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Abstract

Langevin ultrasonic transducers, especially sandwiched-type piezoelectric devices, are essential
in industry and medicine for applications like ultrasonic welding and surgery due to their high-
power capability and design flexibility. This research focuses on adaptive Langevin transduc-
ers that enable multiple operating frequencies and tuneable resonances, responding to various
operational environments. By integrating shape memory alloys, particularly nickel-titanium,
Nitinol, these transducers can achieve continuous resonance tuning with temperature changes,
distinguishing them from traditional multi-frequency designs.

The first section details the design, manufacturing, and characterisation of conventional
Langevin transducers, introducing the incorporation of Nitinol into their structure. Mathemati-
cal models were built using one-dimensional (1D) and three-dimensional (3D) constitutive equa-
tions in piezoelectricity to simulate Nitinol transducer behaviours. While the 1D model offers
advantages in computational efficiency and does not require complete material properties in
3D space, transducer dimensions and modes limit its accuracy. Following the simulations, this
chapter outlines the considerations for integrating Nitinol into Langevin configurations while
building on established methodologies for conventional transducers.

A core focus of this thesis is the practical fabrication of Nitinol Langevin transducers and
their tuneable dynamics. Prototypes were developed incorporating various transducer configu-
rations. Characterisations validated the tuneable resonances derived from Nitinol’s phase trans-
formation, revealing two dynamics: active modal coupling and stable resonance. Notably, reso-
nance stability under self-heating conditions was linked to the temperature-dependent properties
of Nitinol’s austenitic phase. These dynamics are influenced by the device geometry, martensitic
transformation of Nitinol, self-heating within the piezoelectric elements and their temperature-
dependent material properties.

In the final section, a case study on acoustic levitation using the Nitinol Langevin transducer
is presented, aligned with the cascaded Nitinol configuration detailed in earlier in the thesis.
The hypothesis is that by implementing a stable resonance condition under self-heating, a stable
acoustic field can be generated. The results demonstrated that the stability in resonant frequency
influences position, evaporation rate, and levitation time for water, acetone and isopropyl alcohol
droplets, compared to a Langevin transducer in similar dimensions and made from conventional

metals.
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Chapter 1
Introduction

Ultrasound refers to acoustic waves that vibrate at frequencies greater than 20 kHz [1]. A sim-
pler, more commonly used definition describes it as the high-frequency sound that is inaudible to
humans [2,3]. While this is adequate for general introductions, it lacks precision for ultrasonic
engineering. For example, although the typical range of human hearing is reported to be between
20 Hz and 20 kHz [4]], the upper limit can vary significantly among individuals. The author has
observed this variability during outreach activities, where some younger participants demon-
strated a higher upper hearing limit, though all remain below 20 kHz at low acoustic intensities.
This discrepancy is influenced by factors like age, health, and acoustic intensity, as noted by
researchers [5,6]. Consequently, this leads to an ambiguous definition with uncertain frequency
ranges that depend on individuals, complicating ultrasonic device design. Another example is
between power ultrasonics, which deliver high acoustic power and generally operate at tens
of kilohertz (about 20-100 kHz), and ultrasound imaging, which uses megahertz frequencies
(about 1-20 MHz). This difference necessitates diverse techniques for designing and character-
ising devices. Therefore, a more precise definition of ‘ultrasound’ and ‘ultrasonic’ is essential,
particularly for ultrasonic engineers. Recent research has proposed alternative definitions of ul-
trasound based on specific applications [7]. For the purposes of this thesis, ‘ultrasound’ refers
mainly to power ultrasonics, specifically within the 20 kHz to 100 kHz window [8H10].

Power ultrasonics represents a specialised branch of high-power ultrasonic technologies util-
ising devices to generate ultrasound in industrial and medical applications, encompassing sur-
gical devices, welding, and levitation [[11]]. These applications generally depend on generating
high vibration amplitudes from device structures operating in various vibration modes. De-
vices are engineered to incorporate piezoelectric materials that convert a generator supplied and
power amplified electrical signal into mechanical energy, primarily strain energy in vibrations
(mechanical oscillations). The energy transformation explains why these devices are frequently
referred to as transducers, a term employed throughout this thesis. Despite the progress in power
ultrasonics over the past century, the standardised transducer configuration remains unclear. The

reason is mainly attributed to the flexibility of transducer design, development of piezoelectric
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materials, and varying application requirements [8,|12].

The bolt-clamped sandwich transducer, commonly called the Langevin transducer, is the
most widely used narrow-band piezoelectric transducer in power ultrasonics. Its performance
is assessed in both the frequency and time domains. For clarity, in this thesis, ‘transducer dy-
namics’ refers to the response of the transducer across both domains, including measures like
resonant frequency, electrical impedance, and vibration amplitude. Recently, there has been
a growing interest in optimising the dynamics of Langevin transducers, particularly regarding
multi-frequency operation and modal coupling [13,/14]. This thesis concentrates on design-
ing and characterising an innovative Langevin transducer incorporating shape memory alloys
to achieve tuneable dynamics responding to varying temperatures. Drawing inspiration from
the Nitinol cymbal transducer [[15,/16] and the Nitinol fibre-enhanced composite rod [17,[18]],
which leverages phase transformations in Nitinol triggered by modest temperature changes to
adjust resonant frequencies, this research suggests potential for achieving tuneable dynamics
in a Langevin configuration. As a result, this new generation of Langevin transducer performs
multi-functionality in real-world applications, such as actively controlled resonant frequencies

and enhanced dynamics stability under varying operating conditions.

1.1 Langevin Transducers

The Langevin transducer has long been a favoured configuration for ultrasonic devices in power
ultrasonics, widely utilised across various fields such as actuation [19], surgery [20], weld-
ing [21], and drilling [22]]. This device was invented in 1916 by Paul Langevin, a professor at the
Industrial College of Physics and Chemistry in Paris. In his design, small quartz crystals were
positioned between metal segments, the first Langevin transducer. Initially conceived for under-
water echolocation, the design faced manufacturing challenges such as dicing well-oriented bulk
piezoelectric materials. Since then, the Langevin transducer has undergone significant develop-
ments with improved design and manufacturing techniques. Currently, in its most basic form,
stacks of piezoelectric rings are sandwiched between two metallic end masses and compressed

using a centrally pre-stress bolt, as illustrated in Figure[I.1]

1.1.1 Transducer Transduction

Piezoelectric materials are essential actuating units for ultrasonic transducers. Certain crystal
materials, such as quartz, exhibit the piezoelectric effect. This effect represents that the me-
chanical stress applied to these crystals induces a surface charge, a phenomenon later termed
the ‘direct piezoelectric effect’. On the other hand, the phenomenon known as the ‘converse
piezoelectric effect” occurs when the application of an electric field produces mechanical strain

in the material. The direct piezoelectric effect is distinct from the electrostriction, a quadratic
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Figure 1.1: Configuration of a Langevin transducer with a stepped front mass.

and polarity-insensitive nature present in all dielectrics. Although both phenomena involve elec-
tromechanical coupling, they arise from fundamentally different mechanisms and can coexist in
certain materials, such as ferroelectric materials. Lead zirconate titanate (PZT) is widely recog-
nised as a preferred piezoelectric material for Langevin transducers. The Langevin configuration
efficiently utilises the converse piezoelectric effect to convert input electrical energy into high-
frequency mechanical vibrations. The transducer is designed to deliver vibration amplitudes on
the micrometre scale at designated resonant frequencies, thereby addressing the specific require-
ments across various applications.

Typically, the Langevin transducer is operated at its resonant frequencies, which ensures
a high mechanical quality factor. The quality factor measures how little energy is lost per
cycle, representing the inverse of mechanical losses. Each resonance corresponds to distinct
deformation patterns known as vibration mode shapes. Commonly employed mode shapes in
Langevin transducers include longitudinal, bending, and torsional modes. To effectively excite
these modes, carefully designing the piezoelectric components is essential. The transduction
characteristics of the Langevin transducer about different vibration modes are illustrated in Fig-
ure [I.2] which further explains the underlying working principles based on referenced litera-
ture [[23,[24]).

Figure [I.2]illustrates the most efficient way to engineer piezoelectric segments, allowing the
transducer to operate in specific mode shapes. However, regardless of the polarisation of the

piezoelectric materials, these mode shapes naturally exist in the Langevin configuration. The
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Figure 1.2: Transduction diagrams of piezoelectric ceramics incorporated into a Langevin trans-
ducer being operated in its longitudinal, bending, and torsional modes.

segmented piezoelectric stack in the figure is designed to excite selected modes and harmonics

more efficiently, yielding high mechanical output.

1.1.2 Transducer Design and Fabrication

The design of an ultrasonic transducer heavily relies on understanding structural vibrations,
material properties, operational parameters, and applications. Today, a range of analytical and
numerical methods can predict transducer performance with high accuracy. Two standard ana-
lytical approaches are the equivalent-circuit model and the transfer matrix method [25,26]]. The
former solves the Butterworth—Van Dyke (BVD) circuit, while the latter applies the constitutive
relations. However, both methods suit low-dimensional theories, particularly one-dimensional
(1D) problems. Most Langevin transducers are axisymmetric and have a consistent diameter
throughout their structure. This allows the model to be simplified to a 1D representation and
reduces calculation time, which is efficient for designing transducers with straightforward con-
figurations. However, as the increasing demand for transducers capable of operating in complex

dynamics and intricate configurations, such as ultrasonic motors vibrating in coupled modes,



CHAPTER 1. INTRODUCTION 5

there is a need for three-dimensional (3D) models to simulate transducer resonance behaviours
accurately. Finite element analysis (FEA) is a widely used numerical tool for simulating prob-
lems based on a weak form of constitutive relations, which is suitable for complex configura-
tions. Ultrasonic transducers involve multiple interacting physical phenomena, including cou-
pled electrical and mechanical fields. FEA is particularly well-suited for managing the cou-
pling of these physics within the scope of solid mechanics, enabling practical simulations of
real-world behaviour where low-dimensional analytical models may be challenging to obtain in
multi-physics scenarios. Given FEA is advantageous for transducer simulations, it has been the
method discussed and utilised throughout this thesis.

The resonance behaviour of the transducer is highly sensitive to the dimensions of its seg-
ments, material properties, and the designed mode shapes. Therefore, dynamics simulations
based on FEA are conducted iteratively by modifying segment dimensions and material com-
binations. The primary objectives of this design process include tailoring frequency responses,
mode shapes, and nodal positions for clamping (where the amplitude is zero), all of which must
be optimised. Typically, the sonotrode is often attached to the front mass in power ultrasonic
applications to enhance the vibration amplitude. The gain, defined as the ratio of vibration
amplitudes between the two ends of the sonotrode, is determined using FEA based on linear
elasticity. Altering the sonotrode’s material and dimensions allows tailoring this gain value,
thus optimising transducer output performance.

Recently, researchers have incorporated new materials to achieve innovative functionali-
ties, including multi-frequency and tuneable devices [27,28]. Given the complexities of de-
signing and manufacturing a Langevin transducer, integrating advanced materials adds further
challenges that require careful consideration throughout the design process. Once the design
satisfies all requirements, segments are fabricated according to the dimensions and materials,
commonly through conventional mechanical machining methods, such as turning, milling, and
drilling. For more intricate structures, advanced techniques like metal additive manufacturing
are utilised [29]. Following the manufacturing process, a pre-stress characterisation is carried
out to assemble the transducer, as the pre-stress value significantly impacts the transducer dy-
namics, particularly through the polarisation of piezoelectric materials. Methods of constant

torque or constant stress assist to determine the optimal pre-stress value.

1.1.3 Applications of Langevin Transducers

While Langevin transducers have been proposed for more than a century, their versatile designs
have made significant developments in applications. This adaptability encourages innovation
across various industrial and medical fields, establishing Langevin transducers as a fundamen-
tal configuration of modern high-power ultrasonic technologies. The following section outlines
several applications of power ultrasonics, with emphasis on areas informed by the author’s doc-

toral experience. This discussion focuses on Langevin transducers that vibrate in their longitu-
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Figure 1.3: Types of ultrasonic welding setup: thermoplastic welding (left), metal welding
(right) [31] (Reprinted from Advanced Engineering Materials, Copyright © 2009, with per-
mission from Wiley).

dinal mode shapes with a basic configuration, although numerous transducer variants have been
developed.

1.1.3.1 Ultrasonic Welding

Ultrasonic welding is a joining process that utilises high-frequency mechanical vibrations gen-
erated by a transducer to create strong and reliable bonds between materials, typically thermo-
plastics or metals, regardless of whether materials are similar or dissimilar. Its robustness highly
depends on the material’s geometric, mechanical, and physical properties and the transducer’s
dynamics [30]. In contrast to traditional fusion welding methods such as inductance and re-
sistance welding, ultrasonic welding produces localised heat through friction between material
sheets induced by transducer vibrations, thereby reforming the materials at the bonding inter-
face. Minimal surface damage, clean, and fast processing are the primary advantages. Two
distinct variants of welding systems are designed specifically for processing thermoplastics and
metals, as illustrated in Figure [I.3][31]]. In thermoplastic welding, the transducer is positioned
perpendicular to the bonding interface, whereas the transducer is aligned parallel to the welding
zone in metal welding. This difference arises from their friction mechanisms: thermoplastic
welding converts vibration energy into intermolecular friction within the material [32], leading
to heat generation from mechanical losses, while metal welding relies on the heat due to friction
at the interface.

Capabilities of ultrasonic welding have been well-documented. It was initially reported in
the mid-20th century to join metals, such as copper, aluminium, and titanium, along with some
of their alloys. The technology soon expanded to weld metals to non-metals [33[]. Recent devel-
opments have allowed for joining between aluminium alloys and carbon fibre reinforced poly-
mer (CFRP) [30], as well as aluminium alloys and glass fibre reinforced polymer (GFRP) [34],
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with bonding occurring at the interface of the metal and the polymer matrix. Regarding the
wide range of ultrasonically weldable materials, most processes adhere to the working princi-
ples illustrated in Figure However, researchers have proposed that welding efficiency can
significantly improve when using a metal welding setup for metal-to-GFRP applications [35,36].
The reason is that the perpendicular vibration can damage the glass fibres, which results in inef-
fective welding [35]]. Therefore, the author suggests that the selection of system setups should

consider each case individually.

1.1.3.2 Surgical Devices

The Langevin transducer, in its longitudinal modes, has been effectively utilised in various surgi-
cal devices. Its application in processing hard tissues spans oral maxillofacial, orthopaedic, neu-
rosurgery, and spine surgery procedures. Unlike conventional surgical instruments, ultrasonic
devices utilise high frequency vibration to improve cutting precision and enable selective tissue
dissection. An insert, or end effector, is either directly attached to the transducer or connected
to the sonotrode, depending on the transducer dynamics design and the surgical site access. The
mechanical energy is delivered to the insert, removing hard tissue through physical contact at
the tissue-insert interface. With a micro-meter scale vibration amplitude, these devices ensure
minimal bone loss and precise incisions, promoting faster post-operation healing. The PIEZO-
SURGERY systems from Mectron, a leading company in ultrasonic surgery, utilise transducers
that vibrate between 25 kHz and 30 kHz as handpieces, as shown in Figure @ka), and are
widely adopted for both dental and medical applications. Approximately 100 types of cutting
inserts have been developed for the PIEZOSURGERY devices, with their types and dimensions
engineered to specific surgical tasks [37]. The design of the inserts significantly influences the
transducer dynamics and energy delivery efficiency. Recently, there has been a trend towards
miniaturising the transducer and handpiece, which is important for broadening their applica-
tion in various surgical procedures. However, this miniaturisation presents challenges, as the
fabrication capability of piezoelectric materials constrains the dimensions, and the miniaturised
transducer may lead to issues such as unstable dynamics and heat dissipation.

Electrosurgery has long been a conventional method for dissecting soft tissues. However,
the significant heat generated during the process and the presence of electrical arcs can dam-
age tissues. These damages may lead to adverse biological influences on nearby vulnerable
structures, resulting in longer patient recovery. The ultrasonic scalpel addresses these issues by
focusing output energy at the operational tip, minimising the charring injuries. For instance, in
sealing renal arteries, hemostasis is achieved through focusing high power ultrasonic vibration
at the instrument tip. This results from heat generated by friction and internal tissue losses, with
cavitation contributing in fluids. The ultrasonic scalpel for soft tissue dissection has been in de-
velopment for decades. The UltraCision scalpel, introduced in 1988, operates at a frequency

of 55 kHz and was the first ultrasonic dissecting tool available on the market. Since then,
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it has evolved from a scalpel design to include scissors-like (HARMONIC FOCUS, Ethicon,
Johnson & Johnson MetTech) and grip-like (HARMONIC Shears, Ethicon, Johnson & Johnson
MetTech) forms to accommodate both open and endoscopic surgical procedures. With develop-
ments in ultrasonic technology, both Ethicon (HARMONIC 1100 Shears [38]], as illustrated in
Figure [[.4(b)) and OLYMPUS (THUNDERBEAT Type S [39]]) have introduced products that
ensure secure hemostasis and sealing vessels with a diameter up to 7 mm. The versatility of
modern devices allows them to dissect, seal, and grasp with a single instrument, resulting in
shorter and more cost-effective surgical procedures. Nevertheless, the heat and smoke generated
at the processing zone during the coaptation process remains a concern and is now a primary

objective for pioneering companies.

(a)

(b)

Figure 1.4: Handpiece of PIEZOSURGERY touch from Mectron [37|] and Harmonic 1100
Shears from Ethicon [38]]

1.1.3.3 Acoustic Levitation

Various techniques for levitating objects, including electrostatic, magnetic, optical, and acous-
tic levitation, have been discovered. Among these, acoustic levitation takes advantage of the
acoustic waves generated by an ultrasonic transducer to commonly create standing waves in
mid-air, allowing the levitation for objects at their nodes. It is important to distinguish between
acoustic levitation and acoustic tweezers. While both methods employ acoustic waves to manip-

ulate objects, levitation specifically counteracts gravity, whereas gravity is not a concern in the
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tweezer systems [40]. Acoustic levitation can levitate a diverse range of materials, encompass-
ing liquids, solids, and even living organisms, and has found various applications in chemistry,
materials science, pharmacy, and robotics.

From the perspective of transducers, two primary techniques are employed: phased arrays of
flexural transducers and Langevin transducers. Transducer arrays employ multiple transducers
aligning in matrices to generate standing waves in coupled acoustic fields, with each transducer
controlled independently. This control method allows for manipulating the position of levitated
objects in 2D or 3D spaces, with an outstanding application as acoustic holography [41,42],
as shown in Figure [I.5(a). In contrast, the Langevin transducer is typically used in single-axis
levitation systems, which can operate in either the near field or far field. Near-field levitation
occurs when the object is positioned close to the sound source, with high acoustic radiation
force against the object’s gravity [43]]. Far-field levitation, on the other hand, involves forming
a standing wave with a reflector or an additional transducer placed end-surface to end-surface,
as illustrated in Figure[I.5(b). The spacing between the transducer and the reflector or the addi-
tional transducer must be an integer multiple of half the wavelength. Generally, the dimensions
of levitated objects should be smaller than half the wavelength in a far-field single-axis system.
However, research suggests that larger objects can also be levitated if the system is tailored to a

near-field system with multi-axis setup [44] in Figure [I.5[c) or transverse travelling wave [45]]
in Figure [1.5(d).

1.2 Adaptive Ultrasonic Transducers

Adaptive ultrasonic transducers are innovative devices that actively or passively tune their dy-
namics in response to changing operational environments and purposes. These transducers are
multi-functional, particularly regarding multiple resonant frequencies, a growing trend in ultra-
sonic device research. Multi-frequency operation in non-destructive testing (NDT) exploits the
trade-off between scanning resolution and penetration depth [47]. Higher frequencies provide
finer resolution but shallower penetration, whereas lower frequencies penetrate deeper at the
expense of resolution. Multi-functionality is typically achieved through novel structures or the
integration of advanced materials. An example is multi-frequency piezoelectric micromachined
ultrasonic transducers (pMUTs), designed for biomedical imaging and NDT applications, where
a popular approach involves altering structures and dimensions [48},49].

In the Langevin configuration, a known technique is to adjust the positioning of multiple
piezoelectric stacks, allowing for tuning the resonant frequency based on a single vibration
mode shape [50]. Alternatively, the resonant frequencies of the Langevin transducer can also be
tuned by electrical methods. By actively and independently controlling the open/short statuses
of multiple piezoelectric units, one can shift resonant frequencies and modify electromechanical

coupling factors, as illustrated in Figure [I.6| [51]]. This capability allows the transducer to ad-
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Figure 1.5: (a) An example of ultrasonic holography for a 3D globe (Reprinted from Na-
ture, Copyright © 2019, under exclusive licence to Springer Nature Limited), (b) Schematic
of an acoustic far-field levitation system (Reprinted from Review of Scientific Instruments,
Copyright © 2011, with permission from AIP Publishing), (c) acoustic levitation of an expanded
polystyrene sphere of 50 mm diameter [44] (Reprinted from Applied Physics Letters, Copyright
© 2016, with permission from AIP Publishing), and (d) acoustic levitation of a large object
via transverse travelling waves (Reprinted from The Journal of the Acoustical Society of
America, Copyright © 2017, with permission from AIP Publishing).

just its resonant frequency instantaneously without requiring multiple transducers or a complex
structure. However, the rapid alterations in transducer dynamics cause mechanical and electrical
fluctuations, which necessitate additional efforts in designing the control system.

A novel approach involves integrating shape memory materials, primarily nickel titanium,
or Nitinol, into ultrasonic devices [16}[27,/52]]. These devices tune their dynamics by changes in
the material’s mechanical properties due to the martensitic transformation in response to vary-
ing ambient temperatures. In radar applications, researchers have proposed an ultrasonic device
based on Nitinol [28]]. By selectively increasing the temperature in specific regions of the Niti-
nol metamaterial, the device manipulates the transmission direction of sound waves through

martensitic transformations, as illustrated in Figure|l.”/|(a). Exciting the guided wave at 68 kHz
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Figure 1.6: Diagram of the multi-frequency Langevin transducer [51] (Reprinted from IEEJ
Transactions on Electronics, Information and Systems, Copyright © 1994).

Syl

yields the maximum difference in displacement amplitude between martensite and austenite. At
this frequency, the metamaterial becomes partially transmissive, allowing the wave to propa-
gate through one selected part of the metamaterial and effectively escape the structure. Another
example is the Nitinol cymbal transducer [16,27,/53]], shown in Figure (b). Integrating Niti-
nol end caps into cymbal transducers has demonstrated the ability to tune resonant frequencies
effectively. Results indicate that resonant frequencies and corresponding modes can shift by
several kHz at different temperatures [27], as depicted in Figure[1.7](c).

The primary motivation for this research is to explore mechanisms by which transducers with
adaptive dynamics could be achieved using materials with phase-transformational behaviours or
with environment-sensitive properties. Specifically, the elastic moduli of Nitinol are highly
sensitive to even modest changes in temperature. Accordingly, Nitinol can be integrated into
ultrasonic devices, potentially in a Langevin configuration. This enables adaptability under
varying operating conditions. To the best of the author’s knowledge, such implementations into
Langevin transducers have not yet been reported in the academic or industrial literature. In
ultrasonic surgery, the tuning of the resonant frequency allows low-frequency (about 20 kHz)
operation for hard tissues and high-frequency operation for soft tissues (about 55 kHz). These

strategic operations improve a single transducer’s versatility and efficiency.

1.3 Characteristics of Nitinol

Shape memory alloys are smart metallic alloys that can undergo reversible shape changes in
response to various stimuli, such as temperature, mechanical stress, magnetism, and electricity.
These shape changes occur due to martensitic phase transformations, rather than the conven-

tional deformation based on elasticity or plasticity. One of the most common shape memory
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Figure 1.7: (a) Annular configuration of the metasurface radar system for steering wave radia-
tions [28]] (Reprinted from Journal of Sound and Vibration, Copyright © 2022, with permission
from Elsevier). (b) Nitinol cymbal transducer and its impedance-frequency response at tempera-
tures of 22 °C and 50 °C (Reprinted from IEEE Transactions on Ultrasonics, Ferroelectrics,
and Frequency Control, Copyright © 2018, with permission from IEEE).

alloys is an intermetallic compound called Nitinol, which consists of ~ 50 at% nickel. Nitinol is
utilised in various applications, including actuators, antennas, and biomedical stents, due to its
excellent abrasion resistance, corrosion resistance, and biocompatibility. However, its high cost
presents a challenge to its broader use.

Nitinol possesses two key mechanical properties which are dependent, in part, on tempera-
ture or stresses. One is the shape memory effect, the ability of the material to recover a particular
set shape in response to temperature, and the other is superelasticity, which is the ability of the
material to recover from relatively high levels of applied stress [54]. Both phenomena arise
from the phase transformation between martensite and austenite microstructures, as shown in
Figure[I.§] As temperature decreases, phase stability shifts from austenite to martensite, while
as it increases, from martensite to austenite. The fundamental principle is that the martensitic
phase has a lower Gibbs free energy below the equilibrium temperature between martensite and
austenite. Therefore, martensitic phase is thermodynamically stabilised lower than the equi-

librium temperature, whereas austenite is stable above this temperature. An intermediate or-
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thorhombic phase, known as the R-phase, can also be generated, depending on the composition
of the alloy and heat treatments. These microstructures all possess different elastic properties,
varying from a modulus in the order of 30-40 GPa for martensite [55,/56]], towards 70-90 GPa
for austenite [57,58]. Fundamentally, the temperatures at which these microstructures can be
generated depend on the alloy composition and the hot and cold working conditions. Variations
in modulus have been studied using techniques such as nanoindentation [59]], resonant ultra-
sound spectroscopy (RUS) [60], and tensile testing [S55]. Measurement of the modulus change
in a specimen of Nitinol thus enables the design of ultrasonic transducers with adaptive dynamic
characteristics, given the dependence of frequency on elastic properties. To understand Nitinol

deeper, the following subsections detail its shape memory effect and superelasticity.
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Figure 1.8: Stress—strain—temperature diagram for Nitinol [61] (Reprinted from Journal of Man-
ufacturing Processes, Copyright © 2009, with permission from Elsevier).

1.3.1 Shape Memory Effect

The shape memory effect of Nitinol is a macro phenomenon of the martensitic transformations,
which represent a solid-to-solid phase transition between two distinct phases: martensite (B19”),
a low-temperature monoclinic crystallography, and cubic austenite (B2). Temperature changes
primarily induce transformations between B19” and B2, including forward transformation (B2 -
B19’) and reverse transformation (B19’ - B2). The key transformation temperatures considered
for this effect include the martensite start (Mg), martensite finish (Mg), austenite start (Ag), and
austenite finish (Ap). Four processes are involved in achieving a complete shape memory effect,
particularly as the *Thermal shape memory’ illustrated in Figure[I.§]

The shape memory effect requires the initial operating temperature to be lower than Mg. At
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this temperature, the twinned B19’ phase naturally predominates in Nitinol when no external
stress is applied. A trained shape of Nitinol is achieved through prior heat treatment, where
the material is subjected to a mechanically constrained shape, or a parent shape, at tempera-
tures exceedingly above Ap, followed by a cooling process below Mg. When external stresses
are applied to twinned B19’ with its inelastic state, the twin boundaries within the lattice begin
to reorient, transitioning to monoclinic de-twinned B19’, a process known as de-twinning that
allows the material to accommodate additional strain energy. This de-twinning mechanism oc-
curs gradually and partially in Nitinol, depending on the magnitude of the applied stress. Upon
releasing the external stress, the stable phase remains as de-twinned B19’ until the material is
heated to Ag. Once the deformed Nitinol is over Ag, it transforms from de-twinned B19’ to the
B2 phase and ultimately becomes fully austenitic when the temperature exceeds Ap. Notably,
the B2 phase retains the trained parent shape since both B2 and twinned B19’ exhibit the same
macroscopic parent shape. During a stress-free cooling process that ends up lower than the
martensite finish temperature, the material reverts to the original twinned B19’ phase, keeping
the parent shape.

Furthermore, the two-way shape memory effect has been observed in Nitinol, enabling the
material to remember its shape at both high and low temperatures. Unlike the conventional
shape memory effect (one-way shape memory), the two-way shape memory effect does not
necessitate a resetting force during operation [62]. This phenomenon is achieved through the
thermo-mechanical training of Nitinol, where the material undergoes repeated cycling between
its martensitic and austenitic phases under applied stresses. Additionally, it can be realised
through engineering Nitinol with compositional gradient microstructures, even with multi-stage
shape memory phenomena [63,/64]. In the shape memory effect, the phase transformation tem-
peratures of Nitinol are influenced not only by the material composition [65] but also by the
application of stress and cyclic thermal loading [66]]. For instance, in the case of Ni60Ti40
(Wt.%), as illustrated in Figure the transformation temperatures are functions of the applied
stress, with experiments conducted using an isobaric system that applies cyclic thermal loading
to the samples [66]]. It is important to note that the martensite represented in this graph may exist
as fully twinned B19’ or as a combination of twinned and de-twinned B19’. In this case, a stress
of 140 MPa is required for twinned B19’ to start transforming to de-twinned B19’, while the
stress needed to transform from B2 to de-twinned B19’ exceeds 300 MPa. The shape memory
behaviour can also be engineered through heat treatments conducted with or without applying
stresses. This alteration in the material properties, such as precipitate formation, grain size, and
internal stress state, enhances the flexibility in the design of Nitinol-based devices [67].

The martensitic transformations of Nitinol can exhibit a rhombohedral martensitic phase re-
ferred to as the R-phase, which forms an intermediate stage. Although R-phase is inherently a
variant of B19’, it does not contribute to the shape memory effect or superelasticity. Instead,

R-phase formation impedes the transformation to the final phases, B2 or B19’. For instance, in
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Figure 1.9: Phase diagram of Ni60Ti40 (wt.%) material derived from isobaric thermal cycling
results [66] (Reprinted from Shape Memory Alloys: Modeling and Engineering Applications,
Copyright © 2008, with permission from Springer Nature).

the transformation from B2 to twinned B19’ triggered by temperature, the total energy trans-
forming to twinned B19’ decreases due to extra energy consumed through the B2 - R-phase and
R-phase - B19’ processes. Consequently, a noticeable phase transformation hysteresis results in
decreased operational efficiency. Not all Nitinol contains R-phase, as its presence depends on
material composition and heat treatment conditions. Additionally, the formation of the R-phase
is suppressed through standard heat treatment at specific temperatures and ageing time [68]].
Recent research focuses on controlling the transformation temperatures of the R-phase and ex-
ploring its potential applications. For example, using the R-phase in a Nitinol-based helical
spring system effectively narrows the actuation temperature window compared to the system

based on the martensitic phase transformation [69].

1.3.2 Superelasticity

Superelasticity arises in Nitinol, involving the phase transformation between de-twinned B19’
and B2, enabling the material to undergo large and reversible deformations under stress. This
normally adds up to 6—8% recoverable strain [70], compared to 0.2—-0.5% for most metals. The
superelasticity is based on external stresses without any changes in material temperature. The
fundamental principle utilises the stress-induced martensite phase transformation and the insta-

bility of martensite at high temperatures. Therefore, the operation temperature usually slightly
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exceeds Agp. There are four critical stresses to indicate the stress-induced phase transforma-
tions, which are martensite start stress (oyg), martensite finish stress (oyr), austenite start stress
(0as), and austenite finish stress (0as). The phase transformation diagram is illustrated as the
stress-strain relationship shown in Figure [I.8] Firstly, the external stress increases from zero
to Oums, behaving as a linear elastic deformation of the material with the fully austenitic phase.
When the stress above oyp, the B2 phase transforms to de-twinned B19’ and the material has
fully de-twinned B19’ phase at oymp. An elastic behaviour of de-twinned B19’ follows this pro-
cess. Irreversible plastic deformation may occur if the material is strained much higher than
omr. Similar to this loading process, the unloading process involves the start of phase trans-
formation from de-twinned B19’ to B2 at 0as, and transforming fully B2 when the stress is
lower than oap. In the schematic, two stress-strain plateaus indicate the phase transformation
is happening. Nitinol exhibits a lower elastic modulus during this transformation than the B2
and B19’ phases. This reduced modulus is attributed to the energy consumption associated with
the phase transformation, which allows the material to rearrange its crystallographic structure.
Additionally, the region between these two plateaus demonstrates the hysteresis of the phase
transformations, which can be determined by the interfacial energy at phase boundaries [[71]].

The chemical composition, heat treatment, and external stresses significantly affect the typ-
ical phase transformation behaviours associated with superelasticity [[66,|72]. For example, it
has been suggested that the annealing temperature engineers the transformation stresses and the
hysteresis region [73]. As the annealing temperature increases, transformation stresses decrease,
reaching a minimum hysteresis at around 600 K. However, superelasticity is no longer observed
when the temperature is as high as 900 K. This phenomenon can be attributed to changes in
microstructural properties, such as the material internal defects and residual stresses [[74]]. The
superelasticity could also be influenced by material temperature independent of the annealing
process. The tensile experiment at different temperatures, as reported in literature [66|], demon-
strates that superelasticity is a function of the material temperature. All phase transformation
stresses tend to increase linearly with temperature, reflecting a higher required stress to cause the
phase transformation from B2 to de-twinned B19’. While this phenomenon is graphically simi-
lar to Figure[1.9] they involve different transformations: B2 - twinned B19” and B2 - de-twinned
B19’, respectively.

Additionally, one could tailor the hysteresis through tensile experiments at different material
temperatures [75]. The stress for producing two stress-strain plateaus increases with temper-
ature, where the stress difference between plateaus decreases. Similar to the shape memory
effect, the R-phase can be observed during the phase transformation in superelasticity [75].
Even though the transformation between B2 to R-phase narrows the transformation strain and
decreases the hysteresis effect [[75]], the R-phase does not provide a strong superelastic effect.
Given the difficulty of controlling the presence of the R-phase, it has limited potential in appli-

cations.



CHAPTER 1. INTRODUCTION 17
1.4 Original Contributions to Knowledge

Up to now, the integration of Nitinol into ultrasonic transducers for tuneable resonances has pri-
marily been limited to flextensional type configurations, such as the cymbal transducer [27].
While Nitinol enhances the tuneability of the transducer, the observed non-linear vibration
responses and the limited consistency of epoxy interfaces highlight critical considerations for
high-power applications. Given the popularity of the Langevin transducer, where epoxy is not
necessary in sandwiching segments, and the continuing challenges associated with performance
degradations to temperature, Nitinol presents a promising and practical solution to adapt or
compensate for the influence of temperature on the dynamics of the transducer. In this research,
Nitinol is incorporated in the Langevin transducer for the first time, with thorough studies about
transducer dynamics in response to temperature and its application.

The properties of piezoelectric materials are temperature dependent, where parameters such
as the charge and voltage constants, d and g, and compliance and permittivity, s and €, respec-
tively, are highly sensitive to temperature [76}77]. Hence, both the dynamic characteristics of
the Langevin ultrasonic transducer, including resonant frequency and vibration amplitude, and
electromechanical parameters, including impedance, are highly temperature dependent [78-80].
Although introducing Nitinol to the Langevin configuration complicates its dynamic charac-
teristics, this increases the tuneability and changes the non-linearity in transducer dynamics,
showing high adaptivity at varying temperatures. Following the previous research in Nitinol
cymbal transducers, adaptive dynamic behaviours of Nitinol Langevin transducers have been
identified and measured, including the tuneability of transducer dynamics, the adaptive modal
coupling technique, and the resonance stability at elevated temperatures, which has significant
implications for practical device applications.

In conjunction with relevant material characterisation methods, including differential scan-
ning calorimetry (DSC), thermal and mechanical characteristics of the Nitinol have been char-
acterised. Mathematical models have been developed to explain the dynamic behaviour of Niti-
nol Langevin transducers at room temperature. Electrical discharge machining (EDM) has been
used to fabricates Nitinol components, followed by transducer assembly undertaken and tailored
for different functionalities, including frequency tuneability, modal coupling, and resonance sta-
bility. Given these findings are frequency-based, acoustic levitation was chosen as the case study
owing to its strong dependence on drive frequency. The subsequent measurements of transducer
dynamics demonstrate that integrating a phase-transforming material like Nitinol offers advan-
tages in the acoustic levitation based on stable resonance. The key original contributions of this
doctoral project are outlined below, each of which has been delivered for the first time through

this research endeavour.

* Development of a design and manufacture methodology for Langevin transducers incor-

porating Nitinol.
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* The development of 1D and 3D mathematical models according to piezoelectricity to

explain the dynamic behaviours of Langevin transducers.

* Fabrication of Nitinol Langevin prototypes comprising conventional configurations and

variant cascaded structures.

* The complete characterisation of these prototypes demonstrates a range of novel dynamic

behaviours, including resonance tuneability, active modal coupling, and resonance stabil-

ity.

» The practical application of a Nitinol Langevin transducer as a case study via adaptive

acoustic levitation.

1.5 Structure of the Thesis

This thesis begins with a concise overview of the relevant scientific literature, highlighting key
developments in the field. It then presents the principles of Langevin transducer design and man-
ufacturing, beginning with the proposition of a 1D mathematical model based on Timoshenko-
Ehrenfest beam theory to simulate Langevin transducer dynamics, followed by an extended
model for 3D piezoelectricity. Based on fundamentals in fabricating conventional Langevin
transducers, specific recommendations for Nitinol Langevin transducers are provided prior to
chapters about novel contributions related to adaptive resonance, active modal coupling, and
stable resonance. The following chapter discusses the latest developments in utilising Nitinol

Langevin transducers for adaptive acoustic levitation.



Chapter 2

Literature Review

2.1 History of Acoustics and Ultrasound

The study of acoustics was recorded as early as ancient Greece, with philosopher Pythagoras,
in the 6™ century B.C. A likely legendary story suggested that he observed the relationship
between harmonious sound and the length of stretched strings with fixed ends. A shorter string
emitted a higher pitch, which is the perceptual analysis of the fundamentals of acoustics in
elastic bodies where the geometry and dimension decide the resonant frequency. However, the
scientific word ’frequency’ was not introduced. Pythagoras and his followers, such as Archytas
(435/410-360/350 B.C.), an ancient scientist and philosopher, developed the concept of the
harmonic mean. Here, ‘harmonic’ refers to consonant integer ratios between pitches, which
were foundational in ancient music theory. Then, a Roman senator and philosopher, Boethius
(480-524 A.D.) developed music theory. He wrote in De Institutione Musica [81]], one of the
first musical texts, that the music, or sound, can be produced by the motion of a string, the
wind or water passing through a pipe, or the percussion of a brass hollow bar. From the modern
scientific perspective, the depiction described that both mediums and excitations are required to
generate sound.

However, it was not until the 17" century that the scientific study of acoustics gained mo-
mentum. In 1636, French scientist Marin Mersenne (1588-1648) published his representative
work, Harmonie universelle [82]], one of the earliest comprehensive works on a wide range of
music theories. In his work, he proposed the formula to calculate the oscillation frequency of a
stretched string, known as Mersenne’s laws. He determined the frequency of an audible tone for
the first time, laying the groundwork for further exploration into sound behaviours. At almost
the same time, Galileo Galilei (1564-1642) discussed in his Two New Sciences in 1638 about the
kinematics and the strength of materials, discussing the frequency of vibration for a simple pen-
dulum [83]]. By varying the speed at which a chisel was scraped and employing different spacing
schemes when scratching the brass plate, Galileo established a direct relationship between the

pitch of the produced sound and the spacing of the chisel’s skips, thereby creating a frequency

19
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measure. Many endeavours were also made by later experiments, for example, by Robert Hooke
(1635-1703) and Joseph Sauveu (1653-1716), to connect pitch to sound frequency [84].

French philosopher Pierre Gassendi (1592-1655) proposed that pitch and propagation speed
are important properties of sound [[85]. He made the earliest known attempt to measure the speed
of sound with about 25 % accuracy by roughly clocking the time elapsed between the flash and
the hearing of a gunshot, assuming the light is transmitted instantaneously. He also proved that
the speed of sound is independent of pitch. In 1660, Vincenzo Viviani (1622-1703) and Giovanni
Alfonso Borelli (1608-1679) repeated the experiment to determine the speed of sound but with
a cannon instead, obtaining a more accurate value of 350 m/s [86]. In 1738, the Academy of
Sciences in Paris measured the precise speed of sound for the first time, where the value is
332 m/s, less than 1 % difference from the present value [87]. However, the speed of sound
depends on temperature, wind and other environmental factors which have been considered in
experiments since the 18" century. In 1826, Swiss physicist Jean-Daniel Colladon (1802-1893)
conducted an experiment that enhanced the understanding of sound waves [88]. By submerging
a church bell, a so-called hydrophone, underwater, he discovered that sound travels faster in
water than in air. Subsequently, research about measuring sound speed has flourished in various
materials, including solids.

The history of ultrasound traces back to the late 18" century. Lazzaro Spallanzani (1729-
1799), an Italian physiologist and biologist, first studied the concept of echolocation in 1793
[89]. He observed that bats navigate using sound rather than sight, where the bat’s deafness
failed navigation, a phenomenon that would later form the foundation of ultrasound technology.
His pivotal work set the stage for further discoveries about the properties of inaudible sound.
This observation contributed significantly to developing sonar and other underwater acoustic
technologies. Later, in 1842, Austrian physicist Christian Doppler (1803-1853) introduced the
concept of the Doppler effect, which described how the frequency of a sound wave changes
depending on the movement of its source and the observer [90]. This principle would later
become essential for Doppler ultrasonography, which is widely used today in medical imaging
to assess blood flow.

Although the public noticed inaudible sounds back then, detecting and generating ultra-
sound was still challenging. In 1858, John LeConte (1818-1891) recorded that a gas burner’s
jumping flame is sensitive to sound frequency, thus providing the potential to detect sound even
with high frequency [91]]. To produce ultrasound, Francis Galton (1822-1911) invented the dog
whistle, which emits sound in the ultrasonic range to detect the hearing range of humans and
animals purely mechanically [92]. Until the late 19t century, Pierre Curie (1859-1906) and
Paul-Jacques Curie (1855-1941) discovered the piezoelectric effect in 1880 [93]. They demon-
strated that certain crystal materials, such as quartz, generate an electric charge when subjected
to mechanical stress. This process is also reversible, named the converse piezoelectric effect,

and has been predicted by Gabriel Lippmann (1845-1921) in 1881 and proven later by the Curie
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brothers experimentally [94]]. The direct and converse piezoelectric principles became the basis
for the transducers used in modern ultrasound techniques, of which devices convert electrical

signals into sound waves and vice versa.

2.2 Ultrasonic Transducers

2.2.1 Piezoelectric Materials

Throughout the early 20" century, research in piezoelectricity mainly focused on natural piezo-
electric materials, including quartz, tourmaline and Rochelle salt. These materials exhibited
electric polarisation when subjected to mechanical stress due to their non-centrosymmetric crys-
tal structures. To understand the relationship between material piezoelectricity and crystal sym-
metry, German physicist Woldemar Voigt explained this in his published work in 1910 through
a mathematical framework based on the theoretical foundation for piezoelectricity provided by
Lippmann. Although extensive research characterised piezoelectricity back then, it was not until
1916 that Paul Langevin and Chilowsky introduced the first piezoelectric device for submarine
echolocation. Subsequently, natural piezoelectric materials, especially quartz, have flourished
extensively in applications such as radio transmitters and receivers. A representative example is
that Walter Guyton Cady designed the first quartz crystal resonator and circuit to control exciting
frequency in 1921.

By the mid-20"™ century, the development of synthetic piezoelectric ceramics revolutionised
the field, providing materials with superior piezoelectric properties compared to natural crys-
tals. In the 1940s, barium titanate (BaTiO3) became the first widely used piezoelectric ceramic,
which is primarily credited to A. von Hippel [95], offering high piezoelectric coefficients and
straightforward fabrication. This finding was followed in the 1950s by the discovery of PZT, a
solid solution of Pb[Zr,Ti;_,]Os3, at the Tokyo Institute of Technology. Compared to BaTiO3,
PZT exhibits a higher Curie temperature, the temperature above which piezoelectric materi-
als lose their polarisations and sensitive electrical parameters, resulting in the PZT essentially
replacing BaTiOs.

Soft PZT (donor doping) and hard PZT (acceptor doping) are two popular forms of com-
mercial products, differentiated by their respective doping techniques. Soft PZT exhibits high
piezoelectric coefficients, dielectric permittivity, and electromechanical coupling factors, mak-
ing it ideal for applications requiring high sensitivity to voltage, such as precision actuators
and energy harvesters. However, it is less suited for high-power applications due to its high
dielectric losses. Conversely, hard PZT materials demonstrate lower dielectric losses and higher
mechanical quality factors, enhancing their sensitivity to frequency and making them suitable
for high-power applications, such as ultrasonic welding and motors. Since the 1970s, extensive

research focused on improving the durability and temperature stability of hard PZT, enabling its
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use in extreme environments like aerospace and defence technologies.

In the late 20™ and early 21% centuries, researchers focused on lead-free piezoelectric ma-
terials due to environmental concerns over lead toxicity, leading to the development of materi-
als such as sodium potassium niobate (KNN) and bismuth sodium titanate (BNT). Recent ad-
vancements include nano-engineered piezoelectric materials, thin-film piezoelectrics, and flexi-
ble polymer-based piezoelectrics, which are expanding the applications of piezoelectricity into
wearable electronics, energy harvesting, and biomedical devices. The development of high-
performance and environmentally friendly piezoelectric materials continues to push the bound-

aries of modern technology’s sensors, actuators, and microelectromechanical systems (MEMS).

2.2.2 Development of Langevin Transducers

As introduced in Section [[.1] the first Langevin transducer was designed by Paul Langevin fea-
tured a sandwich structure, where metal segments hold the central thin quartz crystal. When ex-
posed to high-frequency electrical signals, the quartz crystal generated ultrasonic waves through
the converse piezoelectric effect. The Langevin transducer design was refined throughout the
early to mid-20" century, incorporating multiple stacked crystal elements and various designs
for metal parts to improve wave transmission. While quartz provided reliable piezoelectric prop-
erties, its performance was limited in efficiency, electromechanical coupling, and operational
frequency range, driving researchers to explore alternative piezoelectric materials.

The mid-20" century saw significant advancements in Langevin transducer technology with
the introduction of barium titanate and PZT. These materials exhibited higher piezoelectric co-
efficients and higher operating temperatures, making them superior alternatives to quartz. The
design of modern Langevin transducers was subsequently revealed in the 1950s, where its con-
figuration involved a central pre-stress bolt to clamp metal segments, called end masses, and
piezoelectric material as a whole. However, the exact attribution of the bolt-clamped modifica-
tion to the Langevin transducer remains unclear. The closest patent was published by Thomas
J Scarpa in 1961 and granted in 1964 [96]], which identified PZT as the piezoelectric element.
This multilayered configuration with bolt-clamping, commonly referred to as the bolt-clamped
Langevin transducer, continues being used till now. Due to the applied pre-stress increased sta-
bility of the connection between transducer segments, transducer performance was enhanced,
enabling their widespread use beyond echolocation.

Since the 1960s, the Langevin transducer has been widely operated within the ultrasonic
range under high-power conditions. Additionally, PZT was primarily selected as the piezoelec-
tric element because of its high electromechanical coupling factor, high Curie temperature, and
low dielectric loss [97]. Research has largely focused on optimising transducer configurations
to maximise output intensity. Boucher and Kreuter modified the Langevin configuration with
different types of horn geometries to investigate the influence of horn on acoustic output inten-

sity when high power input was used [98]]. In 1973, A.P. Hulst developed a symmetric sandwich
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transducer prototype for potential applications of welding, drilling, and cleaning [99]. The de-
signed frequency is 15 - 100 kHz, and the maximum output power density is above 40 W/cm?.

Before this period, most geometry parameters were defined experientially, resulting in chal-
lenges in predicting transducer performance. Since the 1980s, advances in finite element analy-
sis (FEA) in solid mechanics have allowed engineers to predict transducer dynamics accurately
before manufacturing [[100]. The flexibility in the design process accelerated the development
of the Langevin transducer. In 1997, Koikel discovered that the contact area between the piezo-
electric ring and the end masses influences the resonant frequency in the torsional mode and
the pre-stress state [[101]. He also explored how both external and internal bolting influence the
transducer’s electrical properties, including the electromechanical coupling factor. While exter-
nally bolted transducers exhibit higher angular velocity at the same current input than internally
bolted ones, their lower output torque restricts their application in ultrasonic motors. Therefore,
defining the bolt connection and the optimal pre-stress value is crucial. Later, Kazunari, in 1999,
published the relationship between transducer dimensions and the pre-stress value applied to the
piezoelectric element using an electromechanical finite element model [[102]].

In the 21% century, fundamental research on the design of Langevin transducers has ex-
perienced significant growth. Although no standardised dimensions or geometries have been
established for designing Langevin transducers, extensive research has identified key patterns
linking geometric parameters, novel structures, and advanced materials to transducer dynamics.
Before this time, horns were widely integrated into transducers to enhance mechanical output
in high-power applications, particularly in welding [[103]. However, most of the horn shapes
were stepped, and their design principles were poorly understood. After 2000, numerous stud-
ies explored the impact of different horn geometries on transducer dynamics and application
performance. Representatively, Baraya and Hossam investigated how horn geometry influences
transducer characteristics, including resonant frequency, vibration amplitude, and stress distri-
bution [104]]. Their findings indicate that the stepped horn exhibits the highest amplification
factor among various geometries but possesses the lowest resonant frequency. However, com-
paring amplification factors at the same vibration frequency across different transducers is im-
portant. The amplification factor and resonant frequency are strongly dependent on transducer
dimensions, so the amplification factor is inherently related to resonant frequency. As a re-
sult, meaningful comparisons of amplification factors can be made when evaluating transducers
operating at identical resonant frequencies, which was the method in [105].

As the use of Langevin transducers continues to grow, significant enhancements in their
functionality have been achieved through modifications in configurations. One area of research
is to achieve a coupled mode based on a single device. This interest stems from the need for
ultrasonic motors, where coupled motion is required to drive the mover continuously, which
cannot be achieved by a single vibration mode. For example, in 1994, a torsional-longitudinal

ultrasonic motor had been proposed by Shimanuk [[106]. In his design, both the torsional and
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longitudinal modes of the transducer are excited independently by two piezoelectric stacks with
different polarisation directions. By tuning the pre-stress value, the torsional mode’s frequency
approached that of the longitudinal mode, resulting in a fully coupled mode at a single frequency.
Over the years, the development of modal coupling has led to several novel coupled modes
based on the fundamental modes of Langevin transducers, which are longitudinal, bending,
and torsional modes. Although coupled modes based on two fundamental modes are shown in
Table [2.1| with references, several studies were carried out in three-mode coupling [107]. For
example, a 3D ultrasonic elliptical vibration transducer was proposed by Kurniawan [[107]. By
coupling the longitudinal mode to two orthogonal bending modes, 3D elliptical motions were
achieved by exciting three independent piezoelectric stacks with typical phase differences, a
concept that has been experimentally validated using optical displacement sensors. The micro-

grooving results highlighted the excellence of using this coupled mode.

Table 2.1: Coupled modes for Langevin transducers.

Longitudinal (L) Bending (B) Torsional (T)

Longitudinal (L) - L-B [23]] L-T [|14]
Bending (B) L-B B-B [108] B-T [109]
Torsional (T) L-T B-T -

‘-” means not applicable.

Most of the Langevin transducers in the early years had metal materials as end masses.
However, in 2018, Wu designed polymer-based Langevin transducers and characterised their
resonance properties [[110]. All fabricated transducers had identical dimensions but were made
from aluminium and different polymers. By operating the polymer-based transducers contin-
uously in their first longitudinal mode, the temperature profile results illustrated that the me-
chanical losses are maximised at polymer end masses. In contrast, the piezoelectric element
experienced the highest losses in the aluminium transducer. The mechanical quality factor of
polymer-based transducers was significantly lower than that of the aluminium transducer and
was more sensitive to variations in strain. It appears that the polymer-based Langevin trans-
ducers underperformed the conventional Langevin transducers. However, this research opens
the potential for incorporating advanced materials into the Langevin configuration. As the nat-
ural advantages of polymers over metals, especially low density and corrosion resistance, the
polymer-based transducers broaden their applications, including lightweight design and use in

corrosive environments.

2.2.3 Multi-frequency Langevin Transducers

Multi-frequency transducers operate at multiple resonant frequencies, often characterised by the
same vibration mode shape or related mode shapes. Due to their broad applicability, longitudinal

modes are favourably tuned in the Langevin transducers, especially the first order. In 1983,
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Keisuke Honda patented his work in multi-frequency Langevin transducers [[111]]. The objective
was to address challenges about the crosstalk between adjacent fish boats when they used the
same frequency in the sonar system for echolocation within the same area. Consequently, he
designed a Langevin transducer capable of operating at multiple resonant frequencies. In his
design, three piezoelectric stacks were sandwiched by four metal masses. Later on, this variant
of the Langevin transducer was named the cascaded transducer. The resonant frequencies and
electrical impedance of this transducer were tuned by exciting the piezoelectric stacks or using
different combinations, effectively controlling the short and open states. This pioneering design
allows the Langevin transducer to behave multifunctionally and enhances design flexibility.

Following Honda’s design, research into the multi-frequency Langevin transducer was in-
spired. However, several studies have been conducted based on the cascaded transducer, as the
configuration and functionality were undervalued. In 1994, M.J. Kim and N. Chubachi man-
ufactured a cascaded transducer featuring three piezoelectric stacks [S1]]. They characterised
the electric properties of the transducer by exploring different combinations of the short and
open circuit conditions applied to the stacks. The short/open circuit not only tuned resonant
frequency and admittance but also the electromechanical coupling factor and electroacoustic
efficiency in the water tank. Subsequently, S. Lin and C. Xu further researched the electric
properties and dynamics of a cascaded transducer [112]. They developed an electromechanical
model based on the equivalent circuit for simulating the electric responses of the transducer with
frequency. Based on this model, resonant frequencies and electromechanical coupling factors
were finely tuned by adjusting the radius ratio between end masses under different short/open
circuit conditions. This suggested that multi-frequency vibrations with cascaded transducers
could be achieved by either separately exciting piezoelectric stacks or tailoring the transducer’s
dimensions.

Before 2020, there was no significant development on multi-frequency approaches for
Langevin transducers and their applications. In 2023, a dual-frequency ultrasonic aspirator
based on the cascaded transducer was proposed by Z. Liao et al. [[113]]. This design aligned
broadly with the conventional cascaded configuration, except a horn replaced one end mass to
facilitate cavitation. The unique and novel operating method made this design outstanding. Each
piezoelectric stack was operated independently and simultaneously with frequencies in different
orders of mode shapes, resulting in the transducer vibrating in a coupled dual-frequency mode.
Consequently, the output signal of the transducer produced a coupled waveform according to
sinusoidal signals at two frequencies. While the authors proposed that the coupled waveform
promoted cavitation, no cavitation characterisation or theoretical analysis was presented, under-
scoring the need for further study. This novel and investigative work expands the possibilities for
achieving simultaneous multi-frequency operation in Langevin transducers and has the potential

to enhance transducer performance.
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2.3 Integration of Ultrasonic Devices with Nitinol

2.3.1 History of Nitinol

Shape memory alloys (SMAs) have a history dating back to the 1930s, when Swedish chemist
Arne Olander first observed the shape memory behaviour in a gold-cadmium (Au-Cd) alloy.
This shape memory effect is identified as the martensite transformation, which was first found
experimentally by Adolf Martens in the 1890s and then explained by G.V. Kurdjumov based on
a thermoelastic phase equilibrium in 1949 [114]]. Kurdjumov also predicted that the martensite
transformation is reversible in his work [114], a prediction that was confirmed through exper-
iments involving the crystallography of Cu-Al alloys during heating and cooling cycles [[115].
During the 1950s to 1960s, the characterisations of martensite transformation were developed
in different alloys, representatively Fe-Ni [[116}/117] and Cu-Al-Ni [118]. The most signifi-
cant breakthrough then came in 1962 when William Buehler and his co-workers at the Naval
Ordnance Laboratory discovered the extraordinary shape memory effect of nearly equiatomic
Nitinol [119]], which F. Levis first reported its existence [120]. The Nitinol expresses the
shape memory effect by remembering its original shape when heated. Through manipulating
the martensite transformation process by temperatures, the material properties, such as thermal
expansion and hardness, varied drastically [[119, 121]. Additionally, the composition, especially
nickel atomic content, influenced the damping behaviours of Nitinol. This discovery of the shape
memory effect in Nitinol and the sensitivity of its material properties to temperature sparked the
subsequent research on a deeper understanding of Nitinol’s phase transformation and thermal
behaviours.

Around the 1970s, given the sensitivity of material properties of Nitinol to chemical compo-
sition, processing methods, and heat treatments, extensive research had been carried out aiming
to correlate material behaviours to manufacturing, thus increasing its repeatability [122]. To
assess the phase transformation behaviours of Nitinol, researchers characterised electrical resis-
tance as a function of temperature. The variations in resistance versus temperature curves pro-
vided insights into transformation temperatures [[122]. This resistance identification was widely
used until introducing the commercial DSC [123]. DSC allowed the measurement of the energy
required to increase or decrease the temperature of the material, allowing for precise identifica-
tion of phase transformation behaviours. Numerous studies have been conducted to investigate
Nitinol’s mechanical properties based on these transformation characteristics. For example, the
stress-strain relations of Nitinol in different phases were performed using tensile tests at differ-
ent temperatures [124]]. The results revealed that the austenitic phase of Nitinol can undergo
larger strain than conventional metals and return to their original shape upon unloading. This
phenomenon was then recognised as superelasticity due to the stress-induced martensite trans-
formation [125]]. Additionally, K.N. Melton and O. Mercier investigated the fatigue of Nitinol

with different phase transformation temperatures [[126]. As My decreased, the fatigue limit in-
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creased. Because the mechanical tests were conducted at room temperature, specimens with
different Mg were in different phases. Therefore, the results correlate the fatigue behaviours
with phases of Nitinol.

Since the 1980s, advances in metallurgy and materials science have enabled better control
of Nitinol composition, heat treatment, and mechanical properties. With improved understand-
ing of the martensitic and austenitic phases, characterisation has focused on the temperature
window between Mp and Af to capture the full phase transformation. In 1996, J.G. Boyd and
D.C. Lagoudas proposed a thermodynamical constitutive model which successfully simulated
shape memory effect and superelasticity [127]]. The superelasticity paved the way for later re-
search and commercial applications, particularly in medicine, where Nitinol’s ability to return
to a predetermined shape after deformation proved highly valuable. Between 1980 and 2000,
there was an increasing trend in applying Nitinol for biomedical uses, with the research focus
being on industrial and military applications. Along with the popularity of Nitinol in biomedical
applications, especially stent based on shape memory effect, the biocompatibility and corrosion
resistance were extensively studied [[128],129].

Entering the 21% century, the manufacturing and machining of Nitinol has been significantly
improved via modern techniques. For example, H. Hou et al. manufactured Nitinol through
additive manufacturing [[130]. Contrary to conventional additive manufacturing, they discov-
ered that incorporating intermetallic phases within the Ni-Ti matrix, forming nanocomposite
structures, enhanced the electrocaloric performance. This unique microstructure resulted in a
stress-strain behaviour with minimal hysteresis. This study demonstrates the potential to utilise
additive manufacturing for the fabrication of Nitinol with a complex structure and the possibility
of tailoring the microstructure in performing certain mechanical behaviours [[130]. In manufac-
turing, the work hardening of Nitinol makes it challenging to be machined in conventional ways,
such as milling and turning [131]]. Alternatively, advanced machining techniques are suitable in
this scenario, including laser cutting, EDM, photo-chemical etching, and water jet cutting [132],
achieving high-quality final products with mitigated stress and improved heat dissipation during
machining processes. These developments make Nitinol more reliable, versatile, and accessible

across multiple industries.

2.3.2 Nitinol Ultrasonic Devices

Throughout the history of Nitinol, limited research has focused on Nitinol ultrasonic transducers.
Both shape memory effect and superelasticity could be applied to practical ultrasonic devices,
depending on the operating conditions and design purposes for end uses. One of the earli-
est patented Nitinol ultrasonic devices, developed by Russell Pflueger and colleagues in 1994,
involved a Nitinol transmission member equipped with an ultrasonic transducer to perform ultra-
sonic angioplasty [133]]. In their design, the superelasticity of Nitinol was employed to increase

the flexibility of the angioplasty device during operation.
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The foundation for incorporating Nitinol into ultrasonic devices could date back to the 1990s.
Research on the thermodynamic behaviours of Nitinol fibre-reinforced composites suggested
that the temperature of Nitinol significantly influences the efficiency of sound wave propagation
within the structure [134]. However, it was not within the ultrasonic range. Later, the experi-
ment was extended to the rod-shaped beam, showing changes in Nitinol elastic modulus actively
controlled the propagation and frequency of longitudinal wave via varying temperatures [[17,18].
From a solid mechanics point of view, the tuning in structural dynamics resulted from chang-
ing Nitinol properties, including elastic modulus, density, and Poisson’s ratio. These findings
form the foundation for later incorporating Nitinol into tuneable ultrasonic devices through the
thermodynamic behaviours of Nitinol. It was not until 2000 when the first Nitinol flextensional
transducer based on shape memory effect was developed by R.J. Meyer and R.E. Newnham [53]].
In their design, two Nitinol end caps sandwiched a piezoelectric plate, bonding via epoxy. The
transducer significantly tuned its resonant frequency based on Nitinol phase transformations
with temperature compared to a minimal tuneability for transducers with brass and titanium end
caps. The results demonstrated that the Nitinol transducer had a frequency increase of 25.5 %
from 0 °C to 80 °C, whereas that of the brass and titanium transducers are 7 % and 2 %, respec-
tively. Additionally, based on the shape memory effect, deformation occurred in the martensitic
phase under hydrostatic pressure can be recovered by heating the transducer above Ag. This
self-recovery capability enhances device reliability in applications.

Following the concept proposed by Meyer and Newnham, A. Feeney investigated the dynam-
ics of cymbal transducers fabricated from Nitinol. Both shape memory and superelastic Niti-
nol were used in his designs, where the phase transformation temperatures were characterised
through DSC. Transducers were fabricated by sandwiching Nitinol end caps with a piezoelec-
tric circular plate. By applying thermal loadings to these transducers, tuneability in resonant
frequencies in symmetric or asymmetric modes has been observed compared to cymbal trans-
ducers made from conventional metals. Additionally, the phase transformation of Nitinol not
only tunes the frequency but also the nonlinear behaviours. However, the piezoelectric element
also contributed to changes in non-linearity as responses to temperatures, and it is challenging
to decouple the influences between the Nitinol and piezoelectric materials. Integrating Nitinol
into a cymbal transducer shows potential for frequency selective ultrasonic scalpels, where low
frequency for hard tissue, high for soft.

Recently, in 2022, Y. Song and Y. Shen introduced an innovative meta-surface radar system
that enables active steering of ultrasonic waves using Nitinol unit cells [28]. The key concept
is to use thermally activated Nitinol-based meta-surfaces to control wave propagation and guide
it in specific directions dynamically. Each unit cell of the meta-surface consisted of a Niti-
nol stub and an aluminium substrate, forming a multiple mass-spring resonator system. The
Nitinol’s ability to change elastic properties between its low-temperature martensitic and high-

temperature austenitic phases under thermal loading resulted in different vibration displacements
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among phases, allowing the acoustic wave generated from the central transducer to escape from
a desired direction on the meta-surface. The experimental results validated the finite element
model and demonstrated that the ultrasonic waves at 68 kHz were steered actively. This study
offers a novel method for implementing Nitinol into ultrasonic applications, such as structural
health monitoring, where precise control of wave directionality enhances the flexibility in de-

tecting localised damage in the structure.



Chapter 3
Design and Manufacture Principles

The key outcomes shown in this chapter appear in the following publication:

[135] Liu, Y., Nguyen, L.T.K., Li, X., and Feeney, A. (2024) A Timoshenko-Ehrenfest beam
model for simulating Langevin transducer dynamics. Applied Mathematical Modelling, 131,
363-380.

This chapter initially outlines the conventional Langevin transducer’s fundamental design
and manufacture principles, including material selection, FEA, manufacturing, and assembly.
The following section on mathematical modelling provides a theoretical framework for inter-
preting the dynamics of the Langevin transducer, mainly its resonant frequency and modal
shape, by utilising linear piezoelectricity. A 1D electromechanical model was developed us-
ing Timoshenko-Ehrenfest beam theory to reduce the computational time required for simulat-
ing transducer dynamics. While the 1D model demonstrates superior performance in terms of
time efficiency compared to a 3D model by Abaqus, its accuracy is closely tied to the structure
and dimensions of the transducer, which restricts its applicability. Therefore, a 3D model was
proposed to simulate transducer dynamics with more complicated structures. Furthermore, con-
sidering that the functionality of Nitinol Langevin transducers relies significantly on temperature
influences on Nitinol elastic properties, the following sections describe experimental characteri-
sations for conventional Langevin transducers while considering thermal loadings. Both electri-
cal and physical measurements were employed to assess the dynamics under static or changing
voltages and temperatures. Based on the methodology detailed above, the final section pro-
vides considerations on design, manufacturing, and experiments for achieving Nitinol Langevin

transducers with tuneable dynamics with temperature.
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3.1 Design for Conventional Langevin Transducers

In Chapter 1, the structure of the Langevin transducer, comprising the front mass, back mass,
PZT stack, and central pre-stress bolt, is described. The choice of materials and their dimensions
have a significant impact on the dynamics of the transducer. This section details the fundamen-
tal approach for constructing a conventional Langevin transducer, including material selection,
dimension design, manufacturing, and related theoretical backgrounds. The structure of the
Nitinol Langevin transducer developed in this thesis adheres to these established principles for
conventional Langevin transducers while also taking into account the phase transformation be-
haviours of Nitinol. As a result, these fundamental approaches provides a basic framework for

designing and fabricating Langevin transducers that incorporate SMAs, particularly Nitinol.

3.1.1 Material Selection

The material properties significantly influence a transducer’s mechanical and acoustical perfor-
mance. Material selection is, therefore, closely related to the desired transducer dynamics and
intended applications. Additionally, given the broad family of piezoelectric materials available,
selecting the appropriate ones to align with actuation requirements and dynamic considerations
necessitates thorough discussion. This section explained the material choices for end masses
and piezoelectric materials in power ultrasonic applications. In the design of a Nitinol Langevin
transducer, although the influence of changing temperature on material properties is acknowl-
edged, the initial transducer design is based on the properties of Nitinol at a constant tempera-
ture. In this scenario, the initial selection of Nitinol aligns with the material selection framework
discussed in this section. Subsequent investigations on transducers are required concerning tune-

able resonance as variations of material properties to temperature.

3.1.1.1 End Mass Materials

The resonance characteristics of the Langevin transducer heavily rely on the materials and di-
mensions of its constituent parts, especially piezoelectric materials [136]. This dependency
arises not only from the dynamic stress-strain relationship within the framework of linear elas-
ticity but also from the acoustic properties. Acoustic impedance, for example, is an acoustic
parameter reflecting a material’s ability to impede acoustic wave propagation through the ma-
terial [[137]. It can be expressed by either density and acoustic velocity or density and Young’s

modulus, from a physical or mechanical standpoint, respectively:

Zy=p-c (physical)

(3.1)
Zy=+/p-E  (mechanical)
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where Z,4 is acoustic impedance, p is density, c is acoustic velocity, and E is Young’s modulus.
In the Langevin configuration, the acoustic impedance of two connected components should be
matched to efficiently transmit acoustic energy from one component to another. This matching

could be determined by achieving a minimum acoustic reflection [138]], which is given:
2 1 1 2
r=z -z + 22 (3.2)

where the acoustic wave flows from component 2 to component 1. If there is a mismatch be-
tween components, their interface, typically perpendicular to the acoustic pressure gradient in
the conventional Langevin configuration, will significantly reflect acoustic energy. Therefore,
mismatched acoustic impedance leads to resistance against material vibrations induced by sound
waves. To this end, the materials for the front and back masses are selected, ensuring acoustic
impedance matching. Values of acoustic impedance for metal and piezoelectric materials used
are provided in Table

Table 3.1: Acoustic impedances of metal and piezoelectric materials used in this study.

Material Acoustic impedance (Pa-s/m°)
Aluminium alloy (6082) 16.57e6 [139]
Titanium alloy (Ti6A14V) 25.694¢6 [|140]
Stainless steel 304 45.45e6 [141]
Copper 42.39¢6 [141]
PIC181 36.1e6 [142]
PZ26 32.3e6 [143]

*Throughout this thesis, aluminium and titanium refer to their respective alloys.

In power ultrasonics, the aim is to maximise the mechanical output at the working tip, typi-
cally the end face of the transducer or sonotrode. Achieving this involves employing a gradient
of acoustic impedance across structure [[144] or incorporating matching layers [[137]. For in-
stance, an impedance gradient is achieved using aluminium and stainless steel as the materials
for the front and back masses, respectively. This material selection results in a gradual de-
crease in acoustic impedance from the back mass to the piezoelectric stacks and the front mass.
Consequently, this configuration enhances the acoustic energy transmitted to the front mass,
producing higher amplitudes at the working tip. Titanium is used when the front mass or the
sonotrode reciprocates against the workpiece. It provides superior wear resistance, excellent
biocompatibility, and a high mechanical quality factor. The trade-off is lower output amplitude
than aluminium.

Stainless steel, titanium, and aluminium are frequently selected as end masses for Langevin
transducers not just because of their affordability but also due to the ease of manufacturing and
the inherent low mechanical losses associated with these metals, which contribute to a high me-
chanical quality factor (Q) value in the final transducer product. Mechanical losses of material

also indicate the energy lost in deformation, and this loss is converted into heat, leading to a tem-
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perature increase. However, this amount of heat is generally negligible for metals manufactured
using conventional methods considering their high Q values.

When the temperature of the metal components in a transducer is increased, the heat typi-
cally originates from ambient temperature and dielectric heating from piezoelectric materials.
Therefore, the properties of selected materials, including elastic modulus, density, and Poisson’s
ratio, are expected not significantly to change with increased temperature, thus consistent dy-
namics while operating. However, Nitinol is an exception because its temperature-dependent

properties are concerned with tuneable resonance in the transducer.

3.1.1.2 Piezoelectric Materials

The typical choice for the piezoelectric material in the Langevin transducer is hard PZT, which
the Navy Type classifies as US military standard MIL-STD-1376B. The hard PZT is renowned
for its low dielectric loss and high Q, which enhances power transfer efficiency from electri-
cal to mechanical energy. However, the narrow half-power bandwidth increases the dynamic
sensitivity, making it unsuitable for off-resonance applications like sensing systems. In this
study, normal commercial hard PZT such as PIC181 (PI Ceramic GmbH, Germany) and PZ26
(CTS Corporation, Ferroperm Piezoceramics, USA) have been used, which are selected for their
proven high figure of merit (FOM) [145]], as shown in Figure [3.1]
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Figure 3.1: Comparison of hard PZT materials for power conversion based on volumetric power
density FOM (FOMypp) versus mechanical efficiency FOM (FOMy,) [145] (reprinted from
2020 IEEE 21st Workshop on Control and Modeling for Power Electronics, Copyright © 2020
IEEE).

Although PZ26 is not shown in Figure 3.1} its properties closely match CTS NCE41, indicat-
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ing comparable high power performance. Together with PIC181, both deliver high volumetric
power density and mechanical efficiency for power ultrasonic applications. The choice of PZT
materials in a ring configuration ensured compatibility with the Langevin assembly, featuring an
outer diameter identical to that of the front and back masses and an inner diameter larger than
that of the central bolt.

Loss factors are important for selecting proper piezoelectric materials. In high-power ap-
plications, the temperature increases drastically in the piezoelectric segments during operation
as the internal losses, including mechanical, dielectric, and coupling losses. If the segments
are over the Curie temperature, the materials lose their polarisation and degrade transducer out-
put. Therefore, the transducer’s design should ensure that the piezoelectric material’s maximum
temperature is much lower than the Curie temperature and that the material has low loss fac-
tors or high Q. However, the magnitude of temperature increases is challenging to be predicted
and simulated in the transducer design stage. Estimating heat generation relies on the electrical
impedance of the transducer. However, variations in mechanical machining and assembly can
lead to inaccuracies in predicting impedance. Therefore, piezoelectric materials with high Curie

temperatures are preferred, reducing the chance of operation failure.

3.1.2 Finite Element Analysis

Abaqus, a FEA software by Dassault Systemes, has been utilised in this study to adjust the
dimensions of segments, ensuring that a typical mode shape vibrates at a required frequency.
For instance, the first longitudinal mode of a bar-shaped transducer is commonly employed
in applications, with its resonant frequency as a function of the structural length-to-diameter
(L/D) ratio, a term in civil engineering to describe a bar structure [146]. By modifying the L/D
ratio appropriately, the resonant frequency of the first longitudinal mode can be tailored to the
expected value. Moreover, the flange is placed at the nodal plane (zero amplitude plane) so it
can be clamped rigidly with minimal mechanical energy loss. It is crucial to position the PZT
stack at or near the nodal plane to minimise strain and losses. The mechanical gain of the horn
set ratio of tip displacement to stack displacement, then maximising output amplitude. The total
gain, a product of the transducer mechanical gain and sonotrode gain defines the capability of
generating high vibration amplitude. The FEA process is the identical for a transducer, whether
it includes a sonotrode or not, as illustrated in Figure [3.2]

An approach in designing the electromechanical model in FEA involves considering the
coupling between mechanical and electrical fields when applying electric potentials to the PZT
material, owing to its linear piezoelectricity [147,|148]. However, practical challenges arise in
obtaining the electrical properties of the PZT material due to changes in polarisation at high
voltages. Furthermore, high excitation inputs generate parasitic dielectric losses [[149], lead-
ing to a temperature rise in PZT stacks, which alters the material modulus and permittivity and,

therefore, resonant frequencies. The involvement of the temperature field is also a concern when
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Figure 3.2: Linear FEA process of an ultrasonic transducer as per solid mechanics in Abaqus.

designing the Nitinol Langevin transducer, as the tuneable resonance behaviours are achieved
through the applied heat on the Nitinol segment, inducing the martensitic transformation. Hence,
it is preferred to initially design a purely mechanical model to determine the expected resonant
frequency in a typical mode rather than an electromechanical one. Once the resonant frequency
range and mode shape are defined, the optimisation process involves the electrical field, which
is necessary as it alters effect stiffness matrix. The mechanical model tackles an eigenfrequency
problem based on linear elasticity, with the elastic modulus, density, and Poisson’s ratio being
the key properties in FEA for tuning the resonance. However, the predefined and rigid calcula-
tion procedure limits the flexibility in creating FEA models through commercial software. To
address this, mathematical models by the finite element method (FEM) in linear piezoelectricity
were explored in Section [3.2] These models provide the flexibility to customise them from the

basic constitutive laws and enable a comprehensive understanding of the problem theoretically.

3.1.3 Transducer Fabrication

Once the materials and dimensions of the segments are determined, conventional machining
methods, such as turning and milling, are typically employed for fabrication when dealing with
standard metals with straightforward configurations. However, in cases where the configuration
is intricate, additive manufacturing becomes an alternative option [150]. For instance, direct
metal laser sintering was suggested for producing the Ti-6Al-4V front masses, one featuring a
conical taper with helical slots, while the other is planar twice folded [29]]. The direct metal laser
sintering is a powder fusion process in which a laser melts metal powder layer by layer. Ben-
efits include manufacture of complex features, precise mass and stiffness tuning, and reduced
machining and waste.

Although additive manufacturing addresses the challenges in complex geometries, the for-
mation of imperfections between fabricated layers leads to fatigue failures under high-frequency

cyclic loadings. Other advanced manufacturing methods like electrochemical machining (ECM)
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and EDM offer non-contact precision shaping of hard-to-machine metals, such as Nitinol, with

good surface finish. The Nitinol manufacturing discussion is detailed later in Section [3.4.2]

3.1.4 Transducer Assembly

Following fabrication, a central pre-stress bolt securely fastens the transducer segments and
PZT stacks. Two primary methods for assembling the Langevin transducer based on different
measuring techniques have been proposed: applying constant torque to the central bolt [[151}/152]]
or applying constant stress [[153] to the PZT materials.

Constant torque: When employing constant torque, changes in the dimensions and po-
larisation of the PZT due to induced strain influence the resonance properties, including reso-
nant frequency and electrical impedance. As torque values increase, resonance and impedance
change until reaching a converged value at an optimal torque. However, deviations may occur if
the bolt thread is damaged or lubricated, resulting in applied torque differing from the calculated
value. Hence, ensuring high-quality bolt and front mass threading is necessary when utilising
this method.

Constant stress: Alternatively, to apply constant stress to the PZT stack, the charge gen-
erated during the pre-stress process is measured. Based on Maxwell’s equation in dielectric
displacement, the generated charge can be converted into stress through the piezoelectric con-
stants. However, applying stress to the PZT changes the induced strain, affecting polarisation
and consequently impacting the piezoelectric constants [[154]. This underscores the dependency
of piezoelectric constants on stress, potentially misleading the final stress results when there is

a limitation in obtaining the piezoelectric constants under different stresses.

3.2 Mathematical Modelling

Mathematical modelling has several advantages over employing finite element software based
on Langevin transducer dynamics. First, the modelling process and results provide an in-depth
understanding of the dynamic behaviours of the Langevin transducer. Furthermore, it allows
for enhanced flexibility in modifying the Langevin model at the constitutive law level. This
section explores the mathematical models for the Langevin transducer, which form the basis for
simulating the Nitinol Langevin transducer in the electromechanical problem.

Here, the 1D model is presented firstly based on the Timoshenko-Ehrenfest beam theory,
a reduced form of the 3D theory. The motivation for developing the 1D model lies in its re-
duced time costs for simulations over the FEA software and the degradation dimensions of ma-
terial properties, particularly for the Nitinol Langevin transducer when addressing temperature-
dependent problems. The 1D model eliminates the need to characterise Nitinol and PZT ma-

terial properties concerning temperature in 3D space, simplifying the material characterisation
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process. However, low accuracy can arise naturally due to the reduced theory regarding the
dimensions of transducers. Therefore, a followed 3D model is developed to analyse the dynam-
ics of Nitinol Langevin transducers with intricate configurations under customised boundary

conditions.

3.2.1 Voigt Notation

The Voigt notation is a useful tool where the order of symmetric tensors in engineering problems
is reduced. For example, the Cauchy stress tensor ¢ and the linear strain tensor € in solid

mechanics can be described according to the Hooke’s law as given:

c=C:¢ (3.3)

where C is the stiffness tensor. The double dot denotes the double contraction between two
tensors. In a Cartesian coordinate system, such as (x,y,z), the stress and strain tensors are

expressed as:

O-)C.X O-)Cy O-)CZ SX.X 8xy ng
0= |0y Oy Opl, €= [&x &y &y (3.4)
Oz Ozy Oy Ex & &

Due to the inherent symmetry of material stiffness tensor C, the stress and strain tensors are
symmetric as 0;; = 0 j; and &; = €j;, where i, j = 1,2,3. Then, ¢ and & can be reduced into
vectors by using Voigt notation, as given:

T

T
O':[Gxx Oyy Oz; Oy; Oy ny] = [Gl O, O3 O4 Ojf 66]

. (3.5)

T
€= [exx Ey €7 & &y sxy] = [81 & & & & 86]
Throughout Section [3.2] the Voigt notation has been employed to implement anisotropic
material property tensors in the constitutive laws, resulting in computational flexibility. It is
convenient to suppress the hat in the vectors in the form of ¢ := 6 and € := &, as the scalar

N

invariance 6-€ = & - €.

3.2.2 Constitutive Equations
3.2.2.1 Linear Elasticity

The constitutive equations are derived from the physical fields of the problem and the intrin-
sic characteristics of the materials involved. For example, metals and piezoelectric materials
are primarily constructed the Langevin configuration, which can be further grouped into homo-

geneous elastic materials and transversely isotropic piezoelectric materials, respectively. The
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stress-strain relationship of homogeneous elastic materials is described using linear elasticity,
while linear piezoelectricity characterises piezoelectric materials. This section focuses on dis-
cussing the constitutive equation of linear elasticity, which is based on Hooke’s law for contin-
uous elastic materials, as given in (3.6), where uV = (Vu)T. In this equation, the linear strain

tensor is defined as a gradient of the displacement vector field u, according to:
1
€= (Vu+uV) (3.6)

When the material is a homogeneous material, such as stainless steel, titanium, and alu-

minium which are used in this study, the constitutive law can be rewritten as:
o =2ue+ Atr(e)l (3.7)

where tr(-) is the trace function of a matrix, and the I is the identity matrix. A and u are the first

and second Lamé parameters, respectively, and are given by:

Ev
(I+v)(1—-2v)
E

M= 3l

where E and v are Young’s modulus and Poisson’s ratio for isotropic materials.

(3.8)

As the energy method is adopted in this study, the entropy energy describes deformations of

homogeneous materials, where the elastic strain energy density is considered:

w(e) = e : s—i-%l(tr(s))z (3.9)

Then, the constitutive law has been given in (3.3) is obtained by considering the following:

_dy

=5 (3.10)

o

3.2.2.2 Linear Piezoelectricity

To allow a comprehensive overview of the problem, an account of the basic theory of piezo-
electric materials relevant to this research is provided here, which adheres to the IEEE Standard
on Piezoelectricity [155]. In this theory, there are four distinguishable forms of constitutive re-
lationships, comprising Stress-Charge; Stress-Voltage; Strain-Charge; and Strain-Voltage, with
regards to input variables and their corresponding outputs, as detailed in Table[3.2] In this table,
the E and D denote the vector electric field and the induced electric displacement vector field,
respectively. The electric field is defined as a gradient of the electric potential field ¢, according
to:

E=-V¢ (3.11)
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Table 3.2: Four forms of constitutive relationships relevant to this study.

Form Constitutive relationship

CE=0:Xe—
Stress-Charge  (&,E) E0keso, (0,D)

SE=0:X 5=
G,E) M (E,D

Strain-Charge  (
Stress-Voltage (€,D)
(

Strain-Voltage

For comparison with the experimental setup described in Section [3.2.3.15] the constitutive

law in Stress-Charge form is employed, given as follows:

6=Cp_p:e—e! -E
B=0 (3.12)
D=e:e+x,oE

The tensors of the constitutive coefficients in this constitutive relation are explained as follows.
The fourth-order tensor Cg— is the elastic stiffness obtained in the absence of an electric field
(E = 0). The second-order tensor x._ is the electric permittivity tensor obtained in the absence
of mechanical strain (¢ = 0). The third-order tensor e is the piezoelectric coupling coefficient
for the Stress-Charge form. The single dot denotes the dot product between two tensors. It is
convenient to suppress the subscripts in the tensors of material properties and thus the following
can be written: C := Cg—o, X := X¢—o-

On the other hand, the material properties for PIC181 provided from the manufacturer spec-

ifications correspond to the constitutive law in the Strain-Charge form:

£€=Sp_o:0+d"-E
B=0 (3.13)
D=d:6+7,oE

In this constitutive formulation, Sg—g is the compliance stiffness in the absence of the electric
field (E =0), Y5 is the electric permittivity in the absence of mechanical stress (¢ = 0), and d
denotes the piezoelectric coupling coefficients for the Strain-Charge form. Again, the shorthand

S :=Sg—o and y:= y,_, can be used. Comparing (3.13)) with (3.12), one can readily derive:
C=S"!, e=d:S7!', y=y—d.s'.d’ (3.14)

where S™! represents the inverse of the fourth-order tensor of S.
Just as for hyperelastic materials, the constitutive law in (3.12) can be derived as partial

derivative of an enthalpy density function. It is given by:

w(s,E):%E:C:E—E-e:e—%E-x-E (3.15)
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The constitutive relation (3.12)) can be obtained by identifying:

ay ay
c=—, D=—— 3.16
Je’ IE .10
Here, by considering (3.12), the enthalpy density function can be rewritten as follows:
1
wzi(s:G—E-D) (3.17)

3.2.3 Development of the 1D Electromechanical Model

Longitudinal and bending modes are commonly employed modal shapes in Langevin transduc-
ers. To develop a numerically effective tool for simulating the dynamics of the Langevin trans-
ducer considering longitudinal and bending modes, a 1D Timoshenko-Ehrenfest beam model
is proposed as a reduction of the full 3D model. It is important to note that this beam con-
sists of several segments made of three different materials, two of which can be modelled as
1sotropic elastic materials and the other as a transversely isotropic piezoelectric material. These
segment structures are generalised as a solid beam with a circular cross-section, a solid beam
with an annular cross-section, and a composite beam with a combination of circular and annular

Cross-sections.

3.2.3.1 Configuration of the Langevin Transducer

The Langevin transducer utilised for this section is a cylindrical configuration without a horn-
type sonotrode, as shown in Figure [3.3] showing the transducer’s front mass, a back mass, a
PZT stack with electrodes, and a pre-stress bolt. The electrodes are orders of magnitude thinner
than the PZT rings and the front and back masses, and contribute an insignificant effect on the
transducer dynamics. Therefore, this section does not consider them to reduce the calculation
complexity and computation time. In response to this assumption, the PZT stack is designed as a

homogeneous hollow cylinder made of piezoelectric materials in the modelling (see Figure 3.3)).

Front mass

PZT stack without electrodes

Bade rsss Simplified

PZT stack with electrodes

Preloading bolt

Figure 3.3: The cylindrical Langevin transducer of the form used in this study.
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Each part of the Langevin transducer can be simplified into a straight beam due to its axial
symmetry. It will be demonstrated later in this section that the transducer can be split into five
different beam segments, each of which can be effectively modelled by a composite beam made
of two orthotropic piezoelectric materials with poling directions along the symmetric axis, or

the beam axis.

3.2.3.2 Problem Definition

The transducer with the configuration as shown in Figure 3.3|can be modelled using five different
beam segments with different geometries and different materials, yielding a practically repre-
sentative case. In this section, the geometries and materials of these segments are described in
detail.

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5
|
T R R T
A Preloading Bolt - — =~ Q
L1 £z Ls L Ls

Figure 3.4: Configuration of the Langevin transducer with respect to different segments.

First, from Figure [3.4]the dimensions of each component in one beam segment can be readily
identified. For example, the jth segment, denoted as S, has the length /; for all j = 1,5. The bolt
contains the bolt head as a cylinder with the diameter Dp and the bolt screw as a cylinder with
the diameter d. The back mass, the PZT stack, and the front mass are all hollow cylinders with
annulus-type cross sections. They share the same outer diameter D and the same inner diameter
d and connect to each other to make up one full hollow cylinder. Since this hollow cylinder
is longer than the bolt screw, the entire transducer must be divided into five beam segments to
enable accurate numerical modelling.

The bolt, including the bolt head and bolt screw, is made of A2 tool steel. The back mass
and the front mass are made of titanium Ti6Al4V. The PZT stack is made of PIC181, following
the standard specification of the manufacturer. The properties of these materials has been given

in detail in Appendix [A]

3.2.3.3 Variational Framework

As the poling of the PZT material is in the direction of the beam axis, the axial displacement of

the beam cross-section must also be considered. It is important to note that this is different from
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the classical Timoshenko beam theory, which normally only considers the bending [[156,/157].
Let us assume that the beam axis is in the z-direction and the beam cross-section is the xy-plane.
The starting point here is the assumption of the displacement field w = (uy, u»,u3) of the material

in the beam as follows:

ul(x7yaz7t) =0
uz(x,y,z,t) :W(Z7t) (318)
MB(X,)’;ZJ) = M(Z,f) _y(p(zut)

where uy,uy,u3 are the components of the displacement vector u in the three coordinate direc-
tions, u is the axial displacement of the cross-section, ¢ is the angle of rotation of the normal to
the cross-section surface, and w is the deflection of the neutral axis in the z-direction. According
to this, the strain field is given by revisiting (3.6):

0 0 0

1
€= E(Vu—I-uV) =10 0 %(W,z —0) (3.19)

0 %(WJ,—(P) Uz;—y0Q, ]

Therefore, the non-zero components of the strain field € are €53, €37, and &33.

3.2.3.4 Reduction of the 3D Constitutive Law to 1D

To derive the variational formulation for the beam model of transducer, the 1D reduction of the
aforementioned 3D laws is required. By using the Voigt notation following the IEEE Standard
[155]], the tensors of material properties in can be represented as matrices. In particular,
the elastic tensor and the piezoelectric coupling tensor are given as matrices C € R6%%, e € R3*©
and y € R3*3,

In general, reduction of the 3D constitutive law to the lower-dimensional law also
depends on the electric field, because the non-zero components of E can influence the form of
the reduced law. In this work, the electric potential field is applied along the beam axis direction
so that E3 # 0 is the only non-zero component. Following this assumption, the non-zero stress

and electric displacement components can be derived as follows:
033 = (33833 —e33E3, 023 =2K(C383, D3 = e338353 + X33E3 (3.20)

where K is the shear correction coefficient [[158,/159]. As for the computation, the shear correc-

tion coefficient for a circular cross-section is employed:

6(1+v)

3.21
7+6v ( )

Keircular =
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and this can also be applied for an annular cross-section:

6(1+v)(1+ a?)? do
_ =2 322
Kannular (7 + 6\/)(1 + OCZ)Z + (20+ 12V)OC2’ o di ( )

where d; and d, are the inner and outer diameters of the annulus. The material constants ap-
pearing in (3.20) are obtained using the relation and the material properties provided by
PI Ceramic GmbH. Then, only the relevant material constants are used. One important point
to note here is that for isotropic elastic materials, only 033 = (33633 and 0p3 = 2K(Cy3€y3 are
required.
Therefore, consistent with the 1D law (3.20), the enthalpy density function reduces to the
1D version:
vin(&,E) = %(633833 +2023823) — %D3E3 (3.23)

3.2.3.5 Derivation of the Equations of Motion

The variational equation for a beam segment made of transversely isotropic piezoelectric ma-
terials is derived, from where the equations of motion for the Langevin transducer can then
be derived. In particular, the beam geometry is described by a cylinder assumed to be ideally
bonded with a right circular hollow cylinder, or a cylindrical shell. These two cylinders are made
of two different piezoelectric materials with poling in the z-direction. Although no beam seg-
ment in the simulated transducer has the above-mentioned material and geometrical description,

the derivation can still be applicable to all five beam segments for two reasons:

1. The constitutive model for an isotropic elastic material can be specified as the reduced

model for a transversely isotropic piezoelectric material.

2. A composite beam with the cylinder perfectly bonded with a right circular hollow cylinder,

or a cylindrical shell, is a generalisation of the homogeneous cylinder beam.

The geometrical and material setup for five beam segments are shown in Figure For the
above reasons, the variational equation for a homogeneous beam of isotropic elastic material or
a composite beam of elastic and piezoelectric materials has been incorporated in the subsequent

derivation.

3.2.3.6 Total stored and Kinetic energies

First, the formulation for one beam segment can be detailed. Let the coordinates of the two ends

of the beam segment be z = a on the left and z = b on the right (a < b). Then, the total stored
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i

Figure 3.5: Geometrical and material definitions for the five beam segments representing the
entire Langevin transducer, where the colours on the cross-sections designate the following: (1)
dark blue for steel; (2) light blue for titanium; and (3) red for PIC181, showing (a) Segment 1:
Cylinder made of isotropic elastic material, (b) Segment 2: Cylinder wrapped by a hollow cylin-
der made of two different isotropic elastic materials, (c) Segment 3: Cylinder made of isotropic
material wrapped by hollow cylinder made of transversely isotropic piezoelectric material, (d)
Segment 4: Cylinder wrapped by a hollow cylinder made of two different isotropic elastic ma-
terials, and (e) Segment 5: Hollow cylinder composed of isotropic material.

energy of the beam is given by:

b 1
W=/ /5(633833 + 202363 — D3E3)dAdz
a JA (3.24)

b r1
— / /A E(C338323 —2e33Ese33 +4KCases; — x33E3)dAdz
a

where A denote the cross-section area of the beam segment. The total stored energy W is a
functional of the functions u, w, ¢ and ¢, or alternatively expressed as W = W [u,w, @, 9], by

recalling that:
e3=Ww:—9)/2, e3=u,~yp;, E3=—¢, (3.25)

Substituting (3.25)) into (3.24)), it can be shown that:

b 1
w 2/ / ~C33(%+Y* Q%) +exu 9
a A 2 B )
1

] (3.26)
+ 3 KC3 (W?Z —2w 0+ (Pz) - 5){334)3 dAdz
where the following identity has been taken into account:
/ ydA =0 (3.27)
A

Note that equation (3.27) is valid because the neutral axis is across the centre of the circular
cross-section. If the cross-section is not a disk, the property (3.27) is not always true because

a composite beam which is being studied is made of two out of three different materials (see,
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e.g., [160]). The kinetic energy for the beam segment is given by:

b 1 3 b 1
T:/ /AEpZul%tdAdz:/ /Aip [W’Z,Jr(u,,—ygo’,)z}dAdz
“ i=1 “ (3.28)
b r1
:/ /Ep(wi+ui+y2¢§)dAdz
a JA

where p is the material density distribution in the beam segment and again (3.27) has been used.
Since a beam segment made of one cylinder and one hollow cylinder is considered, each
of which is modelled by different materials, the integral over the cross-section must be split

according to the following:

/A (o) dA = /A (o)A /A L (0)da (3.29)

where AW stands for the circular cross-section and A() for the annulus cross-section. Let r1 and
ry denote the radius of the inner cross-section and the outer cross-section, respectively. Then,

the areas of the circular and the annulus cross-sections are given by:
AV =72, AP =g(3-1) (3.30)
Similarly, the moment of inertia for the two different cross-sections can be computed as:

I :/ y2dA = mrf, 12:/ y2dA = w(r5 —r}) (3.31)
A AQ)

In the following derivation, the superscripts (¢)(1) and (¢) are used to designate the ma-
terial constants for two piezoelectric materials, for example, C§]3), %) and so on. With this

denotation, (3.26) can be rewritten as:

2bT1 o s 1 /o /. N (i
w=Y / [§A<J>c§g>u§ +5CH 19+ AV u 9.
=1

N (3.32)
1 & (n (i 1 .. .
+ EA(/) ) (w.— )2 — 5A(J) {) 02 |dz
Similarly, the kinetic energy then becomes:
S L (a2 2 ) () a2
r=Y) / 5[V +w) +1VpV 7] de (3.33)
j=174

The geometrical constants and the material constants appearing in the above stored energy
and kinetic energy can be combined, to shorten the formulation and thus benefit the subsequent

derivation. In particular, the following ‘composite’ constants are introduced:
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AC33 = ZA C§3), AKCr3 = ZA )C§3)
j= Jj=1
@ o 2
Aess =Y AV 1033 = Z 19D, Agyy =Y a0 (3.34)
j=1 j=1 i=1

2 2
Ap = ZA(])p(])’ Ip = Z 1Vpl)
Jj=1 j=1

It is important to note that the composite constants introduced above should not be confused
with the multiplication of two constants as if the beam is made of homogeneous material.

To derive the stored energy and the kinetic energy for the entire transducer, the stored and
kinetic energy functionals must be added for all five segments. To this end, the superscript (<) s
shall be used to denote the quantities for the beam segment s, including the composite constants
defined above and the energy functional. For example, W) and T5! denote the stored energy and
the kinetic energy for the beam segment s, respectively, and AC% is the composite constant for
the segment s. Also, it is assumed that the beam segment s spans from the coordinate z = z; to
Z = zs+1. Therefore, the integral limits a and b in for the beam segment s will be replaced
by zs and z,1, respectively. The total potential, defined as the difference between the kinetic

energy and the stored energy, is given as:

Z

n=Y (rbl—wkhl (3.35)
1

S

with Ny = 5 being the number of the beam segments. In this expression, the stored energy wlsl

and the kinetic energy Thl, s =T,N;, are given by:

whi = [*7 TLachl2 o Licll o2 4 ap
=/ SAC33U T 5 33‘PzJr 33L‘Z¢Z

1 S S
+ EAKCQ (w.— )2 — —Ax[ } }d (3.36)

Zs+1 ]
TM:/ [Apm( 2 4 w2)+IpW g2]ds
s

3.2.3.7 Establishing the Variational Equation

Taking the variation of Wl with respect to u, w, @ and ¢, the following equation can be obtained:

swi = [ LAk Acklo 50 + AxCE (v~ g)ow
s

s]

+IC£§(P25¢,Z —AKC£3 (W,z - (p)é(P
(Al s —A2350.)80.]dz

(3.37)
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where du, 6w, 6¢, d¢ are the test functions corresponding to u, w, @, @, respectively. Note that
the variation W '] expressed above is the Gateaux derivative of the functional W at (u, w, @, ¢)
in the direction (du,dw,8¢,0¢).

The variation of the kinetic energy (3.28) is given by:

s [ L g ]
6T = / 5 (AP (wyBuy+w Sw,) + 1,80, ]dz (3.38)
s

The motion of the transducer is governed by Hamilton’s principle:
11 N
5 {Z( T[S]} / Z (sWl — 87l = (3.39)
o Ls=1 o s=

where ¢ and #; are the initial time and the end time of the motion and considered as given. Sub-
stituting (3.37) and (3.38)) into (3.39), it is possible to obtain the variational equation governing

the motion of the transducer. Solving the variational equation by the finite element method will

be the topic of the next section.

3.2.3.8 Differential Governing Equations

Essentially, the variational equation described by can be solved by the finite element
method. However, for the purpose of completeness, the differential equations governing the
motion of the transducer are also derived. By applying integration by parts to with respect
to the variable z, it can be shown that:

" swl /
To

33u . +Ae33¢ )54

S

Zs+1 1 X
/ / 33“72z +A€33¢,ZZ)3udzdt

Ts+1

/ AKCE(w— @)dw| " ar
To

s
Ts+1 1 ] ] -
/ ARGl = 9w ded +/ 1Cho:89] "t 3.40)
s
Z’“l 1 5]
/ / C330,2; +AKCy3 (w,— (p)} S dzdr
1

0l
+ 2[(Ae[3; u,—Axllo. )6¢] dr

Zs+1 1
/ ¢zz 33” zz)5¢dzdt

where the denotation [f(z)]="" = f(zs+1) — f(zs) has been used. As for the contribution of

kinetic energy from Hamilton’s principle (3.39), integration by parts can be employed with
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respect to ¢ to obtain:

o s

where the condition that du, Ow and 8¢ vanish at both = 7y and ¢t = #; has been applied.
Substituting (3.40) and (3.41)) into (3.39)), it can be demonstrated that:

Ns

h K s s
y { [ [k - acklosa] e
0

s=1 ol

I fZst1 M M [ S}
+ / [4pHuy — AC 2. — Al .| Sudzds
to s

t S
+ [ AKCE (w.— @)3w| ar
fo

s

B s
+ / 4Py — ARCH (1w — 9.)| Swdzdr
o s

)

1 0
+/ [Icg‘g(p,ZS(p]z ar
fo

s

RN P s ]
+ t / [Ip O —ICH0; —AKCy (W, — (p)] 0 ¢ dzde
0 s

g s s Zs+1
e —axslonse| ar

fo

el s
+ i / (Aezsutzz —AX330,2:) 09 dzdt » =0
0 Z

S

131 o fZs+1 ]
5Tds = / / S (=408 (8w w) — IpPlgp S pldadr
1o Z
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(3.41)

(3.42)

As du, Ow, ¢ and 6 ¢ can vary arbitrarily on each interval (z5,z511), s = 1,..., Ny, the following

system of equations can be obtained:

ApWuy —ACHu . — Aetlg.. =0
ApPlw yp — AKCSY(w 2o — ) = 0

Ipl O —IC%] ? —AK‘C% (w;—@)=0
Ae%”ﬂ _A753[S3] ¢z =0

(3.43)

for all z € (z5,25+1) and s = 1, Ns. This system must be accompanied by the boundary conditions

derived from the boundary terms appearing in (3.42).

3.2.3.9 Reduction of Differential Equations

Through deriving this system, it has been argued that the variables du, dw, ¢ and 0¢ can vary

arbitrarily in the sub-domain (z,zs11). However, it is important to note that the validity of this

argument depends on the considered beam segments. The explanation for this is as follows.

1. As for the beam segments [1], [2], [4], [5], these beam segments are not made of piezoelec-
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tric material but only isotropic elastic materials, and so the electric field potential ¢ can
be neglected in the modelling. Thus, for these beam segments, only the mechanical dis-
placement fields, namely u, w, @, are the unknown fields in the system. Moreover, as these
beam segments are modelled using the isotropic materials, Aeg =0 and Axg;] =0 for
s =1,2,4,5 can be readily set. The longitudinal displacement « in these beam segments
persists and depends on the applied electric field on the boundaries of the beam segment
[3] because the displacement u in this beam segment [3] will transfer to the others via the

resultant forces.

. As for the beam segment [3], the electric field potential ¢ is required for the modelling and

thus the unknown variables involve not only the mechanical displacement fields mentioned

above but also ¢.

3.2.3.10 Electrical Boundary Conditions

The derivation of the boundary conditions for the transducer consisting of different beam seg-

ments is slightly more sophisticated than the derivation for one homogeneous beam. Indeed, the

reason is that the resultant forces at the interfaces between the connecting beam segments must

be in equilibrium. The boundary conditions at the two ends of the total beam, namely z =0

and z = zy,+1 = L can be easily identified by setting the appropriate boundary terms in (3.42)

to zero. However, at the interfaces between two connecting beam segments s and s + 1, the

boundary conditions are identified by equating the boundary terms evaluated at the right end of

beam segment s to the boundary terms evaluated at the left-end of the section s+ 1. To this end,

the following set of boundary conditions can be derived:

and

(ACHu.—aclo)du] =0, [(ACui-Aeyl0)5u| =0
[AKC%](WZ— o)dw| =0, [Axcggf](w’z— Q)dw| =0
1z=0 =L (3.44)
1e.80] =0 1ce.60] =0
dz= 417=
[(Ae[;;ui _A%3[]3] ‘P,z)&f’_ o 0, [(Ae[s[gs]”z _AX3[3S] ¢,z)5¢_ T 0
(A —aeio)|  +](ACHu~Aedo)| =0
33%,2 33%,2 o+ 33%,2 3372 -
7=z Jz=z,
[AK‘C%](W’Z - <p)} o+ [AKC%(W?Z —9)| =0
e R (3.45)
iCo.| +icies| =0
5 AT s
A [s] —A [s] A [s] —A [s] ] =0
(Aesu . —AX339.2) Lt (Aejzu . —Ax339.) o
7=z lz=z_,
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fors=2,...,Ny;— 1, where the notation [f(z)],—,+ = lim f (z) means the limit of f(z) from the
z—a

left and from the right of a, respectively.

3.2.3.11 Finite Element Setup

In this section, we can introduce not only the discretisation of the variational equation (3.39) by
the finite element method but also the numerical procedure for computing the natural frequencies
of the Langevin transducer. The first step is to establish the finite element model for (3.39), with
SWh! and 87U given by and (3.41). The standard conforming finite element method
is adopted, only focusing on constructing the stiffness and mass matrices at the element level
(see [161]). Further to this, the spectral element method is used for the discretisation [162,/163]].

Let us assume the problem domain Q = (0,L) for the transducer beam is discretised into

N, non-overlapping finite elements Q(©), ie., Q = tlj Q) QM NQM =0 for m#n. As
for the shape functions on the finite elements, Lagrzf;ée polynomials of order p — 1 are used.
Let Hj = H;(§) for j = 1, p denote the shape functions on the reference domain %Z = [—1,1]
supported by the Chebyshev points §; = —cos ( j%) (see Figure . Therefore, the shape

functions are given as:

§—6Gn

Hj=
0<n<p—1.,n#j él - én

(3.46)

The isoparametric mapping from the reference domain # to the element Q(©) is defined by:
( ()
29E) =Y z7H;(§) (3.47)
Jj=1

where de) are the coordinates of the nodes in the element Q(©). If the {zs.e) }?:1 are defined fol-
lowing the same distribution pattern of {& j}?:l’ then the reference-to-physical mapping (3.47)
becomes a linear mapping. The mapping changes from element to element and its inverse
mapping from Q¢ to Z will be denoted £(©) = £(¢)(z). The shape functions defined on the

physical coordinate z are then given by:

N (2) = Hi(£9(2)) (3.48)

Next, the trial functions u,w, @, ¢ and their corresponding test functions ou, dw, 8¢, 8¢ de-

fined on the element Q) are interpolated according to:

790 = Y 0 @) 549

=1
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Figure 3.6: Chebyshev points and Lagrange polynomials supported by these points as shape
functions. The Chebyshev supporting nodes are defined by &; = cos(jm/p) with n being the
number of nodes for one element (circles filled by magenta). In this figure, p = 9 and thus the
shape functions are polynomials of order p — 1 = 8.

where f stands for the trial functions as well as test functions and f ](e) are the corresponding
degrees of freedom associated with the element Q(e), In this work, we use the shape functions of
the same polynomial order p for all the finite elements. Let us denote by boldface notation £(e)
the column vector of degrees of freedom f ](e) in the element Q@) i.e., fl¢) = [ fl(e) f,ge)} T
This notation applies across the trial functions u, w, @, ¢ and the test functions du, ow, 8¢, 6 ¢,

e.g.,ul® = [u(le) ugf)]T.

3.2.3.12 Element Stiffness and Mass Matrices

To derive the stiffness matrices at the element level, the variation in (3.37) is used, that is the
variational equation before application of the integration by parts. Indeed, by substituting the
interpolations of type (3.49) into (3.37), the following can be obtained:

SWILE) = ul®) [K{Jul® + K9] + 5wl KL w1+ K]

e e e ™ (3.50)
150 [K)e®© + KO w] 456 [Kg)gm )+K5>43¢( )}
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The element stiffness matrices in the above equation are given by:

K=K, KG-adiRO. K —acko

Kip = —AKCHK®,  Kiy =Ky, K = ICJ K (3.51)
e e)T e s S (e

K =K, K() = —AzK)

where the matrices K(¢) and K(©) are defined by:

(e) dN(-e)

A(e)_/ dn; j ~(e)_/ dnN;

K’ = —t 2 d K = —Nid 3.52
Y Qe dz dz © Q) s ( )

Note that in the notation §W(¢), the superscripts [s] are used for the beam segment s, and (e)
for the integration over the element Q(¢). It is clear that the element stiffness matrices can be
computed via two common matrices K®© and K©.

As for the mass matrices, the variational formulation (3.41) is used. For one element, it is

straightforward to derive:

t t
ST = — [ [u® MG + 5w M w + 50 - Mel]dr  (3.53)
o o
where:
M =M, = apl M, Mgy = 1plI M, W1 = [ N (3.54)

3.2.3.13 Computation of Natural Frequencies

The global system of discretised governing equations can be obtained by the standard assem-

bly procedure [161]. To this end, the following system for the ou, dw, and d¢ terms can be

generated:
- . 1T 1 |ua
Mll O O u Kuu 0 O Ku¢
92 w
0 Mww O [57|w|T| 0 Kuw Kyp 0 =0 (3.55)
¢
0 0 Mgy [0 0 Kow Kyo 0
i i S T |0
with the equation for 8¢ as follows:
K¢ull + K¢¢¢ =0 (3.56)

One should recall the remark concerning the reduction of governing equations in Sec-
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tion [3.2.3.8] Indeed, the argument therein applies also to the discretised system of equations.
Accordingly, the degrees of freedom in @ only persist with the beam segment [3], while the de-
grees of freedom in u, w and ¢ are for the entire transducer beam. This is an important remark
in the numerical implementation.

Let us group the degrees of freedom for u, w and ¢ into a master column vector d and group

the corresponding stiffness matrices as follows:

Mgyqd ;s + Kgad +Kyp ¢ =0

(3.57)
Kouu+Kppp =0
with:
_u- -Muu 0 0 _ -Kuu 0 0 |
d= |w|, Maa=| 0 My, 0 | Kaa=| 0 Kyw Kwo (3.58)
K |0 0 Mgy | 0 Kpw Koy

3.2.3.14 Boundary Conditions

The appropriate boundary conditions on the beam segment [3] must be applied to eliminate the
singular mode in Kyy. In this consideration, ¢ = V; and ¢ = V; are applied on the left and the
proper boundaries of the PZT segment [3], where the left and right boundaries are assumed at
a'™ and b nodes, respectively. The idea here is to apply electrical boundary conditions to the
second equation of and then substitute it into the first one, as per linear condensation.
The second equation of is rewritten by moving the &’ and b columns of Ky to the
right-hand side, and then eliminating a" and " rows for the whole equation as follows, where

the total number of nodes is P:

[ l,a_ [ l,b_
Koo Koo
IA(¢uu—|— K¢¢$ =-V;- V- (3.59)
K4 K.
99 ] P#a,b 99 ] P+#a,b
This equation can be rewritten as:

[ 1a] =
Koo Koo

¢ =K, (Kguu+V;- +V5- ) (3.60)
KP,a KP’b
99 ] P+#ab 99 ] P+#ab
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It has to be noted that the equation (3.60) can be substituted into the first equation of ((3.57)
as long as the vector ¢ is reduced to a To this end, the first equation of (3.57) is rewritten by

only moving &' and b"* columns of Ky to the right:

[ 14 [ 1b]
Kug Ku¢
Mddd,zz+Kddd+f<u¢$=—V1' Sl =Vae | (3.61)
P, Pb
_Ku(;_ _Ku¢_

Substituting (3.60) into the first equation of (3.57)), the following can be obtained:

[ l,a_ [ l,a_
Ky Kuo
Mgqd;; + Kaad - IA(u(pIA((;(;f(qsuu =V (f(u(bf((;(; : -1 ]
KRa KP,a
| %90 | | By |
e (3.62)
1b 1b
Koo Kup
— Vs (KugKpy | -1 D
Pb Pb
o0 P#apb Mo |

This equation can be rewritten as, where V is the right hand vector:
Mgqd ;; + Kaad = Fy (3.63)

with ﬁdd being modified from Kgq to take into account of the last term ﬁu¢ IA{qjqi ﬁ¢uu as follows:

Kuu — Ku¢ I/i(;(; K¢u () 0

Kaa = 0 Kuw Kuo (3.64)

0 Kow Koo

When the electric potential V; =V, = 0, the problem is degenerated to an eigenvalue prob-
lem. Therefore, the natural frequencies and mode shapes including both the bending and longi-

tudinal modes are computed by solving the standard eigenvalue formula:
[Kaa — ©*Mgg]d =0 (3.65)

The natural frequencies ®; and the corresponding natural displacement modes d; are the

square root of the eigenvalues and the eigenvectors, respectively, of the above eigenvalue prob-
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lem:
[IA(dd—w}Mdd]dj ZO, j= 1,2,3,... (366)

The results @; and d; will be compared with the eigenfrequencies and eigenmodes computed
using the 3D model and the experimental results in the next section. If the electric potentials
are non-zeros, the following equation is solved instead of to obtain the responses of nodal

displacement in the frequency domain:
[Kaa — ©*Mga]d = F, (3.67)

Harmonic analysis is commonly used to solve this equation by sweeping the frequency
within a predefined range. It is important to note that the sweeping frequency cannot be the
same as the eigenfrequencies in if the system is undamped. When the sweeping fre-
quency is equal to the eigenfrequency, two different scenarios for the rank of [IA(dd — a)]ZMdd}

are given:

r(ﬁdd - (D}Mdd) < r(IA(dd — COJZMdleq)) = No solution 3 68)
r(Kaa — a)JZMdd) = r(Kaa — a)]ZMdd|F¢) < System DOFs =- Infinite solutions .

Both situations result in unsolvable d at the eigenfrequencies in a harmonic analysis. There-
fore, it is significant to avoid the sweeping frequency at the eigenfrequency. However, this raises
another concern: the displacements approach infinity when the sweeping frequency is near the
eigenfrequency, recalling the displacement responses in an undamped harmonic forced vibra-
tion [[164]. The mathematical reason behind this holds that A~! := ﬁadj (A) goes to infinity
when the determinant of A closes to zero. The displacement vector d in tends toward
infinity near eigenfrequencies, as the determinant of [Kdd — a)Jszd} approaches zero, causing
d to depend on the fineness of the sweeping interval highly. In other words, simulating nodal
displacement responses in this undamped and forced problem would be misleading, owing to the
fact that the displacement of the transducer is always on the ptm scale and can never be infinite
in practice.

An alternative approach in the modal identification process involves incorporating the par-
ticipation factor, which ascertains the number of modes to extract. This factor helps identify the
most significant vibration modes instead of relying on displacement as an indicator. The modal
participation factor measures the mass in motion in each direction for every mode. A high value
in a specific direction signifies that the mode will be stimulated easily by forces or excitation in
that particular direction. Although the participation factor approaches infinite as the displace-

ment, using it as a modal indicator rather than an actual physical parameter is acceptable. Here,
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Table 3.3: Structural dimensions.

Parameters Dimension

I8 0.5D

b 0.5(L—1 — 1)
I3 0.05L ~ 0.25L
Iy I

l5 0.514

d 0.5D
Dg 0.75D

the participation factor is given as:

yi=d;-M:D, j=123,...

(3.69)
Mesrj="7;

where vector D is the excitation direction vector, which is a norm vector, indicating the direction
of excitation in each of the global Cartesian directions, and M,y ; is the effective mass of the
i eigenmode.

When doing modal identification, most of the significant modes should be extracted, indi-
cating the need to assess how to select these modes. One way to judge this is by considering
the ratio of effective mass in (3.69) to total mass. A ratio close to one suggests that most of the

significant modes have been extracted.

3.2.3.15 Results and Discussion

As mentioned in Section [3.2.3.4] the relevant material constants for the 1D constitutive law
can be derived using the piezoelectric material constants provided by the manufacturer of the
PZT (PIC181, PI Ceramic GmbH). The material properties for the simulations are given in
Appendix [Al
It should be noted that C33 and C»3 shown in Appendix |A|for the PIC181 material are not the
Young’s modulus and shear modulus, but instead are computed by (3.14). On the other hand, as
E

for the isotropic elastic material, E can be assigned to C33 and G = 3+ to Cy3 as above.

The dimensions of different beam segments are given in the Table [3.3] The total length of

5
the transducer is L = ) /; = 100mm to match typical designs. The electric potentials ¢ = V| and
i=1

¢ =V, with (V, > V) were applied on the two ends of the PZT stack, so the potential difference
is A¢p =V, — V). To demonstrate the robustness of the proposed computational framework as
compared to the full 3D model, multiple simulations are performed corresponding to different
geometrical settings by varying two ratios D/L and /3 /L and also the electric potential difference
Ag.

The comparisons between the solutions of the 1D and 3D models are established by varying
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the following parameters to reflect common industry practice:
* L/Din the set 7, ;p = {5,10,25/2,20,25},
* [3/Lin the set 7, = {1/20,1/10,3/20,1/5,1/4},
* A¢ in the set Zpy = {0,50,100}V.

Thus, 5-5-3 =75 simulations are performed for both 1D and 3D model problems, where the first
five bending modes and the first five longitudinal mode resonant frequencies for each problem
setting are collected. In this study, harmonic analysis was utilised to determine the resonant
frequency for longitudinal modes with non-zero electric potentials. However, as the electrical
fields in this investigation are not completely coupled with the bending motions, the bending
frequencies are obtained at either zero or non-zero potentials by solving (3.66). Also, the two
ends of the transducer are set to be free. Assuming that the front mass and the back mass block
have equal lengths, and the dimensions of the bolt follow the standard ISO 4762:2004 for a
hexagon socket head cap screw, the structural parameters of the transducer can be deduced. The
formulas in Table [3.3] express the correlation between all the structural parameters, namely d,
Dg, D and ;. The relative difference between the resonant frequency obtained by the 1D model
and the corresponding value by the 3D model is then computed.

The natural frequencies of the first five bending modes and the first five longitudinal modes
obtained by the proposed 1D model are compared with the corresponding counterparts obtained
by the full 3D model. The relative difference between the frequency of the 1D and 3D models,
denoted as fip and f3p, is computed according to (fip — f3p)/f3p. The relative differences
shown in Figures[3.7]and [3.8]are generally below 5%, except for the relatively high longitudinal
mode frequencies in the case of L/D = 5. The relative difference increases as the vibration
modes increase, regardless of whether they are bending modes or longitudinal modes. Overall,
the relative differences decrease with increasing ratio L/D and change insignificantly with the
change of the ratio /3 /L. The relative differences are particularly high for the small ratio L/D = 5
but rather acceptably small for the ratio L/D = 10. Indeed, when L/D is small, the full 3D model
should give a distinctive result from the 1D model.

However, both the L/D ratio and the I3/L ratio of the transducer influence the accuracy of
the results of the 1D model. It has been observed that the relative difference of the modes tends
to significantly decrease with an increase in the L/D ratio, especially increasing the L/D ratio
from 5 to 10. When the transducer is rather slender with L/D > 12.5, the computed natural
frequencies of 1D model agree with the results of 3D model very well, which justifies the relia-
bility of the proposed computational framework. Moreover, the /3/L ratio has a smaller impact
on the resonant frequency compared to that of the L/D ratio. Still, it has an obvious influence
on resonant frequencies when the L/D ratio is 5. Furthermore, it is arguable that the applied
electric voltage A¢ has little impact on the relative difference. In fact, it only affects resonant

frequencies on a small scale.
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Figure 3.7: Relative differences between the results of 1D and 3D models for the first five
bending modes with respect to the L/D ratio, /3 /L ratio, and electric potential A¢. In this figure,
the letter B in the title stands for ‘bending mode’. For example, B1 means the 1% bending mode.
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Figure 3.8: Relative differences between the results of 1D and 3D models for the first five
longitudinal modes with respect to the L/D ratio, I3/L ratio, and electric potential A¢. In this
figure, the letter L in the title stands for the ‘longitudinal mode’. For example, L1 means the 1%

longitudinal mode.
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Table 3.4: Dimensions of the Langevin transducer prototype.

Parameters Dimension (mm)

I 4
L 51.5
I 9.2
Ly 40.5
Is 19
D 8
d 4
Dg 7

To verify the 1D model for solving Langevin transducer dynamics, a Langevin transducer
was designed and manufactured with an L/D ratio in the order of 12.5 and a I/5/L ratio of
approximately 0.05. The transducer is shown in Figure It consists of a titanium front mass,
titanium back mass, PZT stack composed of PIC181, and pre-stress bolt made of A2 tool steel.
All material properties are identical to those listed in Table[A.T]

lcm

L]

Figure 3.9: The Langevin transducer prototype.

The dimensions of the Langevin transducer prototype are listed in Table In order to
measure resonant frequencies, mode shapes, and vibration amplitudes, an optical measurement
experiment was conducted using the scanning LDV (MSA100, Polytec GmbH, Germany) un-
der an 8V excitation. The experimental characterisations, including LDV, are discussed later in
Section For this study, experimental measurements for the first ten longitudinal and bend-
ing modes were considered and extracted. Calculations were performed to obtain the resonant
frequencies for the 1D and 3D models based on the physical structural parameters in Table [3.4]
The comparison between the simulation results and the experimental measurements is shown

Table [3.5] The symbols ‘L’ and ‘B’ in the table represent the longitudinal and bending modes,
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respectively, and the number following the letter indicates the eigenmode order, where the reader

is directed to the caption for examples.

Table 3.5: Comparison of resonant frequencies obtained by 1D model, 3D model and LDV
measurements. In this table, the letter B in the column mode stands for ‘bending mode’ and
L for the ‘longitudinal mode’. For example, B1 and L1 mean the 1% bending and longitudinal
modes, respectively. The second row shows how the relative differences in percentages are
computed. The frequencies are listed in ascending order of magnitude.

1D Model 1D Model 3D Model
Mode 1D Model 3D Model LDV VS. VSs. VS.
3D Model LDV LDV
(Hz) (Hz) (Hz) (%) (%) (%)
B1 2111.4807 2113.9980 2031 0.1191 3.9626 4.0866
B2 5926.9478  5933.2798 6230 0.1067 4.8644 4.7628
B3 10566.6597 10638.2324 10459  0.6728 1.0294 1.7137
B4 17649.8388 17748.2871 18770  0.5547 5.9678 5.4433
L1 20702.1092 20670.4668 19277 0.1531 7.3928 7.2286
B5  24481.3235 24880.9141 26045 1.6060 6.0037 4.4695
B6  33864.6709 34310.3633 34395 1.2990 1.5419 0.2461
L2  40195.6881 40012.6758 38213 0.4574 5.1885 4.7096
B7  42198.0625 43228.8828 44063 2.3846 4.2324 1.8930
B8  52180.8544 53183.7109 52285 1.8856 0.1992 1.7189

According to Table [3.5] it has been found that 1D and 3D models give results in excellent
agreement, and both match with LDV results, indicating the accuracy and reliability of the 1D
model in calculating resonant frequencies of a Langevin transducer. Except for the L1 mode, 1D
and 3D models have a relative difference from LDV results of less than 5%. The results from
the 3D model are closer to LDV results than the 1D model in most of the considered modes.
The relative differences with LDV results are principally due to manufacturing inconsistencies
and the inclusion of electrodes in the PZT stack. Additionally, the modelling theory presented
here cannot capture all of the physical phenomena. For example, we did not consider the losses
in piezoelectric materials, although this effect may have occurred in the experiment.

For further validation, the 1D model was compared to the 3D model and LDV results in
terms of vibration mode shapes for the first ten modes. The results expressed in normalised
amplitudes are shown in Figures and

The normalised amplitude calculated by the 1D model matches that of the 3D model, agree-
ing well with the LDV results. This confirms that the 1D model can accurately describe the
dynamics of a Langevin transducer, either in terms of the resonant frequency or the vibration
mode shapes. Overall, the performance of the proposed 1D model is particularly suitable for
engineering applications that typically utilise low-order vibration modes.

When considering the application of high electric potentials to the transducer, the partici-

pation factor explains the significant modes that can be easily excited. However, the electrical
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Figure 3.10: Normalised vibration amplitudes and mode shapes between 1D model (numerical),
3D model (FEA), and LDV results for the 1% to 5% modes, including B1, B2, B3, B4, and L1.

field only couples with longitudinal motions and not with the bending modes in this 1D model.
Therefore, the participation factor can only be calculated for longitudinal modes by solving
(3.69). For instance, the participation factor in the first five longitudinal modes at 50 V and 100
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Figure 3.11: Normalised vibration amplitudes and mode shapes between 1D model (numerical),
3D model (FEA), and LDV results for the 6™ to 10" modes, including BS, B6, L2, B7, and BS.
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Figure 3.12: Participation factor spectrum in the first five longitudinal modes at 50 V and 100
V, where the frequency ranges from 10* Hz to 10° Hz with a 1 Hz interval.

V through harmonic analysis is shown in Figure The frequency range extends from 10* Hz
to 10° Hz with a one Hz interval. This illustrates that even-order modes (L2 and L4) are easier
to excite than single-order ones (L1, L3, and LS). This technique is beneficial for identifying
modes and indicating the vibration modes that can be utilised in power ultrasonics to generate
high vibration amplitude.

The advantage of the 1D variational framework proposed in this section is that it simplifies
the problem by reducing it to one dimension, as the transducer is axisymmetric. This allows for
a more efficient and straightforward analysis of the linear piezoelectricity compared to higher-
dimensional frameworks [165]166]. However, the Timoshenko-Ehrenfest beam theory assumes
that the cross-section remains in the plane when subjected to shear forces. It is a downside
of the 1D variational framework for considering average shear deformation. Nevertheless, the
frequency difference compared to the 3D model can be neglected if the L/D ratio is sufficiently
large. Additionally, the 1D variational framework makes it easier to visualise the normalised
deformation, making it a more accessible approach to understanding the dynamics of Langevin

transducers.
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3.2.4 Development of the 3D Electromechanical Model
3.24.1 Establishing the Variational Equation

The 3D constitutive equations of isotropic and piezoelectric materials have been discussed in
and (3.12). Regarding these constitutive relations, their strain energy density functions
are in (3.9) and (3.15). Considering each segment in the cascaded transducer has the volume
QS  R3, where the superscript [S] denotes segment, segment strain energy WIS! and kinetic
energy 715! are expressed as:

wlisl — 5 viSlao

(3.70)
T = %/ P P40
Q

As there is no work done by external forces, the total energy of the transducer involving n

segments is:

= zn: (TS —wls)) (3.71)
S=1

The state of transducer motion is obtained by using Hamilton’s principle, aiming to minimise

the energy in the variational problem:

Zn: Tl _ [ Zn:(ST[S]—SW[S])zo (3.72)

S—1 I =1

where 7 and #; are the given initial and final time, respectively.

3.2.4.2 Finite Element Process

LetS € {1,...,Ss } index the transducer segments and let QS © R3 denote the physical domain
of segment S, with physical coordinates X = (x1,x3,x3). The domain Qb s partitioned into
nLS} finite elements. Each element is within the natural domain Q = [—~1,1]*> € R under an
isoparametric mapping x = FIS) (e)(cﬁ) with & = (£1,&,&3) € Q. Therefore, the sum of strain
energy WIS! and kinetic energy T8l in (3.72) decompose additively over the mesh as wisl =
Zz[ejl WSk and 78] = y7e e[:S]I TSl (e ), where WIS1€) and T181:(¢) are the element contributions

given in the variational form below:
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swio = [ 568(@ ) £18€) 4 (&l Ty I5h(€)) dx

2 S1(e) _ ,/Sly ¢S] (e)
—|—/ Se V(b 1€ x>V )dx
= QE5g(<cH:s[SW>+( NTvgShe)det(J(€))ag
+ / 26V¢ She) — ¢ SlvlS1€))det(J©))ag
[S].(e) — Ly 581y81@)
oT /Q[SM 25u7tp u, " dx

-/, S du,p Sl e (3¢ dg

(3.73)

where J = det (dx/d&) > 0 denotes the Jacobian matrix, which defines a linear transformation
between the natural and physical coordinate systems on elements which is commonly referred to
as the reference-to-physical mapping. The element type is identical over the transducer problem
domain and each element has p nodes, thus p shape functions N; : Qlel are obtained by linear
approximations. For the geometric discretisation in a 3D FEM problem, four types of elements
are typically applied, including tetrahedron, hexahedron, prism, and pyramid. Taking the linear
tetrahedron and hexahedron elements as examples, which are the most widely used 3D elements,

where the node numbering orders are shown in Figure [3.13]

Figure 3.13: Numbering orders of linear tetrahedron and hexahedron elements.

Lagrange polynomials in p — 1 order is used to derive the shape functions, as given:

Ni(E1,62,8,8) = T1(&1) - Ty(&) - T (&) - Tu(€) (3.74)
where, X
E=1-&-6-6&,
L=y g—1 I+41 3.75
T,m:{’ (=1 + (3.75)

1, I=1
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where L(r) are the Lagrange polynomial.
ulS-@) and V¢[S]’(e) can be rewritten by the nodal degree of freedoms as shown:

O]
ple)
o[l Moo 0 N, 0 0] (W
uSHO=Y N[O =0 N 0 0 N, O] : |=[N@spa
=W 0 0 N 0 0 Ny |uld
pe)
Wy
V¢[SL(6):Z_§’¢I@): 0 ‘3—]%’21 0 0 31;5 0 D =N et
i=1 0 0 ,(99_2131 0 0 3_1%!31 (P;e)

(3.76)
where [ul(e), vl(e), wl(e)]T € R3 is the nodal displacement vector of element e in segment S at ref-

erence coordinates & = (&1, &y, &3). Recalling the strain field € is a function of the displacement
field u:

e [ au@ses ]
s% w(© /9E,
e (e)
g[s]:(e) — €33 — dw /853 (377)

26| [9v(9/9E + 9w /&,
26| [9ul) )9&; +aw 9E,
26| | ul®)/a& + v /g, |

Substituting nodal displacements in (3.76) into (3.77), the element strain field is rewritten as:

£51) — (g3 (3.78)

Where [B] is a (6 x p) matrix containing the first derivatives of shape functions with respect

to the natural coordinate. Strain and kinetic energy for elements in (3.73]) can be rewritten by

substituting and[3.78] as shown:

ug
+(86')T- (ka0 + K" (3.79)
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where,
(e :l/ T (8] () _ 1 T3]
Kuu 2 Jo [B] C [B]dgv Ku¢u 2 Jold [B] e [N](3 ),édé
0 _ 1 T S (e) (o)
Koo =5 | MG et Vo edd, Koy =Ky (3.80)
e 1
My, = E[N](T3Xp)P[S] [N] (35 p)dE

By substituting dx = det(J)d& into (3.80), a linear mapping is established between the physical
coordinate and the natural coordinate. In order to solve the integration over the domain [—1, 1],
the stiffness matrices are computed using Gaussian quadrature. Therefore, finite element equa-

tions of the transducer motion are assembled in the following form:

Muuﬁ,tt + Kyull + Kuq)qA) =0

" (3.81)
K¢uﬁ + K¢¢¢ =0

Taking u = Ue'®" into account, where U is the vector which represents all nodal displace-

ments in the mechanical field, the above equation is rewritten as:

— 0* Myt + Kyt + Kypd = 0

A (3.82)
Kpull +Kpp =0

3.2.4.3 Boundary Conditions

In the context of boundary conditions in a mechanical and electrical system, we define the nodal
indices for mechanical boundaries as i, . . ., j and for electrical boundaries as k, ..., [. It is impor-
tant to note that the degrees of freedom (DOF) associated with mechanical nodes are quantified
as 3, in contrast to the single degree of freedom attributed to electrical nodes. Let 71 represent the
total number of nodes in the system. This framework clearly delineates the differing constraints
and functionalities attributed to mechanical and electrical components within the model.

Two types of well-known boundaries are the Dirichlet and Neumann boundaries, indicating
fixed and free in the mechanical field, respectively, while short and open circuits in the electrical
field. Therefore, four situations are considered in this electromechanical model, which are fixed-
short (Dirichlet-Dirichlet), free-short (Neumann-Dirichlet), fixed-open (Dirichlet-Neumann),
and free-open (Neumann-Neumann). Here, the author exclusively details the static conden-
sation in applying fixed-short boundaries as an example, with the rest of the situations presented

as the final finite element equations.

Fixed (mechanical) & Short (electrical) The Dirichlet is applied to mechanical and elec-
trical fields in this scenario. To minimise redundancy in the subsequent derivation, the nodal

DOF indices for mechanical and electrical fields are 7, and 71y, respectively. Subsequently, in-
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dices that exclude boundary conditions are defined as follows: for mechanical fields, 71, € i, #
[3i,3i4+1,3i+2,...,3j,3j+ 1,3 +2], and for electrical fields, iy € Aig # [k,...,1].
Applying boundary conditions to the first equation in[3.82] as given:

- wZMuuﬁ + Kuuﬁ + Ku(b& -
L,
M Ky Kyj (3.83)
mEﬁm Mﬁ’{i’m mEﬁm Kﬁﬁ’m n€ﬁ¢ Kﬁ}$7n

Then, applying boundary conditions to the second equation in (3.82), as given:

17m l,n

) o Kou Koo
Kopuli +Kogb=— Y Un| ¢ | =Y Vul| (3.84)

MEfy, fig,m nefigy fig,n

Kou Koo

where Ky € R07n K € Rio*%e i € Rn*! and ¢ € R"™*1. The electric potential vector

can subsequently be expressed by displacement, as provided:

Kl,m Kl,n
~ ~ 1~ ~ ] ?u ~ ] ,M
0= —KyKouli— ) UnKyg | | = ) VaKyy | (3.85)
MmeEiy, fig,m néEiig fig,n
Kou Koo

The final step of static condensation replaces the potential vector in [3.83] and the finite

element equation for the whole system is rewritten:

~ P 1~
[Kuu — Kup Ky Koy — 0°Myy il =

i i
Y UnRuRpp | 0 |+ ¥ ViRugKyg |
T K| " Ky, (3.86)
My Kui' Kyj
- Y U, | | -XY U | -V
MEfy, Mﬁ’{i’m MEy, Kﬁrﬁ’m nefiy Kﬁ,q,;,n

Free (mechanical) & Short (electrical) Following the same static condensation method de-

tailed above, the finite element equation for the system is expressed as follows:
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-~ ~ _1 -~
Kuu — Kup Ky Koy — 0°MyyJu =

1,n 1,n
SO Koo Kug (3.87)
Y ViKugKgo | 0| = X Va|
nefl(p KZ(Z;H nEfl(p K’zi‘;;»n

where Ky € R0, f(w e RinxTg ﬁ¢u € RitoXin.

The electric potential is expressed as:

Kln

T e
0 = —KooKpuli— ) ViKyy | (3.88)

né€iig fig,n

Koo

Fixed (mechanical) & Open (electrical) The finite element equation for the system is ex-
pressed as follows:

[Kuu Ku¢K¢¢K¢u 2N/qu]ﬁ:

17 17 17
Y UKuKgy | 0 | = Y 0Un| @ |= Y Un|
mefy, Kz,j:l,m MEfy, Mﬁ'ﬁ’m MEfy, Kﬁ’ﬁm

WheI’e Kuu < Rﬁmx;lm, Muu € RﬁmXﬁm, KU(I) € Rﬁ’nXﬁ¢, K¢u & Rﬁ¢><ﬁm, and ﬁ < Rﬁle.
The electric potential is expressed as:

1,m
Kou

0 =Ky Kpuii— Y UKy | (3.90)
MmeEfiy, g, m

Free (mechanical) & Open (electrical) The finite element equation for the system is ex-
pressed as follows:

[Kuu — Kup K Kgu — 0°MyyJu =0 (3.91)

The electric potential is expressed as:

0 = —K(;(})Kq,uu (3.92)

All simulations of (3.86), (3.87), (3.89), and (3.91) have been carried out using self-
developed Python code based on the 3D mathematical models in this thesis. The results were

compared against Abaqus, confirming both correctness and robustness. In addition, the custom

implementation of above boundary conditions allows for more flexible and problem-specific
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functionality beyond the scope of typical commercial solvers. Material properties applied in
this study, including elastic modulus, Poisson’s ratio, density for isotropic materials, stiffness,
piezoelectric, and permittivity matrices for piezoelectric materials, are given in Appendix [A]

The flexibility of the developed FEM is demonstrated typically based on L1 mode, where
the eigenfrequency is solved under free-short and free-open conditions, followed by a single-
frequency analysis at resonance under short-circuit conditions. The dimensions and materials
of the model are consistent with the simplified configuration in the 1D model. This part applies
four-nodes tetrahedral elements to mesh the entire transducer. The results for the eigenfrequency
problem are plotted by ParaView and are shown in Figure [3.14]
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Figure 3.14: Demonstration of developed 3D electromechanical model based on a Langevin
transducer in its L1 mode, illustrating (a) mode shape and (b) electric potential under free-short
conditions at eigenfrequency of 20657 Hz (resonance), and (c¢) mode shape and (d) electric
potential under free-open conditions at eigenfrequency of 20940 Hz (anti-resonance).

In Figure [3.14] the eigenfrequency of L1 mode at resonance is 20657 Hz, which is differ-
ent from 20670 Hz in the 3D model by Abaqus shown in Table [3.5] The reasons are likely

meshing quality and number of elements. Additionally, due to lack of parallelisation, crucial for
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large-scale simulations, results in longer computation times. Although Abaqus is widely used
for piezoelectric simulations, implementing custom electromechanical coupling, such as electric
potential distribution, can be restrictive. Therefore, the proposed model has been used through-
out the thesis, along with results obtained from Abaqus, to append the electric information for

the designed Nitinol transducers.

3.3 General Overview of Experimental Characterisations

3.3.1 Electrical Impedance Analysis

An ultrasonic transducer can be operated at resonant or anti-resonant frequency, depending on
the device’s functionality in an application. For example, the resonant frequency, also named
short circuit resonance or series resonance, is a common choice. Its low electrical impedance
allows high vibration amplitudes during moderate loading. In contrast, when the transducer
vibrates at its anti-resonant frequency, which is also called open circuit resonance or parallel
resonance, it typically has high electrical impedance, where minimal current flows through the
system. As a result, a high voltage input is needed to maintain vibration amplitudes, along with
high loading resistance [167]]. The piezoelectric transducer has electrical impedance character-
istics, usually appearing capacitive away from the electrical resonance and anti-resonance while
inductive between them. However, configurations and mode shapes affect phase properties, es-
pecially magnitude and window, as seen in flextensional transducers [168] and pMUT [169],
showing capacitive impedance throughout resonance. An electrical impedance analyser (EIA)
is used to characterise the electrical impedance of a transducer. Here, the measured electrical
impedance is a complex number, where its value combines resistance and reactance, indicating
opposition to alternating current (AC), and its phase demonstrates whether the transducer is con-
ductive, inductive or resistive. Based on general Ohm’s law for reactive elements, a single linear
relationship between AC voltages and currents, the complex impedance is given by:
Vv

zZ=-= %ei(@v—"ﬂ (3.93)

where V = |V |ed(@+0) and I = |1|e(@+01) are the AC voltage and current with frequency .
Generally, the phase difference (6y — 6;) in[3.93|demonstrates the phase that the current lags the
voltage and has been widely rewritten as 6 = (6y — 6y).

The BVD model, an analogous equivalent circuit, approximately describes the electrical res-
onance behaviours of a transducer. A conventional BVD model consists of one mechanical and
one electrical branch, representing a single mode. However, multiple modes exist in the piezo-
electric transducer, and one mechanical branch does not demonstrate the whole system. These
modes can be represented by modifying the BVD circuit model with additional mechanical

branches, where each branch stands for a single vibration mode. The model comprises branches
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of series of a capacitor, inductor, and resistor, with all shunted by a parallel capacitor, as shown
in Figure [3. 15| [[I70L[I71].

Mode 1 Mode 2 Mode 3

RO ROI RO“
AC C1__ CO COl CU" se e
C’\z) T —
Lo 3 Lo’ Lo"

Figure 3.15: BVD equivalent circuit for piezoelectric transducers for multiple vibration modes.

In Figure [3.15] C; represents the dielectric capacitance, Cy is the mechanical capacitance,
Ly is the mechanical inductance, R is the mechanical resistance, and the branch of Cy, Ly, and
R is named a mechanical branch. For a piezoelectric transducer with a single vibration mode,
only one mechanical branch remains. The mechanical branch indicates analogous mechanical
properties of the transducer based on the electric field. Mechanical—electrical analogies repre-
sent mechanical systems as electrical networks and vice versa, showing similarity between me-
chanical and electrical fields [[172]. A classic impedance analogy can explain the BVD model,
showing relationships between electrical, mechanical, and acoustical parameters. Analogous
parameters are listed in Table 3.6

Electrical parameter Mechanical parameter Acoustical parameter
Electrical impedance < Mechanical impedance <  Acoustic impedance
Capacitance < Mechanical compliance < Acoustic compliance
Resistance < Mechanical damping < Acoustic damping
Inductance & Mass & Inertance

Table 3.6: Classic impedance analogy between electrical, mechanical, and acoustical parame-
ters.

Based the BVD model, which is a second order electrical circuits, impedance for a single

vibration mode is given by:

7 — 1— O)ZC()L() +jwCoRy
" jCO(C] +C0) - 0)2C1C()R() —ja)3C1C0L1

In (3.94), Z, is the electrical impedance for a single vibration mode. The BVD is defined

(3.94)

iteratively from (3.94) after measuring the electrical impedance, to achieve an optimal fitness

between frequency responses of a BVD model and an experimental impedance spectrum. This



CHAPTER 3. DESIGN AND MANUFACTURE PRINCIPLES 74

allows for indirect analysis of the mechanical behaviour of the piezoelectric transducer from its
electrical properties. The advantage is that this technique enables the analysis of transducer dy-
namics when there are changes in the transducer temperature or excitation, which has limitations
for physical measurements like LDV, primarily when the Nitinol Langevin transducer performs
martensitic transformation under high excitation.

In this study, an impedance analyser (4294 A, Keysight Technologies, CA, USA) has been
principally used throughout the experiments, with its frequency range from 40 Hz to 110 MHz,
a minimum one mHz resolution, and a maximum of 801 measurement points. One advantage of
EIA is that it avoids the nonlinearity of PZT materials, which is a polarisation variation due to
high excitation. As its low voltage signal ranges from 5 mVgys to 1 Vrums, polarisation changes
in PZT are negligible. Therefore, it measures the electrical response from the transducer in its
static state. It is worth noting that the transducer must be grounded at elevated temperatures,
such as Nitinol Langevin undergoing resonance tuning with temperature, before connecting to
the EIA setup. This is because the temperature variation changes the PZT polarisation [173],
thus generating charges. However, the current signal level of EIA ranges from 200 uAgrvs to
20 mARMms, meaning even a minimal burst of current from the transducer could damage the
internal circuit module of EIA. A diagram showing the impedance spectrum of a piezoelectric
transducer at resonance is presented in Figure [3.16] where electrodes of piezoelectric materials

are connected to the impedance analyser probes.

Parallel resonance /
Open circuit resonance/
Anti-resonance

Impedance/Q

Series resonance /
Short circuit resonance/

‘ Resonance

Frequency/Hz

Figure 3.16: A diagram of electrical impedance spectrum.

The impedance spectrum approximately locate the resonance and anti-resonance. However,
for an ultrasonic transducer, the resonant frequency includes electrical resonant frequency, which
is at the zero phase, and mechanical resonant frequency, where the conductance reaches the
maximum [174]. To obtain the mechanical and electrical resonant frequencies, the admittance
loop is a widely used, a diagram example is shown in Figure

In Figure the susceptance is an imaginary part of admittance, a reciprocal of impedance,

and the conductance is a real part. f,, f; and f, represent frequencies of the piezoelectric
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Figure 3.17: A diagram of a typical admittance loop.

transducer at maximum admittance, maximum conductance, and zero susceptance, respectively.
Also, fu, fp, and f, represent frequencies at maximum impedance, maximum resistance, and
zero reactance, respectively. It is evident that the mechanical resonant frequency f; differs from
the electrical resonant frequency f,. This is because mechanical and electrical losses lag the
electrical resonance by a phase angle [[175]]. However, this phase lag is negligible in the Langevin
transducer at a low excitation and constant temperature, which minimises the losses. The Q
factor for a Langevin transducer in its first longitudinal mode is critically high, resulting in a
fast phase shift near the electrical resonance. In this case, a small phase lag does not cause a

significant frequency difference between mechanical and electrical resonant frequencies.

3.3.2 Experimental Modal Analysis

As mentioned above, EIA can obtain the resonance behaviours of the transducer, while the
impedance spectrum only indicates the electrical properties and resonant frequencies rather than
modal analysis. It is important to obtain such modal information, especially mode shapes, since
it helps for understanding and optimising the structural dynamics of a transducer. For example,
in ultrasonic applications, nodes and anti-nodes of a transducer, provided by the mode shapes,
inform the positions of the working tip and mechanical clamping, respectively. Here, experi-
mental modal analysis (EMA) determines the modal parameters of the piezoelectric transducer,
such as resonant frequencies and mode shapes. In contrast to the analytical modal analysis,
where the modal parameters are obtained theoretically, EMA uses modal identification algo-
rithms to process experimental input-output data [[176]. This input parameter represents the
electric signal applied to the piezoelectric materials and involves sinusoidal, random, pseudo-
random, or impulsive excitation [[177]]. According to DOF of the experimental setup measures,
subsequent output is obtained from collecting modal parameters from multiple receiving chan-

nels. By constructing the modal parameters of all measured points in the frequency domain
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to a model representing the scanned object, vibration mode shapes and modal vectors can be
illustrated graphically. In this study, the modal parameters of transducers have been measured
by LDV, including scanning (MSA100, Polytec GmbH, Germany) and 3D (CLV3000, Polytec
GmbH, Germany) versions. The measuring principle of LDV is that the system analyses re-
solved Doppler frequency variations by collecting backscattered laser data from the transducer

surface, as an example of the scanning LDV shown in Figure [3.1§]
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Figure 3.18: Working principle of the scanning LDV.

In Figure [3.18] each interferometer measures one off-axis in-situ vibration on the scanning
profile, including amplitude, velocity, and acceleration, where the transducer is excited by a pe-
riodic chirp signal in this study. The collected broadband data concerning time is transformed
in Cartesian coordinates, and the fast Fourier transformation is applied to process data to the
frequency domain. By constructing data from scanned points on the transducer surface, the
vibration mode shapes in all resonance modes within a defined frequency range can be demon-
strated subsequently in a post-processing step. It is crucial to utilise the LDV techniques to
validate the dynamics of the Nitinol Langevin transducer in its designed modes after manufac-

turing, emphasising consistency throughout the design process.
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3.3.3 Harmonic Analysis

Power ultrasonic devices often operate at high power levels, inducing nonlinear dynamics. The
amplitude—frequency and impedance—frequency responses become asymmetric about the reso-
nance, exhibiting a ‘shark-fin’ profile. This is distinct to the dynamic results that obtained from
both EIA and EMA which take low voltage input into account. Nonlinear behaviour in ultra-
sonic transducers causes the disproportionality between output amplitude and input excitation,
resonance shifts, mechanical and electrical losses, and amplitude surges, resulting in unwanted
degradation on transducer performance [178]]. To understand the nonlinearity of a transducer,
it is challenging to describe it by a mathematical model, as the nonlinear behaviours stem from
either dimensional or material properties. Although some models have been proposed by adding
extra terms to the constitutive law, the physical meaning of these terms are still unclear [[179].
Therefore, to explore this nonlinear phenomenon, harmonic analysis becomes a practical method
since it experimentally measures the transducer nonlinearity [180]. A harmonic system uses
LDV to measure the vibration amplitude responses with frequency in a typical mode shape. As
input voltage increases, the vibration response becomes strongly nonlinear and the resonance of
the first longitudinal mode generally shifts to lower frequency. However, due to the amplitude
saturation and frequency hysteresis proposed in the literature where unstable surges appear near
the resonance, the nonlinearity can only be characterised by sweeping frequency upwards and
downwards [[178,|180,181]]. As the Langevin transducer is a complex system that involves ma-
terials, structures, and operations, any nonlinearities within these aspects should be considered
as they contribute to the nonlinearity in the transducer dynamics. In a Nitinol Langevin trans-
ducer, nonlinearities in Nitinol properties caused by the martensitic transformation may lead to
unique dynamic responses dependent on temperature and excitation. This highlights the need to
characterise the designed transducers’ nonlinear behaviour using harmonic analysis.

In this study, the harmonic system involves using an arbitrary waveform generator (33220A,
Agilent, USA) to create a sinusoidal voltage signal as the input to operate the transducer, where
voltage signals are magnified by a voltage amplifier (HFVA-62, Nanjing Foneng Technology In-
dustry, China). The burst signal contains a finite number of sinusoidal cycles and is adjusted with
a suitable duration to obtain the transducer dynamics at its steady state. Vibration is measured
with a 1D LDV (OFV-303, Polytec, Germany). A laser controller converts Doppler frequency
and phase shifts into velocity and displacement, respectively. After each burst signal operates
the transducer, a period between bursts is introduced to minimise the heat generation as the
dielectric loss and comparatively low Joule heating, given piezoceramics are minimally conduc-
tive. It has to be noted that the laser beam of the 1D LDV should be directed axially to the
axis of the DOF to be measured. For example, this study researches the longitudinal modes for
all transducers. Thus, the laser beam is on the same axis as the transducer and is focused on
the centre of the end surface to ensure the collected vibration parameters only have longitudinal

components. Automation is required to achieve the functionality of sweeping frequencies in the
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system. It is done by using the combination of the LabVIEW software and a multifunction I/O
module. Therefore, both input and output voltage, current and waveform could be programmed
and recorded by the user interface in LabVIEW. The diagram of the harmonic analysis system
is shown in Figure [3.19
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generator
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Figure 3.19: Diagram of the harmonic analysis system.

3.3.4 Continuous Operation under High Excitation

Another part of the experiments characterises the transducer dynamics under continuous opera-
tion with high electrical input, a common situation in power ultrasonics, which normally records
voltage, current, and power over time. When continuously applying high excitation to the trans-
ducer, the heat generated due to dielectric loss of the piezoelectric material, widely called self-
heating effect [[182], degrades the transducer performance, where the piezoelectric properties
are strongly dependent on temperatures. This dynamic degradation normally involves the de-
crease in resonant frequency and vibration amplitude [I83]]. Thus, it is important to measure the
in-situ responses of a transducer to mimic the situation as closely as applications, especially for
Nitinol Langevin transducers, where the inclusion of Nitinol further complicates the continuous
operation. To accomplish this, an ultrasonic driver (PDUS210, PiezoDrive, Australia) has been

used to operate the transducer. In an ideal case, the transducer maximises its output vibration
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amplitude by driving at its mechanical resonant frequency. As mentioned before, mechanical
resonance is normally collected by sweeping frequency, and the maximum conductance is found
by fitting an admittance loop in a typical vibration mode. Therefore, tracking the mechanical
resonance as an input for continuous operation is challenging. Instead, the electrical resonance
is straightforward to track by analysing electrical signals. The electrical resonant frequency is
approximately equal to the mechanical resonant frequency in a Langevin transducer as a high Q
factor, achieving a high power consumption and an efficient driving procedure.

In order to ensure the transducer is driven at its electrical resonant frequency in a period, the
driving system requires the ability to locate and track the resonance at zero phase. The phase
tracking is widely used as it tracks the zero phase constantly to operate at the electrical resonant
frequency [10]. Although phase tracking involves a complex combination of controllers and de-
tectors, the fast and accurate control makes it an efficient and reliable technique. Furthermore,
based on the phase tracking diagram, current and power tracking can be achieved to maintain
the constant current and power by current and voltage probes. Using these functionalities, trans-
ducer in-situ properties, including resonant frequency, impedance, phase, current and power, are
collected to evaluate the transducer dynamics. However, even with a minimum change in driving
frequency, the significant phase variation results in the transducer vibrating at its off-resonance.
Since the phase angle experiences a jump phenomenon at the resonance, the phase shifts from
-90 to 90 when the frequency approaches the resonance from a lower frequency. Also, this pro-
cedure is inefficient when the transducer experiences varying loads, leading to a time-consuming
process of using an algorithm to find the zero phase via the admittance loop. These could be
optimised by implementing an advanced tracking algorithm and establishing efficient hardware
interface communication [[150,184]. These tracking techniques greatly help monitor and under-
stand variations in the resonance behaviours of the Nitinol Langevin transducer resulting from

the martensitic transformation by managing constant excitation levels.

3.3.5 Thermal Loading

In the Nitinol Langevin transducer, the material properties of every segment are temperature
dependent, not only on Nitinol and PZT but also on any other conventional metal for end masses
and bolts. Elastic property variations significantly influence the transducer dynamics. There-
fore, it is important to research the dynamic responses of a transducer at varying temperatures.
Self-heating and thermal loading are ways to increase the transducer temperature passively and
actively, respectively, which are both discussed in this work. As the self-heating situation does
not involve temperature manipulations, only thermal loading is detailed in this section.

In order to evaluate the influence of Nitinol phase transformations on transducer dynamics,
the Nitinol temperature is required to be constant, ensuring the phase transformation happens
throughout the geometry and thus the constant elastic properties. To achieve this, the trans-

ducer needs to be positioned in a chamber-like facility, where heating/cooling units change the
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temperature field inside which the thermostat controls. In this study, a commercial dehydrator
(AJ-991, Andrew James, UK) and a laboratory oven (AX60, Carbolite Gero Ltd., UK) were
utilised to realise the heating functionality, with a controllable heating functionality up to 70°C
and 250°C, respectively. The apertures on them, as received, enable the use of LDV to measure
the transducer dynamics at elevated temperatures, where the laser has been directed through the
aperture. Also, a commercial climate chamber (MKF115, BINDER GmbH, Germany) has been
used to create heating/cooling conditions. The programmed temperature window ranges from
-40°C to 150°C, with a £2°C fluctuation. However, the aperture on the side of the chamber
is unsuitable for laser tests at sub-zero temperatures since an opened window can cause severe
temperature fluctuations and increases the humidity which results in an ice layer covering the
transducer. Consequently, transducer dynamics become unstable during the test, increasing the
risk that the temperature-induced charge of the piezoelectric material damages the impedance
analyser module. Therefore, the aperture was closed through the measurement, which indicates
that only impedance spectra could be measured. It must be noted that a thermocouple was used
to measure the transducer surface temperature alongside, as the transducer’s thermal loading
may differ from the set value of the thermostat. This is primarily because there is always a tem-
perature delay in the actual temperature of the input value. The experiment continues when the
temperature on the transducer surface is stable, and its discrepancy to the set value is within the

fluctuation range for 10 min to achieve a constant temperature field.

3.4 Integration of Nitinol into Langevin Transducers

3.4.1 Material Considerations

Regarding Nitinol selection, it is preferable to implement the material with its phase transfor-
mation temperatures close to room temperature. One reason is to maximise Nitinol’s influence
on transducer dynamics near room temperature, enabling accessible measurement which does
not rely on facilities that apply a high thermal loading ability. Also, this starts from applying the
Nitinol transducer to applications, as transducers are usually operated in room or close-to-room
environments. For example, when high temperature is applied to the transducer, not only does
the depolarisation of piezoelectric material degrade its electrical properties and thus operational
efficiency, but elastic property shifts also influence resonance. Consequently, the driving system
fails to track the resonance and causes a drastic drop in output power.

It has been widely proposed in the literature that the post-processing, such as heat treatments,
significantly changes the phase transformation behaviours, especially transformation tempera-
tures between martensite and austenite [185-187]]. This enables Nitinol to be engineered to
undergo phase transformation at prescribed temperatures. However, it increases the complexity

of designing Langevin transducers, and more factors considered lead to inconsistency between
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design and reality. Therefore, as-received Nitinol samples are not post-processed for this inves-
tigative research.

DSC characterises the thermal behaviours of materials, including polymers, metals, and or-
ganic chemicals [187]]. In this study, DSC identifies Nitinol’s phase transformation behaviours
by monitoring a specimen’s endothermic and exothermic processes in the heat flux format as
a function of temperature. The working principle is that DSC measures the difference in the
energy required to heat the specimen and reference by controlling heating rates. The specimen
should be manufactured in an acceptable size and be encapsulated in an aluminium container,
which is the reference in the test. The specimen and reference are then heated or cooled by posi-
tioning them in the furnace module at a constant and programmed heating/cooling rate. Internal
thermocouples collect their in-situ temperatures. Thus, the heat flow to or from the specimen is
calculated from their temperature profile differences. DSC is accurate and only requires small
specimens on a millimetre scale. A proposed DSC result for Nitinol material is shown in Fig-
ure [3.20] as an example [188]. When the temperature reaches the transformation temperatures,

changes in the baseline slope of the curve indicate the characteristic phase transformations.
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Figure 3.20: Heat flow characteristics of Nitinol measured by using DSC [188]] (Reprinted from
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engi-
neering Science, Copyright © 2008 Institution of Mechanical Engineers).

Recalling that Nitinol’s elastic properties are influenced by temperature and that transducer
resonance behaviours are dependent on elastic modulus, it is important to characterise the elastic
moduli of Nitinol with temperature in order to simulate Nitinol transducer dynamics. The com-
plexities surrounding estimating the elastic moduli of Nitinol are well documented [189,|190].

For example, elastic moduli of the twinned martensite phase is highly dependent on detwinning
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and reorientation [[191]], and it should be noted that a key determining factor of modulus dif-
ference between martensite and austenite is the grain size [[192]. The larger the grain size, the
larger the modulus difference within the temperature range of -100°C to 100°C [193]]. Given
these challenges, an attempt has been made by using a pulse-echo system, which involves the
direct experimental determination of all independent components of the elastic tensor by mea-
suring the velocity of ultrasonic waves in different directions of the samples [194]. The velocity
travelling through the material was measured by a pulse-echo system (DPR300 Pulse/Receiver,
JSR ultrasonics, USA) through recording the time of flight, the time delay of received signals to
transmitted signals. Data was then collected in the following pattern: starting with the heating
process from room temperature to 60°C, then cooling from 60°C to -40°C, and finally heating
from -40°C to 20°C. The heating and cooling processes were carried out by a commercial de-
hydrator and a freezer with aerosol freeze sprays, respectively, and a thermocouple (RS PRO
1384, RS Components, UK) measured the sample temperature. One end surface of a designed
Nitinol cylinder was connected to the ultrasonic transducer (I4-0506-R-SU, 5 MHz, Harisonics,
USA) using ultrasonic transmission gel as the conductive agent. A digital storage oscilloscope
(InfiniVision DSOX2014A, Keysight, USA) traced the pulse and echo signals. The acoustic
velocity results is shown in Figure

Similar results are illustrated above, in comparison to [[195]], with the acoustic velocity ex-
ceeding 5000 m/s throughout the complete phase transformation. However, the estimated mod-
ulus value for both martensitic and austenite phases ranges from 100 GPa to 120 GPa, which is
significantly larger than what has been proposed in the literature [55-58]]. This discrepancy is at-
tributed to the anisotropic elastic evolution caused by microstructural orientations [[196], where
the crystallographic orientation of as-received materials is along the length of the rod [[197].
Therefore, anisotropic microstructures influence the free vibration and sound transmission of
the sample, indicating that that the acoustic velocity is unsuitable for determining Nitinol’s elas-

tic properties [196]], without further research.

3.4.2 Fabrication Considerations

Nitinol Langevin transducers designed in this work feature a circular cross-section, and their
axisymmetric configurations help reduce manufacturing inconsistencies. In order to implement
Nitinol into the Langevin transducer, Nitinol material in cylindrical geometry is preferable to be
machined into suitable configurations. Typically, a central hole or a thread is required to be in-
troduced into the Nitinol segment. In terms of fabrication, the work hardening of Nitinol makes
it challenging to be fabricated through conventional machining methods [198]]. The strain-stress
behaviour also affects the cutting process, which causes high tool wear, adverse chip form, and
formation of burrs after turning and grinding [[131]. One strategy is using EDM, a manufactur-
ing process that uses sparks to erode material from a conductive workpiece. EDM has several

advantages in manufacturing Nitinol material over conventional machining methods. It over-
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Figure 3.21: (a) Preliminary pulse-echo results showing acoustic velocity of tested Nitinol sam-
ple, compared with (b) velocity results proposed in the literature [195]] (Reprinted from The
Journal of the Acoustical Society of America, Copyright © 1965, with permission from AIP
Publishing).

comes defects such as strain hardening and poor surface finishes [199]]. It is also known that
a thin white layer can be formed because of the resolidification of molten Nitinol by quench-
ing, resulting in a complex phase transformation and altered microstructure [200]. The white
layer affects Nitinol’s mechanical properties and benefits mechanical fatigue due to low surface
tensile residual stress [201]]. However, due to its relatively low thickness compared to the di-
mensions of fabricated samples, it makes only a minimal contribution to the elastic properties
of the samples. Also, the zero-force applied in the EDM process keeps the residual stress at a
very low level [202]. Another strategy is water-jet cutting, a cold process that prevents thermal
damage to Nitinol. While the water-jet is effective for machining sheet materials, it limits the
potential to fabricate bulk Nitinol mass segments.

In this study, EDM is primarily utilised. There are two types of EDM are commonly used
in industry: wire EDM and sinker EDM. Unlike wire EDM, where the electrode is thin, sinker
EDM uses a bulk electrode shaped into the expected final part configuration. In the process,
the material is removed by a spark discharge between the workpiece and the electrode. Both
methods’ electrodes move along a programmed path to profile precise and intricate shapes in
materials. Copper has been verified as the most suitable electrode material for manufacturing
Nitinol because of its high thermal and electrical conductivity [203]. Sinker EDM is used in
this study to fabricate Nitinol, and the workpiece is submerged in an oil coolant. The massive

amount of heat is dissipated to the coolant instantly, ensuring a minimal phase transformation
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of Nitinol. However, EDM can be time-consuming, as it depends on workpiece materials and
designed working surface roughness. The efficiency is improved if the appropriate electrode
material and process parameters are well managed, such as current, nanopowder size, and spark
gap [204]]. Many studies support the importance of parametric evaluation and optimisation
206]. Overall, EDM is a suitable and accurate manufacturing strategy with many advantages in
manufacturing Nitinol over conventional methods. A sinker EDM (AD35L, Sodick Europe Ltd.,
Warwick, UK) is used with copper selected as the electrode for the process to fabricate Nitinol

parts in this study, as shown in Figure [3.22]
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Figure 3.22: The sinker EDM (left) and the machining process for Nitinol (right).

An oxide film may appear after machining as a high temperature occurs on the working
surface in the EDM process. Due to the high activity of Ti and Ni atoms, TiO, and NiTiO3
commonly form the oxide film [207]. Although the mechanics of this film are different from the
as-received Nitinol material, its relatively low thickness to the Nitinol part dimensions arguably
makes a limited contribution to transducer dynamics, so it is not detailed in this research. After
the EDM process, the Nitinol Langevin transducer was assembled by applying a pre-stress on
the bolt using the constant torque method, forming the required robust and stable connection
between parts. Then, EIA should be conducted to obtain local resonances, followed by modal
identification to measure the vibration mode shapes. Based on the resonance properties, the
elastic modulus of Nitinol is iteratively defined by using FEA. FEA is conducted at this step
because elastic moduli of Nitinol phase microstructures are complicated to be experimentally
determined [[196].

Therefore, at present, the design of the prototype is limited to the estimations of the elas-
tic moduli specified. However, by correlating the FEA model to the experimental results, an
estimation of Nitinol elastic modulus at room temperature can be noted in the order of GPa.

This also assumes the accurate definition of the other transducer components and their material
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properties. However, the modulus magnitude is comparable with what would be expected.

3.4.3 Experimental Considerations

Experimental considerations for a Nitinol Langevin transducer involve characterising
temperature-dependent dynamic properties concerning varied excitation levels, consequently
showing tuneable transducer dynamics via the martensitic transformation. A thermal loading
technique, based on the accessibility of facilities, is required and defines an appropriate tem-
perature window aligned with the phase transformation temperatures, especially Mg and Ap.
Typically, a wider temperature window of the thermal loading is ideal to include the complete
phase transformation process, consequently tuning the resonance with a maximum. Moreover,
an intricate phase transformation occurs when an unstable intermediary R-phase is involved.
Therefore, only stable microstructures, martensite and austenite, are discussed to reduce com-
plexity in designing and analysing Nitinol Langevin prototypes.

It is important to recognise that there are challenges in measuring transducer dynamics at
different temperatures. This is primarily due to the difficulty of installing the experimental se-
tups in those environments to obtain accurate results. For example, in the modal identification
process, scanning LDV or 3D LDV cannot be performed at elevated temperatures, given the un-
suitability of the instrumentation to those temperatures. As a result, the transducer mode shapes
in this study are only measured at room temperature. These results are then used to reference
the associated transducer resonance at different temperatures, assuming that the transducer mode
shapes remain identical across the temperature range.

In order to conduct EIA and harmonic analysis at different temperatures, the Nitinol trans-
ducer needs to be placed inside thermal loading facilities where a uniformly distributed temper-
ature field surrounds the transducer, achieving thermal equilibrium. A temperature window with
constant interval steps is configured to include complete phase transformations. This enables
the material to transform from martensitic phase at room temperature to austenitic phase at ele-
vated temperatures or vice versa. It is worth noting that all measurements should be conducted
with the assumed free-free boundary condition across the transducer, as the main focus is on
the free vibration in longitudinal modes. Additionally, real-time temperature monitoring uses a
thermocouple attached to the transducer surface and a thermal imager (TIM 160, Micro-Epsilon,

Germany) to ensure that the transducer is heated close to the surrounding environment.

3.5 Summary

This chapter initially investigated the way of how conventional Langevin transducer are de-
signed, setting a pathway for integrating Nitinol. Material selection, FEA, transducer fabrica-

tion, and transducer assembly are discussed subsequently.
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Certainly, the mathematical model enhances our comprehension of transducer dynamics
at a fundamental level of constitutive relationships. A 1D electromechanical model has been
attempted based on the Timoshenko—Ehrenfest beam theory, considering piezoelectricity. It
should be noted that a good correlation with experimental results is achieved when the trans-
ducer L/D ratio exceeds 12.5. This limits the application of the proposed model in simulating
the dynamics of Nitinol Langevin transducers despite the advantage of rapid calculation and
minimal required temperature-dependent material properties. Therefore, a discussion is pre-
sented on the 3D model employing 3D constitutive laws under customised boundary conditions.
Nevertheless, challenges in characterising material properties for both Nitinol and PZT at dif-
ferent temperatures have limited the development of temperature-dependent models. Therefore,
the transducer dynamics in this study are simulated at room temperature using commercial FEM
software and the proposed 3D electromechanical model.

The following section details the experimental characterisation processes for conventional
Langevin transducers, including EIA, EMA, harmonic analysis, continuous operation under
high excitation, and thermal loading. All characterisation methods focus on measuring the
temperature-dependent data set, which is valuable for analysing the dynamics of the Niti-
nol Langevin transducers at varied temperatures. Subsequently, a method for integrating the
Langevin transducer with Nitinol is proposed for the first time. The selection of Nitinol mate-
rial is based on its key temperatures in primary phase transformations between martensite and
austenite. Moreover, understanding Nitinol’s elastic behaviours is important for simulations
and for analysing transducer dynamics. It reveals that although the obtained acoustic velocities
correlate well to the literature [[195]], the misleading elastic modulus calculated is due to the
reorientation of the material microstructure. Thus, elastic properties from experimental results
have been obtained by reverse engineering. Once the transducer has been designed, a sinker
EDM is chosen to ensure accurate dimensions and a good surface finish for the manufacture of
Nitinol. Following fabrication, the Nitinol Langevin transducer will be assembled and charac-

terised using detailed approaches similar to those for a conventional Langevin transducer.



Chapter 4
Design for Adaptive Resonance

Following the procedures outlined in Chapter [3| about design and fabrication for a Langevin
transducer incorporating shape memory alloys, this chapter aims to provide advice for the de-
velopment of Nitinol Langevin transducers and to draw conclusions regarding their adaptive
dynamics, tuneable resonance frequency and vibration amplitude, with temperature. Here, DSC
measured accurate transformation temperatures of Nitinol samples, followed by the material
being machined using EDM. Two prototypes have been manufactured, featuring Nitinol as end
masses while with different dimensions. The transducer assembly and dynamics characterisation
methods have been carried out as generalised in Sections and Based on the phenom-
ena observed from the Nitinol Langevin prototypes, the chapter is separated into corresponding
sections discussing resonance tuneability in longitudinal modes and modal coupling in flexing

modes.

4.1 Transducer Design for Resonance Tuneability

4.1.1 Material Selection

Nitinol is chosen to be integrated into a Langevin transducer. It is a commonly used commercial
shape memory material with manufactured to generally consistent standards in industry, which
is ASTM F2063. On the other hand, its phase transformation behaviours provide a large, re-
versible elastic modulus change, enabling temperature induced tuneable resonance discussed in
Chapter [3]

In the Langevin configuration, the pre-stress applied through a central bolt results in a strain
in the Nitinol. However, Nitinol’s elastic modulus is significantly affected by not only temper-
ature but also strain [208]], due to superelasticity effect, transformations between de-twinned
martensitic and austenitic phases. This makes it challenging to decouple the effects of tem-
perature and strain on elastic moduli of Nitinol and, as a result, the dynamics of transducers.

Additionally, characterising the material elastic properties with temperature experimentally to

87



CHAPTER 4. DESIGN FOR ADAPTIVE RESONANCE 88

simulate practical conditions is difficult because the strain varies when the transducer is driven
under a varying excitation. Therefore, the elastic modulus of Nitinol is not characterised in this
study due to experimental limitations as discussed in Section [3.4.1] and the focus is primarily
on phase transformation temperatures.

The phase transformation behaviours of Nitinol are influenced by multiple factors. Not only
do the composition and aging processes impact temperature-induced phase transformations, but
the presence of applied load or stress also plays a role [209]. As a result, the pre-stress, for
example, in the transducer assembly also affects the transformation behaviours. This leads to
variations in transformations between DSC results, where tested samples are stress-free, and
practical operation with pre-stress. However, DSC remains a practical baseline for measuring
the transformation temperatures of Nitinol because of difficulties in characterising thermal be-
haviours with controlled stress. Here, Nitinol samples with Ag and Ar slightly higher than
room temperature are chosen to minimise the effort required to trigger the phase transformation
from a low temperature martensite to a high temperature austenite. These samples are obtained
from Kellogg’s Research Labs (New Boston, NH, USA), and characterisation and fabrication

are detailed in the following sections.

4.1.2 Transformation Behaviour Identification

Phase transformation behaviours of Nitinol were analysed using DSC as a suitable method for
measuring the heat energy flows in and out of the target material within a specific temperature
range. It was well documented that the rate of heating and cooling, referred to as the scan
rate, determined the sensitivity and accuracy of the test [52,[210]. A higher scan rate resulted
in more sensitive data with higher maximum and lower minimum heat flow values, but at the
cost of decreased accuracy. In the literature, it has been suggested that a scan rate of 10°C/min
was suitable for Nitinol [[15,52]], and this rate was used for all DSC tests in this study. Cube-
shaped Nitinol samples with dimensions of 1.5 x 1.5 x 1.5 mm? were cut from the as-received
samples for the DSC measurements. The DSC thermogram for the Nitinol sample is depicted in
Figure [4.1] with the marked transformation temperatures.

In Figure the onset and completion of the formation of each phase microstructure was
marked by using individual temperature markers placed near the local maximum or minimum
of the thermogram. These temperatures included Mg, Mp, M, Ag, Ap, and Ag. Since there was
no distinct transformation from martensite and austenite to R-phase, Rg, Rp, and Rr were not
indicated in the figure. Some key nominal transformation temperatures of the Nitinol sample
are listed in Table .| This section only considered the phase transformation from martensite
to austenite to achieve resonance tuning. During the heating process at room temperature, the
Nitinol sample exhibited a martensite phase as the Ag was higher, indicating that the phase
transformation to austenite has not yet been triggered. Therefore, the temperature window for

dynamic characterisations in the following sections was designed from 20°C to 100°C.
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Figure 4.1: DSC thermogram for the Nitinol has been used for the Langevin transducer for
achieving resonance tuneability, where the measured transformation temperatures are marked.

Table 4.1: Key nominal transformation temperatures of the Nitinol material for the resonance
tuneability transducer.

Nominal transformation temperature  Value (°C)

Ms 19.76
Mp 7.43
Mg -0.99
Ag 39.82
Ap 49.57
Ar 54.43

4.1.3 Transducer Fabrication

From a linear elasticity point of view, the resonance tuneablity is optimised by maximising
the volume fraction of Nitinol in the transducer configuration, due to a greater contribution from
Nitinol’s stiffness to the system. Recalling that the PZT influences the resonant frequency in lon-
gitudinal modes oppositely to the Nitinol, when the volume of Nitinol is increased, the influence
of PZT on transducer dynamics is relatively reduced. The explanation is detailed in Chapter [6]
Therefore, the Nitinol material is integrated as the front and back masses of a Langevin trans-
ducer with a relatively large outer diameter of 25 mm and a length of 50 mm. EDM has been
utilised to manufacture Nitinol front and back masses featuring a female thread and a through

hole, respectively. The schematic of the manufacturing process is shown in Figure #.2]
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Figure 4.2: Schematic of the EDM manufacturing process for the front and back masses of the
designed Nitinol Langevin transducer.

As the axisymmetric beam configuration of the designed Nitinol Langevin transducer, lon-
gitudinal vibration modes are dominant and are easily observed, especially the odd order modes
if no nodal position is clamped. This research focuses on investigating the .1 and L3 modes,
which are commonly used in power ultrasonic applications.

A 3D FEA model of the Nitinol Langevin transducer was created using Abaqus to predict
the modal frequencies of L1 and L3. With Nitinol in its martensitic phase, the corresponding
frequencies were approximately 13 kHz and 38 kHz, respectively. The choice of this modulus
value was informed by existing literature [55,56] when performing an initial design, as experi-
mentally measuring the modulus presented challenges.

A more accurate modulus can be estimated by reverse optimising through FEA after identi-
fying fundamental frequencies and mode shapes. Indeed, in this scenario, resonance information
of the transducer is not precisely simulated for the first design, which is a downside of this study.
The manufactured Nitinol front and back masses are pre-stressed to sandwich a PZT stack us-
ing a central A2 tool steel bolt. The steel bolt, featuring commercial standard thread quality,
is suitable due to its high acoustic impedance within the structure. The resonant frequency and
electrical impedance of L1 and L3 modes, close to the FEA frequencies, are monitored during

the pre-stress procedure using EIA at room temperature, as shown in Figure f.3]



CHAPTER 4. DESIGN FOR ADAPTIVE RESONANCE 91

7000

(a) 12
6000 |

—— Impedance
4000 Frequency
3

o
o o
o
o
=
-

Impedance / Q

000 -9

[
o
Frequency / kHz

2000 8

25 50 7.5 10.0 12.5
Pre-stress / Nm

35001
(b)

w
(W]

3000

25001 —— Impedance

2000 - Frequency

Impedance / Q

1500

w
o
Frequency / kHz

N
(8]

1000+

25 50 7.5 10.0 12.5
Pre-stress / Nm

Figure 4.3: Impedance and frequency results of (a) L1 and (b) L3 modes for the Nitinol Langevin
transducer during the pre-stress procedure at the room temperature.

The optimal pre-stress value of 12 Nm appeared to converge the resonant frequency and
minimise the electrical impedance in both L1 and L3 modes, as shown in Figure (a) and (b).
The procedure was stopped at this point, and the manufactured Nitinol Langevin transducer is
depicted in Figure 4.4] It is clear that a purple-like oxidation layer appears on the surfaces of
the end masses. This thin layer, primarily composed of titanium dioxide, forms passively when
the sample is exposed to air [211]. Given its thickness on the nanometre scale, it has minimal

influence on the Nitinol’s mechanical properties and the transducer’s dynamics.
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Figure 4.4: The manufactured Nitinol Langevin transducer with a 12 Nm pre-stress.

4.1.4 Transducer Characterisation

The EIA results in Figure 3] indicate the electrical resonant frequencies of L1 and L3 modes,
but do not provide the vibration mode shapes. It is crucial to measure the mode shape as it
reveals nodes and anti-nodes that should correlate with those from FEA. To accomplish this,
mode shapes are measured using a 3D LDV for the entire configuration at room temperature. An
input voltage of 10 Vp_p has been set to ensure the detection of the vibration mode shape and to
cancel out environmental noises. The obtained mode shapes for the Nitinol Langevin transducer
through 3D LDV are compared to those from the FEA and are displayed in Figure 4.5] Using
an eigenfrequency analysis, the electric potential distribution of both modes is calculated by the
proposed 3D model under short circuit conditions as an example, as shown in Figures {.6] and
|.7] The elastic moduli of Nitinol are iteratively defined in martensite due to its high dependency
on frequency [212], microstructures [213]], and grain size [214], leading to complexities and
limitations in measuring its elastic properties in the 10 kHz scale cyclic loading. The mode
shapes and resonant frequencies obtained from the 3D LDV closely match those from the FEA
in Figure {.5] with the iteratively defined Nitinol elastic modulus being 48 GPa in martensite,
falling within the range between 30 GPa and 50 GPa as reported in the literature [55[56]]. These
findings provide fundamental modal characteristics of L1 and L3 modes for the Nitinol Langevin

transducer at room temperature, serving as an indicator for experiments at elevated temperatures.
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Figure 4.5: (a) 3D LDV and (b) FEA results of the L1 mode for the Nitinol Langevin transducer
at 12.815 kHz and 12.560 kHz, and the following (c) 3D LDV and (d) FEA results illustrate
the L3 mode for the Nitinol Langevin transducer, vibrating at 37.433 kHz and 38.934 kHz,
respectively. Both modes were measured at room temperature. The Turbo colour map is used,
with amplitude increasing from blue to red.
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Figure 4.6: (a) Mode shape and (b) electric potential of the .1 mode for the Nitinol Langevin
transducer at 12.596 kHz under short circuit conditions.

The harmonic analysis system measured the vibration amplitude of the Nitinol Langevin
transducer across a frequency window, and demonstrated nonlinearity under various excitations.
In this experimental set-up, a function generator generates sinusoidal voltage signals with vary-

ing input frequencies, and a power amplifier amplifies this signal to achieve 10 Vgyms to 50
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Figure 4.7: (a) Mode shape and (b) electric potential of the .3 mode for the Nitinol Langevin
transducer at 38.345 kHz under short circuit conditions.

VRrums, then transmitting it to the Nitinol Langevin transducer. During the harmonic test, the
transducer was positioned on polyurethane foam to closely simulate free mechanical boundary
conditions. Subsequently, its vibration amplitude was measured using a 1D LDV, with the laser
beam focused on the centre of the transducer end surface to ensure the collection of longitudinal
vibrations. The harmonic results of .1 and L3 modes for the Nitinol Langevin transducer were

recorded with a 5 Hz interval and are presented in Figure [4.§]
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Figure 4.8: Vibration amplitude spectra of (a) L1 and (b) L3 modes for the Nitinol Langevin
transducer from 10 Vgypyis to 50 Vyyis at the room temperature.

The vibration amplitude of both modes increases with voltage, which is consistent with that
of conventional Langevin transducers. The fluctuations in data points arise from the inherent
errors of the laser and setup vibrations caused by imperfect damping of the optical table be-
neath, and the overall low amplitude promotes these jumping effects. Furthermore, at the same
voltage input, the amplitude of the L1 mode surpasses that of the L3 mode, in line with the prin-

ciple that higher-order modes exhibit lower longitudinal amplitudes. Additionally, the resonant
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frequency decreases with voltage, showing the nonlinearity of resonance behaviours. This non-
linear phenomenon here, as discussed in Section [3.3.3] is a result of multiple factors, including
nonlinear transformation of Nitinol, changes in the PZT electrical properties, and structural pa-
rameters. This phenomenon has been extensively studied in the literature based on conventional
Langevin transducers [181},[215]], but there is still a gap in quantifying it. All dynamic data at
room temperature serves as the reference for subsequent experiments at elevated temperatures,

where transducer frequency and amplitude are continuously and consistently monitored.

4.2 Validation for Resonance Tuneability

From here, the dynamics of the Nitinol Langevin transducer at elevated temperatures are studied
using the harmonic analysis technique. A laboratory oven was utilised to maintain a constant
temperature environment. Inside the oven, the Nitinol Langevin transducer was positioned on
superwool, a flame-retardant calcium-magnesium silicate thermal insulating sheet, to ensure
safety when high temperatures and voltages are applied during the experiment. Although the
acoustic performance of the supercool is lower than that of polyurethane foam, it effectively
eliminated the rigid boundary applied to the transducer. The harmonic system was kept outside
the oven, with cables routed through the side window to the transducer. The 1D LDV mea-
sured the transducer vibration amplitude by directing the laser beam through the side window
and pointing it at the transducer end surface. While the opened window is small, temperature
uniformity inside the oven can be imparted. Hence, a thermal couple was used to measure the
transducer surface temperature. The experimental setup developed from the harmonic analysis
system is shown in Figure 4.9

The experiment was initiated once the transducer temperature reached the set value and
stabilised for 10 min to ensure homogeneous temperature distribution throughout the transducer.
Input voltages ranged from 10 Viys to 50 Vrs, consistent with the harmonic system settings at
room temperature. The temperature window during the test was between 25°C and 100°C. The
upper limit of 100°C was selected to exceed Ap and facilitate the phase transformation process,
thereby enhancing the resonance tuneability of the Nitinol Langevin transducer. The harmonic
analysis results, including vibration amplitude and electrical impedance, for the L1 mode of the
Nitinol Langevin transducer at elevated temperatures and voltages are shown in Figure and
M.T1] as well as in Figure 4.12]and 4.13] Additionally, the harmonic analysis results for the L3
mode are presented in Figure and[B.2] as well as in Figure[B.3|and [B.4]

The figures illustrate that temperature and voltage significantly influence the resonant fre-
quency, vibration amplitude, and impedance of the L1 and L3 modes in the Nitinol Langevin
transducer. A key finding is that the frequency shifts in response to temperature behave differ-
ently than those of traditional transducers in these modes. Specifically, for a traditional Langevin

transducer vibrating in its longitudinal modes, the elevated temperature mainly affects the PZT
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Figure 4.9: Experimental setup for studying the dynamics of the Nitinol Langevin transducer
under constant temperature and voltage conditions.

material properties, subsequently a gradual decrease in resonant frequencies [216]]. In contrast,
the resonant frequencies of the Nitinol Langevin transducer in both L1 and L3 modes experi-
enced a significant increase within a temperature range from 30°C to 55°C. This suggests that
the change in Nitinol’s material properties, particularly an increase in modulus, contributes to
the rise in transducer frequency from a linear elasticity standpoint. The temperature window of
frequency shifting closely aligns with the phase transformation from martensite to austenite in
the heating process, where the Ag and Ar are 39.82°C and 54.43°C respectively. It is important
to recall that the phase transformation temperatures of Ag and Af are affected by applied stress,
preventing them from precisely indicating frequency variations.

Additionally, considering the interplay between the properties of PZT and Nitinol on the
transducer dynamics, the temperature range for frequency tuning should be discussed in the
context of the assembly rather than strictly adhering to the transformation temperatures of Niti-
nol alone. Overall, this underscores that the phase transformation of Nitinol, particularly its
modulus changes, plays a crucial role in the frequency tuning of the Nitinol Langevin trans-
ducer. To quantitatively evaluate the dynamic tuneability, the frequency variations are expressed
as percentages relative to temperature and are depicted in Figure [d.14]

In Figure f.14] the frequency at room temperature serves as the baseline for the elevated

temperatures, allowing for quantification of tuneability in percentage format. The frequencies
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Figure 4.11: Vibration amplitude spectra of the L1 mode for the Nitinol Langevin transducer
under static temperatures within a 65°C to 100°C temperature window with applied voltages of

10 Vrus to 50 Vrus.
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tric potentials of 10 Vrums, 20 Vrms, 30 Vrus, 40 Vrus, and 50 Vryis

of L1 and L3 modes initially decreased from 25°C to 30°C, then rised drastically from 30°C to
55°C, followed by a gradual increase from 55°C to 100°C. The initial decrease can be attributed
to changes in PZT properties, which have a more significant impact than the modulus increase
in Nitinol, as the temperature is below Ag. From 30°C to 55°C, both resonant frequencies in
(a) and (b) show a rapid increase, indicating that the Nitinol modulus was increasing faster due
to the phase transformation from martensite to austenite. Once the temperature exceeds 55°C,
the frequency continues to increase but at a slower rate. This is likely because, although the
phase transformation appears complete, the Nitinol modulus remains temperature-dependent in
its austenite phase, which still influences dynamics more than that of PZ26. This aligns with
literature [S55]) that reports a modest modulus increase following the phase transformation pro-
cess. It is promising to note that the frequency variations for the L1 and L3 modes within the
measured temperature range exceed 10%, highlighting a significant temperature tuneability of
the Langevin transducer incorporating Nitinol. As recorded in the literature, the tuneability of
the Nitinol cymbal transducer is approximately 20% [15]], suggesting that tuneability is associ-
ated with transducer configurations and vibration modes, and likely correlates with the volume
percentage of Nitinol within the structure. From Figure .10} [4.11][B.1] and[B.2] temperature not
only affects the resonant frequencies of the L1 and L3 mode, but also their vibration amplitudes.

The vibration amplitude variations are expressed as percentages and are shown in Figure d.15]
In Figure (a), the vibration amplitudes of the L1 mode increase with temperature from
30°C to 55°C, except for a drop at 50°C, and then stabilise from 55°C. This trend is likely
attributed to the nonlinear contribution of the Nitinol modulus to the dynamics of the Niti-
nol Langevin transducer. However, in the L3 mode shown in Figure {.13] (b), the amplitudes
demonstrate a significant temperature dependency and reach a maximum at 40°C, which con-
trasts with the behaviour observed in the L1 mode. This difference can likely be explained by

modal coupling effects, where the adjacent bending mode mitigates the longitudinal amplitude.
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Figure 4.15: Vibration amplitude variations in the (a) L1 and (b) L3 modes of the Nitinol
Langevin transducer at elevated temperatures within a temperature window from 25°C to 100°C
and electric potentials of 10 Vrys, 20 Vrus, 30 VrRums, 40 Vrus, and 50 Vrms

A fifth-order bending mode in FEA is close to the L.3 mode at room temperature. The coupling
effect could have emerged at elevated temperatures. This phenomenon, which could happen at
low temperatures, will be discussed in the next section. However, proving this is challenging,
given the complexity of the experimental setup required to obtain dynamics of coupled modes
at elevated temperatures. As the temperature rises, the vibration amplitude recorded by the 1D
LDV appears less converged, which can be attributed to limitations of the harmonic system and
environmental noise from the oven. The harmonic system measures vibration velocity with a
resolution of 1 mm/s, resulting in a vibration amplitude resolution of 0.004 um at 40 kHz. Con-
sequently, the low vibration amplitudes could not be measured accurately. This issue could be
addressed using a more advanced harmonic system with a different laser vibrometer decoder.

Furthermore, it is important to mention that the amplitude of the L1 mode tripled when the
temperature exceeded 60°C. This presents an opportunity to manufacture a multifunctional ul-
trasonic device where the low amplitude L1 mode can be adjusted to a high amplitude by heating
the transducer. For instance, the low amplitude indicates a small mechanical quality factor suit-
able for high loads. However, adjusting to a high amplitude with a high mechanical quality factor
would improve working efficiency with smaller loads. For a piezoelectric transducer, electrical
parameters must be measured since they underscore the operational information for the driving
system. In this part of the work, the electrical impedance at resonance has been measured with
temperature and is shown in Figure [4.16]

In Figure {4.16] (a) and (b), the electrical impedance at resonance for both L1 and L3 modes
are functions of temperature. The impedance values for the L1 mode decrease significantly from
30°C to 55°C, which aligns with the temperature range for frequency tuning. This suggests that
the phase transformation in Nitinol also influences the electrical properties of the transducer.
The decrease in impedance indicates an increase in the transducer’s dielectric conductance at

the zero-phase resonance point, resulting in a higher displacement current and, consequently, a
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Figure 4.16: Electrical impedance in the (a) L1 and (b) L3 modes of the Nitinol Langevin trans-
ducer at elevated temperatures within a temperature window from 25°C to 100°C and electric
potentials of 10 VRMS, 20 VRMS, 30 VRMS, 40 VRMS, and 50 VRMS

greater vibration amplitude, according to mechanical-electrical analogies. This correlates with
the changes in vibration amplitude across the temperature range. When the temperature exceeds
55°C, the impedance increases slightly, behaving similarly to a traditional Langevin transducer.
In the L3 mode, impedance initially decreases from 30°C to 40°C, followed by a rapid increase
to 50°C, and then gradually rises with temperature. The initial decrease is primarily due to the
phase transformation in Nitinol, as observed in the L1 mode. However, the subsequent increase
is likely a result of mode coupling with a nearby bending mode.

It has also been observed that the impedance spectra in Figure 4.12] @.13] [B.3] and [B.4] ex-
hibit minimal voltage dependence at 40°C. The impedance spectra for both L1 and .3 modes at

35°C, 40°C, and 45°C, with relative frequencies, are shown in Figure 4.17, where the resonance
at 10 Vrys serves as the reference. In traditional Langevin transducers, applying increased volt-
age to the electrodes of the piezoelectric unit or elevating the temperature generally results in a
decrease in longitudinal frequency and an increase in electrical impedance. This phenomenon
can be attributed to the influence of the electric field and temperature on the electrical properties
of PZT, including both piezoelectric and dielectric characteristics [217], which consequently in-
duce shifts in frequency and impedance. Additionally, variations in the mechanical properties of
materials within the transducer at differing temperatures contribute significantly to the frequency
variations. However, for the L1 mode, the Nitinol Langevin transducer behaves like a traditional
transducer at temperatures of 35°C and below, exhibits minimal frequency dependence on volt-
age at 40°C, and thereafter, higher voltage leads to an increased resonant frequency. In the case
of the L3 mode, the transducer frequency rises with voltage at 35°C, shows similar minimal fre-
quency dependence at 40°C, and then subsequently functions as a traditional transducer at 45°C
and upwards. Notably, the observed abnormal voltage dependency occurs exclusively during
the phase transformation of Nitinol, indicating that rapid changes in the moduli of Nitinol may

significantly influence the voltage response of transducer in relation to resonant frequencies.
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There are two hypotheses proposed here to explain this phenomenon. The first suggests
that the elastic properties of Nitinol at 40°C enables the transducer to exhibit maximum resis-
tance to fluctuating electric potentials. In this interpretation, changes in the piezoelectric and
dielectric properties have a limited impact on the resonance shift. The second hypothesis holds
that elevated electrical fields induce greater stress on the PZT. Due to the presence of a pre-
stress bolt, this stress is transferred to the Nitinol, potentially leading to a stress-induced phase
transformation to de-twinned martensitic phase. The de-twinned martensitic phase possesses
a higher modulus than twinned martensitic phase [218]], thereby increasing resonant frequency
that offsets any decreases caused by alterations in piezoelectric and dielectric properties. How-
ever, existing experimental setups do not provide conclusive evidence for either hypothesis. An
advanced materials testing facility capable of measuring Nitinol’s elastic properties or phase
behaviours under constant pre-stress and voltage conditions at elevated temperatures would be
beneficial for further investigation in this study.

Increases in temperature of the Nitinol segment are attributed to the surrounding environ-
ment, which induces a phase transformation and subsequently changes the elastic modulus. This
change leads to variations in frequency and vibration amplitude for both the L1 and L3 modes.
The results demonstrate that the tuneability of the Nitinol Langevin transducer is achieved, as
its dynamic properties are significantly influenced by temperature. This was particularly evi-
dent when operating the transducer with excitation levels ranging from 10 Vrys to 50 Vyvs.
Moreover, within the temperature range associated with the phase transformation, the Nitinol
Langevin transducer exhibited minimal voltage dependence of resonant frequency. Although
the properties of PZT also exhibit temperature dependence, their impact on the dynamics is con-
siderably less pronounced than that of Nitinol. The Nitinol Langevin transducer shows promis-
ing potential for dynamic tuning through temperature manipulations, and this could be further
enhanced by modifying the transducer dimensions. This, in turn, enables the potential to use the

Nitinol Langevin transducer to achieve multifunctionality for various applications.

4.3 Transducer Design for Modal Coupling

In the previous section, it is demonstrated that adjusting the temperature of a Nitinol Langevin
transducer can actively control its dynamics, particularly the resonant frequencies and vibration
amplitudes. This effect is mainly due to changes in the properties of both Nitinol and PZT.
Building on this idea, a hypothesis suggests that different modes respond uniquely to variations
in Nitinol and PZT properties. By altering temperatures, it may be possible to couple two adja-
cent modes. This could address issues such as the unwanted decoupling of a coupled mode, often
stemming from manufacturing inconsistencies. Additionally, this approach could enable the ac-
tive coupling of two dissimilar modes, resulting in complex vibration mode shapes. This would

be advantageous for actuators, particularly in systems extensively utilising coupled modes.
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Figure 4.17: Impedance spectra in relation to relative frequency at 35°C, 40°C, and 45°C, rang-
ing from 10 Vgrys to 50 Vrms, showcasing the voltage dependence of impedance during the
phase transformation of Nitinol from martensite to austenite, where the arrows indicate patterns
of resonant frequencies with increasing voltages.

4.3.1 Transformation Behaviour Identification

This section made an effort to couple similar modes of a Nitinol Langevin transducer by util-
ising Nitinol’s temperature-dependent phase microstructures. The transducer was characterised
over a broad temperature range to encompass complete Nitinol phase transformations between
martensite and austenite, allowing for the observation of interplays between Nitinol and PZT
across these transformations. Nitinol from Kellogg’s Research Labs, characterised by a broader
phase transformation range between Ar and Mg, was chosen for this purpose. DSC was con-
ducted to identify its transformation behaviours accurately in an unloaded condition, particularly

the critical phase transformation temperatures, to provide practical operational guidance. The
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thermogram is depicted in Figure 4.18]
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Figure 4.18: DSC thermogram for the Nitinol used for the NMCT, where the measured trans-
formation temperatures are indicated.

Here, the heating and cooling rates for DSC were set at a rate of 10°C/min. The temperature
range was specifically set from -70°C to 100°C, ensuring to effectively capture key transforma-
tion temperatures, particularly the Ar and Mg. Some key nominal transformation temperatures
are listed in Table

Table 4.2: Key nominal transformation temperatures of the Nitinol material for the modal cou-
pling transducer.

Nominal transformation temperature  Value (°C)

Mg -9.717
Mg -21.01
Ag 23.46
Af 34.21

A single transformation stage ‘martensite — austenite’ appears as the Nitinol sample is
heated, whereas two transformation stages ‘austenite — R-phase’ and ‘R-phase — martensite’
appear while cooling. It is common for an intermediate phase such as the R-phase to manifest
during the heating or cooling process, based on the fact that Nitinol is hysteretic in nature. This

highlights the importance of considering the dynamics of the Nitinol Langevin transducer in
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whether the heating or cooling phase.

4.3.2 Transducer Fabrication

The Langevin transducer designed in this section comprises Nitinol front and back masses fab-
ricated from as-received cylinders. The bolt material is grade A2-70 stainless steel, and the PZT
stack consists of two PZ26 rings and two ring-shaped copper electrodes. An initial design was
simulated using FEM based on these material selections, with elastic properties of Nitinol ob-
tained from the literature [55558]. The transducer was found to have two adjacent out-of-plane
(OP) modes near 45 kHz at room temperature. The designed dimensions of Nitinol front and
back masses are 25 mm in outer diameter and 10 mm in length. The Nitinol front mass includes
an M8 female thread through its length, while the back mass has an 8 mm hole through the com-
ponent. The thread and hole are manufactured through EDM, with copper electrodes shaped
into male thread and rod configurations. The manufacturing parameters are identical to those

used to process the Langevin transducer for resonance tuneability. The fabricated front and back

masses are shown in Figure #.19]

I ﬁﬁ

(b)

Figure 4.19: Fabricated Nitinol (a) front mass and (b) back mass.

After Nitinol front and back masses have been fabricated, the transducer was assembled
by sandwiching end masses and PZT stack between them through a central preloading bolt, as
shown in Figure

To ensure a stable assembly, one important step is to investigate the optimal pre-stress ap-
plied to the transducer. The constant torque method is utilised here, which is detailed in Sec-
tion 3.1.4] The impedance analyser recorded the impedance spectra of the Nitinol transducer
under the optimal pre-stress values at room temperature, as shown in Figure [d.21]

In Figure .21} the frequency sweep ranges from 35 kHz to 55 kHz, aiming to centralise
the FEM frequencies for both adjacent OP modes. Two local resonance peaks are observed,

indicating the presence of two vibration modes near 45 kHz. However, determining the actual
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Figure 4.20: Manufactured Nitinol Langevin transducer for modal coupling.
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Figure 4.21: Impedance spectra of the Nitinol Langevin transducer with 10.5 N/m pre-stress.

vibration mode shapes requires the modal identification process, which is elaborated in the fol-
lowing section. Specifically, when the torque is 10.5 Nm, the impedance for both local resonant
frequencies of OP modes reaches the minimum, signifying that the transducer exhibits maxi-
mum conductance at the zero phase electrical resonance. Consequently, the optimal pre-stress

value for this Nitinol Langevin transducer is 10.5 Nm.

4.3.3 Transducer Characterisation

The impedance results reveal two distinct resonant frequencies labelled OP1 and OP2. To visu-

alise their actual mode shapes, a scanning LDV measured the modal information of the trans-
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ducer at 8 Vp_p, specifically displacement, velocity, and acceleration in the frequency domain.
Two lateral surfaces and the end section surface were scanned to structure the mode shapes
across the configuration, as shown in Figure (a) and (c) for OP1 and OP2 modes, respec-
tively. Subsequently, FEA was performed by reverse and iterative optimisation of the Nitinol
properties to closely match the LDV results, as shown in Figure 4.22] (b) and (d). The LDV
and FEA results for OP1 and OP2 modes, from here referred to only as OP1 and OP2, correlate
closely in both cases. OP1 was induced by the OP mode associated with the front and back
masses, whereas the mode shape of OP2 was induced by the OP mode associated with the PZT
rings. Both modes have a similar mode shape but with a 90° spatial phase difference in the

circumferential direction.

() (d

Figure 4.22: Mode shapes of OP1 mode from (a) LDV at 44.5 kHz and (b) FEA at 44.17 kHz
and mode shapes of OP2 mode from (c) LDV at 45.70 kHz and (d) FEA results of OP2 mode at
47.11 kHz.
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Figure 4.23: (a) Mode shape and (b) electric potential of OP1 mode for the Nitinol Langevin
transducer at 44.227 kHz under short circuit conditions, and (c) mode shape and (d) electric
potential of OP2 mode for the Nitinol Langevin transducer at 46.514 kHz under short circuit
conditions.

The frequency response functions (FRF) for reference points on the end surface has been
conducted to validate both modes are orthogonal but with similar mode shapes. FRF of a linear
system is defined as the Fourier transform of the time domain response divided by the Fourier
transform of the time domain input [219]]. For an electromechanical system like ultrasonic trans-
ducers, the FRF explains the relationship between input in electrical parameters and outputs in
vibrations measured by 3D LDV in acceleration, velocity, and displacement. FRF represent the
response of a system per unit excitation as a function of frequency. As such, they are fundamen-
tal to the identification of modal parameters. Here, to prove the OP1 and OP2 are similar and
orthogonal modes, FRFs of four reference points on the transducer end surface were captured,
where positions of points represent maximum vibration amplitudes showing from the scanning
LDV results in Figure 4.22] Assigned reference points were located near the circumference of
the surface, as shown in Figure [4.24]

A 3D LDV was utilised against the transducer end surface to obtain the FRFs in a spa-
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(a) (b)

Figure 4.24: Locations of four reference points on the end surface for both OP1 (a) and OP2 (b)
modes.

tial coordinate system. A sine wave signal of fixed excitation amplitude is used as input, the
excitation frequency of the sine wave signal changes from low to high or randomly to cover
the resonant frequency window. The response amplitude is recorded for each given excitation
frequency input of the sine wave signal. The response amplitude is then plotted against the ex-
citation frequency, which presents the frequency response of the oscillator displacement versus
the excitation frequency. The FRF magnitude concerning frequency is shown in Figure 4.23]
The FRF magnitudes demonstrate that OP1 performs at higher corresponding vibration am-
plitudes at points 1 and 3, whereas OP2 exhibits higher amplitudes at points 2 and 4. If OP1
and OP2 represent the same mode but vibrate in different planes, the four points on the end
surface should display close FRF magnitudes for both modes due to the transducer’s symmetric
configuration. This observation shows that they are similar yet distinct modes, demonstrating

their orthogonality.

4.4 Validation for Modal Coupling

In order to investigate how changes in Nitinol and PZT properties with temperature can lead to
modal coupling of OP1 and OP2, this section provides a detailed characterisation of transducer
dynamics at various temperatures. The relationship between frequency and temperature for OP1
and OP2 was assessed using EIA connected to a commercial dehydrator to control the tempera-
ture to which the Langevin transducer is exposed. Initially, the Langevin transducer was cooled
from room temperature to -40°C using aerosol freeze spray (RS Components), kept at -40°C for
10 min, and then heated to 65°C by the dehydrator. Subsequently, the transducer was cooled
from 65°C to room temperature to complete an entire cooling-heating-cooling cycle. Although
a thermocouple measured the surface temperature of the transducer, it likely had sufficient time

to reach thermal equilibrium. The resonant frequencies as a function of temperature for the two
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Figure 4.25: FRFs for (a) point 1, (b) point 2, (c) point 3, and (d) point 4 on the end section
surface.

modes are depicted in Figure 4.26]

The maximum frequency difference of each mode in the heating-cooling loop is around 5
kHz. This is over 10% of the vibration frequency at room temperature. Although temperature
can affect the resonant frequency of a transducer by changing the material properties of PZT
materials, for example, in terms of softening in longitudinal modes of Langevin transducers,
the total difference between maximum and minimum frequencies is generally about 5% within
this temperature window. Thus, this phenomenon showcases the frequency tuning capability
of a Nitinol Langevin transducer, providing additional evidence of its resonance tuneability as
discussed in Section[d.1] The enclosed areas between the heating and cooling processes display
the achievable frequency hysteresis for a Nitinol Langevin transducer across changing tempera-
tures. It should be noted that the hysteresis area is related to the energy principally absorbed by
the Nitinol material and subjected to an entire heating-cooling loop. This amount of energy is
attributable to the transformations between the martensitic and austenitic phases.

As discussed in the previous section, the phase transformation of Nitinol results in an elastic
modulus change, significantly influencing the resonant frequency of a Nitinol Langevin trans-
ducer. The frequency changes in heating and cooling processes for each mode indicate that the

higher the slope, the faster the phase transformation process. These results demonstrate how
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Figure 4.26: Resonant frequencies of the Nitinol Langevin transducer in its OP1 and OP2 modes
at different temperatures.

the phase transformations of Nitinol embedded within the transducer contribute to a change in
frequency. OP1 exhibits particularly significant frequency shifts from -15°C to -20°C in heating
and cooling processes. However, this only occurs during the heating process for OP2. This
can be interpreted as the critical temperature where coupling and de-coupling occur. When the
temperature approaches -25°C, OP1 and OP2 are coupled. In order to gain a deeper insight into
the modal coupling effect, Figure illustrates the frequency intervals between OP1 and OP2
in the heating and cooling processes.

The results show the zero intervals for resonant frequency below -25°C, indicating that OP1
and OP2 are coupled. In the heating process, two frequency interval increases have been detected
in results at temperatures lower than 0°C and higher than 35°C. It was noticed that 0°C and
35°C are close to Ag and Ap. These two increases, in each case, can therefore be explained
in part by the changing Nitinol material properties. When the temperature is between 0°C and
35°C, the frequency intervals generally decrease. In the cooling process, the interval reaches
the maximum at 0°C, close to Ry, indicating the contribution of R-phase transformation on
transducer tuneability. To investigate how Nitinol and PZT properties also contribute to the
electric parameters of the transducer, the electric impedance results were recorded as illustrated
in Figure 4.2§]

The notable variations observed near -20°C in both heating and cooling processes demon-
strate that the phase transformation of Nitinol around this temperature has a substantial effect
on the conductance. Recalling mechanical-electrical analogies, the phase transformation from

martensite to austenite influences the damping of the Nitinol Langevin transducer. Although
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Figure 4.27: Frequency intervals between heating and cooling processes of the Nitinol Langevin
transducer in its OP1 and OP2 modes at different temperatures.
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Figure 4.28: Impedance intervals between heating and cooling processes of the Nitinol Langevin
transducer in its OP1 and OP2 modes at different temperatures.

the temperature increases, the electrical impedance does not greatly change for OP2, while a
gradual decrease was shown in OP1. This indicates that the electrical properties were affected
distinctly with different vibration modes.

The hysteresis of the OP1 and OP2 resonant frequencies is related to the energy in the sys-

tem arising from the phase transformations. The significant frequency differences between
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the heating and cooling processes can be applied to a tuneable ultrasonic device. From a
mechanical-electrical analogue viewpoint, the martensitic transformation affects the conduc-
tance and, thereby, the damping of the mechanical system. The results demonstrate the promis-
ing potential of using temperature to realise active modal coupling for a Nitinol Langevin trans-
ducer, and there are new avenues of investigation open for progressing this research. Further
investigation typically includes achieving the modal coupling near room temperature rather than
an extreme temperature of -20°C demonstrated in this section. One possible method is to heat-
treat the Nitinol, engineering its phase transformation temperatures close to room temperature.
Also, the structure could be optimised to narrow the frequency difference between two funda-
mental modes.

Certainly, the modal coupling in this section aligns with the tuneability in resonances, dif-
fering from the first section through the interaction between two adjacent modes. The Nitinol
prototypes in this chapter demonstrate they are capable of thermally tuning their resonances in
an opposite pattern and a wide range to conventional Langevin transducers, where only PZT is
the tuneable segment. However, the author hypothesises that the tuneability is limited by ma-
terial properties and configurations, which has been validated in the next chapter and analysed
in Chapter [o] Obviously, the resonant frequencies of the transducers in this chapter can only
be tuned by between 10% and 15%, far less than aimed application in multifunctional surgical
tools, where 20 kHz and 55 kHz are respectively expected for hard and soft tissue dissection.
This chapter lays the groundwork for adaptive Langevin transducers incorporating shape mem-
ory alloys, specifically Nitinol, giving potential pathways to maximise tuning resonances and to
control functional temperature, including modifications in phase transformation behaviours and

optimisations in configuration designs.

4.5 Summary

In the initial section of the chapter, a Nitinol Langevin transducer featuring Nitinol as both front
and back masses was fabricated and characterised to demonstrate its tuneable resonance. DSC
was utilised to investigate the phase transformation behaviours of the Nitinol and to understand
the operating temperature range of the transducer. EDM was successfully employed in man-
ufacturing the Nitinol end masses to reduce the effects of work hardening and thermal aging.
The assembled transducer was then characterised at room temperature to obtain modal informa-
tion for both the L1 and L3 modes, including mode shapes, vibration amplitudes, and resonant
frequencies. Using the developed harmonic system, the transducer dynamics were measured at
elevated temperatures from 25°C to 100°C. The harmonic analysis revealed that the resonant
frequency for both modes of the Nitinol Langevin transducer could be rapidly tuned when the
temperature was from 35°C to 55°C, closely aligning with the temperature window for the phase

transformation from martensite to austenite. This behaviour can be explained by linear elasticity,
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where changes in the modulus of Nitinol primarily influence transducer dynamics, while PZT
also plays a role in temperature variations. More than a 10% frequency variation with modest
temperature changes demonstrates the frequency tuneability of the Nitinol Langevin transducer.
Additionally, both vibration amplitude and electrical impedance of the transducer can be tuned
with temperature. However, a likely modal coupling between the L3 mode and an adjacent
bending mode compromised the vibration amplitude, limiting measurements with the 1D LDV.
Therefore, careful design is essential for achieving a pure mode in the Nitinol Langevin trans-
ducer. It is interesting to note that the phase transformation also influences the voltage responses,
reaching minimal frequency dependency on voltages at 40°C for both longitudinal modes. This
suggests that the transducer can be fine-tuned in practical applications to remain stable in reso-
nant frequency despite consistent voltage variations.

Active modal coupling was then introduced, showing that it can be induced by varying the
transducer temperature. A second prototype of the Nitinol Langevin transducer was constructed
using Nitinol with a broader transformation window, following the same method as the previous
transducer for resonance tuneability, where both front and back masses were made of Nitinol.
Two out-of-plane modes were identified using scanning LDV and 3D LDV, revealing that these
modes are orthogonal but distinct. To consider the complete phase transformation from marten-
site to austenite, testing temperatures were set between -40°C and 60°C. OP1 and OP2 were
tuned to demonstrate the potential for active modal coupling and decoupling at -25°C. The cou-
pling effect could be designed for similar modes near room temperature by adjusting the trans-
ducer dimensions, achieving modal coupling without equipping an end-effector or attachment.
However, the lack of suitable material properties for both Nitinol and PZT at different temper-
atures makes it difficult to realise the numerical analysis of the Nitinol Langevin transducer,

which must be the focus of future investigation.



Chapter 5
Design for Stable Resonance

The key outcomes shown in this chapter appear in the following publications:

[216] Liu, Y., Hafezi, M. and Feeney, A. (2024) A cascaded Nitinol Langevin transducer for
resonance stability at elevated temperatures. Ultrasonics, 137, 107201.

[183] Liu, Y., Hafezi, M. and Feeney, A. (2024) Dynamic stability of a nitinol Langevin ultra-

sonic transducer under power and current tracking conditions. Applied Acoustics, 225, 110188.

This chapter focuses on serendipitous work that originates from incorporating Nitinol into a
modified Langevin configuration. As depicted in Chapter [4] although both prototypes demon-
strated tuneability in their resonances, different dimensions and phase transformation behaviours
have led to applicable adaptive resonance in different fundamental modes. This suggests that
they still have an unclear effect on the longitudinal mode of the Nitinol Langevin transducers.
Also, stress-induced phase transformation may occur due to the high strain of the Nitinol ex-
perienced when it is placed at antinodes. The design of the Nitinol segment is strategically
positioned near a node to mitigate this influence. Therefore, the cascaded configuration was at-
tempted, incorporating Nitinol as its middle mass. It has to be noted that the Nitinol used here is
the back mass in the previous modal coupling transducer, which is different from that of the tune-
able prototype. This is because one of the aims is to investigate different phase transformation
behaviours on tuneability in longitudinal modes. Interestingly, during transducer characterisa-
tions with temperature, stable resonance was discovered near room temperature, which is the
main topic of this chapter, which details a thorough characterisation and analysis to validate its
unique dynamics.

Across power ultrasonics and sensing, piezoelectric ultrasonic transducers commonly ex-
perience changes in dynamic properties during continuous operation due to the dielectric heat
of piezoelectric materials [26]. These changes, arising for example through high excitation
voltages, can lead to nonlinear dynamic behaviours which compromise device performance. A

commonly applied technique to mitigate the influence of temperature in the piezoelectric stack

117
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is through pulse-excitation [26]], where the time window for which the piezoelectric material is
subjected to voltages causing temperature increases is minimised, and the measurement of the
dynamic performance of the transducer is undertaken at steady-state. However, the principal
disadvantage of this technique is that relatively long burst times can still be required to ensure
steady state, and there remain temperature increases in the piezoelectric materials. An alterna-
tive approach is to compensate for temperature rises, and thus nonlinear behaviour, by phase
tracking. Here, the changing resonance response of the transducer as a function of the excitation
is monitored and the excitation adjusted accordingly. However, the dynamic properties of the
transducer, including resonant frequency, are still a function of temperature. A further practical
option is to apply a DC bias voltage across the transducer to compensate for the frequency shift
in part generated by changes in temperature [220]. However, DC bias voltages can result in un-
stable load powers and vibration amplitudes with respect to temperature. In general, mitigating
the influence of temperature on the performance of piezoelectric ultrasonic transducers remains
a significant challenge for practical applications.

As a novel approach to mitigating the influence of temperature on the properties of piezo-
electric materials, the phase-transforming shape memory alloy Nitinol is incorporated into the
piezoelectric stack of a Langevin power ultrasonic transducer, in a cascaded configuration. The
underlying principle is that the nonlinear changes in the elastic properties of Nitinol with in-
creasing temperature can be utilised to dynamically compensate for the impact that variations
in the mechanical and electrical properties of piezoelectric materials have on the resonance be-
haviour of a Langevin transducer in the longitudinal mode. Thus, the dynamic response of the
transducer can be linearised at various excitation levels. In this chapter, two configurations of
Langevin transducer were designed and characterised. One transducer incorporated a Nitinol
middle mass, and in the second, titanium, creating a close acoustic impedance between the two
materials. These designs result in similar resonance behaviours and dynamics at room temper-
ature, emphasising comparisons between these transducers under thermal loadings. A combi-
nation of electrical and thermomechanical characterisation was undertaken to demonstrate the
transducer dynamics through the martensitic transformation. The resulted stability of transducer
dynamics, named as the resonance stability, were analysed at elevated temperatures under either

stepwise isothermal or self-heating conditions.

5.1 Transducer Design and Fabrication

In this study, two transducers are designed and fabricated. The first is the NMCT, and the
second incorporates a titanium middle mass in place of the Nitinol, called the titanium-middle
cascaded transducer (TMCT). The purpose of fabricating the TMCT is to demonstrate the unique
behaviours regarding compensation of the dynamics for the NMCT, as a comparison case.

The transducers were designed using FEA, where the resonant frequencies of the first longi-
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tudinal modes of vibration were tuned to around 30 kHz. Following this, the transducer compo-
nents, including piezoelectric ceramic rings, were acquired, before the end and middle masses
of the configurations were machined. A conventional machining process can be utilised for tita-
nium, but Nitinol experiences relatively severe work hardening, and so here EDM was applied
instead, to machine the Nitinol ring to the required dimensions [221]]. Prior to these steps, the

transformation properties of the Nitinol used to fabricate the NMCT were characterised.

5.1.1 Design of the Transducers

The Nitinol back mass used in Section 4.3] has been repurposed into this chapter, with DSC re-
sults and transformation temperatures demonstrated in Figure [4.18] and Table 4.2} respectively.
The objective is to design a Langevin transducer with a more intricate configuration aimed at
minimising the strain on Nitinol during operation while leveraging its unique dynamics through
martensitic transformation. Therefore, the Nitinol has been positioned as close to the nodal
point as possible in the new design to reduce the chance of inducing stress-induced phase trans-
formation. A cascade configuration of Langevin transducer was produced using Abaqus FEA,
with one model incorporating Nitinol as the middle mass to form the NMCT, and the other com-
prising a titanium ring as the middle mass, constituting the TMCT. The first longitudinal mode
of each transducer was tuned to approximately 30 kHz, consistent with operational frequencies
for standard power ultrasonic applications, which are between 20 kHz and 100 kHz. The finite

element results are shown in Figure[5.1] along with the resonant frequencies.

(a) (b)

Figure 5.1: Finite element simulation results of the first longitudinal mode for (a) the NMCT in
the heating cycle at 28.705 kHz, (b) in the cooling cycle at 29.515 kHz and (c) the TMCT at
31.214 kHz.

Recalling the discussion in Section [3.4.1] there are challenges in experimentally measuring
elastic moduli of Nitinol. Therefore, at the outset, the finite element model for the NMCT
was developed through an iterative trial approach using estimations of elastic moduli using the
scientific literature [55-58]], from where the models were later refined using experimental data,
and this is what has been employed in Chapter ] The material properties used in the final FEA
models are shown in Table [5.1] which includes the iteratively defined elastic moduli for the

Nitinol in its martensitic and austenitic phases.
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Table 5.1: Iteratively defined elastic moduli for the Nitinol in FEA

Phase Elastic moduli (GPa)
Mixed martensite and austenite
. ) 60
(Room temperature in heating cycle)
Austenite 73

(Room temperature in cooling cycle)

The detailed configuration of the transducers is shown in Figure [5.2] where the two end
masses, the middle mass, and the two PZT stacks are indicated, alongside key dimensional

labels which can be used for reference.

Front mass 1 PZT Electrode _ Middle mass Front mass 2
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Figure 5.2: Detailed schematic of the configuration used for both the NMCT and the TMCT.

The electric potential distribution for both NMCT and TMCT is simulated based on the
proposed 3D mathematical model, as shown in Appendix|C] The resonance frequencies obtained
from Abaqus were utilised to conduct these simulations. A 10 V electric potential input was
applied as an example to illustrate the electric potential distribution when the transducers are
excited.

The Nitinol middle mass is a ring manufactured by EDM, with copper used as the electrode
material because of its high thermal and electrical conductivity [203]]. Each PZT stack consists
of one pair of PZ26 rings, and complemented by two copper electrodes. To ensure structural
symmetry and uniformity, a bolt feature was fabricated on the front mass 2 to fit into each
transducer assembly, where a threaded feature machined into the front mass 1.

A major challenge in the design of these transducers was accommodating differences in
acoustic impedance between the end mass materials and the middle mass in each case. Acoustic
impedance can be described as the product of material density and sound velocity, and it is
known that an optimal acoustic performance is achieved when the sandwich structure possess
a gradient acoustic impedance [222]. Measurements of longitudinal sound velocity through

Nitinol were made using a pulse-echo system detailed in Section [3.4.1] This enabled acoustic
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impedances for both mixed martensite and austenite (Heating cycle) and austenite (Cooling
cycle) to be measured, where they are shown to be marginally higher than that of PZ26, as
shown in Table[5.2] and

Table 5.2: Acoustic impedances of transducer materials.

Material Acoustic impedance (kgm2s~ 1)
Nitinol (Heating) 33.1e6
Nitinol (Cooling) 34.9¢6

The measurements of acoustic impedance compare well with observations in the litera-
ture [223]], although material properties of Nitinol alloys can differ, depending on their specific
compositions and processing conditions. Using these measurements, a material with acoustic
impedance lower than PZ26 would be desirable for front mass 1, with reference to Figure to
ensure the necessary acoustic impedance gradient. An aluminium alloy (6082) was also selected,
since its acoustic impedance is lower than that of both Nitinol and PZT, and because it has rela-
tively low loss characteristics with high energy transmission [224]. Finally, titanium (Ti6Al4V)
was selected for the TMCT since its acoustic impedance is close to that of Nitinol, and is a ma-
terial commonly used in power ultrasonic transducers such as the Langevin configuration, like
aluminium, in part because of its relatively high magnitude of quality factor. A summary of the

dimensions for both transducers is shown in Table[5.3] with reference to Figure[5.2]

Table 5.3: Acoustic impedances of transducer materials.

Parameter Dimension value (mm)

L1 20
L2 5
L3 10
LA 20
L5 0.38
D1 25
D2 8
D3 9
D4 10

The NMCT and TMCT were both assembled by loading the central bolt with a pre-stress
of 10.5 Nm. It appears that a pre-stress of 10.5 Nm is optimal for achieving the lowest electric

impedance for both transducers. The manufactured transducers are shown in Figure
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lcm

Figure 5.3: Manufactured NMCT (top) and TMCT (bottom).

5.2 Dynamic Characterisation in Controlled Isothermal En-

vironments

5.2.1 Modal Identification at Room Temperature

Accurate mode identification is important during the experimental process because it should
be ensured that the correct mode of vibration is being monitored as the associated resonant
frequency changes with temperature. When the temperature of the transducer changes, the dy-
namic properties, particularly elastic moduli, of the transducers also change, thereby directly
influencing resonant frequency. EIA generally only provides electrical data with respect to pa-
rameters including frequency, thus LDV is required to capture the modal behaviour which can be
correlated with FEA. Here, the vibration modes of each transducer were measured at the room
temperature using a 3D scanning LDV at an 8 Vp_p excitation. The reason of measuring under
8 Vp.p is to ensure a sufficiently clear and detectable vibration mode shape. The LDV results
for two transducers at room temperature for the first longitudinal mode of vibration are shown
in Figure [5.4]

During the heating cycle, the Nitinol undergoes a transformation from its low temperature
martensite state to the high temperature austenite state. Conversely, during the cooling cycle, the
Nitinol transitions from its high temperature austenite state to the low temperature martensite
state. There is a hysteretic response inherent in shape memory materials such as Nitinol, as
shown in Figure [4.18] and this explains the resonant frequency difference of the NMCT across
the heating and cooling cycles. These mode shapes can be directly compared with those shown
in Figure [5.1] where the measured resonant frequencies also closely match. Therefore, there is
a high level of confidence in the estimations for the elastic moduli used for the NMCT model,
provided in Section [5.1.1]
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Figure 5.4: LDV results of the first longitudinal mode for NMCT in the heating cycle (a) at
28.719 kHz and cooling cycle (b) at 29.336 kHz, where the heating cycle denotes that the Nitinol
is in the state of heating from low temperature martensite to high temperature austenite, and vice
versa for the cooling cycle; and TMCT (c) at 31.338 kHz.

5.2.2 Resonance Stability in Stepwise Isothermal Regimes
5.2.2.1 Experimental Setup

With the longitudinal mode for each transducer measured, along with its resonant frequency, the
dynamic response of each transducer could then be monitored as a function of temperature. The
aim of this part of the study was to quantify the influence of changing temperature on the dy-
namic properties of the NMCT, with those for a transducer comprising a conventional Langevin
transducer material, TMCT. To achieve this, resonant frequency and electrical impedance were
monitored by an analogue circuit with an impedance analyser module (Analog Discovery 2,
Digilent) which was connected to a commercial climate chamber as the mechanism for applying
controlled temperature functions. Transducers were placed on a polyurethane foam inside the
climate chamber to establish boundary conditions as close to free-free as is physically practical.
The resonant frequency and electrical impedance of the first longitudinal mode for both NMCT
and TMCT were measured by sweeping through a designated frequency range at 0.5 V gs. All
data were measured within a —40°C to 60°C temperature window, to capture all phase transi-
tions of Nitinol as suggested through the DSC results shown in Figure {.18] The temperature
step interval was set as 5°C. The temperature was stabilised at each step for 10 min, to ensure
that the temperature of each transducer equilibrated with the environment and was homogeneous
through the device. Temperature was continuously and consistently monitored throughout. The
experimental setup is illustrated in Figure [5.5]

In an ultrasonic system, the temperature of the device and the applied voltage directly influ-
ence the dynamic properties, such as resonant frequency and impedance. The hypothesis here
is that the material behaviours unique to shape memory materials, and nonlinearities, associated
with the Nitinol in the NMCT will interact differently with the expected resonance behaviours
associated with the PZT stack, as temperature and voltage change, for the NMCT compared to
the titanium based TMCT. To quantify this, the temperature-voltage relationship was assessed
by monitoring the dynamic properties of the transducers for different excitation voltages when
the transducer temperature is stable. In each case, the resonant frequency, electrical impedance,

and power are obtained by the PiezoDrive which was connected externally to the transducers
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Figure 5.5: Image of experimental setup.

inside the climate chamber. The phase tracking function of the ultrasonic driver ensures that
the transducers operate at their resonant frequency. To study the potential of the NMCT as a
suitable candidate of power ultrasonic device for practical application, the vibration amplitude
was obtained using the harmonic system via sinusoidal signals with voltages from 10 Viys to
50 Vrms, applying a burst time interval of 3 s to minimise self-heating within the transducer
where possible. By using a 1D LDV, the vibration amplitude of the first longitudinal mode is

then collected.

5.2.2.2 Dynamic Characterisations

Before the experiment is conducted, the phase of the Nitinol material must be reset, ensuring
the initial phase at the starting temperature is accurately known. Because of hysteresis, Nitinol’s
microstructure may be martensitic, austenitic, or a mixture, depending on whether it is on a
heating or cooling path. This was done by using the aerosol freeze spray to cool the NMCT to
-40°C for 10 min and then gradually heat in ambient conditions until it returns to room tempera-
ture (20°C). According to Figure[d.18] the initial phase of Nitinol is a combination of martensite
and austenite, because A ¢ has not yet been passed. The experiment includes three temperature
functions to realize a heating-cooling loop: (1) heating the transducers from room temperature
to 60°C; (2) cooling the transducers from 60°C to -40°C; and (3) heating the transducers from
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-40°C to room temperature. The first set of analyses aimed to evaluate the influence of static
temperatures on NMCT dynamic properties, with particular focus on the resonant frequency.
resonant frequency results for the NMCT and TMCT in their first longitudinal mode with re-

spect to temperature are shown in Figure [5.6] extracted from the series resonance from EIA in

each case.
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Figure 5.6: resonant frequencies of the NMCT and TMCT under the static temperature condition
for the first longitudinal mode within a -40°C to 60°C temperature window. The background
colour illustrates the number of superimpositions of half-power bandwidths across the tempera-
ture window for both transducers, as reference to the right-side colour bar.

The results show that the resonant frequencies of the TMCT monotonically decrease in the
heating cycle, but increase in the cooling cycle. The experiment was conducted neglecting elec-
trical losses, such as dielectric loss and piezoelectric loss [225], with low excitation. Therefore,
the resonant frequency differences are primarily contributed by changes in PZ26 elastic and
electric properties, especially ¢33 for longitudinal modes, and are partially influenced by the
thermoelasticity. By contrast, the resonant frequencies of the NMCT do not exhibit this mono-
tonical change across the heating-cooling loop. What is noticeable, is that there is a stability of
resonant frequency at temperatures approximately higher than 20°C and 10°C in the heating and
cooling cycles, respectively. The phenomenon can be likely attributed to changes in the elas-
tic moduli of Nitinol, which compensates for the temperature-induced changes in the material
properties of PZT.
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In order to assess the resonance stability quantitatively, a half-power bandwidth superim-
posing technique is used. The half-power bandwidth is a measure of transducer performance
in the frequency domain. Driving the transducer at any frequency inside the band, its power
falls no lower than half of the peak value. Accordingly, it is acceptable in this study for NMCT
and TMCT working in the half-power bandwidth. By superimposing bandwidth at two adja-
cent temperatures, the frequency range that satisfies driving at both temperatures can be ob-
tained. Similarly, the superimposition can be undertaken across the entire temperature range,
thus allowing measurement across a sufficiently wide heating-cooling loop. As shown in Fig-
ure [5.6] the background of the figure shows the number of superimpositions corresponding to
the right-side colour bar. The maximum superimpositions of NMCT and TMCT are 15 and 8,
respectively. This interestingly implies that the NMCT could be driven reliably throughout the
frequency band between 29.609 kHz to 29.651 kHz within temperature ranges of 20°C to 50°C
and 10°C to 45°C in the heating and cooling cycles, respectively. Comparing to results of the
TMCT, the NMCT shows a prominent resonance stability. It should be noted that this significant
observation applies to the case including elastic loss only.

As shown in Figure [5.7] electrical impedance results of NMCT and TMCT both exhibit
strong temperature dependence. The impedance of TMCT increases and decreases during heat-
ing and cooling cycles, respectively. However, NMCT shows minimal variations within the
temperature range from -40°C to 25°C. Above this range, NMCT’s impedance undergoes sim-
ilar rates of change to that of TMCT. Statistically, the smaller range of the data set of NMCT
impedance compared to TMCT confirms that the former has a lower spread in the data, and thus
is less sensitive to temperature. Moreover, phase transition temperatures in Figure .18 broadly
align with the patterns in the data trends for the NMCT. This indicates the phase transitions in-
fluence the electrical properties in a transducer. It is worth noting that the larger area enclosed
by curves of TMCT results indicate a higher hysteresis than that of the NMCT, and in general,
it is evident that Nitinol phase transitions affect transducer electrical properties.

From here, dynamic properties including antiresonant frequency, half-power bandwidth,
quality factor, and electromechanical coupling coefficient, are compared. As shown in Fig-
ure[5.8|(a) and (b), antiresonant frequency and half-power bandwidth results are consistent with
the trends shown in Figure [5.6] and Figure respectively. Both half-power bandwidth and
quality factor are indicators of the resonance behaviour of an ultrasonic transducer in an un-
derdamped condition. Since NMCT has a wider bandwidth and a lower quality factor than
TMCT through the heating-cooling loop in Figure (b) and (c), NMCT has greater damp-
ing. It shows significant potential for NMCT to be applied into sensing applications, in addition
to power ultrasonic applications. Another indicator for analysing the dynamic response is the
electromechanical coupling coefficient which is a measure of the fraction of electrical energy
that can be converted into mechanical energy and vice versa in an ultrasonic transducer system.

When assuming the transducer is a cylindrical piezoelectric element, the electromechanical cou-
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Figure 5.7: Electrical impedance results of NMCT and TMCT with respect to temperature.

pling coefficient for its longitudinal vibration can be obtained using IEEE 176-1987 [155]], as
shown in (5.1]).

s pan( P2 —55) (5.1)

" 2f, 2f,

Here, ké3 is the electromechanical coupling coefficient, f; is the frequency of maximum

(K3)?

conductance, and f), is the frequency of maximum resistance. In Figure @ (d), the electrome-
chanical coupling coefficient of NMCT is almost constant over the entire temperature window,
while that of TMCT is decreased with an increasing temperature. This implies that the resonance
stability exists in the electromechanical coupling coefficient of NMCT. Thus, the incorporation
of Nitinol enables a higher and stable energy conversion in the transducer.

A clearer understanding of the dynamic responses for the NMCT can be achieved by consid-
ering the unloaded conventional BVD equivalent circuit model, as mentioned in Section [3.3.1]
This model describes the connection between mechanical and electrical properties for an ultra-
sonic transducer. In the equivalent circuit diagram, Cy is the electrical static capacitance, C; is
the mechanical equivalent capacitance, L; is the mechanical equivalent inductance, and R; is the
mechanical equivalent resistance.

Based on the BVD model, the first parameter that can be obtained from experimental

impedance spectra is Rj. At the resonant frequency, where its phase is zero, the transducer
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Figure 5.8: (a) Antiresonant frequency, (b) half-power bandwidth, (c) quality factor, and (d)
electromechanical coupling coefficient of the NMCT and TMCT with respect to temperature.

becomes a transient and purely resistive system. Therefore, R equals the resonance impedance,
and the experimentally measured impedance at an off-resonant frequency is the sum of the

impedance for Cy and Cj. Relations of components in the BVD model are described through
G2 o GA.

1

0= f.R.Cy (5-2)
1

ENCTTARe] G3)

Zoff:C() +C 5.4

Here, Q is the quality factor, f, is the resonant frequency, and Z,s is the impedance at
the off-resonant frequency. Calculated results for Cy, Cy, L1, and R; with respect to different
temperatures are shown in Figure[5.9]

Cy denotes the electrical capacitance of the transducer, which is defined by intrinsic electrical
properties of PZT. As shown in Figure [5.9(a), NMCT capacitance remains higher than those of

the TMCT across the temperature window, though in the same order of magnitude. The energy
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Figure 5.9: Calculated Cy (a), C; (b), L1 (¢), and R; (d) results from the BVD model.

stored in the PZT 1is the product of Cy and square of the voltage applied, divided by two. From
this, it is evident that the NMCT can store more electrical energy for a given applied voltage. A
practical method to analyse the results in Figure[5.9(b), (c), and (d) is to describe the mechanical
system through the impedance analogy [226]. Equivalent mechanical parameters C;, L, and
R represent compliance, mass inertia, damping, respectively [227]. The magnitude of C; in
Figure @Kb) increases with a rise in temperature, and vice versa. This indicates that TMCT’s
compliance exhibits a similar variation with Cy, as its stiffness is the inverse of compliance,
aligning with the thermal behaviours of PZT in Figure [5.6| However, the C; magnitude of the
NMCT is effectively constant, showing that the change in Nitinol stiffness contributes to the
compensation of the variations of the PZT properties. Besides, L; in Figure[5.9(c) suggests that
the mass inertia of the TMCT decreases with a rise in temperature, and vice versa. However,
the mass inertia of NMCT is generally constant, and lower than that of the TMCT. This can
be explained by the fact that the TMCT can readily achieve higher vibration velocities than the
NMCT, and it can be more significantly influenced by variations in this temperature window.
In Figure [5.9(d), the R; analogized damping of both the NMCT and the TMCT increases with
a rise in temperature, which corresponds to the half-power bandwidth shown in Figure [5.8|b).
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The hysteresis of mass, compliance, and damping can explain the existence of impedance and
resonant frequency hysteresis for both the NMCT and the TMCT.

5.2.3 Resonance Stability in Stepwise Isothermal and Stepwise Electric

Potential Regimes

To introduce dielectric loss and piezoelectric loss effects, NMCT and TMCT are measured from
10 Vrums to 50 Vyrys in a defined heating-cooling cycle. The resonant frequencies of the NMCT
and TMCT are shown in Figure[5.10(a) as functions of both voltage and temperature. Multiple
factors, including fatigue of PZT materials and slight temperature differences, can be attributed
to the jump phenomenon of transducers at room temperature in the heating cycle. Changes of
resonant frequency in the NMCT and TMCT follow a similar trend to that exhibited in Fig-
ure[5.6] across all applied voltage levels. In general, the higher the voltage applied, the lower the
frequency of NMCT and TMCT, which is a nonlinear softening behaviour of ultrasonic trans-
ducers that has been widely reported in the literature over many years [228,229]. Specific to
the NMCT, resonance stability is detected at temperatures around ambient room temperature.
Utilizing the half-power bandwidth superimposition method described earlier, the quantified
resonance stability is shown in Figure[5.10(b). Coloured areas represent the frequency band and
maximum temperature window that generated the associated level of resonance stability. As
voltage increases, both the width of the frequency band and the temperature range rise. Com-
paring the results in Figure [5.6]and those for 10 Vrys in Figure [5.10(b), stability was reduced,
likely due to the introduction of electrical losses. However, stability was enhanced with an in-
crease in applied voltage level. It should be noted that the stabilised temperature range in the
cooling loop is significantly wider than that in the heating loop. Therefore, the austenite in the
Nitinol microstructure appears to more favourably induce resonance stability, compared to the
microstructure comprising a mix of austenite and martensite. It is also important to note that
within the stabilised temperature window, the variation of resonant frequencies is within 1%.

The electrical impedance of both the NMCT and TMCT are shown to rise with increasing
voltage, as shown in Figure [5.11] Comparing these results to those shown in Figure there
appears to be negligible hysteresis, likely due to the electrical losses in the PZT for rising applied
voltage level. The electrical impedance of the NMCT is a function of temperature in the voltage
range from 10 Vrys to 50 Vrwms, when the temperature is above 15°C, but generally stable
below this temperature. Additionally, the results also show the NMCT has a lower impedance
spread than that of TMCT. Therefore, the NMCT demonstrates higher electrical stability than
the TMCT.

This analysis can be extended to considering comparisons for antiresonant frequency, half-
power bandwidth, quality factor, and electromechanical coupling coefficient. This data is sum-

marised in Figure [5.12] and in general it is evident that the changes in these properties with
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within a -40°C to 60°C temperature window, and applied voltages of 10 Vrys to 50 VRwvs.
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temperature are consistent with the results presented in Figure [5.8] irrespective of applied volt-

age level. Antiresonant frequencies at different voltages, as shown in Figure [5.12|a), exhibit
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Figure 5.11: Impedance magnitudes of the NMCT and TMCT under the static temperature-
voltage condition for the first longitudinal mode within a -40°C to 60°C temperature window,
and applied voltages of 10Vgrpms to 50 Vrus.

resonance stability in the data around the room temperature. Thus, the phase transition of the
Nitinol affects the resonance and antiresonant frequencies simultaneously. As shown in Fig-
ure [5.12|b), the NMCT has wider half-power bandwidth overall and higher spread of data at
higher voltage excitation levels. This likely indicates that the NMCT has higher mechanical
damping which is more readily influenced by the applied voltage level. Moreover, the quality
factor of the NMCT in Figure [5.12{c) demonstrates that the damping of the NMCT system is a
function of voltage, resulting in higher energy loss, and there appears to be a more significant
reduction in quality factor for the TMCT compared to the NMCT for given applied voltage in-
creases. Furthermore, it can be seen in Figure[5.12(d) that electromechanical coefficients of the
NMCT and TMCT are functions of both voltage and temperature. Whilst the electromechanical
coefficient of the TMCT appears to be relatively independent of applied voltage, unlike for the
NMCT, there is a general stability of the electromechanical coefficient across the specified tem-
perature window (heating or cooling) which is not detected for the TMCT, which progressively
reduced as temperature rises. Although the electromechanical coefficient is generally stable for
the NMCT, there are slight increases in both cycles, unlike the phenomenon depicted in Fig-
ure [5.8(d). Both hysteresis and temperature dependence can be attributed to variations in elastic
and electrical losses in the system, under different applied voltages.

Next, the load power response of both the TMCT and NMCT were measured, and these are
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(d) electromechanical coupling factor results for the NMCT and TMCT under the static
temperature-voltage condition for the first longitudinal mode within a -40°C to 60°C temper-
ature window, and applied voltages of 10 Vrpms to 50 Vrs.

shown in Figure[5.13] On the right side of the power cut-off line, the load power of the NMCT is
shown to significantly reduce with temperature. However, on the left side of the line, the power
remains constant at different voltages and is reversible. This is a notably different behaviour
compared to the TMCT load power results, which all exhibit a general decrease as temperature
rises, as shown in Figure[5.13|(b). This verifies that the NMCT’s electrical properties also exhibit
a degree of stability. As voltage increases, the range of steady power gradually narrows, and
the temperature window for stability is reduced. When the device is operated on the left-hand
side of the cut-off line, the approximately constant load power and electromechanical coupling
coefficient (Figure [5.12]d)) means power tracking is not required. This electrical stability can
be potentially applied to cold working conditions, such as ultrasonic de-icing.

The vibration amplitude responses of the NMCT as functions of temperature were then mea-
sured for different applied voltages, and these results are shown in Figure [5.14] There were
practical limitations on the environments in which the LDV could be operated, and so this har-

monic analysis process was only performed at room temperature. As described in Section[5.1.1]
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Figure 5.13: Load power results of (a) the NMCT and (b) the TMCT under the static
temperature-voltage condition for the first longitudinal mode within a -40°C to 60°C temper-
ature window, and applied voltages of 10 Vrys to 50 Vrums, where the red trend-line indicate
stable load powers on its left.

the NMCT incorporates Nitinol existing in one of two states at room temperature. This is due
to the hysteresis in the material, with differences depending on a heating or cooling cycle being
applied. Measurements were made with Nitinol in each microstructure, with voltage increased
from 10 Vrums to 50 Vrms in 10 Vrys steps, then decreased back to 10 Vyvs.

In general, there is a high level of consistency and similarity between the data from both
cycles, with nonlinear softening in resonance behaviours consistent with that reported in other
research of Langevin transducer dynamics [29][230], in addition to the nonlinear jump phe-
nomenon [215]. As the applied voltage rises, the maximum displacement amplitude is higher for
the NMCT after the cooling cycle (at almost identical resonant frequencies). Slight differences
in impedance contribute to differences in amplitude, but also the microstructure of the Nitinol
introduces mechanical damping to the system. In addition, the red dashed line in Figure [5.14]
indicates the hysteresis of the rising and falling voltage, which is consistent with the polarisa-
tion versus electrical (P-E) hysteresis loop of PZT material due to internal field bias [231]]. The
NMCT in the heating cycle exhibits a more prominent hysteresis at higher voltages, which sug-
gests that the NMCT in this condition has lower polarisation dissipation energy and less remnant
polarisation. Hysteresis appears to be related to the microstructure of Nitinol, however, further

investigation is necessary to confirm this.
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Figure 5.14: Vibration amplitude spectra of the NMCT from 10 Vrys to 50 Vyrys after (a) the
heating cycle (a) and (b) the cooling cycle.

5.3 Influence of Self-Heating on Dynamics

The experimental results detailed so far were obtained using static temperature conditions. How-
ever, in practical applications, the thermal conditions generated by dielectric loss in the PZT can
induce an unevenly distributed temperature field, or self-heating, in the transducer. Therefore,
quantifying and accounting for self-heating is important for studying the resonance stability of
the NMCT. The self-heating was only explored for the NMCT in the cooling cycle, given its
higher amplitude and lower hysteresis than that of the heating cycle, as shown in Figure [5.14]
Here, the transducers are operated continuously until either the PZT stack temperature reaches
60°C or the elapsed measurement time is 300 s. The measurements for both transducers are
shown in Figure [5.15] which are recorded using a thermal imager. It should be noted that during
the experiment, only the temperature changes of the two PZT stacks and the middle mass are
included, given the negligible changes in temperature of the end-masses. It is also clear that the
PZT stacks generally reach higher temperatures than the middle mass.

The frequency as a function of time for the transducers are shown in Figure [5.16{a), it ap-
pears that the resonant frequency of NMCT can be stabilised within relatively short time spans
when the voltage is lower than 50 Vrys. The frequency difference at times from 4 s to 104 s
at 20 Vgrys 1s only 10 Hz, which is indicative of a significant resonance stability performance.
However, the resonant frequency of the TMCT as shown in Figure[5.16(b) decreases as the time
increases, regardless of the voltage excitation level. Interestingly, the impedance of NMCT and
TMCT exhibit almost the same behaviour, as shown in Figure [5.16(c) and (d). This may be
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Figure 5.15: Temperature as a function of time of the two PZT stacks and the middle mass for (a)

the NMCT and (b) the TMCT under self-heating conditions, and applied voltages of 10 Vrus
to 50 Vrums.

because the temperature of the Nitinol is much lower than that of PZT stacks, which means
that Nitinol cannot significantly influence the transducer’s electrical properties . Moreover, both
the NMCT and TMCT exhibit similar current RMS and load power responses as shown in Fig-

ure 5.16(e), (f), (g), and (h), suggesting that Nitinol does not have notable influence on the
dynamics from self-heating.

A thermal imager was used to monitor the surface temperature distribution of the transduc-
ers. Because they comprised different materials, the camera’s emissivity setting was adjusted
for each material according to the literature [[15,232]] and the instruction manual, as listed in

Table [5.4] It should be noted that the transducers were not painted black to avoid adding mass
that could influence their dynamic response.

Table 5.4: Emissivity of the materials used in this thesis.

Materials  Emissivity

Aluminium 0.2
Titanium 0.6
Steel 0.8

Nitinol 0.64 [15]
PZT 0.95[232]

As shown in Figure [5.17|(a) to (h), the temperatures of the PZT stacks and the middle mass
of the NMCT have been monitored, where the PZT stacks are consistently observed to be the
hottest. Although the temperature of the Nitinol middle mass does increase, it is significantly
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Figure 5.16: resonant frequency (a) and (b), impedance (c) and (d), current RMS (e) and (f),
and load results (g) and (h) of the NMCT and TMCT under self-heating conditions, and applied
voltages of 10 Vrums to 50 Vrus.

lower than that of the PZT stacks. To investigate further, the temperature of the PZT was used
as a reference, where temperature was adjusted in intervals of 5°C as the NMCT was driven in
a continuous mode from 10 Vyys to 50 Vrums before decreasing back to 10 Vyyvs, in steps of
10 Vrs. In Figure [5.18|i), vibration amplitude results are displayed with respect to resonant
frequency, PZT temperature, and excitation voltage, which is indicated by the coloured areas. As
the voltage increases, the vibration amplitudes between 25°C and 45°C remain generally stable,
whereas the difference between the NMCT at 45°C and 50°C becomes more pronounced. This
means that despite the non-uniform temperature distribution in the NMCT, resonance stability
still exists in its vibration amplitude, and the applicable temperature range is larger compared
to Figure 5.10[(b). There appear to be optimal conditions to drive the NMCT, dependent on
the transducer assembly. It is worth noting that under self-heating conditions, the vibration
amplitude associated with a particular excitation voltage remains at a similar same level between
25°C and 45°C. Overall, this phenomenon reveals the potential of the NMCT being applied
to power ultrasonic applications utilising continuous mode excitation at higher voltage levels,

ensuring a stabilised output vibration amplitude within the 20°C to 45°C temperature range.
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5.4 Dynamic Stability under Power and Current Tracking

The dynamic stability of the NMCT has thus far been demonstrated for two cases, one at ele-
vated temperatures from —40°C towards 60°C, and for a constant voltage excitation condition
at ambient room temperature. In practical applications across medicine and industry, it is com-
mon to use power or current tracking to ensure stable operation of a Langevin transducer. This
section focuses on the use of power tracking and the dynamic stability of the NMCT, where all
experiments are conducted at ambient room temperature and for the NMCT alone. The trans-
ducer is positioned on polyurethane foam to realise as close to a free-free boundary condition as
possible. The PiezoDrive system is used to perform both power and current tracking for contin-
uous operation across 300 s. Under different excitation levels, parameters comprising monitored
power, current, resonant frequency, and electrical impedance magnitude are measured in order to
evaluate dynamic stability. Phase tracking is also applied to ensure that the transducer nominally
vibrates at resonance throughout each test. Thermal imaging is used to collect temperature pro-
files, but it should be noted that the temperature increases of the aluminium end masses (1 and 2)
are negligible, since their temperatures consistently remain close to ambient room temperature.
As shown by the heat map shown in Figure (h), even as the temperatures of the end-masses
approach 60°C, the temperatures of the aluminium end-masses remain close to ambient room
temperature. Therefore, the temperature data presented in this section relate to those of the PZT
stacks and the Nitinol middle mass. As further confirmation and evidence of dynamic stability,
the vibration amplitude of the first longitudinal mode of vibration is continuously monitored
using a 1D LDV.

5.4.1 Power Tracking

To ensure that the transducer power reached the required set magnitudes within the designated
time window, the power control gain was set to 20 % of the set load power. The temperature
of the PZT stacks increased significantly over time, as shown in Figure @Ka), whereas the
temperature of the Nitinol middle mass only displayed moderate increases by comparison. Due
to marginal differences in the electrical properties of the two PZT stacks, there exists a temper-
ature difference between them. Different excitation powers, as seen in Figure @Kb), lead to
different temperature gradients. Despite the power tracking method stabilising the load power, it
is not entirely stable at 10 W. This is most likely due to the dynamic properties of the transducer
changing more rapidly at higher load powers. Thus, there is a delay in the tracking output result
associated with the actual power magnitude, resulting in jumps and fluctuations for all collected
results. In Figure [5.19(c), the current is stable when the power reaches set magnitudes of 2 W
and 4 W. However, current linearly reduces as time increases when the load powers are 6 W, 8
W, and 10 W. This is likely because the impedance at these load powers increases with time, as

seen in Figure [5.19|e), attributed to the increased temperatures of the PZT stacks.
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Figure 5.19: Dynamic characteristics in the first longitudinal mode of vibration for the trans-
ducer with the power tracking method, for a 300 s continuous operation and set load power
magnitudes of 2 W, 4 W, 6 W, 8 W, and 10 W, showing (a) temperatures of the two PZT stacks
and the Nitinol mass monitored by the thermal imager, and (b) load powers, (c) currents, (d)
frequencies, and (e) electrical impedances, all collected using the PiezoDrive system, and (f)
vibration amplitudes measured using the 1D LDV.

In Figure[5.19(d), the transducer’s frequency exhibits dynamic stability when the load power
is less than 6 W. Here, frequency stability is defined as the resonant frequency difference within
a given time, equal to or less than 5 Hz. When the load power is 2 W, the frequency is stable
from 38.217 s to 172.825 s, whilst there is stability from 22.047 s to 103.735 s when the load
power is 4 W. This can be attributed to likely moduli increases of Nitinol, compensating for

elastic moduli and polarisation changes in the PZT stacks with temperature. However, any
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moduli increase of Nitinol in the austenite phase would be limited, resulting in a natural limit
for dynamic stability, should the experiment time be sufficiently long or for the temperature
to rise high enough. This phenomenon is different compared to traditional PZ26 or hard PZT
based Langevin transducers, whose resonant frequency of the first longitudinal mode typically
decreases as their PZT stack temperatures rise, and consequently where no dynamic stability
can be observed [216]. When the load powers reach 6 W, 8 W, and 10 W, the resonant frequency
initially increases before subsequently reducing. The likely reason is that the increases in Nitinol
moduli overcompensate for the elastic moduli and polarisation changes associated with the PZT
stacks. In general, the operational stability in this experiment is not only shown in terms of
resonant frequency, but also electrical impedance. The impedance has a 2 Q difference at 2 W
load power, and a 1.9 Q difference at 4 W load power, both within respective time windows of
stable frequency. This indicates that the electrical properties of the transducer in either case are
also stable. In Figure [5.19(f), the vibration amplitude also exhibits stability for powers of 2 W
and 4 W. The overall amplitude results exhibit similar changing patterns to the current, shown via
Figure[5.19|(c), and are inverse to the electrical impedance, as indicated by Figure[5.19](e). These
results strongly suggest that this transducer has significant potential to be used in applications

requiring stable load power and vibration amplitude output, such as ultrasonic motors.

5.4.2 Current Tracking

The final part of this study presents the dynamic stability from the perspective of current track-
ing. Here, the current control gain is set at 20 % of the set magnitudes, where the test for 1 Ap_p
is stopped at around 150 s, where the excitation voltage reaches the maximum limit of 200 Vp_p
that the transformer can deliver. Consequently, the phase tracking becomes unstable, such that
the phase cannot be locked as low as zero. As depicted in Figure [5.20(a), the temperatures of
the PZT stacks and the Nitinol middle mass increase almost linearly, where the gradients highly
depend on the applied current level. The load power can be stabilised with different set current
magnitudes when the current is lower than 1 Ap.p. As shown in Figure [5.20|c), the current can
be locked at magnitudes lower than 1 Ap.p. However, when the set current value is 1 Ap_p, it
decreases with time and exhibits unstable fluctuations due to the practical limits associated with
the phase tracking. The output power level increases nonlinearly as current rises beyond 0.8
Ap_p, as shown in Figure[5.20(b), where there is a transition to a level of instability for the trans-
ducer, from a trackable state around 0.8 Ap_p to that which cannot be readily tracked at 1 Ap_p.
Additionally, minor fluctuations at lower currents are attributed to the time delay, as previously
discussed.

resonant frequency is observed to decrease over time with a 39.1 Hz difference from 27.72 s
to 299.866 s, as shown by Figure [5.20(d), when the applied current is 0.2 Ap.p, consistent with
traditional transducers. One possible reason is that only modest temperature increases of Nitinol

in its set form do not fully compensate for the elastic modulus changes attributable to the PZT
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Figure 5.20: Dynamic characteristics in the first longitudinal mode of vibration for the trans-
ducer with the current tracking method, for a 300 s continuous operation and set current values
of 0.2 Ap_p, 0.4 Ap.p, 0.6 Ap.p, 0.8 Ap.p, and 1 Ap_p, showing (a) temperatures of the two PZT
stacks and the Nitinol mass monitored by the thermal imager, and (b) load powers, (c) currents,
(d) frequencies, and (e) electrical impedances, all collected using the PiezoDrive system, and (f)
vibration amplitudes measured using the 1D LDV.

stacks. Frequency stability is observed for current magnitudes of 0.4 Ap.p, 0.6 Ap.p, and 0.8
Ap.p, and their respective stabilised time windows are from 33.176 s to 212.298 s, from 47.46
s to 161.483 s, and from 57.325 s to 111.293 s. However, frequency decreases with time when
the current is set to 1 Ap_p, due to the rapid temperature increases of the PZT stacks, restricting
the ability of the Nitinol middle mass to compensate for the effects of elastic modulus changes.

Electrical impedance remains stable when the set current magnitudes are lower than 1 Ap._p,
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as shown in Figure [5.20(e), while it increases with time at 1 Ap.p. Although the impedance
increases rapidly at 0.8 Ap_p after the stability period, showing an unstable state, it is stabilised
within the frequency stability window. Therefore, the transducer can be operated for a short
period at 0.8 Ap_p, while it is not recommended at 1 Ap_p. It should be noted that the transducer
exhibits electrical impedance stability at 0.2 Ap_p, with an impedance difference of 1.7 Q from
7.981 s to 299.866 s. This is because modest heat generation does not appear to significantly
affect the electrical properties of the transducer. The electrical impedance differences within
the stability time windows of 0.4 Ap.p, 0.6 Ap.p, and 0.8 Ap.p are 0.5 Q, 1.1 Q, and 1.5 Q,
respectively. The vibration amplitudes are stable within the defined time windows when the
current is lower than 1 Ap_p, but unlike the power tracking results, the amplitudes rise almost
linearly as the current increases.

Higher set magnitudes of load power and current result in rapid temperature increases of
both the PZT stacks and the Nitinol middle mass, which subsequently lead to rapid changes in
the dynamic properties of the transducer, as evident from the results in Figure [5.19]and Figure
[5.20] It is noteworthy that the dynamic stability of the transducer based on frequency, electrical
impedance, and vibration amplitude are significantly dependent on temperature gradient, either
by power or current tracking. These gradients indicate the rate at which the temperature changes
over time. The results show that it is likely when the changes of Nitinol moduli compensate
for the elastic moduli and polarisation changes of PZT, dynamic stability can be achieved, and
the power and current tracking approaches are effective. Discrepancies and an inability to com-
pensate can be observed in the frequency results at 10 W load power and 0.2 Ap.p current,
respectively. Therefore, there is some potential to address this through dimensional modifica-
tions of the PZT stacks and Nitinol middle mass, to achieve dynamic stability for a wide range
of operational test conditions, transducer configurations, and excitation levels.

The stability in resonance demonstrated in this chapter, either under isothermal or self-
heating conditions, is a variant of resonance tuneability in the format of the influence of Nitinol
on dynamics approximately compensates for that of the PZT. This proves that the Nitinol tunes
the resonant frequencies more effectively than the PZT in the tuneable Langevin transducer
in Chapter 4l The results presented in this chapter, as well as in Chapter [4] indicate that the
tuneability and stability of the longitudinal modes are influenced by variations in transducer
configurations and the volume of Nitinol. A detailed analysis of this will be provided in the
next chapter based on FEA simulations. When comparing the NMCT prototype to the tuneable
Langevin transducer, it is evident that different material phase transformation temperatures lead
to varying functional temperatures. This demonstrates that the tuneability temperature depends
on the phase transformation behaviours of Nitinol. Also, the differences in modulus between
the martensitic and austenitic phases significantly impact tuneability from a solid mechanics
perspective. This could be further validated by testing materials with different compositions but

similar transformation temperatures, all being incorporated into the same configuration, which
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will be explored in future work.

5.5 Summary

In this study, dynamic stability of a NMCT was investigated using four methods. The first two
showed the dynamic stability of the transducer for elevated levels of temperature towards 60 °C,
and the second employed a constant voltage method to drive the transducer at ambient room
temperature. In both methods, a TMCT was used as a comparator, where it was shown that the
dynamic stability can be strongly linked to the presence of Nitinol in the cascaded transducer.
Based on the structural acoustic impedance, NMCT and TMCT were designed and manufac-
tured. The dynamic results indicate that resonance stability is achieved within typical temper-
ature ranges for resonant frequency, antiresonant frequency, and electromechanical coupling
coefficient. Additionally, electric losses were introduced by testing both NMCT and TMCT un-
der the same temperature conditions with voltage excitations ranging from 10 Vrys to 50 Vrys.
It was observed that electric losses reduced resonance stability. Notably, as voltage increases,
the range of temperature and frequency over which stability occurs also increases. In compari-
son to TMCT, NMCT’s impedance and half-power bandwidth demonstrated greater sensitivity
to voltage changes. Importantly, the presence of a power cut-off line in NMCT indicates that
load power does not depend on temperature at lower temperatures. Furthermore, the self-heating
experiment demonstrated that NMCT maintains resonance stability for both resonant frequency
and vibration amplitude, even in the presence of unevenly distributed temperature fields.

The third and fourth methods, constituting power and current tracking, were then performed
on the NMCT alone, demonstrating dynamic stability associated with frequency, electrical
impedance, and vibration amplitude. It has been demonstrated that the time window for dynamic
stability is significantly dependent on power and current, mainly attributable to the associated
rates of heat generation. In general, the results indicate that dynamic stability of the NMCT
can be achieved at ambient room temperature for both power and current tracking methods,
for continuous operation across 300 s. It is evident that dynamic stability is highly dependent
on power and current levels, but importantly there is strong practical application potential for
a NMCT, with regards to exhibiting stable output performance. Future research will focus on
investigating the performance and practical implementation of the Nitinol transducer for power
ultrasonic applications, including in ultrasonic scalpel devices and for acoustic levitation. A ma-
jor area of investigation for these applications will be the practical demonstration of resonance
stability across different physical and environmental phenomena, such as fluctuating operating

temperatures and elevated vibration amplitudes.



Chapter 6

Discussions

6.1 Lessons from Chapter 3, 4, and 5

Up to this point, previous chapters have explored the potential of implementing Nitinol into
Langevin transducers. This analytical section integrates knowledge gained from Chapters 3,
4, and 5, drawing on both mathematical and experimental experiences. It not only improves
the accuracy of predicting the transducer dynamics, but also provides insights that guide the
fabrication and characterisation processes for future designs. As a result, this analysis is essential

to correlate prototype development with practical applications.

6.1.1 Mathematical Modelling

In Chapter 3, 1D and 3D electromechanical models are developed, via the linear piezoelectric-
ity theory. Both models demonstrate consistency to the experimental results. However, the 1D
model has a lower accuracy than the 3D model when the L/D ratio is higher than 12.5. This
limits that the 1D model is only applicable with the long-beam shaped Langevin configuration.
This limitation means transducers designed in Chapters 4 and 5 have small L/D ratios, only
the 3D model was considered and applied throughout these chapters. As the influences of tem-
perature fields were not considered in the 3D model, it is only capable in solving transducer
dynamics at room temperature. However, the design and operation of the Nitinol Langevin
transducer are highly influenced by transducer temperature. Therefore, the development of a
thermo-electro-mechanical model is essential. In terms of two operational situations, isothermal
and self-heating, the model is required to be designed specifically. For isothermal condition, the
temperature is a constant across the entire transducer, meaning the heat transfer is not involved,
whereas the self-heating is based on the heat transfer mechanism.

Taking the isothermal condition as an example, the mechanical and thermal fields under dis-
cussion are not completely coupled. According to linear thermoelasticity in the weak coupling

form, the constitutive equation of isotropic materials, including traditional metals and Nitinol,
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is given as [233]]:
o =2ue+Atr(e)1 — (34 +2u)o (% — %)1 (6.1)

where « is the thermal expansion coefficient, and ¥ and ¥, are observed temperature and ref-
erence temperature respectively. Accordingly, the strain energy density function y for isotropic

L Sy P .
materials is introduced, considering ¢ = a—‘g, as given:

v = el + 2 (tr(e))? — (32 + 2m)a(d — o)tr(e) 62)

Weak coupling constitutive equations of piezoelectric material are given as follows based
on linear thermoelasticity, linear piezoelectricity, and pyroelectricity [234,235]. It should be
pointed out that the mechanical and thermal fields exhibit a weak coupling, whereas the mechan-
ical and electrical fields are fully coupled. Therefore, the constitutive equations for piezoelectric
materials are given as:

c=C:e+elVo+A(3—1%)

(6.3)
D=e:e—xVo+p(¥—)

where A is the stress-temperature modulus tensor and p is the pyroelectricity tensor. The strain

energy density function is derived considering ¢ = %—'é’ and D = %:
1 1
Y= 58 :C:e+¢€:eVp— 59{V¢V¢ +e: A — )+ Vop(d — D) (6.4)

The finite element process outlined in Chapter 3 allows for determining the dynamics of
the Nitinol Langevin transducer under isothermal conditions according to the above constitu-
tive equations. However, this model requires temperature-dependent material properties. Due
to the difficulties in characterising the properties of Nitinol and piezoelectric materials as they
strongly relate to temperature, solving the model and comparing it with experimental results
present challenges. Consequently, developing the thermo-electro-mechanical model for the Niti-
nol Langevin transducer is lagged until a complete set of material properties is available, which
1s not time-wise achievable in this research. The 3D electromechanical model, thus, is favoured

here to simulate Nitinol Langevin transducers exclusively at room temperature.

6.1.2 Material Selection and Characterisation

In the Nitinol Langevin transducer, material selection is a significant step that primarily involves
choosing Nitinol, piezoelectric, and, optionally, traditional metal materials. Nitinol is prioritised
not only for its phase transformation behaviours, which modify its elastic properties, but also for
its ability to regulate the response of transducers to varying temperatures. The transformation
temperatures, particularly Mg and Agp, serve as key indicators for when the transducer begins or

completes the tuning of its dynamics. DSC is utilised to accurately measure these transformation
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temperatures. The results illustrate the transformation processes and highlight the appearance
of the R-phase, which should be avoided as it impedes the formation of the final phases in the
processes.

Investigating the role of Nitinol’s elastic properties in Langevin transducer dynamics can
be conducted through mechanical testing under cyclic thermal loadings. This is further com-
plicated by the fact that the pre-stress is applied to the Nitinol in the configuration. Material
characterisation should be performed under a defined isobaric condition, since pressure shifts
the phase transformation temperatures, an established result in the literature [|61]]. Additionally,
the influences of frequency and cyclic pre-stresses are further complicating factors [236,237].
Therefore, the elastic modulus of Nitinol is estimated iteratively using FEA in this study to
describe the transducer dynamics in general terms, consistent with the approach employed in
Chapters 4 and 5.

The hard type piezoelectric ceramic is the primary choice as its high mechanical quality
factor and low elastic, piezoelectric, and dielectric losses are preferred in high-power applica-
tions [238]. While the manufacturer of the piezoelectric ceramic material can provide material
properties at room temperature, multiple parameters related to the stiffness tensor at elevated
temperatures remain unknown. At elevated temperatures, the stiffness, piezoelectric and permit-
tivity tensors can be obtained by fitting measured impedance spectra across different geometries
with optimisation algorithms, such as Levenberg—Marquardt, Nelder—Mead [239]. Even so, con-
straints in thermal control and high temperature capability make experimental characterisation
challenging.

In accordance with the pre-designed configuration, typical metals have been selected. As
discussed in Chapter 4, the Nitinol Langevin transducer features end masses made of Nitinol,
except the pre-stress bolt, which is the only standard metal used. Conversely, in the cascade
transducer presented in Chapter 5, aluminium end masses were utilised to create a gradient of
acoustic impedance throughout the structure. This gradient enhances the vibration amplitude at
the end sections of the transducer. In practical applications, the end effector is typically con-
nected to the transducer, making the acoustic impedance gradient an essential consideration for
achieving optimal performance. Moreover, the elastic modulus, Poisson’s ratio, and density of
standard metals are key parameters for determining the resonant frequency of transducers, which
must be carefully calibrated alongside the phase transformation of Nitinol. Thus, selecting met-
als is crucial to meeting the desired requirement of resonant frequency. Notably, the transducer
dimension is a consideration since it is decided by the choice of metals, particularly when there

are dimensional constraints.

6.1.3 Transducer Design and Manufacturing

As mentioned above, the transducer design relies heavily on material selection, which drives

the design process. The design of a Nitinol Langevin transducer is generally identical to that
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of a traditional Langevin configuration. Applying the designed transducer to practical appli-
cations requires an end effector or a sonotrode, which was not included in Chapters 4 and 5.
As limited knowledge regarding the material properties in this research, particularly for Nitinol
and piezoelectric ceramics at various temperatures, the design can currently be conducted at
room temperature. Initial material properties for Nitinol were obtained iteratively from the first
investigative design [240]. With the assistance of the 3D electromechanical model proposed
in Chapter 3, the designed vibration modal parameters at room temperature, such as resonant
frequency and mode shape, are achieved by adjusting the dimensions and alignments of each
transducer segment. It has to be noted that the positioning of Nitinol is favoured away from anti-
nodes since the high strain at these points potentially causes phase transformations, for example,
from B2 to de-twinned B19’, thereby complicating the dynamic response.

Manufacturing is the subsequent step once all dimensions of the segments have been fi-
nalised. For standard metals like titanium and aluminium, as utilised in Chapters 4 and 5, tradi-
tional machining methods such as turning and drilling are employed to shape the segments into
the desired geometries and dimensions. However, due to the work-hardening characteristics of
Nitinol, these conventional methods are not suitable. In Chapters 4 and 5, Nitinol segments
were manufactured using a sinker EDM, which has proven to be an effective method that en-
sures dimensional accuracy while minimising failures. However, this manufacturing process is
time-consuming, even for relatively simple geometries, like the ring-shaped samples discussed
in previous chapters. This limitation affects the design flexibility of Nitinol Langevin transduc-
ers. One suggestion from the author is to explore the use of 3D printing techniques in metal

when dealing with Nitinol if more complex geometries are involved.

6.1.4 Transducer Characterisation

Chapters 4 and 5 follow the experimental procedures outlined in Chapter 3. EIA was initially
employed to identify the local resonant frequencies corresponding to the longitudinal modes.
Given that the designed transducers feature beam-shaped geometries, the longitudinal modes
manifest as dominant peaks within the impedance spectra, which were used in determining
the optimal pre-stress value. Once the transducers were settled, EMA utilised 3D LDV and
scanning LDV to measure the vibration mode shapes. Following this, a harmonic system was
used to analyse the dynamic responses and nonlinearity of the transducers. At this point, all
static characterisations were taken at room temperature. As the temperature variation triggers
adaptive and stable resonance of Nitinol Langevin transducers, two approaches were proposed

to apply thermal loading: isothermal and self-heating conditions.
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6.1.4.1 Isothermal Condition

As conducted in Chapters 4 and 5, the dynamics of Nitinol Langevin transducers were mea-
sured under isothermal conditions. An impedance analyser and a PiezoDrive collected electrical
impedance spectra at static temperatures for longitudinal modes at low and high excitations,
respectively. The experimental oven and climate chamber ensured an even distribution of tem-
perature fields across the transducer. Analysis of the stepwise results revealed that Nitinol trans-
ducers can adjust their resonance, particularly frequency and impedance, in response to changes
in ambient temperature. The purpose of maintaining isothermal conditions was to investigate
how the Nitinol transducer reacts to a stable temperature environment while minimising the
impact of heat transfer on transducer dynamics. However, all data collected above focused on
the electrical responses of the transducers. To examine the mechanical responses, a harmonic
system was integrated into the experimental chamber, as described in Chapter 4. The mechani-
cal responses of the Nitinol transducer aligned closely with the electrical responses, displaying
similar patterns of resonance shifts and nonlinear phenomena concerning temperatures and volt-
ages. Thus, the isothermal methods discussed here are recommended for the characterisation of
future prototypes of Nitinol Langevin transducer, when the ambient temperature is the thermal
load.

6.1.4.2 Self-heating Condition

In contrast to isothermal conditions, self-heating conditions are defined by the internal heat
source, which is the increasing dielectric heating of piezoelectric units during operation. Since
the properties of piezoelectric materials are temperature-dependent, the dynamics of the trans-
ducer consequently change over time. Through a typical transducer configuration, such as the
cascaded structure discussed in Chapter 5, the heat generated by the piezoelectric units can be
passively transferred and accumulated in the Nitinol segment. This mechanism allows for the
application of thermal loading to the transducer, which in turn triggers variations in the modulus
of Nitinol. In this scenario, the temperature of the Nitinol remains comparatively lower than
that of the piezoelectric components. Therefore, the configuration must be designed to ensure
that variations in the modulus of Nitinol due to modest temperature changes can contribute to
transducer dynamics. This requires positioning the Nitinol in places of the structure that are
most sensitive to such modulus changes. Subsequently, the transducer’s electrical parameters
can be monitored over time through continuous operation using PiezoDrive. Mechanical param-
eters, including vibration amplitude and velocity, can be measured using a 1D LDV in the time

domain.
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6.2 How to Drive in Adaptive Resonance or Stable Resonance

Conditions?

In the context of the resonance behaviours exhibited by Nitinol Langevin transducers, as exam-
ined in the previous chapters, one may question the underlying factors that result in adaptive and
stable resonance. From the perspective of resonant frequency, it is established that in Langevin
transducers without Nitinol, the longitudinal frequencies exhibit a decrease with rising tempera-
tures, as demonstrated in Chapter 5. Consequently, the observed increase in frequency (adaptive
resonance) and the plateau of frequency (stable resonance) within the Nitinol transducer can
be attributed to changes in the material properties of Nitinol at elevated temperatures, particu-
larly concerning elastic moduli, as informed by elasticity in mechanics. The stable resonance
in the self-heating transducer aligns with this explanation, while no martensitic transformation
is involved. This section discusses the changes in Nitinol moduli due to phase transforma-
tions, which laterally prove that temperature-dependent moduli of a single austenitic phase also

achieve resonance tuneability.

6.2.1 Position- and Volume-Dependent Tuneability

The interaction between the piezoelectric material and Nitinol indicates that the greater the con-
tribution of Nitinol to the dynamics of the transducer relative to the piezoelectric units, the more
pronounced the adaptive resonance, and vice versa. Two principal structural factors influence
resonance behaviour: the axial distance of the Nitinol segment from the nodal position and the
volume ratio of Nitinol to the entire configuration. Given the complexities associated with the
temperature-dependent properties of piezoelectric ceramics, the impact of Nitinol on resonance
characteristics will be discussed solely in a decoupled manner, through the use of FEA. Taking
the L1 mode as a representative case, the transducer model is simplified to a bar geometry with

a circular cross-section, as depicted in Figure[6.1]
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Figure 6.1: Simplified transducer with a bar-shaped geometry featuring five segment pairs.

As illustrated in Figure[6.1] the entire transducer, with a diameter D and a length L, has been
segmented into five pairs, each highlighted in various colours. Each segment corresponds to a

specific distance from the nodal position and consists of two symmetrical areas to the central
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section on the axis. By incorporating Nitinol material into alternating segments, eigenfrequen-
cies can be analysed to determine which areas exhibit the highest sensitivity to variations in
elastic moduli. The model is designed with a 25 mm diameter, aligned with all Nitinol trans-
ducers proposed in this thesis, and a 100 mm length. Titanium has been selected as the material
for the remaining segments. The modulus of Nitinol is defined as 40 GPa for martensite and 75
GPa for austenite, falling in the ranges mentioned in Chapter 3

In Table the frequency variations resulting from the martensite to austenite transforma-
tion of Nitinol are presented in percentage format, with the introduction of Nitinol effectively
tuning the resonant frequency. Notably, frequency variation is maximised when Nitinol is posi-
tioned at S1, and the closer the distance of Nitinol to the nodal position is, the more tuneability
the transducer will have. This finding emphasises that the resonant frequency of the L1 mode is

particularly sensitive to modulus changes at its nodal position.

Table 6.1: Position of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1 18.908 22.802 20.594
S2 19.774 22.928 15.950
S3 20.759 23.046 11.017
S4 21.956 23.167 5.516
S5 22.950 23.250 1.307

To further explore the influence of Nitinol volume on transducer tuneability, the integration
of Nitinol across multiple segments within the model is investigated. The results presented in
Tablel6.2]indicate that an increased volume of Nitinol within the model correlates with enhanced
tuneability, achieving maximum effect when the entire model is composed of Nitinol. However,
it is notable that the relationship is not linear. A convergence in tuneability occurs when Nitinol
is allocated to segments S1, S2, S3, and S4, where the volume ratio of Nitinol reaches 80 %.
Additionally, due to Nitinol’s comparatively low modulus in both martensitic and austenitic
phases versus standard metals, the introduction of Nitinol decreases the resonant frequency for
the L.1 mode.

Table 6.2: Volume of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position  Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1+S2 15.920 20.859 31.024
S1+S2+S3 14.276 19.325 35.367
S1+S2+S3+S4 13.208 18.061 36.743

S1+S2+S3+S44S5 12.398 16.977 36.933
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6.2.2 Configuration-Dependent Tuneability

In Tables and the model is modified to a 15 mm diameter, resulting in an increased L/D
ratio. The results indicate that the larger the L/D ratio, the greater the tuneability. However,
the impact of the L/D ratio on tuneability is significantly less than that of position and volume.
This can be improved by optimising the dimensions and configurations of a Nitinol Langevin

transducer.

Table 6.3: Position of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model, where L=100 mm and D=15 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1 18.932 22.869 20.795
S2 19.715 22.973 16.525
S3 20.729 23.094 11.409
S4 21.963 23.217 5.710
S5 22.991 23.301 1.348

Table 6.4: Volume of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model, where L=100 mm and D=15 mm.

Nitinol position ~ Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1+S2 15.962 20.930 31.124
S1+S2+S3 14.319 19.389 35.408
S1+S2+S3+S4 13.248 18.117 36.753
S1+S2+S3+S4+S5 12.432 17.024 36.937

6.2.3 Material-Dependent Tuneability

When the material of the remaining segments is changed to stainless steel, the tuneability of
the transducer is significantly enhanced when adjusting the positions of the Nitinol, as shown
in Tables [6.5] However, this phenomenon is not observed when increasing the volume fraction
of Nitinol in Table [6.6] The results suggest that the type of material for the remaining segment
directly impacts the tuneability, most likely the acoustic impedance. A design strategy recom-
mends using a material with high acoustic impedance when the volume of Nitinol is limited to

less than 40%, thereby maximising tuned resonant frequencies.
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Table 6.5: Position of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model with stainless steel as remaining segments, where L=100 mm and D=25 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1 15.848 19.842 25.202
S2 17.436 21.024 20.578
S3 19.444 22.614 16.303
S4 22.634 24.759 9.389
S5 26.203 26.521 1.213

Table 6.6: Volume of Nitinol versus the resonant frequency in the L1 mode of a bar-shaped
model with stainless steel as remaining segments, where L=100 mm and D=25 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1+S2 13.085 17.355 32.632
S1+S2+S3 12.135 16.422 35.328
S1+S2+S3+S4 12.016 18.117 36.753

6.2.4 Mode-Dependent Tuneability

Throughout the previous chapters, tuneability has been found in longitudinal modes but also OP
modes in modal coupling. This modal coupling is likely a result of the different ways in which
various modes respond to temperature changes. This is demonstrated in Tables and [6.8] for
the 1% bending mode (B1), and Tables and for the 1% torsional mode. The B1 and T1
modes demonstrate higher tuneability compared to the L1 mode, explaining why different modes
can be coupled through the martensitic transformation of Nitinol. Certainly, these differences in
tuneability are minor, so that resonant frequencies of different modes must be sufficiently close

to perform the modal coupling.

Table 6.7: Position of Nitinol versus the resonant frequency in the B1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1 6.983 8.472 21.323
S2 7.623 8.871 16.371
S3 8.467 9.330 10.193
S4 9.085 9.455 4.072

S5 8.955 9.028 0.815
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Table 6.8: Volume of Nitinol versus the resonant frequency in the B1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position  Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1+S2 5.917 7.770 31.317
S1+S2+S3 5.512 7.467 35.468
S1+S2+S3+S4 5.250 7.180 36.762
S1+S2+S3+S4+S5 4.840 6.628 36.942

Table 6.9: Position of Nitinol versus the resonant frequency in the T1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1 11.606 14.065 21.187
S2 12.042 14.122 17.273
S3 12.689 14.208 11.971
S4 13.483 14.295 6.022
S5 14.151 14.355 1.442

Table 6.10: Volume of Nitinol versus the resonant frequency in the T1 mode of a bar-shaped
model, where L=100 mm and D=25 mm.

Nitinol position ~ Frequency (kHz) Frequency (kHz) Frequency variation (%)

(martensite) (austenite)
S1+S2 9.795 12.863 31.322
S1+S2+S3 8.791 11911 35.491
S1+S2+S3+S4 8.135 11.127 36.779
S1+S2+S3+S4+S5 7.634 10.454 36.940

These analyses reveal that the positioning of the Nitinol segment, the ratio of Nitinol volume,
the L/D ratio, and other materials present in the transducer assembly influence the tuneability of
the resonant frequency for the L1 mode, along with the discussion about tuneability for bending
and torsional modes. In Chapter 4, the Nitinol transducers were designed with Nitinol as end
masses, thereby maximising the volume of Nitinol. This configuration results in a frequency
increase due to Nitinol, which surpasses the frequency decrease attributable to the piezoelectric
elements, thereby achieving tuneable resonance. Conversely, although Nitinol was positioned
at the nodal location in Chapter 5, its limited volume restricted the ability to induce signifi-
cant shifts in resonant frequency with temperature. Consequently, when the effects of Nitinol
counterbalance those of the piezoelectric material, stable resonance is attained, either under
isothermal or self-heating conditions. This discussion forms part of a broader investigation due
to numerous additional factors likely to influence tuneability, including the thermal hysteresis of

Nitinol and the pre-stress applied to the structure, which will be examined in future work.
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6.3 How to Bridge the Gap between Prototypes and Applica-
tions?

The transducer prototypes discussed in Chapters 4 and 5 exhibit promising capabilities in adap-
tive and stable resonance, indicating their potential applicability in real-world applications.
Adaptive and stable resonance mechanisms primarily rely upon resonant frequency tuning, given
the transducer frequency is critical in performing applications. For instance, adaptive resonance
can be leveraged in surgical instruments designed for tissue dissection, where the operating fre-
quency can be adjusted to accommodate different tissue types, with lower frequencies for hard
tissues and higher frequencies for soft tissues. The inherent flexibility of the Nitinol Langevin
transducer allows it to execute multiple functions through a single device under varying opera-
tional conditions. Nonetheless, the transducer necessitates an external heat source to maintain a
consistent temperature, which could be addressed by designing a compact temperature chamber
around the transducer or by integrating the entire application setup within an oven or climate
chamber. However, these solutions introduce additional control requirements. Furthermore, the
tuning capability of the prototype from Chapter 4 is limited to less than 20 %, which may not
fulfil the criteria for operational frequencies ranging from approximately 20 kHz for hard tissues
to 55 kHz for soft tissues. Hence, further investigations are required to optimise the tuning ca-
pabilities by engineering the transducer configuration and modifying the phase transformation
behaviours of Nitinol.

In Chapter 5, the cascade transducer can operate under isothermal conditions while main-
taining stable resonance across a broad temperature window. However, similar to the adaptive
resonance system, the design of the temperature control mechanism needs careful consideration
for applications, which will be discussed in future work. Currently, the most practical approach
involves the employment of self-heating transducers, which eliminate the need for additional
external efforts to maintain transducer temperature isothermally. In this scenario, temperature is
passively transferred and accumulated within the Nitinol segment, thereby triggering the marten-
site phase transformation. As a result, the stable resonance decreases the demands on the track-
ing system, as the resonant frequency remains nearly constant over time. This stable resonance
is advantageous for various power ultrasonics applications, enhancing predictability in trans-
ducer dynamics and application performance. One application that relies heavily on frequency
stability is ultrasonic levitation, where frequency fluctuations directly impact the wavelength of
transmitted sound waves, posing challenges in establishing standing waves within the medium.
Preliminary experiments have been conducted, revealing the potential application of ultrasonic
levitation utilising the Nitinol cascade transducer described in Chapter 5, as depicted in Fig-
ure

A selection of solid objects, including a plastic plate, polyurethane foam, rubber ball, and

capacitor, were successfully levitated within the levitation system, demonstrating the feasibility
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Figure 6.2: Preliminary ultrasonic levitation system and levitated objects, including a plastic
plate, polyurethane foam, rubber ball, and capacitor.

of employing the Nitinol Langevin transducer in ultrasonic levitation. In the subsequent chapter,
fluid droplets will be utilised to illustrate how stable resonance enhances ultrasonic levitation,
as their geometric characteristics can more effectively reflect unstable resonance behaviours.
The next chapter will employ the cascade configuration with an attached sonotrode to perform
ultrasonic levitation of droplets and will evaluate the influence of stable resonance by contrasting
the results with those obtained using a traditional transducer vibrating at a closely matched

vibration frequency.



Chapter 7
A Case Study on Acoustic Levitation

As detailed in Chapter 4] and Chapter [3] it is evident that the Nitinol Langevin transducer can
exhibit resonance tuneability and stability depending on microstructures of Nitinol, even with
modest temperature changes. Analysis of the transducer dynamics demonstrated that variations
in Nitinol and PZT properties contribute to observed phenomena. However, all transducers
were designed as prototypes rather than real applications, resulting in simple and symmetric
configurations. An application strongly reliant on the operating frequency is preferred to apply
the Nitinol Langevin transducer to practical, based on analysis in Chapter [6| In this Chapter, a
Nitinol Langevin transducer for droplet levitation is proposed, where the cascaded configuration
was designed by attaching a sonotrode to amplify the mechanical outputs. Inspired by resonance
stability in Chapter [5] the transducer here was engineered to vibrate at its resonance with a
constant frequency for a certain period during self-heating, which is beneficial for stabilising the
nodal positions in the standing wave field. This consequently has the potential to trap objects
with a stable position and geometry. The objective is to investigate how a stable acoustic field
generated by a Nitinol Langevin transducer improves the behaviours of levitated droplets, such
as volumetric evaporation with time.

It is well-known that solids, liquids, and living creatures can be levitated and manipulated
by strong acoustic fields [44,241,242]]. This study examines explicitly liquid droplets, which
are commonly utilised in chemical analysis [243]], partly due to their geometric responses to
radiation pressures that enable the observation of effects resulting from varying acoustic fields.
Ultrasonic transducers are typically used in levitation to generate acoustic radiation, whether
configured in arrays or as a single device [244-246]. A standing wave is formed within the
medium by coupling travelling waves of identical frequency from either multiple transducers or
a single transducer used in conjunction with transducers or a reflector. When a single Langevin
transducer is employed for acoustic levitation in air, a reflector is necessary to reflect the trans-
mitted acoustic waves [46,247]]. The standing wave is achieved by ensuring the distance be-
tween the transducer and the reflector is set to an integer multiple of half the wavelength in the

medium [248]]. Objects can be trapped or manipulated at the nodal points, where acoustic inten-
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sity is minimised. It has to be noted that the establishment of the standing wave and the intensity
of the radiation pressures is influenced by variations in the transducer vibration amplitude [249].
Given that the amplitude is a function of frequency [180], the application is significantly de-
pendent on frequency, potentially underscoring the importance of utilising Nitinol Langevin
transducers for their resonance stability.

To examine the repeatability of resonance stability in designing a Nitinol Langevin trans-
ducer, a different type of commercial hard PZT, referred to as PIC181, was utilised to build the
transducer discussed in this chapter. Additionally, a titanium Langevin transducer was tailored
with a resonant frequency closely matching that of the Nitinol transducer, both employing a
cascaded configuration to facilitate a comparison of their dynamic responses during operation.
The characterisation processes followed the methodologies outlined in previous chapters, in-
cluding modal identification, harmonic analysis, and self-heating tests conducted both with and
without loads. Subsequently, three types of liquid droplets, including water, isopropyl alcohol
(IPA), and acetone, were selected for the levitation experiments, with their acoustic behaviours

recorded using both a standard commercial camera and a high-speed imaging (HSI) system.

7.1 Transducer Design and Fabrication

Here, a cascaded Langevin transducer utilising Nitinol is designed and fabricated to showcase its
stable dynamics under self-heating conditions. The Nitinol ring-shaped component, discussed in
Chapter[5] has been repurposed as the middle mass of the newly designed transducer. The phase
transition behaviours of the material are detailed in Table [4.18] Notably, the resonance stability
exhibited by a Nitinol Langevin transducer represents a distinctive dynamic phenomenon com-
pared to conventional transducers. This stability appears to arise from a defined combination
of materials and structural dimensions, suggesting that repeatability is crucial. To achieve this,
the materials employed in the transducer from Chapter [5| have been substituted, excluding the
Nitinol component. In the revised design, the transducer adopts a cascaded configuration, with
titanium serving as the front mass and stainless steel positioned as the back mass. For the PZT
stacks, PIC181 ceramic rings have been chosen, as they exhibit dynamic responses to temper-
ature that are comparable to those of the PZ26 material. All components are securely fastened
using an A2 tool steel central pre-stress bolt, tightened via a constant torque value to guarantee
a reliable connection.

In the field of power ultrasonics, attaching a sonotrode to the transducer is common to en-
hance vibration amplitudes [152]]. The design of the sonotrode is closely linked to the dynamics
of the transducer. Typically, the sonotrode and transducer are designed independently to simplify
FEA simulations and enable the attachment of different sonotrodes to a single transducer [250].
For instance, when achieving a second longitudinal mode, also referred to as a full wavelength

mode, for the entire device, the transducer and the sonotrode must be engineered to resonate in
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their first longitudinal mode at the same frequency. If their resonant frequencies are not aligned,
while the device may still perform a second longitudinal mode, the vibration amplitude and out-
put energy will degrade. This chapter focuses on designing the device to operate at 30 kHz in its
second longitudinal mode. Consequently, both the Nitinol transducer and the sonotrode vibrate
at 30 kHz in their first longitudinal mode. To demonstrate the resonance stability of the Nitinol
Langevin transducer, a titanium transducer with a cascaded configuration that also vibrates at
30 kHz in its first longitudinal mode has been fabricated for comparative analysis of their dy-
namic responses when installed to the same sonotrode. Both Nitinol and titanium transducers
are designed and constructed with close structural parameters across all configuration aspects,
highlighting that the primary difference in resonance response with temperature between the two
lies in the materials used for the middle masses. Aluminium has been chosen as the sonotrode
material due to its relatively low acoustic impedance, as detailed in Table [3.1] which facilitates
the dynamic output at the tip of the sonotrode. Given the function of the transducer in the sec-
ond longitudinal mode along with the sonotrode, two nodal positions are established: one at the
sonotrode and another at the centre of the middle mass. However, due to the difficulties asso-
ciated with fabricating the Nitinol middle mass into complex configurations, the nodal position
at the sonotrode was selected to apply the clamped boundary condition. The assembled Nitinol
and titanium transducers, equipped with the aluminium sonotrode, are depicted in Figure

Both transducers underwent pre-stressing to obtain a relatively low electrical impedance at
resonance. Due to the difficulty of holding the sonotrode by a collet during the assembly pro-
cess, the sonotrode was not involved in recording the impedance spectra using EIA. As both
transducers were designed to operate in their first longitudinal mode close to 30 kHz, Figure
illustrates the resonant frequencies and the impedance characteristics around 30 kHz for each
transducer at various pre-stress values. The results indicate that at a pre-stress value of 12.5 Nm
for both transducers, the electrical impedance was nearly minimised, and the resonant frequen-
cies aligned, suggesting that this pre-stress value is optimal for both devices.

The transducers were subsequently aged for one week to facilitate releasing internal stresses
within the transducer assembly, especially the piezoelectric ceramics. This procedure aims
to promote stable dynamic performance during the characterisation process. Using EIA, the
impedance-frequency and phase-frequency spectra were measured, which allowed for the ini-
tial identification of the resonant frequency in the second longitudinal mode from the series
resonance observed at local minimum values. These results are illustrated in Figure

The frequency difference between resonance and anti-resonance, the phase window, repre-
sents the frequency range between the two zero phase points. This concept has been extensively
utilised to assess the compatibility and stability of transducers in phase-lock-loop control sys-
tems [251]. As illustrated in Figure the Nitinol Langevin transducer exhibits a narrower
phase window than the titanium transducer. The frequency margin is influenced by both the

coupling factor of the PZT materials and the configuration of the transducer. To assess trans-
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(b)

Figure 7.1: Manufactured (a) Nitinol Langevin transducer and (b) titanium Langevin transducer,
each equipped with a sonotrode.
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Figure 7.2: The resonant frequency and impedance of the local resonance at 30 kHz for the Niti-
nol Langevin transducer and the titanium Langevin transducer, without equipping a sonotrode
for both configurations.
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Figure 7.3: The impedance spectra of the local resonance near 30 kHz for both transducers, each
with a sonotrode attached.

ducer performance using this margin, the effective electromechanical coupling factor is em-

ployed [252]], which is calculated as follows:

K= (fa—fH/fa (7.1)

where k. sy 18 the effective electromechanical coupling factor, f; is the serial resonant frequency
(resonance), and f), is the parallel resonant frequency (anti-resonance). The coefficient kgff
indicates the output mechanical energy as a ratio of the input electrical energy. A decline in
this coefficient suggests that, with a constant input of electrical energy, the mechanical output
becomes less effective [252]], particularly in vibration amplitude. Consequently, a wider phase
window of the titanium transducer is associated with greater efficiency in converting electrical
energy into mechanical energy. This highlights the impact of the material properties of titanium

and Nitinol on the transducer’s energy conversion capabilities.

7.2 Transducer Characterisation at Room Temperature

7.2.1 Modal Identification

While the impedance-frequency relationship provides an initial estimate of the vibration mode
based on empirical observations, it does not yield the dynamic information necessary for under-
standing the mode shape. A modal identification process is required to match the mode shape
accurately with the local resonance identified in the impedance spectra. This process is typically
carried out using LDV, as Chapter @ outlines. However, because the dimensions of the trans-
ducers with sonotrode exceed the measurement capabilities of scanning LDV, only 3D LDV has
been utilised in this section to obtain mode shapes. The primary advantage of using 3D LDV

1s its capability to measure mode shapes within a 3D structure, thus capturing any asymmetries
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across the structure resulting from manufacturing inconsistencies. The dynamic properties of the
transducer for the second longitudinal mode, mainly including resonant frequency and vibration
mode shape, have been measured at room temperature and compared with FEA conducted in
Abaqus afterwards.

Before conducting the characterisations, the phase microstructure of the Nitinol mass was
initialised to austenite by heating the transducer to 60 °C, which exceeds the Ar of the Nitinol
and maintaining this temperature for 10 minutes to ensure complete transition to the austenite
phase [183]]. Following this, the transducer was allowed to cool to room temperature above
the My of the material, as confirmed by the DSC results shown in Figure {.18] The longitudinal
mode shapes for both transducers were then assessed using 3D LDV, with the results presented in
Figure[7.4(a) for the Nitinol Langevin transducer and in Figure [7.4(b) for the titanium Langevin
transducer. An excitation voltage of 10 Vp.p was used for the 3D LDV measurements. The
differences in the resonances measured through EIA and EMA are attributed to the nature of the

measurement techniques, the resetting of the Nitinol microstructure, and the varying excitation

applied [253].

(a) (b)

Figure 7.4: The 3D LDV results of the second longitudinal mode for (a) the Nitinol Langevin
transducer in the austenitic state at 30.76 kHz and (b) the titanium Langevin transducer at 30.45
kHz

Accurately measuring the mechanical properties of Nitinol presents considerable challenges
[189]], as they are heavily influenced by temperature and applied stress. Consequently, the de-
sign process was carried out iteratively [216]]. As illustrated in Figure [7.5] both the resonant
frequency and mode shape depicted in Figure [7.4] show a close correlation with the FEA re-
sults. Additionally, the mode shape and electric potential for both transducers at their resonant
frequencies are given based on the proposed mathematical model, as shown in Figure [7.6] The
elastic modulus of Nitinol in its austenitic phase was found to be approximately 73 GPa through
this iterative approach [216]], utilising FEA. This value is notably consistent with expectations
for austenitic Nitinol proposed in Chapter 5]
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(a) (b)

Figure 7.5: FEA results of the second longitudinal mode for (a) the Nitinol Langevin transducer
in the austenitic state at 30.650 kHz and (b) the titanium Langevin transducer at 30.483 kHz.
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Figure 7.6: (a) Mode shape and (b) electric potential of the Nitinol Langevin transducer at 30.718
kHz under free-short boundary condition, and (c) mode shape and (d) electric potential of the
titanium Langevin transducer at 30.544 kHz under free-short boundary condition, all solved by
using proposed 3D mathematical model with an eigenfrequency analysis.
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7.2.2 Harmonic Analysis

The vibration amplitude responses of the designed transducers are inherently dependent on fre-
quency and voltage due to the nature of piezoelectric materials, and these responses were mea-
sured using a harmonic analysis system. Once the mode shapes of both transducers were identi-
fied, frequency sweeping windows were established around 30 kHz to capture the responses of
the L2 mode. Given that the dynamics of the transducers are certainly influenced by tempera-
ture, as previously discussed, obtaining amplitude responses at various temperatures is essential.
The 1D LDV is limited to performing at constant temperatures across the transducer by utilis-
ing the oven, whereas the self-heating condition leads to an uneven temperature distribution on
the transducer, causing discrepancies in situations. Consequently, the harmonic analysis was
conducted exclusively at room temperature. As detailed in Chapter [5] the Nitinol Langevin
transducer exists in one of two microstructures at room temperature due to hysteresis in the
material, with variances arising from the heating or cooling cycles applied. Since this chapter
focuses on resonance stability under self-heating conditions, the Nitinol Langevin transducer is
operated in the heating cycle. It has been established that resonance stability in a cascaded con-
figuration with similar dimensions occurs at around 20 Vgryms. Consequently, measurements for
both transducers were conducted with voltage increments from 10 Vp_p to 60 Vpp in 10 Vpp
steps, as depicted in Figure [7.7] Although the voltage levels are relatively low for levitation
using a Langevin transducer, typically exceeding 100 Vp_p [244], it has been demonstrated that
droplets, such as water, can be levitated within this voltage range [254]].

The harmonic analysis results for both transducers, illustrated in Figure indicate that
irrespective of the voltage levels applied, both transducers exhibit similar vibration amplitude
responses with respect to frequency. Given their close resonant frequencies at room temperature,
the dynamics of both transducers are comparable when considering variations in temperature and
voltage. The Nitinol Langevin transducer shows increased amplitude and decreased frequency
as voltage rises, mirroring the behaviour observed in the titanium transducer. This observa-
tion is consistent with findings from the previous study outlined in Chapter [5| suggesting that
the austenite phase does not significantly influence the non-linear behaviour of the transducers.
Additionally, a further investigation was carried out by sweeping impedance as a function of
frequency at the same voltage levels as the harmonic analysis since the vibration amplitude re-
sponse is linked to the electrical properties of the transducers. The impedance results are shown
in Figure[7.8|using the PiezoDrive system.

The voltage does not significantly influence the impedance of the Nitinol transducer, whereas
the impedance of the titanium transducer increases with rising voltage. This aligns with the
findings presented in Chapter [5] where a similar cascaded configuration was employed. To
evaluate the performance of the transducers at higher voltages, the figure of merit outlined in the
IEEE standard has been utilised [155]], which is based on the impedance spectra. The formula

for calculating the figure of merit is as follows:
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Figure 7.7: Vibration amplitude spectra of the L2 mode for (a) the Nitinol Langevin transducer
and (b) the titanium Langevin transducer at room temperature with applied voltages from 10
Vp_p to 60 Vp_p, using the harmonic system.

M = kg Q/ (1=K ps) (7.2)

Where M is the figure of merit, Q is the mechanical quality factor defined as the resonant fre-
quency f, divided by the 3 dB resonance bandwidth Af, and / is the length of the resonator. The
figure of merit for both transducers with applied voltage from 10 Vp_p to 60 Vp_p is shown in
Figure

The figure of merit acts as a measure of transducer performance, with higher values indicat-
ing enhanced performance [155255]]. As shown in Figure[7.9] the figure of merit for the titanium
transducer decreases as voltage increases, while the Nitinol transducer shows a relatively stable
figure of merit. The lower value observed for the Nitinol transducer is likely attributed to energy
consumption associated with the Nitinol phase transition. The conversion of electrical energy

into mechanical energy within the piezoelectric material manifests as strain, which causes the
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Figure 7.8: Impedance spectra of the L2 mode for (a) the Nitinol Langevin transducer and (b)
the titanium Langevin transducer at room temperature with applied voltages from 10 Vp_p to 60
Vp.p, using PiezoDrive.
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Figure 7.9: Figure of merit for Nitinol and titanium transducers with applied voltages ranging
from 10 Vp_p to 60 Vp_p at room temperature.

Nitinol material to undergo a partial phase transition from austenite to detwinned martensite.

This transition may contribute to energy losses in the mechanical output. Although the figure

of merit for the Nitinol transducer is comparatively lower than that of the titanium transducer,

it exhibits considerable resistance to voltage fluctuations. This resilience may result from high

voltage facilitating the phase transition process due to increased strain, subsequently altering

the material properties and affecting the transducer’s dynamics. The reliable performance of

the Nitinol transducer enables it to be a promising candidate for applications subject to voltage

variations.
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7.3 Self-heating with Unloaded Condition

Previous experiments and analyses have provided measurements at room temperature to con-
clude a systematic evaluation of the dynamic behaviours of the Nitinol Langevin transducer at
room temperature. In practical ultrasonic applications, high electric potentials are typically ap-
plied, generating heat through dielectric heating from the AC voltage applied to piezoelectric
components [256,257]. During continuous operation of the Nitinol transducer, the PZT stacks
serve as the main heat source, with the heat generated being transferred and accumulated to
the middle mass of the Nitinol based on the cascaded configuration. It has been noted that
changes in the elastic properties of Nitinol and piezoelectric materials contribute to dynamic
stability during continuous operation. A continuous self-heating experiment lasting 300 s was
conducted at ambient room temperature to confirm this behaviour in the Nitinol transducer dis-
cussed in this chapter. Given the strong correlation observed between resonance stability and
applied voltages in previous studies of the Nitinol transducer, the transducers examined in this
chapter were characterised with varying electric potentials ranging from 10 Vp_p to 60 Vp_p in
increments of 10 Vp_p. Testing was halted if the temperature of the PZT stacks exceeded 60 °C.
Thermal imaging was employed alongside PiezoDrive to assess heat increments and dynamic
stability. The phase tracking method ensured that the transducers vibrated at their zero-phase
electrical resonances. Throughout the experiments, the temperatures of the PZT stacks and the
middle mass were typically monitored, and resonant frequency and electrical impedance were
measured. The frequency variations were then quantified in percentage format over time, with
the results presented in Figure[7.10]
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Figure 7.10: Frequency variations in the second longitudinal mode of vibration for the (a) Nitinol
and (b) titanium transducers with the phase tracking method, for a 300 s continuous operation
and set voltages ranging from 10 Vp_p to 60 Vp_p in 10 Vp_p steps, measured by PiezoDrive.

It is evident that the resonant frequency of the titanium transducer decreases linearly over
time, while the resonant frequency of the Nitinol transducer remains relatively stable within

the time range of 0 s to 100 s for voltages exceeding 50 Vpp. In this self-heating sce-
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nario, although the material properties of aluminium, titanium, and stainless steel, including
elastic modulus, Poisson’s ratio, density, and thermal expansion coefficient, are temperature-
dependent [258-260]], the mechanical properties of these materials show minimal variation near
room temperature. In contrast, the material properties of PIC181 are significantly affected by
temperature [261,262]], which accounts for the frequency decrease observed in the titanium
transducer in Figure[7.10(b). Figure[7.10{a) illustrates that the Nitinol Langevin transducer ex-
hibits dynamic stability at higher voltage levels under self-heating conditions. These results
strongly indicate the physical stiffening of the Nitinol middle mass likely contributes dynamic
effects that counterbalance the changes in the elastic modulus of the PIC181 piezoelectric ce-
ramic rings. The reduced frequency variation of the Nitinol transducer, following the resonance
stability state, is due to the PIC181 having a greater influence on the transducer dynamics, thus
behaving similarly to the titanium transducer. This finding is consistent with the dynamics dis-
cussed in Chapter [5] To characterise the voltage that optimises frequency stability, voltages

ranging from 52 Vp_p to 58 Vp_p, in 2 Vp_p increments, were applied to the Nitinol transducer,
as depicted in Figure
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Figure 7.11: (a) Frequency variations in the second longitudinal mode for the Nitinol and tita-
nium transducers using the phase tracking method, within the frequency stability window from
0 s to 50 s and set voltages ranging from 52 Vp_p to 58 Vp.p in 2 Vp_p steps, as measured by
PiezoDrive, and (b) impedance variations for both transducers at 56 Vp_p, which was recorded
for 300 s

In Figure[7.11](a), results of the Nitinol transducer demonstrate frequency stability during the
first 50 s when the voltage is maintained between 50 Vp_p and 60 Vp_p, reaching its maximum
stability at 56 Vp_p. The frequency variations for the Nitinol transducer remain below 0.05 %
overall. In contrast, the resonant frequency of the titanium transducer exhibits a decrease over
time under continuous operation, regardless of the excitation levels. Therefore, only the results
at 56 Vp_p are presented for comparison. This observed behaviour is primarily attributed to

changes in the material properties of PIC181, which significantly affect frequency. An increase
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in the input voltage generates greater dielectric heating within the PIC181 stacks, resulting in a
higher rate of heat production over time, along with fluctuating conductive heat transferred to the
Nitinol middle mass. As such, the distinct responses of Nitinol and PIC181 likely exert different
influences on the transducer dynamics as functions of voltage and time, with the frequencies
displaying nonlinearity. It is important to note that the rapid decline in frequency observed
during the first few seconds is mainly due to the time lag associated with the phase-tracking
process. In Figure [7.11[b), the impedance changes for the Nitinol and titanium transducers
first decrease, followed by a steady increase over time. This aligns with observations made
in Chapter [5] A possible reason for the initial decrease is the phase tracking delays of the
PiezoDrive system. Additionally, compared to Chapter [5] equipping a sonotrode has not led to
any noticeable effects on the vibration of transducers.

Considering that the Nitinol transducer exhibits optimal resonance stability at 56 Vp_p, the
dynamics have been characterised and explicitly analysed at this voltage level in the following
sections. Initially, a harmonic analysis was performed to assess the vibration amplitude of both
transducers at 56 Vp.p, as illustrated in Figure [7.12] which complements Figure[7.7| The results
indicate that the vibration frequencies and amplitudes are closely aligned, making the dynamics

of these transducers comparable in a mechanical sense.
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Figure 7.12: Vibration amplitude spectra of the L2 mode for (a) the Nitinol Langevin transducer
and (b) the titanium Langevin transducer at room temperature with applied voltages from 10
Vp.p to 60 Vp_p, using the harmonic system.

During the continuous operation, the thermal imager captured temperature profiles across
the transducers, demonstrating the temperature variations experienced by each component. The
emissivity for each material was adjusted according to Table[5.4] The results for both transducers
are presented in Figure which illustrates the maximum temperatures recorded for the PZT
stacks.

As shown in Figure there is an accumulation of heat in the middle masses, while the

temperatures of all other components remain relatively close to room temperature. This phe-
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Figure 7.13: Thermal imaging profiles for (a) the Nitinol transducer and (b) the titanium trans-
ducer, where the measured maximum temperatures of the PZT stacks are demonstrated.

nomenon suggests that self-heating conditions considerably affect the temperature distribution
within the PZT stacks and the middle masses of the transducers. Since conventional metallic
materials show minimal changes in their properties near room temperature [258},259,263,264]],
it is the PZT and Nitinol materials that play a role in influencing the dynamic behaviour of the

transducers due to their thermal responses. Admittance loops were utilised to evaluate the im-
pact of temperature variations on the electrical properties derived from the impedance spectra.
Impedance spectra were collected at 5° intervals for the PZT stacks, using a 56 Vp_p excitation.
It is important to mention that impedance-frequency sweeping cannot be conducted when the
transducer is being operated. Consequently, the sweep was performed by pausing the operation
at the designated temperatures of the PZT stacks during the heating process, while measure-
ments in the cooling process were taken under ambient cooling conditions. The results of the
admittance loops are presented in Figure [7.14]

As depicted in Figure the temperature ranges during testing differ between the two
transducers. Because each transducer generates heat differently during continuous operation,
there are distinct maximum temperatures in each transducer’s PZT stacks. Specifically, the
temperatures recorded for the Nitinol and titanium transducers reached up to 35°C and 40°C,
respectively. For Langevin transducers utilised in power ultrasonics, the frequency and conduc-
tance at zero phase resonance are typically the most critical parameters to be interpolated from
the admittance loops, represented by the intersection points between the admittance loops and

the conductance axis. Notably, both transducers exhibited increased zero phase conductance
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Figure 7.14: Admittance loops for (a) the Nitinol Langevin transducer and (b) the titanium
Langevin transducer with PZT stack temperatures varying from 25°C to 35°C and from 25°C
to 40°C, respectively. Both were characterised under an applied voltage of 56 Vp_p during both
heating and cooling processes.

with rising temperature. This phenomenon is primarily attributed to the temperature-dependent
properties of the PZT material rather than those of Nitinol. However, as shown by the impedance
data in Figure at a constant voltage of 56 Vp_p, the impedance of the Nitinol transducer
initially decreases before increasing, indicating opposite trends in conductance. The increase in
conductance with temperature is linked to the PZT stacks in the Nitinol transducer reaching 25°C
after 50 s. This suggests that the initial decrease in zero-phase impedance, or the corresponding
increase in conductance during the first 50 s, is not reflected in Figure [7.14] Furthermore, dif-
ferences in the admittance loops during the heating and cooling processes are evident, primarily
due to the hysteresis exhibited by the electrical properties of the PZT material [262]. Although
Nitinol also exhibits thermal hysteresis [188]], demonstrating this effect would require a broader
temperature range and higher voltages to assess its contribution. However, such conditions are
beyond the scope of this chapter, which focuses on resonance stability achievable only at 56
Vp.p. To further assess the influence of temperature on transducer performance, the figure of
merit has been utilised, as shown in Figure[/.1

In Figure both transducers show a degradation in performance as temperature increases,
with the Nitinol transducer generally exhibiting lower performance than the titanium transducer.
Additionally, the figure of merit for both transducers is higher during the cooling phase com-
pared to the heating phase, which can be attributed to the thermal hysteresis observed in the PZT
and Nitinol. The performance of both transducers is closely related to temperature variations in
the components, particularly the middle mass and PZT stacks. While this results in a compro-
mise in the performance of the Nitinol transducer, its frequency stability is optimised at 56 Vp_p
during the first 50 s of operation. Its resonance impedance remains unaffected by changes in

voltage. These measured dynamic characteristics allow the Nitinol transducer in the cascaded
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Figure 7.15: Figure of merit for Nitinol and titanium transducers with PZT stack temperatures
varying from 25°C to 35°C and from 25°C to 40°C, respectively. Both were characterised under
an applied voltage of 56 Vp_p during both heating and cooling processes.

configuration to be operated under various driving conditions, facilitating an evaluation of dy-

namic stability for levitation, discussed in the following section.

7.4 Levitation for Liquid Droplets

As detailed in the previous section, the resonance stability of the Nitinol Langevin transducer
has been proven to be optimised at 56 Vp_p for the first 50 s continuous operation, indicating the
phenomenon is replicable with different component materials from Chapter [5} In this section,
Nitinol and titanium transducers are applied to the ultrasonic levitation application for liquid

droplets, aiming to demonstrate the potential of using resonance stability in the industry.

7.4.1 Design of the Reflector

A reflector is typically employed in an ultrasonic levitation system using a Langevin transducer,
playing a crucial role in establishing the standing wave [46,[247]. The reflector is positioned
opposite the transducer to reflect the sound waves generated by the transducer. At the nodes
of standing waves, minimal acoustic radiation force is produced, while at the anti-nodes, the
radiation force is significantly higher. As a result, objects such as particles and droplets can
be captured and manipulated at the nodes [265]]. Therefore, in this section, the design of the
reflector is focused on facilitating the formation of standing waves for both the Nitinol and
titanium transducers.

The reflector is designed with a concave-shaped geometry to effectively reflect and converge

the acoustic waves transmitted by the transducer. This configuration has been widely adopted
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for single-axis levitation using Langevin transducers [266,[267]. The focused acoustic energy
creates standing wave patterns between the transducer and the reflector, which trap particles at
the pressure nodes. The material of the reflector influences the amount of acoustic energy re-
flected, as described in (3.2)). In this case, the reflector is constructed from stainless steel due to
its high acoustic impedance, as shown in Table [3.1) maximising the reflection of sound waves.
The designed and installed reflector is illustrated in Figure [7.16] respectively. To investigate
droplet behaviour with different transducers, the reflector and transducer are positioned coax-
ially to ensure a symmetric acoustic field around the droplet, stabilising its geometry. While
levitation can also be achieved by placing the reflector off-axis and at a tilted angle [268]], such

configurations introduce complexities in analysing the acoustic field.

Clamp“er

Figure 7.16: Installed reflector in the levitation setup.

7.4.2 Simulation of Acoustic Field

To conduct the levitation experiments, the acoustic field between the transducer and the reflector
must first be simulated. It allows the user to comprehend and engineer the behaviours of the
levitation system without using extensive optical experiments to visualise the actual acoustic
field. It reveals whether a standing wave is created between the transducer and the reflector
at specific distances. Furthermore, it predicts the locations of pressure nodes and anti-nodes,
guiding where and how an object can be levitated.

Two commonly employed methods for simulating the acoustic field are FEM [269] and the
Finite Difference Method (FDM) [270]. The key distinction between these two approaches is
that FEM determines the unknowns at the element nodes based on the weak form of the govern-

ing equations, whereas FDM calculates unknowns on a grid using the strong form represented
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by differential equations. The accuracy of FEM is influenced by the choice of shape functions
and element orders, while the accuracy of FDM is determined by the grid spacing and the order
of the finite difference approximation [271]]. In this section, both methods which can be used to

simulate the acoustic field are detailed.

7.4.2.1 Helmholtz Equation in Acoustics

The Helmholtz equation addresses physical problems that involve partial differential equations
in both spatial and temporal dimensions, especially wave propagation in acoustics [272]. In
ultrasonic levitation, the 3D acoustic field is typically reduced to a 2D form when the levitation
system is axisymmetric. From this point, the Helmholtz equation in a 2D domain is presented

in an inhomogeneous and dimensionless format, as given:
pu—cAp=f in QCR? (7.3)

where p is the scalar acoustic pressure or displacement, ¢ is the propagation speed of the wave
in the medium, f is the inhomogeneous force term, and A is the Laplacian in the 2D bonded

open set Q, defined as:

d d
A=9etop

Boundary conditions for the wave equation determine the behaviour of the wave upon reach-

(7.4)

ing the boundaries of the domain. In acoustics, the typical boundary conditions include Dirich-
let, Neumann, Robin, and periodic boundaries. This section focus solely on the application of

Dirichlet boundary and absorbing boundary conditions (ABC), as outlined below:

Dirichlet boundary condition: p =«

Jdp
ABC: — Vp=0
5 +cVp

(7.5)

where « is a given number, and when it is zero, the boundary reflects the wave perfectly.

As both FEM and FDM uses the central difference approximation to calculate discretised
time domain, the Courant-Friedrichs—Lewy condition (CFL) is prescribed for those terms of the
finite difference approximation. In the 2D explicit case here, the CFL condition is required to

be met: AA
Ar < Y

~ c(Ax+Ay) (7.6)
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7.4.2.2 Finite Element Method

From ([7.3), the variation of the dimensionless potential energy W and kinetic energy T are

W= %//ch(Vp)de

Sy

In the simulation of the wave propagation, the inhomogeneous force f input energy into the

expressed as:

(7.7)

system, making it a non conservative system. The force energy is given:

0= [[ 1-pac (7.8)

where Q is the work done by the external force. Then the displacement or the pressure p is

governed by extended Hamiltonian for non-conservative systems [273]], it can be shown that:
31
o [O+W-T]=0 (7.9)
Io

Substituting ((7.7) and into (7.9), the variational equation can be obtained that:

/lozl[//gf-Sde-l-%//QCZVP-S(Vp)dQ—%//Qp7t-6(p7t)dg]:O (7.10)

By applying integration by parts to (/.10) with respect to p, the equation is rewritten as:

t
/1//f-6dedt
fo Q
1 t

1

+ 5 [(CZVp~3p)|Q—// c*Ap - 8 pdQ]dt (7.11)
2 o Q

1 f
5 // [(ps- 519)’2) _/ par-6pdt]dQ =0
Q )

Using the finite element setup which is detailed in Chapter (3| the standard finite element
equation can be then derived as:
Mth -Kp=Q (7.12)

where global mass matrix M and stiffness matrix K are assembled from elemental mass and

stiffness matrices:

M = // N (x,y) TN (x,y)dQ

o (7.13)

K _ 2 / / VN© (x,y)TVN© (x,y)dQ
Q

To simulate the wave propagation, the time variable is required to be dicretised into steps. As

the p variable is in its second derivative with respect to time, the second-order central difference



CHAPTER 7. A CASE STUDY ON ACOUSTIC LEVITATION 177

approximation is introduced as shown that:

pa(t) ~ pl+A) ‘fﬁfg Tpit A (7.14)

Substituting (7.14)) into (7.12)), p(¢ + At) can be expressed:

p(t+At) = (Ar)’M ™ (Q —Kp(1) +2p(1) — p(t — Ar) (7.15)

where p(t — Ar) is calculated by the Taylor series from the initial values, therefore obtaining

values for further iterations:

(A1)
2

Pt —At) = plt) — At py(6) + 2 p (1) (7.16)

The domain € is the 2D space between the transducer and the reflector, where the medium
is air with a 340 m/s acoustic speed, and the wavelength of the transducer is set to A = 11.2
mm. Triangle elements with three Gauss quadrature points are used. By applying the Dirichlet
boundary condition to the arc boundary and ABC to left and right open boundaries, the numeri-

cal solutions of the Helmholtz equation by using FEM are shown as Figure(7.17

7.4.2.3 Finite Difference Method

Unlike FEM, FDM uses the central difference approximation for both spacial domain and time.

Here, the second-order central difference approximation is used, and (/.3) is rewritten as:

p(x7yat+At> _zp(x7yat>+p(x7yat_At)

(Ar)?
2p(x+Ax7y7t) _2p(x>y7t) +p(x_Ax,yat)
—c a7 (7.17)
p(x,y+Ay,t) = 2p(x,y,t) + p(x,y — Ay,1)
_C2 (Ay)z :f(x7y7t)

when Ax = Ay, p(x,y,t + A) can be obtained from (7.17):

plx,y,t+Ar) =
Cz[p(x+Axay7t) —I-p(X—AX,y,l‘) +p(X,y—|—Ay,t) +p(x7y_Ay7t) _4p(x7y7t)] (718)
+2p(x,y,t) = p(x,y,t — At) + (At)* f(x,y,1)

where

C=c—=c— 7.19
“Ar CAy (7.19)

The construction of the domain in FDM differs significantly from that in FEM, particu-

larly concerning the curved edges of the reflector. In FEM, irregular edges are represented by
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Figure 7.17: Numerical simulation of the Helmholtz equation in air within the domain Q by
using FEM at time frames (a) T, (b) 2T, (c) 3T, and (d) 4T, where T = A /c and A = 11.2 mm.

refining the mesh size to closely approximate the geometry. In contrast, FDM typically approx-
imates curved boundaries with a staircase-like pattern, as the mesh is structured in a mosaic
grid, generally composed of square or rectangular shapes to comply with the central difference
approximation algorithm [274,275]]. This approach inevitably introduces some errors, which
can be reduced by further refining the mesh size. Despite this limitation, the low computational
costs associated with FDM make it a popular choice for simulating acoustic fields.

The numerical solutions obtained from FEM and FDM are generally consistent, although
differences primarily arise in the waveforms and pressure distributions. Both methods have
factors that can lead to inaccuracies, such as large element sizes in FEM and staircase-like
approximations of curved boundaries in FDM. Refining the element size can enhance the results.
However, finer element sizes necessitate more time steps to be calculated according to the CFL
stability condition. In the numerical setup discussed for FEM and FDM, the computation time
for 801 frames is approximately 21 minutes for FEM and 1 minute for FDM. Therefore, refining

the mesh in FEM is not advisable due to the exponentially increased time costs. The calculated
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Figure 7.18: Numerical simulation of the Helmholtz equation in air within the domain Q by
using FDM at time frames (a) T, (b) 2T, (c¢) 3T, and (d) 4T, where T = A/c and A = 11.2 mm.

results with 10 T are wrapped within the levitation setup, as illustrated in Figure [7.19] where
the droplet position is close to the middle simulated node used to levitate droplets in subsequent
experiments. The positional offset occurs because introducing a droplet affects the properties of
the acoustic field, necessitating a slightly greater distance between the transducer and reflector
to establish a standing wave. As a result, the actual distance between the transducer and reflector

was adjusted slightly during the experiment.

7.4.3 Self-Heating and Droplet Evaporation

This section discusses the levitation performance of both Nitinol and titanium transducers. The
observation time window was set to 300 s, and three types of droplets were used in the exper-
iments: water, isopropyl alcohol (IPA), and acetone. A 56 Vp_p voltage was applied to both
transducers. Although this voltage is relatively low compared to most levitation systems, it has
been demonstrated to be sufficient for inducing levitation of the droplets here [254]. Pre-tests

were performed to show that the introduction of droplets minimally affects the transducer fre-
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.

Figure 7.19: Wrapped levitation experiment conducted with a simulated acoustic field at 10 T.

quency, which is a crucial factor for the stability of the acoustic field. The variation in frequency,

expressed as a percentage, is presented in Figure [7.20] where droplets of approximately 10 uL
each of water, IPA, and acetone were utilised.
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Figure 7.20: Frequency variations in the second longitudinal mode for the Nitinol and titanium

transducers in preliminary tests for levitating droplets at a set voltage as 56 Vp_p, recorded by
PiezoDrive over 300 s.

As illustrated in Figure [7.20] the frequency variation for both transducers remains consistent
with that observed under unloaded conditions, indicating the formation of a standing wave, and
the introduction of small droplets has minimal impact on the transducer frequencies over time.

The Nitinol transducer demonstrates high frequency stability, with only a 60 Hz shift after 300 s
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continuous operation, whereas the titanium transducer experiences a shift of approximately 300
Hz. Furthermore, the results indicate that this stable frequency is reproducible regardless of the
type of droplets introduced. For Langevin transducers operating at their resonant frequency, the
electrical impedance is more sensitive to load changes, which refers to the levitated droplets.

The variations in impedance were also monitored during the pre-tests, as shown in Figure
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Figure 7.21: Impedance variations in the second longitudinal mode for the Nitinol and titanium
transducers in preliminary tests for levitating droplets at a set voltage as 56 Vp_p, recorded by
PiezoDrive over 300 s.

Generally, the impedance responses for both transducers correlate well with the results pre-
sented in Figure However, introducing droplets has affected the impedance, resulting in
minor fluctuations over time. Notably, these fluctuations correspond to the unstable position and
geometry of the droplets within the acoustic field, suggesting that the instability of the droplets
impacts the loaded condition of the transducer. Since the fluctuations in impedance are relatively
small, no significant changes in heat generation have been observed.

Preliminary tests revealed notable differences in the behaviour of Nitinol and titanium trans-
ducers under loaded conditions. The Nitinol transducer vibrated at a relative stable resonant
frequency, even when subjected to load, though it experienced slight impedance variations due
to unstable droplets. On the other hand, dynamics of the titanium transducer remained un-
changed by loading, maintaining frequency and impedance responses similar to those observed
in its unloaded state. With both transducers operating at resonant frequencies close to 30 kHz,
the levitation system was initially positioned with a 24 distance between the transducer and the
reflector, followed by fine adjustments at the start of the experiment. Three types of droplets,
water, IPA, and acetone, were introduced into the standing wave field. The selection of differ-
ent droplets was crucial due to their varying viscosities and surface tensions, which influence
droplet volumes and sizes, respectively. The viscosity and surface tension of water, IPA, and
acetone at 20°C are shown in Table [276277].
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Table 7.1: Viscosity and surface tension of water, IPA, and acetone at 20°C.

Liquids  Viscosity (mPa-s) Surface tension (mN/m)

Water 1 72.7
IPA 2.3703 21.7
Acetone 0.3311 23.7

Since precise droplet volume control was challenging, experiments were repeated, and re-
sults were selected for droplets with volumes around 10 pL. Surgical needles were utilised in-
stead of pipettes, as pipette tips disrupted the stability of the standing waves, leading to failures in
the introduction of droplets to the acoustic field. In order to investigate the evaporation of three
types of droplets during levitation, the droplets were observed over the period. Frames were
captured at different intervals, allowing for the visualization of the 2D geometry of droplets.
The contrast of these images was adjusted and converted to greyscale. The droplet volume was
then calculated by revolving the fitted ellipse, which was identified by detecting the droplet edge
using OpenCV. The results related to evaporation are presented in Figure

From Figure the irregular curves suggest that the droplet volumes vary rapidly over
time. One of the reasons is the instability of the geometry of droplets [278]]. Also, the non
elliptical geometry, as a result of varying surface tension due to frequency and acoustic intensity
[279,280], introduces errors when calculating the volume. This accounts for instances where
the volume exceeds 100%. Consequently, the volume depicted in the figure should be viewed
as an approximation rather than an exact measurements. As illustrated in Figure [7.22]a), the
titanium transducer levitated water droplets for a shorter duration than the Nitinol transducer.
One possible explanation for this is that the frequency of the titanium transducer decreases over
time due to its high temperature, making it challenging to maintain a standing wave when the
distance between the transducer and the reflector remains constant. They naturally fall when
the radiation force becomes insufficient to hold the droplets. In contrast, the Nitinol transducer
exhibits a longer levitation time, as its consistent frequency response ensures a reliable radiation
force acting on the droplets. However, it is difficult to draw definitive conclusions about the
evaporation rate of water droplets with either transducer based on the figure. The evaporation
rate of water at room temperature is relatively low, even though elevated radiation pressure could
potentially expedite the process.

In Figure [7.22(b), both transducers successfully levitated the IPA droplets for 300 s, main-
taining a stable levitation status. It was observed that all droplets exhibited a linear decrease in
volume over time. However, the final droplet volumes for the Nitinol transducer ranged between
60 % and 80 %, while the titanium transducer resulted in volumes below 60 %. This difference
can be attributed to the stable frequency of the Nitinol transducer, which contributes to a consis-
tent droplet geometry. In contrast, the titanium transducer experiences unstable radiation forces
due to decreasing frequencies, leading to an inconsistent geometry. These changes in geometry

ultimately result in variations in the evaporation rate.
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Figure 7.22: Volume percentage of levitated droplets for (a) water, (b) IPA, and (c) acetone,
using the Nitinol and titanium transducers at a set voltage of 56 Vp_p, recorded by PiezoDrive

over 300 s.
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As depicted in Figure [7.22|c), both transducers could not maintain the levitation of acetone
droplets to 300 s. This is attributed to the high evaporation rate of acetone, leading to a rapid
volume decrease. When the droplets are introduced, they alter the distance between the trans-
ducer and reflector needed to establish the standing wave. If the volume changes significantly,
the initial conditions may not generate sufficient radiation pressure to support the new volume.
Additionally, changing transducer frequency is another factor in creating an unstable acoustic
field. It has to note that the experiments can be divided into three phases for both transducers.
The first phase involves rapid changes in geometry and volume, followed by a high evapora-
tion rate during the second phase. The final phase is marked by minimal evaporation before the
droplets eventually fall. Notably, the Nitinol transducer outperformed the titanium transducer in
duration across all three phases, which its stable radiation force can explain.

Based on the experiments conducted, all three droplets exhibited varying behaviours dur-
ing levitation, mainly when influenced by different transducers, where these droplets differ in
viscosity and evaporation rates. The Nitinol transducer was able to levitate water and acetone
for longer durations while it effectively maintained IPA droplets with a lower evaporation rate.
These outcomes can be attributed to the stable frequency of the Nitinol transducer, which en-
sures consistent radiation pressure. However, droplet oscillations were observed throughout the
experiments. To investigate the nature of these oscillations and assess whether the Nitinol trans-
ducer aids in maintaining droplet geometry, HSI has been conducted, with results discussed in

the following section.

7.4.4 High-Speed Imaging

The high-speed test was performed using a HSI system (Fastcam SA-Z 2100 K, Photron, UK)
where droplets were illuminated by synchronous 10 ns laser pulses at 640 nm (CAVILUX Smart,
Cavitar, Finland), aiming to capture the complete oscillation period of the droplets. The capture
interval was set to every 30 s. However, to optimise video file storage, the number of frames
was limited to 30000 frames, allowing for the entire observation of the vibration modes of
the liquids. Although the vibration frequency of the droplets is around 30 kHz, matching the
frequency produced by the transducer, the complete mode could still be captured as long as
the frame rate is close to 30 kHz. This high-speed test was carried out using both Nitinol and

titanium transducers with water, IPA, and acetone at a different time for one oscillation, as

illustrated in Figure[7.23] [7.24] [7.25] [D.1}[D.2] and [D.3]
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Figure 7.23: The full vibration mode for levitated water droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, 150 s, 210 s, and 270 s based on the Nitinol Langevin
transducer, conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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Figure 7.24: The full vibration mode for levitated IPA droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, 150 s, 210 s, and 270 s based on the Nitinol Langevin
transducer, conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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Figure 7.25: The full vibration mode for levitated acetone droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, 150 s, 210 s, and 270 s based on the Nitinol Langevin
transducer, conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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When the droplets are water, their geometry continuously changes regardless of the trans-
ducer used. This is likely due to the low viscosity of water, which makes it more susceptible to
the effects of the acoustic field. In contrast, the geometry of the IPA droplets remained consis-
tently stable throughout the tests. For the acetone droplets, the geometry fluctuated during the
first 30 s before stabilising for the remainder of the experiment. One reason the droplets struggle
to maintain their geometry and position is that introducing them to the acoustic field increases
their kinetic energy due to the radiation pressure acting on them, pushing the droplets toward the
node [281]. This results in an unstable state until they settle. It was observed that the droplets
vibrated while their vibration modes changed over time. This can be attributed to alterations in
the volume of the droplets due to evaporation and variations in transducer frequencies. To fur-
ther investigate the dynamic behaviours of these droplets levitated by the Nitinol and titanium
transducers, temporal variations in vertical position and section area of the droplets are analysed
using OpenCV, as shown in Figures[7.26 [7.27|and [7.28]
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Figure 7.26: Temporal variations in vertical position and section area for water (a-d) at 30+2 s
and 9042 s intervals.

As shown in Figures[7.26] [7.27] and [7.28] the vertical position curves exhibit a stepped, dis-

continuous pattern due to minimal vertical displacement spanning only a few pixels, with each

step representing one pixel in the captured video. At approximately 30 s, the Nitinol transducer
demonstrates larger or comparable vertical displacements for water and acetone compared to the
titanium transducer, while both maintain stable positions for IPA. This behaviour likely results

from introducing droplets into the acoustic field, creating perturbations. The weaker acoustic
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Figure 7.27: Temporal variations in vertical position and section area for IPA (a-d) at 30+2 s

and 90+2 s intervals.

30+2 s
é E 0.2
0 ~
85
8 0.0- Ll NS AIUEL o PACHE
O .=
gs
>
0.000 0.025 0.050
Time /s
—— Titanium Nitinol
(a)
90 S
é g 0.2 lLI
8 ~
25 00 JJJJ
3=
§ S 0.2
0.000 0.025 0.050
Time /s
—— Titanium Nitinol
(©

Section area

Section area

variation / %

variation / %

30+2 s
201
0] J/\
—201 \J V \
0.000 0.025 0.050
Time /s
—— Titanium Nitinol
(b)
90+2s
201
0
_20_
0.000 0.025 0.050
Time /s
—— Titanium Nitinol
(d

Figure 7.28: Temporal variations in vertical position and section area for acetone (a-d) at 30+2

s and 90+2 s intervals.



CHAPTER 7. A CASE STUDY ON ACOUSTIC LEVITATION 190

radiation of the Nitinol transducer, due to high electrical impedance, results in low resistance to
these perturbations. Additionally, both transducers exhibit similar section area variations dur-
ing this period. However, at 90 s, the Nitinol transducer outperforms the titanium transducer
by reducing vertical displacements for both water and acetone droplets. Neither transducer
shows measurable displacement for IPA droplets at this time point. Notably, while the Nitinol
transducer maintains more stable vertical positions, it exhibits greater section area variations
compared to the titanium transducer. These findings confirm that the stable resonance enhances
levitation by reducing vertical displacements, though it does not necessarily produce more sta-
ble droplet geometry. This investigation discloses that the Nitinol transducer improves levitation
duration through reduced temporal frequency variation, therefore extending the levitation dura-
tion, decreasing evaporation rates, and stabilising vertical displacement in acoustic levitation

applications.

7.5 Summary

In this chapter, Nitinol was integrated into the cascaded transducer design to replicate the reso-
nance stability observed in Chapter[5] The chapter details the design process for both Nitinol and
titanium Langevin transducers equipped with an attached sonotrode, with dimensions optimised
through FEA. Given that resonance in ultrasonic levitation is highly dependent on frequency,
the dimensions of both transducers were tailored to vibrate at close resonant frequencies in their
L2 mode. Manufactured components were assembled with optimal pre-stress values. After
allowing the transducers to settle for a week, their dynamics at room temperature were charac-
terised, including modal identification and harmonic analysis. The experimental findings were
in good agreement with the simulation results. To validate the resonance stability of the Niti-
nol Langevin transducer, tests were conducted under self-heating conditions without any applied
loads. In comparison to the frequency response of the titanium transducer, the Nitinol transducer
exhibited high frequency stability over time, while the frequency of the titanium transducer de-
creased almost linearly.

A reflector was designed and manufactured to create the levitation system, featuring a con-
cave surface that reflects ultrasonic waves emitted from the transducer, thereby generating stand-
ing waves. Water, [PA, and acetone were used in the levitation experiments to investigate the
resonance stability of droplet behaviour in the acoustic field. Preliminary tests indicated that the
Nitinol transducer maintained stable frequencies under load, with droplet volumes around 10
uL. Each liquid was levitated three times to observe evaporation over time. The results indicated
that the Nitinol transducer resulted in longer levitation times for water and acetone and lower
evaporation rates for [PA and acetone. This can be attributed to the interaction between droplet
properties, such as surface tension and viscosity, and the frequency of the transmitted transducer

waves. The stable frequency of the Nitinol transducer likely contributes to a steady standing



CHAPTER 7. A CASE STUDY ON ACOUSTIC LEVITATION 191

wave field, which helps maintain consistent radiation pressure on the droplets. In contrast, the
frequency decrease observed with the titanium transducer led to an unstable field, resulting in
shorter levitation times. Furthermore, a HSI examined the droplet geometry during levitation
with both transducers. The results demonstrated that the titanium transducer produces more
stable droplet geometry than the Nitinol transducer. This is likely due to the relatively lower
electrical impedance of the titanium transducer, which generates a generally higher radiation

force, thus reducing variation in droplet geometry.



Chapter 8
Conclusions

This thesis presents the design, fabrication, and characterisation of Langevin transducers inte-
grated with Nitinol, a shape memory alloy. Driven by practical devices that require adaptive
operation, the thesis targets resonance tuning. It explores and develops tuneable designs and es-
tablishes correlations between resonance behaviour and Nitinol’s temperature dependent proper-
ties. The experimental results demonstrated that integrating Nitinol enabled controllable tuning
of fundamental resonance parameters, including resonant frequency and electrical impedance.
These tuneable dynamics were observed in the forms of resonance tuneability, modal coupling,
and resonance stability, with the latter two appearing as variants of tuneable resonance.

Several prototype transducers were developed, featuring varying configurations and Nitinol
transformation behaviours. The design process incorporated mathematical modelling to simulate
the dynamic responses of the transducers. A 1D transducer model based on the Timoshenko-
Ehrenfest beam theory was constructed within a linear piezoelectric framework. This approach
offered computational efficiency over full 3D finite element models, such as those implemented
in Abaqus FEA. It did not require a complete set of material properties in a 3D domain, an advan-
tage when extending it to a thermo-electro-mechanical model for Nitinol Langevin transducers,
where temperature-dependent properties for both Nitinol and PZT are challenging. However,
the accuracy of the 1D model declined significantly when the L/D ratio exceeded 12.5 due to
limitations in considering complex geometries and cross-sectional variations. Consequently, a
3D electromechanical model was employed by using Abaqus. The development of these models
significantly enhanced the author’s understanding of the interplay between solid mechanics and
transducer dynamics, laying the groundwork for future temperature-dependent and nonlinear
modelling of Nitinol-based ultrasonic devices.

The fabrication of prototypes followed established procedures for conventional Langevin
transducers, except for the Nitinol component. EDM was employed to machine the Nitinol el-
ements due to its ability to provide high quality surface finish and minimal thermal input. The
prototypes were validated statically through EIA and LDV, confirming their resonant frequen-

cies, mode shapes, and electrical impedance characteristics under pre-stress at room tempera-
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ture. Given the difficulty of experimentally measuring the temperature and pressure dependent
properties of Nitinol, a reverse optimisation was applied using FEA to approximate these prop-
erties. However, the accuracy of this method remains limited by uncertainties in the properties
of other transducer components. Therefore, a model with known material properties under con-
ditions representative of those within a Langevin transducer is preferred to simulate resonance
behaviours.

Thermal loading was experimentally applied to the prototypes under both isothermal and
self-heating conditions. EIA results confirmed that the Nitinol-integrated Langevin transduc-
ers could tune their resonance characteristics in response to temperature. Resonance tuneabil-
ity, modal coupling, and resonance stability were observed in relation to the distance to nodal
position and volume fraction of Nitinol, which FEA validated in Chapter [ The likely rea-
son for resonance tuneability is the increase in Nitinol moduli due to the phase transformation
that overwhelms the properties changes of PZT on the transducer resonances, showing oppo-
site frequency shifting to conventional Langevin transducers. Modal coupling experiments re-
vealed temperature-dependent frequency shifts in multiple vibration modes, with two adjacent
OP modes becoming coupled at low temperatures (around -25°C). This phenomenon indicates
that the phase transformations of Nitinol influence vibration modes in different ways. Certainly,
further investigation is required to increase its effective operating temperature near room temper-
ature so that it can be applied to typical applications such as ultrasonic motors. Resonance sta-
bility was observed under both thermal loading conditions, though the underlying mechanisms
differed: under isothermal conditions, martensitic transformation appeared to counterbalance
the temperature-induced frequency variation of the PZT elements, while under self-heating con-
ditions, the stable resonance was attributed to the intrinsic temperature-dependent properties of
Nitinol in its austenitic phase. These findings suggest that resonance behaviours of a Langevin
transducer can be actively controlled by incorporating shape memory alloys, achieving multi-
frequency and tuneable ultrasonic devices to adapt to changing environments.

A Nitinol prototype was fabricated with a more complex configuration and an alternative
piezoelectric material to investigate the repeatability of stable resonance under self-heating and
apply it to applications. This prototype was integrated into an acoustic levitation system, where
frequency stability is essential for maintaining consistent droplet geometry and reducing evap-
oration rate. Compared to a conventional Langevin transducer of similar design and frequency,
the Nitinol-integrated transducer exhibited superior resonance stability during continuous op-
eration. As a result, lower evaporation rates and longer levitation durations were achieved for
various liquids, including water, acetone, and IPA. This application of the developed prototype
in levitation demonstrates the practical potential of Nitinol-based Langevin transducers, opening

avenues for further research and application in areas requiring adaptive ultrasonic actuation.



Chapter 9
Future Research Directions

In addition to the work presented in this thesis, several directions for future studies are briefly

outlined in the following sections.

9.1 Material Characterisation and Manufacturing

Despite some attempts to characterise Nitinol properties at various temperatures, there are chal-
lenges associated with material characterisation, which will be addressed in future studies.
Firstly, it is essential to measure the stress-strain relationship of Nitinol in isothermal and iso-
baric environments. This data validates whether the phase transformation from an austenitic
phase to a de-twinned martensitic phase happens during the pre-stress process, in which the
temperature-dependent elastic moduli also facilitate an accurate finite element model. More-
over, phase transformation behaviours have to be monitored under cyclic thermal loading, as
well-documented in the literature [66]]. This knowledge helps in evaluating the longevity of a
Nitinol Langevin transducer.

Recalling the work hardening experienced in manufacturing Nitinol, EDM is a proven
method. Alternatively, additive manufacturing for Nitinol can reduce the machining effort
needed for segments, allowing for more intricate geometries. The feasibility of this method
has been reported in the literature [221]. However, one downside may be encountered is a low

elastic modulus for the final printed product and imperfections in the microstructures.

9.2 Mathematical Modelling

Mathematical models developed in this thesis are based on linear piezoelectricity. However, tem-
perature triggers the phase transformation of Nitinol Langevin transducers, and consequently,
tuneable resonance. An electromechanical model alone cannot accurately simulate this tuneable
resonance with temperature. Therefore, the temperature field will be implemented into future de-

veloped models. A semi-coupled thermo-electro-mechanical model will be utilised to simulate
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the resonance tuneability, modal coupling, and resonance stability in isothermal environments.
In contrast, a fully coupled model, considering heat transfer, will simulate stable resonance un-
der self-heating conditions. Future models will include damping parameters such as mechanical,
coupling, and dielectric damping, which will enable a more accurate simulation of the losses in
the designed transducers. The implementation of this model for the Nitinol Langevin transducer

follows the complete material characterisations discussed in the previous section.

9.3 Optimisation of Transducer Configuration

As discussed in Chapter [6] the volume fraction and position of Nitinol influence the tuneablity
of the transducer from a linear elasticity perspective. This indicates that the tuneability can
be engineered to its maximum. While the theoretical maximum frequency variation ratio ex-
ceeds 30%, as shown in Table [6.4] the tuneable transducer described in Section [4.1] achieves
frequency tunings of approximately 15% and 10% in modes L1 and L3, respectively. Indeed,
configuration is one of the factors that defines tuneability, and can be optimised by adjusting the
dimensional parameters of the transducer. For example, a Langevin transducer can be modified
by varying diameters across the structure to make typical positions more sensitive to stiffness.
When strategically placing Nitinol at these key positions while maximising its volume fraction,
the tuneability is potentially enhanced. Moreover, the configuration can be tailored to accom-
modate other vibration modes in addition to longitudinal ones, such as torsional and bending
modes. Different levels of tuneability will be observed, as demonstrated in Section where it

is manifested that various modes respond differently to martensitic transformation.

9.4 Applications under Isothermal Conditions

In Chapter [/| the Nitinol Langevin transducer was operated under self-heating conditions and
stable resonance was observed. In this scenario, the temperature of the Nitinol middle mass did
not increase prominently and remained consistently lower than that of the PZT stacks. As a
result, the property changes of Nitinol with temperature were limited and insufficient to trigger
martensitic transformation. In order to leverage phase transformation for applications, a wider
temperature range is necessary so that an external facility, like a mini oven, is designed to apply
thermal loading to the Nitinol segment. This controlled facility creates isothermal environments,
thus allowing resonance tuneability and model coupling to be achieved. However, due to self-
heating during operation, temperature interplays between Nitinol and PZT segments increase
the complexity of transducer dynamics. Therefore, positioning the Nitinol segment away from

the PZT elements to mitigate this phenomenon is suggested.
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9.5 Exploration of Alternative Smart Materials

Finally, this research focused on Nitinol, however, alternative SMAs are candidates and could
offer enhanced or tailored tuneable resonances. For example, Cu-based shape memory alloys
have sharp martensitic phase transformations, meaning that the transducer does not require a
wide temperature range to trigger martensitic transformations. Also, the low cost and favourable
machinability of Fe-based SMAs can significantly improve the manufacturing process for inte-

grating SMAs into a Langevin transducer.



Appendix A

Material Properties for Simulations

This appendix provides the material properties of the materials used in this thesis, including

isotropic and piezoelectric materials.

A.1 Isotropic Materials

Table A.1: Material properties of isotropic materials used in this thesis.

Materials Elastic modulus  Poisson’s  Density (p

(E / GPa) ratio (V) / (kg/m?))
Stainless steel (304) 210 0.3 7800
Ti6Al4V 116 0.32 4506
Aluminium alloy (6082) 70 0.35 2700
Copper 115 0.31 8942
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A.2.2 PIC181

Stiffness Matrix

Ciit Cn2 Ci3 O
C Cnp Ci3 O
C3 Ci3 Gz O
0 0 0 Cy4q O
0 0 0 0 Cy4 O
0 0 0 0 0 C66_

[1.37E11 7.44E10 7.21E10 0

S O O

@
Il
© o o o

0
7.44E10 1.37E11 7.21E10 0 0
~ |7.21E10 7.21E10 1.24E11 0 0
B 0 0 0 2.80E10 0
0 0 0 0  2.80E10
0 0 0 0 0

Piezoelectric Matrix

[0 0 0 0 e5 O
0 0 0 e5 0 O
_631 €31 é€33 0 0 0

0

o
Il

o O O O

0

3.16E10 |

0
0

0 0 0 13.3262 0
= 0 0 0 13.3262 0
| —6.3441 —6.3441 15.6108 0 0
Permittivity Matrix
(x1 0 0
=10 xu O
L0 0 x33
[1.3281E — 8 0 0
= 0 1.3281E—38 0
i 0 0 1.0625E — 8

199

(A.4)

(A.5)

(A.6)



Appendix B

Harmonic Analysis under Isothermal

Conditions

This appendix provides harmonic analysis results under isothermal conditions for the Nitinol
Langevin transducer studied in Chapter 4] The vibration amplitude and impedance responses

with respect to frequency demonstrate the tuneability of the transducer with temperature.
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Figure B.1: Vibration amplitude spectra of the L3 mode for the Nitinol Langevin transducer
under static temperatures within a 25°C to 60°C temperature window with applied voltages of
10 Vrus to 50 Vrus.
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Figure B.2: Vibration amplitude spectra of the L3 mode for the Nitinol Langevin transducer
under static temperatures within a 65°C to 100°C temperature window with applied voltages of
10 Vrus to 50 Vrus.
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Figure B.3: Impedance spectra of the L3 mode for the Nitinol Langevin transducer under static
temperatures within a 25°C to 60°C temperature window with applied voltages of 10 Vgyys to
50 Vrums-
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Appendix C

3D Models for Stable Resonance

This appendix provides the vibration mode shape and electric potential of the Nitinol Langevin
transducer studied in Chapter ] The modal information has been simulated using the proposed
3D electromechanical model, which applies a free-short boundary condition. The frequency

input of the single-frequency analysis used in the simulations is derived from Abaqus results.
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Figure C.1: (a) Mode shape and (b) electric potential of the L1 mode for the NMCT in the
heating cycle at 28.769 kHz under free-short boundary condition.
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Figure C.2: (a) Mode shape and (b) electric potential of the L1 mode for the NMCT in the
cooling cycle at 29.642 kHz under free-short boundary condition.
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Figure C.3: (a) Mode shape and (b) electric potential of the .1 mode for the TMCT at 31.363
kHz under free-short boundary condition.



Appendix D
High-Speed Imaging

This appendix provides the HSI results for droplets levitated by the titanium Langevin transducer
discussed in Chapter Water, IPA, and acetone have been utilised, and their geometric sections

have been recorded over time.
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Figure D.1: The full vibration mode for levitated water droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, 150 s, 210 s, and 270 s based on the titanium Langevin
transducer, conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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Figure D.2: The full vibration mode for levitated IPA droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, 150 s, 210 s, and 270 s based on the titanium Langevin
transducer, conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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Figure D.3: The full vibration mode for levitated acetone droplets, where the shadowed region
indicates section geometry, at 30 s, 90 s, and 150 s based on the titanium Langevin transducer,
conducted at a set voltage of 56 Vp_p and recorded by a HSI system.
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