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Abstract

Ultrasonic cutting devices have been successfully used in several industries, especially the
food industry. This knowledge, developed for industrial procedures, has been exported to
other areas where it is having great impact. In medicine, during the last 30 years, different
ultrasonic devices have been designed for a wide variety of surgical procedures involving soft
tissue, and even more recently for cutting of bone. The increasing numbers of surgeons
adopting ultrasonic devices as the device of choice has in turn increased the demand for
devices which are able to be used increasingly in new procedures with more difficult to access
surgical sites.

Currently, ultrasonic cutting devices consist of a Langevin piezoelectric transducer
attached to a cutting blade both tuned to resonate in a longitudinal mode at a low ultrasonic
frequency, usually in the 20-50 kHz range.

The first commercial ultrasonic devices for bone cutting applications, designed by the
Italian company Mectron and called Piezosurgery®, were based on a Langevin piezoelectric
transducer. Langevin transducers incorporate a piezoceramic stack capable of delivering a
few microns of vibration amplitude, and therefore the transducer and the device as a whole
must be resonant to achieve the required ultrasonic displacement amplitude at the cutting
tip.

Because the ultrasonic blade is a tuned component its length must be a half-wavelength
or a multiple of the half-wavelength at the driving frequency. Also, because Langevin
transducers can only deliver a few microns of vibration amplitude, the blade profile must
be carefully designed to provide sufficient vibration amplitude gain to meet the requirements
of the material to be cut. Therefore the cutting blade itself incorporates high amplitude
gain, which can lead to very high stresses, and the design of the blade geometry is somewhat
restricted by the requirement for resonance.

These two geometry requirements can be very restrictive in the design of devices; a half-

wavelength at a low ultrasonic frequency leads to quite a large cutting device and profiling for
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high gain leads to very high stresses. This thesis investigates adapting the class V flextensional
‘cymbal’ transducer for power ultrasonic applications. The cymbal transducer consists of
piezoelectric rings bonded to two end-caps with truncated conical shape. When the ring
contracts radially under an AC voltage, the end-caps flex providing an amplified motion
normal to the cap surfaces.

This thesis introduces a new prototype of an ultrasonic cutting device for bone surgery
based on a cymbal transducer, optimised for use in power ultrasonics applications, which
removes many of the geometrical restrictions on the cutting tip. For the proposed application,
a cutting blade is attached to one of the vibrating end-caps with little effect on the operational
frequency. Thus, the blade behaves nearly as a rigid body, without the need to be a tuned
component of the device. The enormous benefit of this technology is that the cutting blade
design can focus more closely on delivering the best interaction between the blade and bone to
provide a highly accurate cut, and also the ultrasonic device can be miniaturised to allow the
design of devices for delicate orthopaedic procedures involving minimal access surgery. The
results show how the cymbal transducer can excite sufficiently high vibration displacement
amplitude at lower driving voltages, by adapting the configuration of the cymbal to remove
the problem of epoxy layer debonding and by optimising the cymbal end-caps and geometry
through finite element modelling supported with experimental vibration characterisation.
Preliminary trials of the resulting prototype ultrasonic bone cutting device, which operates

near to 25 kHz, are presented to illustrate the success of this novel device design.
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Chapter 1

Introduction

1.1 Introduction

Ultrasound is widely used in medicine, with a variety of applications that range from diagnosis
to therapeutic procedures. The beginnings of ultrasound instrumentation started with the
discovery of the piezoelectric effect by Pierre and Jacques Curie in 1880, who observed that
applying an electric field to certain materials can cause high frequency mechanical vibrations
and vice versa. One particular piezoelectric material, quartz, was then incorporated into the
first ultrasound device, a hydrophone developed by Paul Langevin for sonar applications.

There exists a wide range of applications of high power ultrasonic techniques in therapy
procedures. In many cases, the ultrasonic devices have substituted the traditional manual
or mechanical tools due to the high precision, safety and effectiveness achieved by the actual
devices. The incorporation of ultrasonic transducers into bone surgery has its origins in
industry when researchers employed an ultrasonic cutting device developed for industrial
applications in dentistry procedures.

In contrast to ultrasonic cutting in industry applications, the cutting procedure for
biological tissues involves many factors apart from the effectiveness of cutting the material,
such as correct accessibility to the zone to be cut, precision of the cut or preservation from
damage of delicate tissues.

The incorporation of computer modelling software to the design of new ultrasonic
transducers along with the development of more efficient materials, has allowed the designers
to focus the transducer design to obtain a better performance of the device optimised for a
better interaction with the medium in which it is employed. In this matter it is essential to

develop devices that consider the point of view of the surgeon, to adapt the technologies to
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the different procedures.

1.2 Actuator technologies

The word transducer comes from Latin transducere ‘lead across’ (from trans- (across) + ducere
(lead)) [1]. Middelhoek and Hoogerwerf [2] define the process of transduction in a sensor as
the conversion of a nonelectric energy into an electronic signal. This definition is restrictive as
the transducer necessarily works to or from the electrical domain. Rossenberg and Karnopp
go a step further, defining the transducer as a device which couples subsystems in two different
energy domains [3]. In this case the description does not include conversions between types
of energy belonging to the same domain. For Busch-Vishniac, however, a transducer is a
device which transforms energy from one type to another, even if both energy types are in the
same domain [4]. This broad definition doesn’t make any restriction about types of energy
nor domains and hence includes devices that were not thought of as transducers before.

According to the method of operation, transducers are divided into two classes: sensors
and actuators. Sensors are devices that recover information from a system, for monitoring
purposes, with minimum influence upon it. A example could be a temperature sensor in
an engine. On the other hand, the function of actuators is to impose a particular state in
the system they are coupled with, without being influenced by it. A loudspeaker is a clear
example of an actuator, which imposes a condition (the sound pressure) in the system which
it is coupled with (the air).

A general definition about what an actuator is was introduced by Pons referencing as
a device that modifies the mechanical state of a system to which it is coupled [5]. This
transducer can be represented as a two port device where some input energy is transformed
and delivered, Figure 1.1. The signal at the input and the output is defined by an effort
(force, torque, voltage, etc) and its correlated variable, a flow (velocity, angular rate, current,
ete)

The ratio between those variables leads to one of the principal parameters, the impedance.
Depending of the type of signal in each port it is possible to work with electrical impedance,

mechanical impedance, acoustic impedance, etc.
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Actuator f2

Figure 1.1: Two port schematic of an actuator

The actuator is hence a specific class of transducer, so that inside the device exists a
conversion of energy to make it useful to impose a determinate state on a system.

Although there exist many different opinions about the delineation of energy domains,
and this issue has generated controversial debates, it is possible to classify the transducers
or types of transduction in seven main energy domains [5], chemical, electrical, magnetic,
mechanical, optical, fluid and thermal. In general, the most common technologies require

transducers that intervene in two of these mentioned domains, such as:

e Thermo-mechanical transducers. These devices convert thermal energy into a mechan-
ical motion using different thermal properties of the material, direct effect, and vice
versa, the inverse effect. An example is the compressional waves generator developed
by A.H. Rich using the thermal expansion of a crystal compound of chromium modified

manganese antimonide [6].

e Thermo-electric transducers. In this energy conversion process, a flow between the
thermal and electric domains is created. Electrothermal transducers are common in
MEMS devices and have been used in applications such as micro-actuator devices for
read/write head positioning for data storage and solid state circuit sensor protector

[7-10).

e Magneto-mechanical transducers. The process of transduction is based in material
shape changes due to a change in its magnetic state and vice versa. These material
changes produce mechanical energy. The magnetostrictive effect has been broadly used

in the development of ultrasonic underwater sound projectors and receivers (sonars).

e Electro-mechanical transducers. The success of the conversion of electronics to
microelectronics circuits has led to the development of transducers with a faster response

and control. The exchange of energy occurs between the electrical domain and the
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mechanical domain, although depending of the technology it is possible to find devices

with transduction between 3 different domains.

— Electro-magnetic-mechanical transducers. In these devices, previously mentioned
as magneto-mechanical transducers, the magnetic energy is generated by an
electric field. Based in the Lorentz law, some transducers are constituted by a
magnet and an electric coil. Additionally it is possible to impose the necessary
magnetic field in a magnetostrictive material by means of a electric circuit. In
1977 Meeks studied the performance of rare earth iron rods made of terbium and

dysprosium for their used as driver of ultrasonic underwater projectors [11].

— Electro-thermo-mechanical transducers. The thermal energy is generated by
means of resistive heating using the Joule effect. The recent use of shape memory
alloy materials like Nitinol, with 2 different elastic phases depending on the applied
temperature, has led researchers to develop a wide range of new sensors and

actuators.

— Electrorheological fluid (ERF) transducers. Related to ionic electroactive poly-
mers, electrorheological fluids are colloidal suspensions, which reversibly transform
into a semi-solid when subjected to an electric field. When the electric field
is applied, electrorheological fluids change phase by forming fibrous structures

parallel to the applied field.

— Piezoelectric transducers. Piezoelectric materials present an induced charge under
the application of a force (deformation), this phenomena is called the direct effect.
In the inverse effect, a strain is induced with the application of an electric field.

These transducers are one of the most common transducer types on the market.

1.3 Ultrasonic transduction

It is possible to define ultrasound as energy generated by mechanical waves vibrating at
frequencies above 20 kHz (1 Hz is a cycle per second). Vibrations in solids and fluids can
be produced and detected by many different methods, so that there is not just one type of
transduction associated to the generation of ultrasonic waves.

Electro-mechanical transduction process groups the majority of transducers used in
medical and industrial applications, in which an electric signal, modulated at a frequency

above the mentioned threshold, is transformed to mechanical motion vibrating at the same
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frequency, and vice versa. This work focuses on the development of devices based in this
principle of energy conversion. The frequency range of ultrasounds present a broad spectrum
from 20 kHz, which is the standard limit of frequency audible to humans to several Gigahertz.
The upper limit is imposed only by the ability to generate the signals.

The most important parameters for the classification of ultrasonics applications are
sound power (W), sound intensity (W/m?) or sound energy density (Ws/m3). Under these
criteria ultrasonic applications can be assorted in two distinct groups: low energy (low power
ultrasonics) ultrasound generates mechanical oscillations causing no physical or chemical
alterations on the properties of the medium through which the ultrasonic wave passes. The
particles oscillate due to the energy applied and return to their equilibrium position when
the ultrasonic source is removed. These procedures are applied in non-destructive testing of
materials, such as detection of failures and quality control of food, and medical diagnosis as
ultrasonography.

It is not clear what is the upper power limit for these ultrasonic applications. While some
researchers established this value in 1 W/cm? [12,13], up to which the ultrasonic wave causes
no physical or chemical alterations in the properties of the material, recent studies in bone
healing, as the work of Pilla et al, observed that the fibula osteotomy healing, in New Zealand
white rabbits, increased when the bones were radiated with ultrasounds using intensities of 30
mW /cm? [14]. This demonstrates that the interaction with the media, causing alterations,
in some cases occurs at very low intensities. This limit depends on the properties of the
material in which the mechanical wave is propagated.

The other group is denominated high energy (high power ultrasonics or macrosonics)
ultrasound, which exposes the medium to enough vibratory energy to alter permanently
some part of the material or to generate a chemical reaction. The level of mechanical power
depends on the application and the material under study. For industrial applications such
as ultrasonic cutting and welding and ultrasonic cleaning, the power requirements usually
encompass from tens of watts to several kiloWatts [15]. From a biomedical point of view,
studies have concluded that an intensity of 2-3 W/cm? [16], is the limit between low level
and high level ultrasound for HIFU (high intensity focused ultrasound) in applications such
as cancer therapy, however, the characteristics of the medium and the application determine
the energy required.

The most common applications of low power ultrasonics utilise frequencies in the range

from hundreds of kilohertz to megahertz while high power processes usually use frequencies
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from the lower ultrasonic range (20 kHz), up to a few hundred kilohertz, classifying the
devices in high-power low frequency ultrasonic transducers and low-power high frequency

ultrasonic transducers.

1.4 Power ultrasonic systems

Ultrasonic systems for high power applications can be classified as actuators, since their
purpose is to modify the mechanical state of the material to which they are applied. In
general, these devices consist of a power supply (signal generator and high power amplifier)
and the electro-mechanical transducer, Figure 1.2. The transducers are typically composite
devices in which the active part, that performs the transduction phenomena, is constituted by
an electroactive material, commonly piezoelectric or magnetostrictive element, which changes
dimensions in response to an electric (or magnetic) field. The power supply converts the
available electric line low frequency signal into high frequency electric signal which is used to
drive the electromechanical transducer.

The mechanical motion generated by the complete device might be improved by
connecting mechanical amplifiers such as horns or end-caps, tuned at the operational
frequency of the transducer, generating a higher output amplitude.

Although, as discussed above, the frequency range of power ultrasonic systems embraces
several kilohertz, the different devices operate in a narrow frequency bandwidth. This limited
operational frequency spectrum allows to concentrate the maximum energy in a specific

vibrational mode, achieving high levels of efficiency.

yd

Signal generator and
power amplifier

Ultrasonic transducer

Figure 1.2: Schematic of a high power ultrasonic device
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1.4.1 Magnetostriction

Ferromagnetic materials are those which present a spontaneous magnetisation, a net magnetic
moment in the absence of an external magnetic field. This spontaneous magnetisation is due
to the alignment of groups of magnetic dipoles in the crystalline structure creating regions
with a certain magnetic moment. When an external magnetic field is applied the domains
will re-orientate, aligning themselves with the direction of the applied field, and as a result
the material is magnetised. When the applied field is removed some part of the induced

domain alignment remains so that the body remains magnetised, Figure 1.3.

North

absence of magnetisation Spontaneous magnetisation

Figure 1.3: Orientation of domains in ferromagnetic material throughout magnetisation

process

When a ferromagnetic material is exposed to an increment of temperature, the thermal
motion or entropy competes with the tendency for dipoles to align. Above a certain
temperature, the Curie point, the material becomes paramagnetic, the system reacts under
the influence of a magnetic field but can no longer maintain a spontaneous magnetisation.

In 1842 Joule observed changes in the length of ferromagnetic materials (in particular
nickel) when an external magnetic field was applied (Joule effect). During his experiments
Joule obtained a contraction of the sample, known as negative magnetostriction. Subse-
quently studies with different materials exhibited an expansion or positive magnetostriction.
In 1865 Villari discover the inverse effect, when a deformation of the material is exerted, a
proportional magnetic field is generated by the material (Villari effect). There exist other

additional effects in magnetostrictive materials such as the AFE-Effect and Barret Effect,
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although the most applied in actuator technologies are the Joule effect and the Widemann
effect. This effect is similar to the Joule effect but in this case there is a conversion from a
helicoidal magnetic field to torsional displacement, in the ferromagnetic material [5].

The first devices that used magnetostrictive transduction were built using transition
metals such as iron, cobalt, nickel and its alloys. Although they present small elongation, the
ratio of AL/ L is typically of the order of 60 ppm (ppm = parts per million), a strain of around
0.006%. In later years researchers characterised new elements and alloys based in rare earth
metals such as Terbium (Tb) and Dysprosium (Dy) which possess large magnetostrictive
properties, and hence are known as Giant Magnetostrictive Materials (GMM). The most
studied material was develop at the US Naval Ordnance Laboratory, with a composition of
Tb-Dy-Fe, Terfenol-D, showing strains up to 4000 ppm [5,17-19].

The future of magnetostrictive materials is now largely associated with the shape
memory alloy materials. Ullakko et al discovered in 1996 new magnetostrictive materials
called Magnetic Shape Memory (MSM) alloys or Ferromagnetic Shape Memory Alloy
(FSMA) materials. These materials exhibit giant magnetic field-induced strain based on
the rearrangement of the crystallographic domains. FSMA materials can reach strains up to

10% [20,21].

1.4.2 Piezoelectricity

A dielectric is known as a material in which it is possible to induce an electric dipole when an
electric field is applied. This phenomenon is known as electric polarisation of the dielectric
[22].

Dielectric materials posses crystalline structure with geometric symmetries (point groups)
that can be classified into 32 different point groups. According to their intrinsic crystallo-
graphic symmetry, among these classes of single-crystals 11 possess a centre of symmetry, due
to the coinciding positive and negative charge sites, and are non-polar and 21 show a lack of
centre of symmetry. In 20 classes of the non-centrosymmetric group, it is possible to induce
a electric dipole when a mechanical stress is applied, this is known as the direct effect. These
materials are known as piezoelectrics, meaning ‘electricity by pressure’ a definition that has
its origin in the Greek word piezein meaning to ‘press’ or ‘pressure’ . Piezoelectric materials
exhibit complementarily the inverse effect characterised by a strain being induced with the
application of a potential difference [23].

Half of these piezoelectric materials, 10 point groups, present a unique polar axis,



CHAPTER 1. INTRODUCTION 9

providing a permanent polarisation in absence of an external electric field or stress, known
as spontaneous polarisation. These crystals, known as pyroelectrics from the Greek ‘pyr’
meaning fire, can generate, in addition to the piezoelectric behaviour, electric charges in
their surfaces when a change in temperature is applied, due to the change in the ionic and
electric forces of the dipole with temperature. In some pyroelectric materials the direction
of the spontaneous polarisation can be modified by means of the applications of an electric
field. This characteristic defines a new subgroup, ferroelectric materials. Not all piezoelectric

and pyroelectric materials are ferroelectric, as shown in Figure 1.4.

Dielectrics
32 point groups

r N
s ~
Pyroelectrics
10 point groups , .
P group Piezoelectrics
20 point groups
Ferroelectrics
\ J
\ J

Figure 1.4: Point group division of the different dielectric materials

Ferroelectricity, analogous to ferromagnetism mentioned in the previous section, is a
collaborative phenomenon. The spontaneous polarisation of one cell of the crystal interacts
with its neighbour creating regions within the global structure of dipoles aligned in the same
direction. These regions with a net polarisation are known as Weiss domains.

Within the material Weiss domains have different orientation depending on their
polarisation vector, so that in the crystalline structure the angle between domains can
vary. A difference of 180° between domains shows regions with an anti-parallel orientation,
meanwhile a difference of 90° leads in a perpendicular orientation. It is possible to observe
other orientations depending on the symmetry of the crystal.

The vast majority of ferroelectric ceramics have a perovskite crystal structure with the

chemical formula ABOj3, with a quasi-cubic shape [24]. The element A represents a metal
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with a monovalent, divalent or trivalent structure, and the second element B denotes a
trivalent, tetravalent or pentavalent metal. Despite this crystal structure, which is commonly
related with a geometric symmetry, it is necessary to have a lack of centre of symmetry in
order to behave as a piezoelectric material, therefore ferroelectric ceramics with piezoelectric
properties are internally anisotropic. Some typical examples of a ferroelectric ceramic, with
a perovskite structure, are barium titanate BT (BaTiO3), discovered during World War II,
PbTiO3 (PTO), (Ba,Sr)TiOs (BST), and lead-based solid solutions such as Pb(Zr,Ti)Os
(PZT).

Ferroelectric polycrystalline ceramics are not generally piezoelectric. They are isotropic
materials with a regular perovskite structure and randomly ordered domains. In this state
the material shows the paraelectric phase with an absence of piezoelectricity. In order to
become piezoelectric, it is necessary to subject the material to a poling process. Through
this process, a strong electric field whilst at an elevated temperature just below the materials
Curie temperature T, is applied to the material to give the material a polar state. During
this process saturation polarisation is reached. Internally the domains polarity is aligned to
that of the applied field, which becomes the polarity direction [25]. When the electric field
is removed, some of the domains remain aligned, and the resulting polarisation is known as
remanent polarisation P,, or the spontaneous polarisation.

The Curie temperature, T, is the upper limit of the piezoelectric operational range. At
higher temperature the spontaneous polarisation is lost and the material becomes paraelectric.
Below T, the material is in the ferroelectric phase, where the piezoelectric effect can be
observed. There exists a dependence between the internal perovskite structure of the material
and the temperature. The ferroelectric phase is therefore characterised by different distortions
of the original cubic cell, providing a lack of symmetry between charges.

The non-linear relationship between the polarisation P and the applied field F in a

ferroelectric materials is a hysteresis loop, as can be observed in Figure 1.5.
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P, Ps

E. £

Figure 1.5: Relationship between the polarisation P and the applied electric field £ in a

ferroelectric material

In the analysis of these curves, it is possible to define the remanent polarisation P,
which is the spontaneous polarisation in absence of an external electric field, the saturation
polarisation Ps, above which the material acts as a ‘monocrystal’ and the coercive field
E., that represents the electric field with opposite sign necessary to reduce the P, to zero
[22,26,27].

Similar analysis can be developed from the relationship between the applied electric field
and the generated strain in the material. This corresponds to the inverse piezoelectric effect.
In Figure 1.6 it is possible to observe the characteristic ‘butterfly-shape’ graph representing

this relationship.
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Ec

Figure 1.6: Relationship between the applied electric field E and the generated strain S in a

ferroelectric material

The relationship remains quasi-linear for low levels of the applied electric field, and shows
the maximum hysteresis when the coercive electric field E. is reached. This is due the internal

polarisation orientation in the material [5,22].

Constitutive equations of piezoelectric materials

Piezoelectric materials are electromechanical and they are governed by both electrical and
mechanical conditions. Therefore the mechanical and electrical parameters are coupled and
must be involved in the constitutive equations.

As discussed previously, piezoelectricity is characterised by two complementary effects.
The direct effect is the electrical response to a mechanical stimulation, the property to develop
electric charge when a mechanical stress is exerted. Mathematically this can be expressed in

a simple linear equation, (1.4.1):

Dy, = dniT; (1.4.1)

where D,, is the electric displacement, T; the stress component and d,,; is the component
of the piezoelectric charge or strain coefficient, usually called the piezoelectric coefficient. On
the other hand the inverse effect relates the mechanical strain produced in the material to

the applied electric field. This relationship can be observed in equation (1.4.2) :

S;=d .En (1.4.2)

me
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where 5; is the strain component and F,, represents the electric field component. Electro-
mechanical considerations show that d,,; = dm;, the coefficients that connect the electric
field and the strain are the same as those that connect the stress and the polarisation. By
convention, the first subscript of the piezoelectric constants indicates the direction of the
electric field and the second the direction of the stress.

To complete the constitutive equation, it is also necessary to consider the mechanical and
electrical relationship of any arbitrary non-piezoelectric material in the absence of interaction
between stress and electric field. A material subject to zero stress, but a finite electric field

E, can be described by the equation (1.4.3) :

D =¢E (1.4.3)

where € is the permittivity of the material. On the other hand, when the same material
is subject to zero electric field but has a stress T applied, a strain S is obtained. This can

be observed in equation (1.4.4):

S =sT (1.4.4)

where S is the resultant strain and s is the compliance of the material, that is defined
as the inverse of the stiffness [28]. Combining (1.4.1) and (1.4.2) , and (1.4.3) and (1.4.4),
gives the interactions between the electrical and mechanical cases, known as the piezoelectric

constitutive equations [5,29-32]:

D=dT +¢'E (1.4.5)
S =sPT +dE (1.4.6)

Equation (1.4.5) defines the direct piezoelectric effect, while equation (1.4.6) defines the
inverse effect. The superscripts in (1.4.5) and (1.4.6) denote the parameter being kept
constant, in this case stress 1" and electric field F respectively.

In linear piezoelectricity the equations of linear elasticity, that usually define T and
S, are coupled to the charge equation of electrostatics involving £ and D by means of
the piezoelectric constants. Depending on the selection of the independent variables (one
mechanical and one electrical), it is possible to formulate four forms of the linear piezoelectric

equations.
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Dy = dpiT; + €& B

Si = siiT; + dpmi By (1.4.7)

Dy, = eilSi + fflkEk

T = c5;Sj — emiEm (1.4.8)

Em = _gmiT:i + ngka:

S; = Si[;Tj 4+ 9miDm (1.4.9)

T; = c}Sj — huniDm (1.4.10)

where, d, e, ¢ and h are the piezoelectric constants, € the permittivity and Sk the
impermittivity, found from the inverse of the permittivity matrix. Each pair of equations
defines the direct and inverse effect of the piezoelectric material. Since the piezoelectric
coupling is described by a linear relationship between a first order tensor or vector (D or
FE) and a second order tensor (7' or S), the corresponding coupling coefficients dj;; (also
called charge piezoelectric coefficients) form a third order tensor. The compliance, ¢, and
the stiffness, s, are fourth order tensors. In the equations a matrix notation has been used
following the Voigt convention, in order to simplify the notation [22,31]. The directions

assumed in the matrix notation are represented in Figure 1.7 :
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Figure 1.7: Matrix notation of the tensors in a piezoelectric material

Considering the order of all tensors in the constitutive equations and the reductions due
to the crystallography symmetry of the material (i.e. a third order tensor has 27 independent
components, reduced to 18 due to the crystallography equivalences), the electromechanical
relationship in a piezoelectric material would be completely defined by 21 independent elastic
coeflicients, 18 independent piezoelectric constants and 6 independent dielectric constants.
However, since poled ferroelectric ceramics have cylindrical symmetry, so the directions 1 and
2 are equivalents and their properties are different from direction 3. Therefore the number
of independent coefficients can be reduced, following Neumann’s principle: the symmetry
elements of any physical property of a crystal must include the symmetry elements of the
point group of this crystal. Hence, some poled ferroelectric only has five elastic constants,
three piezoelectric and two dielectric [5,22].

In matrix notation the constitutive equation can be represented by:

S s d| |T
= (1.4.11)

D d €| |E

where the representations of the different variables are:
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s11 s12 s13 0 0 O
s12 s11 s13 0 0 O
s s s 0 0 0
I e (1.4.12)
0 0 0 S44 0 0
0 0 0 0 sg O
i 0 0 0 0 0 se6
€1 0 0
e=10 ¢ O (1.4.13)
0 0 e3

d=10 0 0 ds 0 0 (1.4.14)

where

s66 = 2(s11 — $12) (1.4.15)

1.4.3 Piezoelectric materials

It is possible to classify the piezoelectric materials which are used for ultrasonic transduction
into seven groups: quartz crystal, water-soluble crystals such as Rochelle salt and KHyPOy
(KDP), single crystals such as LN, LT, PZN-PT, PMN-PT, piezoelectric semiconductors
such as cadmium sulphide (CdS) or zinc oxide (ZnO), piezoelectric ceramics such as barium
titanate (BT) or lead zirconium titanate (PZT), piezoelectric polymer materials such as
polyvinylidene difluoride (PDVF) and piezoelectric ceramic composites [22, 30, 33].
Piezoelectric ceramics are currently the leading materials for ultrasonic actuators in
high power applications. Between the different ceramics, the PZT family possesses high
piezoelectric coefficients d, T, and k, easiness to develop a large variety of shapes with
different directions of the polar axis and a reasonably high mechanical quality factor, @,,. The
piezoelectric coefficient d can be defined as the polarisation generated per unit of mechanical
stress applied or as the mechanical strain experienced per unit of electric field applied. The
k parameter, known as the coupling factor, represents the fraction of electrical energy that
is converted into mechanical energy. The mechanical quality factor, @,,, indicates the level

of damping and, along with the k, indicates the efficiency. All these qualities have made this
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type of piezoceramic the most favourable material for high-power ultrasonic transducers.

PZT was discovered by the Japanese researchers [5], but it was the US company Clevite
Corporation who studied the piezoelectric properties and patented it in 1950s. Lead zirconate
titanate in its general forms is composed of 52-43 % molar lead zirconate PbZrO3 and 46-48
% molar lead titanate PbTiOs.

The addition of dopants to the original formula can produce a significative impact on its
properties. Doping the PZT material with donor ions such as La?™, Nb5T or Ta’*, leads to
the creation of cation vacancies, usually Pb-vacancies. The result increases the wall mobility,
between domains, which means that less energy is required to reorientate the dipoles with
the direction of the applied electric field. As result the material exhibits high permittivity,
elastic compliance and k values. On the other hand this produces high dielectric losses with
a reduction of the @, value. These ceramics, known as ‘soft’ PZTs exhibit low coercive
electric fields (14-16 kV/cm) and high piezoelectric coefficients. On the other hand, doping
the ceramic with acceptors such as Fe3T, Sc3t or K!* generates the creation of oxygen
vacancies. These vacancies generate a field that stabilises the domain structure when the
dipoles are oriented in the same direction, reducing the wall mobility. The result is PZT with
lower piezoelectric coefficients, low permittivity and dielectric losses, with high @, and high
coercive electric fields ( 20 kV/cm). These ceramics are known as ‘hard” PZTs, since it is
more difficult to pole (and depole) the ceramics [5,22, 26,29, 31].

Due to their characteristics ‘soft’” PZTs are preferred for low power applications, such as
sensors, and ‘hard’ PZTs, with higher @,,, are the basis of high power actuators.

In the 1990s researchers discovered the piezoelectric properties of lead zirconate niobate
doped with lead titanate (PZN-PT) and lead magnesium niobate doped with lead titanate
(PMN-PT), known as ‘single crystals’Improvements in the growing techniques for the
generation of the single crystals, such as flux methods or Bridgman method, allows the
fabrication of elements such as disc, rings or bars with a reasonable big size. For this reason,
in recent years, single crystal materials have been incorporated into high frequency devices.
Due to the large k, piezoelectric coefficients and low @, and T, they are generally found in
low power application.

Recently, a new generation of single crystal ceramics, such as PIN-PMN-PT and PMN-
PZT, have shown a much higher @), and much higher energy densities than the previous
compositions. Using the same experience acquired with the PZTs, doped counterparts of

the pure piezocrystals, now offer @, of nearly 1000 [34-36]. This new line of single crystal
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shows tremendous promise for incorporating in ultrasonic transducers and electromechanical

actuators for high power ultrasonic applications.

1.5 Piezoelectric ultrasonic transducers

A single element of a piezoelectric material, such as piezoceramic disc, constitutes by itself
alone the most basic configuration of an ultrasonic transducer. The electromechanical
transduction phenomenon takes place when an electric signal is applied along the polarisation
axis of the material driving it in one of its possible modes of vibrations, and vice versa. If
during this process the aim is to impose a new state in a medium, the transducer is acting as an
actuator. If instead, the medium is the subject to be analysed the transduction phenomenon
defines the transducer as a sensor.

Both types of configuration of transducer, actuator and sensor, can be classified in terms
of energy and frequency. In general, high frequency ultrasonic transducers are designed for
low power applications, meanwhile the most common high power applications are developed
at a low ultrasonic frequency. Only high power ultrasonic transducers for application at a
low ultrasonic frequency will be discussed in detail. High frequency ultrasonic transducers

are out of the scope of this thesis and are not included.

1.5.1 Langevin transducer

In the early stages of the application of ultrasonic technologies, researchers focused their
knowledge on the development of underwater signalling. One of the main problems the
researchers had to face was the design of low frequency resonators, due to the physical
dimensions of the single quartz crystal. Langevin solved the problem by sandwiching a thin
quartz crystal between two metal blocks [37,38], to resonate at a low resonance frequency,
hence reducing considerably the dimension of the quartz.

With the development of piezoelectric ceramics such as barium titanate, transducers
consisted of simple blocks or cylinders due to the easiness of growing this material in those
shapes. However, due to the weakness of the ceramics, those transducers did not prove to
be very useful for high power applications. In order to solve this limitation, the sandwich
transducer designed by Langevin was modified introducing a pre-stress in the ceramic
between the metal blocks. Since a ceramic material has much greater mechanical strength
at compression, than at extension, pre-stressing increases the reliability of the transducer.

A piezoceramic element under pre-stress, can achieve higher maximum tensile stress before
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exceeding its dynamic fatigue limit, therefore allowing the transducer to be driven at high
power.

The simplest version of the sandwich transducer consists of a piezoceramic ring
sandwiched between two identical metal blocks by means of a compression bolt [39]. The
transducer is therefore a resonator of half wavelength restricted to the longitudinal mode of

vibration. In Figure 1.8 a schematic of the sandwich transducer is shown.

Piezoceramic stack

Compression bolt

—

Metal blocks

Figure 1.8: Schematic of the sandwich transducer

Generally a stack of ceramics is used instead of a single element, allowing a higher pre-
stress, simplified electrical connections and increased output displacement of the transducer.
An even number of ceramics is preferred for connection purposes. The ceramics are connected
in pairs polarised in opposite directions and separated by an electrode connected to the
positive lead, Figure 1.9. In the case of a couple of ceramics, the end-metal blocks are the

ground lead and the electrode in between the ceramics the positive lead.

Piezoceramic stack

Figure 1.9: Electrical connection of a stack of four piezoceramics in a sandwich transducer
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If the basic architecture of a symmetrical pre-stressed sandwich transducer is considered
to resonate in the free-free half wavelength longitudinal mode, the nodal plane is situated in
the middle of the ceramics, in the positive electrode. Considering the propagation of a plane
stress wave through the different materials, and by applying resonant boundary conditions
at either end, and velocity and force-continuity at the interface between the ceramic and the
metal block, the relationship between the resonant frequency, acoustic impedance between

materials and their lengths can be obtained using Equation 1.5.1 [39]:

m

tan,, tanf, =1 (1.5.1)

C

Z. and Z,, represent the acoustic impedances of the piezoceramic element and metal

blocks respectively, and can be defined as:

w w
Ze = peleAe; Zm = pmVmAm; 0c = f; Om = = (152)

& Vm

where p, v and A are the density, longitudinal wave speed and cross-sectional area of the
respective material, and w is the resonance frequency measured in radians. Although this
equation is known as the frequency equation it can’t be used to obtain the resonance frequency
of the transducer, but can be used to obtain an unknown dimension such as cross-sectional
area or length of the different elements of the transducer.

The symmetric sandwich transducer has both faces radiating in opposite directions. In
practice, most applications require a transducer with a single radiating face. In order to
obtain this, the metal blocks are made of metals of different density, and therefore different
dimension, increasing the vibration amplitude of the radiating face and minimising energy loss
through the back section [40]. In other applications it is necessary to support the transducer
with the minimum of damping, which corresponds with the nodal plane. In this case the
displacement node is moved away from the ceramic or the electrode between the ceramics to
a different position, generally situated in one of the metal blocks [39,40]. One of the most
common designs of the asymmetric sandwich transducer, used as a sound projector, is the

Tonpilz transducer [41], Figure 1.10.
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Figure 1.10: Schematic of the asymmetric sandwich (up) and Tonpilz-type transducer (down)

The effect of the mechanical pre-stress on the resonance frequency and the performance
of the transducer has been studied for different material combinations by Arnold and Mhlen
[42,43]. They concluded that the minimum value of mechanical pre-stress that must be
applied to the ceramic in order to obtain an effective acoustical matching between elements
and hence to define a correct resonance frequency must be 30 MPa, for the configurations
considered.

Some high power applications require considerably higher displacements at the output
end. In this case, sandwich transducers may include mechanical amplifier or horn. In order
to resonate at the same resonance frequency as the transducer, the length of these horns must
be tailored at A/2 or multiples. Depending on the geometry of the horn, generally conical,
exponential, catenoidal or stepped, different levels of amplification can be achieved [40,43,44]

as shown in Figure 1.11.
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Figure 1.11: Common horn shapes. (a) conical, (b) exponential, (c¢) catenoidal and (d)

stepped

One principal advantages of the sandwich transducer design is the low cost of fabrication.
Due to the high capacitance and low impedance, the transducer is suitable from an aspect of
low frequency applications. The pre-stress introduced into the ceramics allows the transducer
to be driven at higher power levels. Moreover, the tensile bolt used for pre-stressing the
ceramics facilitates the coupling of any additional mechanical amplifier or horn to the
transducer. [39].

On the other hand, the main problems with this transducer are the limitations in power
due to the physical properties of the materials. The exactitude of the dimensions of the
different parts of the transducer, tailored to resonate at the desirable resonance frequency,
imposes a significant limit on the allowed tolerances. Problems with mechanical loss are
due to lack of flatness and smoothness in the contact surfaces of the different parts and
loss of displacement when the nodal point is located away from the piezoelectric ceramic

elements [45].
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1.5.2 Flextensional transducer

The design of low-frequency transducers entails several difficulties related to the size and
power requirements of the device. Researchers started to develop very low-frequency
transducers initially for underwater sound projectors and receivers (sonar). These transducers
work at resonance in order to maximise the power and efficiency, thus their size is
inversely proportional to the operating frequency [46]. Applying this scaling to conventional
longitudinal transducers, the results lead to intolerable sizes and weights. In Table 1.1, from
the scaling study reported by Woollett [47], the relationship between size and resonance

frequency is summarised.

fr(Hz) | Diameter (m) | Length (m) | Weight (kg) | Power (W) | Peak displacement (um)

500 0.12 0.30 12 113 5.1
100 6 15 1.5x106 2.8x10° 260
10 60 150 1.5x10° 2.8x107 2600

Table 1.1: Scaling study of low-frequency ultrasonic transducers

Other problems related with low-frequency transducers, in this case focused on sound
projectors, are the displacement and power requirements, which are intrinsically connected.
At a very low frequency the diameter of the radiating face of the transducer is in most
cases smaller than the acoustic wavelength. This represents a small value of the radiation
impedance [46], therefore in order to compensate it, high electrical and mechanical driving
levels are required.

The large size of these devices, which is a direct consequence of the high stiffness of
the piezoelectric ceramic stack, can be significantly reduced by utilising materials with
higher compliance such as Terfenol-D, which has a lower Young’s modulus than piezoelectric
ceramics and possesses large magnetostrictive properties. However, a more effective solution
is to employ a different transduction mechanism. Instead of using the longitudinal mode of
vibration of the transducer, a higher compliance can be obtained by using flexural modes of
vibration with a considerable reduction in the size of the whole device.

The flexural transduction mechanism is the basis of flextensional transducers. This
transducer is a coupled system, in general consisting of a piezoelectric ceramic or stack and
a mechanical shell coupled at the boundaries of the ceramic or stack. The device operates

generally at the first mechanical resonance frequency, which corresponds to the first flexural
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mode of the shell. The piezoelectric ceramic produces a high impedance small extensional
motion that is transmitted to the mechanical shell, which is transformed into a low impedance
large flexural motion and delivered to the medium. In general, the shell flexes and the ceramic
or stack extends, the combination of both motions giving rise to the name of this type of
transducer as flextensional.

The shape of the shells is designed to allow them to flex easily. This characteristic reduces
the resonance frequency of the transducer and enhances the output displacement. Due to the
small motion of the driver, it is necessary to employ a reasonably large volume of ceramic
stack in relation to the mechanical shell. As explained previously, piezoceramic materials need
to be under stress in order to prevent failure when high drive conditions are required. In the
case of the flextensional transducer, the piezoceramic stack is embedded in the mechanical
shell which provides the necessary pre-stress.

The first flextensional transducer was developed and constructed by Hayes in 1929 at
the Anacostia Naval Research Laboratories (NRL). This transducer was designed to work
as sound projector replacing the much larger pneumatical foghorns at that time placed on
lightships [48]. Hayes describes the advantages and drawbacks of the ‘bow’ type transducer,
that corresponds with the mechanism of a flextensional transducer, in the 1936 patent ‘Sound
generating and directing apparatus’ [49]. In Figure 1.12 the different drawings that Hayes

realised to describe his transducer are shown.
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Figure 1.12: Hayes’s bow type transducer. Reproduced from the patent [48]

Although Hayes’s transducer showed promise for low frequency radiators, due the lack of
funding the research was stopped. There were no more advances in this field until the mid
1950s with the work of Toulis.

Many authors attributed to Toulis the discovery of the flextensional transducer because
there was no notice about Hayes work, for that reason, it is assumed that Toulis, who didn’t
mention Hayes’s device, reinvented the flextensional transducer.

Toulis was investigating compliant tubes for sonar when he developed the flextensional
transducer [48]. This work generated two patents in 1966 [50,51], one where the author
described the transducer and the mechanism and the other where a system to compensate
for the external pressure, to which the transducers are subjected when they are submerged

in water, is introduced. The Toulis’s transducer is shown in Figure 1.13.
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Figure 1.13: Toulis’s flexural-extensional electromechanical transducer. Extracted from [48]

The design described by Toulis is very similar to that developed by Hayes. The main
differences are that Toulis’s transducer is designed for underwater applications whereas Haye’s
device operates as air resonator. Another important difference is that Toulis introduced a
pre-stress into the ceramic stack. This pre-stress is applied to the piezoelectric material by the
mechanical shell, with a specific shape to enhance it. This solves one of the main drawbacks
pointed out by Hayes with respect to his flextensional transducer.

The potential shown by flextensional transducers, has led many other researchers to
investigate this technology. Merchant [48] developed a transducer where the main difference
with Toulis’s design was the geometry of the shell, which was concave instead of the convex
design developed by Toulis. Due to the proliferation of different types of flextensional
transducer authors, for example Royster [52] classified the transducers into 5 different classes,
class I to class V.

The class I flextensional transducer usually consists of a piezoelectric stack and a
surrounding mechanical shell with a quasi-cylindrical shape. The shell is coupled to the
piezoceramic stack through two end plates. Excitation of the stack results in extensional

motion of the end plates in the axial direction, which is transformed into radial motion via



CHAPTER 1. INTRODUCTION 27

flexure of the surrounding shell. One successful transducer was developed at the University

of Miami and is known as the University of Miami flextensional, in Figure 1.14.

Figure 1.14: Class I flextensional transducer, the University of Miami transducer. Extracted

from [48]

The class II and class III flextensional transducer, following the Royster’s classification,
are variations of the class I, Figure 1.15. The class II presents longer cylindrical end sections,
which allow for increase of the volume of the piezoelectric stack placed in the shell. This

represents a transducer able to generate higher power at higher frequencies.

Figure 1.15: Class II flextensional transducer (left) and Class III flextensional transducer

(right). Extracted from [48]

The second variation, called class 111, defines a transducer with a double elliptical section
of different sizes. The two curved sections forms a double resonant system, increasing the
bandwidth of the transducer by having two close resonant modes. These three classes are

also known as barrel-stave flextensional transducers and are generally designed for sonar
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applications [53].

The class IV flextensional transducer consists of a shell in the form of an elliptical
cylinder, inside which the driver is fitted along the major axis. The driver is, in most cases,
a piezoelectric ceramic stack. This transducer has the same internal mechanism as those
developed by Hayes and Toulis.

Although before World War II Pallas [48] had investigated a type of transducer that
uses the flexural movement of a membrane between an electrostrictive ring, the first class V
flextensional transducer, was attributed to Abbott and was patented in 1955 [54]. This device
consisted of a thin magnetostrictive or piezoelectric ring polarised in the radial direction to
each face of which is bonded a shallow convex, or concave, membrane. The ring is driven
radially, transforming the motion to a much larger axial movement due to the action of the
membranes. In the same work, Abbott also described a method for pressure compensation,
to prevent the collapse of the transducer under water pressure, by injecting a compressed
gas into the transducer. Figure 1.16 shows the class V flextensional transducer designed by

Abbott. Since Abbott’s work, many different versions of this class have been studied.
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Figure 1.16: Abbott’s class V flextensional transducer. Extracted from [54].

The miniaturised class V moonie and cymbal transducers

In the late 1980s, in the Materials Research Laboratory at the Pennsylvania State University,
a miniaturised class V flextensional transducer was developed for underwater applications,
generally as a hydrophone. The transducer is composed of a piezoelectric ceramic disc poled
in the thickness direction sandwiched between two metal plates with a shallow cavity (end-
caps), with the shape of a half moon, thus giving rise to the name ‘moonie’ [55, 56].

The aim of this study was to try to solve the problem of competing between the ds;

and dgg coefficients in the active material, that represent the radial and axial coefficients
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respectively. For a single piezoceramic disc these parameters possess opposite sign, therefore
the hydrostatic piezoelectric coefficient dp,, 1.5.3, that can be defined as the hydrostatic strain
per unit electric field, is obtained by the subtraction of both, so the resulting dj values are
low. The presence of the cavities in the moonie allows the metal end-caps to serve as a
mechanical transformer for transforming and amplifying a portion of the incident axial stress
into radial stresses of opposite sign. Thus, the ds; and dsg contributions of the PZT now add
together (rather than subtracting) in the effective dj, value of the device [56]. The moonie

transducer is shown in Figure 1.17.

dp, = dss + 2ds3; (1.5.3)

/

Piezoelectric ceramic End-cap

\_/

Figure 1.17: Moonie transducer

Generally the average size of the moonie transducer is around 11-12 mm diameter and
3 - 5 mm thickness. If compared with the sizes of other types of flextensional transducer
that can possess several meters in length with weights that can reach several kilograms,
this miniaturised transducer shows an omnidirectional sound radiating pattern in the low
ultrasonic frequency, due to the wavelength being much larger than the size of the transducer.
This miniaturised transducer represents a new generation of devices with large generative
forces and amplitudes, inexpensive for mass production due to its simple design and has a
good profile for assembly in arrays.

One of the main drawbacks of this transducer was the high concentration of stress in the
metal plates, just above the edge of the ceramic to metal bonding layer near the edge of
the cavity, due to the flexural movement [56-58]. This stress concentration reduces the
displacement that can be generated by the transducer, and hence the sensitivity of the

transducer when working as a receiver or sensor.
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The first attempt to solve this problem involved introducing a ring-shaped groove on the
exterior surface of the end-caps in the area of maximal stress. The aim was not to eliminate
the stress completely but to concentrate it in a small area [58,59]. The small groove on the
surface of the end-cap enhances the displacement of the transducer, since the metal cap in
the area of the slot has a higher compliance. The use of finite element analysis to study
the stress distribution in the moonie, led to the design of a new shape of end-cap with a
cymbal shape [58]. The new transducer is known as the ‘cymbal’ transducer [60]. The three
configurations of the moonie end-cap, the grooved moonie end-cap, and the cymbal end-cap

are shown in Figure 1.18.

(a)
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Figure 1.18: (a) Moonie end-cap, (b) grooved moonie end-cap and (c) cymbal end-cap

The cymbal end-cap is the result of removing part of the metal of the moonie end-
cap in the area of the maximal stress concentration, and is defined by a truncated cone
cavity. The result is an end-cap with uniform thickness. This new end-cap with a higher
compliance exhibits a considerably higher displacement [58,60], approximately double that of
its predecessor. Despite the mechanical transduction of the moonie’s end-cap, that exhibits
a flexural movement, the cymbal’s end-cap transforms the radial motion of the ceramic into
a flexural and rotational motion. The cymbal transducer displacement motion is shown in

Figure 1.19.
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(a)

(b)

Figure 1.19: Schematic of the cymbal transducer showing (a) expansion and (b) contraction

motion half-cycles of the end-caps

In the moonie transducer, the displacement is highly dependent on the position from
the centre of the end-cap, being maximum at the centre of the device. Due to the regular
geometry of the cymbal end-cap, the displacement remains uniform along the top surface,
Figure 1.20. This characteristic increases the amount of generative force of the transducer

since the active surface areas are enlarged.
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Figure 1.20: Comparison of the displacement dependence on the position on the end-cap of

the moonie, grooved moonie and cymbal transducers. Extracted from [58]

The development of the cymbal transducer also introduced an improvement in the end-cap
fabrication. A die tool was designed that performs a precision cut and punch of a metal sheet,
defining the truncated conical shape of the cavity [58,60]. The end-caps are then bonded to
the piezoelectric ceramic using an epoxy layer. The electrodes are connected directly to the
flange of the metal end-cap.

The cymbal transducer design exhibits high piezoelectric coefficients, high vibrational
displacement and acceleration sensitivity at low ultrasonic frequencies, ease of tailoring the
desired properties by the choice of the cap and driver materials and geometries [61], and cost
effective manufacturing. This transducer is therefore a potential device for using as a sensor

or actuator such as hydrophone, accelerometer, motor and sound projector.

1.6 Power ultrasonics in medical applications

Ultrasonic techniques are currently well-established in medicine, in surgery, therapy and

diagnosis. It is possible to divide the ultrasonics in medical applications in two main
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groups, low power diagnostic ultrasound and high power therapeutic ultrasound. Diagnostic
ultrasound encompasses all the procedures where the aim is to obtain the required diagnostic
information without causing biologically significant cellular effects. Commonly known
as sonography or ultrasonography, diagnostic ultrasound consists of acoustic visualisation
systems focused on the extraction of images of the interior of the human body. In contrast,
therapeutic applications require that the exposed target tissue undergoes reversible or
irreversible change, depending on the goal of the treatment. This group also includes all
surgical applications.

In diagnostic applications the signal emitted by the transducer is enhanced to obtain
images with good spatial and temporal resolution in order to delineate all the interfaces
between media. Due to the low intensities of ultrasound employed, a good compromise
between the type of signal, match of impedances, and power is necessary to give an acceptable
signal to noise ratio.

Therapeutic ultrasound which corresponds with higher power applications, can be further
divided into low power therapy applications such as sonophoresis, thrombolysis, sonoporation,
gene therapy and bone healing, and high power therapy applications encompassing treatment
procedures for cancer and kidney stones, dental hygiene and surgical procedures such as
cataract removal, hard and soft tissue dissection. In the following sections, the ultrasound

techniques related to these therapeutic medical procedures, are briefly described.

1.6.1 Low power therapeutic procedures

These procedures utilise the ultrasonic waves generally for two main purposes, enhancing
or accelerating biological processes and to modify the mechanical structure of the tissue in
which it is applied. The effects of exposure to low power therapy ultrasound are in general

reversible and disappear when the ultrasound beam is removed.

Bone healing

Bone healing after a fracture or trauma involves the spatial and temporal action of many
different cell types, proteins and genes, working towards the total restoration of the
mechanical strength and correct function of the affected area. The treatment, with an
ultrasonic beam, of the damaged area reduces considerably the time of the healing process.
The exact biological effect of the ultrasound in the healing process remains unclear, however

it is possible to classify the interaction with the bone at two different levels, molecular level
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and mechanical level.

It has been found that low intensity ultrasound enhances the processes involved in
endochodral osteogenesis, that is the generation of bone from cartilage, that represents
the main process in bone healing. Ultrasonic mechanical waves alter the physiology of
the osteoblasts stimulating the assimilation of calcium ions and potassium into the cells
as well as numerous genes that accelerate and ultimately augment the processes of callus
formation [62,63]. At a mechanical level, the acoustic pressure waves promote fluid micro-
streaming in the radiation area, therefore enhancing the transport of nutrients to the cells.
Moreover the ultrasonic energy dissipates in the cells, transformed into small temperature
fluctuations, facilitating some enzymatic processes such as the production of collagenase,
which assists in destroying extracellular structures.

During the treatment the ultrasound beam can be applied using two different techniques,
trans-cutaneous application or trans-osseous application. In trans-cutaneous application,
the ultrasound transducer is coupled directly to the skin under which the bone fracture is
located, whereas in trans-osseous application, small transducers are implanted surgically on
the surface of the bone. In general, treatments consist of periodic sessions of a duration of
ten minutes with an ultrasound beam of around 30mW /cm? of intensity at typical operating
frequencies in the range from 0.2 MHz to 2.5 MHz.

Different studies during the last decade have shown a reduction of between 30 and 50%
of the healing time in patients treated with ultrasound, compared with processes where
no ultrasound treatment is employed. Between the two different techniques, the trans-
osseous application presents the best results due to the better acoustic coupling between
the transducer and the bone [63,64].

Ultrasound therapy for bone healing is also being applied in dentistry as a method to repair
and re-grow teeth. The mechanical waves increase the formation and growth of the tooth by

reparation of the root and stimulation of the generation of reparative cementum [65, 66].

Drug delivery

The application of ultrasound in the penetration of pharmacologically active drugs, proteins
and genes through different biological tissues, has been an important area of study in the
last two decades. Although there are many applications of ultrasonics in drug delivery, it is
possible to group the different procedures into two main groups: sonophoresis, that consists of

the use of a low frequency ultrasonic wave that temporary permeabilises the skin in order to
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deliver drugs into soft tissues; and sonoporation which refers to the utilisation of ultrasound
to deliver the drug directly into the cells [67].

The physical mechanism of the relationship between the permeability of tissue and
ultrasound is not well understood. Although it is assumed that the main phenomenon
responsible is cavitation, other mechanisms such as thermal and mechanical effects also
contribute to the transportation and delivery of the drug [67-69].

Due to the pressure oscillations generated by ultrasonic waves in the medium, micro-
bubbles can be produced during the rarefactions that expand and contract at the same
frequency as the applied ultrasound. When the tension on the wall of a bubble reaches its
tensile strength it collapses violently, generating high temperatures and high-energy microjets.
It has been observed that when the bubble is near a surface the microjet is directed towards
the surface, in the case of biological tissue. This increases significantly the tissue permeability
[70].

In order to enhance the local absorption, drugs can be incorporated into bubbles, for
example encapsulated within the bubble, to target a specific site of disease when they enter
an insonated field [67,68,70].

For different types of drugs the operational frequencies and intensities are different
depending of the procedure. Generally the range of frequencies is between 20 kHz and 3
MHz and intensities from 0.5 to 3.0 W/cm? [68,70].

There are several procedures where ultrasonic drug delivery is employed, such as treatment
of cancer, gene therapy, and sonothrombolysis that consists of the dissolution of blood clots
either utilising the cavitation effect or in combination with microbubble contrast agents and

fibrinolytic drugs, and drug delivery in delicate areas such as the brain and the eyes.

1.6.2 High power therapy procedures

The effect of high power ultrasonic waves in therapy applications causes irreversible changes
in the physical and biological nature of the tissue. The majority of the techniques are related

to surgical procedures.

High intensity focused ultrasound (HIFU)

High intensity focused ultrasound (HIFU) encompasses a series of surgical procedures where a
high intensity ultrasound beam is focused in a specific area in order to destroy the tissue. The

principal physical mechanism involved in the process is the ablation of tissue by coagulative
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necrosis due to thermal absorption. Coagulative necrosis can be explained as a lack of oxygen
and nutrients due to a dramatic rise in temperature, above approximately 60°, leading to
cell death. Another effect that must be considered is cavitation, although its effect can be
negligible when the frequency is above 1 MHz.

In order to generate a focused beam, transducers can be designed with a concave single
element or an array of piezoelectric elements configured in a concave shape. The high intensity
ultrasound is hence concentrated in a region of approximately a few cubic millimetres. The
intensity at the focus varies depending on the procedure but is in the range of 103 - 104
W /cm2. The range of operating frequencies is approximately between 0.5 and 10 MHz,
although the vast majority of procedures are performed at 1.5 MHz. In order to ensure
correct energy absorption in the area to be treated, the irradiating time can be up to 30s,
leading to instantaneous cell death and coagulative necrosis, with a margin of a few cells
between live and dead cells at the edge of the focal zone [67,71-73].

Due to the irregularities of different tissues and the precision required to maintain the
correct position of the focal point, HIFU procedures are usually combined with medical non-
invasive imaging techniques to guide the ultrasound, such as magnetic resonance imaging
(MRI), known as ‘Magnetic resonance-guided focused ultrasound’ (MRgFUS) or ultrasound
imaging [71,72].

Since the first applications in neurosurgery procedures, HIFU has been applied in
numerous medical processes, such us the treatment of different types of cancer, located in the
prostate, liver and breast, as well as for treatment of haemostatasis and vascular occlusion,

where the ultrasonic beam seals blood vessels and interrupts flow in vessels [67,71-73].

Cataract removal

Early evidence of cataract surgery can be found in Ancient Rome in the 1st century AD.
These procedures tried to eliminate, by means of a needle, the substance inside the eye
that disrupts vision. Although it has been studied throughout the centuries, it was in the
18th century when intracapsular cataract extraction, and afterwards extracapsular cataract
extraction were developed. These manual techniques consist of creating a large incision in
the eye to remove the damaged lens, and the capsule in the case of intracapsular extraction
or the prolapsing of the lens, leaving the capsule intact in the case of extracapsular extraction
and replacement [74].

The use of ultrasound in cataract surgery received the name of phacoemulsification,
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generally consisting of an ultrasonic transducer with a needle that can vibrate in a longitudinal
or torsional mode at a frequency around 40 kHz. Through a small incision in the cornea of
1.5 to 3mm, the vibrating needle fragments and emulsifies the lens nucleus and cortex. The
emulsified lens is then aspirated from the capsule where a prosthetic inatraocular lens is
placed once the cavity is empty [74-76].

The small size of the incision in the case of phacoemulsification reduces the risk of such
postoperative complications as astigmatism and traumatic wound rupture [74]. Despite the
advantages, it is necessary to control cavitation and high temperature in order to prevent
damage. To minimise these problems, recent studies in the development of transducers for
cataract surgery have demonstrated that devices that exhibit a torsional mode generate a
lower operational temperature than those with a longitudinal mode of vibration [77]. Also,
modifying the irrigation solution by saturation with COz may reduce or even eliminate

acoustic cavitation [78].

Oral prophylaxis

Plaque and calculus removal was one of the first and most studied applications of ultrasound
in dentistry. Bacterial deposits on teeth, that constitute plaque, produce acids that
desmineralise the tooth leading, in the worst case, to periodontal disease such as gingivitis or
tooth loss. Consequently, an exhaustive dental hygiene and periodic plaque control is highly
recommended to maintain good oral health.

Mechanical methods have been demonstrated to be the most effective procedures in dental
plaque removal, commonly known as scaling. Traditionally dentists have utilised manual
scalers to remove plaque from teeth, but the incorporation of ultrasound transducers in
dentistry in 1950s, saw a new line of scaling devices that exhibit better performance. Studies
demonstrated that the utilisation of ultrasonic scalers, where the tip of the tool in contact
with the tooth vibrates at high velocity, reduces the average time necessary for the dentist
to remove the plaque and reduces discomfort of the patient during the process [79-81].

In parallel to the development of ultrasonic scalers, researchers investigated a variation
of the vibrating tool known as the sonic scaler. The main difference between these devices
was the transducer and the operational frequency. In sonic scalers a turbine unit moves
the vibrating tip at a lower frequency, between 3 and 8 kHz, whereas in ultrasonic scalers
a piezoelectric stack transducer delivers the mechanical movement to the tip motion at a

frequency between 25 and 45 kHz [82]. In Figure 1.21 an ultrasonic tip performing a scaling
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procedure is shown.

Figure 1.21: Scaling procedure. Courtesy of Mectron S.p.A

In ultrasonic scalers three mechanical processes intervene in the removal of the plaque.
The main process is due to the mechanical amplitude of the tip at high frequency, in a
range from 10 to 100 pm, that breaks and removes the dental plaque. The amplitude of
the tip depends on the input power but also on the shape and material of the tip [82,83].
Due to the utilisation of a cooling system to reduce the internal rise of temperature in the
transducer and the consequent irrigation on the vibrating tip, the effects of cavitation and
micro-streaming enhance considerably the effectiveness of the device, improving the cleaning

process [80-82,84].

Soft and hard tissue dissection

Ultrasonic surgical devices for biological tissue cutting, ablation or fragmentation represent
a division of surgical tools operating at high-power and low operational ultrasonic frequency,
from 20 to 60 kHz. Generally, these devices are designed to generate a high longitudinal
vibration in which the action of the ultrasonic tip cuts or shatters hard tissue and cuts,
emulsifies and cauterises soft tissue [85]. The transduction mechanism is common for all the
applications, however the design of the tip and the operational frequency and power tailors
the device for a specific application.

The application of ultrasonic cutting in soft tissue procedures has resulted in a significant
improvement in laparoscopic surgery over other technologies, such us laser surgery or
electrosurgery. In electrosurgery, dissection or ablation is achieved by the action of a high
frequency electric current applied to tissue, meanwhile in laser surgery the process is realised

by application of a high intensity electromagnetic beam focused on the area to be treated.



CHAPTER 1. INTRODUCTION 39

Both methods present important drawbacks that are necessary to be considered. Due to
the utilisation of an electric current and a high intensity laser there exists the possibility
of putting the safety of either the patient or the surgeon in danger, and there is a risk of
damaging surrounding tissues. Also, smoke generated during the process limits the surgeon’s
vision of the operation site [86,87].

The physics of the ultrasonic cutting process for soft tissue involves two different
mechanisms. The main mechanism is the cutting action of the sharp blade, which exhibits
high vibration displacement, generally up to 100 pum, at frequencies in the region of 50 kHz.
The second is fragmentation by cavitation. Fragmentation is strictly related to the fluid
(water or fat) content of the tissue: the higher the water content, the easier the fragmentation.
Cavitation induces vaporisation of the fluid in tissue leading to its fragmentation. The
principal advantages of ultrasonic laparoscopic procedures are that during the cutting process
the dissected tissue is immediately cauterised thus preventing blood leaks, and the high
precision achieved in the cut plus the absence of smoke during the process [86-88]. In Figure

1.22 it is possible to observe a typical ultrasonic laparoscopic procedure.

Figure 1.22: Ultrasonic laparoscopic soft tissue dissection. Courtesy of Ethicon

Ultrasonic laparoscopic devices have different tips depending on the specific task to be
performed. Sharp blades, hooks and shears attached to the ultrasonic transducer facilitate
correct access and manipulation of the area to be treated by the surgeon. Control of
temperature in the zone of the cut is achieved by minimising the time of the cutting
process and the utilisation of a coolant, in order to prevent damage to nearby tissue by
necrosis [86,88-91].

Dissection of bone, known as osteotomy, constitutes one of the most delicate surgical
techniques in maxillofacial surgery because the bones are surrounded by delicate tissue, such

as vestibular and lingual/palatal soft tissues that provide bone vascularisation. However,
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bone is a hard tissue that requires aggressive methods to perform a cut, and traditional
devices are saws and drills. The principal problem of these types of tool is the excessively
high temperature due to friction that results in osteonecrosis and tissue necrosis that impairs
bone regeneration [92,93].

The first commercial ultrasonic cutting device designed for osteotomy, the Piezosurgery®
device, was developed in 2001 by the Italian company Mectron S.p.A under the supervision
of the maxillofacial surgeon, Vercellotti [94]. The device consists of a piezoelectric stack
transducer, which operates in a longitudinal mode of vibration, connected to one of a variety
of different cutting inserts. The final shape of the cutting tip allows for either a longitudinal
or a combination of longitudinal-flexural vibration motion. These inserts are designed to
perform different procedures ensuring a correct access to the surgical site. In Figurel.23
it is possible to observe a vibrating tip which operates in a longitudinal-flexural vibration
mode. The surgical procedures adopting this device range from oral surgeries to maxillofacial

operations such as orthognathic surgeries [94].

/
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Figure 1.23: Cutting blade with a longitudinal-flexural vibration. Courtesy of Mectron S.p.A

The Piezosurgery® device operates in a frequency range of 24 to 36 kHz with micrometric
vibration displacement of the cutting tip between 60 to 210 um [92,94,95]. The operating
frequency can in some cases also incorporate a low frequency modulation (30 Hz or less) to
prevent overheating and bone compaction [96]. The device incorporates a cooling system
that is delivered directly to the tip of the cutting insert. The cavitation produced maintains
the operating site clean of blood and debris [93,95-97].

The low operational ultrasonic frequency allows Piezosurgery® to perform a selective cut

only in mineralised tissue. Neurovascular tissue and other soft tissue would only be cut by
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a frequency above 50 kHz, therefore the risk of damage to delicate tissue is considerably
reduced [98]. In comparison with traditional cutting methods, the micrometric vibrations of
the Piezosurgery® provide an extremely high precision during the cutting process, reducing
the total amount of blood loss. In Figure 1.24 an ultrasonic dental osteotomy performed
using the Piezosurgery® is shown. The low heat generation, improved by the utilisation of
the coolant, minimises tissue damage by necrosis near the cutting area, therefore reducing

the time of total recovery [96,97].

Figure 1.24: Ultrasonic dental osteotomy. Courtesy of Mectron S.p.A

1.6.3 Cymbal transducers in medical applications

Flextensional transducers, such as the cymbal transducer, have been used mostly in ultrasonic
underwater applications either as hydrophones or sound projectors. The low volume of the
cymbal transducer and its inexpensive cost of manufacture facilitate the design of arrays,
increasing the efficiency and the spatial ultrasound field generated. These features have
attracted great interest in ultrasound mediated transdermal drug delivery applications.

As was mentioned previously, in sonophoresis a low intensity beam of low frequency
ultrasound is generated to perform transdermal delivery of drugs. Although there are several
possible low frequency transducer designs that can be used in a drug delivery application,
such as Tonpilz low frequency longitudinal resonant transducers, many researchers have
investigated developing portable small-size transducers so that the patient can wear them
during the process [99]. Cymbal arrays are therefore excellent candidates for this type
of treatment, as they can be efficient, light (less than 50g), and low-profile in the desired
frequency band with similar spatial intensities as stack transducers [100].

Different studies realised in rabbits, pigs and rats, have demonstrated the feasibility of

this type of transducer array for delivering insulin [101-103]. Despite the small dimensions of
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each cymbal, with diameters around 12.7 mm, the size of the array does not have significant
effect on the reduction of blood glucose after the procedure [102], therefore small arrays of 2

x 2 elements can perform a correct insulin delivery.

1.7 Scope of the work

The aim of this work is to design a novel ultrasonic cutting device for orthopaedic surgical
procedures based on the flextensional class V cymbal transducer. The reference device is
the commercial Piezosurgery®, developed by the Italian company Mectron S.p.A, based on
a pre-stressed Langevin transducer. This allows the research to focus on novel devices with
comparable or improved performance from an existing, commercially successful, ultrasonic
bone cutting device.

A combination of numerical analysis (finite element analysis) and experimental methods
are used to characterise the vibration response of the cymbal transducer under different
operational conditions. In a second stage, a modification is introduced in the design of the
cymbal transducer to optimise its response for high power ultrasonic applications.

Finally a new design, developed and optimised using finite element analysis is investigated.
This device is designed to support different types of vibrating inserts in order to perform
a wide range of surgical procedures. The experimental characterisation of the device
is complemented with a series of cutting trials, that include dissection of real bones in

collaboration with the Department of Orthopaedic Surgery of the University of Edinburgh.
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Chapter 2

Literature survey

2.1 Historical review of ultrasound

The history of ultrasound cannot be understood without the historical knowledge of acoustic.
The origins of acoustics as a branch of physics, as nowadays is known, are intrinsically related
with the study of music. Since the ancient Greece, musical sounds and music theory have
traditionally been associated with arithmetic, geometry and astronomy. The first documented
studies can be traced back to the 6th century BC in the figure of Pythagoras of Samos. These
documents describe how Pythagoras was investigating the generation of arithmetical ratios to
characterise the musical intervals, mainly in strings of different length, thickness and tension.
From these experiences it also was observed the relationship between the pitch (or frequency)
of the sound and the geometry and physical properties of the string [104].

Few centuries later, around 350 BC, Aristotle postulated that a sound wave resonates in
air through the motion of the air, the movement of a part of the air moves its neighbours,
although this was a philosphy-based hypothesis more than one of experimental physics. This
hypothesis introduced one of the basic concept of acoustic; the sound needs a medium to
be transmitted [105]. The first scientific observation of this concept was realised in 1490 by
Leonardo da Vinci who wrote: If you cause your ship to stop, and place the head of a long tube
in the water and place the outer extremity to your ear, you will hear ships at a great distance
from you [106]. This is considered for many researchers as the beginning of underwater
acoustics, since the methodology utilised by Leonardo described the basic principle of the
passive sonar.

The studies of Galileo Galilei in Italy and Marin Mersenne in France, during the 16

and 17" centuries, continued the work of Pythagoras and developed the laws of vibrating



CHAPTER 2. LITERATURE SURVEY 44

string and bodies that generate the sound waves. These works were complete by Newton
who established a mathematical and physical analysis of the sound waves in a compressible
medium [104].

Until the end of the 18 century, the concept of acoustics was intrinsically related to
mechanical waves with a frequency within the limits of the human hearing. The first studies
that proposed the existence of sounds out of the human range started with the work of Lazzaro
Spallanzani in 1794. He tried to understand the ability of bats to avoid all kind of obstacles
when flying in the dark. The conclusions of these first experiences lead to Spallanzani to
postulate that bats possessed a ‘sixth sense’ . However in 1798, after other experiences
realised by the Swiss zoologist L. Jurine, both researchers assumed that was the ear the sense
that bats utilised to navigate in the dark [107,108]. Although their hypothesis, rejected by
their contemporary, were based in the idea of the utilisation of sound to locate obstacles,
they could not explain which range of frequencies were used by bats. It was not until 1938
when Pierce and Griffin found that bats emit a high frequency sound. In posterior works
they discovered that bats use sound and echoes of ultrasonic pulses to locate objects, that
was defined as echolocation.

During the 19*" century, when the relation between pitch and frequency was clearly
demonstrated, many researches tried to delimit the hearing threshold of human as well as of
animals. Despretz in 1845 set at 30 kHz the limit of audibility for humans, while Helmholtz
set the limit at 38 kHz [107,108]. Although they used devices able to generate sound at high
frequencies, the appearance during the trials of sub-harmonics within the audible range (up
to 20 kHz in average), distorted the results due to the limitations of the devices employed.

The proliferation of this type of research, led to the development of devices and apparatus
focused on the generation of ultrasonic sound waves. Although in 1830 Savart designed a
toothed wheel to produce sounds with a range of frequencies up to 24kHz, the most common
devices, used during 1800s, were high frequency whistles. Developed from bird call whistles,
they were employed to study both, the reactions of birds and other animals and humans,
to high frequency sounds. The most well known of these whistles was invented by Galton
on 1883, and it is considerate the first true ultrasonic generator. All these devices can be
considered the first generation of ultrasonic transducers, although two important discoveries,
occurred during the 1800s, would change, in a later date, the transduction mechanism of
ultrasound.

In 1842 J. P. Joule discovered the magnetostrictive effect with the identification of the
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change in dimensions of a magnetic material under a magnetic field. This preliminary work,
included in the first law of thermodynamic as a footnote, became the centre of numerous
subsequent studies such as the Villari in 1865 who discovered the converse effect. Although
the most important contribution arrived with the discovery of the piezoelectric effect by
Pierre and Jacques Curie in 1880. The phenomenon was observed as a consequence of
studies examining the relationship between pyroelectric phenomenon and crystal symmetry
in materials such as the Rochelle salt. In this first study the Curies discovered the direct
piezoelectric effect in several materials as the before mentioned Rochelle salt but also in
crystals of tourmaline, quartz, topaz, and cane sugar; among which quartz and Rochelle
salt exhibited the most piezoelectricity. The possibility of the converse effect was predicted
theoretically by Lippmann a year later, and it was promptly validated experimentally by the
Curies [107-109].

The first real application of ultrasound was related with submarine acoustic. During the
outbreak of the WWI, the imminent menace of submarine attacks led the governments of
France and Great Britain to invest in the development of programs of underwater detection.
Previous the start of the war, the interest on the detection of submarine objects and the
communication between ships and submarines rose after the sinking of the RMS Titanic on
1912 after crashed into an iceberg [107,108,110].

In US the Canadian inventor Fessenden, who realised great advances on radio broadcast-
ing, designed a low-frequency system for underwater localisation of objects, known as the
Fessenden oscillator. Subsequently, this system was commercialised and used in real naval
operations. During the same period, in Great Britain the English meteorologist Richarsond
patented a method of underwater echolocation of objects using ultrasound, however the
system never was developed and implemented in real applications. Based on the work
of Richarsond, in 1915 the Russian electrical engineer Chilowsky proposed to the French
physicist Langevin the development of an echolocation system using a magnetic transducer.
After the first tests, and due to the growth that piezoeelectric materials were experimented
by improving the preparation and manufacture of quartz crystals, both scientists built a
device using a single quartz crystal embbebed in wax as electromechanical transducer. First
this device was used only as a hydrophone in detection acoustic waves tasks. The large
size and dimensions of the quartz crystals used, along with the high voltages levels needed,
limited the use of this type of transducer as sound projector. To solve this problem Langevin

redesigned the initial proposal using an array or mosaic of smaller quartz crystals cemented
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between two steel plates. This development, now referred to as the sandwich or Langevin
transducer, enhanced the level of acoustic energy radiated by improving the coupling between
the transducer and water, as well as dropping its resonant frequency to 50 kHz. With
this device, for the first time, it was possible to send signals and hear clear echoes at long
distances. It can be asserted that the era of modern ultrasonic started with Langevin’s quartz
sandwiched transducer [107,108,110].

Although the submarine industry attracted the greatest advances in ultrasonic applica-
tions, after the end of WWI, the successful results obtained with the use of piezoelectric
materials in the device designed by Langevin, created an intense interest on the development
of this technology on further areas. Arose from war stimulated research, Professor Walter
Cady implemented the use of quartz crystal in frequency control systems, crystal resonators.
Cady found that the stability of the frequency of the electrical signal generated by a quartz
crystal, vibrating in resonance, could be used in applications such as radio broadcasting
and in stabilization of transmitted and received signals. During the period between the end
of the WWI and the beginning of WWII many other applications were initiated. Apart
from the frequency stabilizers, other devices such as microphones, pick-ups, accelerometers
or phonographs, were developed. [107-109].

An important issue in ultrasonics was the development of pulsed-echo ultrasonic metal
flaw detectors. Although the concept of ultrasonic metal flaw detection was first suggested
by the Soviet scientist Sokolov in 1928, the first practical industrial application of ultrasound
was developed between 1939 and 1945, independently in America by Firestone and Britain by
Desch et alt. This was the first application of ultrasound outside of underwater applications,
for locating flaws in materials and for measuring the thickness of materials with reduced
accessibility to both sides [107,108,110]. Now a days, this technique competes with x-ray and
other inspection methods and it has an important role in medical process for non-invasive
diagnosis of the inside of the body and biological tissues.

Parallel to the development of new applications, some researchers focused their work on
investigating the effects on biological tissues when they were insonated with high intensity
ultrasound. These effects were first assessed by Langevin when reported the death of fish in
the sea and pain in the hand when exposed to a high intensity ultrasonic field. Despite of
the report of Langevin, these effects were not the subject of great interest from the scientific
community. However these studies were continued and expanded by Robert Wood and Alfred

Loomis [111], who studied both physical and biological effects due to the application of
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ultrasonic beams of high intensity in living tissues. In their work, they described effects
such as drilling, fogging, agglomeration, crystallization, creation of bubbles (cavitation),
destruction of tissue and even the death of animals. They introduced ultrasound to chemistry,
that were the beginnings of what is now known as sonochemistry . The work of Wood and
Loomis initiated a line of research that was quickly followed by numerous researchers, and
represents the basis on which many current applications, both industrial and medical, are
based on [107-110].

During WWII it proliferated the use of magnetostrictive materials in low frequency
ultrasound applications. Although the magnetostrictive effect was discovered by Joule in
1842, it was not until 1928 when Pierce developed the first magnetostrictive oscillator.
Ferroelectric alloys such as nickel-iron and cobalt-iron alloys showed better performances
at low ultrasonic frequencies since they were found to be more robust, and less expensive
than the quartz crystals manufactured [107,108].

The growth magnetostrictive transducers coincided with a limitation to find natural
piezoelectric materials, in this case quartz crystals with the required quality. With the
discovery of ferroelectricity in 1921, independent research groups searched for piezoelectric
artificial materials in the form of ceramics. The first generation of these new ferroelectric
materials were developed mainly from the ammonium and potasium dihydrogen phosphate,
denominated ADP and KDP respectively. These new materials presented reasonable better
piezoelectric properties than quartz crystals and Rochelle salt, with minor production costs to
produce different shapes and volumes. However the principal drawbacks were the low Curie
temperature and that they are water soluble. The most important ferroelectric material
of this first generation was the barium titanate compound, BaTiO3, reported in 1945 by
researchers at the MIT, although groups in Russia and Japan discovered this material almost
at the same time. After WWII barium titanate, which was initially commercialised as a
transducer material, became the most used ferroelectric material in ultrasonic applications
[22,107,109,110].

The second generation of ferroelectric materials appeared with the use of lead zirconate
titanate, in its most common form known as PZT. The PZT solution was originally developed
in 1954 by the Japanese researchers Gen Shirane, Sawaguchi Etsuro et al. although the
enormous potential of the compound piezoelectric was discovered by Jaffe, Roth and Marzullo
a year later. Clevite Corporation took the most important PZT patents for transducer

applications. Due to the advantageous properties of PZT in comparison with the rest of
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ferroelectric and ferromagnetic materials, this type of piezoelectric ceramics quickly became
the most widely used material in almost all ultrasonic applications and the basis for the
development of transducers for high power ultrasonics applications [5,22,109].

During 1940s and 1950s ultrasonic transducers technology attracted the interest of many
researchers in order to develop more efficient devices. Current technology, inheriting of the
work developed by Langevin, suffered from a clear power limitation due to the low tensile
strength of piezoelectric materials. In 1945 Manson proposed the use of an exponentially
tapered half wave length rod, working in resonant with the transducer, in order to amplify
the vibration energy generated by the piezoelectric element. However the most important
advance in the development of ultrasound technology for high power applications came from
the hand of Miller in 1954. Miller designed the pre-stressed sandwich transducer, where
the stack of ceramics is subjected to a compression stress, by means of a compression bolt,
increasing the mechanical strength of the transducer, solving on this way the problem of
fracture due to high stress concentrations in the piezoelectric material. Further development
and implementation of such technology had a great impact in industrial processes such as,
metal forming and welding, drilling, cutting and ultrasonic cleaning, and in applications in
medicine [107,108].

Classically the design of transducers relied on the use of a lumped-element approach. The
method consist on the assumption that the transducer can be represented by a number of
mass elements interconnected by springs and dampers. Derivation and computation of the
various parts is fairly easy to do for a transducer of simple geometry; however, for many
ultrasonic transducers which employ flexing motions or cavity resonances the task becomes
significantly more difficult and analysis is best carried out using numerical methods.

Finite Element Analysis (FEA) was first developed in 1943 by Courant [112]. It
consisted of a method of numerical analysis and minimisation of variational calculus to obtain
approximate solutions to vibration systems. The method was first developed by American
and European aircraft industries for the analysis of aircraft structure, and shortly after a
broader definition of numerical analysis was established [113]. Within a decade it was soon
recognised that the finite element technique could be applied to the solution of many other
classes of problems. By the early 1970s, the first software packages which implemented finite
element methods appeared, but their use was limited to expensive mainframe computers
generally owned by the aeronautics, automotive, defence, and nuclear industries.

The utilisation of a numerical treatment for piezoelectric elements [114], allowed the
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finite element method to be applied to the field of ultrasonic transducer design. Transducer
designers were gradually exploiting the technique to model the highly complex geometry of
different devices. Although it was during the 1980s, when the application of finite element
(FE) techniques to the design of ultrasonic transducers progressively increased. This is
essentially due to the increasing availability of powerful personal computers. Since FEA
provided the designer with a wealth of accurate data regarding the behaviour of a transducer,
it became not only a complementary technique of analysis, but the principal tool previous to
the fabrication of the prototypes. On example is the development of the cymbal transducer
in 1997 that was an outgrowth of results obtained via finite element analysis using SAP90,
MARK, and ANSYS, on transducers with the moonie-style cap [115]. The introduction of an
end-cap with a different geometry in the FE model solved the problem of stress concentration
in the regions above the bonding area.

Today computer modelling makes extensive the use of the finite element method, and it is
an important part of the development of new transducers. Commercially available packages
have made it easy for the transducer designer to study not only the structural mechanics
variables, such us resonance modes, velocity profiles, static and dynamic stresses, and the
acoustic output of transducers, but the possibility of realising electro-mechanic and thermo-
mechanic analysis of the devices, in order to have a complete characterisation of the device
previous the experimental analysis. Thus both the development time and the final cost are

considerably reduced.

2.2 Ultrasound in surgical applications

It can be asserted that the use of ultrasound technology in medical applications started
with the work of Wood and Loomis [111]. In 1917 Wood, who witnessed part of the
experimentation process realised by Langevin and his transducer, was very impressed with
the effect that the powerful ultrasonic beam produced in living organisms, able to kill small
fish when swimming within the sound field generated. When returned to America, Wood
and his collaborator Loomis developed a series of experiments that led to the publication of
an article in 1927. In this comprehensive work, the authors studied different physical and
biological effects observed from the use of high power ultrasonic beams. For the realisation
of these experiments an ultrasonic transducer, based on the one designed by Langevin, was
built using quartz discs with a frequency of operation between 100 and 700 kHz.

Wood and Loomis analysed the biological effects on cells, unicellular organisms, fish and
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small mammals and amphibians such as mice and frogs. They observed that the activity at the
cellular level was interfered when organisms were exposed to short ultrasonic pulses, leading
to destruction if exposure was continued. For small fish frogs and mice, death appeared
after an exposure of approximately 2 minutes. The first hypothesis proposed by the authors
about the death at cellular level, was the temperature rise inside the subject, although they
could not provide empirical data of such fact. The results taken from the work of Wood and
Loomis on the biological effects of ultrasound did not generate great interest in the scientific
community of 1928, apart of a German patent describing a method for transferring ultrasonic
vibrations into the human body [107,109,111,116].

The first practical applications of ultrasound in therapeutic applications, called ultra-
sonotherapy appeared in the early 1930s in Germany and central Europe. In 1938 Polhman
compiled a series of experimental and clinical studies describing the therapeutic effects of
ultrasound in human tissues. Despite the proliferation of different therapeutic applications,
from treatment of sciatica, to the cure of abscesses or warts, the lack of an understanding
of physical phenomena involved in the processes and the disparity between results obtained,
hampered further investigations for the application of ultrasonic techniques in therapeutic
processes [107,109,111,116].

In the 1950s, in the aftermath of the WWII, the rise of the speciality of physical medicine,
and the incorporation of techniques developed originally for industrial processes, rekindled
the interest in the use of ultrasound in medical applications. It is possible, during these years,
to make a clear difference between processes for therapeutic purposes, diagnostic procedures,
surgical procedures and dental applications.

The first applications of ultrasound in surgery were specialized in two different procedures,
neurosurgery and ear surgery. The first studies began in the early 1950s with the work of Fry
et al. about the interaction of the application of focused ultrasonic beams in biological
processes. These studies led to the development of techniques applied to neurosurgery.
The first device, designed by Fry and his team, was comprised of an array of transducers
where various quartz discs vibrate in thickness mode at a frequency of 1 MHz fitted with
a polystyrene lens. With a fixed focal length, the transducer was immersed in a saline
solution that acted as mechanical coupling for the ultrasonic wave between the transducer
and the brain of the patient. In a further modification, a device with a single piezoelectric
element mounted on a parabolic reflector, to obtain a more focused pattern of radiation, was

developed. In Figure 2.1, an image of the device used by Fry is shown [107,117-119].
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Figure 2.1: Ultrasonic device for neurosurgery designed by Fry et alt. Extracted from [117]
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In 1965 Fry conducted a series of studies in patients using the ultrasonic neurosurgery
technique primarily in the treatment of Parkinson disease and the destruction of the pituitary
gland for the treatment of some cancers. Parallel to the work of Fry, Krejci in 1952 conducted
a study on the use of focused ultrasonic beams for the treatment of Méniere’s disease. The
size of the transducer in this case was reduced in order to facilitate a better access to the
work area. For that purpose a metallic probe was designed and coupled to the transducer. As
in the previous case, a saline solution was used to obtain an efficient acoustic coupling [119].

The difficulty to obtain a correct focus of the ultrasound beam in the area to be treated
generated a poor performance, since the risk of damage in adjacent sensitive areas was very
high. Today these ultrasonic techniques are used in conjunction with other imaging techniques
such as the magnetic resonance imaging (MRI). In this way, the surgeon has during the whole
process a direct visual access to the zone in real time, so that the position of the ultrasonic
focus can be corrected if necessary. Normally, in a first step, the area to be treated is irradiated
with a pulse of low intensity which raises the temperature of biological tissue enough to be
recorded by the MRI, so that it can be verified with precision the area which is radiated.
Once the correct position of the focus of the ultrasonic beam is verified, a second pulse of
higher intensity is delivered in order to proceed with the surgical procedure.

The first application of ultrasound in dentistry was reported by Catuna in 1952 [120],
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when used an industrial drilling machine for cavity preparation in human teeth. The device
was originally designed by Balamuth in 1945 [121] for cutting hard and brittle materials
such as glass and ceramics. The device consisted of a magnetostrictive Langevin transducer
that delivered a longitudinal vibration energy to a vibrating cutting tip. The mode of the
cutting action was divided into longitudinal, using straight tips and a combination of a
longitudinal and flexural motion using tips with curve shapes. The ultrasonic drill required
of an abrasive slurry of aluminium oxide applied on the surface of the teeth to assist the
process of cutting or grinding enamel and dentine. After the first results obtained with
patients, Balamuth et al. [122,123] designed an ultrasonic cutting device optimised for dental
applications based on the same principle as the original industrial design and an ultrasonic
knife for cutting bone and flesh. Balamuth pointed as main advantages of these devices a
high cutting precision with a low pressure on the cutting area, that reduced the risk of tearing
and damaging of the areas surrounding the cut. The second vantage was the control of the
heat generation during the cutting process through a cooling system embebed in the device,
allowing a self-cleaning action when cutting soft and viscous materials, and reducing the heat

when penetrated delicates tissues.

Figure 2.2: Ultrasonic cutting devices for bone surgery designed by Balamuth. Extracted

from [122-123]

Although the first results drawn from works such as those by Oman et al. and Postle [80,
124] reported a wide acceptance by both patients and dentists, ultrasonic cavity preparation
never became popular. The poor visual access, the large amount of alumina slurry needed
and the more effective high speed air powered rotary drills which were developed around the
same time, hampered the development of this technology.

During the decade of the 50s, the main use of ultrasonic techniques in dentistry was
focused on oral prophylaxis treatments. In 1955 Zinner [125] proposed the use of an
ultrasonic transducer connected to a modified scaling tip based on the tip used in hand

scaling instruments. The action of the ultrasonic vibration of the tip in conjunction with the
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application of water coolant improved the effectiveness in the removal of plaque and calculus
from teeth. Two years later Johnson and Wilson [126, 127] conducted a comprehensive
study on the application of ultrasound in dental scaling procedures. As result of this study,
the authors improved the efficiency of both the device and the technique used during the
scaling process. Initial trials of early ultrasonic scalers produced favourable results over
hand instruments, reducing procedure time, patient discomfort and damage of soft tissue
surrounding the tooth [128]. Soon after ultrasonic scaler became completely established in
the removal of dental plaque and calculus procedures.

Parallel other studies, such as the conducted by Richman [129], suggested ultrasonic
vibrations might be used for endodontic treatments to prepare and clean the root canal of
teeth. However this technique was not developed further and used clinically until the work
realised by Martin in 1976 [127,130], where combined the use of the ultrasonic vibration of
the tip with a biocial agent to lead a more efficient bactericidal synergism during the root
cleaning.

Richman also investigated the use of his ultrasonic device in dental surgical procedures
such as removal of the apical portions of roots of teeth. The main difference between this
device and the cutting device designed by Balamuth was the absence of the abrasive slurry. In
his study Richman reported the results of several clinical trials where the grade of acceptance
in patients was significant. Subsequent studies such as the conducted by Poliakov in 1972 [85]
and Horton et alt. in 1975 and 1981 [131,132] also reported successful clinical evaluations
of the use of ultrasonic instruments in cutting, sawing and uniting bone fractures. The
generation of micro displacements at the cutting edge of the ultrasonic inserts, allow to
remove mineralized tissue without damaging soft and delicate tissues. The principal vantages
included ease of instrument application and use at surgical sites, preciseness of bony removal,
haemorrhage control, uneventful healing with lack of postoperative damage, and patient
acceptance with minimal discomfort. The use of a coolant during the process also improved
the procedure eliminating the debris due to the appearance of cavitation and acoustic micro-
streaming and reducing the heating in the cutting zone due to the frictional movement of the
vibrating tip.

The use of ultrasound in osteotomy and bone cutting during 70s, 80s and 90s was
limited to the performance of sporadic clinical studies and laboratory tests without finding a
definitive continuity to become an alternative to conventional methods. It was not until 2001

when the first ultrasonic device designed specifically for maxillofacial bone surgery appeared
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in the market. The maxillofacial surgeon, Vercellotti, and the Italian company Mectron
s.p.a. created the Piezosurgery Device® [93,96, 133]. The special collaboration between
an engineering company and surgeon allowed to combine both technological expertise with
medical experience to design a device to support the needs of the surgeon and optimised for a
wide range of surgical procedures. The device has been designed to perform procedures from
oral prophylaxis to oral surgeries and maxillofacial operations such as orthognathic surgeries
(correction of problems relating to the jaw and face, such as jaw realignment or the treatment
of a cleft palate). Several clinical studies have shown wide acceptance by both surgeons and

by patients who report less inconvenience and a speedy recovery [92,95,134, 135].
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Chapter 3

Cymbal transducer

3.1 Introduction

In this chapter the materials used for fabrication of the cymbal transducers and the assembly
process are discussed The transducer design used is the original proposed by Newnham and
Dogan [60] in 1998. Furthermore, both the numerical and experimental analyses used for the
characterisation of the cymbal transducers are defined.

Piezoelectric transducers, such as the cymbal transducer, show different operating condi-
tions depending if working as sensors or actuators. So far, the design and characterization of
cymbal transducers has been mainly oriented towards the study of the frequency response and
the study of their characterization as underwater transducers and sound projectors. Cymbal
transducers, along with all other types of flextensional transducers, are generally small
compared to the wavelength of sound in the usable frequency range, usually out from their
first resonance frequency. In addition, most of the radiating surface area of the end-caps moves
in phase, thus the resulting acoustic radiation pattern is quasi-omnidirectional, resembling
an acoustic monopole. The omnidirectional characteristics of flextensional transducers create
significant problems in projection transducers. Therefore, in order to produce the desired
beam pattern, so as to increase the acoustic power and radiating surface, it is usual to
configure the cymbal transducers in arrays.

In high power applications, such as ultrasonic cutting or drilling, the mechanical energy
generated by a single transducer is transmitted to a vibrating tip. As mentioned in chapter 1,
the basic architecture of a high power ultrasonic such as the Langevin transducer is considered
to resonate in the free-free half wavelength extensional mode. The Langevin transducer

also includes a metallic amplifier, or horn, which produces displacement amplification at
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the working end. This horn must be tailored to A\/2 or multiples of the half wave length.
Therefore, both transducer and horn are designed to resonate at the same frequency. In
order to study the capability of cymbal transducers to drive horns or vibrating tips, in the
last section of this chapter the response of a single cymbal transducer, as an actuator when
different masses are connected to the end-caps, in a non-resonant mode, will be discussed.
The aim is to observe the behaviour of the cymbal transducers when different masses are

connected to the end-caps.

3.2 Design and assembly of the cymbal transducer

3.2.1 Piezoceramic driver

The active element of a cymbal transducer, which performs the electromechanical transduc-
tion, is produced from piezoelectric material. Such piezoelectric elements are conventionally
formed into discs or rings polarised in the thickness direction. The top and bottom surfaces
of the element are often prepared through processes such as screen printing or plating, by
which a layer (3 um to 10 pm thick) of an electrical conductive material, such as silver,
chromium or nickel, is deposited on to the surface. In this way leads can be soldered straight
to the prepared surface of the piezoceramic. In the cymbal transducer, as well as the others
flextensional transducers, the mechanical movement (radial expansion/contraction) of the
piezoceramic disc or ring is transmitted to the metal end-caps, which amplify the motion in
the perpendicular direction. In the case of the cymbal transducer the output movement is
generated in the axial direction, perpendicular to the radius of the ceramic.

Under an applied electric field, when a piezoceramic disc or ring expands radially in
proportion to the material’s piezoelectric dg; coeflicient, it also contracts longitudinally as
a function of the piezoelectric dgg coefficient, and vice versa. Therefore, in the cymbal
transducer, due to the design of the metal end-caps, the axial displacement comes from
two different sources. One is the longitudinal displacement of the ceramic itself through dss,
and the other is the flextensional motion of the metal end-caps arising from the radial motion
of the ceramic through dg;. Although the two parameters contribute to generate the output
displacement, it can be asserted that the axial displacement is determined almost exclusively
by the action of the metal end-caps.

The type of piezoelectric materials selected for use within a cymbal transducer, is generally

preferred to have large piezoelectric coeflicients, in particular a large dg; coefficient, in order
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to obtain the largest displacement possible. These materials can be represented in general by
soft PZT, the most common is PZT 5H, and single crystals such us PMN-PT [61,136-138|.
Although single crystals show the best performance, due to the high cost of production of
single crystal discs and rings, soft PZT has been the preferred option for mass production.

Both the cymbal transducer as its predecessor, the moonie, are miniaturised variations of
the class V flextensional transducer with a practical operational frequency range from several
kHz to hundreds of kHz. Since the design of the metal end-caps allows high control of the
resonance frequency and displacement of the transducer, the dimensions of the piezoceramic
disc or ring are selected to be as small as possible in order to decrease the cost of production.
However, the geometry of the piezoceramic element can also have a significant influence on
the performance of the transducer, therefore it is important to consider, before the design of
the transducer, factors such as the diameter, thickness and number of elements [139]. The
diameter of the piezoelectric disc or ring has a high influence on the resonance frequency
and the displacement of the transducer. For example, a variation between 10 and 50 mm in
diameter of the piezoceramic produces a reduction in the resonance frequency of around 30
kHz. On the other hand, piezoceramic discs and rings with large diameters generate larger
radial displacements, increasing the axial displacement of the transducer. The thickness of
the piezoceramic element does not have a significant influence on the resonance frequency of
the transducer, tending to remain practically constant when the thickness is more than 3 mm.
However the thinner the piezoceramic element is, the better the electric field uniformity, the
higher the effective electromechanical coupling coefficient and lower its impedance (higher
flow of current and hence amplitude for a given driving voltage). It is not common to
use more than one piezoceramic element due to the additional complexity and cost of
the transducer without significant improvement or control of the resonance frequency and
displacement. Also, increasing the number of piezoceramic elements leads to inefficiency
due to mechanical losses (caused through increasing the number of join interfaces without
a strong mechanical coupling) and drive problems, as too many elements can induce phase
shifts among the elements causing them to counteract one anothers oscillations. For these
reasons the utilisation of a cymbal transducer with a double piezoceramic driver only occurs
in applications where the control of the directivity radiation pattern of the transducer is
important [140].

For the construction of the cymbal transducers two different hard PZTs disc, PKI-402

from Piezo Kinetics and PIC181 from PI Ceramics were employed for reasons of convenient.
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The properties of the piezoceramic materials can be seen in Table 3.1. The reason of using
hard PZTs instead of soft PZTs, is because, as mentioned in chapter 1, power ultrasonic
devices, due to their driving conditions of high electrical field and high strain as well as low
losses, exhibit better performances with hard PZTs, due to the low permittivity and dielectric
losses and high @, values. The geometry of the piezoceramic disc utilised for the fabrication

of the cymbals transducer is showed in Table 3.2.

Parameter | Units PKI-402 PIC181
Density | kg/m? 7900 7850
CcH N/m? | 1.47EY 1.52E1
ch N/m? | 811E° | 8.90EY
CE N/m? | 811EY™ | 8.54F10
ch N/m? | 1.32E" | 1.34EY"
CE N/m? | 3.13E1 | 223EY
ck N/m? | 3.06E | 3.16E'0
ds3q m/V | -1.50E~1 | -1.08 510
ds3 m/V | 3.25E10 | 253710
dis m/V | 4.80E10 | 3.89F10
e 1239 1224
€y 1084 1135

Table 3.1: Properties of the piezoceramic materials

Piezoceramic | Diameter (mm) | Thickness (mm)

PKI-402 12.7 1

PIC181 27 3

Table 3.2: Dimensions of the piezoceramic discs

3.2.2 Metal End-caps

In the cymbal transducer, the piezoceramic disc or ring is sandwiched between two symmetric
truncated conical cymbal-shaped metal end-caps, with shallow cavities at their inner surface.
The name ‘cymbal’ is used because of the similarity in the shape of the end-caps to that of
the musical instrument. The end-caps are usually bonded with the piezoceramic element by

means of an epoxy layer applied at the flat flange, creating an air-filled cavity [58,60,141].
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The end-caps transform the high impedance, low radial displacement of the piezoceramic
element into low impedance, high axial displacement of the end-caps. Working as actuators
the radial motion of the piezoceramic is converted into flextensional and rotational motions
in the metal end-caps, Figure 3.1. With a fixed piezoceramic geometry, the resonance
frequency, force and displacement of this structure can be tailored through the choice of
the cap materials and dimensions [58,61,136,137,139,142,143]. The relationship between the
resonance frequency and displacement is in all cases inverse, when the resonance frequency
increases the axial displacement decreases. The dimensions with higher influence over the
resonance frequency and displacement are the base cavity diameter and the thickness of the
end-cap. The influence of the end-cap material on the resonance frequency and displacement
of the transducer is not as great as the geometry. The resonance frequency has a close
relationship with the velocity of sound of the material. Materials with higher sound velocity
tend to show higher resonance frequencies. On the other hand, the displacement has a strong
dependance on the Young’s modulus of the material. Materials with lower values of Young’s

modulus present higher displacements than stiffer materials [61,137,139,141-143].

Figure 3.1: Flextensional and rotation motion of the end-cap

In most studies reported in the literature, end-caps are produced from sheet metal by
punching and then pressing to shape the end-cap to its final cymbal geometry [58,61,136].
Whilst this is a highly repeatable process for precise, high volume production, there are
some drawbacks. Accuracy of the cavity dimensions is paramount in ensuring an efficient
transducer, however punching results in the edge between the inner cavity and the flange
becoming rounded. Consequently, when the epoxy resin is deposited a portion can escape
into the inner cavity area, affecting the vibration response of the transducer [61]. On the
other hand, during the pressing process, pre-stress is introduced in the end-caps that can
hamper the rotational movement of the wall of the cavity. An alternative is to cut the end-
caps, so there is no rounded edge thus reducing, but not eliminating, the chance of epoxy

resin entering the cavity. In this case there is not any pre-stress so the movement from the
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piezoceramic element can be transmitted more efficiently.

For this thesis three different materials have been used, brass, steel and titanium, for the
construction of the end-caps, in order to analyse the influence of the end-cap material when
the cymbal transducer performs as an actuator. The three materials with different values of
density and Young’s modulus are listed in Table 3.3. The end-caps were cut from 0.25mm-
thick sheets using a a thread mill, Datron VH-Gewindefrser, controlled by CAD software in

order to automate the fabrication process, Figure 3.2.

Material Density (kg/m?3) | Young’s modulus (GPa) | Poisson’s ratio
Brass 8325 106 0.35
Steel 7723 179,18 0.31
Titanium alloy Ti-6-4 4418 110.4 0.342

Table 3.3: Properties of the end-cap materials

End-caps

Figure 3.2: Machining process of the end-caps
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3.2.3 Bonding agent

The end-caps are usually bonded to the piezoceramic through an epoxy layer. Thus the
mechanical radial motion of the ceramic is transmitted to the end-cap through a single
mechanical coupling. This epoxy layer is deposited in the flat flange of the metal end-caps
avoiding leaking into the cavity.

In the cymbal transducer both faces of the piezoceramic element are enclosed by the end-
caps, therefore the electrical leads are connected to the flange of the metal end-caps. For
this reason the epoxy must have an adequate electrical conductivity, but more importantly,
sufficient shear strength and low mechanical damping. Due to the flextensional motion of
the end-caps, the largest stress concentration is observed at the inner edge of the bonding
layer [144,145]. In this area there is a tensile stressed region which induces a critical loading
mode into the epoxy layer, in the form of cleavage.

Although the use of conductive epoxy guarantees an optimal current flow to the
piezoceramic, the main drawback of this type of epoxy is its low tensile strength. In general,
the end-caps are therefore bonded to the driver using a high-strength insulating epoxy [143].
To avoid the formation of microcracks leading to the degradation of the mechanical coupling
between the piezoceramic and the end-cap, the epoxy should be able to withstand stresses
caused by motion of the end-caps. On the other hand, in order to assist optimal current flow
to the ceramic, several small spots of conductive epoxy are placed on the ceramic. Because
the surface of the piezoceramic is a conductive material, this ensures adequate electrical
potential distribution.

The geometry of the epoxy layer, specifically the thickness, has a small effect on the
resonance frequency of the transducer. The relationship between the thickness of the epoxy
layer and the resonance frequency is inversely proportional. It has been calculated that the
difference between an ideal end-cap/piezoceramic coupling without epoxy and an epoxy layer
of 1 mm, produces a reduction of 20% in the resonance frequency [146]. Usually the thickness
of the epoxy layer varies from 0.1 to 0.5 mm, which entails an approximate range of 8% in
the resonance frequency. The selection of the thickness of the epoxy layer must be concerned
with efficiency parameters during the performance of the transducer. A thinner bonding layer
causes adhesion and endurance problems; a thicker bonding layer leads to high compressibility
of the bonding material resulting in mechanical losses across the layer. Depending on the
final application, a correct compromise between damping and maximum stress supported by

the epoxy must be considered when selecting the type of epoxy and its thickness.
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For the construction of the cymbal transducer, a layer of Eccobond 45LV (black) insulating
epoxy resin (Emerson & Cuming), at a ratio of three parts epoxy resin to one part resin
catalyst, was deposited between each end-cap flange and the piezoceramic disc, to form an
approximate 0.4 mm thick epoxy layer. This epoxy in comparison with other commercial
insulating epoxies such as EPO-TEK or Masterbond, has shown higher flexibility [61, 144].
This provides more stress relief and higher strength. The curing process occurs at room
temperature.

Since the elastic parameters of the epoxy depend on the mix of the two components, a
tensile test of the ratio of three parts epoxy resin to one part resin hardener was performed,

Figure 3.3. The results obtained from the analysis are shown in Table 3.4.
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Figure 3.3: (a) Tensile test specimen and (b) tensile test result

Material ‘ Density (kg/m?) ‘ Young’s modulus (Pa) ‘ Poisson’s ratio

Epoxy ‘ 1496 ‘ 2745283502 ‘ 0.35

Table 3.4: Properties of the resin epoxy

3.2.4 Assembly process

The different parameters used to tailor the resonance frequency and displacement of the

cymbal transducer are shown in Figure 3.4 and the dimensions utilized for the fabrication of
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the cymbal transducers are listed in Table 3.5.

Ag

-
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Figure 3.4: Description of the different parameters of the cymbal geometry

Parameter | Dimension (mm)
W 1.00
W ¢ 0.25
D, 12.70
Ca 9.00
Aq 4.50
Ch 0.30
Ex 0.30

Table 3.5: Dimensions of the cymbal transducer

The assembly process starts with a preparation and cleaning of the different parts in
order to ensure an optimal adhesion of the epoxy. Thus the flanges of the metal end-caps
were ground using sandpaper to create a slight roughness on the surface of the metal. After
this process, the end-caps were cleaned to remove dust and other residual contaminants.

As previously mentioned, in the cymbal transducer the electrical leads are connected to
the flange of the metal end-caps. Since an insulating epoxy is used as the mechanical coupling,
it is necessary to introduce some elements to improve the electrical conductivity between the
end-caps and the piezoceramic. For this purpose, several solder spots were placed at the edge

of the piezoceramic all around its circumference. These spots were approximately 0.4 mm in
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thickness, and the number and position were selected to ensure the correct parallel alignment
of the end-cap with the surface of the piezoceramic, with a direct electrical connection once

the epoxy was deposited, Figure 3.5.

Figure 3.5: Distribution of the solder spots on the surface of the piezoceramic

For the assembly of the cymbal transducer, a metal rig was used in order to keep a correct
alignment of the different parts during the curing process, as shown in Figure 3.6. The epoxy
was deposited manually on the flange of the end-caps with special attention to the quantity
utilised in order to reduce the possibility of any leaks of epoxy into the cavity. Afterwards
the end-caps and ceramic were assembled into the rig. During the curing process the entire
assembly was kept under uniaxial pressure at 170 kPa, for 24 hours at room temperature to
allow the epoxy to cure. The pressure was applied uniformly on the area of union through

metal rings with a wall width equal to the dimensions of the flanges of the end-caps.

Cymbal
Transducer

Figure 3.6: Curing process of the cymbal in a metal rig

After the curing process was completed, the electrical leads were soldered onto the flange

of each end-cap, as shown in Figure 3.7. The wires used were enamelled copper wire with a
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diameter of 0.213mm. The reason for using this particular wire was its small diameter and
high flexibility, in order to introduce the minimal external effect on the vibration mode of
the transducer. Two different methods were used to solder the wires, metal solder, for the

brass end-caps and conductive epoxy, in the case of the titanium and steel end-caps.

Figure 3.7: Cymbal transducer after the connection of the electrical leads

3.3 Finite element analysis

3.3.1 Introduction

The finite element method (FEM) is a numerical method to simulate the behaviour of
a structure with infinite degrees of freedom (DOF), by modelling the structure with
approximately the same material properties and geometry but with a finite number of DOF.
In this model, the equilibrium equations are constituted by a limited number of unknown
variables, therefore it is possible to find solutions not obtainable by analytical models. The
true advantage of this numerical method is the opportunity of analysing complex structures by
reducing the complexity of the mathematical development and computational time. However,
since it is an approximate method, it is extremely important to determine what simplifications
have to be introduced in the model in order to obtain a valid result.

In the FEM the structure or domain is divided into a finite number of non-intersecting
smaller subregions or finite elements. In each element the physical variables of interest,
that correspond with the DOF's, are interpolated based on their values at a discrete number
of points or nodes, that are situated on the element boundaries and in the centre and are

common to adjacent elements. These nodal points are given by co-ordinates relative to a set



CHAPTER 3. CYMBAL TRANSDUCER 66

of global axes (X, y, z). The geometry of each element is defined in terms of these co-ordinates
by shape functions that map the points onto a local co-ordinate system. The mapped nodal
points are given by co-ordinates relative to a set of local axes (£, 7, ().

The set of elements, that depend of the structure’s geometry, describe a mesh where the
density of the mesh determines the accuracy of the solution, therefore an increased number of
elements within the mesh produces an improved approximation. As the number of elements
used to model the domain tends to infinity, the accuracy of the solution approaches that
of the differential equation, but the computational cost is increased. The success of the
numerical model relies on the combination of an efficient mesh selection, material model,
a proper definition of the boundary conditions (BC) and the correct interpretation of the
results obtained.

Since the 1980s, in conjunction with the development of more powerful computers, the
finite-element method has been used extensively in modelling complex transducer structures.
Many different finite element (FE) software packages are commercially available, such as
ANSYS, ATILA, COMSOL, PZFLEX, Abaqus, etc. For this thesis, the commercial multi-
disciplinary FE software package utilised is Abaqus/CAE v6.10-2. This software is used
to simulate the vibrational behaviour of the transducer. It is also used to study the
linear dynamic behaviour of the transducer through harmonic excitation analysis. This
software constitutes a powerful tool for the analysis of mechanical structures in two or three
dimensions.

The type of elements available for the finite element analysis depends on the software used.
Abaqus has an extensive element library to provide a wide range of solutions for different
types of analysis and problems. The most common elements used in Abaqus are showed in

Figure 3.8 [147].
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Figure 3.8: Type of elements available in Abaqus

The selection of the type of element must attend to two general criteria: the spatial
dimensionality of the model and the type of the analysis required. There are one-dimensional
(1D) elements for heat transfer, coupled thermal/electrical, and acoustic applications. 2D
elements are represented by an area without thickness. The most common are the plane
stress and plane strain elements. 3D elements are used when the geometry and/or the
applied loading are too complex for any other element type. Cylindrical elements are a
subgroup of 3D elements with a circular or axisymmetric geometry subjected to general,
non-axisymmetric loading. Axisymmetric elements are used to discretise objects with an
axial symmetry (revolution symmetry) and axisymmetric loading conditions. These elements
are essentially 2D elements that simulate 3D behaviour [147].

Depending on the type of analysis, is important to define the nature of the object to be
analysed. For the design of ultrasonic transducers, involving a piezoelectric and mechanical
elements, it is necessary to consider parameters such as stress/strain, piezoelectricity,
heat/electric transfer. In Abaqus, the solid (or continuum) elements can be used for
linear analysis and for complex nonlinear analyses involving contact, plasticity, and large
deformations. They are used for stress, heat transfer, acoustic, coupled thermal-stress,
coupled pore fluid-stress, piezoelectric, and coupled thermal-electrical analyses [147].

The 3D solid elements available in Abaqus for stress/displacement and piezoelectric
analysis are tetrahedron, prism and bricks with two different geometric orders, first or
second order. First order elements, that use linear interpolation to approximate the solution,
correspond with an element with a node placed in each corner. Second order elements, that

use quadratic interpolation, correspond with elements with additional nodes placed in the
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middle of the edges between corner nodes [147].

3.3.2 General formulation

Based on the constitutive equations of the piezoelectric effect, in conjunction with the
equilibrium and conservation equations, the system of equations that Abaqus employs for

modelling piezoelectric transducers, is derived in terms of nodal quantities [147]:

MMNGN 4 NN + KN N = pM (3.3.1)
and
KN — KN N = —QM (3.3.2)
where
MMN — /VpNMNNdV (3.3.3)

is the mass matrix (no inertia terms exist for the electrical flux conservation equation)

KMN — /V BMp,,BNav (3.3.4)

is the displacement matrix

KN = /V By DyBy dV (3.3.5)

is the dielectric matrix,

KN — /VBé”eBinV (3.3.6)

is the piezoelectric coupling matrix,

PM — / NMp,av + / NMp.as + pM (3.3.7)
14 S

is the mechanical force vector, and

QM = / NMQ,dV + / NMQ.ds + QM (3.3.8)
\% S

is the electrical charge vector.
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N and ¢N are the vector of displacement and electrical

In the above expressions u
potentials respectively, p is the mass density and NM and NN are the array of interpolating
functions. BN,, BM,, BN¢ and BM¢ are the spatial derivatives of NM and NN. D,, is the
mechanical constant, Dy is the electrical constant and e is the piezoelectric constant of the
constitutive equations. The force and electrical charge vectors include the volume, surface,
and concentrated quantities. The unknowns are the nodal displacements and potentials. Once
these are determined, the strains and potential gradients are computed using the expressions

given above. The stresses and electrical flux densities are computed by means of constitutive

relationships.

3.3.3 Modal and dynamic analysis

Abaqus offers a wide range of different types of analysis depending on the requirements
of the problem. The software divides the model analysis into steps. A step corresponds
to an analysis with a specific output request. In Abaqus, analysis steps are classified into
two categories: general steps, where the response is nonlinear, and linear perturbation steps,
which provide the linear response of the model related to a base state. In a model it is possible
to define different steps to create a sequence of analysis. The base state is the current state of
the model at the end of a previous nonlinear step. If a linear perturbation is the first step then
the base state is considered to be the default initial step that is provided by Abaqus code.
The linear perturbation approach allows general application of linear analysis techniques in
cases where the linear response depends on preloading or on the nonlinear response history of
the model. For the analysis of the cymbal transducer two complementary linear perturbation
steps were realised, modal and dynamic analysis [147].

Generically, for the modal analysis of a piezoelectric transducer, the system of equations,

in matrix notation, is reduced to:

Ky =@ MMN KGN\ U 0 (33.9)
[ K%N]T K%N & QM

where, w is the angular frequency.

To predict modal parameters of the transducer, that is assumed to be under free
conditions, the program performs an eigenvalue extraction procedure to calculate the natural
frequencies and the corresponding mode shapes. Abaqus allows extraction of all the
eigenvalues or a specific number within a frequency range selected. For this analysis the

eigensolver used in Abaqus was the Lanczos algorithm.
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The dynamic analysis is developed by studying the performance of the transducer under

a harmonic excitation. The system of equations that govern this analysis is:
R — W MUR K%N v = P (3.3.10)
[ K%N]T K%)N ¢ QM

Abaqus estimates operating amplitudes, stress and strain within the transducer under
specific BCs defined by the user. Linear dynamic operating conditions of the transducers are
obtained by simulating the inverse piezoelectric effect of the piezoceramic. The excitation is
applied during this step through the BCs of the piezoceramic disc. These BCs correspond
with a potential difference applied across the disc in the polarisation direction, in this case
the thickness direction of the piezoceramic [147]. When simulating dynamic behaviour, the
damping effect must be considered in order to obtain accurate results. In Abaqus two different
forms of damping are supported: material damping, that is due to material properties, and
‘global damping’ that introduces uniform structural damping to the model. Both damping
parameters are defined through Rayleigh damping.

Rayleigh damping is defined by the equation [148]:

C =aM + 8K (3.3.11)

where C' is the material damping matrix, M is the material mass matrix and K is
the material stiffness matrix. « and 8 are the mass multiplication factor and the stiffness

multiplication factor respectively. They are determined through the damping ratio (¢):

_a  Bw
¢ = o + o (3.3.12)

Rayleigh damping can be divided, therefore, in two damping constants. From the damping
ratio formula it can be observed that the influence of the o component decreases as the
frequency increases, resulting in 8 being the dominant component. Due to the high frequency
of the cymbal transducer, it can be assumed that the effect of the o component is negligible,
therefore, the expression for Rayleigh damping is a viscous damping determined by the

component:

1

b= com

(3.3.13)

where w is the angular frequency and @), is the mechanical quality factor.
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3.3.4 FE model of a cymbal transducer

The FE model of the cymbal transducer created in Abaqus is shown in Figure 3.9. The model
is constituted of four parts with three different material properties; the piezoceramic disc,

epoxy layer and metal end-cap.

Figure 3.9: The cymbal transducer modelled in Abaqus

The cymbal transducer shows symmetry along the axial plane. This particularity
would allow analysis by creating a 2D model using axisymmetric elements. The use of an
axisymmetric model significantly reduces the computation time and memory required. In the
following chapters, different models of ultrasonic cymbal transducers coupled with surgical
vibrating blades will be studied. The introduction of theses blades will remove the symmetry
of the model, therefore it is necessary to use a 3D model. In order to maintain consistency,

a 3D model of the cymbal transducer was analysed.

Material properties

For FE models, it is necessary to specify the properties of the materials of the different parts.
The specification of material properties in the FE software depends on the nature of the
material, for example if it is an isotropic, orthotropic or anisotropic material, it is necessary
a different material properties in order to defined completely its behaviour [147].

The cymbal transducer is constituted of three different materials; a piezoelectric ceramic
that is an anisotropic material, which means that its mechanical, piezoelectric and dielectric
parameters are directionally dependent, and an epoxy and metal that are isotropic materials,
where their parameters are directionally independent. For the modal and dynamic analysis,
the properties of the materials that Abaqus requires for the metal and epoxy parts are the

mechanical elastic properties, represented by the Young’s modulus and Poisson’s ratio and
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the general mass properties represented by the material density [147]. With these parameters
it is possible to define completely the mechanical properties of the materials since, in the case
of the cymbal transducer, the dielectric properties of the epoxy layer and the end-caps are
assumed to be negligible. These properties were listed in Tables 3.3 and 3.4.

In the case of the piezoelectric ceramic, in order to define the coupling between the
electrical and mechanical properties of piezoelectric materials, the mechanical (density and
elastic), the dielectric and the piezoelectric parameters must be defined. As mentioned
previously, piezoelectric ceramic is an anisotropic material, therefore the elastic, dielectric
and piezoelectric parameters are directionally dependent. In Abaqus, to define completely
a piezoelectric material as anisotropic, it is necessary to introduce 21 elastic parameters, 18
piezoelectric constant (since the model corresponds to an actuator, the piezoelectric constant
required is the piezoelectric strain constant d) and 6 dielectric parameters [147]. However,
since a piezoelectric disc poled in the thickness direction has cylindrical symmetry, the number
of elastic, dielectric and piezoelectric constant can be significantly reduced, as was shown in
equation 1.4.11. With this assumption the material is orthotropic, in which the material
properties are dependent on three mutually perpendicular symmetry planes. The properties
of the piezoelectric materials used for the modelling of the cymbal transducers were listed in

Table 3.1.

BCs of the model of a cymbal transducer

In the numerical model of the cymbal transducer, the BCs correspond with electrical
potential. These BCs are applied to the piezoceramic disc creating a differential of potential
between each face. In Abaqus, either for the dynamic or modal analysis, the electric potential
degree-of-freedom must always be constrained at least at one node to remove singularities

from the dielectric part of the element operator [147].

Mesh selection and convergence of cymbal transducer

For analysis where dynamic or modal behaviour of vibrating systems are investigated,
quadratic interpolation elements should always be used to ensure accurate results and real
mode shapes. In Abaqus the element used for the design of the 3D model of the cymbal
transducer was the 20 node brick named C3D20R [147].

This element is a continuum solid element in which for stress-displacement analysis, the

DOF corresponds with displacements calculated in the x, y, and z directions at each node.
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The results are then extrapolated to all the nodes of the element by quadratic interpolation.
For the design of a piezoelectric transducer this kind of element is used for the discretisation
of isotropic elements, so that in the case of the cymbal transducer the metal end-caps and
the epoxy layer are discretised using C3D20R. In the case of the piezoelectric elements it is
necessary to consider both displacement and electric potential DOFs. In the Abaqus element
library, the relevant continuum solid element with quadratic interpolation is the C3D20RE.

The model of the cymbal transducer after the creation of the mesh is shown in Figure
3.10. In order to discretise each part with the same type of element, the geometry was
simplified dividing parts with a complex shape such as the end-cap, that contains corners,
in parts with a much simple geometry in order to allow Abaqus creates automatically an
uniform mesh with the same type of element. After meshing each part individually, during
the assembly process all joined surfaces were governed by appropriated constrain conditions

using the constraining option ‘Tied’ .

Figure 3.10: Mesh selection for the cymbal transducer model

Accuracy of results extracted from a FE analysis is affected by the element selection and
the mesh density. A dense mesh produces a more accurate solution, however, as the number
of nodes is increased the computational time and cost is increased. Therefore a balance must
be achieved between accuracy and computing cost.

In order to determine the most efficient mesh density, a convergence test was conducted
to determine the mesh size, from which a finer size does not result in a better approximation.
For that purpose, to assess if the number of elements contained in the mesh used to model the
cymbal transducer is high enough, mesh density with respect to the first resonant frequency

convergence has been investigated. The results are shown in Figure 3.11.
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Figure 3.11: (a) Convergence of resonance frequency and (b) convergence of the size of the

output file for different numbers of elements in the mesh

For a cymbal transducer it is not possible to calculate the resonance frequency accurately
from an analytical model, due to the complexity of the flextensional motion of the end-caps.
Researchers have previously utilised analytical methods, derived from shallow shell theory,
to investigated the principal parameters that govern the fundamental resonance frequency of
the transducer [142]. Equation 3.3.14 shows the proportional relationship of the resonance

frequency in air with different end-cap parameters.

fr \/Z [M + % (3.3.14)

where, p. is the end-cap material density, Cy is the diameter of the cavity at its base,

R is the end-cap radius, Y is Young’s modulus of the end-cap, and ¢ is Poisson’s ratio.
This means that the validation of the results obtained from the FE modal analysis must be

conducted by comparison with experimental analysis.

3.4 Experimental analysis of the cymbal transducer

The design of an ultrasonic transducer is divided in two complementary processes. The
first process consists of an approximation of the transducer and calculation of its dynamic
behaviour through analytical and/or numerical analysis. The low cost and time required
to obtain accurate results provides essential information for the development of the first

prototype. Despite the significant accuracy of the analytical and numerical models, it is
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impossible to consider all the parameters that affect the behaviour of the real transducer.
There are three different sources of uncertainty during the construction of an ultrasonic
transducer: uncertainty of material properties and manufacturing tolerances, uncertainty
during the fabrication process and uncertainty due to the boundary conditions in its
operational mode. The second process is therefore the execution of a series of experimental
analysis whose results, obtained under real operation conditions, are employed to validate
and/or update the analytical and numerical models, as shown in the Figure 3.12. The correct

feedback between processes determines the success of the development of the transducer.

Definition of the
initial FE model

'

Fabrication an
> FE analysis gy | assembly of the
transducer
FE model updates ¢
| ot Experimental
Validation of the | <fe— i
FE model analysis
FE model
validated

Figure 3.12: Design process for ultrasonic transducers

Due to the small dimensions of the cymbal transducer, the uncertainty of the manu-
facturing tolerances of the different parts, in particular small variations on the dimensions
of the end-caps, affect significantly the response of the transducer. Therefore, before the
assembly process and experimental analysis it is necessary to update the FE model with the
real dimensions. However the most important source of uncertainty is due to the fabrication
process. As explained previously, during the assembly process of the cymbal transducer it is
difficult to control the deposition of the epoxy layer in order to avoid leaks into the cavity.

Any asymmetry, due to differences on the epoxy layer on both end-caps, will be hidden by
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the metal end-caps, this prevents to update the FE model with more accurate geometries.
For these reason, for the validation of the FE model it is necessary to compare the results of
several cymbal prototypes.

In this thesis three different types of experimental analysis were performed to characterise
the electrical, modal and dynamic parameters of the cymbal transducers. Electrical
impedance analysis is used to measure the electrical impedance frequency spectrum of the
devices. This information is useful to calculate the resonance (f,) and antiresonance (f,)
frequency for each mode of vibration, and hence, the effective coupling coefficient kg, that is
the amount of electrical energy converted to mechanical energy, associated with each mode of
vibration. The characterisation of the impedance spectrum, in the operating frequency range,
is important to match the input impedance of the transducer with the output impedance of
the power supply in order to avoid losses, and even critical damage, due to mismatching
between transducer and power supply.

The modal parameters are extracted through of an experimental modal analysis (EMA).
With this analysis it is possible to determine the resonance frequencies and the mode shapes
over a selected frequency bandwidth. The extracted data is used to validate the FE model and
the success of the fabrication process. The third experiment consists of an harmonic analysis,
which is used to characterise the dynamic response of the transducer. In this analysis, the
output response of the transducer (displacement of the end-cap) is measured with respect to
a specific input signal at different excitation levels. The results extracted are used, in the first
place, to update the damping coefficients of the FE model, and to validate the predictions

when analysing transducers based on modifications of the original model.

3.4.1 [Electrical impedance analysis of the cymbal transducer

The electrical impedance analysis was performed to investigate the frequency response of the
cymbal transducer in a broad frequency band. The bandwidth was selected to include the
principal modes of vibration of the transducer. For that purpose, an impedance analyser,
Agilent 4294A, was used to excite the transducers and measure their electrical impedance
and phase angle between voltage and current. By analysing the electrical impedance
spectrum of an ultrasonic device, it is possible to observe the resonance and antiresonance
frequencies of the different modes of vibration, with the assumption that a mechanical
resonance frequency correspond with a minimum in the electrical impedance spectrum, and a

mechanical antiresonance frequency with a maximum. To calculate the electrical impedance
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a swept signal with a low excitation level, 0.5 V,, to guarantee that the minimum and
maximum values on the impedance spectrum correspond with the mechanical resonance and
antiresonance frequency, was applied to the transducers over a selected bandwidth. The

experimental setup is shown in Figure 3.13.

Impedance
analyser

Cymbal
transducer

Figure 3.13: Experimental setup for the electrical impedance analysis

To ensure the validity of the results, before each measurement the test probe of the
impedance analyser (PROPE 42941A) was calibrated using two loads: 092 load (short load,
Agilent HRM 504) and a 5012 load (Agilent HRM 601).

The electrical impedance analysis was also used to investigate the symmetry of the cymbal
transducer after the assembly process. In the first resonance mode, the cavity resonant mode
of the cymbal transducer, both end-caps vibrate symmetrically in a perfect flextensional
motion of the cavities, as shown in Figure 3.14 a). However, approximately 80% of fabricated
cymbal transducers exhibit in the impedance response a double peak instead of a single
resonance frequency [143,149]. This is because of asymmetries in the cymbal transducer, due
to differences in the geometry of the metal end-caps or differences in the epoxy layer. Each
frequency corresponds with the cavity resonant frequency of each end-cap, but one frequency
is associated with the cavity resonant mode, where both end-caps vibrate out-of-phase, and
the second frequency is associated with the asymmetric mode where both end-caps vibrate

in-phase, as shown in Figure 3.14.
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(a)

Figure 3.14: Mode shape of the (a) symmetric cavity resonant mode and (b) asymmetric

mode of the cymbal transducer

From the impedance spectrum, the resonance and antiresonance frequencies of the
cavity mode were measured to calculate the mechanical coupling factor k.s. As mentioned
previously, k.g is an indicator of the amount of electrical energy that is transformed into
mechanical energy, and is therefore related to the mechanical losses and efficiency of the
device. The mechanical coupling factor can be calculated from the relationship between the

frequencies of resonance, f., and antiresonance, f,, given by the equation [150].

2 _ f2
kepr = o 72 J: (3.4.1)

The results of the impedance analysis measurements and the value of k.g for the cymbal

transducers with different end-cap materials are presented in Figure 3.15 and Figure 3.16.
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Figure 3.15: Electrical impedance spectra of the cymbal transducer with (a) brass end-caps,

(b) steel end-caps and (c) titanium end-caps

The impedance analysis measurements show the existence of a double peak in the three
transducers. Measurements of the end-cap geometries showed a high level of accuracy and
symmetry, therefore the two resonance frequencies of each transducer are due to irregularities
introduced during the fabrication process. Since all the end-caps were well aligned with

the ceramic during the curing process, the cause of this asymmetry is mainly due to
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nonuniformity in the epoxy layer. As mentioned previously, each resonant peak corresponds
with a different resonant mode: symmetric cavity resonant mode and asymmetry mode.
In the three transducers the symmetric cavity resonant mode coincides with the frequency
peak with the lower impedance value. Since the electrical impedance can be related to the
mechanical impedance of the transducer, this shows that the maximum energy generated by
the transducer is, in the three cases, delivered at the symmetric cavity resonant mode, despite
the different asymmetries presented in the transducers. In the case of the brass and titanium
cymbal transducers the symmetric mode corresponds with the second peak, while in the case
of the steel cymbal with the first. The orders of the frequencies of the cavity modes depends
on parameters such as the dimension of the transducer, type of end-cap material and the

level of asymmetry developed [143].
0.2

0.15¢

(=]

Brass Steel Titanium

Figure 3.16: keg values for the cymbals with brass, steel and titanium end-caps

The results of the measurement of the kg parameter shows that the higher value obtained
for the titanium cymbal transducer corresponds with a device with less mechanical losses,
and therefore higher value of the quality factor, @.,, and efficiency. In transducers with the
same geometry, the mechanical losses differ depending on the material used. Relatively light
alloys such as aluminium and titanium exhibit lower losses than heavier ones such as brass,

steel and tungsten, therefore the results obtained are consistent with the values expected.
3.4.2 EMA of the cymbal transducer

Introduction to EMA

EMA is an experimental procedure to determine the modal parameters, natural frequencies,
mode shapes and damping factors, of a vibrating structure. This experimental technique

approximates the modal behaviour of real structures, which are continuous systems with
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infinite DOF's, by means of a discretisation of the geometry which considers a finite number
of DOFs, in order to accurately estimate the modal parameters.

Real structures can often be modelled as an assemblage of many single degree of freedom
(SDOF) systems represented by the basic model shown in Figure 3.17. The differential

equation of motion which governs this system is given by equation 3.4.2 [151].

1

Mass Tx(t)

Figure 3.17: System with a single degree of freedom

mi + ct + kx = f(t) (3.4.2)

where ma is the inertial force of the structure, ci is the damping force of the structure
and kz is the stiffness of the structure, while f(t) and z(t) are the harmonic input force and
displacement response quantities respectively of the structure.

The definition of the frequency response of a system can be established as the function
that relates the input signal and the output signal of the system. This function defines
the frequency behaviour of the system independently from the input signal. The frequency
response function (FRF) is obtained by dividing the output signal by the input signal in the
frequency domain. For that purpose, both signals, that are recorded in the time domain, are

transformed into the frequency domain using a fast Fourier transform (FFT) algorithm.
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Figure 3.18: Relationship between the input and output signal in a system

With this definition, in the system with a SDOF the FRF could be defined in terms of
the compliance of the system «/(w), since it is the ratio between output displacement, z(w ),
and the applied input harmonic force, f(w) in the frequency domain. Solving the equation of

motion of the system, the FRF (H(w)) becomes:

a(w) = H(w) = @) = =) £ @0 (3.4.3)

Depending on the output variable measured, it is possible to calculate the FRF of the
system using the displacement x(w), velocity v(w) or acceleration response a(w). Therefore

the FRF and its inverse can be:

e« C=(d/F)
o My =(v/F)
e« Re=(a/F)
eD,=(1/C)

o Zn = (1 / My)

e Dy, = (1/Re)

In EMA the real structure is sampled spatially with a grid of points, considering each
point as a sub-system with a SDOF. When the structure is excited, the output response is
recorded at each grid point to extract the corresponding FRF. Real structures have multiple
number of DOFs, and multiple number of modes. However in the experimental process only a
limited number of FRFs can be measure. The density of the grid of points must be sufficient
in quantity and situated at the right locations to ensure that it is possible to identify every

mode shape within the range of interest.
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Excitation signals

Depend on the excitation method, there are two different vibration measurement techniques:
ambient and forced. The ambient vibration technique, commonly known as operational modal
analysis (OMA) uses the ambient vibration of the structure as the input signal. Usually, the
ambient vibration is measured in one fixed point on the structure that becomes the reference
point. This method is used to study large structures such as bridges or buildings to yield
the resonance frequencies and possible fractures or weak regions from the analysis of the
measured signals.

The forced vibration technique uses an excitation signal, externally applied, to measure
the structural response of the structure. The input signal used to calculate the FRF can
be from three main types: periodic, transient and random. The most representative signals
within these three groups are the swept sine, impulse and noise signal respectively. The
principal characteristic of these signals is that all frequencies, within the range of interest,
are excited with the same level of energy. This is the principal requirement in order to obtain
a correct FRF. The excitation force can be applied by a number of different mechanisms such
as a hammer or an electromagnetic shaker [152].

The signals commonly used to excite ultrasonic systems for determining modal parameters
are swept sine and true random. The true random signal must be used in combination with
spectrum averaging in order to remove the possible noise generated in the structure. On
the other hand, since the true random signal is a non-periodic signal, a special time domain

window is used during the sampling process for the calculation of the FFT.

Boundary conditions

The structure can be subjected to different boundary conditions which are either free or
grounded conditions. The selection of the boundary conditions in EMA will affect significantly
the outcome of the experiment. Under real experimental conditions, the state of free boundary
conditions is approximated by supporting or suspending the structure by soft elastic material,
such as soft spring or elastic strings, in order not to affect significantly the stiffness and thus
the modes of vibration of the structure [152].

In the case of the cymbal transducer, which weighs only few grams, it is necessary to
use unrestrained supports. For that purpose, the device was suspended by the two wires
connected to each end-cap. Since the small diameter, 0.213mm, of the wires do not introduce

a significative variation on the stiffness of the structure, the cymbal transducer is free to
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vibrate without restrictions, as shown in Figure 3.19.

Figure 3.19: Cymbal transducer suspended by the wires

Measurement devices

There exists two different methods to measure the response of the structure at each point
of the selected grid, using contact or non-contact devices. Contact devices such as force
transducers, accelerometers and impedance heads, need to be attached firmly to the structure
in order to measure the output signal. The attachment of the measurement device results in
the addition of a mass loading to the structure at each point and will also introduce damping
and stiffness errors. These errors are particularly significant for small structures.
Non-contact methods include laser Doppler vibrometers (LDV), ultra-high speed cameras
and speckle interferometers. The principal advantage of these optical devices over contact
devices is that they are non-invasive, therefore there is not an alteration of the mechanical
properties of the structure. These instruments are employed for the measurement of ultrasonic
devices due to the small dimensions of the devices and the high frequency range of the

vibration modes [152].

Signal processing

The process of extraction and display of the FRF of the measured data is realised by a
spectrum analyser that digitises and transforms the time domain signal to the frequency
domain using the FFT method.

Prior to digitising the analogue signal, they are conveniently filtered to avoid aliasing of
high frequency signals into the range of frequency of interest when processed by the FFT.
This process is followed by the digitising of the filtered signal by an analogue to digital

converter (A-D). During the process of digitising, the signal is sampled for a discrete number
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of n-values per period of time, 7. The sampling rate must be selected carefully to cover the
frequency range of interest. Therefore, the higher the frequency the higher the number of
samples required per period of time.

The spectrum analyser transforms the sampled signal from the time domain to the
frequency domain using the FFT. This process is calculated over a discrete period of time,
therefore problems can appear when processing random signals which are non-periodic. These
problems, known as leakage, causes distortion of the results in the frequency spectrum when
one single frequency can be related to multiple frequencies. To reduce this effect the signals
are sampled using special time domain windows that are weighting functions. These functions
generate a periodicity on the randomly sampled signal, allowing the spectrum analyser to
calculate the FFT. There exist different windowing functions available to discretise the time
domain signals such as rectangular, Hanning and exponential. For steady state periodic and
random signals, the Hanning window is preferred [153].

When windows functions are used to discretise the signal sequentially, part of the data,
generally situated at the boundary between windows, can be ignored, creating the possibility
that important data is omitted during the analysis. In order to overcome this problem, an
overlapping technique is used while the window function is applied to start sampling before
the previous record has finished, thus avoiding any loss or discontinuity of data. However,
overlapping can alter the statistical properties of the collected data as it is possible for data
points from one record to appear in the following record. This can be solved using a data
averaging process. In the averaging process a number of individual records will be compared
and averaged according to a specific technique such as peak hold, exponential or linear. This
ensures that the results obtained are statistically reliable and removes random noise from the
signals. The EMA realised in the present work utilised a sample frequency of the spectrum
analyser of 204.8kHz and 51200 spectral lines, giving a resolution of 1.56Hz over a frequency
range of 0-80kHz [153].

Once the response at each point of the grid is measured and its FRF is calculated, the EMA
of the whole structure provides a set of FRF's, three per point with a 3D LDV. To calculate
the modal parameters from the measurement data, the FRFs are fitted using a curve-fitting
process creating a single FRF function. This process is realised using specialist modal analysis

software. For this thesis the software used was MEScopeVES, Vibrant Technology Inc.
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Experimental setup

The setup of the experiment is shown in Figure 3.20. The cymbal transducer was excited
using a random excitation signal, generated by the data acquisition hardware Data Physics
Quattro DP240 and amplified by a power amplifier, QSC Audio RMX 4050HD. The level
of the signal was selected in order to obtain an acceptable signal to noise ratio and obtain
a clear FRF. The vibration velocity response from a grid of measurement points over the
cymbal transducer was measured by using a 3D laser Doppler vibrometer, Polytec CLV 3000.
This laser vibrometer measures three vibrational response components, two in plane and one
out of plane of the structure surface. Therefore for each point of the grid three FRFs were

calculated.

Cymbal
Transducer

Figure 3.20: Experimental setup of the EMA

The FRFs were calculated and recorded using the Data acquisition software, SignalCalc
240 from Data Physics Corp. [153]. This software also controls the data acquisition hardware
Data Physics Quattro, selecting the type of excitation signal, spectral resolution and sample
rate. The calculated FRFs were exported to the modal extraction software MEScopeVES,

Vibrant Technology Inc, for the curve fitting process and extraction of the mode shapes.

FEA and EMA comparison of the cymbal transducer

The mode shapes calculated from experimental data from the curve fitting process for the
cymbal transducers with brass, steel and titanium end-caps are shown in Figure 3.21, Figure

3.22 and Figure 3.23.
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Figure 3.21: Mode shapes from (a), (c) EMA and (b), (d) FEA of the cymbal transducer

with brass end-caps for the (a), (b) cavity mode and (c), (d) asymmetric mode
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(a) EMA: 34560 Hz (b) FEA: 31323 Hz
(¢) EMA: 38317 Hz (d) FEA: 32590 Hz

Figure 3.22: Mode shapes from (a), (c) EMA and (b), (d) FEA of the cymbal transducer

with steel end-caps for the (a), (b) cavity mode and (c), (d) asymmetric mode
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Figure 3.23: Mode shapes from (a), (c) EMA and (b), (d) FEA of the cymbal transducer

with titanium end-caps for the (a), (b) cavity mode and (c), (d) asymmetric mode

The EMA mode shapes of the three cymbal transducers show that for each mode of
vibration a different end-cap has the dominant motion. Therefore, the asymmetry introduced
in the model means that each end-cap has its own resonance frequency. There exists a
significant difference in the correlation of the resonance frequencies between the experimental
and FE findings. The three cymbal transducers show a measured resonance frequency of the
cavity mode that is higher than for the FE model. This can be due to in part to the epoxy
deposited in the flange of the end-cap moving into the interior of the cavity, thus reducing the
7effective” cavity diameter, and therefore increasing the resonance frequency. The maximum
difference in estimating the resonance frequency of the cavity mode appears in the steel
cymbal transducer, with a difference of 9.36 %. In the case of the asymmetric mode the
differences are higher than those obtained for the cavity mode for the three transducers,
reaching 14.9 % for the steel cymbal. In transducers with asymmetry between the end-caps,
the difference between the resonance frequency of the cavity mode and asymmetric mode
depends on the level of asymmetry introduced. The greater the asymmetry between end-
caps the greater the separation of the frequencies.

The main problem in modelling cymbal transducers is the asymmetry introduced during
the fabrication process. Since the epoxy layer is totally covered by the end-caps, it is not
possible to observe if the deposition was only on the flange of the end-cap, or if there was a
leak into the cavity or bubbles in the epoxy, without destroying the transducer. Therefore,
despite of the differences between the experimental and numerical analysis data, this suggests

that the FE model assumptions as to material properties, interactions and boundaries were
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accurate for the cavity mode.

3.4.3 Power harmonic analysis of the cymbal transducer

The harmonic characterisation of the transducer was performed using a frequency sweep
method that excites the transducer within a narrow band around the first resonance frequency.
This method excites the ultrasonic transducer at a specified frequency for a short period of
time using a burst signal of a finite number of cycles with constant voltage. The length of the
burst signal is selected to allows the transducer to reach steady state vibration, where the
different parameters of, voltage, current, power and output displacement of the transducer
are measured. Upward and downward frequency sweeps around the first resonance frequency
are performed in order to obtain the harmonic response and identify possible non-linearities
of the transducer response in the operation mode. These non-linearities appear as a hysteresis
region between the upwards and downwards sweeps. To minimise temperature increases in
the piezoceramic, that lead to a frequency shift effect between sweeps, a time delay between

bursts was introduced. The setup of the experiment is shown in Figure 3.24.

S 7‘ .

<) 7 Signal generatbr

Figure 3.24: Experimental setup for the power harmonic analysis

For this experimental method [152], the burst signal, set up in a Labview program as
a RMS voltage, is generated by a function generator, Agilent 33220A, and amplified by a
power amplifier, ETS Solutions HFVA-62. The output velocity response of the transducer
is measured using a 1D laser Doppler vibrometer, Polytec OFV3001. The input and output
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signals are controlled and recorded using National Instruments data acquisition hardware
controlled by the Labview program.

The Labview program allows for control of the number of cycles of the burst signal, usually
set at a few thousand cycles to ensure that steady state vibration is reached without increasing
the temperature of the piezoceramic. After the digitising of the signals, it is possible to omit
the first few samples of the signals before analysis, as these correspond with the transient
region. This guarantees that the different parameters are measured for steady state vibration.
It is also possible to set the frequency range, level of voltage of the burst signal and the delay
between bursts.

The measurement data of the cymbal transducers with different end-cap material and
excitations levels from 3-15 Vs, for output displacement and power consumed are shown in

Figure 3.25, Figure 3.26, Figure 3.27, Figure 3.28, Figure 3.29 and Figure 3.30.
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Figure 3.25: Experimental harmonic analysis data for cymbal transducer with brass end-caps
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Figure 3.26: Experimental harmonic analysis data for cymbal transducer with brass end-

caps. Vibration displacement response of (a) detail of end-cap 2 and (b) detail of end-cap

1, (c) vibration displacement of each end-cap at the cavity mode frequency and (d) power

consumed at the cavity mode frequency vs. the maximum displacement generated
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Figure 3.27: Experimental harmonic analysis data for cymbal transducer with steel end-caps
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Figure 3.28: Experimental harmonic analysis data for cymbal transducer with steel end-caps.

Vibration displacement response of (a) detail of end-cap 1 and (b) detail of end-cap 2, (c)
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Figure 3.29: Experimental harmonic analysis data for cymbal transducer with titanium end-

caps
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Figure 3.30: Experimental harmonic analysis data for cymbal transducer with titanium end-
caps. Vibration displacement response of (a) detail of end-cap 2 and (b) detail of end-cap
1, (c) vibration displacement of each end-cap at the cavity mode frequency and (d) power

consumed at the cavity mode frequency vs. the maximum displacement generated

From the results obtained it can be observed that, in the three cases, the maximum
displacement corresponds to only one of the end-caps, of which has the dominant movement in
the cavity mode. However, the difference in displacement between the end-caps at this tuned
mode of vibration (considered the operational mode of the cymbal transducer), increases
linearly with the level of excitation voltage. This difference in displacement between the
end-caps can cause the appearance of bending motion associated with the cavity mode.
This undesirable behaviour can considerably reduce the operational life of the transducer,
especially when working at high input power levels, due to the degradation of the epoxy layer
or the piezoceramic element.

The selection of the end-cap material has a significant influence on the maximum
displacement reached. The Young’s Modulus of the end-cap material is inversely proportional
to the displacement generated by the transducer. In terms of power consumed, the brass

cymbal transducer shows a higher efficiency than the steel and titanium one, as shown in
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Figure 3.26, Figure 3.28 and Figure 3.30. For example, comparing the power consumed by
the brass and steel cymbal to obtain a displacement of 10 um, the steel cymbal consumes
more than 10 times more power than the brass one.

In general a slight shifting of resonance frequency can be noted when the excitation level
is increased. This can be related to a non-linear response of the transducer.

The maximum displacement measured experimentally at the cavity resonant mode
frequency, and predicted from the FE model, for different levels of excitation, are shown

in Figure 3.31.
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Figure 3.31: Experimental and predicted displacement at the cavity resonant mode frequency

for the cymbal transducers with brass, steel and titanium end-caps

The linear dynamic behaviour of the different cymbal transducers was predicted by FEA
by simulating different levels of potential difference across the piezoceramic discs in a steady
state dynamic analysis step. In order to obtain accurate results in the numerical analysis,
a value of global damping, defined in 3.3.13, was introduced in the model. The values of
the mechanical quality factor, @),,, were measured experimentally by using the half power
bandwidth formula for frequency response.

There is good correlation between the predicted numerical results and the experimental

data, particularly for the case of the brass and steel cymbal transducers.
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3.4.4 Evaluation of the response of the cymbal transducer as an actuator

In general, previous research on the cymbal transducer acting as actuator have been focused

on the characterisation of the device when subjected to an uniform load on all its surfaces,

due to the pressure being applied by the medium in which is driven (usually water). The

aim of this section is to study the response of the cymbal transducer as an actuator in air,

when different masses are added to the end-caps. For that purpose, steel bars with different

lengths were added to the top surface of each end-cap, simulating the action of a mechanical

end-effector connected to the transducer, Figure 3.32.

e AL

Different bars

Cymbal with bars

attached

il

Figure 3.32: Metal bars coupled to the cymbal transducer

The length and mass of the bars are shown in Table 3.6. These bars are not tuned at the

resonance frequency of the cymbal transducer, therefore they will act as rigid bodies. As a

consequence, the resonance frequency of the device will be affected largely by the mass of the

bar attached.

Bar | Longitude (mm) | Base diameter (mm) | Mass (g)
Bar 1 3.00 4.50 0.39
Bar 2 6.00 4.50 0.74
Bar 3 9.00 4.50 1.14
Bar 4 12.00 4.50 1.48

Table 3.6: Dimensions and mass of the bars coupled to the cymbal transducers

Impedance analysis measurements were implemented for each cymbal transducer with

different bars, to calculate the change in the cavity resonance frequency and the kg

parameter. The results are presented in Tables 3.7 and 3.8 Figure 3.33.
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Frequency (Hz) | Frequency (Hz) | Frequency (Hz)
Bar length (mm)
brass steel titanium

none 21818 34425 34062
3.00 8975 17415 11420
6.00 7438 13230 8475
9.00 5442 11375 6610
12.00 5054 9817 5453

Table 3.7: Variation of the resonance frequency of the cymbals with different masses added

Bar length (mm) keg brass | kg steel | kg titanium
none 0,132 0,167 0,167
3.00 0,223 0,191 0,193
6.00 0,227 0,198 0,213
9.00 0,232 0,178 0,193
12.00 0,217 0,18 0,210

Table 3.8: Variation of the keg of the cymbals with different masses added
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Figure 3.33: Variation of a) the resonance frequency and b) kg with different masses added

As expected incrementing the mass by adding a bar produces a reduction in the resonance
frequency. From Figure 3.33 a) it can be observed that when the 3 mm bar is coupled to the
end-cap, the resonance frequency of the cymbal transducer suffers a significant reduction.
However, as the mass of the bar is increased, the resonance frequency does not change
significantly. The reason for this behaviour is that after the rapid drop of the resonance
frequency due to the addition of mass, subsequent increments in the stiffness compensate for
the effect of the additional mass. On the other hand, due to the increasing stiffness of the
transducer (especially in the epoxy layer), the mechanical losses of the device are reduced, as
shown by the effect on the kg in Figure 3.33 (b) due to a better transmission of the motion
from the piezoceramic to the end-caps.

This behaviour is especially important in applications where the insert coupled to the
end-cap is not tuned to the frequency of the cymbal transducer. Since a variation of the
geometry or mass of the insert does not introduce a significant variation in the resonance
frequency of the device across a range of geometries and masses, and therefore in the cavity

mode the design of the insert can be treated independent of the transducer.
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The dynamic response of the transducers with different coupled bars was studied through
power harmonic analysis. Since the cymbal transducers exhibit asymmetry of displacement of
each end-cap, the output displacement for each cymbal plus bar combination was measured
at the top centre of the bar, which was attached to the end-cap that showed the highest
displacement at the cavity resonance frequency for an input voltage of 15V. The values of

the displacement are show in Table 3.9 and Figure 3.34.

Displacement (pum) | Displacement (um) | Displacement (pm)
Bar length (mm)
brass steel titanium

none 25,21 10,26 16,76
3.00 2,75 1,72 1,49
6.00 3.18 1,74 1,25
9.00 2,87 1,71 1,35
12.00 2,86 1,76 1,15

Table 3.9: Variation of the displacement of the cymbals with different masses added
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Figure 3.34: Vibration displacement with different masses added for an input voltage of 15V

As can be observed in Figure 3.34, after the initial reduction in displacement, the
displacement of the cymbal transducer remains constant when the mass of the bar is increased.
This can be explained by the combination of the flexural-axial movement of the end-cap.

When the bar is connected directly to the top surface of the end-cap, the displacement of the
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device exhibits a pronounced reduction because the motion of the end-cap, in particular the
movement of the top surface, is constrained. However, each further increment of the mass of
the bar does not introduce an additional constraint on the movement of the end-cap nor on
the radial movement of the piezoceramic disc. Therefore the displacement generated in the

axial direction is not further reduced, being quasi-independent of the coupled mass.

3.5 Summary

In this chapter the basic design of the cymbal transducer has been investigated. Material
selection for the transducer and the assembly process have been discussed and the different
numerical and experimental methods used for the characterisation of the modal and dynamic
response of the transducers were defined.

The experimental results for the cymbal transducers have corroborated that the devices
exhibit large displacements at low input voltage. There is a difference between the numerical
and experimental data for the cavity mode frequency due to the appearance of asymmetries
introduced during the fabrication process of the transducers. Due to these asymmetries the
devices exhibits a non-symmetric motion at the resonant frequency of the cavity. This can
cause the appearance of bending motions that can lead to the degradation of the transducer
when working at high input power levels.

The characterisation of the cymbal transducer as an actuator has shown promising
behaviour when different metal bars have been connected to the end-cap. Working in
a non-resonant mode with the different metal bars connected (acting as rigid bodies),
slight variations in the geometry of the bar do not introduce significant variation in the
resonance frequency of the transducer. The displacement achieved remains constant, largely
independent of the mass of the bar connected. This can be an advantage since the design of
the coupled insert can be treated somewhat independently of the transducer.

In this chapter the basic design of the cymbal transducer has been investigated. Material
selection for the transducer and the assembly process have been discussed and the different
numerical and experimental methods used for the characterisation of the modal and dynamic
response of the transducers were defined.

The experimental results the cymbal transducers have corroborated that the device exhibit
large displacements at low input voltage. There is a difference between the numerical
and experimental data for the cavity mode frequency. This is due to the appearance of

asymmetries introduced during the fabrication process of the transducers. Due to these
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asymmetries the devices exhibit a non-symmetric motion at resonant frequency of the cavity.
This can cause the appearance of bending motions that can lead to the degradation of the
transducer when working at high input power levels.

The characterisation of the cymbal transducer as an actuator has shown promising
behaviour when different metal bars have been connected to the end-cap. Working in a
non-resonant mode with the different metal bars connected (acting as rigid bodies), slight
variations in the geometry of the bar does not introduce significant variation in the resonance
frequency of the transducer. The displacement achieved remains constant, independent of
the mass of the bar connected. This can suppose an advantage since the design of the insert

coupled can be treated independent of the transducer.
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Chapter 4

Cymbal transducer for high power

applications

4.1 Introduction

The flextensional class V cymbal transducer has been widely adopted for low power ultrasonics
applications, exhibiting high output displacement for low input energy, compared to a single
ceramic, when used as an actuator. Despite its performance benefits, the original designs
of cymbal transducers have inherent drawbacks for high power ultrasonics applications that
require much higher output displacements. Asymmetries introduced during the fabrication
process reduce the efficiency of the transducer, and degradation of the bonding layer between
the end-caps and the electroactive material can alter the vibration response and ultimately
lead to failure.

The two most critical features of the cymbal design, which directly influence the
transducer performance, are the cavity dimensions and the thickness of the end-caps [139,154].
The geometry of the end-caps greatly affects the frequency response of the cymbal transducer
and even small asymmetries in the epoxy layer or in the end-caps themselves can result in
each metal end-cap exciting a different resonant frequency. Therefore, the vast majority
of these devices exhibit a double resonance peak in the frequency response, as shown in the
previous chapter. Although there are many low-power applications for this type of transducer,
cymbals have remained largely undeveloped for high-power ultrasonic applications. One of
the primary reasons for this is that the bonding material imposes a limit on the output
displacement of the end-caps. For that reason, in order to obtain higher output power

(generally high output acoustic power), designs have been focused on the development of
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arrays of cymbal transducers. Previous studies have shown that when the device is driven at
high power levels, degradation in the epoxy layer can occur due to high stress concentrations
and this can significantly reduce the operating life of the device [144]. Depending on the
quality of the mechanical coupling between the piezoceramic disc and the end-caps, which is
a constraint dictated by the adhesion of the applied bonding agent, an amplitude limit exists
after which the device loses functionality.

The displacement of the end-caps in a cymbal transducer is generated by the combination
of a flexural and rotational motion. Due to its geometry and operational mode, there are
consequently regions in the end-cap which are subjected to high stress. These areas are
critically at the edge of the cavity, and therefore in regions of the epoxy layer in contact with
the end-caps [144,145], in form of a critical loading mode, cleavage. Figure 4.1 shows the
displacement maxima of the expansion half-cycle as predicted by a finite element model run
in Abaqus, and the resulting stress distribution on the surface of the end-caps when driven

at the cavity resonance frequency.
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Figure 4.1: Stress (units: Pa) distribution in the end-cap when the cymbal is driven at the

cavity resonance frequency

For high power applications, a cymbal transducer will operate in resonance, at the
resonant frequency of the cavity mode of vibration. In resonance, the high displacement
of the end-caps increases the stress at the inner edge of the adhesive bond layer. When
this stress exceeds the tensile strength of the epoxy, failure occurs due to the appearance of
micro cracks in the epoxy layer, leading to a loss of adhesion between the end-cap and the
piezoceramic, often after only a small number of cycles [144]. This sharp rise in stress close

to the cavity is predicted in the finite element model as shown in Figure 4.2, which plots the
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axial stress component along the surface of the epoxy layer from the outer edge to the inner
edge. This stress component has the highest magnitude due to the flextensional motion of
the end-cap, which results in a moment on the edge of the epoxy layer. Since the epoxy is not
a high strength adhesive suitable for high power applications, and its use is recommended in
cymbals excited at frequencies away from resonance to avoid transducer failure, it is necessary
to attempt to improve the mechanical coupling between the piezoceramic disc and the end-

caps.

e o e
B =) o)

Normalised stress
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Figure 4.2: FE model prediction of the normalised stress distribution along the length of the

epoxy layer at the cavity resonance mode

In this chapter, a new design of the cymbal transducer is proposed that delivers high
output displacements. A comparison is presented between a cymbal based on the original
design configuration and a new cymbal, to demonstrate the effects of input voltage levels

on the dynamic characteristics and vibration response of the two different transducers.
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The aim is to improve the mechanical coupling with the end-caps, thereby enhancing the
operational capability of the device at higher voltages, allowing for excitation of higher output
displacements by removing the problems associated with failure in the epoxy layer. This
design is focused particularly on power ultrasonics applications such as miniature surgical

devices, for example as drilling and cutting devices for orthopaedics procedures.

4.2 Limitations of the traditional design for high power

applications

Cymbal transducers were first developed as low frequency, moderate-to-high power underwa-
ter projectors [115,139] and subsequently as miniature flextensional devices, as hydrophones
and microactuators. However, cymbal transducers were limited to shallow water applications,
for example at depths of up to 200m, because the hydrostatic pressure experienced at greater
depths would impart permanent deformations on the device end-caps. A new design was
proposed to address this limitation, where the end-cap had a concave shape [155], and was
named the double-dipper or concave cymbal transducer. In this new design, the end-caps are
inverted, so that the radiating face is the concave face of the end-cap. On the other hand,
since the convex shape of the end-caps are facing each other, this transducer must be driven
by a piezoceramic ring with the same inner diameter as the cavity diameter of the end-caps,
as shown in Figure 4.3. This concave configuration meant that the transducer could operate
under higher pressures, albeit with reduced output displacement and lower frequency. This
was one of the first attempts to enhance the design of the cymbal transducer for high power

applications subjected to higher load conditions.

Piezoceramic
A— ring

Concave end-cap

Figure 4.3: Schematic of the double dipper cymbal transducer
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The simplicity of fabrication of the cymbal transducer allows for tailoring of different
resonant frequencies in a single device by introducing small differences between the end-
caps [154]. However, this sensitivity to changes in geometric dimensions of the end-caps was
found to be a significant drawback in many applications where high efficiency was required.
Irregularities introduced in the fabrication of cymbal transducers, such as asymmetries in the
epoxy layer and end-cap dimensions, create a double resonance, characterised by a double-
peak in the measured frequency response [143,154,156]. In these non-symmetric cymbal
transducers, a proportion of the energy from the resonance cavity mode is transferred to the
asymmetric mode, and this effect appears in approximately 80% of assembled transducers.
This loss of energy in the cavity resonance mode entails a reduction in the @, of the device.
Several studies have therefore focused on improving symmetry. A screen-printing method was
proposed to improve the deposition of the epoxy layer [143], however this only improved the
percentage of single-peak devices to approximately 35%. An alternative approach, proposed
by Ochoa et al. [156], involves tuning one of the end-caps to the same resonance frequency
as the other by adding a small mass to the top of the end-cap. Since the addition of a mass
on the end-cap produces a reduction on the resonance frequency, this method only can tune
both end-caps at the lower resonance frequency.

As mentioned previously, when a cymbal transducer is working at the resonance frequency
of the cavity mode, high stress concentrations appear at the inner edge of the epoxy layer
adjacent to the cavity, imposing a limit on the achievable maximum output displacement of
the device [144]. Subsequent studies attempted to reduce the stress in the epoxy layer by
introducing slots in the end-caps in order to release tension. In 2004 Ke et al. [157] proposed
a new cymbal transducer where the end caps have multiple radial slots, as shown in Figure
4.4 (a). The radial slots in the cymbal end caps release the tangential stresses generated due
to the flextensional motion at the resonance frequency of the cavity mode, thus increasing
effective force transfer from the ceramic to the cap. A similar design was proposed by Yuan
et al. [158]. In this case, the end-cap was designed with a single circumferential slot placed
just above the bonding region adjacent to the cavity of the end-cap. The circumferential

slotted cymbal transducer is shown in Figure 4.4 (b) .
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Figure 4.4: (a) Cymbal transducer with multiple radial slots, extracted from [157], (b) cymbal

transducer with a single circumferential slot, extracted from [158]

These transducers exhibit higher output displacements with a considerable reduction
of stress in the epoxy layer. However the slots decrease the fundamental resonance
frequency of the cymbal transducer, that is inversely proportional to the number of slots
introduced. Another important drawback involves the reduction in the structural stiffness
of the end-caps. Therefore the maximum load that can be applied to the transducer
before imparting permanent deformation of the end-cap shape is significantly reduced.
Cymbal transducers generally exhibit high Q. but low efficiency, due to being small in
size compared to their wavelength at resonance when acting as sound projectors, generally in
underwater applications [58]. Therefore, in order to achieve a desirable directivity and high
output acoustic power, cymbals are commonly incorporated into array formations. Another
configuration, which allows for excitation of higher displacement while avoiding failure of
the bonding layer, involves fabrication of multi-stacked cymbals coupled in series [60], as
shown in Figure 4.5. This configuration results in a low resonance frequency, dependent on
the number of coupled devices. However, by simply stacking actuators in series, the strain
in the actuation direction is not improved my more than around 2-3%. Other studies have
also investigated the capability of transducer arrays to obtain larger output displacements.
One such example utilises Class IV transducers with hierarchical cellular structures in order
to obtain a significant improvement in the total displacement [159]. The principal problem
with these types of configurations is the complexity of fabricating transducers with the same
resonance frequency in order to resonate in phase. However when cymbal transducers are
coupled in series, each transducer experiences a different load condition on its end-caps, so
that each end-cap will resonate at a different frequency. Therefore, the number of resonant

modes near to the main axial-longitudinal mode is increased, decreasing the efficiency of the
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transducer.

Figure 4.5: Schematic of cymbal transducers coupled in series, extracted from [60]

4.3 New design of cymbal transducer for high power ultra-

sonics

One of the most recent studies regarding application of the cymbal transducer to higher
power applications was the design propose by Lin in 2010 [160]. This improved design
demonstrated that a modification to the coupling configuration resulted in a transducer which
could be operated at higher power by incorporating a metal ring connected to the end-caps.
This allowed for the necessary enhancements to the dynamic behaviour without significantly
increasing the overall size of the device.

In this new cymbal design, compared with the original cymbal transducer design (OC), the
electro-mechanical driver (the piezoceramic disc driving the radial vibration) is substituted by
a combination of an inner piezoceramic ring coupled to an outer metal ring. The mechanical
coupling between the piezoceramic disc and the metal ring can be performed by means of
two different methods [160]. For the first method, a metal ring with a smaller inner radius
than the piezoceramic disc is used. The metal ring radius is then expanded by heating, the
piezoceramic disc is placed inside, and then the ring is cooled quickly to produce a strong

mechanical coupling. The piezoceramic disc is now pre-stressed in the radial direction. For
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the second method, a metal ring with a larger radius than the piezoceramic disc is used and
the disc and ring are bonded by an epoxy layer. The metal end-caps are then connected
directly to the metal ring through several screws. Since there is no epoxy layer between
the metal end-cap and the piezoceramic disc, the mechanical coupling strength can be as
high as the application requires. For this improved cymbal structure, the radial motion of
the piezoceramic disc is transformed into a flextensional motion of the end-cap through two
different mechanical couplings. The new cymbal design designed by Lin is shown in Figure

4.6 (b).

(a)

Figure 4.6: (a) Schematic and (b) photograph of the improved cymbal transducers designed
by Lin, extracted from [160]

This cymbal transducer has a lower flexural vibration displacement compared with the
OC, due to the piezoceramic disc being constrained by the metal ring. However, with this
configuration the input power can be increased. Since there is now no epoxy layer between the
end-caps and the piezoceramic disc, it is possible to drive the transducer at higher voltages
to excite higher displacement amplitudes without compromising performance of the device.

Therefore this transducer is the focus for high power ultrasonics applications.
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4.3.1 Cymbal design for increased end-cap displacement amplitude

The new design of the cymbal transducer proposed by Lin solves some of the problems of
the OC for high power applications. However, this transducer has several drawbacks when
compared with the OC with the same geometrical dimensions of the piezoceramic and the
end-cap. As explained in the previous chapter, the cavity diameter of the end-cap is one of
the parameters that has the most influence over the resonance frequency of the cavity mode
of the transducer. In the absence of a direct bonded connection between the inner edge of
the end-cap cavity and the piezoceramic, the effective cavity diameter is larger. Therefore in
the case of the new design proposed by Lin, where the end-caps are attached exclusively to
the metal ring by some screws, the resulting cymbal transducer will operate at a considerably
lower resonant frequency than the OC. On the other hand, the most important parameter is
the difference in input electric power needed to obtain the same output displacement. Due to
the lower displacement produced by the new design the efficiency of the transducer is reduced
compared with the OC.

In this chapter, a variation of the configuration created by Lin is proposed in order to
design and characterise a new cymbal transducer (NC) specifically aimed at high power
applications where the cymbal operates in resonance at the cavity mode frequency. Figure
4.7 shows a schematic of the basic configuration of the OC and NC. As well as the mechanical
connection of the ring and end-caps via four metal bolts, an epoxy layer bonds the end-caps
and the piezoceramic disc. The coupling between the ceramic disc and the metal ring is
also achieved via an epoxy layer, to prevent any radial pre-stress acting on the ceramic,
and thus enabling more effective transmission of the radial vibration movement from the
piezoelectric disc to the metal ring. The coupling of the end-cap and metal ring via four
bolts leads to a more rigid end-cap flange. Because of this, it is expected that the base
edge of the cavity allows for a rotational movement, which should slightly reduce the stress
transmitted to the epoxy layer. Although the improved mechanical coupling does not entirely
solve the adhesion degradation problems that were shown to affect the OC, it does enable
the transducer to be operated at considerably higher powers and higher displacements at
approximately the same resonance frequency and output displacement as the OC with the
same geometrical dimensions. The NC similarly operates with the piezoceramic disc poled
in the thickness direction to generate a radial vibration which is transmitted to the metal
ring, from which the radial movement is transformed into flextensional displacement of the

end-caps.
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(a)

(b)

bolt_s__
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Figure 4.7: Schematics of the (a) original and (b) new cymbal transducer design

The mechanical coupling between the end-caps and the metal ring also protects the epoxy
layer for the case of connection of different tool attachments to the top surface of the end-
cap. Usually, in the configuration of ultrasonic transducer working as actuator, the external
attachments are coupled with the transducer via a threaded stud, creating a strong mechanical
coupling. The bolts, in the case of the NC, will prevent the degradation of the epoxy layer
due to the tensions created during the coupling and de-coupling process of the external
attachments. This is particularly important for those applications in which different types of
attachments must be connected during a procedure, in order to perform different operations
such as drilling, cutting or scaling, in a odontological process.

Another advantage of the NC is the improvement in control of the transducer during the
assembly process. The use of screws means that the end-caps can be much more accurately
aligned with the piezoceramic disc, after the deposition of the epoxy layer and during the
curing process. This reduces asymmetries in the assembled transducer, reducing the likelihood
that the transducer resonance frequency response will exhibit a double-peak.

In the NC the electrical leads are connected directly to the surface of the piezoceramic
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disc. Since both metal end-caps are mechanically coupled with the metal ring through
metal bolts, it is necessary to maintain the piezoceramic surface completely isolated in order
to avoid an electrical short circuit. In comparison with the OC, where the end-caps are
the electrodes of the transducer, the electrical connection is completely isolated inside the
metal parts. In many applications of the OC, a layer of insulating epoxy is applied to the
transducer to electrically isolate the device. This epoxy layer introduces damping, reducing
both the resonance frequency and the displacement of the transducer. In the case of the NC,
this problem is completely solved, therefore it is possible to drive the device in underwater
applications or connected to different metal attachments without problems of a short circuit

or malfunction of the transducer.

4.3.2 Comparison of the mechanical model of the end-cap for both designs

The configuration of the NC does not solve the adhesion degradation problems due to the
flextensional motion of the end-caps. However, the aim of the coupling of the end-cap and
metal ring via bolts is to create a more rigid end-cap flange. The cleavage loading mode, that
appears in the epoxy layer adjacent to the cavity, is the combination of a rotation due to a
moment generated at the cavity wall of the end-cap and an axial tension force, as was shown
in Figure 3.1. In the ideal configuration of the cymbal transducer, at the edge of the cavity
the movement generated by the end-cap should be a pure rotational motion, simulating a
hinge. By creating a more rigid end-cap flange due to the bolts, it is expected that the base
edge of the cavity allows for a rotational movement, reducing the axial tension force, which
should reduce the stress transmitted to the epoxy layer.

There exist two different configurations to attach the end-caps with the metal ring using
bolts, Figure 4.8. In the first configuration (configuration A), the head of the bolt has the
same or smaller diameter than the thickness of the wall of the metal ring. In the second
configuration (configuration B), the head of the bolt has larger diameter than the thickness
of the wall of the metal ring, or some washers are used to increase the effective loading region.

The effect on the stiffness of the flange of the end-cap will be different for each configuration.
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(a) (b)

Figure 4.8: Different configurations of the mechanical coupling, (a) configuration A and (b)

configuration B

In order to study the effect of the mechanical coupling between the end-cap and the
metal ring on the force distribution in the end-cap, several mechanical analytical models
have been created to analyse the two possible configurations. For these approximations, the
radial movement of the ceramic is not taken into account, because it has been considered that
both the end-cap and epoxy layer move simultaneously and, therefore, have the same radial
movement. The aim of the analysis is to extract the tensile force generated in the cavity edge
due to the movement of the wall of the cavity.

The mechanical analytical model of the end-cap of the OC can be simplified by a beam
simply supported with a overhang. The section of the end-cap analysed is shown in Figure

4.9.
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Figure 4.9: Mechanical model of the end-cap of the OC
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In this model h is the cavity depth, D, is the cavity diameter, D, the apex diameter and
r = (D.-Dg) / 2.
At point B (edge of the cavity diameter) a rotational and tensile movement is registered.

The equations of the equilibrium conditions are defined by:

YF,=0= Rap+Rpy, — F, =0 (4.3.1)
YF,=0= F,— Ray, — Rp, =0 (4.3.2)

XMy =0= —Rpyd+ [Fozh+ Foy(r +d)] =0 (4.3.3)
Ry = [Fozh + chy(r + d)] (4.3.4)

The mechanical analytical model for the end cap of the NC with the configuration A, can

be represented by a cantilever beam with one simple support, as shown in Figure 4.10.

Figure 4.10: Mechanical model of the end-cap of the OC with configuration A

The equilibrium conditions are defined by Equations 4.3.1, 4.3.2 and:
XMy =0= My — RpyD + [Fozh + Foy(r + D) =0 (4.3.5)

Ma + [Fogh + Foy(r + D)

Rp, = -

(4.3.6)

where D is the distance between B and the inner edge of the metal ring.
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The mechanical analytical model for the end cap of the NC with configuration B, is
represented by a cantilever beam with one simple support, with an additional force applied

next to point A, as shown in Figure 4.11.

R —— ¥

Figure 4.11: Mechanical model of the end-cap of the OC with the configuration B

The equilibrium conditions are defined by Equations 4.3.1, 4.3.2 and:
EMA’ = 0 = MA’ — RByD, —+ [chh + Fcy(’l“ + D/)] = 0 (437)

MA’ + [Fth + Fcy(T + D,)]

Rpy = &

(4.3.8)

where A’ is the point of the edge of the head of the bolt or the washer. Therefore D >
D’. In this model it is assumed that M4 = My since it is considered that the part of the
end-cap under the washer is completely fixed and has not movement. The reaction force at
the edge of the cavity, Rp,, against the tensile force, F'y, in the NC is higher than in the OC,
due to the action of the strong mechanical coupling between the end cap and the metal ring
along with the epoxy. On the other hand, configuration B has higher Rp, than configuration
A, since Rp, is inversely proportional to the dimension D, that is related to the diameter of
the head of the bolt or washer.

Since the NC has a higher reaction force at the edge of the cavity, the motion of the
end-cap at this point is expected to exhibit a more rotational movement reducing the axial
tensional force, and therefore reducing the cleavage loading mode. This allows the end-cap

to deliver higher displacements before incurring degradation of the epoxy layer. Between the
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two configurations for the coupling of the end-cap analysed, configuration B offers a higher

reaction force, therefore is the better option.

4.3.3 Transducer fabrication
End-cap manufacture

The method to produce the end-caps for the NC is the same as was explained in Chapter
3. Each cymbal end-cap was cut from a 0.25mm-thick brass or titanium alloy Ti-6-4 sheet.
The cavity dimensions of the NC remains the same as the OC, in order to allow comparison
of two transducers with a very similar cavity mode resonance frequency. It can be noticed
that the dimensions of the end-caps for the NC allow for a metal ring, therefore the flange
of the transducer is larger than in the case of the OC. Table 4.1 lists the dimensions of the
end-caps used for both cymbal transducers, one based on the OC design and one based on
the NC incorporating a metal ring. At the edge of the flange four holes were drilled around
the circumference of the end-cap for the connection of the bolts. The end-cap for the NC is

shown in Figure 4.12 .

Parameter OC (mm) | NC (mm)
End-cap thickness 0.25 0.25
Total diameter 12.70 16.70
Base of the cavity diameter 9.00 9.00
Apex of the cavity diameter 4.50 4.50
Cavity depth 0.30 0.30

Table 4.1: Dimensions of the end-cap of the OC and the NC
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Figure 4.12: End-cap of the NC

In order to compare the response of the NC with different end-cap materials, two different

devices were built made, one of brass and one of titanium with the same geometry dimensions.

Metal ring manufacture

Figure 4.13 shows a photo of the metal ring for the NC. The metal ring was designed to have
an inner diameter 2 mm larger than the diameter of the piezoceramic disc. The thickness
of the wall of the metal ring is 1 mm. This parameter has a significant influence on the
displacement of the transducer, since when the ceramic expands radially, the movement is
constrained by the metal ring. The wall thickness of the metal ring is inversely proportional
to the radial displacement of the composite piezoceramic plus metal ring. The selection of the
dimension of the wall thickness was based on the dimension of the diameter of the smallest

suitable threaded bolt available commercially.
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Figure 4.13: Metal ring utilised for the NC

The thickness of the ring was selected to be slightly larger than the thickness of
the piezoceramic disc, for this work approximately 1.2 mm. This difference allows the
piezoceramic disc, including the wires welded on its surface, to be placed perfectly centred in
the metal ring.

Finally four holes were created around the circumference in order to allow connection
with the end-caps using the bolts. The number of four holes was selected taken in account
the work realised by Lin [160] for reasons of convenience. Since the piezoceramic is sealed in
the metal parts, the electrical wires were welded to the surface of the ceramic through two

holes on the metal ring, as shown in Figure 4.14 .

Figure 4.14: Piezoceramic disc placed into the metal ring
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For each transducer, the metal rings were made with the same material as the end-caps,

brass and titanium alloy Ti-6-4, in order to match impedances.

Cymbal transducer assembly

For the construction of the NC, hard PZT, PKI-402, piezoceramic discs were used. The
dimensions of the piezoceramic disc were listed in Table 3.2. The electrical leads were welded
directly on the surface of the ceramic and the wires were introduced into the lateral holes of
the metal ring. The gap between the piezoceramic and the metal ring was then filled with
epoxy resin covering also the electrical lead. The epoxy resin employed was the Eccobond
insulating epoxy resin (Emerson & Cuming), at a ratio of three parts epoxy resin to one part
resin hardener. After careful deposition of the epoxy, the metal ring with the piezoceramic
was pressed between two sheets of PVC, in order to obtain alignment of the parts, and was
left to cure at room temperature for 24 hours. Once the epoxy was cured, both faces of the
ceramic were polished using a fine sand paper to remove the excess epoxy.

The end-caps were then bonded with the ceramic disc and metal ring using a layer of
approximate 0.35 mm epoxy. The epoxy was deposited covering all the flange of the metal
end-caps to avoid any direct contact with the surface of the ceramic. The correct alignment
of the metal end-caps with the surface of the composite was performed through four bolts
made with the same material of the metal parts. For this size of transducer, the selected
threaded bolts and nuts have a head diameter of 0.50mm and thread diameter of 0.35mm.
Once both end-caps were fixed using the bolts, the assembly was left to cure in a custom rig

under pressure for 24 hours. The assembled NC is shown in Figure 4.15.
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Figure 4.15: Assembled cymbal transducers based on OC (right) and NC (left) designs

4.4 Comparison of modal parameters and dynamic perfor-

mance

Experiments were undertaken to characterise and compare the two cymbal transducer designs.
Electrical impedance measurements were recorded for the purpose of quality verification of
the device assembly, and also as a method of determining the level of symmetry of the
transducer, a single-peak frequency response being an indicator of acceptable symmetry. A
1D laser Doppler vibrometer (LDV) measured the displacement amplitude response of the
end-caps of both transducers for a range of input excitation voltage levels, and experimental
modal analysis (EMA) was undertaken using a 3D LDV to measure the modal frequencies
and mode shapes. These measurement techniques were explained in Chapter 3

The experimental results also allowed for validation of the numerical models created
in Abaqus FEA software. For the finite element models, steady-state dynamic analysis
was performed to predict the displacement amplitude of the end-caps under different input

excitation voltages and to calculate the modal frequencies and mode shapes of the transducers.

4.4.1 Impedance analysis

The impedance spectra of the analysed transducers are shown in Figure 4.16 and Figure 4.17.
The measurements give a clear indication of the improved level of symmetry achieved in the
NC transducers analysed. In the transducers based on the OC design, a clear double-peak

is present in the response spectrum in Figure 4.16 (a) and Figure 4.17 (a). As discussed in
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Chaper 3, this indicates that the cymbal exhibits a double resonance, a symmetric (cavity)
mode and an asymmetric mode characterised by out-of-phase and in-phase motion of the
two end-caps respectively. Distinct to this behaviour, the NC transducers made of brass
and titanium show a single resonance peak, indicating that at the resonance frequency of
the cavity mode, the end-caps have out-of-phase motions and only the symmetric mode is

excited.
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Figure 4.16: Impedance spectra of the (a) OC and (b) NC for brass end-caps
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Figure 4.17: Impedance spectra of the (a) OC and (b) NC for titanium end-caps

For high power ultrasonics applications, transducers are designed to exhibit high levels
of efficiency with minimum losses. As a result of the splitting of frequencies in the spectrum
of the OC, part of the energy associated with the symmetric cavity mode is transferred to
the asymmetric mode, therefore reducing the efficiency of the transducer. Additionally, the
asymmetry also introduces bending responses in the piezoceramic disc resulting in undesirable
stress that can reduce the operational life of the transducer, especially when operating at high
power levels. The NC transducer solves this drawback, improving the fabrication process of
the device in order to obtain a transducer where both end-caps vibrate at the same resonance
frequency. During the curing process the bolts in the new cymbal transducer are used to help
achieve improved symmetry through a controlled realignment of the end-caps and ceramic,
simply by making slight adjustments to the different bolts.

Although the dimensions of the end-cap are the same as those of the OC, the resonance
frequency of the NC in both cases is higher. This is due to the radial constraint introduced on
the piezoceramic disc by the action of the metal ring. On the other hand it can be observed

that the level of impedance at the resonance frequency of the NC is almost the same as for
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the OC, however the level of impedance at the antiresonance frequency is lower.

4.4.2 Experimental modal analysis

An experimental modal analysis (EMA) was carried out using a 3D LDV and data acquisition
hardware and software (DataPhysics SignalCalc, MEscopeVES). The mode shapes and
associated frequencies from the EMA are shown alongside the corresponding results from

the finite element analysis in Figure 4.18 and Figure 4.19.
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) EMA: 25352 Hz ) FEA: 25215 Hz

Figure 4.18: Mode shapes from (a) EMA and (b) FEA of the NC transducer with brass

end-caps for the cavity mode
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Figure 4.19: Mode shapes from (a) EMA and (b) FEA of the NC transducer with titanium

end-caps for the cavity mode

Figures 4.18 and 4.19 show good correlation between the mode shapes and resonant
frequencies predicted through FE models and obtained through experimental modal analysis
of the brass and titanium NC. The percentage difference between the predicted and
experimentally acquired resonant frequencies was found to be 0.54% and 1.07% for the brass
NC and titanium NC, respectively. The high level of symmetry obtained due to improved
control of the assembly process, reduces the appearance of internal irregularities and therefore

the numerical model can be validated with high accuracy.

4.4.3 Power harmonic characterisation

The NCs with brass and titanium end-caps were driven over a range of voltage increments

across a narrow frequency band centred at the resonance frequency of each device. The
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transducers were excited through upwards and downwards frequency sweeps in order to
observe any non-linearities in the displacement-frequency responses. A 1D LDV was used
to measure the displacement amplitude response from the centre of each end-cap. To ensure
that transducer heating was minimised for the duration of the experiment, the excitation was
via a burst-sine wave with 2-4s intervals between bursts, with the interval selected depending
on the voltage level. The resulting measured displacement amplitude responses of the two NCs

are shown in Figure 4.20 and Figure 4.21. The results illustrate the maximum displacement

response measured for each end-cap.
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Figure 4.20: Vibration displacement response of the (a), (b) OC and (c), (d) NC, with brass

end-caps, for each end-cap
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Figure 4.21: Vibration displacement response of the (a), (b) OC and (c), (d) NC, with

titanium end-caps, for each end-cap

By comparing Figure 4.20 and Figure 4.21, it is possible to observe the result of improved
symmetry in the fabricated NC, both from the excitation of a single mode (cavity mode) at
25.3 kHz in the case of the brass NC and 36.7 kHz for the titanium NC, and also from the
more consistent displacement amplitudes measured on the two end-caps.

However, for the NC, the constraint of the metal ring results in a lower maximum
achievable displacement amplitude at resonance (Figure 4.20 (c¢) and (d) and Figure 4.21
(c) and (d)) than for the OC (Figure 4.20 (a) and Figure 4.21 (a)) although the displacement
are comparable to those of the second, less responsive, end-cap of the OC. In the NC
configuration, the driver comprises both the piezoceramic disc and the metal ring, such that
there are lower effective piezoelectric coefficients than for a piezoceramic disc driver alone.
For a piezoceramic disc, the piezoelectric coefficient dgg is the strain in the polarization axis
(i.e. perpendicular to the plane of the disc) per unit electric field applied in the axis of
polarization, and the coefficient d3; is the strain in a direction perpendicular to the axis
of polarization (i.e. in the plane of the disc) per unit electric field applied in the axis of

polarization. The coefficient dgg is related to the displacement that the ceramic can attain in
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the axial direction, and the coefficient dg; relates to the displacement in the radial direction.
For high power ultrasonics applications, large values of piezoelectric coefficients are required.
The axial and radial displacements of the drivers of the two configurations were therefore
measured as an indicator of the difference between the dgg and dg; coefficients respectively
for the two transducers. From these measurements the dsg for the brass NC is 13.4% lower
than for the brass OC, whilst the ds; reduction is 38.1%. For the case of the titanium NC the
reduction of the dgg is of 1.2% with respect to the titanium OC, and the dg; is 5.5% lower.
The measured difference in axial displacement of the end-caps is 36.9% between the brass
OC and brass NC while for the titanium devices it is 6.7%, where end-cap displacement is
largely influenced by the dg; coefficient. These results mean that for high power ultrasonics
devices the NC transducer needs to be driven at a higher input power than the corresponding
original cymbal transducer to achieve the same displacement amplitude.

The degree of hysteresis in the displacement-frequency response is also an important
measure of transducer performance, especially when accounting for mechanical losses. When
part of the energy in the device is dissipated internally, there can appear regions of high
stress, heat and electrical concentration in the piezoceramic that exhibit as non-linearities in
the measured displacement, one consequence of which is hysteresis. The degree of hysteresis

is defined as [61]:

100AX
Xmax

AH% = (4.4.1)

where X4 is the displacement at the location of maximum electric field, where the
highest hysteresis region is generated, and AX is the difference in displacement between the
paths of the upwards and downwards frequency sweeps at the half-maximum of the applied
electric field. The degrees of hysteresis calculated from the data measured at the maximum

voltage level used in this study for the OCs and NCs are recorded in Table 4.2.

Device End-cap 1 | End-cap 2
OC Brass 2.93% 4.19%
NC Brass 0.07% 0.12%
OC Titanium 0.09% 0.03%
NC Titanium 0.02% 0.06%

Table 4.2: Degree of hysteresis of the OC and the NC for brass and titanium end-caps,

measured for 15V excitation level
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Lower hysteresis is generally calculated for the NC design, in part due to the high level of
symmetry achieved in its fabrication. The result is a transducer with a more linear response
over the range of excitation voltages in this study, as evidenced by the highly symmetric
response curves measured from both end-caps of the NC transducers (Figure 4.20 (c) and
(d) and Figure 4.21 (c¢) and (d)) and the constant resonance frequency maintained in the

measurements across the excitation voltage range.

4.4.4 Failure test

Through the same measurement methodology as described in the previous section, it was
possible to determine the displacement amplitude achieved before failure of the transducers
occurred. The two cymbal configurations were driven at increasing voltage levels and the

results are shown in Figure 4.22.
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Figure 4.22: Displacement amplitude of the OC and NC for increased excitation voltage

For this experiment, the displacement obtained for each transducer at 40 V was used as
a reference point to check the correct performance of the transducers. Beyond this reference
point, the displacement was checked at every 4 V increase, to detect whether any internal
failure had occurred that could affect the displacement. When the epoxy layer starts to lose
adhesion, the displacement of the transducer exhibits an erratic response and subsequently
the displacement of the transducer both at high and low input voltages suffer alterations. This

failure is characterised by the appearance of micro-cracks in the epoxy layer in the vicinity
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of the cavity, characteristic of a loss of adhesion between the end-cap and the piezoceramic
disc.

The brass OC reached a displacement of 50 um, above which the amplitude dropped
due to failure of the bonding layer. In the case of the titanium OC the point of failure was
reached at 45 ym. On the other hand, the brass NC reached a displacement of 89 pm before
a sudden drop in displacement was measured and for the titanium NC the point of failure
was observed at a displacement of 77 um. The displacement difference between the brass OC
and brass NC was 39 pm and 32 um for the titanium OC and NC. This demonstrates the
significant advantage of the new cymbal transducer, which can be driven at higher voltage
levels to attain higher end-cap displacements through the improved mechanical coupling and

symmetry of the device.

4.4.5 Evaluation of the response of the NC as actuator

To evaluate the NC as a transducer for high power ultrasonic applications, it is necessary
to investigate its incorporation into a device for a typical application. For many high power
applications, such as ultrasonic drilling or cutting, the transducer must be able to actuate
an attached mass, such as a drill-bit or blade, and therefore a circular cylindrical bar was
adopted in this study as a generic added mass. In order to maintain symmetry, equal masses
were added to both end-caps. The addition of a mass introduces a force that constrain the
motion transferred from the piezoceramic disc to the end-cap and therefore results in a lower
axial displacement. It is therefore important to understand the effects of these constraints on
the vibration displacement response of the NC configuration in which the mechanical motion
is transmitted through three mechanical couplings instead the single mechanical coupling of
the OC.

Experiments were conducted, using the same method as described in section 3.4.4, the bars
used are listed in Table 3.6. Table 4.3 and Figure 4.23 show the displacement at resonance

measured on the free end of each bar for an input voltage of 15V.
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Bar length | Displacement Displacement Displacement Displacement
(mm) OC brass (um) | NC brass (um) | OC titanium (um) | NC titanium (pm)

none 25,21 15,90 16,76 16,02

3.00 2,75 2,64 1,49 1,19

6.00 3,18 3,44 1,25 1,18

9.00 2,87 3,42 1,35 1,53

12.00 2,86 3,26 1,15 1,51

Table 4.3: Vibration displacement of the OC and NC, with different masses added for an

input voltage of 15V
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Figure 4.23: Vibration displacement of the OC and NC, with different masses added for an

input voltage of 15V

It can be observed that, for both cymbal configurations, when a mass is added to the top
surface of both end-caps, the displacement is significantly reduced compared to the end-cap
displacements achieved with no added mass, as seen in Figure 4.20 and Figure 4.21. However,
the length of the bar, and therefore size of the mass, has a negligible effect on the displacement
and, for the range of added masses, the displacement is very similar for both configurations,
despite the difference in the displacement between OCs and NCs when operating with no
added mass. These results indicate that both transducers exhibit a similar response, despite

the fact that the radial motion of the piezoceramic disc in the NC transducer is constrained
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by the metal ring.

As explained previously, the mechanical coupling factor, ke, is an indicator of the amount
of electrical energy transformed into mechanical energy, and is therefore related to the
mechanical losses and efficiency of the device. The calculated mechanical coupling factors of

the OC and NC are represented in Table 4.4 and Figure 4.24

Bar length (mm) | kg OC brass | keg NC brass | keg OC titanium | keg NC titanium
none 0,132 0,142 0,167 0,196
3.00 0,223 0,214 0,193 0,258
6.00 0,227 0,197 0,213 0,253
9.00 0,232 0,199 0,193 0,232
12.00 0,217 0,192 0,210 0,228

Table 4.4: Variation of the k.g parameter of the OC and NC transducers, with different added

mass
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Figure 4.24: Variation of the k.y parameter of the OC and NC transducers, with different

added mass

In the case of the NC, higher mechanical losses might be expected as a result of the three
different mechanical couplings influencing the motion of the piezoceramic disc and end-caps;
epoxy layer, metal ring and fixing bolts. Additionally, it might be expected that the losses

are increased for this transducer with increasing added mass to the end-caps as a result of the
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additional load affecting all three couplings, rather than only the epoxy layer in the case of
the OC. However, the results in Figure 4.24 exhibit similar behaviour for both transducers,
indicating that the losses are not significantly increased for the new cymbal. The reason for
this is that the added mass introduces an additional stress in the epoxy layer that increases
the stiffness and therefore reduces the damping due to the high elasticity of the material. On
the other hand, since the end-cap is attached directly to the driver (piezoceramic + metal
ring) through bolts, there are a better transmission of the energy from the radial motion of

the driver to the end-cap.

4.5 Summary

In this chapter an improved design of the OC, for high power applications, has been
investigated. This NC incorporates a combination of a piezoceramic disc coupled with a
metal ring as driver. The end-cap is attached to the metal ring through a few bolts and to
the piezoceramic disc through an epoxy layer. The mechanical coupling of the end-caps with
the driver enables the device to be driven at higher excitation levels and therefore higher
displacements. A difference of more than 30 um has been observed when comparing the
operational displacement limit between the OC and the NC for different end-cap materials.
The experimental results have demonstrated that even though the new design incorporates
additional components of threaded bolts and a metal ring, the device exhibits the same
cavity resonance mode as the OC. The experimental results have also demonstrated that the
performance of the new cymbal transducer preserves the advantages of the traditional design,
including high axial displacement for small radial displacement of the disc and constancy of
end-cap displacement with increasing added mass. A good correlation has been observed
between the results predicted by the FE model and the measured experimental results. The
improvement in the control of fabrication of the new transducer allows significantly improved
symmetry to be attained, eliminating the double-peak in the cavity mode frequency response,

and thereby improves the resonance performance of the transducer.
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Chapter 5

Design of a novel ultrasonic cutting

device

5.1 Introduction

Current commercial ultrasonic devices designed for bone cutting applications are based on
a Langevin piezoelectric transducer. Langevin transducers incorporate a piezoceramic stack
capable of delivering a few microns of vibration amplitude to the cutting blade, and therefore
the transducer and the blade as a whole must be resonant to achieve the required ultrasonic
displacement amplitude at the cutting tip, to perform the cut. This type of cutting device
was first developed in 1945 by Balamuth [122] for dental applications. The original device
comprised of an outer casing enclosing a magnetostrictive transducer which was connected
to a mechanical amplifier, commonly known as horn. The horn could be welded or otherwise
firmly secured at one end of the laminated stack of magnetostrictive material, creating a
resonant transducer. The end part of the horn was provided with a threaded part for the
connection of the cutting tip. During the process of cutting, an abrasive slurry was applied
directly to the surface of the bone to assist the process. For that purpose a external flexible
sheath was designed to enclose capillary tubing for delivery of the abrasive slurry to the work
area. The flexible sheath was brought out of the casing through a suitable opening that also
had the function of exhaust tubing for cooling the transducer.

The cutting tips were designed with specific curved shapes in order to perform a cutting
movement with a combination of a longitudinal-flexural motion. The principal reasons for
the design of these types of blades were to allow the surgeon better access to the zone

to be treated and to provide blades capable of being used for cutting in more than one
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direction. The whole device, including the cutting tip, was designed to a specific dimension
to resonate at a particular frequency (usually around 30 kHz), however the blade itself also
had a resonant frequency in the neighbourhood of this device resonant frequency in order
to amplify the motion delivered by the Langevin transducer. One of the advantages of the
design proposed by Balamuth was that due to the operational frequency, the cutting device
could be implemented in a relatively short tool of less than 20 cm.

Although the first attempts to introduce ultrasonic technology in bone cutting procedures
came from Catuna in 1952 [120] with his drilling device for dentistry, the main application
of this technology was focused on oral prophylaxis procedures or dental scaling. During
almost 50 years researchers have worked on the development of more efficient devices. The
original magnetostrictive transducer was replaced with the more efficient and cheaper pre-
stressed Langevin piezoelectric transducer, and the design of the vibrating tips was improved
for a better adaptation of its performance to the different medical procedures. Despite the
promising results obtained from different medical studies, comparing the use of traditional
manual scaling methods with ultrasonic devices, it was not until 2001 when Mectron S.p.A.
developed the Piezosurgery® device.

The device consist of a pre-stress sandwich transducer fabricated with a stack of 4 hard
PZT rings coupled with a horn, with a threaded end for the connection of different inserts.
Inside the body of the transducer, along the compression bolt, a cooling system is introduced
to assist the cutting process, delivering a coolant directly to the inserts. This coolant has
two different purposes, in the first place to cool and clean the cut zone and also to cool the
transducer itself. Operating in a frequency range of 24 to 36kHz. The energy delivered from
the piezoceramic stack to the cutting tip generates microvibrations in a range of 60-210 mm
depending of the type of insert and the input power selected [94]. This cutting device has the
ability to cut mineralized tissue without cutting neurovascular and other soft tissues, thereby
maintaining a blood-free operating area, better visibility and greater precision, due to the
the presence of cooling fluid. In Figure 5.1 Balamth’s device and the Piezosurgery® device

are shown.
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Figure 5.1: Ultrasonic cutting device design by (a) Balamuth in 1952 and (b) Piezosurgery®
device developed by Mectron S.p.A. in 2001

The Piezosurgery® device was originally designed exclusively for oral prophylaxis
procedures, with a broad variety of scaling vibrating inserts. However, during a sinus lifting
procedure, surgeons reported successful dissection of hard tissue using the Piezosurgery®
device with a scaling insert [94]. This led to the development of devices specifically designed
for bone cutting. The first prototype designs, named as OT1 and OT2, were based on the
original scaling insert, however to assist more effective cutting, the inserts incorporated two
different cutting edge designs; the OT1 was developed with a diamond coated cutting edge
and the OT2 with a plain cutting edge. The results of the different trials showed better
performance in the OT2 due to its design with a cutting edge being similar to a traditional
scalpel. Later modifications of the OT2 lead to the development of the OT6 insert. This
insert has a doubly curved shank with a saw-like cutting edge which enabled larger vibrational
amplitudes and deeper cutting with a reduction of the heat generated in the bone during the

cutting process. Recently, in order to develop an insert able to produce deeper cuts, Metron
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S.p.A. designed the OT7 insert with a longer insert. With this blade (see Figure 5.2) it is

possible to perform dissections of small bones in a relatively short time.

,

Figure 5.2: Inserts developed by Mectron for hard tissue. From left to the right: OT7, IM2A,
PS1, OT6 and OT2

Despite the difference of nearly 50 years between Balamuth’s device and the Piezosurgery®
device, the basic design has remained the same. Although the actual commercial ultrasonic
cutting device has demonstrated good performance, there exists an important drawback that
is inherent to this type of transducer. Langevin transducers incorporate a piezoceramic stack
capable of delivering a few microns of vibration amplitude, and therefore the transducer
and the insert as a whole must be resonant to achieve the required ultrasonic displacement
amplitude at the cutting tip. The cutting blade itself incorporates high amplitude gain, which
can lead to very high stresses, and the design of the blade geometry is somewhat restricted
by the requirement for resonance. Small variations in the geometry of the blade can produce
a device that does not resonate at the desired frequency or, in the worst case, the blade itself
can break if another resonant mode is excited.

In this chapter, a new prototype ultrasonic cutting device for bone surgery is introduced
based on the NC transducer, for use in power ultrasonic applications, which removes many of
the geometrical restrictions on the cutting tip of the device. When a mass is connected directly
to the top surface of the metal end-caps of the transducer, the resonance frequency of the
device does not experiment a significant variation when the mass is slightly modified. On the
other hand the displacement amplitude is almost independent to changes on the mass coupled,
as is the kg parameter, which is related to the losses of the device. The enormous benefit of
this technology is, therefore, that the cutting blade design can focus more closely on delivering

the best interaction between the blade and bone to provide a highly accurate cut. Also, due
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to the displacement amplification generated by flextensional transducers, it is not necessary
to use more than a single piezoceramic element to deliverer the desired vibration amplitude.
Therefore, devices can be miniaturised to allow for delicate orthopaedic procedures involving
minimal access surgery. The results show how the prototype based on the NC transducer
can excite sufficiently high vibration displacement amplitude at lower driving voltages, by
optimising the cymbal end-caps and geometry through finite element modelling supported
with experimental vibration characterisation. Preliminary trials of the resulting prototype
ultrasonic bone cutting device, which operates near to 25 kHz, are presented to illustrate the

success of this novel device design.

5.2 Prototype ultrasonic device based on a NC transducer

The cymbal transducer is ideally a symmetrical transducer where both end-caps deliver the
same energy in opposite directions at the resonance frequency of the cavity mode. For an
ultrasonic cutting device it is necessary to maximise the energy delivered to the vibrating
blade, therefore creating a non-symmetric transducer along the axial direction. In the case
of the Langevin transducer the metal front and back masses on either side of the stack of
ceramics are made of metals of different density and dimension, increasing the vibration
amplitude towards the front. However the most important parameter when designing a non-
symmetric transducer is the distribution of the mechanical stress when working at resonance.
When different asymmetries are introduced in the model this stress distribution changes,
and the piezoelectric element, as well as, the other mechanical parts are subjected to a non-
uniform stress distribution that could cause of the degradation, and in the worst case, the
failure of the device if this stress exceeds the tensile stress of the materials. Also, this non-
uniform stress can cause a reduction of the efficiency in the transducer due to undesirable
mechanical losses generated.

In the cymbal transducer the higher levels of stress are concentrated in the piezoceramic.
However, due to the symmetry of the transducer, the stress distribution is uniform in the
whole volume of the piezoceramic, except in the area situated below the epoxy layer at
the edge of the cavity, where the maximum level of stress is located, when working at the
resonance frequency of the cavity mode. The symmetry of a cymbal transducer keeps the
ceramic driver in a pure radial (ds;) mode when the transducer is tuned at the resonance
frequency of the cavity mode. The absence of one of the metal end-cap in a cymbal transducer,

that corresponds with the most basic configuration of the transducer with a single radiating
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face, introduces a non-uniform stress distribution on the piezoceramic. This distribution
shows a gradient of stress in the piezoceramic that produces the appearence of bending
stresses [144]. At high power levels, these undesirable bending stresses in the piezoceramic
can lead to damage to the driver itself or the epoxy bonding agent, with a consequent loss of
performance

Based on the NC configuration, a novel prototype (PNC) for a high power ultrasonic
transducer with a single radiating face is proposed. This device has only one end-cap and
a back-shell where the piezoceramic disc is placed bonded with insulating epoxy resin. The
metal end-cap is attached directly to the back shell using bolts and to the piezoceramic disc
with an epoxy layer. A schematic of the PNC is shown in Figure 5.3. The design of the whole
transducer is optimised to transfer the radial movement of the piezoelectric disc directly to
the metal end-cap, so that at the resonant mode the device exhibits a pure axial movement,
consistent with the cavity mode of the symmetric cymbal transducer. The back-shell of the
PNC was designed, through FEA, to keep the ceramic motion uniform, avoiding a significant
bending, in order to transmit the maximal energy from the radial movement of the ceramic
to the end-cap. The operational mode of the PNC compared with the symmetric and non-
symmetric NC modes are shown in Figure 5.4, the red rectangular sections represent the bars

attached to the transducers.

Bolts
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Figure 5.3: Schematic of the PNC
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Figure 5.4: Operational stress distribution in (a) NC transducer, (b) non-symmetric NC

transducer and (c) the PNC. Units in Pa

The back-shell of the PNC has 3 different parts, Figure 5.5 (a). Part A is a metal ring
similar to the metal ring used for the NC configuration. The metal end-cap is attached
directly to this ring through few bolts. Part B is a sheet that join the metal ring with
the back cylinder (part C). The thickness of the part B, that join both cylinders, has a
strong influence on the correct transmission of energy from the piezoceramic to the metal
end-cap. Therefore this parameter is optimised to eliminate, as far as possible, undesirable
bending of the transducer during operation. Different FEA models have shown that the best
configuration is where the thickness of B is equal to the thickness of the end-cap. Part C,
the back cylinder, has a double function; to create a rigid support for the piezoceramic and
provide a support area to hold the PNC with minimum interference on the operational mode.
Additionally, the cylinder length is designed to provide balance to the mass added to the end-
cap. The majority of cutting tips designed for ultrasonic cutting in bone surgery exhibit a
combination of longitudinal-flexural motion in order to perform the cut. This movement
will generate a moment on the end-cap. Therefore, in order to minimise the appearance

of bending motion in the transducers, associated with the operational mode, the mass and
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volume of the back-shell is selected to compensate for the additional moment and eliminate

bending stresses.

(b)
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Figure 5.5: (a) Schematic and (b) photo of back shell of the PNC

The piezoceramic disc is placed in the back-shell and fixed with non-conductive epoxy, to
ensure that the electrodes do not have contact with the metallic back-shell. The electrical
leads are welded directly to the surfaces of the piezoceramic disc and brought out through
a hole placed in the back-shell, as shown in Figure 5.5 (b). Once the epoxy that cover the
piezoceramic disc is cured, the surface is sanded with a fine grain sand paper to remove the
excess epoxy and the end-cap is fixed.

With OC and NC transducers, the resonance frequency and displacement of the PNC is
controlled by the geometry of the end-cap. Therefore with the same dimensions and material
the behaviour of the PNC should be similar to its predecessors. Therefore the reason for

using brass for the metallic parts was for allowing comparation with the OC and NC.

5.2.1 Dynamic and modal characterisation of the PNC

The fabricated PNC was designed and built using brass as the material for the end-cap and
the back-shell. In order to compare the performance of the PNC with the OC and NC, the
geometry of the end-cap was selected to be the same, listed in Table 4.1. The piezoceramic
disc was a hard PZT, PKI-402, with the dimensions as listed in Table 3.2. The dimensions

of the back-shell are shown in Figure 5.6.
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Figure 5.6: Dimensions of the back-shell for the brass PNC. Units in mm

Electrical impedance and modal characterisation of the PNC

The experimental data of the electrical impedance spectrum, comparing the OC, NC and

PNC are presented in Figure 5.7.
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Figure 5.7: Impedance spectra of the brass OC, NC and PNC

The results indicate that for the PNC a single peak, similar to the NC transducer, is

excited. The resonance frequency, that corresponds with the resonance frequency of the cavity



CHAPTER 5. DESIGN OF A NOVEL ULTRASONIC CUTTING DEVICE 140

mode, occurs at a higher frequency due to the back-shell constraint on the piezoceramic disc.
The back-shell constitutes a stiffer constraint than the metal ring of the NC configuration.
The level of impedance for the resonant frequency of the cavity mode for the three devices
differs less than 1 Kf). However as occurred for the NC transducer, the level at the anti-
resonance frequency is significantly reduced. Therefore, the amount of power required to
drive the PNC at the anti-resonance frequency is significantly higher.

The estimation of the modal parameters of the PNC was implemented by EMA from a
grid of measurement points, as explained in Chapter 3. The extracted resonance frequencies
and mode shapes of the PNC for the resonance frequency of the cavity mode from EMA and
FEA data are shown in Figure 5.8. The PNC was supported by the bottom at the back-shell
using a small clamp. The influence of the clamp over the performance can be considered

negligible, therefore the PNC was tested under free boundary conditions.

(a) EMA: 29987 Hz (b) FEA: 29231 Hz

Figure 5.8: Mode shapes from (a) EMA and (b) FEA of the PNC for the cavity mode

Figure 5.8 shows good correlation between the mode shape and resonant frequency
predicted through FE models and obtained through experimental modal analysis of the
PNC. The mode shape of the cavity mode shows that the radial movement generated by the
piezoceramic disc is transferred directly to the end-cap, without the appearance of undesirable

bending.

Power harmonic characterisation of the PNC

The technique of frequency sweep excitation using a burst signal was used to experimentally
characterise the vibration response of the PNC. The measured displacement was recorded
at the top surface of the end-cap at different levels of excitation voltage. The results of the

experiment are shown in Figure 5.9.
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Figure 5.9: (a) Vibration response of the PNC and (b) comparison of the maximum

displacement of the cavity mode for the OC, NC and PNC

The vibration response measured shows a linear response of the transducer, Figure 5.9
(a) for the range of excitation voltage levels. In this case there is no significant shift of
frequency as input voltage is increased and there is consequently a reduced level of hysteresis
of 0.04%. The slightly difference on the resonance frequency compared with the frequency
obtained with the impedance analysis and the EMA, is due to the excitation of the PNC
with different input voltage levels for each analysis. From Figure 5.9 (b), it can be observed
that the displacement generated by the PNC is similar to that obtained for the NC. This
demonstrates that the back-shell, that substitutes one of the end-caps, does not introduce an

additional constrain on the radial movement of the ceramic.
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5.3 Ultrasonic cutting device

The design procedure employed for the development the ultrasonic cutting device, was similar
to that used for the design of the PNC. FEA was used first to model the initial design,
predict its modal parameters, and estimate the linear response amplitudes for different levels
of excitation. The cutting device was designed to operate at a resonance frequency (resonant
mode of the cavity) nominally at 25.5 kHz (this frequency can slightly vary depending on the
type of insert coupled). The displacement was tailored by end-cap geometry to be around 30
pm for an input voltage of 300 V in the axial direction.

As discussed in the previous section, when a mass (in this case a vibrating tip) is coupled
to the PNC and it is not resonant with the transducer, the final resonance frequency is
significantly reduced from that of the cymbal. Therefore, in order to design a cutting device
whose operational frequency is around 25.5 kHz, the resonance frequency of the PNC must
be higher to compensate for this decrease once the different inserts are connected.

The end-cap of the cutting device incorporates a threaded stud on the top surface for
the connection of different inserts, as shown in Figure 5.10. The end-cap with the threaded
stud was made from a solid metal bar using a thread mill machine. In order to increment
the tolerance of the machined parts, and hence, improve the accuracy of the prototype, the
dimensions of the transducer were increased. The dimensions for the end-cap are listed in
Table 5.1 and for the back-shell in Figure 5.11. The piezoceramic disc used for the cutting

device was PIC181 from PI ceramics with the dimensions shown in Table 3.2.

Threaded stud

Figure 5.10: End-cap of the cutting device
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Parameter Dimension (mm)
End-cap thickness 1.1
Total diameter 33.0
Base of the cavity diameter 11.0
Apex of the cavity diameter 6.0
Cavity depth 1.0
Diameter of the threaded stud 3.50
Length of the threaded stud 5.00

Table 5.1: Dimensions of the end-cap
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Figure 5.11: Geometry of the back-shell. Units in mm

The end-cap and back-shell were manufactured from Titanium alloy Ti-6-4. In the
design of transducers for high power ultrasonics applications, the selection of the material is
determined by two important parameters. One of these parameters is the mechanical @, which
is related to losses. The quality factor differs from material to material, relatively light alloys
such as aluminium and titanium exhibit lower losses and higher Q than heavier ones such as
tungsten. The other parameter is stress. Under operational conditions ultrasonic components
experience cyclical stresses which are dependent on the component shape, vibration amplitude
and material properties (such as Young’s modulus). The value of limiting strain is the
threshold above which acoustic attenuation rapidly increases due to changes within the
material, and the maximum stress is the threshold before critical failure. Titanium has a
high tensile stress (maximum stress) around 200 MPa, which is the maximum stress that can

be exerted in the material before the risk of failure. For this reason titanium alloys are often
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employed for the design of transducer, horns, and blades for high power applications. The

cutting device without insert, and with the OT7 connected is shown in Figure 5.12.

(b)

Figure 5.12: Ultrasonic cutting device (a) without insert (b) with the OT7 insert

In order to provide a support for the cutting device and facilitate handling by a surgeon,
the device was housed in a plastic case, which also incorporates an electrical BNC connector
to facilitate the connection with the power source. Experimentally was proved that coupling
the plastic case to the back-shell of the PNC does not affect the resonance frequency nor the

displacement of the transducer.
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5.3.1 Experimental characterisation of the cutting device

The experimental characterisation of the cutting device was divided in two different
procedures. The first procedure was the characterisation of the cutting device under free
vibration conditions. For that purpose the response of the cutting device without any insert
connected, and then with different inserts connected was analysed. The second procedure was
the characterisation of the cutting device cutting different materials. For these experiments,

the OTT insert was used, since is the insert that offer a better cutting action.

Impedance analysis

The results of the impedance analysis of the device without insert and with the OT7 insert
connected are presented in Figure 5.13.
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Figure 5.13: Impedance analysis of the cutting device. (a) without insert (b) with the OT7

insert

From the impedance spectra showed in Figure 5.13, it is possible to observe that the
resonance frequency of the cavity mode for the cutting device without insert is tuned at

about 20 kHz higher than the resonance frequency selected for the operational mode in order
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to compensate for the reduction in frequency due to the addition of the mass of the inserts.
The final operational frequency, when the OT7 insert is connected, of 25.4 kHz is a good
correlation with the predicted resonance frequency during the design phase.

As mentioned previously, the commercial cutting devices are designed to work in a wide
range of surgical procedures. Therefore they have to be able to support different types of
inserts without losing performance. For that purpose, in order to analyse the variation on
the impedance spectrum of the device, different inserts developed by Mectron S.p.A were

connected. The characteristics of these inserts showed in Figure 5.2 are listed in Table 5.2.

Insert | Length in axial direction(mm) | Mass (g) Application

oT7 30.68 + 0.01 1.02 £+ 0.01 Osteotomy

IM2A 36.35 £+ 0.01 1.21 + 0.01 implant site preparation

PS1 28.85 + 0.01 0.96 £ 0.01 root scaling

OT6 30.77 +£ 0.01 1.31 +£ 0.01 Osteotomy of large bone

0T2 30.16 £+ 0.01 1.22 + 0.01 | micrometric osteotomy (about 1 mm)

Table 5.2: Different inserts connected to the cutting device
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Figure 5.14: Impedance spectra of the cutting device with different inserts

Figure 5.14, shows the variation of the resonance frequency of the cavity mode when
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different inserts are connected to the cutting device. As it can be seen, the resonance
frequency does not suffer significant changes when the shape and mass of the insert is
modified. A variation in mass of 36.43 % only entails a variation of 10.26 % on the
resonance frequency. On the other hand, the levels of impedance for the resonance and
anti-resonance frequencies remain similar, showing a high degree of independence of the
operational frequency from the geometry of the vibrating tip.

A change in the resonance frequency of the cutting device with the OT7 insert, compared
with the results analysed in the previous section, occurred after the first time the cutting
device was driven at high input power levels. The altered resonant frequency was then
permanent. This effect is also noticed in the development of other ultrasonic transducers,
such as the Langevin transducer, and is produced due to a readjustment of the different
parts when the first operational procedure is finished. In the case of the ultrasonic cutting
device based on the PNC, this variation is influenced by permanent changes in the physical
properties of the epoxy layer. After this first variation, the resonance frequency does not
suffers other changes and is independent of the input power selected. This behaviour was
reported as ‘normal’ by Mectron since it happens in other tools developed by the company.
Although the causes are not well-known one possible reason can be the re-adjust of the

different parts when subjected to a high input power.

Modal analysis

The dynamic behaviour of the two assemblies, without and with the OT7 insert, was studied
through a combination of finite element and experimental modal analysis in order to find
the natural frequency and mode shape of the cutting device, Figure 5.15. Good correlation
can be seen between the mode shapes of the FE predictions and the EMA results with a
difference between the resonance frequencies for the cutting device without insert and the

cutting device with the OT7 being 1.92% and 0.44 % respectively.
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(a) EMA: 46170 Hz (b) FEA: 45282 Hz

(c) EMA: 25842 Hz (d) FEA: 25727 Hz

Figure 5.15: Mode shapes from (a) EMA and (b) FEA of the cutting devie without insert
and (c) EMA and (d) FEA for the cutting device with the OT7 insert

Power harmonic characterisation

The cutting device without any insert underwent harmonic characterisation. The vibration
response measurements were recorded from the free end of the threaded stud of the end-cap,

Figure 5.16.
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Figure 5.16: Vibration characterisation of the cutting device without insert. (a) Vibration

displacement response and (b) vibration displacement at the cavity mode frequency

In Figure 5.16 a slight shifting of resonance frequency can be noted when the excitation
levels are increased. The shift starts with a softening effect (reduction of the resonance
frequency) then continues with a hardening effect (increase of the resonance frequency) for
higher input voltage levels. This can be principally related to the temperature increase within
piezoceramic disc that alters their properties, generating a non-linear effect. The vibration
displacement shows a linear trend with voltage (Figure 5.16 (b)), and there exists a good

correlation with the predicted displacements calculated from the FE model developed in
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Abaqus.

The vibration response of the cutting device with the OT7 insert connected was measured
in the axial direction for different input powers. Due to the high input voltage levels reached
for these experiments, the signal generator was connected directly to a power amplifier with
a constant gain that showed accurate information about the power consumed by the cutting
device, but not the voltage, for that reason the experiments of the device with the OT7 insert
were related with the input power. Due to the difficult nature of acquiring measurements from
the insert cutting end, since the motion is a combination of a flexural and axial movement, the
response was recorded from the base of the insert. This displacement provides information
of the displacement generated by the end-cap, Figure 5.17 (a). Subsequently, with the same
input powers, different cuts were produced in a biomechanical test block that simulates the
properties of bone, made of solid rigid polyurethane foam, Figure 5.17 (b) and Figure 5.18.
Each cut was performed during a period of time of 5 seconds applying the same loading force.
For that, the transducer was handled using the weight of the transducer as the only loading

force, avoiding any additional force by the hand.
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Figure 5.17: Vibration characterisation of the cutting device with OT7 for different input

power levels. (a) Relationship between the input power vs. axial displacement at the base of

the OT7 insert and (b) relationship between the input power vs. the depth of the cut for 5s

of cutting action
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Figure 5.18: Cuts performed on the biomechanical test block for different input power levels.
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In Figure 5.17 (b) it can be observed that there exist a significant increase in the depth of
cut when the power of the device increases from 70W to 120W that corresponds with a cut
of 1.91 and 4.78 mm respectively. In terms of axial displacement at the base of insert, this
difference corresponds with a change in the displacement from 17 to 19 um. The axial motion
at the base of the insert is amplified by the flexural motion of the cutting tip, therefore a
small increment of the axial displacement results in a large increase in the cutting motion of
the tip.

Studies carried out by Mectron S.p.A. have demonstrated that for an efficient cut using
the OT7 insert, the axial displacement at the base of the insert must be 15 ym or higher. In
the case of the cutting device based on the PNC to reach this displacement a minimum input

power of 50W is required.

Experiments with real bones

These experiments were realised in collaboration with the Department of Orthopaedic Surgery
at the University of Edinburgh. The aim of the study is to compare the cutting performance
of different traditional surgical tools for bone cutting, bone burs and saws, with the ultrasonic
device. Ultrasonic devices used in osteotomy have shown to have advantages such as high
precision, less damage to both soft and hard tissues, less damage to close delicate structures,
and quicker recovery times than traditional instruments such as bone burs and bone saws.

Bone burs and saws used macrometric rotations and oscillations to dissect hard tissue,
but these can easily damage soft tissue. Additionally, during the cutting process, high
temperatures are generated in the zone of the cut due to the friction between the blade
with the bone, resulting in osteonecrosis (bone cell death) as result of tissue heating.

For the experiment, 6 rat femurs were cut in two different locations using the ultrasonic
cutting device with the OT7 insert. Two different operational conditions were analysed;
cutting without coolant, and with a coolant liquid applied directly to the zone of cut.
Subsequently a histological study was carried out by the researches in Edinburgh to analyse
the number of live and dead cells in the zone of the cut. In Figure 5.19 (a) and (b) it is
possible to observe the procedure of cutting without and with coolant respectively and (c) a

thermal image, and in Figure 5.19 (d) a detail of the section of the bone after being cut.
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(c) (d)

Figure 5.19: Experimental setup of the rat bone cutting procedure. (a) cut without coolant,

(b) with coolant, (c¢) thermal image of the cut procedure and (d) detail of the bone cut

In the histological analysis each section of the bone cut using the ultrasonic device was
divided in zones of 50 pm from the cut surface to the interior of the bone. In each zone, the
bone cells, classified as live or dead, were counted and compared for statistical significance
by an ANOVA. In Figure 5.20 the percentage of live cells in each zone for both operation

conditions, with and without coolant, are shown.
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Figure 5.20: Histological analysis of the cut bones divided in zones of 50 pm

As can be observed in Figure 5.20, the results show that more than 50 % of the cells in
the nearest zone of the cut surface, up to 50 pum, are alive. In this zone the use of coolant
does not introduce a improvement, however there exist a significant difference between the
configurations when analysing zones between 50 - 250 pm, since the use of a coolant increases
the number of live cells by more than 20 %. This difference is negligible when the zone
analysed is further than 250 pum away from the cut surface. The fact that there are more live
cells than dead cells in the surroundings of the cut surface, compared with traditional saws
that exhibit a lower percent (in many cases lower than 30%), enhances the healing time of
the bone. The use of a coolant improves the number of live cells further, therefore its use is
highly recommended.

For reason of time, the histological results of the traditional tools are not available at
the moment of the submission of this thesis. The final comparative study will be published
in a journal paper in collaboration with the researchers of the Department of Orthopaedic

Surgery at the University of Edinburgh.

5.4 Summary

In this chapter a prototype for high power applications (PNC) based on the NC design has
been investigated. The device is consist of a single metal end-cap coupled to a back-shell
where the piezoceramic disc is placed. Therefore, the energy generated in the piezoceramic
disc is delivered directly to the end-cap, creating a single radiating face. The design of the

back-shell was developed through FEA, in order to optimise the transfer of energy from
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the piezoceramic disc to the end-cap, without introducing bending in the resonant mode of
vibration.

For the design of the cutting device, the metal end-cap incorporates a threaded stud to
allow the connection of different cutting inserts. The modal and dynamic characterisations
of the cutting device have shown a good correlation between the predicted values of
frequency, displacement and mode shapes using the FEA, and experimental results. For
the characterisation of the device under real operational conditions, several experiments were
undertaken in collaboration with the Department of Orthopaedic Surgery of the University
of Edinburgh. The results obtained have demonstrated promising performance of the device,

realising precise cuts in animal bones using a commercial cutting blade designed by Mectron

S.p.A.
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Chapter 6

Conclusions and Future work

The work presented in this thesis has focused on the development of a novel miniaturised
ultrasonic cutting device for high precision minimal access orthopaedic surgical procedures
based on the class V flextensional cymbal transducer. Through investigating a structural
modification of the original cymbal transducer (OC), creating a non-symmetric transducer
optimised for delivering the energy generated in the piezoceramic element in a single axial
direction, a new prototype of ultrasonic transducer (PNC) for high power applications has
been developed. This device incorporates a threaded stud for the attachment of different
vibrating cutting inserts, so that it is possible to perform different surgical procedures.

The actual commercial ultrasonic cutting devices for bone surgery are based on the
ultrasonic cutting device developed by Balamuth in 1945. This was comprised of a Langevin
transducer, which incorporated a piezoceramic stack coupled to a horn which provided a
threaded connection for attaching the cutting tips. During more than 50 years researchers
have been working on modifications of the original design in order to improve the efficiency of
the transducer. However, due to the nature of the Langevin transducer, there are important
inherent drawbacks that have not yet been resolved. In order to deliver the required ultrasonic
amplitude to the cutting tip, the whole transducer must be resonant, therefore the design of
the vibrating blade is somewhat restricted by the requirement for resonance. On the other
hand, the blade itself incorporates high amplitude gain, which can lead to very high stresses.
In this thesis a new point of view is offered by redesigning the ultrasonic cutting device based

on a different type of ultrasonic transducer, a flextensional transducer.
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6.1 Characterisation of the cymbal transducer

6.1.1 Summary

In Chapter 3, the performance of the OC was studied for three different types of end-cap
materials. The process of design and analysis of the different devices, started with the creation
of a finite element (FE) model of the transducers. This modelling stage is used to create,
optimise and predict the performance of an initial design whilst experimental techniques,
which consist of electrical impedance analysis, experimental modal analysis (EMA), and
harmonic response analysis, are used to characterise the fabricated models and to validate
and update the numerical models.

Despite the small dimensions of the transducer, high displacement levels are generated at
relatively low input voltages. The enormous amplification factor enabled by the truncated
conical shape end-caps, amplifies the small radial motion of the ceramic disc to achieve a much
larger axial motion due to the flexural-axial movement of the end-cap. This amplification
factor can be up to 45 times the axial displacement of a single piezoceramic disc. To evaluate
the response of the OC working as actuator, different bars were couple directly to the top
surface of the metal end-cap. In this configuration the masses added largely act like rigid
bodies and they are not tuned to the resonance frequency of the cavity mode body of the

OC.

6.1.2 New contribution to knowledge

e The 3D EMA realised for the OCs which exhibit a double resonant peak in the response
spectrum, have demonstrated that the two peaks correspond with the cavity resonant

mode and the asymmetric resonant mode.

e The analysis of the vibration response of the OCs has shown that for each of the two
resonant modes, only one of the end-caps has dominant movement exhibiting a higher
displacement. However the highest displacement is obtained at the cavity resonant

mode when the end-caps of the OC move out-of-phase.

e When a mass is coupled to the cymbal transducer, the resonance frequency of the
cavity mode is significantly reduced. The results have shown a slight convergence in
the relationship between the weight of the mass added and the resonance frequency of
the cavity mode, so that when weight of the mass added is increased the variation on

the resonance frequency is reduced.
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e The maximum displacement generated by the OC, recorded at the top surface of the
different bars, was shown to be independent of the weight of the mass added. On the
other hand, the mass added reduces the mechanical losses of the device, as shown by

the effect on the k.g.

6.1.3 Conclusions

e The appearance of a double resonant peak due to asymmetries introduced during the
fabrication process of the transducers can cause bending motions that can lead to
the degradation of the transducer when working at high input power levels. For that
reason it is necessary to improve the mechanical coupling between the end-cap and the

piezoceramic disc of the OC.

e The relationship between the resonance frequency of the OC with the weight of the
mass coupled to the end-cap is especially important in applications where the insert
coupled to the end-cap is not tuned to the frequency of the cymbal transducer. Since a
variation of the geometry or mass of the insert does not introduce a significant variation
in the resonance frequency of the device across a range of geometries and masses, the
design of the insert can be treated independent of the transducer. In ultrasonic cutting
applications the design of the cutting insert can therefore be focused on obtaining the

best interaction with the material in which the insert will be applied.

6.2 Design of the cymbal transducer for high power applica-

tions

6.2.1 Summary

The OC has been widely adopted for low power ultrasonics applications. However, it presents
important drawbacks for high power ultrasonics applications that require much higher output
displacements. Asymmetries introduced during the fabrication process reduce the efficiency
of the transducer. These asymmetries can be recognised by the appearance of a double
resonance peak in the frequency response of the transducer. On the other hand, due to the
flexural-axial movement of the end-cap, there are regions in the end-cap which are subjected
to high stress. These areas are critically at the edge of the cavity, and therefore high stress
is transmitted to regions of the epoxy layer in contact with the end-caps. When the OC is

driven at high input voltages, the degradation of the bonding layer between the end-caps and
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the electroactive material can alter the vibration response and ultimately lead to failure of the
device. In order to solved these problems, in Chapter 4 a variation of a design first described
by Lin in 2010 is proposed for high power ultrasonics applications. In comparison with the
OC design, the driving element of this new cymbal design (NC) consists of a ceramic disc
bonded to a metal ring. The end-cap, with a larger flange, is attached directly to the metal
ring through some bolts and to the piezoceramic disc by means on an epoxy layer, enhancing
the mechanical coupling and reducing the stress in the epoxy layer. Another advantage is the
improvement in the control of the fabrication process of the transducer. The use of threaded
bolts means that the end-caps can be much more accurately aligned with the piezoceramic
disc. This reduces asymmetries in the assembled transducer, reducing the likelihood that
the transducer resonance frequency response will exhibit a double-peak, that occurs in the
majority of the OCs fabricated.

The experimental characterisation of the NC shows a good correlation between the FE
model and the experimental results. This is due to the high level of symmetry obtained due to
an improved control of the assembly process. In the two NCs assembled, a response spectrum
with a single peak was measured. The response of the NC is similar to that obtained for the
OC with the same end-cap material. However, when driving at high input voltages, the NCs
show a significant superiority. The difference in the maximum displacement reached for the
NCs before degradation of the epoxy layer was in both cases more than 30 ym compared with
the OCs. Both the increased displacement amplitude capability and improved symmetry of
this NC configuration mean that it is better suited to applications in high power ultrasonics

than the OC.

6.2.2 New contribution to knowledge

e The development of the NC, introducing an additional mechanical coupling between the
end-cap and the piezoceramic disc, improves the fabrication process of the transducer.
The control of the asymmetry of the transducer results in a device with a single resonant

peak in its response spectrum.

e The NC has shown similar response to that obtained for the OC when working as an
actuator, however the maximum amplitude reached by the NC is significantly higher
due to the action of the additional mechanical coupling, improving its response at high

input power.
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6.2.3 Conclusions

e The possibility of driving the NC at high input power without losing performance makes
this transducer a promising device for high power ultrasonic applications where a high

level of displacement is required.

e Due to the symmetry of the NC it is necessary to develop a modification of the
transducer to obtain a single radiating face in order to use this transducer in applications
such as ultrasonic cutting where the transducer has to deliver the mechanical motion

to a vibrating insert.

6.3 Design of a novel ultrasonic cutting device

6.3.1 Summary

Based on the NC configuration a prototype (PNC) for high power ultrasonics applications
was proposed. The PNC constituted a variation of the NC in which one end-cap is removed
and substituted by a back-shell. The main problem for designing a non-symmetrical NC
transducer is the appearance of undesirable bending modes associated with the resonant
mode of the cavity, that can cause degradation of the device when operating at high power
levels. For that reason the design of the back-shell was the result a careful study by FE
modelling, in order to optimise the transfer of energy from the piezoceramic disc to the
end-cap, without introducing additional bending motion. The dynamic characterisation of
the PNC shows a good correlation with the results predicted by the FE model. The results
obtained from the experimental analysis demonstrate that the performance of the PNC, that
is a non-symetric transducer, is similar to that obtained for the NC.

For the design of the cutting device, introduced in Chapter 5, an end-cap which
incorporates a threaded stud for the connection of different cutting tips was developed.
The resonance frequency of the transducer was selected significantly higher than the final
operational resonance frequency in order to compensate for the reduction in the resonance
frequency when the cutting insert (mass) is coupled to the device.

This cutting device has shown a stable resonance frequency when different types of
insert have been connected. Therefore, for slight changes on the geometry of the inserts
the operational resonance frequency remains almost independent.

Initial lab based trials, in collaboration with the Department of Orthopaedic Surgery

of the University of Edinburgh, have demonstrated promising performance of the device,
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realising precise cuts in rat bones using a commercial cutting blade designed by Mectron

S.p.A.

6.3.2 New contribution to knowledge

e The PNC constitutes a new transducer based on the NC where the action of the back-
shell, which substitutes for one of the end-caps, allows the device to deliver the motion
generated by the piezoceramic disc in a single direction. The design of the back-shell
was tailored to reduce the bending on the ceramic disc, due to the lack of symmetry of
the new transducer, in order to prevent failure of the transducer when driving at high

input power.

e The back-shell does not introduce an additional constraint to the radial motion of the
ceramic, therefore the displacement of the PNC is comparable to that obtained for the

NC.

e The connection of different commercial cutting inserts, designed by Mectron S.p.A.,
does not modify significantly the resonance frequency of the transducer, which
incorporates a threaded stud on the top surface of the end-cap to allow the optimal

connection of the vibrating tips.

6.3.3 Conclusions

e This cutting device has shown a stable resonance frequency when different types of
insert have been connected. Therefore, for significant changes in the geometry of the
inserts the operational resonance frequency remains almost independent. The enormous
benefit of incorporating the PNC for ultrasonic bone surgery is that, since the cutting
blade itself does not have to be tuned to be resonant with the transducer, the blade
design can focus more closely on delivering the best interaction with bone to provide a

highly accurate cut.

e The first experiments have demonstrated the capability of this cutting device to cut
in moderately different materials using commercial cutting inserts. This device, as
opposed to the Langevin based cutting devices, uses only a single piezoceramic disc as

the driver, however it is able to generate the necessary displacement to perform cuts.

e Initial lab based trials, in collaboration with the Department of Orthopaedic Surgery of

the University of Edinburgh, have demonstrated promising performance of the device.
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More than 50 % of cells located near the cut surface of rat bones cut using the ultrasonic
cutting device are alive. This high number of live cells implies that there will be a
reduction in the healing time of the bone, and therefore the risk of possible complications

that can affect the total recovery of the tissue is reduced.

6.4 Future works

In this thesis a new ultrasonic cutting device has been developed using a flextensional
transducer, originally designed for low power ultrasonics applications, instead of the widely
known Langevin transducer. The development of an efficient transducer able to operate at
high power levels, that removes much of the drawbacks presented in the actual Langevin
transducer, offers a new vision for the development of ultrasonic transducers for high power
ultrasonic applications. Although there exist many lines of investigation on which this new
transducer can be studied, the following works are proposed as of interest for complementing

the work presented in his thesis.

6.4.1 Miniaturisation of the PNC and design of a cooling system

Although good correlation was achieved between the FE model and the experimental results
for the PNC designed, a complete loss of performance appeared when the size of the transducer
was reduced. The tolerances achieved during the fabrication process and the assembly of the
transducer fell short of those required for a miniature transducer design. For that reason,
for the miniaturisation of the PNC it is necessary to improve (and automate) both the
manufacturing process of the different parts and the assembly process.

As discussed in the literature review, it has been widely demonstrated that the irrigation
of the work area using a coolant agent during the cutting process improves the efficiency of
the cutting action of the blade by cleaning the cut zone. Additionally, the coolant reduces the
heat generation due to the friction between the cutting tip and the bone, hence reducing the
risk of necrosis of the neighbouring tissues. For that reason an improved design of the PNC,
that incorporates a cooling system in the posterior face of the top surface of the end-cap,
was developed. The cooling system would connect to a silicon tube, introduced through the
back-shell of the transducer, to the threaded stud through an internal canal. The cooling
solution would be then directed through the instrument and expelled, cooling both the tip
and treatment area.

Tests of a miniaturised PNC incorporating this cooling system did not exhibit satisfactory
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performance due to the mentioned lack of accuracy during the manufacturing and assembly

process.

6.4.2 Improvement of the mechanical coupling of the PNC

Although the NC increases the displacement capability of the OC, the design does not solve
completely the problem of the degradation of the epoxy layer due to high stress concentrations
in the vicinity of the cavity. Also, the physical properties of the epoxy are sensitive to changes
in the environmental conditions in which the transducer is used. Therefore, the frequency and
displacement characteristics of the transducer can be altered due to changes, for example, in
the temperature or humidity. For that reason it is proposed that coupling the metal end-cap
with the piezoceramic disc using ultrasonic welding might provide a better design solution.
By removing the epoxy layer the problem of the degradation of the mechanical coupling
between the piezoceramic and the end-cap would be solved. Other option could be to solder
directly the end-cap and the ceramic, with special care on the control of the temperature to

avoid reaching the Curie temperature of the piezoceramic.

6.4.3 Connection of various NC in series

It has been demonstrated that a single NC can achieve large displacements with a relative
low input power. However, for industrial ultrasonic applications such as ultrasonic drilling,
a large displacement has to be in combination with large generative forces. Since the NC is
constituted by a single ceramic and two thin end-caps, the generated force will not be high
enough for this kind of application. For that reason the connection in series of several NCs
would increase greatly not only the displacement generated, but also the generative force
produced and this might further widen the applicability of this transducer technology in high

power ultrasonics.
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Appendix A

List of Publications

Journal papers

e F. Bejarano, A. Feeney, M. Lucas, A cymbal transducer for power ultrasonics

applications, Sensors and Actuators A: Physical, Vol. 210, Pages 182189, 2014

Conference papers

e M. Lucas, F. Bejarano, An ultrasonic orthopedic surgical device based on a cymbal
transducer, Proceedings of the 2013 International Congress on Ultrasonics (ICU 2013),
pp.185-190, 2013

e F. Bejarano, A. Feeney, M Lucas, Vibration characterisation of cymbal transducers
for power ultrasonic applications, MPSVA Conference, Institute of Physics, Journal of

Physics: Conference Series 382 (2012) 012063, 2012

e F. Bejarano, A. Feeney, M. Lucas, Optimisation of a cymbal transducer for its use as
driver of a high-power ultrasonic cutting device for bone surgery, 41st UIA Symposium,

2012

e A. Feeney, F. Bejarano, M. Lucas, Dynamic characterisation of cymbal transducers for

power ultrasonics applications, 41st UIA Symposium, 2012

e F. Bejarano, M. Lucas, Finite element modelling and design of cymbal transducers for
power ultrasonics applications, IEEE International Ultrasonics Symposium, pp.1567 -

1570, 2011
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