accelerometer consists of two square flat piezoelectric plates fitted on either 

side of a flat metal plate using a nut and bolt as shown in Fig. 1.6 [11]. The piezoelectric 

elements are prestressed by assembly. The assembly is mounted on a rigid base plate as shown. 

When the accelerometer is subjected to external vibrations, the two piezoelectric plates 

experience shear strain, and charges are generated on the faces, which are measured using 

suitable electronic circuits. The sensitivities of the accelerometers are in the range of 5–10 

pC/g. The useful frequency range is about 350 Hz. 
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Figure 1. 6. Assembled prototyped shear-mode accelerometer [11]. 

 

1.2.1.4  Piezoelectric Ultrasonic Transducers for Sound Navigation and Ranging 

Piezoelectric ultrasonic transducers for sound navigation and ranging (SONAR) 

technique involves generation and transmission of ultrasound in water and receiving and 

sensing the reflected ultrasound signal from submerged objects [2], [37]. Since piezoelectric 

materials can be used for both generation and detection of sound, the same device can be used 

as both ultrasonic generator and detector. In underwater acoustics, sound generators are called 

projectors, and sound detectors are called hydrophones. Hydrophones are ultrasonic receivers 

specially designed to detect ultrasound under water. They detect pressure variations of acoustic 

signals propagating in water and produce voltage proportional to the pressure. Important 

hydrophone parameters are frequency range, sensitivity, and noise level. They are operated 

below the resonance frequency and are required to have wide frequency range and high signal-

to-noise ratio. 
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1.2.1.5  Piezoelectric Tactile Sensor 

Tactile sensors are devices which sense contact or touch [38], [39]. The sensor produces 

an output signal whenever it comes into contact with an object. It is a touch sensor just like 

human skin. These sensors have applications in industrial automation and robotics, where 

sensors can be used to aid robots in manipulating delicate objects, or to determine the contour 

of objects with complex geometries. In the medical field, these sensors are useful in 

laparoscopic surgery or in noninvasive surgery where the scalpel and grasper need to be 

carefully handled inside the human body. A piezoelectric tactile sensor consists of a large 

number of tiny sensors arranged in a matrix, where each element is a piezoelectric cantilever 

or bridge micro-machined onto a silicon substrate with the sensing electronics integrated onto 

the same chip. A tactile sensor array is schematically shown in Fig. 1.7., where each element 

of the array consists of a suspended piezoelectric membrane. 

 

Figure 1. 7. Schematic of 6×6 tactile sensor array [38]. 
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1.2.1.6  Piezoelectric Actuators 

The inverse piezoelectric effect, in which an electrical input changes the dimensions of 

a piezoelectric material, has resulted in the development of many novel piezoelectric actuators 

for various applications [40]–[42]. The advantages of piezoelectric actuators are that they do 

not require complex designs, and they can generate considerable forces with quick response 

for low-voltage input. Especially, the piezoelectric bimorph actuator consists of two thin strips 

of piezoelectric elements bonded to each other. The bimorph is simply clamped at one end 

with the other end free, and it may be used  in two configurations [43]: (1) series and (2) parallel. 

In a series configuration, the two strips are bonded such that the two are poled in opposite 

directions (Fig. 1.7(a)). The outer faces of the strips are electroded, and a voltage is applied 

across the two electrode faces as shown. The bias across each of the strips is in the same 

direction, but the two are poled in opposite directions. So the upper strip expands, and the 

bottom strip contracts due to the transverse piezoelectric effect (d31 coefficient is involved). 

This causes the bimorph to bend downwards.  

In a parallel configuration, the two strips are bonded such that the two are poled in the 

same direction (Fig. 1.7(b)). The common face of the strips and the two outer faces are 

electroded. This common face is grounded, and a positive voltage is applied to the two outer 

electrodes. The upper strip expands and the bottom strips contracts, resulting in down-bending 

of the bimorph. The piezoelectric bimorph is capable of generating relatively high 

displacements. Applications of bimorphs are in precision positioning, valves, switches, etc. 

With the advent of microelectromechanical systems (MEMS), micro-fabrication techniques 
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have been used to fabricate micro-bimorphs, with applications in micro-motors and micro-

valves used in engineering and medical fields. 

 

Figure 1. 8. Piezoelectric bimorph (a) Series configuration, (b) Parallel configuration. 

 

1.2.1.7  Ultrasonic Non-Destructive Testing (NDT) 

The most widely used technique for flaw detection and thickness measurement of 

materials is the ultrasonic NDT technique [44], [45]. Piezoelectric transducers are most 

commonly used for the technique. The principle of ultrasonic testing is transmission of high-

frequency sound waves through the material and the study of the propagation of the beam in 

the material through transmission, reflection, and attenuation. The study aids in detection of 

flaws such as cracks, porosity, corrosion, and impurities in the material. This technique can 

also be used to measure the thickness of the test material. Here, piezoelectric transducers are 

used to generate ultrasonic waves. When an ultrasonic beam is incident on a solid material, 

both longitudinal and transverse waves propagate in the material. Longitudinal waves are those 

in which the particles in the medium vibrate parallel to the vibration direction. Transverse 

waves are those in which the vibration of the particles in the medium is perpendicular to the 

propagation direction. Longitudinal waves have higher velocity compared to transverse waves. 
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Table 1. 3. Engineering applications of piezoelectric sensors. 

Piezoelectric effect Energy conversion Applications 

Direct effect Input: Mechanical 

Output: Electrical 

Gas lighter 

Pressure sensor 

Accelerometer 

Gyroscope (rotation sensor) 

Piezoelectric microphone 

Ultrasonic detector 

Hydrophone (SONAR) 

Tactile sensor 

Energy harvesting 

 

Inverse effect Input: Electrical 

Output: Mechanical 

Low- frequency applications 

Electronic buzzer 

Tweeters (high-frequency speakers) 

Actuators 

 

High- frequency applications 

Piezoelectric motor 

Piezoelectric pump 

Ultrasonic drill 

Ultrasonic cleaner 

Ultrasonic generator 

 

Both direct and inverse 

effects 

Input: Electrical/ 

Mechanical 

Output: Mechanical/ 

Electrical 

Quartz crystal oscillator 

Quartz crystal balance 

Quartz crystal AFM probe 

Piezoelectric transformer 

Ultrasonic nondestructive testing 

Noise and vibration control 

Structural health monitoring 

Smart devices and robots 
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 Biomedical Applications 

Piezoelectric materials have a large number of biomedical applications based on their 

ability to generate and detect ultrasound [28-46]. Many piezoelectric devices have been 

routinely used in hospitals for medical diagnosis and clinical therapy. The high potential of 

piezoelectric material as a smart material has made it a very important subject of interest for 

researchers all over the world and many innovative medical applications of the materials have 

been constantly reported. Table 1.4 summarizes the various piezoelectric applications/devices 

in the medical field. Some of these devices are commercially available, while some are still in 

the development stage. 

 

1.2.2.1  Blood Pressure Monitor 

The principle of a piezoelectric pressure sensor was described in Section 1.2.1.2. The 

pressure sensor can be used for continuously monitoring blood pressure during heart surgery. 

A thin film of PZT or polymer PVDF can be employed for the sensor material [50], [51]. For 

the measurement of blood pressure, the sensor is placed either on the wrist or the mid-arm. A 

proper backing and a strap with Velcro is provided to firmly grip the sensor around the wrist 

or the arm. The electronics required for the sensor such as voltage amplifier and filter may be 

built in or may be outside the sensor device. The analog output of the sensor may be converted 

to digital output display using an A/D convertor. 

 

 

 



 

 

23 

1.2.2.2.  Piezoelectric Pump 

Piezoelectric micro pumps are very useful in drug delivery, and a lot of research works 

in this area are currently in progress. Many novel designs of piezoelectric micro pumps for 

drug delivery are reported in the literature [52], [53]. For example, biocompatible micro pumps 

for insulin delivery which can be implanted inside the body have been tested in vivo on animals 

[54]. Most of the commercially available piezoelectric micro pumps are used mainly for 

biochemical analysis such as protein and DNA analysis, genomics, and environmental assays. 

A microfluidic chip called “Lab-on chip” uses a micro pump for pumping fluids through micro-

channel networks for biomedical analysis. 

 

1.2.2.3.  Ultrasonic Imaging 

Ultrasonic imaging is one of the most important diagnostic tools presently used in the 

medical field [55]–[58]. The technique enables non-invasive, real-time imaging of soft tissues 

inside the human body. Short pulses of high-frequency ultrasonic waves are transmitted on the 

tissue, and the reflected pulse is detected and converted to an image that can be displayed. The 

frequency of the ultrasonic wave is in the range of 10–50 MHz. The ultrasonic transducer is 

placed externally on the skin close to the organ or area to be imaged. For good transmission of 

the ultrasonic wave through the skin to the tissue, there must be impedance matching at the 

transducer–skin boundary. To ensure good transmission, a suitable impedance matching layer 

is fixed to the head of the transducer, and a coupling gel is used on the skin to avoid air gaps 

between the transducer head and the skin. The transducer is scanned over the specific region 

to be imaged, and the detected signals from different positions are converted to grey scale type 
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images. High-frequency ultrasonic waves give better resolution, but attenuation is higher at 

higher frequencies. So, a compromise in resolution must be made for imaging organs which 

are deep inside the body, such as the abdomen or the uterus. 

 

1.2.2.4  Ablation of Tumor Cells Using High-Intensity Focused Ultrasound (HIFU) 

HIFU has been successfully used for treatment of many types of tumors [59], [60]. 

When high-intensity ultrasound is focused at a point on the human tissue, due to absorption, 

the tissue can attain a high temperature over a very short time. This causes damage or necrosis 

of the tissue at the precise area without affecting the surrounding tissues. Thus, HIFU can be 

used for destroying tumors. For generation of high-intensity focused ultrasound, single-

element PZT transducers are not quite suitable because the PZT element needs to be the 

concave shape and must be sufficiently large in size. Array transducers, which are fabricated 

by making deep grooves in large PZT plates, have been developed which can give high 

intensity and good focusing. But even these array transducers have limitations as they give rise 

to undesirable lateral vibrations and are susceptible to cracks due to high pressures. Therefore, 

in order to break through the limitations in the common single PZT material, high-intensity 

transducers made of 1-3 piezo-composite have been developed. Initial research suggests that 

these transducers have several advantages over ceramic transducers [61], [62] as followed; 1) 

More flexible and less susceptible to mechanical damage, 2) Reduced lateral vibrations 

because of the polymer matrix between the PZT rods, 3) Higher bandwidth. 
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1.2.2.5  Ultrasound for Drug Delivery 

The utilization of an ultrasonic field for enhancement of drug delivery to a brain tumor 

is a relatively recent technique which is under investigation by many researchers [63]–[66]. 

Several in vitro and a few in vivo experiments have been reported in the literature 

demonstrating the effectiveness of ultrasonic fields in the enhancement of drug delivery [64]–

[66]. The mechanism believed to play a role in the enhancement is the cavitation effect, in 

which a large number of micro-bubbles are generated, and the bubbles oscillate (increase and 

decrease alternately in size) at the ultrasonic frequency. The oscillating bubbles generate 

mechanical stress on the walls of blood vessels without causing any harm to the tissues. This 

is believed to increase the vascular permeability.  

 

1.2.2.6  Blood Flowmetry 

Assessment of coronary blood flow is of great clinical value in determining perfusion 

abnormalities in cardiovascular disease. In surgical patients, it is of particular importance to 

assess blood flow before, during, and after bypass surgery. Over the past years, Doppler and 

transit-time flow meters have been used to assess blood flow in the vessel [67]–[69]. As for 

Doppler flow meter, when ultrasound is incident on a moving object and the sound gets 

scattered from the object, the scattered ultrasound will undergo a shift in frequency. The shift 

in frequency is on the higher or lower side depending on whether the object is moving towards 

the source or away from the source, and its magnitude is proportional to the velocity of the 

moving object. The transit time method uses two piezoelectric transducers transmitting 

ultrasound through the blood vessel toward a reflector on the other side of the vessel. Flow rate 
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is calculated by measuring the difference between transit times upstream and downstream in 

the blood vessel. 

 

Table 1. 4. Biomedical applications of piezoelectric sensors. 

  Medical device/application 

Applications based on 

sensor characteristics 

Pressure sensor • Blood pressure monitor 

• Pressure monitor in angioplasty balloon 

Sound sensor • Heartbeat monitor (piezoelectric 

stethoscope) 

Tactile sensor  • Scalpel and grasper for minimal invasive 

surgery 

Vibration sensor 

(accelerometer) 

• Measure of tremors in Parkinson’s patients 

• Monitoring patient’s activity 

• Pace maker control 

Applications based on 

actuator characteristics 

Piezoelectric 

pump/valves/ 

other actuators 

• Insulin pump 

• Infusion pump 

• Valves 

Applications based on 

ultrasonic generation 

and detection 

Diagnosis  

 

• Medical imaging (sonography) 

• Bone density measurement 

Therapy  • Transdermal drug delivery 

• Localized drug delivery 

• Ablation of cancer cells 

• Bone healing and growth 

• Arthritic and joint inflammation treatment 
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 Challenges in Piezoelectric Sensing 

1.3.1   Shear Stress Sensors 

In shear stress measurement, most previous works have focused on the laminar flow 

measurement system without sufficient validation in a turbulent flow environment. However, 

turbulence can be commonly observed in every phenomena such as surf, fast flowing rivers, 

billowing storm clouds, or smoke from a chimney, and most fluid flows occurring in 

engineering applications are turbulent.  Therefore, new types of the shear stress sensor with 

the capability to measure both temporally and spatially resolved turbulent wall shear stresses 

are in great demand.  

 

1.3.2   Intravenous (IV) Flowmetry 

As for the IV injection system, precision control of the flow rate is necessary to protect 

the internal organs and blood circulatory system from overdose-induced damages. However, 

in clinical practices, all gravity infusions accompany rate changes during the period of infusion 

due to the continuous change of gravity forces applied to the IV bag, which results in a 

considerable injection error. Conventional techniques such as the Pitot tube, Orifice-Venturi 

meter, or thermal flowmeter would not be appropriate for the application due to their intrusive 

approach to flow rate measurement and the limited resolution and minimum detectable range 

of flow rate. So, developing non-invasive and non-intrusive flow measurement methods using 

ultrasonic transducer is highly required to overcome these limitations, satisfying the accuracy 

and the range of the clinical dosage rates in the medical field (100-500 mL/hr). 
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1.3.3   High Temperature Non-Destructive Testing (NDT) 

Nuclear power plants contain numerous high-temperature (>700 °C) pipes and pressure 

vessels that require continuous health monitoring for instant detection of structural flaws. 

However, conventional ultrasound transducers for NDT made with PZT materials can only 

tolerate temperatures up to ~300 °C due to the low Curie temperature of piezo ceramics.  

Despite temperature-robust sensing materials, the conventional testing methods using contact 

(e.g. pulse-echo) and non-contact (e.g. air-coupled) ultrasound transducers for HT application 

are still plagued by excessive consumption of sensors and inaccessibility of sensor to the 

hidden/isolated critical spots of structures. Therefore, new NDT method which is resistive to 

HT and remote-controllable system is required in the energy industry. 

 

1.3.4   Flexible Ultrasound Transducer 

Most of the ultrasonic transducers that have been developed are rigid flat probes, which 

are inherently limited in adopting the shape of target surfaces. The majority of the human body 

and many engineering components have curved or irregular shapes such as a human skull or 

pressure vessel. Thus, the flexibility of transducers is one of the most required properties in 

the medical and industrial fields. In addition, the developed flexible transducers have not 

provided an appropriate solution to overcome the limitations of metal-type electrodes such as 

crack or delamination at the presence of bending. Therefore, flexible transducers with 

stretchable electrodes are in great demand for the applications to the biomedical sensors. 
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 Objectives 

The main goal of this research is to investigate the design, fabrication, and testing 

methods of novel piezoelectric sensors for specific applications. Four different types of the 

piezoelectric sensors were aimed to be developed for biomedical and engineering applications: 1) 

piezoelectric floating element shear stress sensor, 2) transit time difference flowmeter for IV 

flow rate measurement, 3) HT NDT with photoacoustic lamb wave detection, 4) flexible piezo-

composite ultrasound transducers (FPUTs) for biomedical applications. 

 

  Dissertation Outline 

In this dissertation, four different types of unconventional piezoelectric sensors for four 

different ultrasound applications are presented. Chapter 1 reviews the fundamentals of 

piezoelectricity and piezoelectric sensing techniques, derivation of piezoelectric constitutive 

equations, and the concept of important piezoelectric constants. Chapter 2 presents a 

piezoelectric floating element shear stress sensor for the wind tunnel flow measurement. 

Chapter 3 includes the study on transit time difference flowmeter for intravenous flow rate 

measurement using 1-3 piezoelectric composite transducers. Chapter 4 investigates an AlN 

ultrasound sensor for photoacoustic lamb wave detection in a high temperature environment. 

Feasibility study on flexible piezo-composite ultrasound transducers (FPUTs) for biomedical 

applications is presented in Chapter 5. Finally, conclusion and future work are described in 

Chapter 6 followed by the Appendices. 
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CHAPTER 2  
 

PIEZOELECTRIC FLOATING ELEMENT SHEAR STRESS SENSOR 

 

 Introduction   

 Background and Motivation 

When a continuum viscous fluid flows over an object, the no slip boundary condition 

at the surface results in a velocity gradient within a very thin boundary layer [70]; the 

streamwise velocity increases from zero at the wall to its free-stream value at the edge of the 

boundary layer. The velocity profile is shown in Fig. 2.1. The viscous effects are confined to 

the boundary layer, while outside of the boundary layer the flow is essentially inviscid [70]. 

Two classes of surface forces act on the aerodynamic body: the normal force per unit area 

(pressure), and the tangential force per unit area (shear stress). Mathematically, in the case of 

a two-dimensional laminar boundary layer, wall shear stress (τw) is expressed as, 

𝜏𝑤 = 𝜇
𝑑𝑢

𝑑𝑧
|
𝑤

                                                           (2.1) 

where x is the streamwise and z the wall-normal direction. The velocity in the x direction is u 

and µ is the coefficient of viscosity. Wall shear stress is hence a measure of the normal gradient 

of the tangential velocity at the wall. 

The quantification of wall shear stress is important in a variety of engineering 

applications, specifically in the development of aerospace and naval vehicles. These vehicles 

span a wide range of Reynolds numbers (Re) from low (unmanned air vehicles for homeland 

security surveillance and detection) to a very high (hypersonic vehicles for rapid global and 

space access). Across the range, unsteady, complex flow phenomena associated with 
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transitional, turbulent, and separating boundary layers play an important role in aerodynamics 

and propulsion efficiency of these vehicles [71], [72]. Furthermore, since shear stress is a 

vector field, it may provide advantages over pressure sensing in active flow control 

applications involving separated flows [73].  

The accurate measurement of the wall shear stress is of vital importance for 

understanding the critical vehicle characteristics, such as lift, drag, and propulsion efficiency. 

Therefore, the ability to obtain quantitative, time-resolved shear stress measurements may 

elucidate complex physics and ultimately help engineers improve the performance of these 

vehicles [74]. Viscous drag or skin friction drag is formed due to shear stress in the boundary 

layer. The viscous loss is highly dependent on the physical aerodynamic/hydrodynamic system 

[75]. For aircraft, reducing skin friction by 20% results in a 10% annual fuel savings, and for 

underwater vehicles, a reduction of skin friction drag of 20% would result in a 6.8% increase 

in speed [75]. Therefore, shear stress measurement attracts attention in sensor-actuator systems 

for use in active control of the turbulent boundary layer with an aim of minimizing the skin 

friction [76].  

 

Figure 2. 1. Schematic representation of the boundary layer transition process for a flat-plate 

flow. 
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 Literature Review 

The current techniques employed in shear stress measurement are grouped into two 

categories (Fig. 2.2): direct and indirect [77]. Indirect techniques infer the shear stress 

estimated from other flow parameters, such as Pitot tubes, heating rate for thermal sensors, 

velocity profile for curve-fitting techniques or Doppler shift for optical sensors [77]. For 

example, Pitot tubes such as the Preston tube or Stanton tube use a stream-based distribution 

of pressure along a flow channel to derive the shear stress [71], [78], [79]. The major 

disadvantage of the Pitot tube method is that using the ports for pressure measurements 

requires modification to the wall, presenting a potential disturbance to the flow. Another 

common indirect method is the “hot film technique” which is based on the thermal transfer 

principle [80]–[83]. Compared with Pitot tube measurement techniques, thermal sensors cause 

less disturbance to the flow because the sensor is mounted flush with the surface. However, 

they suffer from severe sources of error due to interference arising from ambient humidity and 

temperature. Considering the limitations of indirect methods, which strongly depend on 

empirical laws [77], direct methods are more accurate for measuring shear stress in complex, 

difficult-to-model flows [84]. The direct method measures the integrated shear force generated 

by wall shear stress on surface. This technique includes three areas: floating-element 

techniques, thin-oil-film techniques and liquid crystal techniques. The floating-element skin 

technique is addressed in this dissertation. A floating element sensor directly measures the 

integrated shear force produced by shear stress on a flush-mounted movable “floating” element 

[77]. Direct measurement techniques are more attractive since no assumptions should be made 

about the relationship between the wall shear stress and the measured quantity and/or fluid 
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properties. Capacitive [85]–[88] and piezoresistive [89], [90] techniques as well as surface 

acoustic wave (SAW) devices [91], [92] have been developed and used to measure the 

displacement of a floating element (FE). However, shear stress sensors fabricated by micro-

machining have not yet received sufficient validation in a turbulent flow environment, so 

further advancement is needed to obtain reliable, high resolution shear stress measurements 

that are applicable to a wide range of flows. 

 

 

Figure 2. 2. Classification of wall shear stress measurement techniques. 
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 Objectives 

Piezoelectric bending structures are known with simple structure and high sensitivity 

in displacement measurement [93], however, there is no report on using piezoelectric bending 

structure for shear stress sensing. 

This chapter details a low cost small piezoelectric (PE) floating-element-type sensor 

(10 mm × 10 mm × 20 mm) that was developed using relatively facile techniques. A PMN-

33%PT crystal was used in the sensor for its high PE coefficient (d31= –1330 pC/N) [94], [95]. 

The proposed sensor was specifically designed to be both resilient against normal stresses that 

are generated from the vortex lift-up in the wind tunnel, and to prevent potential errors due to 

misalignments between the FE and the test plate. Finally, deflection of the PE sensing element 

was observed in wind tunnel testing.  The static shear stress amplitude, that is the low frequency 

component of the shear stress, was determined through analytical modeling (cantilever beam 

theory) of the change in resonance frequency of the PE sensing element that would arise from 

deflection.  The variation in charge output from the PE sensor was utilized to determine the 

dynamic shear stress in the turbulent flow condition. 
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 Sensor Design and Fabrication 

 Analytical Modeling 

The direct PE effect was used to sense the displacement of a FE for direct measurement 

of shear stress. As illustrated in Fig. 2.3, the FE shifts when flow shear force is applied. The 

displacement (δ) of the FE causes the bimorph PE structures to deflect, generating an electric 

charge through the transverse PE coupling (quantified by the coefficient, d31), of the PE plates. 

The use of at least two parallel bimorphs allows the displaced, FE to move parallel to the fixed 

armature, preventing any rotation of the sensing armature that could disrupt the flow.  

 

Figure 2. 3. Schematic of FE sensor, (left) no displacement of FE in the no flow condition 

(right) displacement of FE in the application of shear stress. 

  

Under a shear stress load, the PE bimorphs bend as shown in Fig. 2.4. A shear stress is 

converted into a double-flexion deformation of the bimorphs. The tension and compression 

stresses are then distributed in the PE bimorph. The center of the bimorph corresponds to an 

inflection point where the stresses vanish. Due to the double-flexion strain caused by clamping, 
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an alternative poling of each plate is necessary to prevent the electrical charge output from 

cancelling out. This method involves each PE plate being divided into two parts, in which the 

poling vectors P1 and P2 have opposite signs. 

 

Figure 2. 4. Configuration of deflected bimorph structure. 

 

The measured displacement of the FE (2δ) and the charge output (Q) can be used to 

calculate the shear stress and the sensitivity of the sensor, respectively, from the governing 

equation of the PE effect [42], [43], which is fully derived in the APPENDIX; 

[
2𝛿
𝑄

] =

[
 
 
 
 

𝑠11
𝐸 𝐿3

𝑤ℎ3
−

3𝑑31𝐿
2

4ℎ2

−
3𝑑31𝐿

2

4ℎ2

𝐿𝑤

ℎ
(휀33

𝑇 −
𝑑31

2

4𝑠11
𝐸 )

]
 
 
 
 

[
𝐹
𝑉
]                                (2.2) 

where 𝑠11
𝐸  is the elastic compliance at a constant electric field, w, h and L are the width, height 

and length of bimorph structure, and d31 and 휀33
𝑇  are the PE and dielectric constants, 

respectively. V is the voltage and F is the shear force accumulated from the shear stress 

distributed on the surface of the FE (F=τw•AFE), which can be calculated using the measured 

displacement of the FE based on (1). Finally, the calibrated sensitivity should be, 
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𝑆𝑐𝑎𝑙 =
𝑄

𝜏𝑤
(𝑉 = 0) = −(

3𝑑31𝐿
2

4ℎ2
) ∙ 𝐴𝐹𝐸                                   (2.3) 

where AFE is the area of FE. 

 

 Design Considerations  

Another important consideration taken into account during the design of the FE type 

sensors was the presence of errors caused by sensor misalignments. Misalignment errors 

originate from the geometry of the FE and the gap surrounding it. When the element is 

misaligned, pressures acting on the lip and surface of the element create moments which 

erroneously become part of the wall shear measurement [96]. Some comprehensive studies on 

misalignment error have been conducted by Allen et al. [97], [98] in which they state that while 

a perfectly aligned FE would have minimal error, optimizing different geometric parameters 

could effectively reduce the errors caused by misalignment. They identified three key 

geometric parameters: misalignment (Z), gap size (G), and lip size (L). These parameters are 

illustrated in Fig. 2.5. To prevent or/and minimize likely errors from the misalignment between 

the FE and the test plate, several design considerations were taken into account for the sensors 

generated in this work. [96]–[99]. 

1) The protective housing: A protective collar component surrounding the FE, if carefully 

aligned with the FE, can significantly mitigate the effects associated with the sensor 

misalignment (Z) during a facility installation. 

2) Gap size (G) between the FE and housing (200 μm): A sensor with a small gap size is much 

more prone to misalignment error. The optimum ratio of gap (G) to length of FE was found 

to be 0.02 through the experimental validation.  
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3) Lip size (L) of the FE: This was intentionally minimized (1 mm) based on the total height 

of the FE (3 mm) to reduce the area on which the pressures had to act in the case of 

misalignment. 

 

Figure 2. 5. Key parameters of the FE to minimize the potential errors 

 

2.2.3. Fabrication Process  

The FE sensor was fabricated to be small in size (10 mm × 10 mm × 20 mm). The 

detailed fabrication procedure is presented in Fig. 2.6. Gold electrodes were deposited on the 

PMN-33%PT before it was diced (16 mm × 2.5 mm). In order to apply opposite poling vectors 

to the plates, gaps (1 mm) were formed in the middle of the electrodes on the top and bottom 

side of plates. Then poling voltage up to 10 kV/cm was applied to the one end of plate by 

increasing the voltage step-by-step (0.1 kV/cm) with a high voltage power supply 

(ValueTronics, Elgin, IL) and staying in connection for 30 min at the desired poling voltage 

(10 kV/cm). The same procedure was repeated on the other end of plate, but flipping the plate 

to apply the opposite direction of poling voltage. Finally, two of poled plates were bonded as 

series mode bimorphs using an epoxy resin (Epotek 301), which ensured the higher sensitivity 
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of the sensors in comparison with the parallel mode connection [43]. The measured P-E 

hysteresis loop of PMN-33%PT is shown in Fig. 2.7. 

The final prototype of the sensor consists of the floating element (top), the clamped 

element (bottom) with an aluminum plate, two bimorph plates of PMN-33%PT crystals in a 

series combination, and a protective housing (Fig. 2.8). The dimension of PE sensor is listed 

in Table 2.1. 

 

 

Figure 2. 6. Sensor fabrication procedure. 
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Figure 2. 7. P-E hysteresis loop of PMN-33%PT. 

 

 

Figure 2. 8. Configuration of PE sensor (a) isometric (b) front view (c) with housing.  

Demarcation on the ruler included in images (a) and (b) are mm 

 

Table 2. 1. Dimension of the PE Sensor 

Bimorph structure Floating element 

w (mm) L (mm) h (mm) AFE (mm2) 

2.5 16 0.5 10×10 
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 Experimental Methods 

 Dynamic Calibration 

A calibration setup was assembled to characterize the fabricated sensor. Fig. 2.9(a) 

represents the experimental setup for the dynamic calibration of the sensor. The actuator, 

excited by a function generator (Tektronix, Cary, NC) and power amplifier (ValueTronics, 

Elgin, IL), applied a low frequency (1 Hz) vibrational displacement to the sensor. A laser 

vibrometer (Polytec, Mooresville, NC) was used to measure the displacement of the FE, while 

an oscilloscope (Agilent Technologies, Santa Clara, CA) provided a visual display of the 

displacement profile. The charge output generated from the bimorph PE plate was measured 

by the lock-in amplifier (Stanford Research Systems, Sunnyvale, CA). In this test, the reference 

frequency (1 Hz) of the lock-in amplifier was synchronized with the function generator and 

the excitation force, i.e., displacement magnitude, was controlled by increasing the voltage 

amplitude from the function generator in the range of 0.1 V to 1.0 V with a 0.1 V sub-step. 

The dynamic calibrations of the shear stress and normal stress were conducted by positioning 

the contact probe of the actuator on the side and top of the FE, respectively. (Fig. 2.9(b), (c)). 

Usable frequency range of the sensor was measured by increasing the reference frequency of 

the function generator by 1 Hz up to the phase shift of the sensor. 
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Figure 2. 9. Experimental setup for the calibration of a sensor in (a) overall view, (b) shear 

stress, (c) normal stress. 

 

 Wind Tunnel Model 

The characterization of the PE sensors under actual wind-flow conditions was carried 

out in a subsonic wind tunnel facility at North Carolina State University (NCSU). The facility 

enabled an evaluation of the response from PE sensors by comparing the output signals with 

aerodynamic measurements from several traditional approaches. 

The test apparatus was a flat plate fabricated from medium density fiberboard (MDF). 

The flat plate was 406 mm (16”) in chord, 813 mm (32”) in span and 19.5 mm (¾”) thick. A 

semi-circular leading edge was attached to the front edge of the flat plate, and the PE sensor 

housing was positioned 229 mm (9”, 0.56 chord) from the leading-edge of the flat plate. 

Additionally, the flat-plate model had an extended trailing flap attachment. This movable flap 
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enabled adjustments in overall pressure distribution over the flat plate, ensuring that the 

stagnation point was positioned on the upper surface of the flat plate. Fig. 2.10 represents the 

wind tunnel experimental setup for sensors, in which the PE sensor was flush-mounted on the 

flat plate and carefully aligned by adjustable joint bolts. Fig. 2.11 shows the schematic of the 

setup for the PE sensor that was mounted on the test apparatus. Qualitative estimates of the 

skin friction coefficient and the expected shear stress on the flat plate were conducted using 

theoretical and experimental boundary layer analysis with the Pitot tube apparatus, which will 

be introduced in Section 2.3.4 in detail. 

 
Figure 2. 10. Wind tunnel experimental setup (a) side, (b) top and close view. 

 

 
Figure 2. 11. Schematic of the setup for PE sensor mounted on the test plate. 
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 Modeling for Static Stress Measurement 

In limited freestream velocity ranges (< V=35 m/s, laminar flow region), the charge 

output of the PE sensor disappeared after a period of time. Signal vanishing is not appropriate 

for static stress measurements, so an alternative method that could detect the static stress with 

the PE sensor was used.  

An impedance analyzer (Agilent 4294A, Agilent Technologies Inc., Santa Clara, CA) 

was used to measure the variations of resonance frequency due to the deformation of the beam 

from shear stress. First, lateral mode resonance (fr) and anti-resonance (fa) frequency were 

considered as the focused ranges, since the deflection of bimorph plates leads to a change of 

length in bimorph plates. To analyze resonance frequency shift results using electromechanical 

modeling, the cantilever beam theory [100], [101] was adopted since the PE bimorph sensor is 

analogous to a cantilever beam with the same boundary conditions and structures. The central 

concept of this model is that the shear stress applied to the FE (tip mass) accelerates the tip 

mass of the beam, which decreases the resonance frequency of the beam (Fig. 2.12). 

 

Figure 2. 12. Cantilever beam with accelerated tip mass. 
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For a cantilever beam subjected to free vibration, the system is considered to be 

continuous with the beam mass distributed along the shaft. The equation of motion for this can 

be written as [100], [101]: 

 

where E is the Young’s modulus of the beam material, I is the moment of inertia in the beam 

cross-section, m is the mass per unit length, m = ρA, ρ is the material density, A is the cross-

sectional area, x is the distance measured from the fixed end, y(x) is displacement in y direction 

at distance x from fixed end, and ω is the angular natural frequency. Boundary conditions of 

the cantilever beam are: 

For a uniform beam under free vibration from (2.4),  

 

 

The mode shapes for a continuous cantilever beam are given as: 

𝑦𝑛(𝑥) = 𝐴𝑛{(𝑠𝑖𝑛𝛽𝑛𝐿 − 𝑠𝑖𝑛ℎ𝛽𝑛𝐿)(𝑠𝑖𝑛𝛽𝑛𝑥 − 𝑠𝑖𝑛ℎ𝛽𝑛𝑥) + (𝑐𝑜𝑠𝛽𝑛𝐿 − 𝑐𝑜𝑠ℎ𝛽𝑛𝐿)(𝑐𝑜𝑠𝛽𝑛𝑥 − 𝑐𝑜𝑠ℎ𝛽𝑛𝑥)}, 

𝑛 = 1, 2, 3⋯∞                                                            (2.7) 

From (2.5) and (2.7), a closed form of the resonance frequency fn, and the effective mass of 

beam meff, without any tip mass can be written as: 

𝑓𝑛 =
1.8752

2𝜋
√

𝐸𝐼

𝑚𝐿4
=

1.8752

2𝜋
√

𝐸𝐼

𝜌𝐴𝐿4
=

1

2𝜋
√

𝑘

𝑚𝑒𝑓𝑓
                             (2.8) 

 

𝑚𝑒𝑓𝑓 =
𝑘

(2𝜋∙𝑓𝑛)2
=0.2427 𝑚𝑏𝑒𝑎𝑚                                                (2.9) 

 

𝑑2

𝑑𝑥2 {𝐸𝐼(𝑥)
𝑑2𝑦(𝑥)

𝑑𝑥2 } = 𝜔2𝑚(𝑥)𝑦(𝑥)                                      (2.4)                     

𝑦(0) = 0, 𝑦′(0) = 0, 𝑦′′(𝐿) = 0, 𝑦′′′(𝐿) = 0                            (2.5) 

𝑑4𝑦(𝑥)

𝑑𝑥4 − 𝛽4𝑦(𝑥) = 0,   𝛽4 =
𝜔2𝑚

𝐸𝐼
                                            (2.6)          
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Lastly, by adding together the tip mass (mtip), the mass of the FE (mfloat), and the 

effective mass of the beam (meff), the total beam mass (mtotal) was calculated, and the first 

flexural mode resonance frequency, fn’, in the case of accelerated tip mass was derived: 

 

 

𝑓𝑛′ =
1

2𝜋
√

𝑘

𝑚
=

1

2𝜋
√

3𝐸𝐼

(0.2427𝑚𝑏𝑒𝑎𝑚 + 𝑚𝑓𝑙𝑜𝑎𝑡 + 𝑚𝑡𝑖𝑝)𝐿3
                 (2.11) 

 

Next, the applied shear stress on the FE was converted to the accelerated tip mass by 

using the calibration results and the equation of cantilever beam theory to calculate tip 

displacement, tip: 

𝛿𝑡𝑖𝑝 =
𝜏𝑤𝐴𝐹𝐸𝐿3

12𝐸𝐼
=

𝐹𝐿3

12𝐸𝐼
=

𝑚𝑡𝑖𝑝𝑔𝐿3

12𝐸𝐼
                                         (2.12) 

 

where g is the acceleration of the tip mass. The previous calibration results were used to verify 

the relationship between the shear stress and deflection of beam. Then, the accelerated tip mass 

was determined using cantilever beam theory. Finite element analysis (FEA) was also 

performed to verify the resonance frequency shift of the cantilever beam using the commercial 

FEM package ANSYS®. 

 

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑒𝑓𝑓 + 𝑚𝑓𝑙𝑜𝑎𝑡 + 𝑚𝑡𝑖𝑝   

              = 0.2427𝑚𝑏𝑒𝑎𝑚 + 𝑚𝑓𝑙𝑜𝑎𝑡 + 𝑚𝑡𝑖𝑝                                      (2.10) 
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 Dynamic Stress Measurement 

The dynamic stress measurement was performed under turbulent conditions in the wind 

tunnel. To ensure a turbulent boundary layer at the sensor location, trip-strips were used at a 

distance in front of the sensor to force the transition to turbulent flow (Fig. 2.13(a)) [102].  

A charge amplifier (output rate, 0.316 mV/pC) and an oscilloscope (20 s window range) 

were used to ascertain the contributions to the output signal from wind tunnel vibrations, the 

sensor surface was covered to remove PE floating element displacement arising from shear 

stress.  The resultant signal was filtered out from the signal obtained when the PE floating 

element was exposed to the airflow to isolate the shear stress-induced signal. 

Simultaneously, a boundary layer analysis with Pitot tubes was conducted to obtain 

reference shear stress data, and was used for comparing theoretical and experimental values. 

An experimental setup on the flat plate, consisting of a commercial Pitot tube apparatus 

(Aerolab LLC, Jessup, MD) with a 10-tap total pressure probe, is presented in Fig. 2.13(b). 

The probe was attached on the flat plate at the same distance from the leading edge as the PE 

sensor. The Pitot tube probes were 1.22 mm apart along the diagonal. Based on the Clauser 

method [103], [104], which is a common approach for estimating the wall shear stress in 

turbulent boundary layers, the friction velocity 𝑢𝜏 ≡ √𝜏𝑤/𝜌   can be calculated using the 

measured mean velocity profile U(y) in the logarithmic region of the boundary layer, given by; 

𝑈(𝑦)

𝑢𝜏
=

1

𝜅
𝑙𝑛 (

𝑦𝑢𝜏

𝜈
) + B                                                     (2.13) 

where κ is the von Karman constant (0.41), ν is the fluid kinematic viscosity, and B is the 

integral constant (5.0) [104]. The wall shear stress can be acquired from the calculated friction 

velocity with respect to various freestream velocities from 12 m/s to 28 m/s. 
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Figure 2. 13. Experimental setup for (a) tripping the flow to turbulent boundary layer, (b) the 

Pitot tube measurement. 

 

 Results and Discussion 

 Dynamic Calibration Results  

Fig. 2.14 shows the displacement (2𝛿) of the FE measured from the laser vibrometer as 

a function of various voltage amplitudes arising from the function generator which were 

converted into the shear stresses through the actuator based on (2.2),  𝜏𝑤 =
2𝛿∙𝑤ℎ3

𝑠11
𝐸 𝐿3∙𝐴𝐹𝐸

. 

Calculated and measured electrical charge output for the shear and normal stresses are 

shown in Fig. 2.15. Measured electrical charge output generated by the shear stress shows an 

almost linear relationship with respect to the shear stress. Based on a linear fit, y = 91.29x – 

43.7, the resolution of the sensor was determined to be approximately 0.5 Pa and the operating 

range of shear stress would be higher than 55 Pa. Considering the gap size (G=200 μm) 

between the floating element and housing, theoretical range of shear stress would reach up to 

4 kPa based on the calculation from Fig. 2.14. The experimental shear stress sensitivity (91.3 
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± 2.1 pC/Pa) was 10-12% lower than the calculated one (𝑆𝑐𝑎𝑙 =
𝑄

𝜏𝑤
= − (

3𝑑31𝐿2

4ℎ2
) ∙ 𝐴𝐹𝐸 =

102.1 pC/Pa), which may be caused by inaccurate PE constants used in the calculation and 

the clamp effects from the bonded two piezoelectric layers to form a bimorph and the bonding 

of the two ends to the fixed armature and the floating element. However, comparing with a 

sensitivity of the previous work [42], the proposed PE sensor exhibits more than 4 times higher 

sensitivity. The high shear stress sensitivity was likely due to a high PE charge constant (d31=–

1330 pC/N) of PMN-33%PT single crystal [94], [95] and the small thickness of bimorph plates 

(h=0.5 mm). The sensor yielded an almost-zero charge output under normal stress (about 1-

1.3 % of the shear sensitivity), which was well aligned with the theoretical expectation that the 

normal stress-induced charge should be approximately zero due to the electromechanical 

symmetry of bimorph plates. The usable frequency range of the sensor was also determined to 

be ~800 Hz (Fig. 2.16), which indicated that the sensor had a broad-band usage in the turbulent 

flow condition. 

 
Figure 2. 14. Peak-to-peak displacement of FE according to voltage amplitudes. 
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Figure 2. 15. Calculated (open black squares) and measured electrical charge output as a 

function of the shear (filled red spheres) and normal stress (filled blue triangles). 

 

                             

Figure 2. 16. Usable frequency range of the sensor. 
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 Static Stress Measurement Results 

In the static shear stress condition, Fig. 2.17 represents the variations of frequency as a 

function of flow velocity in both the flow and vibration existing condition and the vibration 

only condition. The resonance frequency shift rate is much higher in the flow and vibration 

condition (-1.1 %) than in the vibration only condition (-0.3 %) when compared at the condition 

of highest velocity (35 m/s). 

Based on the analytical and simulated results of the cantilever beam model, a 

comparison of frequency shift rates with the experimental results is shown in Fig. 2.18. With 

the vibration effect filtered out, the experimental results showed a lower frequency shift rate 

than the analytical and simulated models (root-mean-square error of 13.7 %), which may come 

from damping that occurs in the real device that is not included in the models. However, the 

results demonstrated consistency between the two frequency shift rates in the overall trend. 

 

 
Figure 2. 17. Variations of frequency in the condition of (a) flow + vibration, (b) vibration 

only. 
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Figure 2. 18. Comparison between modeled and experimental frequency shift rates. 

 

 Dynamic Stress Measurement Results 

The result of the boundary layer analysis utilizing data collected from the Pitot tube 

device is shown in Fig. 2.19.  A non-linear curve fitting with the Boltzmann model was 

conducted on the measured data in which the adjusted R-squared value is 0.9936. Furthermore, 

the result of a fitted line supports the theoretical shear stress curve which is calculated using 

the 1/7 power-law [105]. 
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Figure 2. 19. Comparison in the shear stress between the Pitot tubes measurement and the 

theoretical analysis. 

 

Based on the dynamic stress experimental setup, the shear stress effect on the sensor 

was verified under turbulent flow conditions by comparing the peak-to-peak charge outputs of 

condition #1 (flow + vibration) and condition #2 (vibration only). As the freestream velocity 

increased, peak-to-peak charge outputs at both conditions also increased. However, higher 

peak-to-peak charge outputs were observed under condition #1 relative to condition #2, which 

indicated that the sensor was able to detect the dynamic shear stress, albeit convolved with 

signals arising from wind tunnel vibrations (Fig. 2.20). 



 

 

54 

To deconvolute the dynamic shear stress from the vibrational contributions, 5 data sets 

were used for each air speed condition with a time window as 20 s. The root-mean-square 

(RMS) charge output was determined for each condition. Fig. 2.21 shows the differences in 

RMS charge output between cases, which indicated that the PE sensor could detect dynamic 

shear stress. Considering the vibration only induced sensor’s sensitivity as the noise signal, the 

signal-to-noise ratio (SNR) can be calculated as 15.8 ± 2.2 dB, which indicates the competitive 

performance of the sensors. 

 

Figure 2. 20. Charge outputs for dynamic stress in the cases of (a) flow + vibration, (b) 

vibration only. 
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Figure 2. 21. RMS charge outputs between case #1 and #2. 

 

To get the pure shear stress data, the vibration induced noise was filtered out by 

subtracting the vibration charge outputs, which is shown in Fig. 2.22. 

 

Figure 2. 22. Comparison in charge outputs between test and calibration data. 
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Compared with dynamic calibration data, wind tunnel test data exhibited lower charge 

outputs, approximately 20-27 %, than those obtained in the calibration experiments. This 

suggests that the wind tunnel vibrational contribution to the signal may reduce the sensitivity 

of the sensor. The frequency spectrum of vibration in the sensor higher than 800 Hz may cause 

the sensor performance to degrade. However, sensitivity of the sensor remains high (56.5 ± 4.6 

pC/Pa), and when considering various uncontrollable parameters in the wind tunnel, such as 

temperature and vibration, it presented comparable results. 

 

 Summary 

A piezoelectric sensor with a floating element was developed for direct measurement 

of flow induced shear stress. The piezoelectric sensor was designed to detect the pure shear 

stress while suppressing the effect of normal stress generated from the vortex lift-up by 

applying opposite poling vectors to the piezoelectric elements. During the calibration stage, 

the prototyped sensor showed a high sensitivity to shear stress (91.3 ± 2.1 pC/Pa) due to the 

high piezoelectric coefficients (d31= –1330 pC/N) of the constituent 0.67Pb(Mg1∕3Nb2∕3)O3-

0.33PbTiO3 (PMN-33%PT) single crystal. The resolution of the sensor was determined to be 

approximately 0.5 Pa and the experimental operating range of shear stress would be higher 

than 55 Pa. Considering the gap size (G=200 μm) between the floating element and housing, 

theoretical range of shear stress would reach up to 4 kPa based on the dynamic calibration 

results. By contrast, the sensor showed almost no sensitivity to normal stress (less than 1.2 

pC/Pa) because of the electromechanical symmetry of the sensing structure. The usable 

frequency range of the sensor is up to 800 Hz. For dynamic stress measurements, the signal-
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to-noise ratio (SNR) and ambient vibration-filtered pure shear stress sensitivity were obtained 

through signal processing. The developed piezoelectric shear stress sensor was found to have 

an SNR of 15.8 ± 2.2 dB and a sensitivity of 56.5 ± 4.6 pC/Pa in the turbulent flow. 

In summary, the innovations of this work are as follows. 

The piezoelectric shear stress sensor was developed with: 

 Design to minimize misalignment error by using a protective housing, optimizing the 

gap size (G), and the lip size (L). 

 Design to be resilient against normal stresses using the electromechanical symmetry 

system of bimorph structure. 

 Providing the solution to measure the static shear stress with analytical and 

experimental method, which would be firstly proposed with overcoming the nature of 

piezoelectric material. 

 Sufficient consideration of the unfavorable vibration effect from the target plate due to 

the air flow in the wind tunnel. 
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CHAPTER 3  
 

TRANSIT TIME DIFFERENCE FLOWMETER FOR INTRAVENOUS FLOW 

RATE MEASUREMENT USING 1-3 PIEZO-COMPOSITE TRANSDUCER 

 Introduction   

 Background and Motivation 

Intravenous (IV) injection infuses liquid medication directly into veins, which, 

compared to consuming medicine by mouth, has a faster, more effective result in the body.  

This is because during oral consumption, the potency of medication can be reduced by 

digestive fluids before its release in the bloodstream [106]. Precision control of the flow rate 

of IV injection is necessary to protect the internal organs and blood circulatory system from 

overdose-induced damages [107]. Direct observational studies in hospitals have shown 

estimated error rates of 19-27 % of administered drugs to patients [106]–[108]. Even the 

smallest dose of errors can lead to serious patient health problems [107]. For instance, any 

excess of medical injection to a body can easily damage veins, resulting in a leakage of 

medicine to surrounding subcutaneous tissue. Excess medicine in a vein can also hinder blood 

flow, causing a local clotting of blood cells within the circulatory system. This can ultimately 

increase blood pressure (hypertension) and cause subsequent heart failures [109] as shown in 

Fig. 3.1. Furthermore, medication errors from intravenous injection in the US have a 

significantly higher percentage (~19 %) of associated deaths compared to other methods of 

medicine administration [110]. 

The most common IV injection method is based on gravity infusion system (Fig. 3.2). 

In administering gravity infusions, a nursing staff is required to ensure accuracy by maintaining 
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a constant infusion rate over a calculated period of time. For example, nursing staff control the 

rate by adjusting the roller clamp and checking the drip rate per minute. But, in clinical 

practices, all gravity infusions accompany rate changes during the time period of infusion due 

to the continuous change of gravity forces applied to the IV bag, which results in a considerable 

injection error demanding a necessity of a shorter periodical checking time such as every half 

hour [111]. 

 

Figure 3. 1. Severity of IV injection errors. 
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Figure 3. 2. Gravity IV infusion system  

 

 Literature Review 

To improve infusion accuracy and patient safety, IV infusion monitor/control devices 

have been extensively investigated [112]–[114]. These reported devices monitor and display 

the infusion flow rates in terms of number of drops per minute using optical sensors.  Each 

drop is counted, and the corresponding electrical signal changes yield a real time monitoring 

of flow rate. However, such devices lose effectiveness as the natural body movement of a 

patient twists and folds an IV tube, resulting in inaccurate injection rates into the human body 

[107], [108]. Even if such a device accurately senses drip rates, the administering of the 

medicine to the patient could still be inaccurate due to the warping of the tube. As a solution 

Spike & Drip chamber 

Roller clamp 

http://www.lily-medical.com 
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to this issue, an alternative device could be designed to monitor the flow rate within an IV tube 

closer to the injection needle. This would improve accuracy in the actual IV injection to the 

patients. 

One crucial design requirement for this alternative device would be the ability to 

measure flow rate non-invasively. The IV flow rate would have to be measured outside the 

injection tube to prevent the liquid flow from being interfered by a flowmeter and 

contamination of medication. Therefore, conventional techniques, such as using the Pitot tube 

[115], Orifice-Venturi meter [116], [117], or thermal flowmeter [118] would not be appropriate 

due to their intrusive approach to flow rate measurement. 

Implementing non-invasive and non-intrusive flow measurement methods such as 

measurements by ultrasonic wave can overcome these limitations. The Doppler ultrasonic 

flowmeter (Fig. 3.3(a)) implements two ultrasonic transducers, which are attached on the IV 

tube to transmit and receive ultrasonic waves through the tube [69], [119]. One transducer 

transmits an ultrasonic wave with a specific frequency to a targeting location within the tube. 

Then, moving liquid particles reflect the ultrasonic waves back to the adjacent transducers with 

different magnitudes of frequency shift (f1 and f2). The flow rate is proportional to the ratio 

between the wave frequencies of f1 and f2. Unfortunately, the estimation requires a sufficient 

number of particles that are large enough to reflect the ultrasonic wave back to the transducers, 

but liquid medicine does not contain such particles. So this method is not suitable for the IV 

flow measurement.  

The transit time difference (TTD) method also uses two ultrasonic transducers (Fig. 

3.3(b)), where each transducer plays a role as a transmitter and receiver at the same time [68]. 
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The principle is based on the transit time difference; it takes for an ultrasonic wave traveling a 

defined distance in two opposite conditions: along the flow direction and against the flow 

direction. The transit time difference is directly related to the velocity of the flow. This method 

requires high resolution (short pulse) to measure travel time because the travel distance of wave 

(2L) between two adjacent sensors is relatively short (< 6 mm). 

 

Figure 3. 3. Schematic of (a) Doppler ultrasonic flowmeter and (b) transit time flowmeter. 

 

 Objectives 

In this paper, we developed a transit time flowmeter using the 1-3 piezoelectric 

composite transducers and an acoustic reflector. PZT-5H/epoxy composite was used as an 

active material in the transducer due to its high electromechanical coupling factor (~ 0.58) and 

low acoustic impedance. Moreover, the proposed flowmeter was specifically designed not only 

to be installed conveniently by adopting strap type bandage system, but also to satisfy the range 

of the clinical dosage rates in the medical field (100-500 mL/hr). 
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 Sensor Design and Fabrication  
 

The schematic view of the IV flowmeter is shown in Fig. 3.4. The flowmeter consists 

of two 1-3 composite transducers, two wedges, and one acoustic reflector. By obtaining the 

transmission intensity of the acoustic wave from the transducer, the angle of incidence was 

determined. 

 

Figure 3. 4. Schematic of IV flowmeter setup mounted on the IV tube. 

 

 Analytical Modeling 

The concept of the transit time flowmeter with an acoustic reflector (RF) is described 

in Fig. 3.3(b). An ultrasonic wave with frequency f is generated from transducer A, travels to 

the reflector located on the opposite side of the tube, then received by transducer B (forward 

wave), and vice versa (backward wave). The travel distance, 2L, for both backward and 

forward waves are the same and the frequency is constant. The angle between the wave and 

the tube is θ. The traveling times for forward and backward waves are calculated by (3.1) and 

(3.2), respectively [19]: 
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𝑡𝑎𝑏 = 2𝐿/(𝑉𝑠 + 𝑉𝑓𝑐𝑜𝑠𝜃)                                                      (3.1) 

𝑡𝑏𝑎 = 2𝐿/(𝑉𝑠 − 𝑉𝑓𝑐𝑜𝑠𝜃)                                                      (3.2) 

where Vs is the wave velocity of the fluid medium (1480 m/s at ambient temperature), Vf is the 

fluid velocity, and α is the angle of the ultrasound wave traveling through the fluid. The TTD, 

∆t, between these two waveforms is: 

∆𝑡 = 𝑡𝑏𝑎 − 𝑡𝑎𝑏 =
2𝐿

𝑉𝑠 − 𝑉𝑓𝑐𝑜𝑠𝜃
−

2𝐿

𝑉𝑠 + 𝑉𝑓𝑐𝑜𝑠𝜃
                                    (3.3) 

Thus, Vf can be expressed as: 

𝑉𝑓 = 𝐿∆𝑡/(𝑐𝑜𝑠𝜃 𝑡𝑎𝑏𝑡𝑏𝑎)                                                    (3.4) 

It is important to note that the fluid velocity (Vf) can be obtained from the transit time 

difference value based on (3.3), in which the L, Vs are known values. Therefore, we can avoid 

the complicated consideration of ToFs correction for the travel times spent outside of the fluid 

(tube walls, wedges). 

 Piezoelectric 1-3 Composite 

To develop a US flowmeter that is applicable to a small IV tube (~2.6 mm inner 

diameter) with a slow flow rate (< 0.05 m/s), ultrasound transducers with a high sensitivity and 

wide bandwidth (short pulse) are required. Due to this, PZT-5H 1-3 piezoelectric composite 

material was selected as the active material of the ultrasound transducers. PZT-5H 1-3 

composites are known to have high electromechanical coupling factors (~0.58) and low 

acoustic impedances (<20 kg/(m2s)×106 or 20 MRayl). The associated transducers were also 

known to have a broad bandwidth (-6 dB fractional bandwidth: ~70 %) [120]–[122].  
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The most common method in designing composite transducers is the effective medium 

model [121], which is based on the assumption that a composite is a homogeneous medium 

with new effective material parameters as long as the beam size and spacing are comparatively 

fine to all relevant acoustic wavelengths. The details of the design process are provided in the 

APPENDIX II. 

Based on the simulated design parameters from the effective medium model (shown in 

APPENDIX II), 1-3 composite transducers were fabricated using the “dice-and fill” method 

[123] (Fig. 3.5). A 20-μm-thick dicing saw (DISCO, Japan) was employed to dice the PZT-5H 

ceramics. Fig. 3.6 shows an optical image of the PZT-5H ceramic/epoxy 1–3 composite. 1-3 

composite was lapped into the desired thickness (280 µm) according to the simulated value 

and then chromium gold (Cr/Au) electrodes with a thickness of ∼10/100 nm were sputtered 

onto both sides of the composite. Final dimensions of 1-3 composite are listed in Table 3.1, 

where t, W and L are the thickness, width and length of the composite, respectively. 

 

Figure 3. 5. Schematic of fabrication process for 1-3 composite transducer. 



 

 

66 

 

Figure 3. 6. Optical image of the PZT-5H ceramic/epoxy 1–3 composite plate. 

 

Table 3. 1. Dimensions of PZT-5H/EPOXY 1-3 composite. 

 t  (µm) W (mm) L (mm) 

Measured 280 2 5 

 

 Wedge Design 

In order to develop a flowmeter that would operate in a through-transmission fashion 

(Fig. 3.4), a pair of angle beam transducers with wedges were designed and fabricated. 

Plexiglass was selected as the material for the customized wedges due to two reasons: 1) It 

allows for control of incidence angle. 2) It allows for the introduction of an impedance 

matching layer (Zplexiglass = ~4.7 kg/(m2s)×106) between the transducer and the IV tube. 

Acoustic impedances of the 1-3 composite transducer and IV tube are 17 and 3.3 kg/(m2s)×106, 

respectively. Therefore, the impedance matching layer should be placed between the active 
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transducer and the ambient medium. 

The angle of the wedge was determined with the purpose of achieving higher 

transmitting and receiving efficiency, which is affected by the incidence/refraction angle and 

impedances of adjacent media. As shown in Fig. 3.4, an acoustic wave is refracted according 

to Snell’s law, which describes the relationship between angles of incidence and degrees of 

refraction when waves pass through the boundary between two different mediums such as 

water, glass, or air. 

𝑠𝑖𝑛𝜃1/𝑠𝑖𝑛𝜃2 = 𝑣1/𝑣2                                                  (3.5)   

where θi is the angle between the wave beam and the normal direction of the interface, vi is the 

velocity of sound in the respective medium. Based on the calculated refraction angles in the 

interfaces, the estimated distance between adjacent transducers is presented in Fig. 3.7.  

 The transmission intensity coefficient (TIC) describes the ratio of the total power of the 

transmitted wave energy to the incident wave, and can be calculated as follows [124]; 

𝑇𝐼 =
4𝑍1𝑍2𝑐𝑜𝑠2𝜃𝑖

(𝑍2𝑐𝑜𝑠𝜃𝑖 + 𝑍1𝑐𝑜𝑠𝜃𝑡)2
                                                  (3.6) 

where the subscript i and t represents the incidence and transmission waves, respectively. Total 

TIC was obtained by multiplying TICs for each interface (∏𝑇𝐼𝑗
, 𝑗 = 1, . . 𝑛) with information 

of the acoustic properties of layers, which is presented in Fig. 3.7 as a function of the incidence 

angle. To achieve at least 50 % of transmission energy efficiency, the wedge angle should be 

less than 25°. 
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Figure 3. 7. Transmission intensity coefficient and distance between the adjacent transducers 

as a function of the incidence angles, (inset) picture of IV flowmeter consists of the wedge 

and composite.  

 

 Experimental Method 
 

The experimental setup for flow rate measurement is shown in Fig. 3.8. The 24 mm 

diameter syringe (30 mL Luer-LokTM, BD, NJ) was connected to the IV tube. The flow rates 

through the IV tube (inner diameter of 2.6 mm) were controlled by using the syringe pump 

system (NE-1010, New Era Pump System Inc., NY) from 100 mL/hr to 500 mL/hr, satisfying 

the range of clinical dosages of IV injections in the medical field [125]. In addition, the flow 

rates were measured using the transit time flowmeter with 1-3 composite transducers attached 

on the IV tube at room temperature, as shown in the zoomed-in figure (Fig. 3.8).  
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Figure 3. 8. Schematics of experimental setup for transit time measurement. 

 

In this work, temperature dependency of the sensor has not been considered due to the 

following reasons; 1) Operating temperature range of IV flow meter would be the ambient 

condition mostly, 2) Although piezoelectric properties of PZT-5H is sensitive to change of 

temperature [126], there would be almost no effect on detecting the ToFs of wave below Curie 

temperature of PZT-5H (Tc ~ 180 °C). The pulser-receiver (5900PR, Panametrics Inc., 

Waltham, MA) generates and receives the wave signals through both transducers successively, 

then forward and backward transmitting signals are displayed on the oscilloscope (DSO7104B, 

Agilent Technologies Inc., Santa Clara, CA), which is connected to the pulser-receiver. The 

flow rate was indirectly determined by using (3.4) with the measured time of flight (ToF) data. 

The acquired flow rate was then compared with the reference injection flow rates (input flow 

rates of the syringe pump). 
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 Results and Discussion  

 Piezoelectric Characterization 

An impedance analyzer (Agilent 4294A, Santa Clara, CA) was employed to measure 

the frequency dependence of electrical parameters (electrical impedance, phase) of the 

prototyped 1-3 composites. The electromechanical coupling coefficient (kt), acoustic velocity 

(c), and acoustic impedance (Z) were calculated from the measured spectra shown in Fig. 3.9, 

according to the IEEE standards on piezoelectricity [27], as the following formulae: 

𝑘𝑡 = √
𝜋

2

𝑓𝑟
𝑓𝑎

𝑡𝑎𝑛 (
𝜋

2

𝑓𝑎 − 𝑓𝑟
𝑓𝑎

)                                                  (3.7) 

where fr and fa are resonance and anti-resonance frequencies, respectively, as shown in Fig. 

3.9.  

𝑍 = 𝜌𝑐 = 𝜌 ∙ 2𝑡 ∙ 𝑓𝑎                                                       (3.8) 

where ρ is the density and t is the thickness of the sample.  

Impedance spectrum simulated by a KLM model [127] shows the well agreement with the 

measured results on resonance/anti-resonance frequency and phase angle (Fig. 3.9). The measured 

and simulated properties of the 1–3 composite are compared in Table 3.2. The fabricated PZT-

5H/epoxy 1–3 composite shows the electromechanical coupling coefficient (~0.58), acoustic 

impedance (<17 kg/(m2s)×106) and volume fraction of ceramic (V, ~58 %)  that are comparable 

with the simulated values, in which the lower measured kt might attribute to the inhomogeneous 

geometry of ceramic pillar in 1-3 composite (Fig. 3.6). 
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Figure 3. 9. The measured and simulated (using KLM model) impedance and phase angle 

spectra for the PZT-5H/epoxy 1–3 composite plate.  

 

Table 3. 2. Measured and simulated properties of the 1–3 composite 

 t  (µm) V (%) fr (MHz) kt (%) Z (kg/(m2s)×106) 

Measured 280 58 6.5 58 17 

Simulated 300 60 ~6.5 ~70 ~18.9 

 

 Acoustic Characterization 

The transmitting sensitivity and bandwidth of the assembled IV flowmeter were 

simulated using a KLM model [127] and verified by the pulse-excitation tests using a 

hydrophone (HGL-0085, Onda Corp., Sunnyvale, CA). The hydrophone was positioned in 
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front of the transducer with interface of IV tube, which shared the same location of the acoustic 

reflector (inset of Fig. 3.10(b)), and was connected to an oscilloscope. The pulse energy of 8 

μJ was applied to the transducer from the pulser-receiver (5900PR, Panametrics Inc., Waltham, 

MA). Fig. 3.10(a) and (b) represent the simulated and tested pulse-excitation response of the 

transducer, respectively. The identical wave forms can be found with a center frequency of 

~6.5 MHz. -6 dB fractional bandwidth (FBD) of the excitation signal from the hydrophone test 

was measured to be 56.7 % which supports the FBD of KLM model (55.3 %). The sensitivity 

of the IV flowmeter was calculated to be 692.3 Pa/V based on the peak-to-peak pressure (360 

kPa) received by the hydrophone. Therefore, the acoustic characterization results indicate that 

the prototype transducers can achieve an acceptable -6 dB FBD and a sufficient sensitivity for 

the ultrasonic flowmeter. 

 

Figure 3. 10. Pulse excitation response of the transducer from (a) KLM model, (b) 

hydrophone test, (inset) schematic of hydrophone test setup. 
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Prior to the flow rate measurement, verification that the acoustic performances of both 

transducers are identical was conducted, which is important to know in order to ensure an 

accurate flow rate in the tube. Without any liquid flow in the tube, a pulse signal from the 

pulser-receiver with the energy of 8 µJ was applied to both transducers #1 and #2, as shown in 

Fig. 3.8, initiating the forward and backward waves. At first, the pulse signal was imposed on 

transducer #1, exciting an ultrasonic wave to travel to transducer #2. Fig. 3.11(a) represents 

the full range of a pulser-receiver signal that is comparable to the sensitivity of the prototyped 

1-3 composite transducers. Then, to compare the acoustic performances between two 

transducers, the forward and backward wave signals were excited to transducer #1 and #2, 

respectively. Fig. 3.11(b) illustrates forward and backward wave profiles, in which the ToFs 

(6.72 µs) and wave forms at their stationary conditions are identical to each other. 

 

Figure 3. 11. (a) Full range of signal profile, (b) comparison in received signals. 
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In order to determine the optimal amount of pulse energy applied to the transducers, 

the amplitudes of received signal were tested with respect to the various ranges of pulse energy. 

In Fig. 3.12, the amplitudes of the wave increase proportionally with the input energies, in 

which 8 µJ of input energy was used for all flow measurement tests owing to the considerations 

of protection of transducer and of the sufficient amplitude in measuring the ToF at this range 

of input energy. 

 

Figure 3. 12. Signal profiles of the received wave with various input energies. 

 

 Flow Rate Measurement 

For the tests in the flow condition, the injection flow rates were infused through the 

syringe pump at a range of 100 mL/hr to 500 mL/hr with the rate interval of 100 mL/hr, 

satisfying the operating range of the IV injection rate in the medical field [125]. Moreover, 

clear TTDs and precise flow rate (<0.005 m/s) measurement can be obtained through tuning 
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the range of time resolution of the oscilloscope in which the values of the injection flow rate 

(Q, mL/hr) were converted into a flow velocity unit (V, m/s) based on the inner diameter of IV 

tube (R), V=Q/πR2. Fig. 13(a) and (b) present wave profiles of forward and backward signals 

at the flow rates of 500 mL/hr (0.026 m/s) and 100 mL/hr (0.0052 m/s), respectively. In the 

higher flow rate condition, the larger transit time difference (TTD) can be confirmed by 

comparing it to the point of highest wave peak (~7.2 μs). However, the clear TTD between the 

forward and backward signals seems to be challenging to identify due to the relatively wide 

range of time resolution of the oscilloscope (1 ns). 

 

Figure 3. 13. Wave profiles in 100 ns resolution for the conditions of (a) 500 mL/hr, (b) 100 

mL/hr. 

 

To estimate the precise TTDs for the various flow rate conditions, the higher time 

resolution of the oscilloscope (20 ps) was adopted, which is comparable with the sampling 

rates (50 ps) used in the industrial electronics such as a signal converter in a non-oscilloscope 

ultrasonic flowmeter [128].  The clearer TTDs can be established even in the low flow rate 

condition (100 mL/hr), as shown Fig. 3.14. Although the performance of transducer would be 
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the primary factor to determine the detectable flow rate [129], the full performance of 

transducer would not be demonstrated without sufficient time resolution of monitoring devices. 

For a clear comparison, signal data was normalized with its highest peak point value (black 

and red line) and the normalized one was then fitted by the least-squares polynomial smoothing 

method [130] with 300 points of windows and 4 polynomial orders (green and yellow line). 

TTDs for the 500 and 100 mL/hr flow rates are approximately ~210 and ~40 ps, respectively. 

All the information about TTDs for the various flow rate conditions are listed in Table 3.3. 

 

Table 3. 3. Measured TTDs as a function of various infusion flow rates. 

Flow rate 

(mL/hr) 

Flow velocity  

(m/s) 

TTD 

(ps) 

100 0.0052 ~40±5 

200 0.0105 ~85±5 

300 0.0157 ~125±10 

400 0.0210 ~170±10 

500 0.0263 ~210±15 
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Figure 3. 14. Wave profiles in 5 ns resolution for the conditions of (a) 500 mL/hr, (b) 100 

mL/hr. 

 

 Parabolic Flow Distribution Analysis 

The measured flow velocity is acquired by substituting the values of TTD into (3). 

However, the measured flow velocity should be higher than the true value due to a parabolic 

flow distribution inside the tube [131], [132], which is caused by fluid viscosity [133]. 

Generally, when fluid flows inside a tube, the velocity of flow is not equal at all points in the 

tube with the highest flow velocity at the center of the tube and it drops at points toward the 

tube wall. This velocity gradient is due to the frictional forces which arise from the viscous 

properties of the fluid. Therefore, an additional correction procedure is needed to improve the 

accuracy of indirectly measured flow rates. 

The flow distribution in steady laminar flow (in a cylindrical vessel) is given by a 

parabolic law [131]: 

𝑉𝑟 = 𝑉𝑚𝑎𝑥[1 − (𝑟/𝑅)2]                                                 (3.9)   
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where Vmax is the maximum velocity at the center of tube, r is the radial distance from tube 

axis, and R is the tube inner radius (1.3 mm). The maximum velocity on the axis of the tube is 

twice the net flow velocity (�̅�) as follows: 

�̅� =
𝑄

𝐴
=

∫ 𝑉𝑟𝑑𝐴
𝑅

0

𝐴
=

∫ 𝑉𝑟2𝜋𝑟𝑑𝑟
𝑅

0

𝜋𝑅2
=

1

2
𝑉𝑚𝑎𝑥                         (3.10) 

where Q is the flow rate and A is the inner area of tube. 

Considering a line integral along the beam, the deviation between the measured (�̅�𝑚𝑒𝑎𝑠𝑢𝑟𝑒) and net 

flow velocity (�̅�) is [134]: 

�̅�𝑚𝑒𝑎𝑠𝑢𝑟𝑒 =
2∫ 𝑉𝑟𝑑𝑟

𝑅

0

2𝑅
 =

𝑉𝑚𝑎𝑥 ∫ [1 − (
𝑟
𝑅

)
2
]𝑑𝑟𝑅

0

𝑅
                              

 

=
2

3
𝑉𝑚𝑎𝑥 =

4

3
�̅�                                                            (3.11) 

 

Therefore, the correction factor (𝑘 = �̅�𝑚𝑒𝑎𝑠𝑢𝑟𝑒/�̅�) in the IV flowmeter is derived as 1.33. 

Taking into consideration the flow distribution within the tube, the final flow velocity values 

were determined. The comparison between the measured (with/without k) and infusion flow 

velocity is shown in Fig. 3.15. As expected, without applying the correction factor to the 

measured data, a huge deviation (33-35 %) between the measured and infusion flow rates was 

found. The deviation was reduced to 1-2 % by considering the correction factor, and the 

measured flow velocity showed good agreement with the infusion velocity. The 1-2 % 

disagreement might arise from the misalignment of the transducers. 
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Figure 3. 15. Comparison of flow velocity between the measured ones with/without 

correction factor and infusion velocity. 

 

 Summary 
 

An ultrasonic (US) flowmeter with 1-3 piezoelectric composite transducers was 

designed, fabricated, and tested on a variety of flow rates of mimic medical injections. The 

transducer wedge for the angled beam propagation and an acoustic impedance matching layer 

were included in the design for transmission enhancement. To ensure an accurate measurement 

of flow rate, the effect of the flow distributions inside the IV tube was taken into account. The 

developed US flowmeter exhibited the capability of detecting low flow rates (< 0.005 m/s), 

with 1-2 % discrepancy compared to the reference rate of infusion. 
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In summary, the scientific contributions of this work to the field are presented as 

follows: 

 Our design enable measurement of ultra-low flow rate (< 0.005 m/s or 100 mL/hr), 

satisfying the range of the clinical dosage rates in the medical field. However, the 

published works and products did not have enough flow rate resolutions (> 300~400 

mL/hr) for the IV flow rate measurement [129], [135]. 

 By using 1-3 composite transducer, impedance matching, high sensitivity, and broad 

bandwidth can be achieved, which enhanced the sensitivity and resolution of the 

flowmeter. 

 By adopting a reflector, reflected waves received by the receiver can be enhanced. 

 Fluid dynamics inside the tube was considered to ensure the accuracy of the 

measurement.  

 The flowmeter can be attached at any point along the IV tube by just using the strap or 

clamp-type fastener. 
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CHAPTER 4  
 

NOVEL ULTRASOUND NDT METHOD USING PHOTOACOUSTIC LAMB 

WAVES AND ALN SENSOR FOR HIGH TEMPERATURE APPLICATIONS 

 Introduction   

 Background and Motivation  

Since the beginning of the aerospace and energy industry, safety has been one of the 

major concerns of aircraft designers and manufacturers to comply with the international 

regulations and satisfy the customers’ requirements in this issue.  

Around the 1950s, during the rapid growth of pressurized commercial flights, fatigue 

cracks caused several serious aircraft accidents. Fatigue can be defined as a form of failure due 

to a progressive and localized structural damage that occurs in structures subjected to dynamic 

and fluctuating loads. These circumstances make possible for failure to occur at stress levels 

clearly lower than the ultimate tensile stress or yield stress for structures subjected to static 

loads [136]. In this sense, fatigue is responsible for a major part of the failures of metal 

components and it can result in an unexpected and catastrophic failure. To address this 

problem, crack detection and monitoring became an issue of remarkable importance.  

Based on these requirements, the Non-Destructive Testing (NDT) has been developed 

with various techniques. NDT is a wide group of analysis techniques used in science and 

technology industry to evaluate the properties of a material, component or system without 

causing damage. Among them, ultrasound NDT of materials, processes, and structures has 

been broadly applied in space, defense, aerospace, and civil and energy industries [137]–[139]. 

Especially, NDT of engineering components at power plants plays an increasingly important 
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role with respect to safety improvement and extension of plant life. As for the nuclear plant, 

there are more than hundreds of nuclear power plants in U.S.A. Fig. 4.1 is a map of U.S. nuclear 

power plant location [140]. The circle with 100 miles radius indicates the danger zone when 

the worst-case scenario occurs. Such plants contain numerous high-temperature (>700 °C) 

pipes and pressure vessels that require continuous health monitoring for instant detection of 

structural flaws, since their failure may cause severe economic damage and even worse, health 

problems such as genetic diseases or cancel [141]. Therefore, we should pay attention to the 

health conditions of structural especially exposed to the high temperature and potential risk of 

disaster through NDT methods. 

 

Figure 4. 1. Map of U.S. nuclear power plant location [140]. 
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 Literature Review  

Conventional ultrasound transducers for NDT made with PZT materials can only 

tolerate temperatures up to ~ 300 °C due to the low Curie temperature of piezo ceramics [142]. 

So several piezoelectric materials have been extensively investigated for high temperature (HT) 

(> 600 °C) sensing applications, including gallium orthophosphate (GaPO4) [143], [144], 

langasite (LGS) [20], [21], yttrium calcium oxyborate (YCOB) [11], [13], [145], and aluminum 

nitride (AlN) [14], [146]–[149].  

GaPO4 possesses high electrical resistivity (> 1017 Ω·cm at room temperature), high 

mechanical quality factor, and it also exhibits high electromechanical coupling and greater 

piezoelectric sensitivity until the α to β phase transition occurs (< 970 °C). However, decreased 

mechanical quality factor due to increased structural disorder at temperatures above 700 °C 

limits its usage [143], [144]. LGS crystal, which does not undergo a phase transition prior to 

its melting point (1470 °C), also has been extensively studied for HT applications. However, 

the sensing performance of langasite sensors can be limited due to its relatively low electrical 

resistivity (< 109 Ω·cm) and low quality factor at elevated temperatures, which result from 

oxygen ion transport and diffusion in the lattice [20], [21]. YCOB crystal, which is one of the 

rare earth calcium oxyborate single crystals ReCa4O(BO3)3, has also gained increasing 

attention for ultra-high temperature applications. YCOB has been known as a promising 

candidate for HT sensors due to its relatively low temperature-dependent piezoelectric 

properties and no phase transformation before the melting temperature of 1500 °C [11], [13], 

[145]. However, its relatively low electrical resistivity (< 3×108 Ω·cm) and piezoelectric 
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constant (d33 < 1.5 pC/N) at elevated temperature (> 800 °C) limited its use for HT NDT 

applications. 

Recently, AlN (wurtzite structure, 6mm crystal class) has shown its promise for ultra-

high temperature applications [14], [146]–[148]. The ability to operate in harsh environments 

makes AlN a suitable material for surface acoustic wave (SAW) and bulk acoustic wave (BAW) 

applications such as resonators, filters, and sensors. AlN does not undergo any phase transition 

up to its Curie temperature (> 2000 °C), so the piezoelectric response in AlN can be observed 

up to ultra-high temperatures (>1000 °C) [149]. Furthermore, the relatively high temperature 

independence of electromechanical properties, as well as the high thermal resistivity of the 

elastic, dielectric, and piezoelectric properties, suggested that AlN single crystal is a proper 

material for HT piezoelectric sensing applications [149]. Hence, the AlN single crystal was 

adopted as the ultrasonic sensor material for HT (~800 °C) NDT. 

Despite temperature-robust sensing materials, the conventional testing methods using 

contact (e.g. pulse-echo) and non-contact (e.g. air-coupled) ultrasound transducers for HT 

application are still plagued by excessive consumption of sensors [45] and inaccessibility of 

sensor to the hidden/isolated critical spots of structures [150], [151], respectively. To date, 

NDT methods can be categorized into two groups based on whether the transmitter and 

receiver are in contact condition or non-contact with the target structure as shown in Fig. 4.2. 

In the contact generation/reception method (Fig. 4.2.(a)), ultrasound waves are generated by a 

transducer that is contact with the specimen, and the waves will be propagated in the structure 

and detected by the transducer probes attached on the structure [16], [18], [152]. Through this 

method, the high sensitivity and accurate defect localization can be obtained. However, the 
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contact situation limited its use in the high temperature due to the degradation of transducer 

material and the associated housing and cables at the elevated temperatures. It also requires 

lots of sensors to get the sufficient data for NDT because the sensors normally are fixed on the 

structure. In the non-contact generation/reception method (Fig. 4.2.(b)), a pulsed laser can be 

adopted as ultrasound generator and the propagating wave signal can be detected by air-

coupled transducer or laser vibrometer [150], [151], [153], [154]. This method has advantages 

of temperature-independent measurement from the feature of non-contact to the structure and 

vast monitoring area by easily changing the position of devices. Moreover, laser-generated 

Lamb waves can be used to inspect a plate-like structures with defects over a long range with 

a reduced inspection time due to their rapid sound and low acoustic attenuation [151], [153], 

[155]. However, non-contact method provides lower sensitivity and signal-to-noise ratio (SNR) 

than the contact method due to the increase of noise level from the acoustic mismatch with air 

[153]. It is also limited by inaccessible testing situations for the isolated structures, such as 

crucial parts in vessels, pipes in nuclear plants due to the confinement in positioning the non-

contact receiver. 

 

Figure 4. 2. Conventional NDT testing method (a) contact mode, (b) non-contact mode. 
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 Objectives  

In this study, we propose the combination of non-contact, portable laser source as a 

Lamb wave generator and contact, temperature-robust piezoelectric wave detector made of 

AIN single crystal as an alternative hybrid system to optimize the merits of each method for 

practical high-temperature NDT. Based on this configuration, feasibility of AlN as a HT 

transducer was evaluated in terms of defect-detecting ability through laser-generated Lamb 

wave signals even at elevated temperatures up to 800 °C. 

 

 Lamb Wave Propagation   

 Theoretical Analysis  

Lamb waves are guided waves propagating in thin plates which have free traction 

forces at the top and bottom surfaces [45]. Briefly, the solution for Lamb wave propagation 

can be expressed in terms of symmetric modes represented by cosine (even) functions and 

antisymmetric modes given by sine (odd) functions, as followings [153]; 

𝐹𝑜𝑟 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐,          
tan(𝑞ℎ)

tan(𝑝ℎ)
=

−4𝑘2𝑝𝑞

(𝑞2 − 𝑘2)2
                          (4.1) 

 

𝐹𝑜𝑟 𝑎𝑛𝑡𝑖𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐,
tan(𝑞ℎ)

tan(𝑝ℎ)
=

−(𝑞2 − 𝑘2)2

4𝑘2𝑝𝑞
                        (4.2) 

 

where, 𝑝2 = (𝑤2/𝑐𝐿
2 − 𝑘2), 𝑞2 = (𝑤2/𝑐𝑇

2 − 𝑘2), h is the half-thickness of plate, k is the wave 

number, 𝑤is the circular frequency,  CL and CT are the longitudinal and transverse wave 

velocities, respectively. 

Typical features of Lamb waves for ultrasound NDT are associated with their 
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dispersive characteristics. First, there is an infinite number of modes corresponding to different 

allowed velocities of propagation. Second, the wave speed is not constant but varies with the 

wave number, i.e. Lamb waves are dispersive. In addition, in comparison with bulk waves, 

they have advantages such as ease of operation and a high sensitivity to defects. Based on these 

features of Lamb waves, a typical approach is to propagate the fundamental symmetric (S0) 

and antisymmetric (A0) modes to prevent higher mode induced interference and to obtain 

higher defect detection sensitivity [155].  

Fig. 4.3 gives the theoretical Lamb wave phase dispersion characteristics for the 

stainless steel presented for the range of frequency-thickness product up to 3 MHz·mm. These 

characteristics show that only the S0 and A0 fundamental modes can propagate in the steel 

below the 1.6 MHz·mm frequency-thickness product and the S0 mode is faster and less 

dispersive than the A0 mode. 

 

Figure 4. 3. Lamb wave dispersion curve of the stainless steel. 
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 Mechanism for Laser Induced Lamb wave  

A pulsed Nd:YAG laser was used to generate the Lamb waves in steel plates. The 

mechanism of ultrasound waves generated by the pulsed laser can be explained by 

thermoelastic regime (Fig. 4.4) [27], [28]. When a solid surface of a target structure is 

illuminated by a high-power pulsed laser, a localized temperature gradient is formed at an 

infinitesimal area of the surface. Then, the temperature gradient induces elastic expansion and 

compression over the illuminated area acting as an ultrasound source. Finally, the laser-

generated Lamb wave propagates in the target structure as an elastic wave. Here, the laser pulse 

duration, power level and beam size need to be carefully tuned and maintained to generate 

elastic waves without ablating the surface. At high energy densities, typically greater than 1012-

1014 W/m2 on metals, a pulsed laser beam will ablate the surface of the sample [151], [153]. In 

this work a Q-switched pulsed Nd:YAG laser (Minilite I, Continuum Inc., Santa Clara, CA) 

with a wavelength of 532 nm, a pulse width of 6 ns, an energy of 40 mJ and a beam diameter 

of approximately 10 mm (energy density ~ 8.5×1010 W/m2) were used to generate the Lamb 

waves in the stainless steel plate. The typical photoacoustic waves are believed to exhibit high 

frequency (>10 MHz), broadband properties [156]. So the laser-generated Lamb waves also 

contain numerous higher propagation modes than fundamental ones. Therefore, considering 

these characteristics, thin steel plate with thickness of 0.3 mm was adopted to suppress higher 

mode propagation and focus on the fundamental modes Lamb waves. 

 

 

 



 

 

89 

 

Figure 4. 4. Schematic of a pulse laser induced ultrasound waves 

 

 Sensor Design and Fabrication   

 Material Selection  

There has been a strong demand for high-temperature piezoelectric materials. 

However, the usage temperature ranges of piezoelectric materials are generally limited by their 

phase transition temperature, Curie temperature, or low electrical resistivity. Recently, HT 

transducer was demonstrated with AlN single crystals at temperatures up to 1000 °C [14], 

[147], [148]. In addition, AlN was characterized in comparison with LiNbO3 and YCOB for 

electromechanical properties at high temperatures (~1000 °C) [149], in which showed that both 

the dielectric and the piezoelectric constants of AlN had higher thermal resistivity than LiNbO3 

and YCOB at extreme HT due to the pyroelectric properties of AlN [149]. Furthermore, the 

electrical resistivity of AlN at elevated temperature (1000 °C) was found to be greater than 

5×1010 Ω·cm, which is three orders of magnitude higher than YCOB (4×107 Ω·cm) [157], 

1 
LASER PULSE 

2 
LOCALIZED HEATING 

3 
ULTRASOUND WAVE 



 

 

90 

suggesting that AlN is a promising HT NDT sensor material. An AlN single crystal plate 

(10×10×0.5 mm3) which has a lateral extensional mode resonance frequency of 600 kHz (Fig. 

4.5) was used in the experiments to selectively detect the fundamental mode (i.e. low frequency 

range) Lamb waves only. The lateral piezoelectric constants (d31) of AlN single crystal at 

various temperatures are shown in Table 4.1. The detail electromechanical characterization of 

AlN single crystals up to temperatures of 1000 °C is introduced in APPENDIX III. 

 

Figure 4. 5. Electrical impedance and phase spectrum of AlN sample. 

 

Table 4. 1. Piezoelectric constants of AlN single crystal (pC/N) at various temperature range 

up to 800 °C [149]. 

 23 °C 100 °C 200 °C 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C 

d31 -1.94 -1.96 -1.97 -1.99 -2.00 -2.06 -2.42 -2.30 -2.43 
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 Transducer Assembly  

The NDT sensor was constructed using materials that could withstand the maximum 

temperature of 800°C. AlN single crystals (AlN-10 specification) were obtained from 

HexaTech Inc. (Morrisville, NC) which has successfully combined high temperature physical 

vapor transport (PVT) and seeded boule growth for the production of high structural quality 

AlN single crystals. TE mode AlN (10 × 10 × 0.8 mm3) sample was DC sputtered with platinum 

thin films (300 nm thick) on the required parallel surfaces as the electrodes. Platinum was 

selected as the electrode material because of its high melting temperature (~1768 °C). A 

specially designed sample holder was used for HT measurements. In the sample holder, HT 

resistive wire (Kanthal A1, Sandvik Inc., Hallstahammar, Sweden), insulator (alumina plate 

with dimension of 8 × 6 × 2 mm3) and clip-type fastener were assembled for resistance to HT 

oxidation and corrosion and for clamping with stainless steel specimen (Fig. 4.5). A tube 

furnace (GSL 1100X, MTI Corporation, Richmond, CA) was used to control the temperature. 

The furnace has an inner diameter of less than 50 mm, so the specimen, sensor, and the 

clamping component were designed to fit within this small space. The sensor consisted of a 

simple stack with top/bottom electrodes, an insulator pad, the piezoelectric crystal, and a 

clamp, as shown in Fig. 4.6. This sensor was also used for the room temperature testing so that 

frequency and amplitude of detected signals at room temperature and elevated temperatures 

can be evaluated. 
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 Experimental Method   
 

The experimental setup for the laser ultrasound generation and characterization is 

shown in Fig. 4.6. The excitation laser source was the 532 nm Q-switched Nd:YAG pulsed 

laser (Minilite I, Continuum Inc., Santa Clara, CA) with a pulse duration of 6 ns and a pulse 

repetition frequency of 10 Hz. The laser beam size is about 10 mm in diameter. The laser 

energy was measured by a pyroelectric energy sensor (J-50MB-YAG, Coherent, Portland, 

OR). The external trigger from the laser system was synchronized with the oscilloscope for 

data acquisition. The laser beam illuminates the surface of stainless steel plate (500 × 30 × 0.3 

mm3) with various energy levels (10-40 mJ) and distances (D=10-20 cm) between the laser 

source and the sensor to characterize the acoustic attenuation and time-of-flight (TOF) of Lamb 

waves with distance. The Lamb waves were detected by the AlN sensor clamped on the same 

surface of specimen where the laser beam illuminated (Fig. 4.6). The signal from the AlN 

sensor was obtained from a pulser-receiver (5077PR, Olympus, Tokyo, Japan) and an 

oscilloscope (DSO7104B, Agilent, Santa Clara, CA). The data were transferred to a computer 

in Excel format for signal processing and analysis. 

 For high temperature testing of AlN sensor, a tube furnace (Model GSL 1100X, MTI 

Corporation, Richmond, CA) was used to control the temperature. The stainless steel specimen 

assembled with AlN sensor was located at the center of the tube furnace using A-frame stands 

to hold the specimen in place. The furnace was heated up to 800 °C by 100 °C increments 

starting from room temperature with a temperature increment rate of 10 °C/min. The furnace 

was heated to a value (20 °C) above the target temperature because the furnace would cool 
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during testing, and then unplugged to prevent the AC electromagnetic interference created by 

the heating units. 

 

Figure 4. 6. High-temperature NDT testing setup with AlN sensor located in center of 

furnace, clamped to the test specimen. 

 

 Results and Discussion   

 Lamb Wave Characterization at Room Temperature  

The pulsed Nd:YAG laser beam was positioned 10-20 cm away from the AlN sensor 

for the initial test. The laser beam was directed perpendicular to the surface. Once the stainless 

steel plate was excited by the pulsed laser, the S0 and A0 modes propagated in the plate, as 

shown Fig. 4.7. The first task was to explore Lamb wave sensing. The velocity was measured 
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at D = 20 cm from TOF analysis, which results in clear identification of the S0 and A0 modes 

from the dispersion characteristics, i.e. the S0 mode has a greater velocity than A0 mode. 

The acoustic attenuation of Lamb wave was analyzed by changing the distance between 

the laser illumination spots (10 to 20 cm) and the AlN sensor to confirm the capability of long 

distance propagation, which might be another critical factor in laser ultrasound HT NDT with 

a remote excitation of Lamb wave. Fig. 4.7 shows the detected fundamental symmetric and 

antisymmetric Lamb waves with different TOFs according to the various distances (D=10-20 

cm).  ToF of the S0 and A0 modes proportionally increase with the distance, and with almost 

no attenuation of Lamb waves. These results indicate the promising feature of Lamb waves in 

the remote-controllable HT NDT applications. 

 

Figure 4. 7. S0 and A0 modes with different TOFs according to the various distances. 
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The time domain signal was further analyzed in the frequency domain by performing a 

fast Fourier transform (Fig. 4.8). Both S0 and A0 modes lamb waves have the same frequency 

(~600 kHz), which represents the lateral resonance frequency of the AlN sensor (Fig. 4.5). The 

fundamental mode Lamb waves were selectively detected by the lowest extensional resonance 

mode of the sensor to suppress the higher mode Lamb waves’ interference. The S0 mode shows 

a greater amplitude than the A0 mode signal, which is in well agreement with the previous 

report [155], in which the S0 mode exhibited higher amplitude than the A0 mode signal in the 

relatively high frequency range (> 200 kHz). 

 

Figure 4. 8. Frequency domain analysis of S0 and A0 modes propagated in the plate. 

 

Lamb wave signal variations according to the pulsed laser energy levels were also 

investigated (Fig. 4.9). As shown in Fig. 4.9(b), peak-to-peak amplitude of Lamb waves signal 

shows almost linear increment as the pulsed laser energy increases up to 40 mJ. Based on this 

result, 40 mJ energy level was used for the rest of tests at elevated temperatures to prevent the 

ablation effect. 
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Figure 4. 9. (a) Lamb wave signal variations, (b) p-to-p amplitude of S0 mode with respect to 

the laser energy levels. 

 

 High Temperature NDT Test Results  

The AlN HT sensor was clamped onto a stainless steel plate using a holder with a clip-

type fastener as shown in Fig. 4.6. A HT couplant (Sonotech, Magnaflux, Glenview, IL) was 

placed between the sensor and the test specimen to promote good acoustic coupling at high 

temperatures. It can be seen that the signal amplitudes are gradually reduced as the temperature 

increases up to 800 °C (Fig. 4.10(a)). The normalized amplitude of S0 modes based on the 

signal strength at room temperature is plotted in Fig. 4.10(b). This observation is consistent 

with the increasing value of the dielectric loss of AlN single crystal with increasing 

temperature (Fig. 4.11) [149]. It was reported that surface oxidation of AlN single crystals 

occur in the temperature range from 700-800 °C, which results in the electron energy loss and 

dissipation. More significantly, due to the difference in coefficients of thermal expansions 

(CTEs) of the sensor and the fixture, the acoustic coupling between the sensor and the specimen 
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could be weakened. Similar behavior and conclusions were observed in literatures [18], [152], 

where a difference between the CTEs of components led to lower acoustic coupling and 

consequently weaker signal. Therefore, it can be concluded that the main reason behind the 

gradual reduction in the signal amplitude is due to the mixed effects of different CTEs in the 

sensor/fixture and the degradation of the AlN at the elevated temperature (> 800 °C). However, 

AlN sensor provides the sufficient SNR (> 20 dB) even at 800 °C, which indicates the great 

capability to detect the Lamb wave at high temperature. 

 

Figure 4. 10. (a) Detected S0 and A0 modes at elevated temperatures up to 800 °C, (b) 

normalized amplitude and SNR of S0 modes. 
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Figure 4. 11. Dielectric properties of AlN single crystal with increasing temperature. 

 

 Defect Localization Test Results  

Fig. 4.12 shows the schematic plate specimen with an artificially fabricated defect. The 

specimen used in the tests is the same one used in previous tests except for the defect. A crack-

type defect with a width of 0.5 mm and a length of 20 mm was machined in the middle of thin 

plate. The laser beam was directed on the three different spots to verify the capability of sensor 

system in defect localization based on the hypothesis; 1) Case #1 and #2: Majority of Lamb 

waves will be reflected from the surface of defect and the rest of waves will bypass and hit the 

sensor, 2) Case #3: Majority of Lamb waves will directly hit the sensor and reflected wave 

from defect hit the sensor subsequently. In the tests, the laser energy of 40 mJ was used and 

experiments were conducted at the room and elevated temperatures using the same setup of 

Fig. 4.6. 
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Figure 4. 12. Schematic of plate specimen with a crack-type defect and expected lamb wave 

propagation according to the laser source spots. Each number denotes wave propagation 

scenario. 

 

Fig. 4.13(a) shows the raw waveforms obtained from different laser source positions in 

the specimen at room temperature. The obtained signals were passed through the band-pass 

filter at a range of 550-650 kHz in order to remove any noises and to distinguish each mode 

from the raw signals (Fig. 4.13(b)). ToFs of Lamb waves for each case are well associated with 

the distance between the laser source position and the sensor. In terms of detected wave 

amplitudes, the highest sensitivity can be seen in case #3 (~10.5 mV) and case #2 shows the 

lowest value (~4.0 mV), which can be explained by low amount of bypassing Lamb waves 

over the defect. The propagated Lamb waves at case #2 may hardly bypass and hit the sensor 

due to the close distance from the defect wall, whereas Lamb waves at case #3 could reach to 

the sensor without a barrier. More significantly, the waveforms in case #3 contain meaningful 

information to localize the defect on the specimen. ToFs of reflected fundamental Lamb wave 

(S0_ref and A0_ref) are mainly determined by the distance (35 mm) between the laser source and 

surface of defect. Thus, the differences of ToFs between S0 and S0_ref or A0 and A0_ref are 
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directly calculated to localize the defect along with the wave velocity of Lamb waves as 

organized in Table 4.2. 

 

Figure 4. 13. (a) Raw, (b) band-pass filtered waveforms obtained from different laser source 

positions at room temperature. 

 

Table 4. 2. Calculation of defect location based on the difference of ToFs. 

Difference 

of ToF_S0 

(µs) 

Difference 

of ToF_A0 

(µs) 

Wave 

velocity_S0 

(m/s) 

Wave 

velocity_A0 

(m/s) 

Calculated 

distance 

(mm) 

Measured 

distance 

(mm) 

Relative 

error (%) 

15±2 29±3 ~5000 ~2400 36.2±4 35 ~3.4 

 

For high temperature tests with a defect specimen, the same conditions with previous 

section (4.5.2) were applied. The laser beam was only directed on the case #3 spot to verify 

the capability of the sensor in defect detection at elevated temperature conditions. Fig. 4.14 

shows the band-pass filtered waveforms detected by the sensor at elevated temperatures up to 

800 °C. As seen in Fig. 4.10(a), ToFs of Lamb waves were slightly shifted (shift rate of 0.6 
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µs/100 °C) due to the thermal softening effect on the specimen which results in the reduced 

Young’s modulus (E) and wave velocity [158]. The gradual reduction of signal amplitudes was 

also confirmed, however, clear detection of Lamb waves even at 800 °C indicates the 

feasibility of this system as a candidate of the high temperature sensing system. 

 

 

Figure 4. 14. Detected Lamb wave waveforms in the defect specimen at elevated 

temperatures up to 800 °C. 
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 Summary   
 

Non-destructive testing (NDT) method for high temperature applications using laser-

generated Lamb waves and aluminum nitride (AlN) sensors was developed. Lamb waves were 

introduced to a stainless steel plate by the Nd:YAG pulsed laser at one point and detected by 

an AlN receiver at a distant position. The fundamental symmetric (S0) and antisymmetric (A0) 

Lamb waves generated by the pulsed laser were successfully detected by the AlN sensor on a 

stainless steel plate at temperatures ranging from room temperature to about 800°C. A signal-

to-noise ratio (SNR) was higher than 20 dB. Based on the time-of-flights (ToFs) analysis, the 

ability of this NDT method to localize the defect at a high temperature (~800°C) has been 

demonstrated. 

In summary, the innovations of this work are as follows: 

 A new hybrid non-contact generation (pulsed laser source)/contact reception (AlN HT 

ultrasound sensor) method was proposed. 

 The HT NDT sensor made of AlN single crystal has shown its great capability to detect 

the Lamb waves at the elevated temperature up to 800 °C.  

 Based on the time-of-flights (ToFs) analysis, the feasibility of this NDT method to 

localize the defects at a high temperature (~800°C) has been successfully demonstrated. 
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CHAPTER 5  
 

FLEXIBLE PIEZO-COMPOSITE ULTRASOUND TRANSDUCERS FOR 

BIOMEDICAL APPLICATIONS 

 Introduction   

 Background and Motivation  

Ultrasonic transducers have been widely used for the medical applications such as 

medical imaging, brain stimulation, intravenous flowmetry, electrocardiography (ECG) and 

ablation of tumor cells using high-intensity focused ultrasound (HIFU) due to their merits of 

high sensitivity, broad bandwidth and deep penetration [67], [159]–[161]. Especially, there has 

been considerable research into the biological effects of brain stimulation for understanding 

brain behavior correlations and for clinical therapy or diagnosis [162], [163]. Using brain 

stimulation, it is possible to study brain circuits and modulate brain activities without 

pharmacological medication. For brain stimulation, various techniques such as deep brain 

stimulation (DBS), electrical stimulation, optical stimulations, and transcranial magnetic 

stimulation (TMS) have been widely used and developed [164], [165]. However, these 

stimulation methods are invasive with poor spatial resolution and low penetration depth. To 

overcome these limitations, ultrasound stimulation has been studied as a new promising 

method for treatment of brain diseases because the ultrasound wave can be transmitted with 

low transmission loss inside solid structures such as bones and soft tissues [163]. Still, the 

conformability of ultrasound stimulator with curved human skull should be a challenge in this 

field. So flexibility of ultrasound probe would be in great demand. 
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For generation of high-intensity focused ultrasound (HIFU), single-element PZT 

transducers are not quite suitable because the PZT element needs to be concave shaped and 

must be quite large in size. Array transducers, which are fabricated by making deep grooves in 

large PZT plates, have been developed which can give high intensity and good focusing. But 

even these array transducers have limitations as they give rise to undesirable lateral vibrations 

and are susceptible to cracks due to high pressures. High-intensity transducers made of 

ceramic–polymer 1-3 composites have been designed and reported by many research workers, 

and these transducers have several advantages over ceramic transducers [61], [62], [166]. The 

advantages include; 1) More flexible and less susceptible to mechanical damage, 2) Reduced 

lateral vibrations because of the polymer matrix between the PZT rods, 3) Thermal shaping of 

the structure is possible to get a concave shell, 4) Higher bandwidth. However, typical ceramic-

polymer composite transducer has a limitation of the fixed focal length due to the nature of 

rigid front, which indicates that it would not be adjustable to the various positions of tumor 

cells and not sufficient to focus HIFU beam on the wide region of diseased tissues. So the 

flexible aperture radius of transducers can enhance the performance of HIFU beam focusing 

effect for the minimally invasive tumor ablation.  To satisfy these requirements, a flexible 1-3 

composite transducer with sufficient intensity and compliance should be realized. 

 Literature Review 

To date, most of the ultrasonic transducers have been developed with a rigid flat probe, 

so they can only be adopted to the limited shape of target surfaces [159], [167]. However, a 

majority of the human body has curved or irregular shapes such as the skin or skull. Thus, 
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flexibility of the transducers is one of the most required properties in the medical diagnosis 

devices.  

5.1.2.1. Micromachined Ultrasound Transducers (MUTs) 

Recently, the micromachined ultrasound transducers (MUTs) have been developed for 

the medical imaging. The micromachined ultrasound transducers (MUTs) family includes 

capacitive micromachined ultrasonic transducers (cMUTs) based on the flexural vibrations 

caused by a field-induced electrostatic attraction between suspended membrane and the 

substrate [168], [169], and piezoelectric micromachined ultrasonic transducers (pMUTs) based 

on flexural vibrations caused by d31- or d33-mode excitation of a piezoelectric membrane [170], 

[171].  

5.1.2.1.1. Rigid Arrays 

As for the rigid transducer arrays, Zhou et. al. fabricated a 64-element 2-2 composite 

35-MHz 1-D array [172]. Individual array elements were spaced at a 50-µm pitch and were 3 

mm long in the elevation direction. Mechanical dicing was used to form the composite 

elements out of a bulk piece of fine-grain high-density Navy Type VI ceramic. Elevation 

focusing was achieved using a cylindrically shaped epoxy lens. Element interconnection was 

made with a custom-designed flexible circuit and a quarter-wavelength, 75-Ω, coaxial cable. 

Ratsimandresy et al. [173] fabricated a 3 MHz 64 × 64 element 2-D array by partially dicing 

of the piezoceramic array elements. Even though the ideal design would comprise complete 

dicing of the elements, the idea was not used due to inherent complications with dicing such a 

large number of elements. Matching layers, made of epoxy and polyurethane, were used for 

acoustic impedance matching. There also existed 53 dead elements in the prototype due to 
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difficulties in processing. The problem of complete dicing of elements was addressed by Light 

et al. to fabricate various transducer arrays with different array elements count and different 

center frequencies [174]. A flexible polyimide circuit was used for interconnection and 

curvilinear and linear rigid transducers were fabricated. A limited number of array elements in 

each transducer were wired. A lossy epoxy was used as the backing and for the stability of the 

electrical connections. The entire transducer was enclosed in an aluminum shell for protection. 

However, all the above mentioned transducer arrays have limited their applications to the 

curved or irregular surface of target structures due to the unconformability.  

 

5.1.2.1.2. Flexible Arrays 

Other than the rigid transducer arrays, flexible transducer arrays have been developed 

with a variety of methods. Bowen et. al. fabricated a transducer, flexible in one dimension by 

using lapped PZT-5A fibers [175]. The key feature in the device construction is the inclusion 

of air gaps between the piezoelectric fibers to ensure good flexibility in the plane normal to the 

fiber direction. Kobayashi et al. developed a flexible transducer for high temperatures up to 

160 °C. It consisted of a film created by dispersing PZT particles in a sol-gel (PZT) creating a 

PZT/PZT composite film [176], [177]. The stainless steel foil acted as a flexible electrode as 

well as the substrate for the sol-gel spray. The other electrode was conductive silver paste on 

top of the PZT thick film. Two dimensional arrays could be created by patterning the top 

electrodes but there would be excessive crosstalk due to absence of kerfs and low sensitivity 

due to dispersed PZT particles instead of a solid piezoceramic. Kulkarni developed 3 MHz 

flexible array with 64 elements[178]. The array was abtained by mechanically dicing a PZT-
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5H 1-3 composite wafer. The array was then epoxy-bonded to a thin Au foil on one side 

(common ground electrode), while the other side with sputtered Au acted as individual 

electrodes. The fabricated 2D flexible array was tested for conformability by deforming on the 

spheres with different diameters. Harvey et. al. [179] used a novel method to fabricated 2D 

arrays by replacing the platelets by piezoelectric fibers with a 250m diameter. The place-and-

fill technique was used, in which the piezoceramic fibers were manually positioned and then 

filled with epoxy to arrange the PZT fibers in periodic and random arrangements. However, 

the frequency had an inverse relation with the fiber thickness, so it had to be limited to 3 MHz 

due to difficulty in handling very thin fibers. Zhuang et. al. presented a technique for 

constructing flexible cMUT arrays  with 16 elements by forming polymer-filled deep trenches 

in a flexible silicon substrates based on PDMS refilled through-wafer trenches [169]. The 

cMUT functionality was tested by capacitance and resonant frequency measurements. The 

PDMS provided sufficient electrical insulation between the array elements and ground. 

However, the flexibility of the CMUT array is limited by the large-area, continuous silicon 

membranes above the trenches. 

 

5.1.2.2. Flexible Thin Film and Polymer Transducers 

Sputtered piezoelectric thin film on a flexible aluminum foil or stainless steel sheet 

substrate has been introduced as an alternative of the fixed probe transducer [180], [181]. Zhou 

et. al. deposited ZnO films on aluminium (Al) foils at room temperature in order to fabricate 

flexible ultrasonic transducers[180]. The films were annealed at different temperatures to 

enhance the crystallin- ity and reduce the film stress. The C-axis grown ZnO film on the Al 
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foil were bonded onto steel plates, and the pulse-echo tests verified a good performance of the 

ultrasonic transducers.  Hou et. al. have demonstrated that c-axis oriented AlN films, fabricated 

by RF sputtering deposition directly onto commonly used engineering materials, could be used 

as a promising and effective ultrasonic transducer for high temperature NDT applications [181]. 

The films maintained a stable crystal structure and orientation, as well as good piezoelectric 

strength, up to at least 600 C. However, these transducers have some limitations in the narrow 

bandwidth and low transmitting efficiency. 

In addition, piezoelectric polymer materials such as PVDF have been considered as the 

flexible active material in the transducer [182], [183]. PVDF possesses a high degree of 

flexibility, low density, and low acoustic impedance (4 MRayl) which facilitates impedance 

matching with media like water and biological tissues [184]. Transducers made with this 

material are typically wideband. However, due to its low electromechanical coupling 

coefficient, PVDF is not an ideal transmitting material.  

 

5.1.2.3. Flexible Electrodes 

More significantly, the limitations of metal-type electrodes (Au or Ag thin films) such 

as fatigue cracking or delamination at the presence of bending have not been overcome [185]. 

Although thin Al foil of steel sheet have been adopted as an alternative flexible common 

electrodes for array transducers, there are still a lot of challenges such as non-stretchable nature 

and weak bonding force with active films, which is vulnerable to the failure of electrical 

connection [180], [181]. On the other hand, highly flexible, stretchable and conductive silver 

nanowire (AgNW) electrodes have been demonstrated, in which AgNWs were embedded 
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below the surface of an elastomeric substrate, e.g. polydimethylsiloxane (PDMS) [186]–[189]. 

The AgNW/PDMS electrodes can maintain excellent conductivity at highly strained state (e.g. 

>5000 S/cm at 50% tensile strain). In addition, the electrodes can maintain a conformal contact 

with the skin, even under motion, as a result of the flexibility and compliance. 

 

 Objectives  

In this work, we report a flexible piezo-composite transducer (FPCT) with the active 

piezoelectric material (PZT-5H) and passive polymer matrix (PDMS) to achieve sufficient 

flexibility, sensitivity and bandwidth. The prototyped transducer can be applicable to the 

curved or irregular surface of the target structures, detecting presence of defects and/or an 

acoustic variation on the target structures with high sensitivity and good matching contact. In 

addition, the flexible electrodes mixed with AgNW and PDMS would be a promising 

alternative to metal-type electrodes such as Au to possess a reliable durability to the cracks 

from the strained fatigue while providing sufficient electric conductivity. 

 

 Sensor Design and Fabrication   

 Flexible Piezoelectric 1-3 composite design  

The FPCT consists of 1-3 composite transducers, in which PZT-5H and PDMS are 

adopted as the active and filler materials, respectively, to obtain the sensitivity as well as the 

flexibility. Also, flexible electrodes with Au and AgNWs were deposited on both sides of the 

transducers to provide sufficient conductivity on the transducers at the deflected conditions. 
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Ultrasonic 1-3 composites are known to have high electromechanical coupling factors 

(~ 0.68) and low acoustic impedances (< 20×106 kg/(m2s) or 20 MRayl). The associated 

transducers are also known to have a broad bandwidth (-6 dB fractional bandwidth (FBD): ~70 

%) [46], [120]–[122]. So the FPCT was designed and prototyped with the target properties of 

~0.6 electromechanical coupling factor, ~2 MHz center frequency (fc), ~60 % FBD, and less 

than 20 MRayl acoustic impedance. The effective medium model (EMM) was adopted for 

designing the transducer and the details of derivation and modeling is introduced in 

APPENDIX II. Based on the calculations with EMM, the effective 1-3 composite properties 

such as coupling coefficient, acoustic impedance, and thickness resonance frequency were 

derived as a function of volume fraction (Fig. 5.1). The derivation was conducted by 

considering the properties of active piezoelectric material (PZT-5H), polymer matrix (PDMS) 

and effective properties of 1-3 piezo-composite are summarized in Table 5.1.  

Fig. 5.1 shows that the desired properties and performance of 1-3 composite transducer 

such as thickness-mode electromechanical coupling coefficient (k33 > 70 %), acoustic 

impedance (Z < 20 MRayl), thickness resonance frequency (fr ≈ 1.85 MHz) can be obtained in 

the condition of the 60 % volume fraction of piezoceramic and thickness of composite (H = 

1.0 mm). Therefore, based on the mode-coupling theory [120], G (= L/H) < 0.5, length of 

piezoceramic (= L) should be less than 0.5 mm and the kerf width (=K) should be 0.15 mm to 

get the 60 % volume fraction of composite (Fig. 5.2). 
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Figure 5. 1. Variation of effective properties of 1-3 piezo composite as a function of volume 

fractions. 

 

Figure 5. 2. Schematic of 1-3 composite structure. 
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Table 5. 1. Material properties of PZT-5H[67] and PDMS[156] and aggregated 1-3 

composite. 

 PZT-5H PDMS 1-3 composite* 

𝑐11
𝐷  (1010 N/m2) 11.7 0.087 7.05 

𝑐12
𝐷  (1010 N/m2) 7.02 0.036 - 

𝑐13
𝐷  (1010 N/m2) 6.09 - - 

𝑐33
𝐷  (1010 N/m2) 14.1 - 6.95 

ρ (kg/m3) 7750 1070 5078 

휀33
𝑆 /휀0 1700 3 1007 

k33 (%) 75 - - 

kt (%) 52 - 74 

* Parameters in the condition with volume fraction of 60 % 

 Stress Distribution Analysis  

In the flexible applications, it is important that the transducer curves to conform to the 

circular shape surface of structures. Furthermore, the flexible transducer should exhibit 

sufficient robustness to the external deflection force to prevent structural failure such as 

delamination inside the 1-3 composites. Thus, the structural stresses induced in the PZT-5H 

and PDMS elements were analyzed and the maximum load that can be applied on the 

transducer during application was evaluated by using Finite Element Analysis (FEA). For 

simplicity of the simulations, 2D FEA was adopted. The loads were applied on the bottom face 

of the transducer elements by considering the allowable (fracture) strength of PZT-5H and 

PDMS to be 13.79 MPa [190] and 5.13 MPa [191], respectively.  
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Bond forces between the active pillar and passive filler materials should be sufficient 

to endure the deflection-induced delamination. So the stress concentrations between the 

elements were investigated using Von Mises Criterion using FEA. Fig. 5.3(a) shows the normal 

stress concentration on the 1-3 composite, in which the maximum stress (~9.57 MPa) occurs 

at the middle of element. Shear stress distribution was shown in Fig. 5.3 (b). The maximum 

shear stress (~0.64 MPa) can be found at the middle of structure, specifically at the interface 

between the PZT-5H pillar and PDMS filler as expected.  However, all the stresses exhibited 

in the composite are below the allowable permissible stress values of PZT-5H and PDMS. 

 

 

Figure 5. 3.(a) Von Mises Stress Distribution, (b) Shear Stress Distribution.  
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 Synthesis of AgNWs  

Silver nanowires were synthesized by a modified polyol reduction [192]. As-fabricated 

AgNWs were diluted in DI water at a concentration of 5 mg/ml. Laponite RDS, synthetic clay 

made of nanometer-sized discotic platelets, was added to DI water with a concentration of 2.5 

mg/ml. The clay solution and AgNW dispersion were mixed together with the AgNW/clay 

weight ratio of 2:1. The as-prepared AgNW ink was then spray-coated on the transducer using 

an air brush (Iwata 4292 HI-LINE KUSTOM). The back pressure was set at 10 psi and the 

spray distance was ~5 cm. A heater was used to heat up the transducer to 60 °C during the 

spray coating to speed up the solvent evaporation. Fig. 5.4 shows the top-view SEM image of 

AgNWs coating on the Si wafer, where a dense network of randomly oriented AgNWs can be 

seen. The AgNWs had an average diameter of ∼90 nm and lengths in the range of 10–60 µm. 

 

Figure 5. 4. SEM image of the AgNWs film on Si substrate.  
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 Fabrication Process  

According to the simulated design parameters, 1-3 composite transducers were 

fabricated by the “dice and fill” method which is one of the most commonly used methods 

with the merits of easy dimension control for the relatively low frequency composite 

transducers [123]. Fabrication process of the flexible 1-3 composite transducers is 

schematically illustrated in Fig. 5.5. Bulk PZT-5H was bonded to a silicon wafer with a wax 

for preventing any loss of PZT pillars during a dicing process. A 150-μm-thick dicing saw 

(DISCO, Japan) was used to dice the PZT-5H ceramic. The diced ceramic was processed using 

the oxygen plasma method so that the adhesion forces between the surfaces of PZT-5H ceramic 

and cured PDMS can be enhanced. Oxygen was used to clean surfaces of ceramic prior to 

bonding [193]. Liquid PDMS (Sylgard 184, Dow Corning) with the weight ratio of “base” to 

“curing agent” of 10:1 filled the diced trench with the spin coating technique (2000 rpm for 2 

min.) to achieve the flatness of transducers. The backing silicon wafer was debonded from 

transducer using a hot plate. Finally, Au/AgNWs electrodes were deposited on both sides of 

transducer with the certain thicknesses (100 nm/50 μm). Fig. 5.6 shows an optical image of the 

PZT-5H/PDMS 1–3 composite after deposition of Au and AgNWs. Comparing the 

conductivity of electrodes before and after AgNWs deposition, AgNWs electrode exhibits a 

sufficiently low resistance (<5 Ohm) as an electrode of the transducers. 
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Figure 5. 5. Fabrication process of the flexible 1-3 composite transducers. 

 

 

Figure 5. 6. Optical image of the PZT-5H /PDMS 1–3 composite plate after (a) Au electrode 

(b) Au+AgNWs electrode. 

PZT-5H PDMS Au AgNW 
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 Results and Discussion   

 Piezoelectric Characterization  

An impedance analyzer (Agilent 4294A, Santa Clara, CA) was employed to measure 

the frequency dependence of electrical parameters (electrical impedance, phase) of the 1-3 

composites. The electromechanical coupling coefficient (kt), acoustic velocity (c), and acoustic 

impedance (Z) were calculated from the measured spectra shown in Fig. 5.7, according to the 

IEEE standards on piezoelectricity [27], as the following formulae: 

𝑘𝑡 = √
𝜋

2

𝑓𝑟
𝑓𝑎

𝑡𝑎𝑛 (
𝜋

2

𝑓𝑎 − 𝑓𝑟
𝑓𝑎

)                                                  (5.1) 

where fr and fa are resonance and anti-resonance frequencies, respectively, as shown in Fig. 6. 

 

𝑍 = 𝜌𝑐 = 𝜌 ∙ 2𝑡 ∙ 𝑓𝑎                                                        (5.2) 

 

where ρ is the density and t is the thickness of the sample. The measured and simulated properties 

of the 1–3 composite are compared in Table 5.2. The fabricated PZT-5H/PDMS 1–3 composite 

shows the electromechanical coupling coefficient (~0.74), acoustic impedance (<20×106 kg/(m2s)) 

and volume fraction of ceramic (V, ~60 %) that are comparable with the simulated values, in which 

the lower measured ft might attribute to the spurious resonance peak around 2. 3 MHz coming from 

the inhomogeneous flatness of 1-3 composite. 
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Figure 5. 7. The measured impedance and phase angle spectra for the PZT-5H/PDMS 1–3 

composite plate. 

 

Table 5. 2. Measured and simulated properties of the PZT-5H/PDMS 1–3 composite. 

 
t  

(mm) 

V 

(%) 

fr 

(MHz) 

kt 

(%) 

Z 

(MRayl) 
εr tanδ (%) 

Measured 1 60 1.7 73.6 19.2 897 < 0.2 

Simulated 1 60 ~1.85 ~74 ~18.8 1007 - 

 Flexibility Characterization  

Flexible 1-3 composites were successfully fabricated using a conventional “dice and 

fill” method and well-established bonding techniques for PDMS materials. To demonstrate the 

flexibility of the fabricated 1-3 composites, a bending deformation was applied to the 

fabricated devices on the cylindrical surfaces with different radii of curvature (R= 5, 13 and 19 

mm), as shown in Fig. 5.8. For the bending tests, the flexible 1-3 composite exhibited a 

complete flexibility to wrap the surface of specimens even on the small radius specimen (Fig. 
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5.8(b)). To figure out the robustness of transducer, several tests were conducted. Based on the 

electrical impedance measurement in the curved conditions with different radii of curvatures 

(after 10 times repeated loading), there were almost no difference in impedance spectra and 

phage difference for all the cases (Fig. 5.9), which indicated that the flexible 1-3 composite 

did not fail under repeated bending test. Also, optical observation was conducted on the 

interface between the PZT-5H and PDMS where the maximum stress concentration was 

expected to be, according to the stress distribution analysis in section 5.2.2. As shown in Fig. 

5.10, no delamination or cracks can be found at the top and bottom of the interfaces. All these 

measurements and observations indicated that the flexible 1-3 composite with AgNWs 

electrodes could endure the excessive bending conditions due to the stretchable mechanical 

properties of PDMS and the AgNW network. In all, the FPCT showed promising potential as 

an ultrasonic transducer for the applications of NDT and biomedical sensor with the curved or 

irregular surfaces. 

 

Figure 5. 8. Compressive bending tests on the (a) 19 mm, (b) 5 mm radius curvature 

specimens. 
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Figure 5. 9. Impedance spectra and phage difference for all the cases. 

 

 

Figure 5. 10. Optical images at the interface between the PZT-5H and PDMS. 
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 Acoustic Characterization  

The transmitting sensitivity and bandwidth of the assembled IV flowmeter were 

simulated using a KLM model and verified by the pulse-excitation tests using a hydrophone. 

The hydrophone was positioned in front of the transducer and connected to an oscilloscope. 

The pulse energy of 8 μJ was applied to the transducer from the pulser-receiver (Fig. 5.11). 

Fig. 5.12(a) represents the simulated pulse-excitation response of the transducer. The 

waveform can be found with a center frequency of ~1.82 MHz and -6 dB fractional bandwidth 

(FBD) of the excitation signal to be 53.5 %. The peak-to-peak amplitude of the transducers 

was calculated to be 107 mV/V. Therefore, the acoustic characterization results indicate that 

the 1-3 composite transducers can achieve an acceptable -6 dB FBD and a sufficient sensitivity 

for the ultrasonic transducer. Fig. 5.12(b) shows the measured transmitting signal of the 

transducer. Compared with the simulation results, the identical wave forms can be found with 

a center frequency of about 1.8 MHz and -6 dB fractional bandwidth (FBD) was measured to 

be 49 %, which shows a certain discrepancy with the simulated results due to the unexpected 

fabrication errors. However, the acoustic characterization results indicate that the prototype 

transducers can achieve an acceptable -6 dB FBD and a sufficient sensitivity for the 

applications to the biomedical sensors. 
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Figure 5. 11. Schematic of experimental setup for acoustic characterization. 

 

 

Figure 5. 12. (a) Pulse excitation response of the transducer from KLM model, (b) measured 

pulse-echo response. 
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 Focused Effect Characterization  

To characterize the focused effect of transducer, the transmitted acoustic energy 

distribution was measured using a hydrophone in the curved condition, as shown in Fig.5.13. 

The hydrophone was moved in the horizontal x–y plane using 3-axis translation stage. The x–

y plane was mapped along the x-axis from 3 to 12 mm, and along the y-axis from -5 to 5 mm 

with a 0.5-mm step. The envelope of relative magnitude of signal was plotted on measurement 

plane (Fig. 5.14), and the corresponding profiles obtained at the focal point x = 6.5 mm and y 

= 0 mm are plotted, as shown in Fig. 5.15. A focal length of 6.5 mm was determined when the 

amplitude of the ultrasound received by the hydrophone became the maximum value, which is 

a little discrepancy with designated value of 6 mm. It is because of misalignment of transducer 

due to the bump part of electrical connection. However, this result exhibits the well function 

of the prototyped transducer in the focused ultrasound applications. 

 

Figure 5. 13. Schematic of experimental setup for focused effect characterization. 
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Figure 5. 14. Contour map of acoustic pressure distribution in curved condition. 

 

 

Figure 5. 15. Corresponding relative acoustic pressure magnitudes obtained at the focal point 

(a) x = 6.5 mm, (b) y = 0 mm. 
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 Summary   
 

In this work, a flexible piezo-composite transducer composed of the active 

piezoelectric material (PZT-5H) and passive polymer matrix (PDMS) was developed to 

achieve sufficient flexibility, sensitivity and bandwidth for the biomedical applications. The 

prototyped transducer was applied to the curved or irregular surface of the target structure for 

detecting any acoustic variation with high sensitivity and good compliance. In addition, the 

flexible electrodes mixed with AgNW and PDMS were deposited on the transducers using the 

spray coating method to possess a reliable durability to the cracks from the strained fatigue 

while providing a sufficient conductivity as an electrode. The flexible 1-3 composite transducer 

exhibited the robust mechanical flexibility without failure due to the stretchable mechanical 

properties of PDMS and AgNWs network, which indicates AgNW/PDMS electrode is a 

promising alternative to metal-type electrodes such as Au. The prototyped transducer also 

provided the sufficient acoustic performances in the bandwidth and sensitivity for the 

applications of non-destructive testing (NDT) and biomedical transducers. 

In summary, the innovations of this work are as follows: 

 A flexible PZT-5H/PDMS 1–3 composite transducer was designed and fabricated for 

the applications of biomedical sensors for the first time. 

 Stretchable AgNW/PDMS electrodes were adopted into the ultrasound transducer to 

ensure the robust mechanical flexibility. 
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CHAPTER 6   
 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

 Conclusions   
 

The primary goal of this dissertation was to investigate the design, fabrication, and 

testing methods of novel piezoelectric sensors for specific applications: (1) shear stress 

measurement, (2) IV flow rate, (3) HT NDT, and (4) Flexible transducer for biomedical 

devices. Prototype sensors were designed, fabricated, characterized, and the performance for 

each application was tested in lab bases. The results indicated that the newly developed 

prototype sensors and design considerations provided in this study can be useful for developing 

various types of sensors in measuring the stress, flow rate, structural integrity and biomedical 

signal. Based on the presented results, the following conclusions can be drawn: 

 

 A piezoelectric floating element type shear stress sensor was developed, calibrated and 

tested in a wind tunnel. The sensor was designed to minimize misalignment error by 

using a protective housing, optimizing the gap size, and minimizing the lip size. The 

sensor was also designed to be resilient against normal stresses generated from the 

vortex lift-up so that pure shear stress could be measured. The calibration results 

showed that the sensor yielded high shear stress sensitivity due to the high PE charge 

constant (d31) of the PMN-33%PT single crystal and small thickness of the plates, while 

showing minimal sensitivity to normal stress. In subsonic wind tunnel tests, 

electromechanical modeling was performed based on the cantilever beam theory for 
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verifying the results of the resonance frequency shift in the static stress condition. The 

sensor was found to have an SNR of 15.8 ± 2.2 dB and a high sensitivity of 56.5 ± 4.6 

pC/Pa in the turbulent flow.  

 US flowmeter with 1-3 composite transducers was developed for the IV flow 

measurements. A pair of 1-3 composite transducers were used due to their high 

coupling factor (> 0.58), low acoustic impedance (< 20×106 kg/(m2s)), and wide 

bandwidth.  Transmitting and receiving transducers showed identical acoustic 

properties, satisfying the range of IV flow rate used in the medical field. In the various 

flow conditions, US flowmeter presented results that compared to the infusion flow 

rate with 1-2 % errors when applying the correction factor derived from the 

consideration of parabolic flow distribution in the tube. This US flowmeter can be used 

to measure the extremely low flow rate (< 0.005 m/s) and can be adjustable to the small 

diameter tube conveniently using the strap or clamp-type fastener at any point along 

the IV tube. 

 A new ultrasound NDT method using a photoacoustic-laser-source as a non-contact 

Lamb wave generator and HT ultrasonic transducer made of AIN single crystal as an 

acoustic receiver was proposed. Proportionally increased TOFs of the S0 and A0 mode 

were confirmed as the distance between the laser source and the sensor increases. 

Almost no attenuation of Lamb waves was observed. These findings indicate the 

promising feature of Lamb wave in the remote-controllable HT NDT applications. For 

the HT NDT, the AlN single crystal exhibited its great capability to detect the Lamb 

waves in the intact and defect specimens at the elevated temperature up to 800 °C for 
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the HT NDT applications. Based on the differences of TOFs between directly 

transmitted and reflected fundamental Lamb wave signal, the capability of the sensor 

in defect detection was successfully verified even at elevated temperature. 

 A flexible PZT-5H/PDMS 1–3 composite transducer was designed and fabricated for 

the applications of biomedical sensors. AgNWs/PDMS electrodes were deposited on 

the transducer to possess a reliable durability to the cracks from the repeated bending 

tests while providing a sufficient conductivity. The prototyped transducer exhibited 

robust mechanical flexibility and sufficient acoustic performances in the bandwidth and 

sensitivity without failure. The focused effect of transducer was also verified by 

scanning the x-y plane with hydrophone. These results indicate that the prototype 

transducers can achieve acceptable performances in sensitivity and bandwidth for the 

applications to the biomedical sensors such as HIFU or brain stimulator. 

 

 Recommendations for Future Work   
 

 

Recommendations for future research directions and strategies can be offered for some 

of the aforementioned research topics. In terms of the piezoelectric shear stress sensor, the 

sensor size can be reduced to micro-scale for low profile sensor mounting in industrial 

applications. Since the use of devices in aerospace applications is restricted by space and 

weight issues, the miniaturized device will be more suitable. Also, sensor design will be 

improved with band-type attachment on the target structure so that additional machined trench 

or space will not be required, which can provide in-situ measurement system. According to 
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new design considerations, other type of material or structure such as thin film/polymer PE 

materials and face-shear mode PE materials will be a promising candidate. 

For the HT NDT sensor system, a specially designed patch will be developed for 

selective detection of the targeted mode-Lamb wave and enhanced sensitivity. The NDT patch 

fabricated with candle soot nanoparticle/PDMS enhanced the heat absorption rate from pulse 

laser generated thermal energy. In addition, periodic geometry of the patch corresponded to 

the specific frequency resulted in the fundamental asymmetric Lamb wave (A0), which helps 

filtering out the unwanted higher mode Lamb wave. Consequently, improved control of 

dispersive wave generation and simpler data analysis can be expected for remote detection of 

structural defects.  

Flexible 1-3 piezo-composite patches will be tested on human body or curved metallic 

structure to verify its feasibility on both biomedical and industrial applications. Multi-

dimensional medical imaging on complex surfaces, especially, is one example of future tests. 

The prototyped transducer will also be adopted for NDT applications with curved surfaces. 

Through the pulse-echo test, the target specimen with defects will be monitored and its 

structural integrity and accurate defect location will be determined. 
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APPENDIX I 

GOVERNING EQUATION OF PIEZOELECTRIC BIMORPH STRUCTURE 

 

“This chapter has some of previously published material authored by T. Kim as shown 

below. All previously published material was reprinted with permission from the publishers.” 

 

The measured slip of the floating element and charge output can be used to calculate 

the calibrated shear stress by using the governing equation of direct piezoelectric effect [42], 

[43], which can be derived on the basis of the thermodynamic analysis. In general, the 

constituent equations of the piezoelectric effect given in tensor form are expressed as: 

 

𝑆𝑖𝑗 = 𝑠𝑖𝑗𝑘𝑙
𝐸 𝑇𝑘𝑙 + 𝑑𝑖𝑗𝑚𝐸𝑚                                                       (A. I. 1) 

𝐷𝑛 = 𝑑𝑛𝑘𝑙𝑇𝑘𝑙 + 𝜖𝑛𝑚
𝑇 𝐸𝑚                                                        (A. I. 2) 

 

where 𝑆𝑖𝑗 is the strain, 𝑠𝑖𝑗𝑘𝑙
𝐸  is the compliance at constant electric field, 𝑇𝑘𝑙 is the stress, 𝑑𝑖𝑗𝑚, 

𝑑𝑛𝑘𝑙 are the piezoelectric constants, 𝐸𝑚 is the electric field, 𝐷𝑛 is the dielectric displacement, 

𝜖𝑛𝑚
𝑇  is the permittivity at constant stress. 

In a series mode bimorph subjected to an external force (F), the stress in the 

longitudinal direction (T1) can be derived from a moment (M) which is caused by an externally 

applied force:  

𝑀 = 𝐹(𝐿 − 𝑥)                                                            (A. I. 3) 
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𝑇1 =
3𝑀𝑧

2𝑤ℎ3
=

3𝐹(𝐿 − 𝑥)𝑧

2𝑤ℎ3
                                                (A. I. 4) 

 

where L, w and h are the length, width and height of an individual piezo-element, respectively. 

x and z are the distance from the fixed end and neutral axis of bimorph structure, respectively. 

Combining (A.I.4) with the piezoelectric effect induced stress, the total stress in each element 

becomes: 

 

𝑇1
𝑈 =

𝑑31𝐸3

𝑠11
𝐸 (1 −

3𝑧𝑈

2ℎ
) −

3𝐹(𝐿 − 𝑥)𝑧𝑈

2𝑤ℎ3
, 0 < 𝑧𝑈 < ℎ                (A. I. 5) 

𝑇1
𝐿 =

𝑑31𝐸3

𝑠11
𝐸 (

1

2
−

3𝑧𝐿

2ℎ
) −

3𝐹(𝐿 − 𝑥)(𝑧𝐿 − ℎ)

2𝑤ℎ3
, 0 < 𝑧𝐿 < ℎ                (A. I. 6) 

 

where the superscript U and L denote the upper and lower element of the bimorph. By applying 

(A.I.5) and (A.I.6) into the energy density equation as the thermodynamic terms, the total 

energy (U) in the beam is calculated as: 

 

𝑈 = 𝑈𝑈 + 𝑈𝐿 =
𝐹2𝐿3𝑠11

𝐸

4𝑤ℎ3
−

3𝑑31𝑉𝐹𝐿2

8ℎ2
+

𝐿𝑤𝑉2

4ℎ
(𝜖33

𝑇 −
𝑑31

2

4𝑠11
𝐸 )                 (A. I. 7) 

 

It is known that the canonical conjugate of the force (=∂U/ ∂F) and the voltage 

(=∂U/ ∂V) are equal to the deflection at the tip (δ) and the electric charge (Q), thus the 
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constituent equations for the piezoelectric bimorph under an applied force can be derived as 

follows: 

𝜕𝑈

𝜕𝐹
=

𝑠11
𝐸 𝐿3𝐹

2𝑤ℎ3
−

3𝑑31𝐿
2𝑉

8ℎ2
                                                      (A. I. 8) 

𝜕𝑈

𝜕𝑉
= −

3𝑑31𝐿
2𝐹

8ℎ2
−

𝐿𝑤𝑉

2ℎ
(𝜖33

𝑇 −
𝑑31

2

4𝑠11
𝐸 )                                      (A. I. 9) 

Finally, considering the fixed-guided boundary condition, (A.I.8) and (A.I.9) can be restated 

in matrix form as: 

 [
2𝛿
𝑄

] = [

𝑠11
𝐸 𝐿3

𝑤ℎ3 −
3𝑑31𝐿2

4ℎ2

−
3𝑑31𝐿2

4ℎ2

𝐿𝑤

ℎ
(𝜖33

𝑇 −
𝑑31

2

4𝑠11
𝐸 )

] [
𝐹
𝑉
]                                 (A. I.10)   

Based on (A.I.10), the calculated shear stress sensitivity can be expressed as 

𝑆𝑐𝑎𝑙 =
𝑄

𝑃
(𝑉 = 0) = −

3𝑑31𝐿
2

4ℎ2
∙ 𝐴𝐹𝐸                                         (A. I. 11) 

where 𝐴𝐹𝐸  is the surface area of the floating element. 

So the sensitivity of the bimorph piezoelectric sensor is proportional to the square of 

bimorph plate length and the surface area of floating element and inversely proportional to the 

square of the height of plate. 
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APPENDIX II 

EFFECTIVE MEDIUM MODEL IN DESIGNING THE PIEZOELECTRIC 1-3 COMPOSITE 

 

“This chapter has some of previously published material authored by T. Kim as shown 

below. All previously published material was reprinted with permission from the publishers.” 

In designing the piezoelectric 1-3 composite, we followed the same procedure as in 

[121] and used all the assumptions proposed there to derive the effective properties (denoted 

with an overbar) of a 1-3 composite, 

𝑐3̅3
𝐸 = 𝑉 [𝑐33

𝐸 −
2𝑉′(𝑐13

𝐸 −𝑐12)2

𝑉(𝑐11+𝑐12)+𝑉′(𝑐11
𝐸 +𝑐12

𝐸 )
] + 𝑉′𝑐11                (A. II. 1)                                   

 

�̅�33 = 𝑉 [𝑒33 −
 2𝑉′𝑒31(𝑐13

𝐸 −𝑐12)

𝑉(𝑐11+𝑐12)+𝑉′(𝑐11
𝐸 +𝑐12

𝐸 )
]                           (A. II. 2)                                            

 

휀3̅3
𝑆 = 𝑉 [휀33

𝑆 +
2𝑉′(𝑒31)2

𝑉(𝑐11+𝑐12)+𝑉′(𝑐11
𝐸 +𝑐12

𝐸 )
] + 𝑉′휀11                (A. II. 3)                                  

 

𝑐3̅3
𝐷 = 𝑐3̅3

𝐸 + �̅�33
2/휀3̅3

𝑆                                         (A. II.4) 

 

�̅� = 𝑉𝜌𝑐 + 𝑉′𝜌𝑝                                             (A. II.5) 

 

In the above expressions, the upper bar indicates the composite, cij, eij, εij are the elastic 

stiffness, piezoelectric constant, dielectric constant, and the superscripts, and E and S refer to 

quantities at constant electric field and strain, respectively. V and V′ are the volume fraction of 

the ceramic and polymer, where V′ = 1 - V, and ρc and ρp are the densities of the ceramic and 

the polymer, respectively. 

Using the conventional definition, one can derive all the relevant effective quantities 

for the thickness mode operation, 
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�̅�33 = �̅�33/(𝑐3̅3
𝐷 휀3̅3

𝑆 )
1
2                                                (A. II. 6) 

�̅� = (𝑐3̅3
𝐷 �̅�)1/2                                                        (A. II. 7)   

                                                               

�̅�𝑙 = (𝑐3̅3
𝐷 /�̅�)1/2                                                      (A. II. 8)                                                              

 

𝑓𝑟 = �̅�𝑙/2𝑡                                                        (A. II. 9) 

where vl and t are the longitudinal wave speed and the thickness of the composite in the poling 

(x3) direction and fr is the resonance frequency given by the effective medium theory. 

Using the above equations, the effective 1-3 composite properties such as coupling 

coefficient, acoustic impedance, and thickness resonance frequency were calculated as a 

function of volume fraction (Fig. A.II.1). The properties of active piezoelectric material (PZT-

5H), polymer matrix (epoxy) and aggregated 1-3 composite are shown in Table A.II.1. 

 

Table A.II.1. Material properties of PZT-5H, Epo-Tek 301 epoxy [120] and aggregated 1-3 

composite. 

 PZT-5H Epoxy 1-3 compositea) 

𝑐11
𝐷  (1010 N/m2) 15.1 0.53 7.23 

𝑐12
𝐷  (1010 N/m2) 9.80 0.31 - 

𝑐13
𝐷  (1010 N/m2) 9.60 - - 

𝑐33
𝐷  (1010 N/m2) 12.4 - 7.48 

ρ (kg/m3) 7750 1100 5090 

휀33
𝑆 /휀0 1700 4 1008 

k33 (%) 75 - - 

kt (%) 52 - 71 

                 a) Parameters in the condition with volume fraction of 60 % 
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Fig. A.II.1 shows that the desired properties and performance of 1-3 composite 

transducer such as thickness-mode electro-mechanical coupling coefficient (kt > 70%), 

acoustic impedance (Z < 20×106 kg/(m2s)), and thickness resonance frequency (fr ≈ 6.5 MHz) 

can be obtained based on the volume fraction of the piezoceramic (V = 60 %) and thickness of 

the composite (t = 0.3 mm). Therefore, based on the mode-coupling theory [120], [167], G 

(L/t) < 0.3, the length of piezoceramic (L) should be less than 0.09 mm and the kerf width (K) 

should be 0.025 mm to obtain 60 % volume of the composite. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.II.1. Variation of effective properties of 1-3 composite with volume fraction of piezo-

ceramic. 
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APPENDIX III 

HIGH TEMPERATURE ELECTROMECHANICAL CHARACTERIZATION OF ALN SINGLE 

CRYSTALS 

 

“This chapter has some of previously published material authored by T. Kim as shown 

below. All previously published material was reprinted with permission from the publishers.” 

 

A.III.1. Analytical Modeling 

The AlN single crystals have 6mm symmetry and thus ten independent material 

constants in total: five elastic constants (𝑐11
𝐸 , 𝑐12

𝐸 , 𝑐13
𝐸 , 𝑐33

𝐸 , 𝑐44
𝐸 ), three piezoelectric constants 

(𝑑31, 𝑑33, 𝑑15), and two dielectric constants (휀11
𝑇 , 휀33

𝑇 ) [194], [195]. These constants can be 

expressed as matrices in (A.III.1)–(A.III.3). 

𝑐𝐸 =

[
 
 
 
 
 
 
 𝑐11

𝐸 𝑐12
𝐸 𝑐13

𝐸

𝑐12
𝐸 𝑐11

𝐸 𝑐13
𝐸

𝑐13
𝐸 𝑐13

𝐸 𝑐33
𝐸

    

  0   0  0

  0   0  0

  0   0  0

 0  0 0

 0  0 0

 0  0 0

     

𝑐44
𝐸   0  0

0   𝑐44
𝐸  0

0   0  𝑐66
𝐸 ]

 
 
 
 
 
 
 

                                   (A.III.1) 

 

 𝑑 =  [
0 0 0
0 0 0

𝑑31 𝑑31 𝑑33

    
0 𝑑15 0

𝑑15 0 0
0 0 0

]                                 (A.III.2) 

 

휀𝑇

휀0
⁄ = [

휀11
𝑇 휀0⁄ 0 0

0 휀11
𝑇 휀0⁄ 0

0 0 휀33
𝑇 휀0⁄

]                            (A.III.3) 

 

in which, the subscript E and T indicate the condition of constant electrical field and stress, 
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respectively. 

A number of methods, such as static and quasi-static, resonance, pulse-echo ultrasonic 

techniques and their combinations have been used to identify the material constants of 

piezoelectric materials [196]–[199]. In comparison with other methods, the resonance method 

is regarded as providing fairly accurate results, and it is considered to be easy to use as long as 

samples with the required shapes and dimensions are used [199], [200]. Therefore, in this 

paper, the resonance method was used to determine the properties by analyzing the resonance 

and antiresonance frequencies of the resonators. The resonance and antiresonance frequencies 

were obtained from impedance-phase gain analyzer (Agilent 4294A, Agilent Technologies 

Inc., Santa Clara, CA). 

As described in the previous papers and IEEE standards [201], [202], resonators of five 

different modes were used to obtain a complete set of material constants of AlN single crystals, 

as shown in Fig. A.III.1: TE (thickness extension), LE (length extension), TS (thickness shear), 

LTE (length thickness extension) and RAD (radial) resonators. The geometry of each resonator 

was set to meet the dimensional requirements denoted in Fig. A.III.1 in order to preserve the 

resonance of each pure mode.  
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Figure A.III.1. Geometry of piezoelectric resonators used to identify the material constants. 

 

LTE mode samples with dimensions L > 10t, L > 3w, w < 3t, were used to determine 

the lateral coupling factor 𝑘31 and elastic compliances  𝑠11
𝐸 , 𝑠11

𝐷 . The formulae are as follows: 

𝑘31
2 /(𝑘31

2 − 1) = 𝜋𝑓𝑎/(2𝑓𝑟) ∙ 𝑐𝑜𝑡(𝜋𝑓𝑎/(2𝑓𝑟))                    (A.III.4) 

 
𝑠11

𝐸 = 1/(4𝜌(𝐿𝑓𝑟)
2) ,      𝑠11

𝐷 = 𝑠11
𝐸 (1 − 𝑘31

2 )               (A.III.5) 

 
where 𝑓𝑟 is the resonance frequency, 𝑓𝑎 is the anti-resonance frequency of the lateral mode, 𝜌 

is the density of AlN (= 3260 kg/m3), and the superscripts E and D indicate the conditions of 

constant electrical field and displacement, respectively. 

By using TE mode samples, the electromechanical coupling factor 𝑘𝑡 and the elastic 

constants 𝑐33
𝐷 , 𝑐33

𝐸  were calculated from the (A.III.6), (A.III.7): 

𝑘𝑡
2 = 𝜋𝑓𝑟/(2𝑓𝑎) ∙ 𝑐𝑜𝑡(𝜋𝑓𝑟/(2𝑓𝑎))                            (A.III.6) 

 
𝑐33

𝐷 = 4𝜌(𝑡𝑓𝑎)2 ,       𝑐33
𝐸 = 𝑐33

𝐷 (1 − 𝑘𝑡
2)              (A.III.7) 
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Similarly, LE mode samples were used to measure the longitudinal electromechanical 

coupling factor 𝑘33 and elastic compliances 𝑠33
𝐷 , 𝑠33

𝐸  using (A.III.8), (A.III.9): 

𝑘33
2 = 𝜋𝑓𝑟/(2𝑓𝑎) ∙ 𝑐𝑜𝑡(𝜋𝑓𝑟/(2𝑓𝑎))                          (A.III.8) 

𝑠33
𝐷 = 1/(4𝜌(𝐿𝑓𝑎)2) ,     𝑠33

𝐸 = 𝑠33
𝐷 /(1 − 𝑘33

2 )                   (A.III.9) 

TS mode samples were used to determine the elastic constants 𝑐44
𝐷 , 𝑐44

𝐸 , elastic 

compliances 𝑠44
𝐷 , 𝑠44

𝐸  and coupling factor 𝑘15 using the following (A.III.10)-( A.III.12): 

𝑘15
2 = 𝜋𝑓𝑟/(2𝑓𝑎) ∙ 𝑐𝑜𝑡(𝜋𝑓𝑟/(2𝑓𝑎))                         (A.III.10) 

 
𝑐44

𝐷 = 4𝜌(𝑡𝑓𝑎)2 ,       𝑐44
𝐸 = 𝑐44

𝐷 (1 − 𝑘15
2 )                 (A.III.11) 

 
𝑠44

𝐷 = 1/𝑐44
𝐷  ,     𝑠44

𝐸 = 1/𝑐44
𝐸                                    (A.III.12) 

 

Lastly, RAD mode samples were used to measure the elastic compliances 𝑠12
𝐸 , 𝑠12

𝐷  

based on the planar Poisson’s ratio (𝜎𝑃), following (A.III.13). In (A.III.13), Poisson’s ratio 

(𝜎𝑃) can be obtained by calculating the ratio of the resonance frequency of the planar mode 

(𝑓𝑟0) to the harmonic resonance frequency (𝑓𝑟1), which is previously derived: 

𝑠12
𝐸 = −𝜎𝑃 ∙ 𝑠11

𝐸  ,        𝑠12
𝐷 = 𝑠12

𝐸 − 𝑘31
2 ∙ 𝑠11

𝐸                       (A.III.13) 

 

The other elastic compliances 𝑠13
𝐸 , 𝑠66

𝐸  were derived from the above values using the 

following stiffness-compliance relation for 6mm crystal group: 

𝑠13
𝐸 = √[𝑠33

𝐸 (𝑠11
𝐸 + 𝑠12

𝐸 ) − (𝑠11
𝐸 + 𝑠12

𝐸 )/𝑐33
𝐸 ]/2                   (A.III.14) 

 
𝑠66

𝐸 = 1/𝑐66
𝐸 = 2(𝑠11

𝐸 − 𝑠12
𝐸 )                                   (A.III.15) 
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From the above equations, all the elastic compliances were obtained, so elastic stiffness 

constants such as 𝑐11
𝐸 , 𝑐12

𝐸 , 𝑐13
𝐸 , 𝑐33

𝐸 , 𝑐44
𝐸 , 𝑐66

𝐸  were determined by applying the inverse matrix 

calculation process. 

Dielectric constants, 휀11
𝑇 , 휀33

𝑇  were calculated using the following (A.III.16), (A.III.17), 

where 𝐶𝑖 ,  𝑡𝑖, 𝐴𝑖 are the measured capacitance, thickness, and cross sectional area of the 

resonators along the 𝑖 direction: 

휀11
𝑇 = 𝐶1 ∙ 𝑡1/𝐴1 (A.III.16) 

 
휀33

𝑇 = 𝐶3 ∙ 𝑡3/𝐴3 (A.III.17) 

 

The derived dielectric permittivity parameters  and coupling factors of each mode were 

adopted to calculate the piezoelectric charge constants, 𝑑33, 𝑑31, 𝑑15 according to (A.III.18)-

(A.III.20): 

𝑑33 = 𝑘33√𝑠33
𝐸 ∙ 휀33

𝑇                                           (A.III.18) 

 
𝑑31 = −𝑘31√𝑠11

𝐸 ∙ 휀33
𝑇                                        (A.III.19) 

 
𝑑15 = −𝑘15√𝑠44

𝐸 ∙ 휀11
𝑇                                        (A.III.20) 

 

A.III.2. Experimental Method 

In this study, the samples (3 samples each for TE, RAD, TS modes and 4 samples for 

LTE, LE modes) were DC sputtered with platinum thin films (300 nm thick) on the required 

parallel surfaces as the electrodes. Platinum was selected as the electrode material because of 

its high melting temperature (~1768 °C). A specially designed sample holder was used for high 

temperature measurements. In the sample holder, high temperature resistive wire (Kanthal A1, 
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Sandvik Inc., Hallstahammar, Sweden), insulator (alumina plate) and housing (Inconel 601, 

High Performance Alloys, Inc., Windfall, IN) were assembled for resistance to high 

temperature oxidation and corrosion. A vertical tube furnace (Model GSL 1100X, MTI 

Corporation, Richmond, CA) was used to control the temperature. The samples were located 

at the center of the vertical tube furnace. The furnace was heated up to 1000°C by 100°C 

increments starting from room temperature with 10 minutes duration of temperature increment. 

The furnace was heated to a value (20°C) above the target temperature because the furnace 

would cool during testing, and then unplugged to reduce the AC electric noise created by the 

heating units. The signal from the AlN single crystals was obtained from an impedance-phase 

gain analyzer (Agilent 4294A, Agilent Technologies Inc., Santa Clara, CA). The data were 

transferred to a computer in Excel format for signal processing and analysis. 

 

A.III.3. Results and Discussion 

To confirm the reliability of the sample holder, impedance spectra and the capacitances 

of all samples were measured at room temperature using the impedance-phase gain analyzer 

(Fig. A.III.2). All of the constants of AlN were then derived according to the above (A.III.4) 

to (A.III.20). The comparison between the currently derived constants and published ones 

[196]–[199], [203] is summarized in Table A.III.1. It can be observed that all constants are 

within 15% of the range of the published data, which indicates the reliability of the specially 

designed sample holder. 
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Figure A.III.2. Impedance spectra of all the samples; (a) LTE, (b) TE, (c) TS, (d) LE, (e) RAD 

mode. 

Table A.III.1.  

Material 
constant 

Single crystal 
[196] 

Single crystal 
[197] 

Single 
crystal 
[199] 

Single crystal 
[198], [203] 

Single crystal  
[Current results] 

𝑐11
𝐸 [𝐺𝑃𝑎] 402.5 ± 0.5 410.5 ± 10 401.2 ± 0.5 - 412.6 ± 0.5 

𝑐12
𝐸 [𝐺𝑃𝑎] 135.6 ± 0.5 148.5 ± 10 135 ± 0.5 - 126.6 ± 0.5 

𝑐13
𝐸 [𝐺𝑃𝑎] 101 ± 2.0 98.9 ± 3.5 96.3 ± 22.1 - 118.8 ± 0.9 

𝑐33
𝐸 [𝐺𝑃𝑎] 387.6 ± 1.0 388.5 ± 10 368.2 ± 27.9 - 386.1 ± 4.5 

𝑐44
𝐸 [𝐺𝑃𝑎] 122.9 ± 0.5 124.6 ± 4.5 122.6 ± 0.2 122 ± 1 127.4 ± 0.9 

𝑒31[𝐶/𝑚2] -0.6 ± 0.2 - -0.12 ± 1.09 -0.58 ± 0.23 -0.47 ± 0.2 

𝑒33[𝐶/𝑚2] 1.34 ± 0.1 - 1.84 ± 0.71 1.39 ± 0.22 2.09 ± 0.4 

𝑒15[𝐶/𝑚2] -0.32 ± 0.05 - -0.26 ± 0.03 -0.29 ± 0.06 -0.24 ± 0.05 

휀11/휀0 9 ± 0.1 - - 8.5 8.44 ± 0.1 

휀33/휀0 9.5 ± 0.1 - - 8.5 10.51 ± 0.1 
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Electrical resistivity was measured using a Keithley model 6571A electrometer 

(Keithley Instruments, Cleveland, OH) when applying 100 V across the TE resonators. The 

resistivity as a function of temperature is given in Fig. A.III.3, in which dash line is linearly 

fitted line of measured data and error bars were amplified by 10 times for clarification. As 

shown, AlN single crystals exhibited very high resistivity at room temperature, 8.8×1013 Ω·cm, 

and even at elevated temperature, with values of 1.1×1011 Ω·cm and 5.4×1010 Ω·cm at 800 °C 

and 1000 °C, respectively. The activation energy (Ea) calculated according to Arrhenius law 

was found to be on the order of 0.28 ± 0.02 eV. Fig. A.III.3 also shows the electrical resistivity 

as a function of temperature for non-ferroelectric, piezoelectric single crystals, where it is 

observed that LGS crystals possess relatively low resistivity, with the lowest value of 8×106 

Ω·cm at 500 °C. The GaPO4 and YCOB crystals possess relatively high resistivity, on the order 

of 1010 and 1011 Ω·cm at 500 °C, respectively [20], [143], [204]–[206]. At 900 °C, the 

resistivity of AlN (8×1010 Ω·cm) is three orders of magnitude higher than YCOB (4×107 

Ω·cm), which indicates high insulation property of AlN required to maintain the developed 

charge for a long time to be detected by the electronic system. 
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Figure A.III.3. Electrical resistivity of non-ferroelectric, piezoelectric single crystals as a 

function of temperature.  

 

The thermal frequency stability of AlN was investigated by analyzing the variation of 

resonance frequencies of all the resonator modes at elevated temperatures. Fig. A.III.4 presents 

the variation of resonance frequencies of different resonator modes as a function of 

temperature. It was observed that the resonance frequencies of all the investigated samples 

were shifted downward linearly with increasing temperature due to the thermal softening 

effect, where all the resonator modes were found to possess relatively low temperature 

coefficients of frequency (TCF), in the range of -20 to -36 ppm/°C, comparable to those of 

YCOB used as high temperature sensors (with TCF in the range of -45 to -95 ppm/°C [204], 

[207]). 
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Figure A.III.4. Temperature dependence of resonance frequency for all the samples. 

 

With the measured resonance and anti-resonance frequencies for all the resonators 

modes, shown in Fig A.III.1, at temperatures up to 1000°C, the temperature dependence of 

elastic compliances was investigated and results are shown in Fig. A.III.5. It was observed that 

all the elastic compliances increased with increasing temperature, with variations of 4.2 - 7.3 

%, except for 𝑠13
𝐸 , with a variation of 11.2% over the full temperature range. 𝑠13

𝐸  was 

determined at the last step for elastic compliance calculations. Due to the derivation procedure 

for elastic compliance constants, 𝑠13
𝐸  may contain accumulated error. Compared to the values 

of YCOB single crystals (8.6 – 19.0% [207]), AlN shows a lower temperature dependence of 

elastic properties. 
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Figure A.III.5. Variation of elastic compliances as a function of temperature. 

The elastic stiffness constants were obtained by calculating the inverse matrix of the 

determined elastic compliances (Fig. A.III.6). All the elastic stiffness values decreased with 

increasing temperature, with variation of -1.7 to -5.6%. 

 

Figure A.III.6. Variation of elastic stiffness constants as a function of temperature. 
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The electromechanical coupling factors, 𝑘𝑖𝑗 is an indicator of the effectiveness with 

which a piezoelectric material converts electrical energy into mechanical energy or vice versa. 

After measuring the resonance and anti-resonance frequencies at elevated temperatures, the 

variation of 𝑘𝑖𝑗 as function of temperature was obtained (Fig. A.III.7). It can be noted that the 

LE mode resonator showed the highest electromechanical coupling factor, with 𝑘33 values of 

0.391 and 0.395 at room temperature and 1000 °C, respectively, representing a variation less 

than 1.6 % over the full temperature range. In addition, the TE and LTE mode resonators 

exhibited relatively high coupling factors, 𝑘𝑡 = 0.178 and 𝑘31 = 0.119 at room temperature, 

with values of 0.206 and 0.098 at 1000 °C, respectively, giving variations ±17%. The coupling 

factors were found to largely maintain their values up to 1000 °C, exhibiting a stable 

piezoelectricity at elevated temperature. 

 

Figure A.III.7. Variation of electromechanical coupling factors as a function of temperature. 
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Dielectric constants, 𝐾11
𝑇  𝑎𝑛𝑑 𝐾33

𝑇 , were derived from capacitance measurements at 1 

kHz by using (A.III.16) and (A.III.17), respectively. Dielectric loss, 𝑡𝑎𝑛𝛿, as a function of 

temperature was measured at 1 kHz and the results are shown in Fig. A.III.8. All dielectric 

values increase sharply after 800 °C,  which can be understood from the strong pyroelectric 

properties of AlN [208]. As for the increase of dielectric loss at elevated temperature (14.6% 

at 1000°C), it was reported that AlN surface oxidation, which results in electron energy loss 

and dissipation [15], starts to occur in the temperature range 800 – 900°C [19], [209]. 

Nevertheless, results exhibit overall stable dielectric behavior. 

 

Figure A.III.8. Dielectric constants and dielectric loss as a function of temperature measured 

at 1 kHz. 
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After the determination of elastic compliances, electromechanical coupling factors, and 

dielectric constants, the piezoelectric coefficients were obtained. Fig. A.III.9 shows the 

variation of piezoelectric coefficients as a function of temperature. The highest piezoelectric 

coefficient was found from samples in the length extensional mode, with a piezoelectric 

coefficient 𝑑33 of 6.5 pC/N at room temperature, increasing to 13.5 pC/N at 1000 °C. The 

lateral and the thickness shear mode piezoelectric coefficients 𝑑31  and 𝑑15  show better 

temperature stability, compared with the thickness mode piezoelectric coefficient. Both of the 

𝑑31 and 𝑑15 values were determined as -1.9 pC/N at room temperature and -3.2 and -3.1 pC/N 

at 1000 °C, respectively, giving a variation of  < 60 % over the full temperature range. The 

increase of piezoelectric coefficients at high temperature (800 – 1000 °C) is due to the 

increased dielectric permittivity, shown in Fig. A.III.8. The thermal resistivity of piezoelectric 

coefficients of AlN was comparable to the values of YCOB (10 – 70 %) [207]. 

 

Figure A.III.9. Variation of piezoelectric coefficients as a function of temperature. 
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A.III.4. Conclusion 

The electrical resistivity, temperature dependence of the resonance frequency, elastic 

compliances, electromechanical coupling factors, dielectric constants, dielectric loss, and 

piezoelectric coefficients of AlN single crystals grown by PVT were investigated in the 

temperature range of 23 - 1000 °C.  

The electrical resistivity of AlN at elevated temperature (1000 °C) was found to be 

greater than 5×1010 Ω•cm. The resonance frequency of resonators exhibited a linear decrease 

with increasing temperature due to the thermal softening effect. This variation showed TCF 

values in the range of -20 to -36 ppm/°C, comparable to YCOB which is already used for 

temperature sensors. For all investigated resonator modes, the elastic constants and the 

electromechanical coupling factors exhibited excellent temperature stability in comparison 

with previously reported piezoelectric ceramics and single crystals. Of particular significance 

is that both the dielectric and the piezoelectric constants had high thermal resistivity even at 

extreme high temperature due to the pyroelectric properties of AlN. The relative temperature 

independence of electromechanical properties, as well as the high thermal resistivity of the 

elastic, dielectric, and piezoelectric properties, suggest that AlN single crystals are a promising 

candidate for high temperature piezoelectric sensing applications. 
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