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Abstract

Ultrasonic cutting technology has been introduced for surgical applications since the
1950s. Ultrasonic bone cutting applies high frequency mechanical vibration of a blade
tuned at a specific frequency to make incision on human hard tissues. It offers
advantages such as improved safety, smooth and precise cutting. To facilitate the
design of high performance surgical ultrasonic bone cutting blades, this thesis is
devoted to the modelling and designing of ultrasonic blades with an attempt to better
understand the dynamic characteristics of blade and improve the conventional design

method.

A non-coupled vibration analytical model which deals with four modes of vibration,
including longitudinal oscillation, flexural bending, lateral bending, and torsional
vibration of ultrasonic blades, was proposed based on one-dimensional theories. The
model allows the estimation of the modal parameters of a blade without establishing a
3D model. The experimental study of this model using a uniform beam and a
sectional ultrasonic blade showed that the model predicted the modal frequencies of
these structures with satisfactory accuracy. This suggested that the analytical model

can be used as an alternative method to FEA in the characterisation of ultrasonic

blades.

Two coupled models, a parametric vibration model and a longitudinal-bending
coupled vibration model, were proposed to study the coupled vibration of ultrasonic
blades. The parametric vibration model formulated the coupled vibration using a
lumped mass beam. This enabled the investigation of interaction between the
vibration modes based on a simple one-dimensional structure. However, this model
resulted in governing equations of considerable complexity, which were considered to
be more suitable for the purpose of theoretical study instead of performance
prediction. In addition, a longitudinal-bending coupled model was proposed in this
study with an attempt to understand a type of coupled vibration that is commonly
observed in ultrasonic blades of beam-like profile. The model was established by
introducing an extra rotation moment in the one-dimensional bending equation. Two
numerical iteration approaches, with their implementation and error analysis detailed,

were proposed to solve this model.



An optimal design method was proposed in this study with an aim to improve the
conventional design process of ultrasonic blades by applying mathematical algorithms
instead of the designers' experience and intuition to optimise the design. The method
was introduced based on the concept of performance indicators that measure specific
physical characteristics of a blade using mathematical functions. Four kinds of
indicators, the frequency based, gain based, displacement based and stress based
indicators, which evaluate the main dynamic characteristics of ultrasonic blades, were
detailed in this study. The process of the optimal design method consists of three
major stages: formulation, optimisation and verification. The concept of the proposed
method is to maximise the blade performance through the optimisation of the
performance indicators. This can improve the quality of design by making sure the
most desired characteristics are achieved in the blade. A software toolkit was
developed using the Abaqus script interface and Python language in order to apply

this method in the design of ultrasonic blades.

Five ultrasonic bone cutting blades with different types of cutting edges were
designed using either the conventional or the optimal design method. These blades
were subjected to ultrasonic cutting tests under various cutting conditions. Ultrasonic
cutting performed on biomechanical samples, ovine femur and rat bones showed that
the blades were capable of making incisions on bones without the requirement of
large applied force. Positive linear correlation between the applied force and the
cutting speed was found in the ultrasonic cutting carried out under static applied force,
and positive linear relationship between the applied force and the surface temperature
was observed in the ultrasonic cutting carried out under sliding motion. The presence
of elevated temperatures in the cutting tests suggested that the blades require the
application of cooling in ultrasonic bone cutting. The study confirmed that the
proposed optimal design method was an effective design approach. The blades were

designed with expected vibration characteristics and satisfactory cutting performance.

II
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Chapter 1
Introduction

1.1 Introduction

Ultrasonic cutting applies the vibration of a blade (or blades) tuned at the frequency
range of 20-100kHz in the cutting process. This technology provides a way of cutting
materials for various industrial and medical applications. It offers a number of
advantages, including enhanced accuracy and smooth operation, over the traditional
cutting methods [1-3]. Food processing is among the applications where ultrasonic
cutting technology has been well established. The introduction of ultrasonic vibration
improves the cutting quality and efficiency significantly, especially for fragile and
sticky foodstuffs [4, 5]. The use of ultrasonic cutting has also increased rapidly in
surgery applications [6, 7]. It has been a widely accepted procedure in dentistry,
where a number of commercial products are available [8, 9]. Clinical applications
have shown that this technology improves the cutting precision and reduces the risk of
tissue injury [2, 7, 10]. However, for surgical applications where deep incisions in
hard tissues are required, it could still be a challenge to apply ultrasonic cutting in
surgery operations due to the difficulty of cutting and the risk of thermal damage [8,
11-13]. To overcome this, the blade should be carefully designed in a way that
enhances the cutting performance while reducing the temperature of cutting. As the
blade performance relies closely on the dynamic behaviour of the blade, it is
necessary to model and characterise the vibration of the blade during its design
process in order to obtain a satisfactory design for a specific surgical application [1,

14, 15].

This thesis is devoted to the study of modelling and design strategies of ultrasonic
bone cutting blades used for surgery procedures. The research is based on the analysis
of dynamic characteristics and experimental tests of ultrasonic blades. The main aims
of the study are as follows:

(1) Investigate analytical approaches of modelling the vibration characteristics,
such as modal frequencies and mode shapes, of typical ultrasonic bone cutting
blades.

(2) Model the coupled vibration of blades of slender shape.



(3) Provide a strategy to optimise the performance of a design based on the
analysis of dynamic characteristics.

(4) Design ultrasonic bone cutting blades and verify the proposed strategies.

1.2 Ultrasound and Power Ultrasonics

1.2.1 The Field of Ultrasonics

Ultrasound is the term used for sound waves with a frequency greater than the limit of
human hearing. It is essentially high frequency mechanical vibration travelling
through fluids or solids. The lower frequency limit of ultrasound technology is usually
18-20kHz and the upper limit can be as high as gigahertz. The application and
investigation of ultrasound is referred to as Ultrasonics, which is a branch of acoustics

studying the generation and use of high frequency inaudible acoustic.

The field of Ultrasonics is broad, covering a large number of diverse topics such as
medicine, underwater sound, chemical, electrical, and other engineering applications.
In terms of the intensity of the soundwave applied, ultrasonics may be divided into
two broad categories: low intensity ultrasonics and high intensity ultrasonics [16].
Due to the diversity of applications, it is difficult to define a clear cut limit between
high and low intensity ultrasonics. Nevertheless, the sound wave intensity in low
intensity applications, depending on the medium, is usually 0.1-1 W/cm? [17, 18].
The low intensity sound wave usually does not change the physical characteristics of
the material or medium in the application. Typical examples of such applications
include non-destructive testing and ultrasonic imagine. As the intensity levels are low,
the power levels applied in the transducers are often low, typically in the range of

milliwatt [16].

High intensity ultrasonics, on the other hand, usually applies ultrasound of
considerably high intensity, from several to hundreds of watts per square centimetres.
In accordance with the intensity value of sound wave, the power levels applied in the
ultrasonic transducers can be in the range of tens, hundreds or even thousands of watts.
Therefore this field is also referred to as high power ultrasonics in this thesis. The
sound wave in such applications is typically applied with an aim to induce physical
actions (such as cleaning or mechanical movement), or cause permanent physical,

biological or chemical properties changes in the material or medium [16, 17]. This



technology was introduced after World War II and has found applications in
numerous areas in industry and health care [19-24]. Typical applications of high
intensity ultrasonics in industry include ultrasonic welding [25], cleaning [26],
soldering [27] and machining [28], where the processing is done more effectively
compared to conventional methods as a result of the ultrasonic vibration [16]. Another
rapidly developing area in high intensity ultrasonics are medical applications, such as
ultrasonic bone cutting [2, 13, 29], soft tissue cutting [6, 30], drug delivery [18], and
High-Intensity Focused Ultrasound (HIFU) [31]. Applications such as ultrasonic
cutting and welding utilizes waves with frequencies in the low end of ultrasound,
usually between 18kHz to 100kHz [3, 22, 32]. Whereas for applications such as HIFU,
the frequency of the sound wave may be above IMHz [31].

1.2.2 Early History of Ultrasound

The fundamental science of vibration was formulated during the 17th century as a
result of the contribution made by numerous researchers including Giovanni Battista
Benedetti, Galileo Galilei, Isaac Newton, Joseph Sauveur [33]. By the end of the 17th
century, scientists were able to predict the vibration frequencies of a string and study
the sound waves in the air. However, the concept of the existence of sound with
frequency above the hearing limit of human was unheralded in the literature. An
important advancement was seen in 1794, when the Italian priest and physiologist
Lazzaro Spallanzani provided experimental evidence for the first time in history that
non-audible sound exists in the nature. He found that blinded bats were able to
navigate themselves around obstacles in the dark. The work led him to conclude that

the bats used sound waves instead of sight to direct the flight [20, 34].

By the 1800s, people had accepted the concept that there exists sound waves which
are outside the frequency range of human hearing but may be detected by some
animals. In the 1830s, Frence physicist Félix Savart constructed an acoustical device
known as Savart wheel to investigate the thresholds of human audibility. The device
used a spinning toothed wheel and a card to produce sound of up to 24kHz. This was
considered the first time in history that ultrasound was generated using an artificial
way. Meanwhile, whistles using the stream of air flow to produce high frequency
sound waves made their appearance during the 1800s. The most well known design

among them was the Galton's whistle invented by English scientist Francis Galton in



1876 [20]. The whistle was capable of generating ultrasound that is inaudible to
human being but can be detected by animals such as cats and small dogs. This

invention is often regarded as the birth of ultrasonics.

The major breakthrough in ultrasonics came in 1880, when French physicists Pierre
Curie and his brother Jacques Curie discovered the piezoelectric effect in certain
crystals such as quartz and Rochelle salt (sodium potassium tartrate tetrahydrate). The
Curie brothers observed that the crystals generated electric potential when being
compressed. Later on physicist Gabriel Lippman mathematically deduced that the
reverse effect of establishing a mechanical stress in such material could be achieved
by applying a voltage on the material. The theory was quickly verified experimentally
by the Curie brothers. Thus, it was then possible to sense and generate high frequency
ultrasound using the piezoelectric and anti-piezoelectric effect, which spurred the

research and development of ultrasonics [20].

The earliest technological application of ultrasonics was the underwater sonar
detection systems. During World War I, in particular after the sinking of the Titanic,
there was strong desire to develop underwater navigation system. An early design of
echo sonar was patented by English metereologist Lewis Richardson, and the first
working sonar was built by Reginald Fessenden, a Canadian born American engineer,
in the U.S. in 1914. The Fessenden sonar used a moving-coil electromagnetic
oscillator to emit and sense sound waves underwater. It was capable of detecting an
iceberg two miles away but could not resolve the direction precisely [20]. Yet the
most important contribution made for the ultrasonic sonar system was accredited to
eminent French physicist Paul Langevin. Shortly after the outbreak of World War I, a
young Russian engineer, Constantin Chilowsky, proposed a submarine detection
device inspired by Richardson's patent and Fessenden's sonar. The proposal was
forwarded to Langevin, who replaced the magnetic transducer in the original proposal
with an improved solution. The idea of using anti-piezoelectric effect to generate
ultrasound was discarded at first but was resurrected after the improvement of crystal
preparation and the availability of advanced electrical components. Langevin
conceived a new kind of transducer design, referred to as the Langevin transducer,
which adopted the steel-quartz-steel sandwich structure. This design considerably

enhanced the radiated energy of the transducer and improved the performance of



ultrasonic echo ranging devices. Langevin's work was considered to be a milestone of

modern science of ultrasonics.

After World War I, research on ultrasonics flourished. In addition to underwater
detection, applications of ultrasound had extended to physical therapy and industry.
Meanwhile, people started to observe the biological effects and the destructive
capability of high intensity ultrasound. During Langevin's first tests of his new
transducers, small fish were found killed by the sound wave. Among those who
witnessed this phenomenon was the famous American physicist Robert W. Wood.
Wood recorded in his notes that the high intensity ultrasound caused millions of tiny
air bubbles in the water and killed fish swimming into the sound beam [35]. After
returning to the U.S in 1918, Wood collaborated with American scientist Alfred L.
Loomis to study whether Langevin's work would offer a wider scope for the research
in biology, physics and chemistry. They used a high power ultrasonic transducer to
investigate the effects of high intensity ultrasound in various conditions, which
resulted in a series of exciting findings. In 1927, they published a paper reporting their
observation of experiments [36]. The effects include: radiation pressures of notably
large magnitude, causing burning of wood with oscillating rods, drilling and etching
through glass, internal heating of solids and liquids, formation of fogs, destruction of
unicellular organisms and blood cells, killing or causing harm to fish, frogs and mice.
Among these, the significant phenomenon closely related to ultrasonic cutting was
that the energy transmitted through an oscillating rod was capable of achieving

incision in considerably hard materials.

Wood and Loomis' work in 1927 was regarded as a landmark in power ultrasonics.
Before 1927, few publications were identified on power ultrasonics. However, during
1927-1939, at least 150 papers were released, addressing dispersion, emulsification,
coagulating action, chemical and biological effects of high intensity ultrasound [20].
These studies led to a number of proposals to apply high power ultrasound in medical
and industrial applications. During the same time, research on other aspects of
ultrasonics flourished as well. Bibliographic listing of studies on the physics and
engineering applications of ultrasonics reached more than 6,000 by the mid 1950s
[19]. Ultrasonics had become an extensively deployed technology in applications

including drilling, welding, sterilization, degreasing and medical therapy.



1.2.3 Effects of High Power Ultrasound

The application of power ultrasonics relies on various effects of high power
ultrasound to change the properties of the material. For ultrasonic bone cutting,
although the details of the cutting mechanism remains unclear due to the complexity
of material properties and the interaction between the bone and the tool, the cutting
action was considered to be achieved by a combination of effects including cavitation,

thermal and direct mechanical actions [6].

Cavitation is a phenomenon associated with intense oscillating acoustic field in liquid,
where cavitation bubbles are generated, expand and collapse. These cavitation
bubbles exhibit complex dynamic behaviour, including shock waves and acoustic
emissions, jet-like ejection, high pressure and high temperature [37]. It is observed
that the behaviour of the cavitation bubbles is sensitive to the characteristics of
biomaterial [38]. The cavitation may induce considerable mechanical effects due to its
violent nature and the large energy density in the collapsing cavitation bubbles. This

phenomenon can contribute to the removal of material during ultrasonic cutting.

Thermal effect is another significant phenomenon found in high power ultrasonic
applications. The contact friction between the surface of ultrasonic tools and the
material is an important cause responsible for the generation of heat. In addition, other
effects such as cavitation and deformation of material are also sources of heat
generation. The thermal effect results in temperature rising during ultrasonic cutting,
which could cause damage in the material. Cardoni et al. [12] illustrated that it is
possible to reduce the cutting temperature by improving the profile of ultrasonic
blades. Apart from that, optimisation of cutting parameters, such as cutting speed and

applied force, could bring down the cutting temperature in certain applications [39].

In addition, direct mechanical actions are also substantially responsible for the
removal of material in ultrasonic cutting. When high frequency oscillating blades
contact with the cutting material, the fast moving tool tips cause direct impact and
shear force, resulting in cracking, fragmentation and other effects [30, 40-44]. It is
reported that the cutting mechanism varies between different kinds of material
depending on their structure and properties. Shear force, pressure wave components
and acoustic streaming are considered to be the phenomena predominantly related to

ultrasonic vibration in the cutting of soft tissues [6, 30, 41]. For hard tissue and brittle



material, the cutting process may be partly ascribed to fracture or crack propagation
induced by the mechanical impact. Smith et al. [44] proposed that the cutting
mechanism in friable materials is essentially controlled crack propagation associated
with the vibration mode of the ultrasonic blade. This assumption inspired the
development of an FE model with an aim to better understand the cutting process. A
similar concept was adopted by MacBeath [39] to investigate the cutting process of
bone. These studies provided useful information to optimise the critical vibration

parameters of ultrasonic cutting.

1.3 Industry Applications of High Power Ultrasonics

High power ultrasonics has been used in a wide variety of industrial applications and
medical procedures. Established applications of power ultrasonics in industry include
ultrasonic cleaning, metal/plastic welding, chemical processing, metal/plastic forming
and ultrasonic machining [45]. With the advancement of technologies, more
applications, such as food/tissue cutting, ultrasonic motor and ultrasonic levitation,

have emerged.

1.3.1 Ultrasonic Cleaning

Ultrasonic cleaning, which dates back to the 1940s, is one of the earliest applications
of power ultrasonics that is available commercially [20, 45]. The classic definition of
ultrasonic cleaning is the application of high intensity ultrasound to facilitate the
removal of foreign loosely held contaminants on the surface of items such as industry
components and jewellery. It is one of the most efficient non-abrasive cleaning
method which can remove complex contaminants without damaging the surface of the
workpiece or compromising the integrity [26]. Figure 1.1 illustrates a basic setup of
an ultrasonic cleaner. The workpiece to be processed is placed in a tank filled with
cleaning liquid. Ultrasonic transducers are fixed outside the vessel or are attached to a
diaphragm that contacts with the liquid, which enables the transmission of high
intensity ultrasound from the transducers into the liquid. During cleaning process, the
contaminants on the surface of the workpiece can be removed under combined effects

induced by the sound wave, such as cavitation and micro-streaming [26].
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Figure 1.1 Ultrasonic Cleaning

1.3.2 Metal/Plastic Welding

Ultrasonic welding can be applied to metal or plastic. For metal, the application is a
solid-state joining process that utilises high frequency shear vibration under
longitudinal pressure to bond metal sheets or plates together. By applying high power
ultrasonic vibration in the welding processing, the energy delivered to the metal is
capable of causing macroslip and microslip in the material to join the surface layers of
the metal. This technology has been used in the industry to join electrical contacts or

fabricate products such as heat exchangers [21, 22, 25].

On the other hand, ultrasonic plastic welding utilises the combined effects of
mechanical vibration, pressure and thermal energy, usually generated by ultrasonic
vibration of up to 90kHz in frequency, to melt and join the plastic at the designated
point. The process has been used in numerous applications, such as toy manufacturing,

to replace glue or mechanical fasteners [21, 25].

1.3.3 Ultrasonic Assisted Machining

Ultrasonic assisted machining applies ultrasonic vibration on conventional machining
process with an attempt to improve the quality of machining. Babitsky et al. [46, 47]
reported the application of imposed ultrasonic vibration in the machining of aviation
materials. On the basis of a conventional turning machine, high frequency mechanical
oscillation (20kHz) in the feed direction was imposed on the cutting tool through an
ultrasonic transducer and an auto-resonant control system. By machining two nickel-

based alloys used in modern aviation industry, Inconel-718 and C263, it is shown that



the surface quality was enhanced significantly as a result of the ultrasonic vibration.
Comparing to the conventional cutting approach, the presented method achieved a
roughness improvement of up to 40%. In a later study, Jin and Murakawa [32]
proposed an improved design for the ultrasonic cutting tools to avoid tool chipping in
such applications. By manufacturing the tools with high rigidity material and
improving the shape of the cutting edge, it is expected that the tool life can be

prolonged considerably.

Kim and Choi [48] investigated the micro-surface machining of optical plastics using
an ultrasonically excited cutting tool. It is reported that when the depth of cutting was
less than 2.7um, ultrasonic cutting was capable of achieving ductile cut surface on
optical parts with improvements in both waviness and roughness of the machining.
This suggested that the ultrasonic cutting could be used as an alternative method to
conventional grinding and polishing in the manufacture of high precision optical

components.

1.3.4 Ultrasonic Cutting

Ultrasonic cutting is an established application of ultrasound in industry. This
technology can be used to process material such as food, metal, glass and plastics.
Although ultrasonic cutting may be conducted with the aid of abrasive, this section
reviews only those applications that rely on the direct contact between a blade

vibrating ultrasonically and the workpiece to achieve incision.

(1) Ultrasonic Food Cutting

Ultrasonic cutting has been used commercially in the food production industry to
facilitate the preparation of large volume of food such as pastries, confectionery and
cheese. For goods which are brittle and contain layers of different consistencies, they
are often difficult to cut by conventional approaches such as guillotine or rotating saw,
as the material may collapse or crumble during the process. In addition, for the sticky
products, such as confectionery, the cutting tools used in the conventional methods

are more likely to be smeared by food adhering, which increases the possibility of

cutting jams and halting of production [49].



Ultrasonic food processing utilises a blade oscillating ultrasonically instead of a
conventional knife to process the food. Conventionally, to avoid the shattering and
deformation of food, specialised processing such as freezing is usually needed prior to
the cutting of products, which reduces processing efficiency and increases costs. Such
a procedure, however, is not required in ultrasonic cutting [49]. In addition, this
technology provides unique advantages, including prevention of food adherence on
tool surface and reduction of product waste [4], in the processing of products that are
conventionally difficult to cut, such as sticky confectionary. As a result, the
application of ultrasonic cutting technology, either on a large scale automatic
production line or on a single machine, can facilitate the production and reduce the

maintenance costs [5].

In terms of the way the vibration is applied during the cutting, the processing can be
classified into two types: the guillotine and the slitter, where the ultrasonic excitation
is applied parallel and perpendicular to the direction of cutting respectively, as
illustrated in Figure 1.2. In the guillotine type cutting, the blade tip is used as the
cutting edge, where the vibration amplitude is usually evenly distributed along the
blade width. On the other hand, in the slitter type cutting, the edges on the sides of the
blade are used for cutting, where vibration amplitude is non-uniformly distributed
along the edge. This could result in difference in cutting effect along the excitation
direction and should therefore be taken into consideration in blade design [49]. The
selection of these cutting methods should be determined according to the design of
machine and the properties of the food product [5]. For example, for crumble products
which may be more vulnerable to vertical forces, the slitter type cutting could be a
preferred option. In either application, the introduction of high frequency vibration
results in low frictional surface and enhanced cutting performance, which improves
the quality of processing by avoiding adhering and damage of food [50]. This method

is capable of making clean incision even for sticky products.
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Figure 1.2 Ultrasonic Food Cutting

In view of the advantages of incorporating ultrasonic vibration in food processing,
numerous studies have been devoted to the characterisation of cutting performance
and the design of ultrasonic food cutting devices. Schneider et al. [51] overviewed the
process of ultrasonic food cutting. The investigation confirmed that the introduction
of high frequency mechanical vibration resulted in low friction on the blade surface
which reduced the so called "adhesion conditioned shearing" and tool fouling. In
addition, reduction of separation force was reported causing by concentration of local
energy around the cutting zone. In a later study, the energy consumption during
ultrasonic food cutting was investigated by Schneider et al [52]. It showed that
excitation of higher frequency resulted in increased power demand, which may also
result in loss of quality in food. Apart from this, cutting of non-porous food rich in
water and fat required less energy than porous food. Other factors such as absorption
properties of the products and coupling conditions of the cutting were also responsible
for the energy consumption. Similar work was done by Arnold et al. [3] where a
guillotine type ultrasonic blade tuned at 40kHz with an amplitude of 12um was used
to cut different cheese varieties. The investigation showed that increasing vibration
amplitude in the blade had a positive effect on the improvement of cutting quality.
However, the improvement was less significant if the ultrasonic excitation was at a
high level. Also the role the composition of cheese played during the processing was
of considerable importance to the quality of cutting. An inverse relationship was
observed between the requirement of energy and the ratio of moisture/solids-non-fat.

Schneider and Arnold's work illustrated that to maximize the performance of an

11



ultrasonic cutting system, it is necessary to take into account various factors, such as

cutting parameters and properties of the material, in the design of ultrasonic tools.

McCulloch [53] studied the design of ultrasonic food cutting devices. A method of
modelling the interaction between the ultrasonic blade and the cutting material was
proposed based on finite element analysis, providing a way to understand the
mechanism of the cutting process. The key techniques of this method included
incorporating thermo-mechanical finite element models in the analysis and extracting
the properties of food material experimentally. The study suggested that it is possible
to estimate the optimal cutting parameters during the design process of ultrasonic food
cutting blades, which allows the user to further improve the performance of ultrasonic

cutting systems.

(2) Other Application of Ultrasonic Cutting

In addition, applications of ultrasonic cutting have been reported in the processing of
wood, metal and plastics. Sinn et al. [54] applied an ultrasonic apparatus in the cutting
of wood. A wedge shape cutting knife was mounted on a device tuned longitudinally
at 20kHz. This apparatus was used to machine the softwood and hardwood in both dry
and wet conditions. It is reported that considerably reduced cutting force, up to 50%
lower than the conventional method, was achieve in the tests with vibration amplitude
of only 8um. This was considered to be caused by the reduction of contact friction
between the surfaces of the knife and the wood. An attempt to cut stacked paper using
a longitudinally excited ultrasonic guillotine was made by Deibel et al [55]. Vibration
parallel to the direction of cutting was imposed on the cutting knife by an ultrasonic
transducer. The cutting process was simulated by a dynamic model, which provided
an insight into the key parameters of cutting, including the contact ratio, compression
ratio and dynamic force. The results were confirmed by experiments, concluding that
the dynamic forces introduced by the ultrasonic vibration resulted in more effective

cutting.

Babitsky et al. [46, 47] reported the application of imposed ultrasonic vibration in the
machining of aviation materials. On the basis of a conventional turning machine, high
frequency mechanical oscillation (20kHz) in the feed direction was imposed on the

cutting tool through an ultrasonic transducer and an auto-resonant control system. By
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machining two nickel-based alloys used in modern aviation industry, Inconel-718 and
C263, it is shown that the surface quality was enhanced significantly as a result of the
ultrasonic vibration. Comparing to the conventional cutting approach, the presented
method achieved a roughness improvement of up to 40%. In a later study, Jin and
Murakawa [32] proposed an improved design for the ultrasonic cutting tools to avoid
tool chipping in such applications. By manufacturing the tools with high rigidity
material and improving the shape of the cutting edge, it is expected that the tool life

can be prolonged considerably.

Kim and Choi [48] investigated the micro-surface machining of optical plastics using
an ultrasonically excited cutting tool. It is reported that when the depth of cutting was
less than 2.7um, ultrasonic cutting was capable of achieving ductile cut surface on
optical parts with improvements in both waviness and roughness of the machining.
This suggested that the ultrasonic cutting could be used as an alternative method to
conventional grinding and polishing in the manufacture of high precision optical

components.

1.4 Bone Cutting in Surgery

Applications of high power ultrasonics have also emerged in medical applications.
Among them is ultrasonic bone cutting. The cutting of human hard tissues such as
bones is an important operation in surgery, especially in osteotomy. However, it can
be a challenge for surgeons to perform precise and safe operation due to the hardness

of the tissues.

1.4.1 Structure of Bone

Bones are in fact complicated composite materials consist of various kinds of tissues,
including crystals of mineral and protein. This provides both strength and resilience
so that the skeleton can absorb impact without breaking. The structure and
composition of a bone depends on numerous factors such as physiological function,
skeletal site, age and sex of the body [56]. Figure 1.3 illustrates the structure of a
human long bone. In the simplest form, the bone can be regarded as made up of two
layers. The outer layer is a dense and rigid tissue referred to as compact or cortical
bone. This layer is hard and provides adequate strength for the bone to withstand

forces. For an adult human body, the compact bone accounts for 80% of the skeleton.

13



As a result of its hardness, considerable difficulties may be encountered when cutting
this tissue. Beneath the outer layer is the spongy tissue referred to as cancellous or
trabecular bone. The cancellous bone is less dense and has lower strength than the

compact bone. Thereby this layer is less difficult to cut than the outer layer.

Spongy Bone

Compact
Bone

Spongy Bone

Figure 1.3 Structure of Bone [S8]

1.4.2 Heat Generation and Thermal Damage of Bone

In operations such as bone cutting and drilling, heat generation can be caused by
friction between the tool and tissue and shearing of the material [59]. For
conventional osteotomy such as bone drilling, the factors influence the heat
generation include the speed of cutting/drilling [60, 61], applied force [62, 63],
irrigation [64, 65], and design of the cutting device [66]. To reduce the generation of
excessive heat during the operation, methods of cooling the cutting tool are usually
required [67]. For ultrasonic bone cutting, the heat generation can be affected by the
frequency and amplitude of vibration [68], applied force [69], and design of the
cutting profile [12]. In addition, heat induction can also increase as the duration of

cutting process is increased [65, 70].

For either spongy or compact bone, if the tissue is subjected to elevated temperature
during the cutting process, irreparable thermal damage or necrosis may occur in the
bone, which can cause negative effects for the operation and prolong the recovery
time for the patient [71]. The highest temperature the bone tissues can suffer depends
on the condition of the bone and the duration of heating. Generally, bone necrosis is
most likely to occur at a temperature threshold of 50°C-70°C. Lundskog [11] showed

that cellular necrosis can occur if bone is exposed at 50°C for longer than 30 seconds.
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Study conducted by Mortiz and Henrique [72] observed immediate damage in
epithelial cells exposed to a temperature of 70°C. Although it may be acceptable for
the bone to suffer higher temperature if it is only exposed to elevated temperatures for
a very short period of time [11, 59], it is suggested 55°C can be used as a threshold
[71] as this temperature would be sufficient for a bone to suffer serious damage if the

tissue is exposed to the heat for longer than 30-60 seconds.

1.4.3 Conventional Bone Cutting Instruments

Conventionally, bones are cut by hand operated tools such as bone pliers, chisels and
saws, as well as by electrically or pneumatically driven devices, such as electric bone
saws, as illustrated in Figure 1.4. The hand operated bone cutters that are still being
used today can be dated back to the 17th or 18th century, most of which were initially
inspired by the tools used in wood industry [13]. One of the main disadvantages of
these cutters is that they require the operator to exert considerable physical effort to
perform cutting on hard bones. This not only introduces difficulties for the operation
but also increases the hazard of causing damage to the surrounding soft tissues.
Nevertheless, such tools have been used by surgeons for centuries and they were

satisfactory equipments when osteotomy was limited to amputations [13].

a) Amputation Saw \_‘)
ai%
E}"é.‘ =
g R =7
| |
|

b) Bone Chisel
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¢) Bone Pliers

Figure 1.4 Bone Cutting Tools

Powered bone cutting tools, such as electrical bone saws, take advantage of high
speed mechanical motion, either rotary, reciprocal or oscillatory movements, to
achieve deep incisions in bone. These tools can reduce the physical effort of surgeons

in bone cutting and increase the speed of cutting. However, the fast movement of the
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mechanical components in such tools can cause vibration and noise in the operation,

introducing inconvenience for surgeons to perform precise incision.

1.4.4 Ultrasonic Bone Cutting Technology

(1) Features of Ultrasonic Bone Cutting Technology

Ultrasonic cutting technology has been introduced for surgical applications since the
1950s. Ultrasonic bone cutting applies high frequency mechanical vibration of a blade
tuned at a specific frequency to make incision on hard tissues. The main advantages
of this technology are as follows [9, 73-75]:

(1) Low bleeding. The basic mechanism of coagulation in ultrasonic cutting is
regarded to be the denaturation of protein under the combined effects of
frictional heat and ultrasonic energy [76-78], which seals the vessels around
the cutting site and reduce bleeding [79]. Both the cutting and coagulation
processes may be controlled by altering the vibration parameters of the
ultrasonic cutting devices [78].

(2) Smooth and precise cutting. Limited vibration amplitude (normally less than
200um) and low cutting force allows the operator to control the cutting
procedure precisely [2, 13].

(3) Selectively cutting and reduced risk of soft tissue damage. The effect of
ultrasonic cutting varies between different kinds of tissues [6]. Taking
advantage of this, ultrasonic cutting devices can further benefit from the
capability of selectively cutting. Beziat et al. [10], Yaman and Suer [80], and
Labanca et al.[7] showed in surgical operation cases that the ultrasonic devices
designed for mineralised tissue cutting were capable of making incisions in
hard tissues effectively while leaving surrounding soft tissues intact. A worst
case scenario study was reported by Schaeren et al.[81], where nerve tissue
was exposed to prolonged and direct contact with an ultrasonic bone cutting
device. It showed that the cutting device did not dissect the soft tissue, and the
structural and functional damage induced in the tissue was limited. The
application of such devices may minimise the injury of soft tissues in

osteotomy.
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The ultrasonic bone cutting devices can have similar structure as the tools used in
ultrasonic food cutting. However they are usually designed with additional features,

such as functions of irrigation, to meet the requirements of medical procedures.

(2) Research and Development

The earliest attempts of applying ultrasonic technology in the cutting of human hard
tissues were made in dentistry. In 1953, Catuna [74] reported the application of
ultrasound in the preparation of tooth cavities for restoration. Initially, industrial
devices, such as impact grinders, were used to generate ultrasonic vibration and
complete the operation. After a series of successful experiments, specialised apparatus
were designed as a new type of surgical tools [73]. However, these ultrasonic devices,
compared to conventional electrical or pneumatic powered dental units, were
cumbersome and expensive. As a result, although the ultrasonic technology was
considered to be of numerous advantages, including reduced tissue heating, low
applied pressure during operation, and improved patient experience [73-75], its

commercialisation in surgical application was limited in the 1950s.

Nevertheless, the possibility of using ultrasonic vibration in the cutting of bone
continued to be explored. Zinner [82] suggested an improved ultrasonic instrument,
equipped with a scaling tip in its probe-like design, to be applied together with water
coolant for the removal of teeth plaque and calculus in dentistry. Vang patented a
surgical scalpel device in 1955 which used longitudinal vibration of 6kHz-12kHz to
cut biological materials [83]. Although the working frequency of this device was
below the ultrasonic range, Vang's design demonstrated the concept of using high
frequency mechanical vibration to facilitate surgical procedures. This invention was
later improved by Shaefer in 1958, replacing the initial solenoid-magnet transducer
design with a piezo-electric assembly [13]. Sawyer further improved Vang's design in

1974 and filed a patent for an electrical ultrasonic knife [13].

The first ultrasonic bone cutting device used for bone surgery was designed by
Loschilov [24], referred to as URSK-7N. It utilised the effect of magnetostriction to
convert electrical excitation into ultrasonic vibration at the frequency range 25kHz-
30kHz. An ultrasonic booster (horn) was used to amplify the mechanical vibration,

generating output of 50um. To facilitate cutting in different surgical procedures, end
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effectors of various shapes, such as scalpel or saw, could be fitted as required. After
completing a large number of clinical operations with this apparatus in 1969-1971,
Volkov [24] concluded that it simplified the orthopaedic operations by enabling the

surgeons to perform precision cutting of just two centimetres in size.

Mararow [84] and McFall et al. [85] conducted animal based studies in order to
compare the performance of pneumatic and electric powered burs and saws to an
ultrasonic cutting apparatus. The studies confirmed that the ultrasonic device could
improve the precision of cutting and reduce the possibility of soft tissue damage.
Although both Mararow and McFall reported that slower rate of healing was found on
the incisions made by the ultrasonic device, the sites healed normally within the
period of the experiments. McFall also commented that the introduction of saline
during the cutting process could reduce the time of healing. In a later study, Horton et
al. [86] investigated the cutting capability of an ultrasonic instrument which used the
chisel-like action to remove bone material. Incisions on dog alveolar bone were made
in a clinical procedure using both the ultrasonic apparatus and a conventional rotary
bur. Post-operation histological observation of the bone suggested that the ultrasonic
instrument resulted in rougher cutting surface than the rotary bur. However higher
healing rate was found in the case of ultrasonic cutting. Similarly, comparison
between an ultrasonic saw and an oscillating saw was done by Aro et al. [43], stating
that smoother and more precise incision was achieved in the ultrasonic cutting. Based
on the dog experiments, Horton et al. [29] evaluated the ultrasonic instruments in
surgical applications including teeth removal and osseous management in periodontal
therapy. Positive conclusions were drawn towards the application of the ultrasonic
technology. In addition to the improved control and enhanced cutting precision,
ultrasonic cutting was found to be without postoperative sequelae and of minimal
discomfort. Horton and Aro's work suggested that the ultrasonic apparatus were most
useful in the cutting of small bones. Nevertheless, a series of disadvantages with the
ultrasonic devices were reported, including inconvenience in the operation due to the
size of the apparatus and the need to configure the optimal operation frequency. Apart
from that, the application of ultrasonic technology did not improve the operation time
as the cutting efficiency of the ultrasonic chisel and saw was slightly lower than

conventional tools.
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Khambay and Walmsley [87, 88] developed an ultrasonic bone chisel which had a
similar design as Horton's apparatus [86]. The device used a straight cutting tip
shaped as a chisel and tuned longitudinally in order to allow the tool to take full
advantage of the ultrasonic vibration. It was designed to perform bone cutting which
was generally completed by conventional tools such as rotary drills or burs. The in-
vitro tests showed that the ultrasonic chisel achieved a cutting rate of 26-110mm/min
while the rotary bur was capable of achieving a higher rate of 48-185mm/min.
Though the cutting efficiency was lower than conventional tools, the ultrasonic chisel
only required a longitudinal force of 1.48-3.22N to be exerted during cutting,

allowing operation performing in a comfortable and precise way.

More recently, a large number of commercial ultrasonic surgical cutting devices have
become available, most of which are used for dentistry and osteotomy [39]. These
products are currently produced by companies such as Mectron (Italy), Resista (Italy),
BTTI (Spain), Satelec (France), Electro Medical Systems (Switzerland) and NSK
(Japan). Mectron s.p.a manufactures piezoelectric bone cutting devices, which are
referred to as the PIEZOSURGERY® products and are claimed to be one of the best
commercial bone cutting apparatus [39]. Figure 1.5 illustrates a product designed for
dental surgeries. This device consists of a control unit and a handpiece attached with a
changeable tool tip [39]. Longitudinal ultrasonic oscillation is generated and
transmitted to the tool tip, allowing the operator to perform cutting on bone. As
illustrated in Figure 1.5(b), a number of tool tips, designed with various shapes, are
available for different purposes of cutting, which enable the application of this device

for different types of oral operations, such as scaling, osteotomy and restoration.

a) Device b) Tool Tips

Figure 1.5 Commercial Ultrasonic Cutting Device
and Tool Tip (Mectron, Micropiezo S [39])
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According to the product documents, the bone cutting tools operate at 25kHz-29kHz,
with a displacement of 60-210um amplitude at the cutting tip. Compared to other
similar apparatus designed in the earlier years [86], these products are equipped with a
hand-piece of reduced size and advanced configuration, which simplifies their
operation and allows the performing of precise cutting. In addition, a solution for
cooling and debris removing is offered, using a pneumatic pump to jet physiological
sodium chloride to the ultrasonic cutting site. These features significantly enhance the

performance of the products.

Despite the popular application of ultrasonic technology in dentistry procedures,
challenges still exist in ultrasonic cutting when it is required to make deep incisions
safely in large bones such as femur [39], one of which is the occurrence of high
cutting temperature. Although cooling is usually applied during the cutting procedure,
it is desired to design the ultrasonic cutting devices in a way that minimises the
generation of heat while delivering satisfactory cutting performance. MacBeath [39]
detailed the design process of ultrasonic blades based on FEA and EMA. FE models
were used to evaluate the performance of a cutting blade as well as investigate the
relationship between the applied load, cutting speed and the material. The results of
the FEA were used to modify the geometry of the cutting tip with an attempt to lower
the possibility of heat generation. MacBeath's work showed that a carefully designed
blade geometry could reduce the cutting temperature in applications. In addition, it is