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Preface

Today, although the orthopedic surgery has come a long way through
adaptation/integration of modern tools such as sensors and computer aided drawing
(CAD) based generation of patient specific defined joint design and bone machining
parameters, it is still largely conducted by the surgeon using conventional tools
such as saw, ultrasonic cutter, hammer, drill, etc. Such mostly conventional way of
orthopedic surgery is associated with human and tool attributes and hence leaves
tremendous room for further development of operating tools and techniques. The
further developments are likely to address adverse effects of orthopedic surgery
such as but not limited to: severe damage of tissues within and surrounding
repaired/operated regions, low precision in final dimensional tolerance on
repaired/operated bone, relatively slow surgical processes, post-surgery tissue
trauma, rigorous pain, and in some cases post-surgery and related addition of cost.

In light of this, this is the first book that provides a comprehensive review of the
machining of bones and hard tissues for orthopedic surgery through points of view of
engineering and biology. The book begins with a description on the types of
orthopedic surgeries and their societal and economic impact. Such description was
intended to underscore the growing importance of the field of orthopedic operations
and the need and scope for further research and development in the field. The
complexity of orthopedic surgery can be realized from the complex nature of bone in
terms of its chemical and physical components and their properties. These aspects
are covered in the following sections on bone characteristics and physical and
biological effects of orthopedic surgery. The success of an orthopedic surgery for
precision and minimal damage to the bone and surrounding tissues depends on the
understanding and control of basic mechanical operations of the surgery. The fun-
damental physical principles and the interactions of process parameters associated
with the mechanical operations such drilling, sawing, grinding, and milling along
with thermal machining and associated machinability and resultant surface quality
are the topics of the next chapter. Although the procedures in current orthopedic
surgeries are mostly founded on the above mentioned mechanical operations, several
non-conventional techniques such as laser, microwave, ion beam, ultrasonic,
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waterjet, pneumatic, and hydraulic machining are being researched as potential
replacements for conventional mechanical operations in bone machining.
Description of these unconventional machining techniques is the topic of the sub-
sequent chapter.

The book further extends the discussion on physical aspects of the machining in
view of material (bone) and process parameters followed by a discussion on tem-
perature analysis. Often, temperature rise is unintentional consequence of the
conventional mechanical operations as well as that of some of the non-conventional
methods whereas it is one of the inherent processing parameters of
non-conventional machining techniques such as laser/ion beam machining. Hence,
development, measurement, and control of temperature during these processes are
elucidated in the following chapter. In depth understanding and predictive effects of
mechanical and thermal loading during machining operations on the basis of
computational modeling is the topic of the next chapter. Such description on the
computational approach is intended to assist in planning and optimization of the
process/procedure and system development for orthopedic surgery in clinical
environment. Finally, the potential of fully integrated automated machining oper-
ation in clinical environment is presented in the last chapter. The comprehensive
discussion of this book expected to lay the foundation for efforts toward future
development of improved orthopedic surgery with semi- or full automation, high
precision, rapid procedure, minimal invasive tissue-damage, no blood transfusion,
improved implant integration, and reduced cost.

As per authors’ knowledge, currently this is the only book on the present topic
available in the body of open source literature. Especially, the uniqueness of this
book lies in multidisciplinary nature of the subject matter which in turn likely to
remain a valuable source of literature to scientists, engineers and academicians
working in the area of bioengineering, biomedical engineering, manufacturing
science and engineering, application engineers and scientists/researchers working in
the manufacturing, orthopedic, and medical industry, and senior and graduate level
students in biomedical/bioengineering, mechanical, manufacturing, and materials
science and engineering. The authors are grateful to all researchers working in the
area whose literature in various sources remained the basis of content of this book.
Finally, the authors also thank Anurag Roy for conducting extensive literature
search related to the subject matter that provided the initial path for the content
discussed in this book.

Denton, TX, USA Narendra B. Dahotre
March 2016 Sameehan S. Joshi
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Chapter 1
Introduction

1.1 Orthopedic Surgery

Orthopedic surgery is the operational procedure employed for dealing with problems
associated with bones, joints. Orthopedic surgeries are becoming important part of
the human life. As a result of advances in medical field, the number of people seeking
orthopedic treatments has been increasing. Some of the major contributors towards
increasing number of orthopedic surgeries are old age, injuries related to sports, and
military. The field of orthopedics has become very important in day to day life.

Even though treatments related to bone healing and joint repair date back to 100
BC, the word orthopedia was coined by Nicholas Andry, Professor of Medicine at
the University of Paris in 1741 [1]. It is the combination of two Greek words, Orthos
meaning free of deformity and Paidios means a child. The illustration used by Prof.
Andry to explain orthopedia is shown in Fig. 1.1 indicating that the deformity (bend)
in the trunk of a tree is analogous to the deformity in the back bone of human being
or any other structural bone that can be rectified to make it straight (orthopedia) by
orthopedic surgery. This description makes it clear that earlier focus was mainly on
joint and limb problem in children but eventually the treatment has spread across
people of all ages. In addition, there are many types of orthopedic surgeries evolved
with the progress in medical field. The current era is described as the limb salvage
era where orthopedic surgeries are not only confined to replacement of joints and
removing the bend in the bone but they are also performed to replace or fix sections
of bones of any limb in the body. On the contrary, earlier the common approach was
to cut off the limb itself to cure and save the patient’s life. Taking above discussion
into consideration, there are various types of orthopedic surgeries evolved as a result
of advancement in the medical field. Following subsection briefly discusses various
types of orthopedic surgery.

© Springer International Publishing Switzerland 2016 1
N.B. Dahotre and S.S. Joshi, Machining of Bone and Hard Tissues,
DOI 10.1007/978-3-319-39158-8_1



2 1 Introduction

Fig. 1.1 Tllustration of
orthopedia similar to what
published in Prof. Andry’s
book

Ropes to make
the trunk straight

Straightening

Bent Trunk stick

1.1.1 Types of Orthopedic Surgery

There are various types of orthopedic surgeries. Basically they can be divided into
surgeries related to the bone and surgeries related to the joints [2]. The brief classi-
fication and description of each type has been presented below.

Orthopedic Surgeries of Bone

o Autograft (bone grafting): It is a surgical procedure wherein a healthy tissue is
transplanted into damaged or missing region so as to repair complex bone fractures.

e Laminectomy: It is a surgical procedure which separates and segregates a portion
of the vertebral bone named Lamina. This surgical procedure is aimed at reliving
the pressure.

e Osteotomy: It is a surgical operation wherein aim is to decrease or increase the
length of the bone using cutting exercises. It also involves changing the alignment
in some cases. This procedure is adopted to check hallux valgus, introduce course-
correction or in post-fracture situation whereby an attempt is made to straighten a
healing bone, which maybe fanning out crookedly.

e Reduction: It is a medical exercise used for effective restoration of a fracture or
any dislocation so as to ensure proper alignment. It is always an attempt on part
of the orthopedic surgeons to reproduce the anatomy of a normal human being,
especially that of the fractured bone using the reduction process.

e Resection: This primarily utilizes surgery to separate out abnormal tissues, for
example mediastinal, neurogenic, germ cell tumors or thymoma. A very common
case of resection is removal of the large intestine.

e Limb Salvage: Surgery is practiced whenever the need to rid the body of cancer
arises and simultaneously concerns pertaining to avoiding amputation exist. In
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light of this, the patient’s appearance needs to be preserved uniquely and ensure
that the affected limb has the maximum number of functional degrees.

Orthopedic Surgeries of Joints

e Arthrodesis (fusion): It is the artificial induction of joint ossification for two or
more bones using the surgical methods. It is most commonly performed on joints
located in the spine, foot, ankle, and hand.

o Arthroplasty: It is a type of orthopedic surgery in which the articular surface of
a musculoskeletal joint undergoes replacement, remodeling or realignment using
osteotomy or similar procedures. For relieving pain and restoration of proper func-
tioning of the joint post-damage by arthritis or other traumatic experiences, it is
considered to be a very efficient methodology.

e Revision: It is the procedure adapted to replace old implants by modern advanced
components. The requirements are planning during the pre-operative stage, sophis-
ticated tools, proper implants, and expertise in challenging surgical procedures.

e Synovectomy: It is the removal of a portion of the synovial membrane belonging
to the synovial joint using surgical methods. It has been extensively adopted for
the treatment of rheumatoid arthritis, Synovial osteochondromatosis, and Synovial
chondromatosis.

Thus in the advent of advances in surgical tools, monitoring instruments, and medi-
cines orthopedic surgeries have become very common and frequent in improving
the quality and span of human life. Following section provides an overview of the
scocioeconomical aspects related to orthopedic surgeries.

1.2 Societal and Economic Impact

Since initial efforts dating as back as 100 BC, the main aim of orthopedic treatments
has been to cure the pain and make the patients life as normal as possible. Orthopedic
surgeries have helped people to live near normal life and with technical advances
the results are improving. This has further resulted in development of a huge mar-
ket for orthopedic surgery and related auxiliary fields. The situation can be realized
by considering example of the field of bio materials. Orthopedics as a whole has a
major share in the field of surgery (Fig. 1.2). The market is ever growing in terms of
economics as well as absolute numbers. The major share as of 2009 came from the
United States (Fig. 1.3). However, the numbers are also increasing in other countries.
The reason could be attributed to spread of technical expertise and relatively inexpen-
sive facilities available in other countries. As an example, the number of replacement
surgeries has been growing steadily in Australia (Fig. 1.4, source from reference [3]).
This trend shows that more and more people are leaning towards orthopedic surgeries
than ever before. Orthopedic treatments are helping people to abate the pain in the
joints as well as bones and they are making life more comfortable. The independence
of a person in day to day activities is sustained by not requiring the assistance as a
result of disappearance of pain after orthopedic treatment.
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Fig. 1.2 Share of orthopedics related biomaterials in the year 2009 (Data source
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Fig. 1.4 Bar chart showing number of replacement surgeries per year in Australia (Data source
Australian Orthopedic Association 2011)

Apart from influencing human life in positive manner, the other important factor
related to orthopedic surgery is economic aspects. As a result of increasing numbers
and demand, a huge amount of money is being invested in the orthopedics and
related fields. The spread of orthopedic surgeries along with other treatments to
many countries has created the field of medical tourism. A brief overview of costs
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Table 1.1 Cost of orthopedic replacement surgery

Orthopedic surgery | Country-wise cost (USD)

USA India UK Singapore | Mexico Malaysia
Hip replacement 47,000 9000 12,000 11,000 17,300 10,000
Knee replacement | 48,000 8500 10,160 13,000 14,650 8000
Hip resurfacing 47,000 8250 20,000 12,000 12,500 12,500

associated with some of the replacement surgeries is presented in Table 1.1 (source
of data in Ref. [4]). Even though some countries like India offer significantly less
cost than others, the ever increasing numbers described before make the market very
big for orthopedic surgery. In addition, orthopedic surgeons are one of the highest
earners amongst various kind of surgeons motivating medical students to pursue
specialization in this field. Therefore, a lot of money is being invested by people
in the field of orthopedics not only as the means of treatments but also in getting
education in this field.

Orthopedic surgery has been an important part of human life. It wields huge
economical impact making a large market related to the field of surgery itself and
other auxiliary branches like biomaterials. Bone machining is an integral part and a
foundation of the orthopedic surgery. Bone machining facilitates various orthopedic
procedures. In view of this, the following section provides a brief overview of the
role of the bone machining.

1.3 Bone Machining: Overview

Bone machining is a fundamental operation of the orthopedic procedure. Until lately,
the field of machining was not considered from technical point of view. The main aim
was to just perform the machining operation by intuitively controlling the parameters
for minimal or no damage to the bone without any understanding of the fundamentals
of the machining process. In addition, traditionally the techniques have been mainly
based on contact machining employing mechanical tools like cutting saws and drills.
However, the specialized tools of various metallic materials were also designed and
investigative efforts on the interaction of bone with these metallic materials were
initiated in the past century [5]. With further advances, a lot of investigations were
conducted related to the tool materials, mechanical aspects of machining and their
biological and cellular impact on the bone. As a result, the number of publications
related to bone machining are ever increasing in each decade (Fig. 1.5). Furthermore,
novel techniques are being developed which could potentially serve as minimally
invasive for the patient. One of such minimally invasive techniques is laser based
machining. The increasing trend of publications per year on laser based machining
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Fig. 1.5 Number of papers published over the period of time in the field of conventional and laser
based bone machining. (Data source a literature search on Sciencedirect’ ” and Google Scholar” ™
engines)

since 1970 is an indication of the ever increasing amount of research efforts in the
field (Fig. 1.5).

The field of bone machining can now be considered to have two major branches,
namely conventional and non conventional methods of machining. Conventional
methods are contact based techniques involving mechanical tools. Often, the methods
bare the same name as that of the fundamental operation these methods carry out such
as drilling and cutting. Non conventional methods on the other hand involve novel
techniques such as high energy density radiation based techniques or integration
of the existing advanced machining into hybrid techniques such as ultrasonic. The
field of non conventional techniques is relatively new and efforts are being made to
actually adopt these techniques in the clinical environment.

The research involving bone machining, whether conventional or non conven-
tional mainly focuses on the following key aspects:

Effect of machining parameters

Tool design

Development of new methods and setups
Automation and robotics

Biological impact

These studies involve both experimental and simulation approaches. All these efforts
are clearly influenced by the complex chemical and physical nature of bones and
their thermophysical properties. The inherent and undesired damaging effects of
machining operations also find origin in the complex nature of bone. In light of this,
the forthcoming section is dedicated to the description on the nature of bone, its
types, and thermophysical properties.
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1.4 Bone Characteristics

Bones are rigid organs that constitute part of the endoskeleton of vertebrates [7].
The underlying composite structure and chemical composition are responsible for
functionality of the bone. The main functions of bone are enlisted below [8].

e Structure: To provide a structural stability to the body.

e Protection: To protect various organs by forming a skeleton.

e Movements: To facilitate the various movements of the body along with joints,
ligaments, and muscles.

e Cell production: Bone marrow plays a key role in production of red and white
blood cells.

e Storage of components: Bone stores many important constituents needed for
biological processes within the body such as minerals (mainly phosphors and
calcium), fatty acids and growth factors. In addition, bone also helps in body pH
control via release of the stored components. Furthermore, bones act as a sink
for harmful toxins such as heavy metals and help in excretion of these harmful
chemicals.

Furthermore, both structure and properties of bone play a decisive role in deter-
mining its response towards machining operation by contributing to thermophysical
properties of the bone. The structure and properties of the bone may vary depending
on many variables such as type of bone, age, gender, dietary habits, and geographic
location. As an example, the dependence of Young’s modulus of bone on calcium
content is shown in Fig. 1.6 [6]. It clearly points out the huge variation in Young’s
modulus with slight changes in Ca content. However, most of the times, the general
nature of the structure and average values of the properties are considered in the
literature for calculations related to machining process. Presently, the technological
advances have made it possible to extract patient specific information about the bone
tissue before the surgical operations itself. Therefore, it is important to understand
the structure, chemistry, and in turn the thermophysical properties of the bone in
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order to get an insight into material removal in this case. In light of this, the current
chapter explores the basics about bone structure, its types, and general properties.

1.4.1 Bone Structure

Bone structure forms basis of the functions that these organs perform. It is composite
in nature and hierarchical in terms of length scales. The blend of inorganic and
organic materials contribute to this structure. The bone structure is discussed here
from chemical as well as physical length scale point of view.

1.4.1.1 Chemistry

Biologically, osseous tissue forms the building block of the mineral bone matrix
[8, 9]. These osseous tissues form osteotons which has a combination of various
materials (Figs. 1.7 and 1.8). The in vivo (living) bone consists of 60-70 % min-
eral, 10-20 % water, and the rest is collagen. The mineral is composed primarily of
hydroxyapatite (Ca;o(PO)s(OH),) crystals and provides the compressive strength to
the bone. The organic matter consists of type I collagen as the major component
which provides bone its tensile strength. Proteoglycans (a type of protein) helps in
preventing mineralization of the organic matter. The other compounds present apart
from collagen are osteocalcin, adhesive proteins, growth factors, cytokines, and
matricellular proteins [8]. Majority of the water is alongside the organic matter. The
chemistry of the bone is summarized in Table 1.2. In addition to osseous tissues, the
other types present are marrow, blood vessels, cartilage, endosteum, and periosteum
nerves. They integrate with the bone to perform the function of the organ.

1.4.1.2 Length Scales

The chemical constituents of a bone described before are distributed in various length
scales. On a macro level, femoral heads are connected to the middle section (technical
details about which are given in the next subsection) giving a typical “bone shape”
(Fig. 1.9 [10]). In cross section, on a micrometer length scale, an arrangement of
osteons described earlier exists with osteocytes (bone cells) embedded within their
pits (lucunae). A human body typically has billions of osteocytes [11]. Secretion by
osteoblast (cells responsible for formation of bones) traps them in turn forming an
osteocyte (Fig. 1.9). The blood vessels run through the cross section carrying essen-
tial supplies of necessary materials presenting an excellent example of natures own
micro scaled fluid mechanics (Fig. 1.9). Going further on smaller scales, a network
of collagen fibers is present (Fig. 1.9). The fibers are arranged in lamellar or woven
fashion. The lamellar type consists of orthogonal and twisted types of fiber arrange-
ment [12]. Further magnifying this fiber arrangement on microscale to nano scale,
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Fig. 1.7 Schematic of an osteon showing various structural features (reprinted from Buckwalter
et al. [9] with permission. © Wolters Kluwer)

collagen molecules enclosing the mineral crystals are present (Fig. 1.9). This forms
the basic ingredient of the bone as a body organ. The usual dimension of these crys-
tals are 50 x 25 x 3nm? (Fig. 1.10) [10]. Collagen fibers are fomred as a result of
secretion by osteoblasts. A tertiary arrangements with periodicity of 67 and 40 nm
hole zone between the end of the molecules is self assembled into collagen fibrils
(Fig. 1.10). An overlap of 27 nm together with the hole zone results in the periodicity.

Thus, it is clear that, in general every bone consists of chemically complex and
structurally intricate arrangement distributed at various length scales. However, the
complexity of the matter does not end here. The bones have various types based on
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Fig. 1.8 Scanning electron microscope image of osteon (reprinted from Buckwalter et al. [9] with

permission. © Wolters Kluwer)

Table 1.2 Chemistry of human bone

Constituent Volume % | Notes

Mineral 60-70 Majority hydroxyapatite crystals, provides compressive strength
Water 10-20 Water molecules are associated mostly with organic matrix
Organic matter | 10-30 Organic matter has type I collagen as the major component. It

provides tensile strength to the bone

location within the body as well as the shape. Such a classification is presented in
the next subsection.

1.4.2 Types of Bone

Bones have been broadly classified into various categories based on histology and
anatomy. These classifications help in understanding the function of various bone
types. A brief classification is presented in the current section. Even though the
discussion doesn’t cover the in-depth biological aspects, the information presented
is adequate and essential from the machining point of view. In addition, references
have been suggested which explore the in depth biology of the bones.
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1.4.2.1 Histological Classification

Histology is basically the study of various tissue types and anatomy associated with a
body structure. According to histology the bones are classified as woven and lamellar
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bones. The woven bone is pathologic and has not reached full maturity. It is weak and
possesses flexibility. It also has high turnover rate meaning a high volume of woven
bone gets resorbed to release minerals in to the blood and forms again frequently
[13]. Lamellar bones on the other hand are structural bones and makeup for large
portion of the skeleton. These are further sub classified as cortical and cancellous
bones. Cortical bones also called compact bones, are characterized by low turnover
rate, minor amount of porosity, and compactness. They form 80 % of the skeleton
[14].

The rest 20% of the skeleton comprises of cancellous bones also termed as
trabecular bones. These are comparatively much softer and porous and consist of
loose network of bony struts. The space in between is filled with bone marrow. The
soft and opens structure of cancellous bones helps in damping of physical shocks
and load transmission with the help of joints.

1.4.2.2 Anatomical Classification

Anatomically bones are classified as long, short, flat, and irregular. Diaphysis, meta-
physis, and epiphysis form the main components of long bones and do various
structural functions. This is schematically illustrated in Fig. 1.11 [15]. Thick tube
of cortical bone with thin canal of cancellous bone and marrow elements forms the
shaft shaped diaphysis. The ends of long bone are formed by epiphysis consisting of
thin layer of cortical bone enclosed in tracebular bone. The metaphysis functions as
a transition zone from the diaphysis to the epiphysis. Examples of long bone include
femur and humerus.

Short bones assist in shock absorption by spreading the load. Their width and
length are comparable. The examples of short bones are carpals and tarsal. Flat
bones on the other hand form a protective enclosure for body organs. These are
mainly present in parts such as skull and rib cage. Irregular bones as the name
suggests do not have a particular shape characteristic to be classified as long or short
or flat. These bones serve a purpose of protection (for example protecting the spine)
and serve as anchor points. The examples include vertebrae and face bones. Other
peculiar types of bone which only occur in specific locations within the body are
sutural/wormian bones (present in back portion of the skull) and sesamoid (present
in knee joints). This classification is schematically shown in Fig. 1.12 [15].

1.4.3 Thermophysical Properties of Bone

A composite nature and various types of the bone described earlier heavily influence
the thermophysical properties of the bone. These properties as described earlier
determine the response of bone to the action of tools. Another aspect is knowledge
about these properties is extremely important for process modeling. Considering wide
variety of materials and structural features, the bone properties are highly variable
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Fig. 1.11 The schematic of Structure of a Long Bone
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(Fig. 1.13 [16]) which makes it difficult to accurately determine them. Many factors
including gender, age, and diet influence the bone structure and in turn the properties.
Each constituent contributes to the overall properties of the bone composite. The
composite nature of the bone can be realized during mechanical loading where fibers
transmit the load to fibrils (Fig. 1.14 [17]). These fibrils absorb majority of the strain
thus protecting the brittle mineral crystals. Thus the properties measured for the bone
as a whole are a result of various materials and the way they have been arranged.
Usual practice of reporting the bone properties is the average in case of the type of
bone under consideration. The important mechanical properties are strength, moduli
of elasticity, shear, and flexure. These material properties determine the mechanical
response of the bone towards various machining operations. The stress distribu-
tion within the material ultimately leads to its removal by fracture thus generating
machining action. During such an action, the secondary effect that is thermal effect
also comes into play giving rise to temperature rise. This effect is critical from bone
damage point of view and can result in permanent death of bone tissues. The proper-
ties governing thermal effects during machining of the bone are specific heat capacity
and thermal conductivity. Thermal properties are also very important in high energy
density radiation based bone machining processes such as laser based techniques
wherein thermal effects are primary in nature and are, in fact, employed for material
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Fig. 1.12 Types of bone according to anatomy. (©) Blausen.com staff [15]

removal. Thus, its is important to have an idea about the properties described above
for deciding the machining parameters or predict the response of bone to the machin-
ing by computer simulations. In light of this, important thermophysical properties of
bone have been tabulated in Table 1.3. In some cases, however, individual thermo-
physical properties of the each chemical component might be required to predict the
overall machining behavior on various length scales. The response of each component
is expected to be different and one of those could play a deciding role. For exam-
ple, during laser irradiation of bone using Er: YAG laser, water absorbs the Er:YAG
wavelength and causes the bone to ablate. In light of this, some of the thermophysical
properties of each component of the bone enlisted in Table 1.4 are compiled from
various investigations [18-20].

Apart from the mechanical and thermal properties described above, in case of
radiation based techniques and their modeling, optical properties of the bone also
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play a critical role. However these properties have been discussed in detail in the
chapter on non conventional machining techniques.

Thus, it is clear that bones have various sizes and shapes and form an integral
and vital part of the body system. Any damage to the bones may lead to impaired
functionality of the organs. There is always an inherent damage to the bones during
orthopedic surgery or any surgery which requires cutting through the bones to access
the internal organs. Although technological advances have allowed in some cases
to have minimally invasive surgeries, it is not possible to eliminate such a damage
totally. The following section provides information about various damages that may
occur to the bone during surgical machining operations.

1.5 Physical and Biological Effects of Orthopedic Surgery

A machining operation leads to damaging effects within the hard tissue apart from the
material removal. Theses undesirable effects can be broadly classified as physical and
biological damages. Improvements are constantly underway within the conventional
bone machining methods and new techniques are being developed to minimize the
damages. However, it is extremely difficult to achieve total damage elimination. Such
damages may cause pain, longer healing times, and permanent impairment within
the hard tissues. Current section briefly explores the physical and biological damages
caused by bone machining operation in general. Detailed reasons behind origin of
such damages will be explored in the forthcoming Chaps.4 and 5.

1.5.1 Physical Damage

Machining operation inherently causes physical damages to the bone. These dam-
ages can occur in the form of cracking, surface roughness, and volumetric changes.
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Fig. 1.14 Schematic of a bone fiber tissue and corresponding graphs, a indicating the load trans-
mission from fibers to fibrils and b showing that majority of strain is absorbed by the fibrils to
protect the mineral crystals (reprinted from Seeman [17] with permission. (©) Elsevier)

In case of contact based techniques these effects are induced by forces generated by
movement of the tool. As soon as bone comes under the action of moving tool, the
stress starts to buildup (similar to what shown in Fig. 1.13). After loading more than
the ultimate tensile strength, bone fails. This failure might initiate with formation of
cracks. Considering the brittle nature of the mineral, crack formation is easily facili-
tated. These cracks can propagate through the cross section and damage the tissues.
In addition, based on tool geometry, the machining action can produce differential
surface finish on the bone. Surface roughness, has influence on bone healing process
[21] as well as the mechanical properties of the bone [22]. Thus, although the volume
removal is the necessary action, other secondary effects act as harmful.

In case of high energy density radiation based techniques, even though there is not
a direct mechanical stress generation, bone does experience generation of thermal
stress. However, unlike mechanical machining, the high energy density radiation
based technique is a non-contact machining technique. During such a non contact
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Table 1.4 Thermophysical properties of bone components

Property Material

Water Collagen Mineral
Density (g/cm?) 1 ~1 3.14-3.21
Thermal conductivity (W/m?/K) 0.37-0.50 0.55 0.6
Specific heat (J/kg/K) 0.662 1.79 4.17
Emissivity 1.01 1.01 1.01

high energy density radiation based machining technique, rapid heating gives rise
to phase changes in bone constituents and vaporization removes the material. These
techniques also affect surface roughness. In addition, as there is a large variation in
temperature for very short duration of time, thermal stresses are generated that may
result in formation of cracks leading to tissue damage.

From above discussions, it is clear that machining processes result in various
physical damages. In light of this, the choice of processing parameters becomes
very critical. Apart from mechanical effects (cracking), due to mechanical and ther-
mal stresses, the temperature rise as undesirable side effect in mechanical contact
machining and as an inherent part of the high energy density radiation machining
is associated with biological and cellular damage of the bone. Following subsec-
tion covers the essential details about temperature induced biological and cellular
damage, technically termed thermal osteonecrosis.

1.5.2 Osteonecrosis

Accumulation of heat during bone machining leads to substantial rise in the bone
temperature. Such a rise in temperature can lead to necrosis (irrecoverable damage)
in the tissues subjected to heat. In clinical terms, necrosis is the cell death due to
an irreversible external injury, which is recognizable microscopically by alterations
in the nucleus [23]. Normally observed changes are swelling, pyknosis (irreversible
condensation of chromatin), karyorrhexis (destructive fragmentation), and karyolysis
(dissolution of a cell nucleus). In addition the cytoplasm, a cellular liquid, becomes
eosinophilic (readily stained by eosin chemical). In case of bone death, the term
osteonecrosis is used.

Osteonecrosis has been reported to cause the collapse of the architectural bony
structure, leading to joint pain, bone destruction, and loss of function [23]. An exam-
ple of osteonecrosis in case of femoral bone is presented in Fig. 1.15 [24]. The process
starts with the damage (Stage I), followed by trauma and pain leading to limited range
of motion, particularly internal rotation and abduction. The pain gets worsened in
Stage II and III. Progressive loss of articular cartilage occurs in Stage IV finally
leading to decreased joint space and collapse of the femoral head.
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Stage | Stage Il Stage lll Stage IV
Fig.1.15 Four radiographic stages of osteonecrosis. Stage I normal radiographic appearance. Stage
II transition phase. Stage III sequestrum with subchondral collapse. Stage IV = decreased joint
space and collapse of the femoral head (reprinted from Beaulé and Amstutz [24] with permission.
© Wolters Kluwer)

Fig. 1.16 Micrograph
showing thermal damage in E
bone during cutting
(reprinted from James et al.
[25] with permission. ©
Elsevier)

Cut Surface F

Osteonecrosis can initiate because of several reasons such as accidents causing
fracture, consumption of some medication, alcoholism, and heat exposure [23]. In
case of bone machining, heat exposure becomes a significant factor leading to rise in
temperature. This leads to thermal osteonecrosis causing damage to the bone struc-
ture. Origin of such damage arises from thermal instability of various constituents
of the bone [26]. For example, the enzyme lysyl-tRNA-synthetase essential for cell
functioning is prone to thermal damage. The process of denaturation (proteins expe-
riencing structural damage) begins at 40 °C and half life reduces to less than 5 min at
45 °C [27]. Collagen, on the other hand is characterized by denaturation temperature
of 60 °C [28]. An example of thermal damage during cutting of the bones is shown in
Fig. 1.16 [25]. The discoloration at the cut surface is clearly seen. Heat decreases the
affinity of extracellular protein collagen for the pink eosin stain and promotes affinity
for the blue hematoxylin stain. Thermal damage at the cut surface is clearly visible



20 1 Introduction

in Fig. 1.16 as the blue hematoxylin stain penetrates deep within the bone. This is
indicated by the absence of osteocytes from their lacunae. The dispersion of empty
lacunae is clearly separated from the viable osteocytes, indicating the probable depth
of osteonecrosis.

In one of the early studies, Moritz and Henriques investigated the effect of the
time and temperature on thermal necrosis of the bone [29]. Time for thermal necrosis
was measured over a large temperature range (40-100 °C). A temperature of 70 °C
killed the epithelial cells instantly, at 50 °C however 30 s were required. Temperature
of 45 °C had to be maintained for more than 5 h to harm the cells. The study found
that as the temperature increased, the amount of time required to initiate thermal
necrosis decreased.

On the other hand, Lundskog [30] described extensive necrosis in cortical bone
at a temperature of 70 °C and measured a threshold temperature of 50 °C at 30 s
exposure. Eriksson et al. [31] found that in case of rabbit bones subjected to 47 °C
for 1 min resulted in necrosis. It is assumed that on average the threshold temper-
ature, at which necrosis is most likely to appear is around 50-60 °C, but the time
duration is dependent on the severity of temperature, according to the variety of
published experimental results. Nonetheless, it is realized that the thermal damage
starts at around 45 °C and a temperature of above 55 °C produces coagulation of cell
structures. From the physiopathological point of view enzyme inactivation occurs
by disrupting the cell metabolism. Further increase in the temperature vaporizes the
cell water giving rise to excess pressure which eventually culminates in explosion
and carbonization of the cell [32].
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Chapter 2
Fundamental Operations
of Bone Machining

Currently, the majority of conventional orthopedic surgeries adopted for shaping and
forming bones involve the contact methods based on controlled mechanical frac-
turing (chipping) of the bones. The fundamental operations involved in mechanical
fracturing of bone are drilling, sawing, grinding/abrasive machining, and milling. The
various methods designed for mechanically shaping and forming bones during ortho-
pedic surgeries in the clinical environment are either based on single or combinations
of these fundamental operations. The examples of methods based on combinator-
ial fundamental operations are: ultrasonic, pneumatic, and hydraulic machining. In
addition to these mechanical operations/methods, several non-contact thermal pho-
ton/electron energy based techniques are also being researched for their possible use
in orthopedic surgeries. The thermal energy-(bone) material interaction raises its tem-
perature to the melting or vaporization temperature depending upon the magnitude of
the thermal energy and photon/electron energy-material interaction characteristics.
Thus a bone can be shaped and formed by removal of the bone material through
controlled melting and/or vaporization. The non-contact thermal machining tech-
niques/methods based on photonic/electron energy that are being explored in bone
machining include but not limited to laser, microwave, and ion beam machining. The
purpose of this chapter is to present only the fundamental principles behind mechan-
ical and thermal operations in removal (machining) of material in general. Whereas,
the implementation of these fundamental operations and methods/techniques partic-
ularly for machining of bones are described in detail in Chaps. 3, 4, and 5.

2.1 Drilling

Drilling is a basic machining operation to cut a hole into solid material. It can be
further extended to enlarge previously drilled holes and in that case the operation can
be described as core drilling or counter drilling/boring . If the same drill is employed
to cut a hole of two or more diameters, the operation is termed as step drilling. For
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enlarging the hole with an intention to achieve more accuracy, a boring operation
is adopted. On the contrary, if the intentions are not just to enlarge a hole but also
produce hole of accurate size and good surface finish with minimal material removal,
an operation of reaming is employed. Furthermore, operations of enlarging a hole to
a limited depth, enlarging a hole with a shallow depth to just finish face around the
original hole, and cutting of an angular opening into the end of a hole are termed as
counterboring, spot facing, and countersinking respectively. Finally, center drilling
is an operation used to drill a hole that will act as a center of rotation for many other
above mentioned drilling operations. Center drilling is typically performed using a
drill with a special shape, known as a center drill.

These various drilling operations and the types of drills employed during these
operations are schematically presented in Fig.2.1. The most common type of drill
used in drilling operation is the standard-point twist drill. They possess helical groves
or flutes as shown on the drill in Fig.2.1. The geometric parameters (cutting lips
and edges) that influence the drilling performance of a drill are a point angle, lip-
relief angle, a chisel-edge angle, and a helix angle. These geometric parameters are
schematically illustrated in Fig.2.2 [1]. The helix angle varies from 18° to 40° for
the drill used to drill hard materials and soft materials respectively. The cutting lip
relief angle ranges between 12—15° at the outside diameter and decreases toward the
axis of the drill whereas too much relief weakens the cutting edge and reduces drill
life. Although the average point angle is 118° it can vary for specific purposes from
136° for hard materials (steels) to 60° for soft materials (wood). Maintaining equal
length of the cutting edges or lips along with their orientation in equal angle with the
axis of the drill are important for their accurate/precision performance over its long
life time.

Typically drilling operation can be categorized in two major operating regimes as
low speed and high speed operating conditions [2]. A low speed drilling involves tool
wear largely by abrasion and interaction of surface asperities under high pressure
leading to edge deterioration and formation and fracture of fusion zones. On the
contrary, although at high speed drilling high temperature development contributes
to drill wear, the material next to the drill face becomes weaker and shears more easily
in friction while both the coefficient of friction and the friction force remain low. If

Drilling
C‘Ore S_te_p Reaming Tool
Drilling Drlllllng Counter Counter rotation
Boring Sinking  and feed

direction

Fig. 2.1 Various drilling operations
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Fig. 2.2 Geometric features of twist drill (reprinted from Lee et al. [1] with permission. © Elsevier)

the drill of rotational velocity V,; exerts a force F (the force applied to the drill) on
the chip being removed from the workpiece (assuming orthogonal machining) and
its resolution (drilling force ) in the direction of drill velocity is F,; then power, P
required to drill is

P=F,V, (2.1)

The power does not increase linearly with speed as the drilling force decrease at
increased speed. During drilling the force that acts in the direction of the hole axis
is defined as the thrust force [2]. The thrust force depends upon various factors
such as feed, rotational speed, drill diameter, drill geometry, and the strength of
the workpiece material. The power, P dissipated during drilling is the product of
torque and rotational velocity, V,. The measurement and direct correlation of these
parameters with thrust force is complex and difficult. However, the material removal
rate in drilling M R R;,;;; can be expressed in the following simplistic relationship.

7 D?
MRRi = deR (2.2)

where D is the drill diameter, f, is the feed per rotation and R is the rotational velocity.

2.2 Sawing

In sawing the cutting tool is a blade (saw) with series of small teeth on its periphery
(edge) that remove a small amount of material by reciprocating linear or unidirec-
tional linear or circular motion. In sawing, due to a narrow width of cut (kerf) small
volume of material is removed (wasted). The important parameters associated with
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Fig. 2.4 Types of saw teeth

a saw are (1) material, (2) tooth spacing (pitch), (3) tooth size, (4) tooth form, and
(5) tooth set and these are schematically illustrated in Fig.2.3 [2]. Low alloy, high-
carbon steel, special steel alloy including stainless steel, and high speed steel are
the preferred materials for saw. Often, the saw teeth tips are welded/fused/inserted
with diamond, ferrous or non-ferrous carbide, and high speed steels for better per-
formance and longer lifetime of the saw. The performance of a saw in terms of rate
of volume of material removal and depth of cut are highly influenced by the pitch.
Coarse teeth are suitable for wider and faster cut whereas fine teeth are appropriate
for narrow cut. The pitch of circular saw is usually in the range of 5-51 mm and
typically the straight saws are available with the teeth in the range of 2 teeth/in. to
32 teeth/inch. The rake angle and clearance angle corresponding to single-point tool
along with alternate offsetting of the teeth with respect to the saw plane (Fig.2.4)
provide anti-binding and anti-rubbing characteristics to the saw during cutting [2].
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Even though the sawing blades have different shapes/forms (linear and circular)
their series of cutting teeth operate in the same basic manner. Therefore, the princi-
ples of sawing (machining) operation can be explained on the basis of theory related
to cutting by single-point cutting tool [2]. The basic mechanics of actual three dimen-
sional sawing process can be simplistically explained by two dimensional orthogonal
cutting model where the saw tooth edge is perpendicular to the movement of the saw
(Fig.2.5) [2].

As during sawing, the chips are generally produced by shearing process (Fig.2.5)
shearing occurs along a shear plane at the shear angle, ® with the surface of the
workpiece. The orthogonal cutting includes a configuration of a rake angle, o; a
relief or clearance angle and tool angle that together add to 90° (Fig.2.5).

For a saw set up at a cutting (sawing) speed, V, to remove an unformed workpiece
layer of thickness, h, and a chip of thickness, h,, then the cutting ratio, R, and the
shear angle, ® are expressed as

ho R.cosa
R.=—and tand = ——— 2.3)
he 1 — R.sin«x

Since chip thickness, h, is greater than the depth of unformed workpiece layer of
thickness, h,, the velocity of the chip, V., has to be less than the sawing speed, V,
thereby maintaining the continuity of mass expressed by the following relationships.

sin &
Vih, = V.h.or V. = V.R.or V. =V,

Tcos(d — @) 24

Finally, assuming an ideal condition where all shear during sawing is concentrated
in an infinitely thin shear layer, the shear strain, I" can be expressed as

_ Vs _ Vshear _ Vc
cos(® — ) cos sin®

2.5)
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where V.. is the shearing velocity in shearing plane. For the sheared element
(shear volume) of finite thickness, d, the shear strain, I" can be expressed as

Vxhear
d

I' =

(2.6)

The chip morphology significantly affects surface finish, integrity, and the overall
sawing operation. The magnitude of the shear angle, ®, for given undeformed chip
thickness controls the sawing force and energy.

2.3 Grinding/Abrasive Machining

Abrasive/grinding machining is a process of material removal via accelerated
wear/fracture of a surface by a multitude of hard, angular hard abrasive particles or
grains (grits) bonded or not bonded to a tool of definite form. The material removal
can be small (fine) or large scale. Typically abrasive/grinding machining is the last
operation performed on the component as often it is employed to produce high qual-
ity surface finish (roughness) with a desirable residual stress distribution and without
surface and sub-surface damage along with close dimensional tolerance.

The grits or abrasives commonly used during abrasive/grinding machining can
be broadly categorized as conventional (aluminum oxide and silicon carbide) and
super (cubic boron nitride and diamond) abrasives [1-3]. The life time and perfor-
mance of these grits are function of their various physical and geometric properties
such hardness, toughness, resistance to attrition and fracture, friability, shape, and
size. Hardness is the ability of the grit to resist penetration while abrading/scratching
the workpiece surface. The greater difference in hardness between a grit and the
workpiece will result in more effective and efficient grinding process. Super abra-
sives are the hardest materials. Toughness is body strength of a grit to withstand the
mechanical shocks. Attrition and friability are the abilities of a grit to dull or dete-
riorate by fragmentation in fine particles and break/fracture into large pieces during
grinding operation. Friability provides self-sharpening ability while resistance to
attrition maintains sharpness of the grit/abrasive. Both attrition and friability of the
grit depends upon hardness and toughness of the grit material to sharpen and main-
tain the sharpness of the grit during abrasive machining. Furthermore, friability is
also dependent on the shape and size of the grit. While blocky grits are less friable
compared to plate-like (flat) grits, the finer grits due to smaller probability of defects
in them are stronger and less friable than larger grits.

Typically abrasive/grinding machining operations are carried out with abra-
sive/grinding wheels or rotary tools bonded with grits of various shapes and sizes
into disks, cylinders, and cones of various shapes and sizes. The basic types of
grinding/abrasive machining are surface, cylindrical, internal, and center-less grind-
ing/abrasive machining [4]. Grinding of a flat surface is surface grinding; in cylindri-
cal grinding (center type grinding), the external cylindrical surface and shoulder of the
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workpiece are ground; in external grinding, a small diameter wheel grinds the inside
diameter of the workpiece; and when the workpiece is ground by a grinding wheel
or tool without supporting by centers or chucks, the process is termed as center-less
grinding. These grinding/abrasive machining operations are schematically illustrated
in Fig.2.6.
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Fig. 2.6 Types of grinding
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The attributes of grinding/abrasive machining are expressed in various manners.
The grinding ratio, G correlates the amount of material removed (ground) with the
grinding wheel/tool wear by the following formula.

Volume of material removed

- 2.7
Volume of wheel material

The grinding ratio depends upon type of wheel, workpiece material, grinding/cooling
fluid, depth of cut, and speed of wheel and workpiece. In surface grinding operation
(Fig.2.7) [2] the length, 1, of undeformed portion of the workpiece in contact of the
grinding wheel is approximately represented by the following relationship.

| ~ (Dd)* (2.8)

where D is the diameter of the wheel and d is the wheel depth of cut. Assuming
v « V and width of the workpiece unity, the number of chips and the corresponding
volume of the material removed per unit time are VC and vd respectively where V, v,
and C are the tangential velocity of the grain on the periphery of the wheel, velocity
of the workpiece, and the number of cutting points per unit area of wheel surface
respectively. Furthermore, assuming the chip removed is of constant width, w, and
rectangular in the cross section, the volume of the chip, V;,, is represented by the

following formula.

wtl
Vchip = 5

5 (2.9)
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Fig. 2.7 Surface grinding operation
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where t is the grain depth of cut (undeformed portion of the workpiece in contact
with the wheel). Next, the volume of material removed per unit time is given by the
following relationship.

Number of chips removed/time

Volume of workpiece material gound/time =
f P g / Volume of each chip

(2.10)

that is
VCwtl

vd = VCVaip = —

@2.11)

Finally, t, the thickness of undeformed portion of the workpiece in contact with the
wheel that is eventually removed as a chip of average thickness X, is given by

201 X3ds
1= 11T 1,71 (2.12)
ViCrw2 D3
As the accuracy of dimensions of the surface precision grinding/abrasive machining
is affected by the force on the grit, the force is proportional to the cross sectional area
of the undeformed portion of the workpiece in contact with the wheel, the relative
grit force is presented by

vd?
VCD:

Relative grit force x (2.13)

Finally, the temperature developed during grinding/abrasive machining can have
adverse effects such as development of thermal and residual stresses in the surface
and subsurface regions thereby introducing dimensional distortions in the workpiece.
The temperature rise in surface and subsurface region, AT, is function of the total
energy input to the surface area being ground and represented as

AT o ud (2.14)

where u is the specific energy consumed in producing a chip. If u is assumed to
be varying inversely with the thickness of undeformed portion of the workpiece in
contact with the wheel, t, then rise in temperature is given by

d 31 111
AT o S ocdivicipiv (2.15)

Although, localized temperatures at the wheel-workpiece contact region devel-
oped can be very high (>1000°C) and time of contact being very short, depending
upon the type of the workpiece material melting may or may not occur during grind-
ing/abrasive machining.
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2.4 Milling

Milling is a versatile machining (material removal) operation capable of producing
a wide range of machined (cut) geometries including flat surfaces, pockets, angles,
contours, steps, and slots [1, 2]. The tools or milling cutter employed for each of
these operations are different and specialized. These tools/cutters have multiple teeth
cutting edges configured around an axis that produce number of chips per revolution.
The machining action is generated by rotation of the tool and the feed by motion of
the workpiece. The combination of type of tool/cutter and feed mechanism together
define types of milling operations and resulting milling geometries as schematically
depicted in Fig. 2.8 [5].

The efficiency of the milling process can be realized through various critical
machining parameters such as cutting/milling speed, V,,; feed per tooth, f,,;; milling
time, t,,; and material removal rate, MRR,,;;;. In milling, the cutting/milling speed,
V.. 1s the peripheral speed of the tool/cutter and it is given by

Vin =t Dy Ny, (2.16)
where D,, is the cutter diameter and N,, is the rotational speed of the cutter as shown

in Fig.2.9. Feed per tooth, f,, and machine feed rate, V,, can be represented by the
following equations.

e

End milling Face milling a, Form milling

O Cutter rotation — — » Feed motion

Fig. 2.8 Types of cutters and milling operations (reprinted from Grzesik [S] with permission.
© Elsevier)
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where V,, is the machine feed rate (linear speed) of the workpiece and n is the
number of teeth on the cutter periphery. Further, the milling time, t,, is expressed by
the following equation.

fy = — (2.18)

where 1 is the length of the workpiece. Finally the material removal rate is given by

lwd
MRR,;; =

= wdv,, (2.19)

tl‘ﬂ

where w is the width of the cut. Both power (Force x Velocity) and torque
(power/milling speed) requirements in milling are dependent on the forces (tangen-
tial, radial, and axial) acting on the cutter of multiple teeth and complex geometry
and hence they are very difficult to calculate. However, they can be measured exper-
imentally for a variety of conditions. Furthermore, for rapid milling, feed per tooth
(f») should be as high as possible. Such heavier feed, however is likely to exert
greater load on the cutter teeth, workpiece, holding device, and milling machine.
For a fragile material, a light feed is appropriate whereas a heavier feed is possible
with soft materials. Irrespective of material type, a light feed leads to a good surface
finish.

The various geometries such as flat surfaces, pockets, angles, contours, steps, and
slots produced by milling are based on the following methods [1]. In slab milling or
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peripheral milling, the axis of cutter rotation is parallel to the surface of the workpiece
to be machined. Cutters used in slab milling possess straight or helical teeth and
produce orthogonal or oblique sections. During this type of milling the operation
can be conducted either as up/conventional milling or climb/down milling (Fig.2.8).
In up milling, the maximum chip thickness is at the end of the cut and hence tooth
engagement is not a function of workpiece surface characteristics and the process is
smooth. However, during the process the tool may chatter and the workpiece may
need proper clamping to avoid its pulling upward. On the other hand, climb/down
milling cutting starts with the thickest section of the chip and hence the downward
component of cutting forces holds the workpiece in place. The surface characteristics
influence the cutter teeth life during climb milling.

The milling process in which the cutter is mounted on a spindle with an axis
of rotation perpendicular to the workpiece surface is called face milling (Fig.2.8).
During face milling, the cutter rotates at a rotational manner while the workpiece
moves along a straight path in a linear manner. Like in slab milling, face milling
operation can also be performed in up/conventional milling or climb/down milling
mode. As the relative motion between the cutting teeth and the workpiece leaves feed
marks on the machined surface during face milling, such surface roughness depends
on insert corner geometry and feed per tooth. The method of end milling adopts the
cutter with either sharp or tapered shank and rotates either on an axis perpendicular or
tilted to the workpiece (Fig. 2.8). The end face of end mill with cutting teeth are used
as a drill to start a cavity, whereas end mill with hemispherical ends produce curved
surface and hollow end mill with internal cutting teeth machine the cylindrical surface
of solid round workpiece. Other miscellaneous milling methods include straddle
milling that is based on use of two or more cutters on an arbor to machine two
parallel surfaces on the workpiece; and form milling to produce curved profiles using
the cutters with specially shaped teeth.

2.5 Thermal Machining

A thermal machining using high energy density photon/electron heat sources such as
laser, electron beam, and microwave is being extensively explored to machine various
types of material systems [6, 7]. Although these techniques hold tremendous promise
for machining various shapes, sizes, and materials they have not yet made inroads
as routine commercial production techniques due to reasons such as but not limited
to (1) lack of full understanding of interaction of these heat sources with material
at atomic and molecular levels, (2) complexity and difficulty in maneuvering the
heat source for delivery to workpiece during machining complex shapes, (3) lack of
temperature dependent thermophysical properties of materials, and (4) safety issue
with a reflected stray energy due to highly reflective nature of these intense heat
sources with many types of materials. For all these prime and many other reasons,
these thermal techniques are termed as non-traditional or un-conventional machining
methods.
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As these sources generate heat through interaction of the photons and electrons
with the atoms and molecules in the surface and sub-surface regions of material.
By controlling the intensity of incoming (input) high energy density photon/electron
radiation, the temperature in heat source-material interaction region can be raised
to the level to remove (machine) the material via melting or vaporization. The pho-
tonic/electronic radiation can be delivered in pulsed or continuous mode. The level
(intensity or fluence) of energy delivered to the workpiece is function of power of
the photon/electron source, traverse speed of photon/electron source or workpiece,
photon/electron source coverage area on the workpiece surface, pulse frequency in
case of pule mode delivery, and photon/electron energy absorption characteristics
with the workpiece surface. Based on these process parameters and thermo-physical
properties of the workpiece material such as thermal conductivity, density, and spe-
cific heat as function of temperature, one can develop a computational heat transfer,
mass transfer, and fluid flow based model to predict photon/electron energy required
for the purpose of raising the temperature of material to remove (machine) it via
melting or vaporization for a desired removal (machining) rate [8, 9]. Several two
and three dimensional computational models incorporating various details for intense
heat based material machining have been proposed in the open literature [8—36]. Due
to the complexity associated with the interaction of materials with high energy pho-
ton/electron radiation and associated multi-physics phenomena along with lack of
data in the open literature on temperature based thermos-physical properties of vari-
ous materials, these computational models exist with various limitations in accurately
predicting the temperatures and material removal rates. Nonetheless, they continue
to provide important guidelines for future developments.

Considering the dynamic nature of the high energy density photon/electron radi-
ation based machining with very short interaction times ranging from mili-to pico-
seconds, it is extremely difficult to capture/realize various physical phenomena by
in situ measurements of thermodynamic and kinetic parameters during machining
process. In view of this, a multiphysics computational modeling approach incorporat-
ing physical phenomena such as heat transfer, fluid flow, convection mixing, surface
tension, etc. remains the viable basis of computational efforts [8, 9]. Through under-
standing of correlations among these physical phenomena and in turn development
of the correlation between these physical phenomena and processing parameters
one can develop a better control on photon/electron energy based material removal
(machining) rate and evolution of physical attributes (surface geometry and surface
roughness ) during machining operation. Furthermore, such methodology can be
extended to optimization of the process to achieve higher machining efficiency.

During multidimensional high energy density photon/electron radiation based
machining, material experiences various physical phenomena such as phase tran-
sition from solid-to-liquid-to-vaporization and material loss during evaporation. In
addition, the material surrounding ablated region also experiences the transition
dependent effects such as thermal expansion, melting, vaporization, along with gen-
eration of Marangoni convection in the melt and recoil pressure due to vaporization
during heating as schematically presented in Fig. 2.10. These physical transitions are
also associated with generation of various body and surface forces listed in Fig.2.11
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Fig. 2.11 Body and surface forces generated during thermal machining

[9] and depicted in Fig.2.10. All these physical phenomena can be built into a com-
plex computational model on the finite element platform. Such computational model
based on the multiphysics approach can combine heat transfer, fluid flow, and struc-
tural mechanics for combinatorial effects of these physical phenomena. The model
in turn can predict evolution of physical attributes/surface topography (depth, width,
and geometry) of the machined region as schematically presented in Fig.2.10 and
corresponding machining rate.
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The selective governing equations and boundary conditions for such multiphysics
computational thermal models are presented below. As the material removal during
such thermal machining is via controlled melting and vaporization, the prediction of
temperature evolution is very important and can be determined by the solution of the
equation governing the heat transfer given by

oT oT aT oT
o), ) ) ).] e
9/ (xy.2) 9%/ (y.2n) 9/ (x.en) 9z Sy

Here, k is the thermal conductivity, C,, is the specific heat and p is the density of the
material. Of course, temperature variation will be dependent on many complex physi-
cal phenomena occurring during various times of the heat source-material interaction
period. Hence, the accuracy of temperature predicted by solution to this fundamental
equation depends upon how diligently one can conceive and incorporate them into
the computational model. Further, the photon/electron heat source-workpiece inter-
action region is assigned a heat flux boundary with a moving photon/electron heat
source or workpiece defined by

oT 0T OT 4 4
—k|—+——+—|=PA+eo[T" —T)]1+hlT — To] .21
ox ay 9z

Here, h is the heat transfer coefficient, € is the emissivity, P is the photon heat
source power, A is the absorptivity, o is Stefan-Boltzman constant, and T is the
ambient temperature. All other surfaces are assigned convective cooling and surface
to ambient radiation boundary conditions given by the following relationship

oT 3T oT 4 4
—k|—+—+—|=€olT"—T)1+ [T — Tyl (2.22)
ox dy 0z

The heat transfer model can be extended to (1) multi-pass photon/electron heat
source processing to account for the reheating effects and (2) multiphase and mul-
ticomponent nature of the workpiece by adopting a rule of mixture approach for
thermophysical properties. Furthermore, a level-set method can be adopted to pre-
dict the evolution of solid-liquid-vapor interface. Temporal tracking of such interface
predicts the volume melted and/or vaporized from the photon/electron heat source-
workpiece interaction region and in turn assists in estimation of the geometrical
dimensions (depth and width) of machined region and machining rate during heat
source based machining. As stated earlier, the nature of formulation of computational
model depends upon consideration to details and complexity of the process and hence,
accordingly it is likely to provide the accurate values of machining attributes such
as surface roughness and machining rate. These details can be found in several
references in the open literature on computational modeling of heat source based
machining [8-36].

The basic description and key aspects of all above fundamental operations of
machining are summarized in Table 2.1. The table reveals the primary characteristics
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Table 2.1 Characteristics and key parameters of fundamental machining operations

Fundamental machining
operation

Basic
Description/characteristics

Key process
aspects/parameters

Drilling e A process used to produce a | e Drill type—a drill with
hole helical grooves or flutes
e A process also can be o Geometric parameters of
extended to enlarge a hole and | drill—point angle, lip-relief
then called core or counter angle, a chisel-edge angle, and
drilling a helix angle
o Utilizes a drill to accomplish | e Drilling peripheral
the material removal speed—high and low
e A drill is a rotary end cutting | @ Depth of cut/ depth of the
tool having one or more hole generated
cutting lips with single or o Feed: The rate that the drill
multiple helical or stralght advances into the material
ﬂu.tes.for passage of cl}1ps and o Thrust: The axial force
injection of cutting fluid . .
required to drill
e Torque: The twisting
moment required to drill
Sawing e A cutting process to remove | e Saw material—low alloy

material by moving a blade in
linearly reciprocating or
unidirectional linear or circular
motion

e Sawing blade is a tool with
series of small teeth on its
periphery

e Due to a narrow width of
kerf a saw removes small
volume of material

steel, high-carbon steel,
stainless steel, and high speed
steel

e Saw shape—liner and
circular

e Saw pitch—tooth spacing

e Saw tooth size

e Saw tooth form—straight,
raker, and wave

o Saw tooth tip
type—welded/fused/inserted
diamond and ferrous or
non-ferrous carbides

e Saw tooth flank

e Saw tooth back clearance
angle

e Saw tooth rake angle

e Gullet depth

Grinding/abrasive machining

e A process of material
removal via accelerated
wear/fracture of the surface

o A grinding tool comprises of
a multitude of hard and angular
hard abrasive grits bonded or
not bonded to a substrate

e Grit type—conventional
(aluminum oxide and silicon
carbide) and super (cubic
boron nitride and diamond)
abrasives

e Physical nature of
grit—hardness, toughness,
resistance to attrition and
fracture, friability

(continued)
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Table 2.1 (continued)

39

Fundamental machining
operation

Basic
description/characteristics

Key process
aspects/parameters

o The material removal can be
small fine or large scale

o Typically abrasive/grinding
machining is the last operation
performed on the component
to produce high quality surface
finish tolerance

e Geometric nature of grit size
and shape

o Shape of grinding
tool—disk, cylinder, cones and
various geometric shapes

e Grinding tool motion speed

Milling

e A machining operation to
produce various surface
geometries such a flat, pockets,
angles, contours, steps, and
slots

e The machining action is
generated by rotation of the
tool and the feed by motion of
the workpiece

e The tools employed for
milling have multiple teeth
cutting edges configured
around an axis that produce
number of chips per revolution

e Type of milling tool—slab,
face, end, straddle, slot/slit,
angle, shell milling cutters

e Milling tool rotary speed

e Milling tool feed per tooth

e Milling tool size

e Maximum milling force,
perpendicular and parallel to
the milling direction

e Axial Depth of cut

e Number of end mill flutes

Thermal machining

e A machining operation
involving removal of material
by melting or vaporization

e A machining tool can be an
intense source of photonic
beam of ultraviolet, infrared or
microwave nature

e The operation needs to be
conducted in air or vacuum

e Temperature required to
remove material by melting or
vaporization is generated
through interaction of the
photon source with the atoms
or molecules of workpiece

e Non-contact processes hence
no mechanical stresses are
involved

e Source of photon
energy—Ilaser, electron beam,
microwave

e Maneuverability of energy
source—ability to
focus/defocus, temporal and
spatial distribution within and
traverse speed of energy source

e Power level of energy source

e Operation mode of energy
source—pulse and continuous
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Fig. 2.12 Comparison of machining attributes of various machining operations

and/or parameters of these operations and important parameter that influence the
machining performance under these operating modes. Of course, all these operations
are complex and dependent on complex nature of interactions among of these primary
parameters and additional secondary parameters that are not included in Table2.1.
Furthermore, comparison of attributes of these machining operations/methods are
presented on Fig. 2.12. Due to several recent advancements in development of indus-
trial high power lasers, the new lasers are highly efficient in terms of energy delivery
through fiber optic as well as integration of them with the complex motion systems.
The machining operations with such integrated laser systems are highly efficient and
can provide much better characteristics than what is listed in Fig.2.12. Also costs of
these efficient lasers have dropped down substantially and can cost less than $100 K
for 1 kW output power.

2.6 Machinability and Surface Quality

During all machining processes, the efficiency in terms of time and cost and desired
outcome in terms of dimensions and surface finish of the process depend upon the
machinability of a material that is being machined. In general, the machinability
of a specific workpiece material can be expressed as the ease with which it can be
machined which in turn can be rated in terms of surface finish of machined compo-
nent, tool life, degree of dimensional control, machining force, and energy control
which depends upon speed, depth, and feed [2, 37]. Although attempts have been
made to rate machinability based on one or combinations of few above major factors,
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due to the complex nature of any machining operation, establishing a quantitative
relationship among these influencing factors to define a machinability for a specific
material is difficult. This can further be complicated by the development and lack
of control of temperature during machining. As a practical approach to this aspect,
surface finish and tool life are considered prime factors in machinability.

In general, combination of good surface finish and integrity along with long tool
life and requirement of low force and energy during machining are indication of
good machinability. In metallic material systems, machinability ratings are based on
comparing the machinability to AISI 1112 steel which is rated for its machinability
at 100 or 1.0 [2, 37]. As there is no standard machinability rating for comparison
available in non-metallic material systems, machinability rating of bones is difficult
to find in the open literature. Furthermore, due to the multi-component nature in
terms of chemical composition and physical architecture along with variation of
these components as function of type (male and female) and age of the bone it is
extremely difficult to quantify its machinability.

The surface quality produced during machining operation comprises of surface
finish and surface integrity (physical and chemical properties). As stated above, resul-
tant surface quality depends upon multiple factors such as machining force and energy
control that in turn depend upon speed, depth, feed, and thermophysical and mechan-
ical properties of the workpiece material [1]. Thus, controlling the machining process
for desired surface quality is a complex and can be explored through experimental
and computational efforts. The physical and chemical properties that affect the sur-
face integrity are residual stresses, plastic deformation, fracture/cracking, and phase
transformation. These physical and chemical properties affect mechanical (wear and
fatigue) and corrosion/oxidation performances of machined workpiece. Apart from
aesthetic appearance, surface finish directly and indirectly influences the physical
and chemical performances of the machined workpiece.

The surface finish pertains to the geometric features of surface. According to the
American National Standards Institute (ANSI), surface finish is defined with a set
of standard terms such as profile, roughness, waviness, flaws, and lay. Profile is the
contour of any section through a surface, roughness is relatively finely spaced surface
irregularities, the spacing greater than roughness is waviness, and lay is the direction
of the predominant surface pattern. The surface irregularities/imperfections occurring
at infrequent interval and random locations are termed as flaws. These features are
schematically illustrated in Fig.2.13 [1]. According to ANSI/ASTM b46.1-1985
standard, surface roughness is quantitatively expressed as the arithmetic average,
Ra, of deviation of the profile height (along the axis vertical to surface) increments
from the centerline of the surface (Fig.2.13b) and represented as follows.

1 x=L
R, = — / ly|dx (2.23)
L x=0
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(a) F=flaw, L= lay, W= waviness, (b)
and R=roughness

Average
Roughness

Profile
Height

Fig. 2.13 Schematic of features of surface roughness showing, a 3D view and b 2D cross section
(reprinted from Grzesik [5] with permission. © Elsevier)

where L is the sampling length along the surface. This also can be expressed as

_ya+)7b+yc++yn
n

R,

(2.24)

where surface profile heights at discrete locations a, b, c, ..., n along the surface and
number of locations (measurements) along the surface. Sometimes, roughness also
can be expressed as the root mean square (rms), R, the measurements from the
centerline (Fig.2.13b) given by the following equation.

(2.25)

1
Ty?)?
n

Ryps = ’

The range of surface roughness that can be achieved during these machining oper-
ations are presented in Fig.2.14. Non-traditional applications are either the appli-
cations requiring very tight surface tolerances and high surface smoothness or the
applications that can tolerate broad surface tolerances and rough surfaces. Also these
conditions can be associated with machining of complex geometries and high volume
and high production rate.

All above principles of machining of materials are recognized only for homoge-
neous material systems and do not take into account the material parameters such
as multi-component (composite), multi-composition, and multi-phase nature along
with the microstructural features such as grain size, grain shape, and grain distri-
bution (uniform to multimodal). Even though these multiple features are likely to
strongly influence the principles of machining and machining characteristics, they
are often ignored due to the complex nature of the interactions between machine
tool and multi-component/composition/phase material system. Hence, in spite of
exploration or actual employment in real orthopaedic surgeries of these machin-
ing operations, their principles are not fully understood for machining of bones.
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Fig. 2.14 Surface roughness generated during various machining processes

Especially, in case of bone, this is more so due to its multi-component (hydrox-
yapatite + cartilage + water), multi-composition (ceramic + organic + water), and
multi-phase (solid + liquid) nature.
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Chapter 3
Non-conventional and Hybrid Methods
of Bone Machining

Having explored the basics of important fundamental contact (mechanical) and non-
contact (thermal) operations involved in machining of the bones, the discussion
will proceed towards some of the non-conventional techniques. These techniques
have evolved as a result of research works on interaction of bones with various
energy sources such as photon/electron beam and mechanical vibrations. Hybrids
of fundamentals operations of machining have also been taken into account. Laser,
microwave, and ion-beam based methods have been discussed under beam based
techniques. Ultrasonic machining which has been extensively explored for bone
application has been dealt in a separate section. Pneumatic and hydraulic machining
have been taken into account under the section on hybrid machining. These non-
conventional/hybrid techniques are not as popular as conventional ones but hold a
huge potential for the future.

3.1 High Energy Beam Based Techniques

The high energy beam based methods employ some sort of radiation as the means
of energy source for removal of the bone material. These techniques have mostly
been employed previously in case of the structural materials. Unlike conventional
mechanical contact methods employing physical tools which result in generation
of heat as the secondary effect, beam based techniques employ heat as the primary
means of tooling. The heat is generated by means of various electromagnetic waves
within the electromagnetic spectrum such as ultraviolet, microwave, and infrared
with various combinations for ranges of energy and wavelength (Fig.3.1). As the
combinations dictate the extent and mode of interaction of the energy source with
the workpiece, any machining operation can be carried out with careful process
control. Most common methods explored in this category include laser, ion-beam,
and microwave machining which are discussed in detail in the following subsections.

© Springer International Publishing Switzerland 2016 45
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Fig. 3.1 Electromagnetic spectrum showing various regions with corresponding energy, wave-
length, and frequency, and a magnified view of the visible spectrum

3.1.1 Laser Machining

Lasers (Light Amplification by Stimulated Emission of Radiation) have been used
as a means of machining for quite some time now. Theoretically any wavelength
within the electromagnetic spectrum can be made into a laser source. Principally, a
lasing medium is excited using a energy source such as inert gas flash lamp. The
input of energy (Fig. 3.2a) transfers the electrons within the atoms of the medium to
higher energy state, technically termed as population inversion. On the other hand, the
random absorption of energy gives rise to spontaneous emission (Fig. 3.2b). In case
of population inversion, these electrons jump to lower energy state at the same time
emitting photons of the same energy corresponding to difference between ground
and excited state (Fig. 3.2c). A set of two mirrors, some times called resonators, one
totally and the other partially reflecting, generates the chain reaction giving rise to
highly concentrated beam coming out of the partially reflecting mirror (Fig.3.3).
This beam is monochromatic, coherent, and highly collimated in nature and can be
employed for various applications depending on the wavelength. Operations of lasers
have been described in great detail in the literature [1-3]. There are various types of
lasers depending on the medium such as ytterbium aluminum garnet (YAG), inert
gas, CO;, gas. The most common types of lasers are pulsed and continuous. Important
characteristics include input power, wavelength, beam diameter, scanning speed, and
pulse duration. The interaction of matter with laser consists of absorption, reflection,
and transmission as schematically shown in Fig. 3.4 [4] and dissipation of incoming
energy, E, during the interaction is expressed mathematically in Eq.3.1.
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Fig. 3.2 Schematic energy diagram showing, a incoming photon of energy, and b spontaneous
emission, and ¢ simulated emission

E = rE + aE + (E @3.1)

where 1, a and t are coefficients of reflection, absorption, and transmission.

Laser are employed for variety of applications such as bar code scanners [5],
sensing [6, 7], heat treatment [8—10], surface engineering [11, 12], and machining of
various materials [2]. In the medical field, they have been used for various surgeries
in the fields including dentistry, opthalmology, and orthopedics. However, only the
lasers explored in case of bone machining will be discussed here. They include Ti-
sapphire, CO,, excimer, and YAG. In addition, it is worth mentioning here that, even
though main focus of this book is hard tissues associated with the structural bones,
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Fig. 3.3 Schematic of various steps in generation of laser beam

a majority of work conducted so far has been associated with machining of teeth.
Hence a brief overview about laser machining of teeth will be presented prior to
discussion about the main subject matter of machining of hard tissues of structural
bones.
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Fig. 3.4 Schematic of interaction of light with the matter showing the phenomena of absorption,
reflection, and transmission (reprinted from Niemz [4] with permission. © Springer Science &
Business Media)

3.1.1.1 Lasers in Dentistry

Lasers have been extensively researched for dental applications [13—19] with initial
efforts dating back around 50years [20]. The nature of interaction of tooth with
various laser wavelengths is dictated by its overall structure (Fig.3.5a [13]) and
composition (Fig.3.5b [13]). The arrangement starts with majority of hard mineral
in the enamel. Within the sub surface layers, the percentage of hard mineral reduces,
where as percentage of the water and the organic matter increases from dentin towards
soft tissues. Such a complex assembly with continuous variation in the composition
gives rise to different thermal absorbance and transfer characteristics within each
layer and the behavior of laser interaction thus changes within each layer. This

(b)
90 - —
80 4 O Water (%) I
Cicwn 70 m Organic substances (%)
@ Mineral substances (%)
60 4
Neck
50 4
404
. 301
iAot 20
10 H
ol i | ,
& & & & R
& F & & &
Da@ e

Fig.3.5 Structure and composition of a tooth. a Schematic of structure of tooth and b compositional
details of important constituents of the tooth (reprinted from Jelinkovad [13] with permission.
© Elsevier)
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leads to thermo-physical effects such as vapor build up and plasma formation. These
phenomena in combination with instrumentation determine the ablation behavior of
dental tissues.

The laser wavelengths considered for dental application range from ultraviolet
to infrared. The interaction depends on three factors enlisted below.

e Absorbance of laser wavelength by bone constituents
e Time of radiance
e Direct chemical bond breaking

In the first case, the properties of bone material govern the ablation process. Infrared,
Er:YAG, Nd:YAG, and CO, lasers are commonly tried for dental application. They
thermally affect the enamel and dentin which have hydroxyapatite and water as the
main constituents. CO, and Er: YAG lasers, on the account of high absorption in water
and hydroxyapatite are absorbed near the tooth surface [13, 18]. This makes energy
concentrated to smaller tissue volume making ablation possible. On the contrary,
Nd:YAG laser due to its poor absorption in water and hydroxyapatite, penetrates
deeply into the tissue thereby distributing a large quantity of energy.

In the second case, the control over instrumentation determines ablation process.
Continuous wave CO, and Nd:YAG lasers when irradiate the tooth tissue for long
time, evaporation and intense heating of the surrounding hard material occur. Reduc-
ing the exposure time by using a Q-switch Nd:YAG laser, thermal damage can be
diminished but not prevented because of the poor tissue absorption [13]. On the con-
trary, short duration pulses of the order of 200 ps from Er:YAG laser along with it’s
better absorption coefficient with the tooth material results in thermo mechanical
ablation. In case of a Guassian type of the beam, the central region of the beam cross
section with highest energy gives rise to evaporation of the dental hard substances.
On the other hand, the edge region of the beam does not provide heat enough for
evaporation of hard tissues. But the energy is sufficient to abruptly heat up the water
in dentin and enamel that eventually builds the pressure up driving the steam out
resulting in thermo mechanical ablation. In addition, the lesser damage to adjoining
region renders Er: YAG laser attractive for dental applications [13, 18].

The above described mechanisms are mainly driven by material absorbance and
instrumentation. In case of excimer lasers however, laser pulses with high peak energy
and extremely short duration of the order of few nano seconds are possible. The UV
photons within these pulses are highly energetic to directly break the bond within
organic material of the bone. A large number of photons are delivered very quickly
in this process. This complex process is characterized by photo dissociation, plasma
formation, and thermal effects. This combined effect causes ablation with minimal
or no thermal damages.

All these mechanisms have been illustrated in Fig. 3.6 [18] which shows effects
of various lasers on dentin. The best results were achieved by Er:YAG laser with
200 mJ input power with 10 pulses (Fig.3.6a [18]). The surface was very smooth
and uniform ablation occurred. On the other hand, ArF laser (an excimer laser) with
input energy of 26 mJ required 300 pulses to achieve similar results (Fig. 3.6b [18]).
A continuous wave CO, laser with 20 W power and residence time of 0.05 s, on
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Fig. 3.6 Effects of various lasers on the dentin a Er:YAG laser, 200mlJ, 10 pulses (image at 80x
magnification), b ArF laser, 26 mJ, 300 pulses, 3 Hz (image at 160x magnification), ¢ continuous
wave CO; laser, 20 W, 0.05 s (image at 160x magnification), and d Nd:YAG laser, 145 mJ, 100
pulses (image at 160x magnification) (reprinted from Keller [18] with permission. © SPIE)

the account of low absorbance resulted in deeper thermal damage (Fig.3.6¢ [18]).
Similar damage was observed in case of a pulsed Nd YAG laser (Fig.3.6d [18]).

3.1.1.2 Lasers in Orthopedic Machining

Lasers have been considered for machining of structural bones. In contrast to con-
ventional mechanical contact based methods, lasers use heat as the primary means of
machining. The advantages associated with this technique are listed below [4, 21].

No physical contact

Shorter operation time

Absence of traumatic vibration, bone dust or metal abrasion in incision
Electronic control of the beam and amenability to automation leads to increased
precision and easy operation.

Stimulation of the granulation tissue initiating the healing process.

Possibility of aseptic (free from contamination from bacteria, viruses and other
microbes) and haemostatic (retarding bleeding) effects

e Cauterisation effect
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Considering these advantages, lasers have been investigated/explored for machining
of the structural bones. The bone material removal by laser is challenging due to
diverse thermo physical properties of the bone constituents. The mineral (hydraxya-
patite) has a high melting point (about 1000 °C) whereas organic matrix consisting
of collagen starts to carbonize after evaporation of water (~100°C). As a matter of
fact, water plays a critical role in determining the ablation mechanism depending
on the wavelength of the laser used (Fig.3.7 [22, 23]). Some of the wavelengths are
strongly absorbed by the water making it to quickly boil, while others are transmitted
through it creating a possibility of damaging the tissues underneath. Copper vapor
laser (wavelength = 511 nm) and Nd: YAG laser operating at 532 nm are easily trans-
mitted through water. On the other hand, Er:YAG laser (wavelength = 2.940 pwm)
and Nd: YAG laser operated at 2900 nm wavelength are strongly absorbed by water.
Other lasers absorbed by water are CO, lasers (wavelength = 10.6 pm), Yb-fiber
laser (wavelength = 1.07 pm), and Nd:YAG laser operated at wavelength of 1.06
pm.

The interaction also depends on laser beam power density and its time of radiance.
In addition, thermal transmittance plays a key role in determining how much depth
the laser energy penetrates as illustrated in Fig.3.8 [24] which also indicates more
suitability of Er:YAG laser for the purpose of bone machining.

Ablation mechanism is critically influenced by the time of interaction and power
density as schematically illustrated in Fig.3.9 [13]. The dashed lines are constant
laser fluence lines with lower line corresponds to 1 J/cm? whereas the upper line
corresponds to 1000 J/cm?. For exposures greater than 1 s, the laser is usually operated
in a continuous wave mode giving rise to photochemical interactions. The time range
of 1 min to 1 ws gives rise to thermal interactions. Often for the shorter interaction
times, the laser operates in a pulse mode. The exposure time in the range of 1 s to
1 ns results in photoablation. Extremely short exposure durations of the order <1 ns
give rise to plasma-induced ablation and photodisruption. These mechanisms are
briefly explained in the following discussion.
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Fig. 3.7 Absorption characteristics of water at room temperature (reprinted from Kruusing [22]
with permission. © Elsevier)
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Fig. 3.8 Illustration showing penetration depth of various lasers into the bone (reprinted from
Gudra and Muc [24] with permission. © Springer)
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3.1.1.3 Photochemical Interaction:

The incoming light can induce chemical effects and reactions within macromolecules
or tissues resulting in photochemical interactions. A very good example of such
phenomenon is photosynthesis occurring in plants. Laser induced photochemical
interactions occur at very low power densities (of the order of 1 W/cm?) and long
exposure times ranging exceeding seconds to continuous wave operation. These
effects may not be very relevant from the machining point of view.

3.1.1.4 Thermal Interactions

During laser irradiation of bones and hard tissues, temperature rise as a result of heat
input leads to occurrence of various thermal interactions. These interactions are very
significant from the machining point of view and can take place in continuous as well
as pulsed laser operation. Depending on the temperature and duration of exposure,
the effects resulting of the thermal interactions include coagulation, carbonization,
melting, and vaporization. As these thermal effects may lead to significant material
damage, the processing in this regime requires a careful process control. Coagulation
(clotting of the blood cells) occurs at temperatures of 60 °C where as carbonization
commences at 100 °C. With further increase in temperature, occurrence of melting
is followed by vaporization leading to thermo-mechanical ablation as discussed in
the dentistry section. These thermal effects are tabulated in Table 3.1 [13] and the
regions affected are schematically shown in Fig. 3.10 [13]. Thermal effects are usually
observed in case of continuous and long duration pulsed type of CO,, Nd:YAG,
Er:YAG, Ho:YAG, argon ion, and diode lasers.

Thermal ablation effects have been heavily explored in laser machining of the
bones. In one such study, comparison was done between the material removal char-
acteristics of parietal bone of a rat during drilling operation with a burr and Er: YAG
laser (wavelength of 2.94 mm, an output range of 30-350 mJ/pulse, a maximum pulse
repetition rate of 10 Hz, and pulse duration of 200 s), and a CO, laser (wavelength
of 10.6 mm and output range of 0.5-5 W) [25, 26]. Energy output of 100 mJ/pulse
was found to be clinically appropriate. Laser power employed was 1 W and bur
drill was angled at 30°. Er:YAG laser resulted in grove formation, and two distinct

Table 3.1 Thermal effects of laser (reprinted from Jelinkova [13] with permission. © Elsevier)

Temperature (°C) Effect on tissue

37 No effect

45 Hyperthermia

50 Reduced enzyme activity

60 Denaturation of proteins and collagen, coagulation
80 Permeabilization of membranes

>100 Carbonization

>300 Melting
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Fig. 3.10 Schematic of Laser beam
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permission. © Elsevier) /
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Fig. 3.11 Bone material
removal from a rat parietal
bone using, a Er:YAG, b
CO;, laser, and ¢ burr drilling
(reprinted from Sasaki et al.
[25] with permission. © John
Wiley and Sons)

200 pm

layers were observed on the machined surface (Fig.3.11a [25]). The drilled bound-
aries were precise and the average affected depth was 22 pum. CO; laser did not result
in grove formation and damaged region was much larger (darker areas in Fig.3.11b
[25]). The laser affected region was divided in three zones: a completely carbonized
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layer on the irradiated surface, a mildly carbonized intermediate layer, and a darkly
stained layer at deeper sites of irradiation. Bur drill as expected, resulted in grove
formation with presence of smear like region (Fig.3.11c [25]).

TEM analyses indicated in case of Er:YAG laser irradiated bone that well oriented
crystals were present in the unaffected region (Fig. 3.12a [25]) whereas less affected
region revealed partly disorganized crystals (Fig. 3.12b [25]). Surface had totally ran-
dom orientation (Fig.3.12¢ [25]). All the regions had crystalline diffraction pattern.
In case of CO; laser, partially carbonized region indicated round and large crystals
(Fig.3.13a [25]). Fully carbonized layer displayed complete fusion of the original
apatites (Fig.3.13b [25]). Bur drilling had an unaffected region similar to in case of
Er:YAG laser, but smeared layer had a mixture of amorphous phase and needle like
crystals (Fig.3.14a, b [25]). This suggested that Er:YAG and bur drilling induced
minimum damage in the regions underneath. EDS analysis suggested changes in
Ca/P ratio in case of the Er:YAG laser and reason was thought to be formation of
meta stable phases.

Even though bur and Er: YAG generated least damage in the bone, the post oper-
ation recovery was better in case of Er:YAG making it most beneficial method. The
mechanism of ablation proposed took into account the composite nature of the bone.

Fig. 3.12 Transmission electron micrographs and diffraction patterns (inset) of bone treated with
Er:YAG laser showing, a base region, b laser affected sub surface region, and ¢ surface region
(reprinted from Sasaki et al. [25] with permission. © John Wiley and Sons)
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W

Fig. 3.13 Transmission electron micrographs and diffraction pattern (inset) of bone treated with
CO; laser showing, a less affected region and b totally carbonized region (reprinted from Sasaki
et al. [25] with permission. © John Wiley and Sons)
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Fig. 3.14 Transmission electron micrographs and diffraction pattern (inset) of bone bur drilled
showing, a base and b surface region (reprinted from Sasaki et al. [25] with permission. © John
Wiley and Sons)

Before irradiation
Water molecules

Biological apatites
Protein matrix

i

Fig. 3.15 Mechanism of ablation of bone by Er:YAG laser (reprinted from Sasaki et al. [25] with
permission. © John Wiley and Sons)

The differential thermal properties of bone constituents lead to thermo-mechanical
effects. The steps in ablation mechanism are schematically shown in Fig.3.15 and
enlisted below.

e The absorption of laser energy by the bone results in rise in temperature. Water
content within the bone starts to boil building a vapor pressure.

e The built up pressure leads to a micro explosion. The micro-explosions eventually
produce mechanical tissue ablation.

e Atwo layered structural zones are generated where in subsurface layer which accu-
mulated energy undergoes micro explosions whereas surface with direct exposure
to the intense laser energy instantly undergoes micro cracking.
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Surface profile generated by Er:YAG laser was investigated by scanning white-
light interferometry to capture a detailed three-dimensional image (Fig.3.16 [27]).
Laser cutting was carried out by hand held laser head and a fixed cutting rig. The
surface profile data indicated that the lased surface was rougher than that of the origi-
nal bone. Although many researchers explored beneficial nature of the rough surface
[12, 28], this group of researchers pointed towards careful choice of processing
parameters.

Another study compared ablation characteristics of Er:YAG, continuous wave
CO,, and a pulsed CO; laser (Fig.3.17 [29]). Er:YAG again was proved to be the
best laser by providing least damage to the exterior of the bone as well as the cartilage
and machining was achieved at much faster rates at lower energy densities (Fig.3.17
[29]). This was attributed to 10 times higher absorption coefficient of bone at 2.94
pm wavelength of Er:YAG laser than that of CO; laser of 10.6 wm. In addition,
pulsed lasers were found to be helpful because they allowed a cool down time.

Considering superior capability of Er:YAG laser, the technique was compared
with various other hybrid as well as conventional techniques [30, 31]. Comparing
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Fig. 3.16 Surface profiles on bone generated using Er: YAG laser. a Hand held head and b Fixed
(reprinted from Wallace et al. [27] with permission. © Elsevier)
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with pizoelectric cutter, more bleeding was observed in case of Er:YAG laser cut
in a minipig bone (Fig.3.18 [31]). The bleeding in fact was a sign of anatomically
open and biologically active surface, which was thought to promote the healing
process. Such a biological response was a result of formation of smear layer in case
of pizoelectric cutter which did not form during Er:YAG laser cutting and hence
did not block the blood flow. The smear layer was very similar to the one observed
in dental tissues that underwent mechanical cutting, however, the exact mechanism
of the layer formation was not clear (Fig.3.19 [31]). The Er:YAG technique was
also compared with high and low speed diamond coated tools as well as pizo tools
in a cutting operation of pig cadaver bone [30]. Sharpness and depth of the cuts
achieved by Er: YAG laser were much higher than the other techniques. Carbonization
was completely absent and minimum bone fragments formed during Er:YAG laser
cutting. At the same time the importance of careful choice of parameters based on
the laser system and laser-tissue interaction was emphasized.

To overcome the adverse effects of CO, laser, an effort was made to design a suit-
able processing setup [32]. A computer control was introduced and pilot laser beams
were utilized for careful positioning of the bone. Pressurized airflow protected the
laser beam head by driving away the ablation products. The incision area was cooled
down by two fine spray nozzles spraying isotonic NaCl solution. The laser pulse
duration was reduced to less than 80 s and multi pass machining was performed

Fig. 3.18 Cut surface of mandibular ridge of Gottingen minipigs done by a piezoelectric tool and

Fig. 3.19 SEM micrographs showing, a smear layer on bone surface cut by pizoelectric cutter and
b Er:YAG laser cut surface without a smear layer (reprinted from Baek et al. [31] with permission.
© John Wiley and Sons)
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with high beam velocity of 480mm/s. This shifted the laser effect to half of the
diameter of bone tissue protecting it from thermal damage and carbonization. This
effort established a possibility of bone machining by CO, laser while the same time
emphasizing the need for automated control. Another study explored the possibility
of usage of various liquids instead of water or saline [32]. The method consisted of
soaking bones in the liquid prior to ablation. It was concluded that longer times of
soakings were required to double the ablation rate. The novelty of this study was the
application of confocal microscopy for 3D reconstruction of the ablated craters for
geometry analysis (Fig.3.20 [32]).

Taking this idea forward, quantification of ablation by CO, laser by water-air
spray method was carried out [33, 34]. The idea was based on the time required to
input the laser energy, that is the pulse duration (7 ) and time required for dissipation
of this heat, termed as thermal relaxation time (77). T was a function of thermal
conductivity, k, and absorbance p, expressed in Eq.3.2 [35]. The equation indicates
an inverse relationship between 77 and u,. The value of 7, was reported as 20-30
ps in the case of cortical tissue irradiation at 9.6 wm wavelength of the CO, laser.
On the contrary, it was suggested that relaxation times were expected to be much
smaller for Er:YAG laser compared to CO, laser [36]. A quantity termed as effective
number of pulses, N,,, was defined according to Eq.3.3.

= (diepy)”! (3.2)

t radi
N, = total pulse number * Spot radivs 3.3)
cut length

The cut profiles indicated narrowing of the cuts with increased value of N, and
depth, D, naturally increased (Fig.3.21 [33]). It was concluded that, in initial stages
the ablation was uniform regardless of number of pulses. There was a reduction
in ablation rate as cut depth increased. Ratio of diameter (d) to effective width

(a) (b)

Fig. 3.20 Confocal microscopy views of laser ablated crater showing, a top view, b 3D confocal
reconstruction in cross section, and ¢ top view of the reconstruction (reprinted from Mehrwald
et al. [32] with permission. © SPIE)
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Fig. 3.21 Depth profiles of machined cortical bone tissue of young bull as a function of effective
number of pulses (reprinted from Ivanenko et al. [33] with permission. © SPIE)

(Wep) was used as a geometric parameter to define a modified relaxation time,
77’, expressed according to Eq.3.4. It was clear that as depth increased the heat
dissipation time reduced (75 ns for the depth of 4.5mm). The threshold value for
fluence to begin ablation (®;) along with the fluence used for the experiment (®) to
predict the maximum possible depth D,,,,, at that processing condition are expressed
in Eqs. 3.5 and 3.6 respectively. ®,, was found to be directly related to E,; J/mm?).
The minimal specific necessary to start the ablation process. The value of E,;; was
calculated as 1.2 J/mm? based on thermo-physical properties of the bone. It was
suggested that with increase in cut depth the products are concentrated in a narrower
space without the possibility of escaping to the sides unlike in a shallow cut. Thus
it was also observed that with increase in the effective width of the cut, the ablation
energy reduced and cutting depth increased. In another study based on a similar
quantification approach by the same group, the W,z was predicted based on beam
radius, 1, as per the Eq. 3.7 and plotted in Fig.3.22 [36].

oy =— T (3.4)

b \2
1+ (2)

Eabl

where

Dy = Egpd, = (3.5

a
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In addition, the effect of water and air spray with optimized laser processing
conditions revealed no thermal damage and cut surface was very uniform (Fig.3.23a
[34]). On the contrary, cutting with conventional diamond saw had significant damage
with non uniform cut surface (Fig.3.23b [34]). Important facts derived from these
studies are listed below. They are based on quantification, experimental observations,
and previously published literature. In general, these facts are applicable to laser
ablation irrespective of the type of laser used.

1. The higher the ablation efficiency, the smaller thermal side-effects will be induced
in the tissue.

2. The thermomechanical tissue ablation is a threshold process. It starts, if the accu-
mulated energy is large enough to evaporate the tissue liquid and to build high
internal pressure.

3. A reasonably strong tissue absorption at the laser wavelength, high radiant expo-
sure, and high peak irradiance in the focus are essential preconditions of an
effective ablation.

Instrumentation modification in case of Er:YAG laser was also explored [37].
Optical simulations were performed in order to determine the best focusing condi-
tions. Thus the improved Er:YAG laser was able to fine tune for optimum ablation
rate and surface quality. The test setup used was very similar to the study discussed
in [29] (Fig.3.24). The effect of water content on ablation performance of Er:YAG
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Fig. 3.23 Comparison
between a pig rib bone cut
by a CO; laser and b
diamond saw. The cut
surface indicated by an
arrow (reprinted from
Ivanenko et al. [34] with
permission. © Elsevier)

laser was investigated [38]. Relative transmittance was measured in the fresh bone
and also in completely air dried and oven dried bones. A real time mass loss was
monitored during laser ablation using computer assisted balance. Even though there
was a huge difference between relative transmittance, being higher for oven dried
bone, the ablation rates were only slightly lower (Fig.3.25). This was attributed to
poor contact between dried bone and test crystal highlighting difficulties in measure-
ment and need for careful instrumentation in case of bone property measurement.
Similar observations have been made in case of a CO, laser wherein more ablation
energy was necessary for a dry bone [36].

Apart from Er:YAG and CO; lasers, other types of lasers causing thermal effects
also have been tried for the bone ablation process. Nd:YAG (A = 1:06 mm, 7, = 100
us-cw) and Ho:YAG (A = 2.12 nm, 7, = 150-800 ps) have been used in major-
ity during these studies [39-43] because of the main advantage that these lasers
can be conveniently transmitted via a glass fiber. From practical point of view, this
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characteristic becomes very important because in a actual surgery setup, maneu-
verability of the surgical tools plays a key role in order to carry out the operations
optimally. Thus, with the usage of transmittable lasers, it is possible to keep the
laser system away from the patient and surgeons and transmit the beam via fiber to
a hand held laser head thereby providing a lot of convenience. Nonetheless, these
lasers induce undesired damage within the bones. The wavelengths of these lasers
are strongly scattered by the water as well as the mineral with scattering of the
order of 350400 cm~! [34]. Uneven distribution of energy leads to heavy damage
to the bone tissues. Apart from these commercially available medical lasers, other
types of lasers such as Nd:YVO, and free electron laser (FEL) have been tried suc-
cessfully for bone material removal. Nd: Y VO, laser resulted in heavy carbonization
(charring) during ablation [44]. A tunable FEL was used for investigating effect of
various wavelengths (2.79, 2.9, 6.1, and 6.45 wwm) on the bone ablation (Fig.3.26)
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(a) 2.79 um

Fig. 3.26 Set of hematoxylin and eosin stained histologic sections of cortical bone showing carters
produced using lasers of various wavelengths. The arrows indicate damaged regions (reprinted from
Youn et al. [45] with permission. © John Wiley and Sons)

[45]. The wavelength of 6.1 u was the most efficient in terms of ablation and had
least thermal damage on the bone tissues (Fig.3.27 [45]). The reason was again
related to optimum absorption of this wavelength by water as well as bone mineral.
These set of studies pointed towards need for continuing research so as to develop
instrumentation that would overcome the adverse effect of currently available lasers
such as Nd:YAG and coming up with new laser types feasible for bone ablation.

So far discussion has been focused on ablation behavior of various lasers based
on thermal effects. Another important aspect of this field is post operation heal-
ing process. In this case as well, Er:YAG laser seems to outperform other lasers
with rapid healing of cut bone regions [25, 29, 46-50]. After Er:YAG laser abla-
tion, pronounced revascularization, faster bone healing, and more favorable surface
for cell attachment in calvary bones were observed as compared to CO, laser and
mechanical techniques [48]. In another investigation, bone healing after Er:YAG
treatment showed presence of new immature trabecular bone on 14th day after treat-
ment which was not observed in bur drilling. But after 21 days there was no significant
difference between both the histologies [49]. Another study again pointed out the
precise nature of Er: YAG but the healing times were similar compared to tool based
material removal [50]. The diode laser treatment yielded the results on the same line
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although a potential of better healing by careful process control in case of lasers
was also pointed out [51]. For FEL, the initial healing was faster (Fig. 3.28) but after
10 weeks the samples machined with conventional techniques showed equivalent
recovery (Fig.3.29) [52].

Although it is beyond the scope of this book to explore the exact healing mecha-
nism and role of surface texture on machined bone in this process, it can be deduced
that selection of laser processing parameters again becomes important in case of heal-
ing response. In addition, there is a need for complete experimentation approach
which includes ablation process itself, analysis from the machining point of view,
biological and cellular damage evaluation, geometrical reconstruction of ablated area
with available and novel techniques, and finally the healing response. At this stage
of research, Er: YAG performs the best but the new studies can be directed towards

Fig. 3.28 Healing response of cortical bone of a rabbit: a saw cut showing no evidence of a healing
response, b partial FEL cut and ¢ completely FEL cut samples and completely filled with trabecular
bone and loose connective tissue (reprinted from Payne et al. [52] with permission. © John Wiley
and Sons)
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Fig. 3.29 Similar healing responce of cortical bone of a rat in 6 weeks following osteotomy for a
saw cut, b partially FEL cut and ¢ completely FEL cut surfaces (reprinted from Payne et al. [52]
with permission. © John Wiley and Sons)

lasers such as FEL. Additionally, CO, laser with air-water spray which has shown
promising results can be evaluated comprehensively with the suggested approach.
These efforts are likely to lead the prevalent implementation of lasers as orthopedic
surgical tool.

So far, extensive coverage was given to thermal effects on bone and lasers causing
them. The state of the art of the research in this area was presented in a comprehensive
manner. Hereafter, the focus will be directed towards modern lasers operating in the
regime of fempto to picoseconds. In these time frames, mechanisms such as photo
ablation and plasma induced ablation become active. Firstly these mechanisms will
be described followed by a review of the latest research in this field.

3.1.1.5 Photoablation

With reduction in the laser pulse duration coupled with very high power density
of the order of 10’108 W/cm?, the tissues undergo decomposition and are etched
out of the surface. This phenomenon is technically termed as photo ablation. The
dimensions of ablated region depend on beam characteristics. The material removal
is very precise in nature and thermal damages in the surrounding region are mini-
mal. This phenomenon was first discovered in case of polymers and the theory of
material removal is applicable in case of tissues as well [13, 53]. As soon as the laser
hits polymeric material, each monomer unit (building blocks of polymer) undergo
excitation. As a result, they are transfered to repulsive state from the excited one.
This causes change in volume occupied by monomer units giving rise to transfer of
momentum, causing the process of ablation to happen. These time frames from a
computer simulation of photo-ablation of poly methyl methaacrylate (PMMA) are
shown in Fig. 3.30 [13, 53]. Even though this technique is not heavy on bone material
removal, it is used for the treatment of removing cancerous growth in bones. The
process is typical for but not limited to excimer lasers.
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Fig. 3.30 The process of
photo-ablation predicted by
computer simulations
(reprinted from Garrison and
Srinivasan [13, 53] with
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3.1.1.6 Plasma-Induced Ablation

In the exposure duration time range applicable to photo-ablation, if the input power
density is further higher of the order of 10'! W/cm?, the material enters the regime of
plasma-induced ablation. This is driven by a phenomenon termed as optical break-
down which happens in the material being irradiated resulting in plasma formation.
First investigations in this area date back to late 1980s [54, 55]. The electric field
strength associated with the material and the local power density (P.) determines
the point of optical breakdown as expressed by Eq. 3.8 [13].

1 2

Py = 560CE (3.8)
where ¢ is the dielectric constant, and c is the speed of light, and E is the electric
field strength. The field strength of 10’ V/cm corresponding to power density of
10" W/cm? is able to cause plasma ionization. This happens because the electric
filed becomes comparable to Coulombic field within the atoms/molecules of the
material. In case of Q-switched mode, the thermionic emission effect acts as the
main driver behind plasma formation resulting in localized microplasma. At the
same time, the plasma temperatures achieved are unusually high. On the other hand,
in a mode locked laser, the multi-photon ionization takes place. Many photons are
absorbed providing energy leading to ionization. In both the cases, electrons are
knocked out of the atom, some of which coherently (without loss of energy) collide
with other atoms releasing more electrons further driving the process of ionization
in a sort of chain reaction [13]. The action of Q-switched and mode locked lasers in
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Fig. 3.31 Schematic illustration of plasma ionization in Q-switched and a mode locked lasers

plasma formation is illustrated in Fig. 3.31. The resulting ablation action gives a very
clean and well-defined removal of tissue without any thermal or mechanical damage.
The plasma induced ablation commonly occurs in case of the exposure times of the
range of few hundreds of fempto seconds to pico seconds. Common lasing materials
working in this regime are Nd: YAG, Nd:YLF, and Ti:Sapphire and plasma ablation
is considered as the ideal micro machining mechanism for the bones.

3.1.1.7 Photodisruption

When the energy density is higher than that required for the process of plasma induced
ablation, the side effects of plasma formation become profound. These effects are
mechanical in nature and are directly proportional to the input laser energy. The
optical breakdown leads plasma formation followed by shock wave generation, cav-
itation, and jet formation. Shock waves become predominant at high energy input
for extremely short interaction time. These mechanical effects disrupt the tissues and
also has an effect on surrounding tissues. Cavitation occurs when the regions inside
a tissue undergo vaporization causing bubble to form and finally disrupt the tissues.
If the biological fluids are in the vicinity of caviation, the collapse of a bubble results
in jet formation. This phenomenon results in fragmentation and cutting of tissue by
mechanical forces. Time of exposure ranges within fempto to nano seconds and las-
ing systems are similar to that produce plasma induced ablation. Major applications
include eye lens fragmentation or surgery involving breaking of unwanted entities
such as kidney stone within the body via shock wave [4].

Having covered the important mechanism operative in femto-nano second regime,
the literature review about ablation of hard tissues with these type of lasers will
be presented. Firstly, there are many advantages of the ultra short laser pulses as
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discussed by Neev et al. in one of the popular invited papers [56] which are enlisted
below. These advantages are exclusive to the ultrashort regime and apart from these,
ultrashort pulsed lasers also posses all the advantages of laser machining in general.

1. Requirement of small input of laser energy per ablated volume of tissue and
the resulting decrease of energy density needed to ablate material. As a result
ablation happens in very efficient manner

2. Minimum mechanical damage to tissues on the account of efficient ablation and
short duration of stress impulse.

3. Minimum thermal damage because of small interaction time and heat transporta-
tion away from the bones with the ablated tissues.

4. Minor influence of tissue properties on ablation process, threshold, and rate in
particular.

5. High degree of machining precision with smaller material removal in each pulse.
Number of pulses are easily controllable by a feedback mechanism based on the
progress of ablation.

6. Silent operation due to lower acoustical noise (as compared to the high-speed
drilling or use of other laser systems).

7. Minimum pain due to localized nature of the process.

. Ability to control the surface texture on the ablated bone.

9. Precise spatial control due to the intensity dependent and multiphoton process
that self-ensures that the tissue below or laterally removed from the beam focus
will not experience ablative interaction.

10. Since ultrashort pulses interact strongly with all matter regardless of specific

linear absorption characteristics, efficient processing of almost all tissue types
is possible.

oo

Ti-sapphire laser (A = 1.06 wm, 100 fs pulse duration, frequency 83.6 MHz, input
power 400 mW) was employed to study ablation of hard teeth tissue, human nail, and
incus midear bone [56]. Seed pulses of 100 fs from a mode-locked Ti:Sapphire oscil-
lator were stretched to 1 ns in a four-pass, single-grating pulse stretcher. TEM, mode
was operated at 10° mJ and further amplification to the 60-mJ level was achieved in
a Ti:Sapphire ring regenerative amplifier, which supported a larger (2.3 mm) beam
diameter and reduced nonlinear effects. The ablation was damage free. Similar study
compared response of bone to conventional drilling and Ti:Saphhire laser drilling
[57]. The laser drilling resulted in cleaner drilled surfaces. Extent of necrosis was
minimal in case of laser drilling (Fig.3.32a, b [57]). The healing recovery was much
better in case of laser osteotomy compared to mechanical (drill) osteotomy as illus-
trated in photos as well as bar charts (Fig.3.33a, b [57]). However, even though the
clean nature of femto second lasers is attractive and post osteotomy healing is also
better, some problems associated with fs lasers pointed in the literature are listed
below [56].

e The amount of ablated tissue per pulse is relatively small, of the order of a single
micron of tissue thickness per pulse.
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extended from the edge of
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(reprinted from Lo et al. [57]
with permission. © John

Wiley and Sons) Laser Osteotomy
®) o5 Extent of Thermal Necrosis
600
[:1]
0o —
°3
E = | .
O 4
g% 400 3
g8 ©
5% =
% ° 200 :
= -
D .
Treatment Groups

e Ablation efficiency rapidly reduced with increase in laser fluence made in an
attempt to increase ablation rate.

The reduction in ablation with increase in fluence was explained on the basis of
the physics behind the process [56, 58]. Considering the biological tissues as wide
band gap materials, input energy causes phonon scattering (Joule heating), and once
the electrons have high enough energy to get knocked out, ionization occurs. This
leads to multi photon absorption in case of ultrashort pulsed lasers and the avalanche
process induced by the electromagnetic field that follows, generates free electron in
an exponential function. Laser power also increases exponentially. These electrons in
the plasma absorb the incoming laser energy thus making process independent of the
physical properties of the bone. However, when the electron density reaches critical
value, n., (10*!/cm? for Ti-Saphire laser wavelength [58]), the plasma becomes highly
reflective. This causes absorption to be confined to a very thin layer. The penetration
depth, 8, is expressed as a function of laser wavelength, A, as per Eq.3.9.

A

A
8 = =
2na/lel g /l_ni

(3.9)
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Fig. 3.33 Healing response of bone to Ti:Saphire femtosecond laser and conventional drilling. a
photographs of bone recovery and b bar charts giving percent recovery (reprinted from Lo et al.
[57] with permission. © John Wiley and Sons)

where € is the electrical permitivity of the plasma, and n is the number of electrons.
Thus after a certain energy input, ablation rate does not improve and a choice needs to
be made for the requirement between ultrashort pulsed laser or conventional thermal
effect laser. A clean, negligible-damage ablation of the short pulses remove only
a minute amount of material with each pulse, whereas conventional lasers lead to
thermal and mechanical collateral damage.

Another effort explored ablation of rat skull bones by excimer laser [S9]. Two types
of lasers were employed, one with wavelength of 248 nm and a maximum output of
500 mJ/cm? while the other with wavelength of 193nm and a maximum output
of 250 mJ/cm?. These investigations also observed saturation in the ablation rate
with increase in laser fluence indicating effect of critical electron density (Fig.3.34
[59]). They also compared this process to infrared lasers, Nd:YAG and CO, and
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Fig. 3.34 Plots indicating saturation of ablation rates for two laser wavelengths with an increase
in laser fluence (reprinted from Walter et al. [S9] with permission. © John Wiley and Sons)
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Fig. 3.35 Set of micrographs showing ablated surface of by fs laser and nano second laser. The sub
figures a—c correspond to fs laser whereas d—f to nano second laser. a and d optical images, b and
e SEM micrographs, ¢ and f confocal images (reprinted from Girard et al. [62] with permission.
© John Wiley and Sons)

indicated that excimer lasers produced much uniform cuts and minimum zone of
thermal damage. Although it has to be noted here that the most attractive infrared
laser, Er:YAG was not compared. Similar observations about ablation characteristics
were made by other researchers in case of excimer [60] and Yb:KYW lasers [61].

Thermal effects were quantified during Ti-Saphire fs ablation of the bones and
compared with nano second laser using confocal and SEM/EDS analyses in a study
by Girrad et al. [62]. Confocal microscopy and SEM imaging revealed damaged
zone of only 14 pwm for fs laser which extended to 435 pwm for a nano second laser
(Fig.3.35 [62]). Carbon was depleted in the recoiled material as indicated by EDS
analysis thus indicating degradation of organic matter in the ablated recoiled bits of
bone suggesting the occurrence carbonization.
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One of the latest significant works has compared Er: YAG and femtosecond lasers
from various aspects (Table3.2) [61]. This study clearly pointed out that although
Er:YAG was much faster, it was less precise and produced rougher surfaces than fs
lasers. It also had higher degree of damage than fs lasers. Apart from these positive
points, the fs lasers were much slower in terms of ablation rate and expensive from
economics point of view. This study pointed towards further research on ultrashort
pulsed lasers to make them surgically feasible in terms of time and cost. Itis intuitively
thought that these lasers will be of great significance become of a great significance
where precision becomes a priority over other factors.

Having covered all types of lasers used for machining of the bone tissues and sum-
marizing their characteristics in Table 3.3, the discussion will be advanced towards
other beam based techniques namely microwave and ion beam. These are still in the
experimental phase and will need significant amount of work to make them as estab-
lished as lasers are today. Nonetheless, important operation and ablation mechanisms
have been discussed and preliminary efforts in this field have been explored.

3.1.2 Microwave Machining

Microwaves form the part of electromagnetic spectrum belonging to the frequency
range of 300 MHz-300 GHz (Fig. 3.1). For heating purposes, the frequencies used are
0.915 and 2.45 GHz (Fig. 3.1) as reserved by Federal Communications Commission
(FCC) [63, 64]. The microwave interacts in three ways depending upon the type
of material [65] as illustrated in Fig.3.36. Metallic materials reflect microwaves.
High dielectric loss materials absorb the microwaves. Low dielectric loss materials
or insulating materials permit microwaves to pass through. Bones having calcium
phosphate as the major component fall under the last category. Microwaves react
with the hard tissues causing heat generation by resistive losses of moving charged-
ions and oscillations of charged molecules [66, 67]. This heat is then transfered
by the induced movements of charged ions. At temperatures over 50 °C, tissues may
undergo vaporization and carbonization. Higher temperatures may cause desiccation,
protein denaturation, coagulation, and finally welding and cavitation [66, 67].

In order to carry out machining operations of bone, an external tool which would
absorb the microwave energy and serve as a heat source is required (Fig.3.37 [68]).
This tool, technically termed as the near field concentrator acts as both receiver and
transmitter of the microwaves. Heating takes place on the localized region at the
tip of the tool resulting in creation of a hot spot on the bone surface. George et al.
demonstrated drilling of a cow rib bone in dry and wet conditions using a microwave
oven [69]. The drilling setup shown in Fig. 3.37 was kept inside the oven [68, 70]. A
frequency of 2.45 GHz and power of 600 W was employed for this purpose. The total
time required for drilling through the 6 mm thick bone was 15s in both the cases.
However, thermal damage was much less in case of the wet bone [69]. Although
this study established possibility of drilling of bones using microwaves, it did not
investigate into machining parameters like drilling force.
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Eshet et al. carried out detailed investigation of the mechanical properties of
microwave drilled bones [71]. Frequency of 2.45GHz and power of 150-200 W
was used. The drilled holes were smooth and uniform in case of microwave drilling
compared to conventional mechanical drilling process. The variation of power and
drill depth as a function of time in case of mid-shaft of bovine tibial bone (cortical
bone) and bovine trabecular bone is presented in Table 3.4. Mechanical properties
such as strength and fatigue life of microwave drilled, conventionally drilled, and raw
bones were very similar. This study also pointed out that microwave drilling of bones
was possible and it was safer than radio frequency technology but at the same time
constraints in implementation of this technology were pointed out. These constraints
included in vivo set up design, safety concerns for personnel operating the microwave
equipment, and patient undergoing surgery. In addition, the studies explored here did
not investigate important machining parameters such as force and temperature rise.
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Table 3.4 Effective power and drilling depth expressed as function of time for two types of bones

Time (s) Effective power (W) Drilling depth (mm)
Midshaft Bovine tracebular | Midshaft Bovine tracebular

0 200 200 0 0

0.5 225 175 0.5 1.1
1.0 170 130 1.0 1.8
1.5 160 100 2.0 2.0
2.0 150 130 2.2 2.5
2.5 140 120 2.7 2.8
3.0 130 100 3 3.8

Thus a further detailed investigative efforts are needed before microwave technology
becomes implementable in actual practice.

3.1.3 Ion-Beam Machining

Focused ion beam has come up as a novel micro machining technique. It primarily
utilizes an gallium ion source. These ions are accelerated towards the sample sur-
face by application of voltage. Impingement of high velocity ions results in energy
exchange with the sample atoms setting them into motion. If the energy is high
enough, the atoms get knocked out causing the machining action. In addition, it is
possible to carry out beam assisted deposition. Further, the ions reflected back can
be used for imaging purposes. These three modes have been schematically shown in
Fig.3.38.

As far as bio application is concerned, ion beam assisted deposition has been
tried in case of bone-implants where in hydroxyapatite coatings were produced on
implant materials [72—74]. In case of machining operations however, the ion beam
has been employed only for the purpose of machining out the samples for micro
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Fig. 3.38 Schematic of three operations of ion beam based processing
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scale testing [75, 76]. The main difficulty is the need for vacuum which requires
extensive dehydration of bones before the machining and making the bone samples
electronically conductive by gold coating prior to machining. Nonetheless, it is very
helpful technique in lifting out site specific bone constituent samples. The length
scales as low as 5 pwm can be prepared and tested. These abilities make ion beam
an unique tool for research purpose. Even though, currently, this technique is not
feasible for bone machining operations, it holds a great potential in the situation
where micro machining of bones may become critical.

3.2 Ultrasonic Machining

Ultrasonic machining as the name suggests employs conversion of high frequency
electrical energy into mechanical vibrations through a transducer/booster combina-
tion [77-79]. These vibrations are then transfered to a mechanical tool and abrasive
particles present in the slurry that is passed between the workpiece and tool. The
vibrations of the tool with the applied feed force make the abrasive particles perform
material removal by the mechanism of microchipping. The general features of the
equipment along with the enlarged views of the tool-abrasive slurry arrangement
employed during ultrasonic machining has been schematically depicted in Fig.3.39
[77]. The further essentials of ultrasonic machining are described below.

3.2.1 Setup Components

The ultrasonic machining setup comprises of combination of various types instru-
mentation. These consist of mechanical tools, electric generators, and converters.

~ Static force
a b
( ) Motor { )
) Transducer
Siip rings - voltage
_— Transducer Transducer
Quter cose
———— Bearings
Tool —————— -~ Workpiece

Slurry ~——__ "

Fig. 3.39 Schematic of ultrasonic machining set-up. a full assembly and b abrasive slurry tool
(reprinted from Graff [77] with permission. © Elsevier)
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The current subsection provides a brief description about the general instrumenta-
tion required for ultrasonic machining.

3.2.1.1 The Ultrasonic Generator and Ultrasonic Transducer

The generator operates on high frequency which matches with natural frequency of
the tool-horn assembly. The generator is designed to accommodate minor tool wear
and tear resulting in minimum heat generation and minimum loss of acoustic energy.
The high frequency generated is then transferred to the transducer. The conversion
of electrical energy is then made into the mechanical vibrations. The transducer
is usually magnetostrictive or piezoelectric. Magnestostrictive transducer provides
better flexibility with frequencies felicitating tool design. On the other hand, it has
high electrical losses thus resulting in low efficiencies of the order of 55 % and require
cooling arrangements to take care of heat generated due to these losses. Piezoelectric
transducer on the other hand has high energy efficiencies (90-95%) and hence does
not require cooling.

3.2.1.2 Horn and Tool

Horn is also refereed to as acoustic coupler, velocity/mechanical transformer, and
concentrator or stub. Usually, the vibrational amplitude at the traducer is of the order
of few microns and horn amplifies these vibrations to achieve reasonable machining
rates. Tool is attached to the horn and needs to vibrate with maximum amplitude.
The tool can be joined with horn by brazing or mechanical fixing. Another important
requirement for the tool is high hardness, wear resistance, and good fatigue life. A
photograph of set of horns and tools have been shown in Fig.3.40 [79].

3.2.1.3 Tool Feed and Abrasive Feed Mechanisms

The tool acts under a static load holding itself against the workpiece. The tool feed
mechanism helps in application of the uniform load on the workpiece. The slurry is
pumped using jet flow or suction between the workpiece and the tool. Some systems
employ combination of both the mechanisms. In some cases such as drilling with
relatively deeper holes, the slurry can be fed through the horn and tool assembly
itself. The slurry not only serves to supply the abrasive particles but also acts as
the coolant for the tool. Important delivery mechanisms are schematically shown in
Fig.3.41 [79].
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Fig.3.40 Photo of horn with or without tool heads (reprinted from Thoe et al. [79] with permission.

© Elsevier)
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Fig. 3.41 Abrasive slurry delivery mechanisms, a jet flow, b suction, and ¢ combination of both
(reprinted from Thoe et al. [79] with permission. © Elsevier)

3.2.2 Machining Mechanisms

As aresult of combined action of abrasive particles and horn-tool setup the material
removal takes place. Ultrasonic technique can be employed for various modes of
machining such as cutting, drilling, and grinding. These mechanisms can act in indi-
vidual or combined fashion depending on the material, applied load and frequency.
The mechanisms are listed below.

e Mechanical abrasion by direct hammering of the abrasive particles against the
workpiece surface

e Micro chipping by impact of the free moving abrasive particles

e Cavitation effects from the abrasive slurry

e Chemical action associated with the fluid employed
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Fig. 3.42 Mechanisms of material removal during ultrasonic machining (reprinted from Thoe
et al. [79] with permission. © Elsevier)

o
Workpiece

Fig. 3.43 Abrasive particles in the space between tool and workpiece (reprinted from Kazantsev
and Rosenberg [80] with permission. © Elsevier)

Figure 3.42 summarizes these mechanisms in a schematic fashion. For mathematical
expression of the ultrasonic machining, the various aspects/components are schemat-
ically depicted in Fig.3.43

The force acting on each particle is expressed as

Z/ll
F = N/ . (z —x)V.dz (3.10)
The volume machined in one cycle is expressed as
Zm
Vv =N/ V.(z —x)W.dz (3.11)

where N is the number of particles, z is the height of the particle, z,, is the maximum
height, W, is the size distribution function, V; is volume of material machined out
by an abrasive particle. The effect of particle size is expressed as

3
1.0095 -z7\2
v, = 1 - (—Z - Z) (3.12)
Z Z
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where 7 is the average diameter of particles. Depth of the material removal from the
workpiece is inversely proportional to the hardness as expressed by the following
equation.

1

= ——@
"T4HzZ

(3.13)

where h; is the depth to which the depth of material removed and H; is the hardness
of the material. The relationship between volume removed and force is expressed as

\% F 43

where Cz) and qz) are factors which depend on average grain size of the abrasive.
Finally the machining rate during ultrasonic machining is expressed in terms of
pressure (o, = force/machined area) and concentration of abrasive particles (N;=
number of particles/machined area) as

Om 46

V= C(Z)VO NQf (315)

where Nj is the ratio N/s and f is the frequency of vibration.
Finally, to consider the effect of ultrasonic vibrations the pressure acting on the
particles is related to vibrational amplitude and applied static load as

o = Q(EXP))* (3.16)

where Q is the constant, £ is the amplitude of vibration, P; is static load applied.

Having discussed the mechanisms of material removal, there are various modes of
operation in which the equipment can be operated. These modes are basically based
on the direction of vibration of the tool and listed below

e Longitudinal

e Torsional

e Compound motion
e Wire transverse

The first three modes can be put to work with any tool whereas the last one needs a thin
wire attached to the equipment. Based on the required machining action, the proper
mode of action of the equipment can be chosen. Apart from these modes, there are
some unwanted actions which are termed as unwanted modes. These modes can cause
damages to the tissues by having undesirable effects such as stress concentration and
non longitudinal vibrations. Detailed description of these modes have been given in
the publication referenced here [81].
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3.2.3 Ultrasonic Machining of Bone and Hard Tissues

Having discussed the basics of the setup and the mechanisms of material removal
during ultrasonic machining, hereafter the focus will be towards ultrasonic machining
of bones. Ultrasonic technique has been applied in case of machining of hard tissues
as early as 1950s [82—84]. Many efforts have been in the field of dentistry and many
relevant publications are patents [82, 85-90]. An example of alveolar bone cut using
ultrasonic chisel during a extraction procedure has been shown in Fig.3.44 [90].

This technique has also been explored for structural bones. Khambay and Walm-
sley explored the cutting abilities of ultrasonic technique in case of freshly procured
bovine bone [91, 91]. The initial study concluded that ultrasonic cutting when com-
pared to traditional burr produces superficial cuts which can be advantageous in
controlling tissue damage. In another study the clinicians needed to be trained in
order to handle ultrasonic equipment in a standardized manner [91]. In a subsequent
study, effect of various process parameters was investigated. The variation in longitu-
dinal downward force during ultrasonic chisel cutting of bovine bone with rake angle
of 0° is shown in Fig. 3.45 [91]. The effect of vibrations induced by transducer horn
assembly can be clearly seen. Furthermore, the effect of rake angle was investigated
(Fig.3.46) on the downward and longitudinal forces (Fig.3.47 [91]). It is clear that
even though there is not significant change in longitudinal force, the downward force
slightly increases up to rake angle of 10° and then reduces rapidly for higher rake
angle. This has a significant effect on depth of cut which reduces as the downward
force does. This is clearly reflected in variation in cutting force as a function of rate
of cut (Fig.3.48 [91]).

Fig. 3.44 Ultrasonically cut alveolar bone during tooth extraction (reprinted from Horton et al.
[90] with permission. © Elsevier)
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Fig. 3.45 Variation in longitudnal force and downward force during ultrasonic chisel cutting of
bovine bone (reprinted from Khambay and Walmsley [91] with permission. © Elsevier)
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One of the primary characteristics which brings ultrasonic machining more supe-
rior to conventional machining is that it essentially brings down the cutting tempera-
ture while operating upon the bone and thus helps the long-term goal of avoiding any
detrimental after-effects to the bone. In this field, Cardoni et al. [92] directed study
gathered that when ultrasonic energy is absorbed by natural materials, their ther-
mal responses are altered dramatically for a favorable outcome. The post ultrasonic
cutting observations by Lucas et al. [93] also supported that by controlling cutting
parameters such as load, tuning frequency, and vibration velocity of the blade tip,
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Fig. 3.48 Variation in cutting force as a function of rate of cut (reprinted from Khambay and
Walmsley [91] with permission. © Elsevier)
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Fig. 3.49 20 kHz (long) and 35 kHz (short) ultrasonic cutting blades (reprinted from Cardoni
et al. [92] with permission. © Elsevier)

the thermal response of material can be altered for elimination of additional cool-
ing system. Two different types of blades used in this study are shown in Fig.3.49
[93]. Besides the above-mentioned research works related to the influence of process
parameters on temperature, a number of attempts were also made to come up with
innovative designs [94, 95] for the cutting blades to distinctively decrease the fric-
tional heat during site specific cutting.

Another dimension to the domain of ultrasonic machining is the introduction of
piezosurgery based on piezoelectric ultrasonic vibrations. Robiony et al. [96] have
reported extensive use of piezosurgery in maxillary osteotomies. The piezoelectric
device shown in Fig. 3.50 [96] observed to produce relatively safer cuts, without any
trace of damage from osteonecrosis. In addition, the technique is also suitable for
cutting delicate structures without encountering any difficulties associated with intra
operative visibility. Other studies too [97, 98] have contributed significantly to this
promising field of piezosurgery and many suggestions centering around new bone
cutting methodologies [99] were proposed.

Alongside the studies pertaining to cutting blade design, and parametric studies on
temperature effects, several other research works also mention regarding the fracture
occurring in bones and its probable causes. As Aro et al. [100] did not observe any
micro-fractures during ultrasound sawing it was not considered as one of the major
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Fig. 3.50 The piezosurgery device with a piezoelectric hand piece (reprinted from Robiony et al.
[96] with permission. © Elsevier)

mechanisms for bone destruction. Furthermore, differentiations were made between
the short-term and long-term consequences of using an oscillating saw as against an
ultrasonic one on scapula of a rabbit by carrying out histological and scanning elec-
tron microscopic investigations. Their conclusions were that application of ultrasonic
technology did not induce any micro-fractures whatsoever. It is known that eminent
researchers have also resorted to finite-element modeling [101] to better explore the
fracture phenomenon while cutting brittle materials ultrasonically. Thus, they pro-
vided valuable insights into the fracture mechanism based on crack-propagation for
successful cutting of friable materials. These efforts related to modeling have been
discussed in detail separately in Chap. 6.

3.3 Pneumatic and Hydraulic Machining

Pneumatic machining basically involves tools driven by pneumatic technology rather
than electric or hydraulic. Compressed gas/air is used to drive tools such as drills.
Pneumatic techniques offer major advantage from biological point of view that it
is a cleaner way of operating the tools. Several innovative and modernistic designs
have been developed over the years and constant advancements are being witnessed.
Though generally the pneumatic technology is primarily used in the motors that drive
the cutting tools for machining of bones, Forest Barber and Tidwell [102] invented a
replicator for resecting bone in which they have incorporated a high speed cutting tool
that utilizes the pneumatic technology. Ham et al. [103] interestingly experienced far
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generation of superior surface flatness during robot-assisted surgery wherein one of
the motors was pneumatic based. Furthermore, Jakopec et al. [104] brought in the
pneumatic tourniquet in their study on a hands-on robotic framework based total knee
replacement involving of several individual robots. Another different, attempt by
Zegunis et al. [105] compared the thermal effects in a pneumatic hammer drilling and
conventional drill-bit based drilling by embedding k-type thermocouples in the bone.
The observations revealed that under similar conditions, the hammering generated an
average maximum temperature of 31 °C while that recorded for conventional drilling
generated was 47 °C.

In their study, Mimnaugh et al. [106] used a pneumatic hand grinder in quest
of obtaining small bone particles for further study on the influence of entrapment
of these particles on the surface morphology and wear characteristics. In another
invention, Meredith [ 107] specifically used the pneumatically operated cylinders with
a vacuum of 28" of mercury in their advanced design concerning with an intention
to blend the constituents and form composites similar to natural bone. The patent
by Tarasius and Spiering [108] includes the use of electrically or pneumatically
operated motors as a design modification in place of a hand driven handle for the
purpose of exclusively milling bones and hard tissues. Despite its varied advantages
and enhanced capabilities, pneumatic designs are continually being modified and
battery-operated saws are becoming more popular. Notable proposition in this line
of machining has been given by Troccaz et al. [109] whose research probed the
dependability of surgical robots, for automation and accuracy during machining of
bones. This design incorporated a pneumatic artificial muscle actuators emphasizing
the nedd for robotic intervention in operations such as precise milling of femur and
the inserted stem’s alignment.

Another development in this field was undertaken by Park et al. [110], where
they attached a pneumatic milling tool to the femur and subsequent tasks were
performed sequentially as required for total hip arthroplasty. The efforts are also
being conducted to reduce the error generated due to human interaction. In gen-
eral, pneumatically-operated milling tools lead to reduction in machining time with
machining errors within acceptable range. Malvisi et al. [111] compared three differ-
ent types of pneumatic milling cutters and established that milling can totally replace
sawing, especially in cases of major re-sectioning of bones. Their work further indi-
cated that pneumatic milling operation can be carried out in the absence of irrigation
and within the stipulated time frame for allowable range of accuracy and temper-
ature elevations. Since the use of pneumatic tools such as drills, mills, hammers,
cutters, shapers, and grinders is well established machining of conventional metallic
and non-metallic materials, with several modifications in designs mentioned above,
they are being considered also for bone machining. For instance, Chung et al. [112]
incorporated a pneumatic drill and slider for driving the tool in their construction of
a compact, robust, complex and miniature intramedulla gage for stem implantation
in femurs.
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As described above, several bone machining techniques are supplemented with
haydraulic jets to assist in cooling and/or enhance the cutting action. However,
another technique based on hydraulics, waterjet machining utilizes water (fluid),
primarily for the purpose of machining. Promising works have been done in the field
of waterjet machining of the bones and they are discussed in the following section.

3.4 Waterjet Machining

Waterjet machining as the name suggests employs high pressure jet of water in order
to perform material removal. On the account of its precision, waterjet machining has
been employed in variety of industries related to metal cutting, paper and cardboard
cutting, and frozen food cutting reflecting the versatile nature of the process [113—
115]. In case of bone and hard tissue cutting, this process offers some specific
advantages listed below [116-119].

e No heating of the tissues

e Precise and clean cuts

e Better accessibility for deployment in operation theater via flexible waterjet tubing
e Water is not biologically harmful

The basic principle behind waterjet machining is expressed by the following Bernuli’s

equation [117].
2P
Vliquid = MKy 7 (3.17)

where V.4 1s the waterjet velocity (m/s), w, is the constant with value between
0.86 and 0.92 depending on the waterjet setup, p is the density of water (kg/m?),
P is the pressure (Pa). Considering that u, and p remain constant, any increase in
the pressure would also increase the water jet velocity. Depending on movement of
the water jet stream, the various machining actions can be performed. For example,
during cutting, the waterjet is moved over the material and during drilling, waterjet
does not continue path through the material but changes its trajectory by 180° after
reaching the desired depth (Fig.3.51). The control of pressure plays a key role and
should be exercised carefully. The general setup for waterjet machining consists of
a high pressure water pump, a transducer for monitoring real time pressure, a jet
nozzle with adjustable diameter, and specimen holding arrangements [119].

The diameter of the waterjet also plays a critical role especially in case of bones
which have a porous composite structure [ 117]. The diameter is related to the volume
of water in contact with the material expressed in the following Eq. 3.18. While, water
jet with a smaller diameter than the trabucular spacing (Tb.Sp.) can pass through the
cavities of the bone without removing the bone itself and tubercular struts (Fig.3.52a
[117]), water jet with a larger diameter can cut through the bone (Fig.3.52b [117]).
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Fig. 3.51 Schematic of waterjet machining. a drilling and b cutting

Fig. 3.52 Effect of jet diameter on its transmission during waterjet drilling of bone (Tb.Sb: tra-
becular spacing and Tb.Th: trabecualar thickness) (reprinted from Den Dunnen and Tuijthof [117]
with permission. © Steven den Dunnen and Gabrielle Tuijthof)

1
Volyaer = ZT[DZ Vliquid~t (3.18)

where Vol,,q, is the volume of water (m?), D (m) is the water jet diameter and t (s)
is the time of interaction between the waterjet and material being cut and t is given
by D/Vscanning» Vscanning b€ing the jet scanning/rastering velocity.
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Fig. 3.53 Waterjet drilled holes in the famour bone (reprinted from Den Dunnen and Tuijthof [117]
with permission. © Steven den Dunnen and Gabrielle Tuijthof)

2 3

5

Fig. 3.54 A micro CT scan image of watetjet drilled holes in the goat bone. (/) full penetration
of the bone, (2) and (3) cone shaped holes, (4) the sawed-off protrusion, and (5) natural cavity
in the bone (reprinted from Dunnen et al [119] with permission. © Strojniski vestnik—Journal of
Mechanical Engineering)

With this basis, actual trials of bone machining have been carried out. An example
of drilling has been shown in Fig.3.53 [117]. The precisely drilled holes are clearly
seen. The similar technique was also used for making cuts and drill various shaped
holes (Fig.3.54 [119]). In the same publication, the mechanism of drilling of bones
by waterjet was also suggested. Depending on the input waterjet pressure, various
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Fig. 3.55 Schematic of the stages in waterjet drilling as suggested in [119]: I reflection tangential
to the surface, I small cavity changes reflection angle, III incoming and outgoing waterjets start
to interfere, widening the hole beyond the waterjet diameter, and IV hole depth and diameter are
further increased

responses from the bone are generated. If the pressure threshold is not met, the water
jet gets reflected from the bone material and may damage surrounding organs or
cartilage (Fig.3.55a). As soon as the waterjet pressure threshold is reached, corre-
sponding cuts are achieved with a small dent in the water jet and with increase in
depth of cut the angle of reflection continues to increase (Fig.3.55b). With further
time, the hole widens greater than the jet diameter and hole depth becomes deeper
with root diameter smaller than opening diameter giving the characteristic conical
shape (Fig. 3.55¢, d). In the same study, effect of pressure was investigated on human,
sheep, goat, and pig bones and it was concluded that the pressure of 30 MPa was
good enough for successful drilling in each case [117].

It is clear that, waterjet is suitable for machining of the bones, however, tradition-
ally waterjet technology employs suspended abrasive particles [113]. Although this
leads to faster machining, but in case of bones abrasive might pose some adverse
issues. These include biocompatibility, excessive mechanical damage, and danger
of residual particles. In order to deal with such issues, some of the biofriendly and
soluble abrasives have been tried [118, 120]. Sugar and sorbitol were found compar-
atively effective. However, the bio friendly abrasives need further research in order
to reach implementation stage. Another issue with waterjet technology is real time
surgical application, where clamps used for research purposes are not feasible. A
possible operation theater setup has been proposed. Similar to many non conven-
tional techniques like laser, in case of waterjet machining the surgeons would need
to undergo intense operational and safety training before it is implemented in clinical
environments.

So far, the conventional and non-conventional techniques of bone machining have
been discussed. Figure 3.56 summarizes these all techniques in the form of a flow dia-
gram and summary of the key variables and process parameters along with important
features of these machining techniques are presented in Table 3.5. While this chapter
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Machining
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Fig. 3.56 Flow diagram summarizing all the conventional and non-conventional machining
processes

has given basic description of these processes the following chapter carries forward

the

detailed discussion on physical attributes of bone machining such as machining

forces and crack propagation.
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Chapter 4
Attributes of Bone Machining

Any machining operation has certain key attributes depending upon the material
undergoing the process, the type of process, and choice of process parameters. In case
of bones and hard tissues, which are composite materials, these attributes very much
characterize the uniqueness of their machining operations. Having discussed the
basics about state of the art of orthopedic surgery, nature of bones, and fundamentals
of various machining processes (conventional and non conventional), the current
chapter takes the discussion ahead with attributes of machining process. The key
attributes considered here are

Effect of microstructure

Effect of aging

Effect of machining parameters
Crack propagation

Chip formation

Temperature rise

It is worth noting here that above mentioned attributes are equally important in case
of all the materials. However, temperature rise becomes critically important due to
thermally induced necrosis and hence, a need for careful control of temperature.
In light of this, a separate chapter has been dedicated to temperature rise during
machining of bones whereas other attributes have been discussed in the following
sections.

4.1 Microstructure and Materials Aspects

As a result of composite nature of the bone, the mechanical and thermal loading
direction critically determines the response of bone to the mechanical machining.
However, Factors such as porosity, mineralization, orientation, diameters and spacing
of collagen fibers, and other aspects of histological structure play a deterministic
role in case of mechanical response and thus the machining process as well [1, 2].
This makes a distinct impact in differentiating the material response in case of a
© Springer International Publishing Switzerland 2016 99
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homogeneous and a complex material such as bone. This situation is illustrated in
Fig. 4.1 [1], which shows (a) various loading directions in a bone, formation of
microcracks in (b) homogeneous material and (c) bone. In a transverse direction, the
important responses of bone constituents to mechanical loading have been tabulated
in Table 4.1. In addition, it has also been reported that, bones are much stronger when
loaded in either compression or tension in longitudinal direction. On the other hand,
even though the overall strength of bone drops down in transverse loading, it reflects
higher strength in compression than tension. It has been well documented in the
literature that the mechanical response changes drastically depending upon loading

Bone nis
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Fig. 4.1 An osteonal bovine cortical bone tissue. a Optical micrograph of cross sectional view
and its position in transverse-radial cross-section and schematic illustration of mechanical response
of b homogeneous material, and ¢ bone (reprinted from Abdel-Wahab et al. [1] with permission.
© Elsevier)
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Table 4.1 Mechanical properties of various microstructural components of bone

Component Elastic modulus | Poisson’s ratio Strain energy release rate
(GPa) (N/mm)
Osteons 9.13 0.17 0.86
Interstitial matrix 14.1 0.15 0.23
Cement lines 6.85 0.49 0.14
40 — = Compression
======Tension

30 +

Stress (MPa)
8
f

—
[=]
|

Fig. 4.2 Typical stress-strain curves for compressive (solid lines) and tensile (dashed lines) loading
of bone specimens with different moduli. The tensile specimens fractured as shown (X). These
curves illustrate how the difference between the tensile and compressive strengths is large for high
modulus specimens, but small for low modulus specimens (reprinted from Keaveny et al. [3] with
permission. © Elsevier)

direction (Fig. 4.2 [3]) and orientation of microstructural features with respect to
it [4]. Furthermore, studies into the internal structure of the bone reveal prevalence
of anisotropy and heterogeneity. This makes it more difficult to predict the exact
response of bone to machining operation. In another of such studies [5], it was
concluded that heterogeneity and anisotropic nature of the bone have a direct effect
on the properties at continuum level. As a result of anisotropy, the elastic modulus
was observed to vary 50-100 folds in the region of similar metaphysis. Another
good example depicted in Fig. 4.3 [6], which clearly shows that elastic modulus in
various loading modes is heavily influenced by apparent bone density. Therefore, it
was recommended that properties of bone be reported along with its type, loading
direction, anatomic site, and age.

This brings the discussion to another variable, that is the age which critically influ-
ences the bone regeneration based on diet habits, geographic location, and gender.
Giving attention towards the fact that bone is a living organ, it undergoes continuous
changes with respect to its structure. Inherent ability of repair results in regener-
ation of the damaged bone. However, as the bones age, this ability continuously
reduces which is a clear indication of reduction in ultimate tensile strength (UTS)
with increase in age shown in Fig. 4.4.

It has been reported that, even exercise does not improve the response of aged
bones to loading [8]. In fact, the porosity of bony structure has been reported to
increase with age as indicated in the results predicted by aging model (Fig. 4.5)
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Fig. 4.3 Scatter plot of E-modulus versus apparent density, filled circles axial-group, open cir-
cles transverse-group. The fitted line through each group is the power relationship shown in the
figure (reprinted from Giesen et al. [6] with permission. © Elsevier)
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Fig. 4.4 Dependence of ultimate stress on age for trabecular bone from the human vertebra and
femur. For both anatomic sites, strength decreases approximately 10 %/decade (reprinted from Kutz
[7] with permission. © McGraw Hill)

[9]. It has also been reported that, even though the porosity increases with age,
the mineral content is not greatly affected by age [10]. At the same time, linear
regression analysis has indicated that ultimate tensile strength, ultimate strain, and
energy absorption decrease by 5, 9, and 12 % respectively per decade as the bone ages.
Furthermore, the same study also indicated that increase in porosity predominantly
contributed to reduction in strength. In addition to age, the gender is also considered
as a determining factor. It was reported that female bones underwent compensatory
hypertrophy (increase in size to perform work of dead tissues) which did not happen
in case of male bones.

Thus itis very much clear that as aresult of highly heterogeneous and continuously
changing nature of bones, it is highly difficult to exactly predict the bone response to
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Male Bone

Fig.4.5 Effectof aging on male trabecular bone (reprinted from Thomsen et al. [9] with permission.
© Elsevier)

machining. The macro-level mechanical response of bones is heavily dependent on
loading direction with respect to various micro level constituents. In addition, factors
such as age and gender also play a very critical role. This discussion overall points
towards designing a patient specific treatment in order to achieve higher success rates
in case of orthopedic treatments.

4.2 Effect of Machining Parameters

Apart from material undergoing the machining, the choice of parameters also plays a
key role in determining the overall outcome of the machining. In the current section,
important parameters with respect to general mechanical machining processes have
been discussed. These parameters include

Applied force/load
Cutting speed

Feed rate

Depth of machining
Rake angle

Tool dimensions
Generated torque

In general, it is accepted that the applied force, whether it is a conventional tool
or ultrasonically assisted tool, should not exceed the safe limit of material (fracture
strength, thermal strength, and carbonization or necrosis temperature). The excessive
force as discussed in previous chapters may lead to undesirable mechanical damage
as well as thermally driven necrosis in the bone and hard tissues. In addition, there is
a large variation in force as a result of heterogeneous structure of bone as discussed
previously. Another important aspect produced by the force is torque. So, the average
forces timed over the whole machining process gives a better insight and can be
henceforth be compared to the forces predicted by the modeling exercises. As feed
rates and speeds increase, torque values witness a surge along with a slight increase
on the thrust values.
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Torsional yielding in a human cortical bone was investigated for the effect of
torque [11]. A correlation was drawn with the damage density and stiffness degrada-
tion was evaluated. Since the bone is exposed to severe thrust forces and torques for
the purpose of cutting through it, it is important to ensure that the torque experienced
by the bone during the cutting operation does not exceed the torsional yield point of
human bone. In the latter case, the properties of the human bone will undergo unde-
sirable changes and issues concerning bio-compatibility would arise. Finite element
analysis has been time and again used to calculate the force and torque parameters
during the cutting process. Real-life bone cutting conditions were simulated and the
bone-tool interaction predicted based on various parameters. Cutting force as func-
tion of depth of cut, tool velocity, lubrication, coolant, and tool nose radius have
been established. The final conclusion was that the material removal rate (MRR) and
lubricating conditions (oil, coolant, fluids, the flow rate, additives) have the most
profound impact on the cutting force. Utilizing the crucial information reported in
works of Alam et al. [12], bone machining procedures can be optimized and can
be done using minimum invasion. The force analysis has been primarily focused
upon. Additionally, estimation of torque was carried out simultaneously by Jacob
et al. [13] and the findings were reported in their research paper on bone drilling
and graphically presented in Fig. 4.6 as comparison between computationally and
experimentally derived torque as function of rotational speed during bone drilling
operation. The summary of observations is presented below.

1. As the depth of cut decreases, the specific cutting force experiences an increment
which can be justified by the theory on size effect. These observations comply
with the expected results as per the Modified Merchant Analysis.

2. The specific cutting force is a function of depth of cut only (Fig. 4.7 [14]).

3. The shear strength measured in a direction perpendicular to the bone axis is double
that in the other two directions due to the presence of the osteon that has spiral
collagen fibers.

Fig. 4.6 Comparison of o3

torque estimated by Cook Shear stress volues
model with experimental 1 20,000 psi

2. 30,000 psi

data as a function of E
rotational speed in drilling of -
bone (reprinted from Jacob 1
et al. [13] with permission. g
© Elsevier) =

5

Drill rotgtional speed, rev/min
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angle (reprinted from Mitsuishi et al. [14] with permission. © Elsevier)

Another study conducted orthogonal cutting experimentation on bovine cancellous
bone specimens [15]. Variations were made in cutting speed, rake angle, and depth of
cuts. The final objective was to attain a particular set of these variables which would
ultimately contribute to reducing the specific cutting energy, avoid unnecessary and
undesirable fragmentation, and also assist in extrusion of the bone marrow. It was
observed that specific cutting energy reduced as both the cutting speed (Fig. 4.8 [15])
and the depth of cut increased (Fig. 4.9a [15]). The optimum results corresponded
to a 60° tool rake angle (Fig. 4.9b [15]).
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Fig. 4.8 Specific cutting
energy as a function of
cutting speed (reprinted from
Malak and Anderson [15]
with permission. © Elsevier)

Fig. 4.9 Specific cutting
energy as a function of depth
of cut for various rake angles
in case of a femur and b iliac
crest bone (reprinted from
Malak and Anderson [15]
with permission. © Elsevier)
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4.3 Crack Formation and Propagation

Crack formation and propagation is an important attribute of machining process
as it governs the way bone fails during machining and finally resulting in material
removal. It also reflects the toughness of the bones. The toughness depends on type
of loading and direction of crack propagation. Basic mechanisms of crack generation
and propagation are classified in three modes as Mode I: crack opening where loading
direction is perpendicular to prorogation; Mode II: in plane shearing where loading
direction is in plane and parallel to propagation; Mode III: tearing where loading
direction is in shear to the propagation (Fig. 4.10 [16]).

Toughness is mainly governed by not the composition but the way constituents are
arranged within the bone which dissipate the energy effectively [17]. For example,
Table 4.2 quotes fracture toughness of various anatomic sites in terms of fracture
energy release rate G;. in Mode I loading and Gy, in Mode II loading respectively
[18]. The general mechanisms of toughening are viscoplastic flow in case of gel like
substances or polymers which toughen by formation of non connected microcracks.
In case of ceramics however, the toughening takes place by crack bridging and
deflection. Interestingly, owing to the composite nature of of the bone, all of these
modes have been found to be operative in bones [19-27]. Interesting observation
about crack path angle relative to collagen fibrils was made by Peterlik et al. [17].
Their observations indicated that depending upon these values, the bone transitions
from totally brittle to ductile fracture. Such a behavior is indicated in Fig. 4.11a
[17] where in variation of crack extension energy is shown as a function of collagen

(a) ' (b) ] (c)

v

v » e

Fig. 4.10 Main modes of fracture displacements in reference to loading conditions in an isotropic
material a Model I (Opening). b Model II (In-Plane Shearing). ¢ Model III (Tearing) (reprinted
from Liao and Axinte [16] with permission. © Elsevier)

Table 4.2 Site specific fracture toughness values of bone anatomies

Anatomic site Femoral neck Femoral shaft Tibial shaft
Gy 1128 + 344 706 + 288 816 + 327
Gyje 5642 £+ 1272 1817 £ 1090 5570 4 1749
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Fig. 4.11 Crack extension as a function of the collagen angle y. a The energy required for crack
extension and b the standard deviation of the crack path angle « (reprinted from Peterlik et al. [17]
with permission. © Nature Publishing Group)

orientation. As the angle gets larger, the energy required is more indicating transition
from ductile to brittle type of behavior. In addition, variation in crack path orientation
with respect to loading direction was monitored as a function of collagen orientation
(Fig. 4.11b). This plot also indicated a similar trend with an increase in value for
large angle of collagen fibril orientation.

To further investigate such a behavior, the cracks in different modes were care-
fully observed in micrographs (Fig. 4.12) [17]. When the orientation of the cracks
was aligned perfectly with the fibrils, the crack surface appeared smooth indicating
predominantly brittle mode of fracture (Fig. 4.12a). Furthermore, when the crack
became perpendicular, the crack surface became zig zag in nature with heavy distor-
tion and torn areas (Fig. 4.12b). This confirmed the transition from brittle to ductile
mode. Another study trying to probe the ductile to brittle transition pointed out the
importance of water content in fracture toughness evaluation [4]. It was reported
that water content greatly helped in increasing the fracture toughness. Furthermore,
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(b)

Fig.4.12 Scanning electron micrographs of the crack path. a Longitudinal crack extension, where
the crack flanks appear straight and smooth, and b circumferential crack extension, where the crack
flanks appear deflected and heavily distorted (reprinted from Peterlik et al. [17] with permission.
© Nature Publishing Group)

the plastic component of the fracture toughness was found to be higher by 80 % in
wet specimen. In the same study, it was also reported that with an increase in crack
length, the value of apparent fracture toughness also increased.

Another study noted that irrespective of age and gender, the human bones pos-
sessed greater resistance to crack growth under shear than the tension [28]. The
tensile fracture toughness had a value of 339 N/m compared to 4200 N/m of shear
toughness. It was concluded that bone has inherent crack growth prevention mech-
anism because of its microstructural features in shear which also is concurrent with
natural design where majority of the loading on bone and joints is compressive or
shear. In addition, another important observation made was that the bone toughness
is equivalent in men and women and bone toughness gradually decreases with age
55 and beyond. Furthermore, the mechanism of decrease in fracture toughness was
investigated in a separate study [29]. Age-related embrittlement of bone fracture was
linked to the higher near-tip strains by lamellar shear and crack deflection at lamellar
interfaces in the young bone and their absence in the old bone [29]. The chemical
changes in the bone also play a role. The different near-tip deformation behaviors
were considered to be driven by presence of Si and Zn in the young bone but more
Ca and P along with the lack of Si and Zn in the old bone.

In order to achieve further understanding about microcrack mechanism which is
generally how the toughening in bones takes place, fracture toughness tests were
conducted [30]. When the samples were put in the scanning electron microscope
for further evolution, the researchers observed a frontal process zone and a notable
process zone similar to those in quasi-brittle solids. It was also reported that the crack
propagation velocity and crack extension obey an inverse relationship with each
other [30]. The schematic of crack propagation model characteristics are presented
in Fig.4.13 [30].

Furthermore, the crack propagation model was compared to crack initiation model
by the same investigators [31]. It was found that the slope of crack-growth using the
crack-propagation mode presents a more realistic framework to evaluate fracture
toughness instead of parameters derived from the crack-initiation model. The crack
growth resistance increased as a function of square root of crack extension (Fig. 4.14).
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Formation of microcarks during the propagation of the main crack actually mitigated
further growth of the main crack. It was also emphasized that initiation of a crack is
not a crucial step for fracture; rather it is the ease of growth or penetration through
the bone is the key step in the whole process.

In actual day to day life, the bone experiences variation in loading cycle and
hence undergoes fatigue loading. One of the initial studies on fatigue loading of
bones investigated the effect of nature of strains [32]. The bone specimens sub-
jected to tensile strains generated an extensive network of fine cracks at ultra-
structural level. On the other hand, those subjected to compressive strains gener-
ated linear cracks at the interstitial sites. It has also been reported that, if the bone
is loaded beyond its yield strength followed by unloading and reloading, there is a
significant reduction in elastic modulus [7, 33-36]. This behavior is schematically
illustrated in Fig. 4.15. Another important parameter that characterizes the fatigue
behavior is the secant modulus defined by secant drawn from the loading point to
the first unloading point [7, 36, 37]. It is usually accepted that 5% reduction in
secant modulus results in fatigue failure leading to rapid decrease in stiffness and a
failure [37, 38]. Such reduction in modulus is accompanied by increased dissipa-
tion of mechanical energy per loading cycle [7, 39]. A general empirical law was
derived from strain amplitude controlled tests for expressing fatigue behavior of
human femoral cortical bone according to Eq. 4.1 [39].
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the same donor (reprinted
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where N is the number of cycles to failure, and Ae is the applied strain amplitude.
In addition, creep strains were found to be associated with the fatigue loading. When
fatigue and creep behaviors are expressed as functions of stress to modulus versus
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Fig. 4.16 Fatigue and creep behaviors of human cortical bone versus time to failure. For fatigue
loading, the ordinate on this graph can be converted to number of cycles by multiplying the time to
failure by the frequency, which is typically one cycle per second for normal walking. Note that both
creep and fatigue resistance are lower in tension, consistent with monotonic behavior (reprinted
from Carter et al. [39] with permission. © Taylor & Francis Ltd (www.tandfonline.com))
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Fig. 4.17 Schematic of creep response of cortical bone for three different stress levels. When a
low stress is applied to the bone, the strain remains constant over time, and there is no permanent
deformation after unloading. For stresses just below yield, strains increase with time at a constant
rate, and a small permanent deformation exists after unloading. As the magnitude of the stress is
increased, the rate of creep increases, and a larger permanent deformation exists after unloading

time to failure, fatigue life is independent of frequency (0.2- to 2.0-Hz range), and
substantial similarities appear between the fatigue and creep behaviors (Fig. 4.16). It
further confirms that in general, bones act stronger in compression than tension. It also
points out that the exercise schedule should be carefully controlled. From machining
point of view, the bone under machining should not be subjected to higher stress in
any case and stress duration has to be cautiously controlled depending upon patient
specific nature of bone. Furthermore, as expected, the stress level plays a critical
role in determining level of generation of creep strains (Fig. 4.17 [40]). At low stress
levels, the creep stress generation rate is zero whereas it gradually increases for
intermediate stresses and rapidly for higher stresses.
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Effect of temperature was investigated on bone fatigue behavior [41]. It was
concluded that, with reduction in temperature from 45 to 21 °C, the fatigue life
of bone improved thrice (Fig. 4.18 [41]). Even-though, these observations clearly
indicates that people living in moderate temperatures would have better bone fatigue
performance, the results in sub-zero temperature conditions were not reported and
further research is needed to get complete picture. In the same study, it was also shown
that an increase in mineral density by 6 % enhanced the fatigue life by threefold.
The same group further investigated the effect of bone type on fatigue behavior [41].
It was reported that the secondary bones were much weaker in fatigue as a result of
lower density and inherently weak structure (Fig. 4.19 [42]).

Another study reported that during a mix fatigue loading of the bone, the com-
pressive strains are predominant [43]. A number of fluorescent chelating agents were
applied to intricately monitor the changes accompanying the straining procedure. It
was also observed that the crack growth was large. The barrier effects were offered by
the cement lines (boundaries between osteons). In addition, the longitudinal cracks
were lengthier than the transverse cracks. On microstructural level, an investiga-
tion related to fatigue cracks indicated that micro cracks of short length (lesser
than 100 pwm) were completely inhibited by cement lines encompassing osteons
[44]. However, with an increase in the crack length to those of intermediate range
(100-300 pm) the cracks had their path deviated from the main course. Cracks longer
than 400 pm failed to inhibit the growth. It was concluded that under certain cyclic
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loading, it becomes more essential to prevent propagation than initiation of cracks in
bones because micro-cracks keep originating on the surface due to the cyclic stress
sustained by the bone.

Important attribute that follows after crack formation and propagation is the chip
formation. The chips are the footprints of the material undergoing machining as well
as the machining parameters employed. Following section elucidates the importance
of chip formation, key mechanisms, and how the process parameters should be con-
trolled to obtain the desired quality chips with appropriate length and continuous in
nature.

4.4 Chip Formation

During any machining process, independent of type of material, the process of mate-
rial removal takes place in the form of chip formation. Investigating such a removed
of material can provide important information regarding overall process of machin-
ing as well as the microstructural changes during that process. Also, key information
can be extracted with regards to the improvement in the choice of machining para-
meters, improvements in tool/tool tip design or additional changes such as cooling
systems. Another important aspect of chips is that they are also chunk of heat carrier.
Main reason behind this is very high surface to volume ratio associated with them.
Chips can form in various forms such as continuous, discontinuous, and intermittent
fragments. They not only provide evidence of the type of machining but also nature
of material (brittle or ductile.)

The process attributes which drastically influence the process of chip formation
are depth of cut, tool velocity, and rake angle. In case of rake angle, the higher values
are preferred for continuous chip formation [15]. This is illustrated by a photograph
of chips forming in real time at a tool rake angle of 23° compared to 45° (Fig. 4.20
[15]). In first case, just by visual observation, one can easily make out the brittle
nature of the bone being cut. On the other hand, an increase in rake angle transforms
the chip to a continuous one very similar to the one observed in case of ductile
metals. The physical reason considered behind such a change in behavior is, with
an increase in cutting rake angle, the force eases out. Another important observation
made about processing parameters is that the depth of cut has equal importance as
that of rake angle concerning chip formation. It was observed that as the depth of
cut increased the mechanism of chip formation changed from shear plane driven to
discrete fracture.

Another investigation reported about the chip formation behavior as a function
of uncut chip thickness (UCT) and relative orientation of osteons with respect to the
tool (Fig. 4.21 [16]). It was observed that chip formation for minimum UCT in the
parallel direction was easiest. Even though, the chip formation looked similar in all
directions and uncut chip thicknesses, the closer observation clearly indicated the
difference in fracture direction. In addition, as the UCT increased the fractured length
also increased. Similar observation has also been reported by other investigators as
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Fig. 4.20 CT scans showing discontinuous chip at rake angle of 23° (fop photograph) and contin-
uous chip for rake angle of 45° at 1.2 mm depth of cut (bottom photograph) (reprinted from Malak
and Anderson [15] with permission. © Elsevier)

well (Fig. 4.22 [45]). Furthermore, irrespective of the cutting direction, as UCT
increased, the mode of chip formation changed. These mechanisms are described
below.

e Shear Cutting (SC) Mode: This model is valid for smaller depth of cut. The
bone behaves like a ductile material in this regime. The energy released is smaller
than fracture toughness and thus fracture does not take place, forming the chips in
continuous manner instead. The heat is concentrated in narrow band of deformation
zone and plastic deformation is predominant.

e Shear Crack Cutting (SCC) Mode: As the UCT increases, the chip morphology
becomes zig-zag in nature. The chip formation starts by accumulation of the plastic
deformation. The energy released soon exceeds the energy released during mode
II fracture of the bone. As a result, the visible crack forms, thus the name shear
crack cutting.

e Fracture Cutting (FC) Mode: With further increase in UCT, the fracture energy
exceeds in all the directions. Cracks formed have mixed mode I and mode II nature.
The propagation takes place in the direction of cutting.
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Fig.4.21 Chip morphologies when various UCT and cutting direction relative to osteon orientation
a Parallel cutting direction. b Across cutting direction. ¢ Transverse cutting direction (reprinted from
Liao and Axinte [16] with permission © Elsevier)

Fig. 4.22 Macroscopic images illustrating different chip formation mechanisms for various depths
of cut. a 2 um (left) and b 200 pwm (right) (reprinted from Plaskos et al. [45] with permission.
© Springer)
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To understand chip formation during drilling, the chip morphology was monitored
as a function of drilling speed (Fig. 4.23 [46]). While, at lower speeds the chips
formed continuously (Fig. 4.23a [46]), with an increase in speed the chips formed in
a fragmented manner (Fig. 4.23b [46]) and for the highest speeds, they formed in a
powdery fashion (Fig. 4.23c [46]). In case of continuously formed chips were termed

Fig. 4.23 Variation of chip morphology in bone drilling at various rotational speeds: a continuous-
12 m/min; b fragmented-30 m/min; ¢ powdery-48 m/min (reprinted from Liao and Axinte [46] with
permission. © Elsevier)

Fig. 4.24 Scanning electron micrographs of drilling chips: general purpose twist bit, 40 rpm, d =
1.98 mm, p = 14.4 N/mm?. a spiral shape of chip and b higher magnification, note back side of
chip towards center of drill bit near lower left corner. ¢ Optical micrograph showing cross-section
through spiral chip: general purpose twist bit, 40 rpm, d = 1.98 mm, p = 7.2 N/mm? (reprinted from
Wiggins and Malkin [47] with permission. © Elsevier)
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Fig. 4.25 Comparison between chips generated in conventional and ultrasonic drilling (reprinted
from Chang and Bone [48] with permission. © Elsevier)

under-broken chips. Although, these type of chips can be removed easily, there is
always a danger of damaging the drill surface by the process of clogging. This also
poses a risk of force/torque built up and breaking of the drill inside the drilled hole.
The powdery chips formed for highest drill speeds are also termed as over broken
chips. They pose danger of undesirable scattering and vibration. Therefore, the drill
speed needs to be optimum to form fragmented/adequately broken chips.

Furthermore, to get deeper understanding about the process of chip formation,
SEM analysis was employed (Fig. 4.24 [47]). The chips from drilling process were
analyzed. The chip formation took place via continuous fracture as a result of local-
ized deformation. The process took place during the interaction of chiseled portion
at the tip of drill bit with the bone. The segmental behavior of material removal was
clear as evident in Fig. 4.24a, b [47]. In addition, Fig. 4.24c [47] clearly demonstrates
that the process in drilling is different than orthogonal cutting. The circumferential
striations and smearing present these differences.

Another aspect about the chip formation is that even though the continuous chip
formation indicates better machining process, the continuously formed chips can
pose inconvenience to the surgeon or the operator. In order to address this issue,
some of the special tools have been opted for chip breaking [48]. These attachments
help in cutting the chips at periodic intervals for maintaining the chip length at
optimum level for desired chip morphology. Furthermore, it has been reported that
carefully optimized ultrasonic machining results in desired length of chips compared
to conventional machining (Fig. 4.25 [48]). Such optimally formed chips not only
increase the convenience of surgeon/operator but also help in restricting the surface
damage caused by the chips. Continuing the discussion on these lines brings the it
to the final attribute, that is surface finish after bone machining and is discussed in
the following section.

4.5 Machined Surface

Even though this topic in general in terms of surface quality has been already dis-
cussed separately in Chap.?2 already, a brief description has been provided in the
current section in specific connection with bone. Final attribute of the machining
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Fig. 4.26 Effect of uncut chip thickness (UCT) on surface quality (reprinted from Plaskos et al.
[45] with permission. © Springer)

is the nature of the machined surface. It is usually judged by certain quality para-
meters. The surface quality indicates the amount of damage induced in the bone
as a result of machining process. Furthermore, it also determines the process of
post machining oseointigration during the healing process. Surface accuracy and
fine finish play a major role in all applications since time immemorial. In case of
bone milling operations, the surface quality observations have been notably made.
A lot of milling parameters influence the resultant surface quality/flatness and post-
operation osseointegration. It holds tremendous importance especially in total knee
arthroplasty (TKA) [49]. Surface flatness obtained as a result of optimized milling
operation resulted in maximized bone ingrowth. This gave better healing character-
istics. It was also concluded that to ensure a good surface finish, temperature rise
needed to be critically controlled. Moreover, there was not much variation in surface
quality on changing the feed rate or the milling speed.

In another study related to cutting oration, it was observed that when the cutting
direction was exactly perpendicular to the osteons, the surface roughness was the
highest a large volume of sub-surface damage [50]. Experiments also showed that
positive rake angles fared poorly as against negative rake angles from the surface
roughness perspective. Increase in depth of cut increased surface roughness. Similar
observations were made related to depth of cut by different researchers who quan-
tified it in terms of UCT discussed before [45]. The smooth surface is evident for
minimum UCT where as various bone elements disintegrated as with increase in
UCT (Fig.4.26).
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Chapter 5
Temperature Evolution During Bone
Machining

The heat evolved during any machining operation as a secondary effect (in mechanical
machining) and/or primary or inherent effect/source (in beam based machining)
results in temperature increase of the bone. As discussed in Chap. 2, rise in temper-
ature leads to thermal necrosis of the bones and as a result becomes very critical
aspect. A lot of studies have investigated temperature rise during various conven-
tional and non-conventional bone machining processes [1-5]. The current chapter
is exclusively dedicated to temperature evolution. Various efforts exploring role of
machining parameters on temperature evolution are discussed. Firstly, some general
considerations are given to the topic. Then, the chapter moves to the discussion about
temperature measurement techniques. With this background, various conventional
and non-conventional processes are discussed. Finally, the efforts regarding reducing
the temperature are taken into account.

5.1 General Considerations

In any machining process in general, the temperature evolution depends on thermo-
physical properties of the material undergoing the process and can be numerically
expressed in Eq.5.1 [6, 7].

T = CoK, V' A" or W22 (5.1)

where K; is the specific cutting energy, V the cutting velocity, A the chip cross-
sectional area, W the thermal conductivity of work material, and h the thermal
capacity (density specific heat) of work material. Cy and n are constants and can
be obtained experimentally. Thus the temperature rise depends on input machining
energy and thermal properties of the bone. Especially, the input energy in conven-
tional mechanical machining is dependent on shear strength of the bone as machining
is a shear failure process. The heat generated is partly dissipated with the chips and
rest contributes towards temperature rise. The heat capacity of the bones being much
© Springer International Publishing Switzerland 2016 121
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(a)
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Fig. 5.1 Tool-bone interaction showing a process of chip formation by shear force and b zones of
heat generation in the interaction region

lower, and hence comparatively temperature rise is low chips carry less amount of
heat when compared to the metals. The process of chip formation along with the
zones of heat generation is schematically illustrated in Fig.5.1.

Research related to the temperature effects and necrosis in bones dates back to
1941 [8]. Since then, efforts are being made to understand the temperature devel-
opment and its effect on bone tissues as well as in developing bone machining
techniques operating at safe temperature levels. Hence, the discussion will move for-
ward to various machining processes with specific emphasis on temperature related
aspects.

5.2 Temperature Measurement

Monitoring temperature accurately is the necessary requirement to determine the
exact effect of machining parameters. The most common ways of temperature mea-
surement are enlisted below [9].

e Thermocouples/thermoresistors
e Infrared thermographic camera

Thermocouples are the sensors based on a pair of different conductors. As the tem-
perature changes between ends of both the conductors, there is a proportional change
in the voltage between the two. It is worth mentioning here that, other sensors such
as thermistors are used where resistance is monitored as a function of temperature
[10]. These sensors can be placed in a pre-drilled holes in the vicinity of volume
of bone material being removed prior to the machining experiments. At the same
time, it is difficult to measure the exact temperature at the point of tool contact. In
some efforts, the thermocouple was placed right above (Fig. 5.2a) [11] or very nearby
(Fig.5.2b) [12] the tool so that temperature could be monitored with the movement of
the tool. Other means are putting number of thermocouples at various locations on the
surface (Fig.5.2c) or at the depth (Fig.5.2d). This allows to capture extent of effect
of temperature rise based on anisotropic nature of the bone.
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Fig. 5.2 Various arrangements of temperature sensors: a (reprinted from Hillery and Shuaib [11].
© Elsevier), b (reprinted from Sugita et al. [13] with permission. © Elsevier), ¢ (reprinted from Tai
et al. [14] with permission. © Elsevier) themocouples and d thermistors (reprinted from Sener et
al. [10] with permission. © John Wiley and Sons)

Although thermocouples have been popular in research studies, they have inherent
limitations that they can not measure the surface temperature directly. To overcome
this difficulty, infrared thermography technique was employed [15-17] (Fig.5.3).
It is based on infrared radiation emitted by the material which is sensed using an
infrared sensor. The signals acquired are used for constructing the 2D thermal image.
Combining 2 or more cameras, a 3D surface can be reconstructed [9]. Another major
advantage of this technique is that, this method is non-contact type and thus is more
feasible during in vivo studies or actual surgeries. In addition, the temporal resolution
is reported to be high for this technique when using high speed infrared camera
[18, 19] making it potentially suitable for non-conventional machining techniques
such as lasers based machining. A complete heat map generated gives the spatial
distribution of the heat and spread of the affected areas.

Having considered the advantages of infrared thermography, there are some lim-
itations imposed either by lack of availability of exact thermal properties of the bone
or by the technique itself. For example, knowledge about emissivity of bone is critical
[15] and in case of instrument a thorough calibration using thermocouple is required
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Fig. 5.3 Infrared thermography during, a drilling (reprinted from Augustin et al. [15] with per-
mission. © Springer) and b cutting (reprinted from Sugita et al. [13] with permission. © Elsevier)

before temperatures can be accurately predicted [9]. In addition, measurement of the
temperature beneath the surface being difficult if not impossible, the extent of depth
of necrotic regions can not be realized. To get an overall idea of temperature pro-
file, infrared thermography needs to be used along with thermocouples [20]. In spite
of these efforts, the technology needs advancement towards real time temperature
monitoring during an actual surgical operation. On a different note, computational
models can also help in predicting temperatures during machining and help choose
right parameters for the machining operation. The field of modeling related to bone
machining has been explored in a separate chapter. Nonetheless it is clear that work
needs to be done related to temperature measurement to implement it in the operation
theater.

5.3 Temperature Evolution During Conventional
Machining

Current section reviews works based on various machining operations. Effects of
important machining parameters on evolution of temperature are explored. Espe-
cially, efforts related to lowering the bone temperature during the machining process
are discussed.

5.3.1 Temperature Rise in Drilling

Drilling operation has been extensively investigated from the temperature point of
view [1, 2, 21-23]. Important drill parameters largely dealt with include drill force,
rotation speed, feed rate, and drill geometry. The related research has been discussed
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Table 5.1 Peak temperatures reached during drilling of bone using various drill bits at 0.5 mm
from drill age

Type of drill bit Time to peak temperature (s) Peak temperature (°C)
New orthopedic ~10 ~43
Used orthopaedic ~12 ~49
Orthopaedic with blocked flutes | ~9 ~55
New bullet drill ~4 ~40
New twist drill ~7 ~41

extensively. Conventional orthopedic drills were compared with other drill bit designs
commercially available for engineering applications [24]. All the experiments were
performed in controlled temperature environment and rise in temperature was moni-
tored via three thermocouples situated at 0.5, 1, and 1.5 mm from the circumference
of 2.5 mm diameter drilled hole. A standard orthopedic drill bit in used condition
resulted in generating temperatures in the range of 48-54 °C at 0.5 mm away from
the circumference of the hole. Additionally, regions at the distance of 1.5 mm from
circumference of the hole remained above 42 °C, facing a possibility of necrosis.
This temperature rise was attributed to the blunt edges of the used drill coupled with
point angle of 90° leading to requirement of higher drill force, thus generating more
heat. Same drill bit in new condition resulted in 42 °C temperature at 0.5 mm from the
circumference of hole. Temperatures were safe within the length of 1.5 mm distance
from the circumference of hole. Commercial drill bits having point angle of 118°
on the other hand resulted in temperatures below 40° at the distance of 0.5 mm from
circumference of the hole making the drilling operation safer with regards to the
thermal damage. Table 5.1 represents the peak temperatures reached using various
drill bits at 0.5 mm distance from the circumference of hole [24]. In another similar
effort [25], a two phase drill was compared with regular surgical drill (Fig. 5.4). The
geometrical factor such as lower feed rate and lower tip angle resulted in generating
safer temperatures in case of a two phase drill. The peak temperature attained was
~30° in case of two phase drill, much lower compared to 47 °C in case regular
surgical drill. One of the latest efforts even compared TiBN coated drills with the
uncoated ones and concluded that coated drills were harsher on the bones [26]. These
studies pointed towards importance of drill design with regards to the temperature
rise.

Drill force applied has been found to have great influence on the temperatures
generated during drilling process. Numerous studies have been taken up to explore
this dependence. Mathews and Hirsch [2] observed that in case of human cortical
bone, higher drilling forces resulted in generating lower temperatures. Similar obser-
vations were made by others [27, 28]. Larger drill forces were thought to result in
lesser time required for drilling and less heat generation. The time spent above 45
°C also drastically reduced with the increase in the drilling force. This overall effect
illustrated in Fig. 5.5 [28] clearly indicates that the drilling forces of the order of 100N
are desirable during drilling of the bones. On the contrary to the results discussed
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Fig. 5.4 Photograph of a normal surgical drill and b, ¢ two phase drills
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Fig. 5.5 Bar charts illustrating, a effect of drill force on temperature and b time spent above the
necrosis temperature for the various forces during the drilling of human cortical bone (reprinted
from Bachus et al. [28] with permission. © Elsevier)

before, some researchers have reported increase in the temperature with the drilling
force [29-31]. This opposite effect was attributed to other process parameters such
as feed rate and rotation speed [28].

Effect of drill rotation speed has been investigated in various studies [25, 29,
32-34]. It is found that temperature increased for the drill speed range up to 10,000
rpm and decreased for higher speeds [9], indicating that the relationship between
temperature and drill speeds is non-linear. The amount of heat produced and heat
transfer to the bone are dependent on the rate of heat generation (which is expected
to increase with speed and force), and the duration of the drilling or cutting process
(which decreases with speed and force) [34]. The overall increase in drill force and
speeds resulted in reduced times of drilling, and temperatures were lower for higher
values of speeds and force (Fig.5.6). In addition, drill bits of larger diameter gave
rise to relatively less temperature [32].

Wiggins and Malkin [35] ingeniously correlated specific energy (energy required
to remove unique volume of material) with feed rates. The specific energy turned
out to be less for higher feed rates leading to relatively lesser rise in the temperature.
Krause et al. [36] noted that higher feed-rates and lesser depth of cuts would be
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Fig. 5.6 Surface plots showing, a duration of drilling as a function of drilling force and speeds and
b combined effect of drilling force and speed on temperature rise during drilling of cortical bones
(reprinted from Abouzgia and Symington [34] with permission. © Elsevier)

beneficial to reduce the bone machining temperature. The limitation was that Krause
et al. performed orthogonal cutting and not drilling. In their work, increasing feed
rate as well as axial force as noted above, the drilling time went down dramati-
cally, so did the heat generated and subsequently, the maximum temperature attained
during drilling. The same has been corroborated by the likes of Udiljak et al. [27],
Reingewirtz et al. [21], and Kalidindi [20]. The effect of feed rate on temperature is
presented in Table 5.2 [20].

To view overall picture, there are various factors ranging from drill bit design to
drill operating parameters which greatly influence the drill temperature. The process
needs careful optimization in order to achieve effective drilling which induces least
possible damage. The summary of various drilling parameters and their influence on
lowering the temperature has been presented in Table 5.3.
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Table 5.2 Peak temperature

5 ) N Feed rate (mm/s) Temperature (°C)
values for various feed rates
0.005 45
0.010 38
0.015 33
Table 5.3 Effect of drilling Parameter Effect on temperature

parameters on temperature

rise in drilling Drill tip angle | Lower the tip angle, lower the temperature

Drill diameter | Larger the diameter, lower the temperature

Drill force Higher the force, lower the temperature

Feed rate Higher the feed rate, lower the temperature

Drill speed Lower temperatures for low (0—1000 rpm)
or very high speed (<40000 rpm)

5.3.2 Temperature Rise in Milling

Milling has been considered as very similar to drilling with regards to the process
parameters and the temperature rise. Sugita et al. [13] carried out experiments to
determine the temperature distribution during end-milling on cortical bones during
orthopedic surgeries. Their analysis stated that the temperature at a depth of 0.15 mm
below the surface reached 35 °C and consequently, that on the surface it was 50 °C.
Same group in another study investigated new tool design and temperature rise dur-
ing milling of cortical bone [37]. The new tool design (Fig.5.7) aimed at having
advantage of straight edge to have better surface finish combined with serrated edge
to have optimum cutting force. Most desirable milling conditions were achieved. In
addition, a double groove further lowered the temperature during milling (Fig. 5.8).
In another effort, the same group explored effect of force controlled method and
usual method of milling on urethane bone model [38]. They concluded that even
though temperatures reached were around 36 °C in both the cases, the time required
for milling was much shorter in force control method. The same group went ahead
and investigated effect of up and down milling and indicated that the former had
temperature levels lower than 20 °C compared to the later (Fig.5.9 [3]).

Effect of feed rate and milling depth on temperature evaluation was investigated
by Shin et al. [3]. They observed that higher feed rates were beneficial where as lower
cutting depths in each milling cycle helped to have a control over temperature rise
(Fig.5.9). Malvisi et al. compared milling with sawing [39]. All the main parameters
including temperature, amount of chips, and post surgery patient satisfaction were
better in case of milling except that the resection times were longer than sawing.
This brings the discussion to the temperature rise during cutting.
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Fig. 5.7 Proposed tool design by Sugita et al. showing combined effect of straight and serrated
cutting edges (reprinted from Sugita et al. [37] with permission. © Elsevier)
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Fig. 5.8 Temperature evaluation during milling (reprinted from Sugita et al. [37] with permission.
© Elsevier)

5.3.3 Temperature Rise in Cutting

The work of Krause et al. [36] compared cutting action on bone using burrs and
saws. In case of burrs, similar to drilling, the increase in feed rates reduced the
temperature rise and bigger diameter was beneficial compared to smaller one by
obtaining lower temperatures. In addition, notably the tool rotation speed within
the range of 20,000—100,000 rpm did not have a marked difference with regards to
the temperature rise (Fig.5.10 [36]). Temperature increased with the depth of cut as
expected. In addition, the feed rate dominated the process and temperatures remained
in the safer zone (less than required for necrosis) for any other parameters. Same
group further noted that exposure above 50 °C could trigger death of osteocytes and
that above 70 °C could cause irreparable damage due to the certain biochemical
changes co-occurring subsequently [40]. Furthermore, critical role of coolant was
pointed out without which the temperatures reached were as high as 250 °C. Saw
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Fig. 5.9 Schematic of up and down milling along with the temperature profiles (reprinted from
Shin and Yoon [3] with permission. © Elsevier)

blades were much harsher compared to the burrs in terms of temperature rise to the
order of 100 °C. The saw temperatures were much higher than the bone (>150 °C).
Similar observations were made in case of saws by others [41, 42]. The temperatures
at the surface (Zone 1) were above 80 °C for considerable amount of time, however,
even though temperatures were lower in subsurface regions (Zone 2 and 3), they
were still above necrosis threshold temperature of 40 °C (Table 5.4 [41]). The reason
that could be thought behind this increase is a large area of contact of bone with the
saw teeth. In addition, many cuts required to be performed in order to complete the
cutting operation. In view of this, the following considerations were suggested for
manual sawing [42].

e Use of lower speeds.
e Avoid excessive pressure.
e Start superficially followed by gradual increase in the depth.

For shorter depth of cuts, the preferred tool is a cutting burr where as for through
cutting, a saw blade is strongly recommended. This fact emphasizes need for cooling
via irrigation.

In a relatively latest study a robotic setup was employed to perform cutting [17].
A square endmill of high speed steel with two flutes was used as a cutting tool
and the side edge performed the cutting action using robotic arm. It is to be noted
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Fig. 5.10 Effect of tool 60 20.000 rpm pun DEPTH of
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Table 5.4 Peak temperatures during saw cutting of the bone

Location

Approximate time to peak
temperature (s)

Peak temperature range (°C)

Zone I (Surface) 220 95-105
Zone II (Sub surface) 300 70-75
Zone III (Matrix) 350 58-60

here that as a separate chapter has been devoted to automation and robotics, the
sole focus of this chapter is temperature. This study reported a rise in temperature
with an increase in cutting speed. In addition, the increase in feed per tooth also
increased the temperature. Two methods of cutting, namely up and down cutting
were compared. The later resulted in comparatively lower temperatures (Fig.5.11
[17]). The higher temperature in up cutting is due to a large accumulated heat effects
in front of the cutting edge because of the lower thermal conductivity of bone. This
is further assisted by the friction of cutting edge and slipping at the beginning point
of cutting on the specimen surface. In case of down cutting however, the thickness
of cutting chip dwindles with the rotational movement of the cutting edge within
one revolution of the tool. Also, in this case it is easy for the cutting chip to leave
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Fig. 5.11 Effect of up and down cutting of bone on temperature rise a at a distance from ther-
mocouple and b using infrared thermography (reprinted from Sugita et al. [17] with permission.
© ASPE)

from the cutting edge. This facilitates reduction in heat and development of lower
temperatures.

In case of cutting, it is clear that the temperature rise can be much higher and
hence caution has to be taken to choose proper tool for cutting depending on the
requirement. In addition, a careful operational practice needs to be opted for safer
cutting.
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5.3.4 Temperature Rise in Grinding

Compared to other conventional operations, grinding has been studied to a limited
extent from the point of view of temperature rise [4, 43—45]. These are some of the
latest efforts and are involved other aspects such as thermal modeling and effect of
cooling. The former has been dealt in a separate chapter whereas the later has been
dealt in a separate section in the current chapter. Usually the temperatures reached
during grinding are higher than cutting. The ways to get an idea about spindle power in
machining processes are to assess machine performance, tool condition, and process
stability. The control of tool motor via pulse width modulation (PWM) alters the
current input and provides adequate torque to overcome the motor loading. Thus any
change in PWM signal is related to the machining process and thus heat generation.
The difference in duty cycle (time for which the tool motor remains on) for the motor
running without any load and when performing machining is shown on a voltage vs
time plot (Fig.5.12 [14]). The heat generated leads to temperature rise. In one such
study the thermocouples gathered information of temperature rise whereas the PWM
signals formed a base of computer simulation (Fig.5.13 [14]). The angle of contact
had minimal influence on temperature. In addition, the temperatures were within
safe limits at 2mm distance from the grinding track. In another effort, effect of
coating and cooling was explored [45]. In all the cases, the rotation speed was kept

Fig: 5.12‘ PWM dut}{ cycle v y Duty Sycle *
during grinding (reprinted 40 | ¢ [l
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constant at 5000 rpm whereas feed rate was 1 mm/min. The coatings investigated
were Si0; and TiO,. SiO, was only marginally effective with or without mist cooling
and performed very similar to bare commercial grinding wheel after 75 s of grinding
time. TiO, did not have any effect when coolant was not used and temperature rose
rapidly. On the contrary, with the coolant, the grinding tool coated with TiO, resulted
in experiencing very low temperatures even for the grinding times of the order of
100 s (Fig.5.14 [45]). This incredible effect was attributed to hydrophilic nature of
TiO, (Fig.5.15 [45]) which helped in retaining the coolant and removed the heat
in very effective manner. This study clearly pointed towards need for proper choice
of coating materials to obtain a desired structure property relationship leading to a
significant improvement of commercial bone machining tools.

So far the discussion concerning temperature rise has been focused on conven-
tional methods. It was pointed out that many factors ranging from tool design to
operational parameters and potential surface modification have a marked impact on
temperature rise. Having built this understanding, the discussion will take a different
course with temperature rise during non-conventional bone machining techniques in
the following section.

5.4 Temperature Evolution During Non-conventional
Machining

Methods such as laser use heat as the primary means of machining rather than hav-
ing it as only a secondary undue outcome of the machining process. As extensively
discussed in the section on laser in Chap.4, the thermal damage does occur during
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laser machining, hence a careful choice of combination of laser system and process-
ing parameters becomes necessary. There are limited number of studies involving
temperature measurement employing thermocouples or infrared cameras. Consider-
ing extremely short duration of the laser-bone interaction (fs-ms) the resolution of
these techniques comes under question. Keeping this fact in consideration, a brief
review about the temperature rise in laser machining of bone is presented. In one
such study, temperature rise during laser cutting and drilling of the bone was inves-
tigated employing a infrared camera [46]. A TEA CO, laser (A = 10.6 pwm, pulse
duration 1 ps and focus diameter 230 wm) was employed. The temperature rise with
the trephine drilling was similar to that of laser drilling with an air jet and the peak
temperature reached to the order of 120 °C. The same laser drilling without air jet
resulted in temperature rise peaking to 400 °C. During drilling, when a water spray
was employed instead of air jet, temperatures were in much safer range with average
value of 25 °C. Even though, these attempts indicated temperature rise, it is worth
mentioning here that actual measurement of temperature in such a dynamic process
is difficult and accuracy of temperature measurement may not be very high. In view
of this, temperature prediction with reasonably high accuracy may be possible by
computational modeling which is discussed in a separate chapter.

5.5 Temperature Control

Itis clear from the previous discussions about thermal necrosis in Chap. 1 and temper-
ature rise in the current one that control on temperature evolution is very necessary.
It is noteworthy here that in real life surgical procedures, there are some natural
ways in which heat removal can take place. Firstly, the chips can carry out substan-
tial quantity of heat owing to the high surface energy to volume ratio they possess.
However, Moses et al. evaluated the thermal conductivity of bone and demonstrated
a new inverse technique for conductivity measurements [47]. The average thermal
conductivity of dry samples was measured as b 0.70 W/(mK) whereas for wet sam-
ples it was 0.80 W/(mK). These results indicated that thermal conductivity of the
bone was poor owing to which the heat generated at the surface couldn’t be dissipated
easily through the chipped bone material. Secondly, natural coolants in the form of
blood and fluids from tissues can bring down the temperature. Thus, it is clear that
chip formation and cooling via body fluids may not be effective in heat removal and
attention has to be given to overall machining process with regards to temperature
rise. Some of the important aspects in limiting the heat generation are improved tool
design, choosing optimized set of process parameters, and developing careful oper-
ational practices. Even though these aspects do reduce the heat generation to some
extent, the temperature levels reached are many times above the safer limits. This
necessitates deployment of external cooling system during bone machining opera-
tions. There are many studies focusing on such means and will be reviewed in the
current section.
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Fig. 5.16 Types of cooling systems adopted in case of drilling operation, a internal cooling and
b external cooling (reprinted from Bagci and Ozcelik [48] with permission. © Springer)

In case of conventional machining methods involving physical tools, the cooling
systems can be classified into two types as listed below [9, 48] and schematically
shown in Fig.5.16.

1. Internal cooling systems

i. Closed type
ii. Open type

2. External cooling systems

Internal cooling systems are those in which the cooling fluid is circulated inside
the tool. The closed type consists of cooling fluid circulated in a closed circuit and
does not come directly in contact with the bone undergoing machining. This helps to
cool the tool but there are chances of bone being heated up. Open type on the other
hand has the cooling fluid coming out of the tool tip and thus directly contacts the
bone. External cooling system is not attached to the tool and directly supplies the
coolant to the tool-workpiece system. It can be an automated or manual variety. The
cooling fluid is usually saline solution (sterile NaCl). The following discussion will
be focused on efforts related to various machining operations.

Cooling systems have been investigated for drilling operation in an extensive
manner [12, 23, 30, 32, 49-51]. The irrigation clearly helps to bring down the
temperature to safe level during drilling for same set of parameters and same drill
bits used (Fig. 5.17). The coolant temperature itself markedly influences the efficiency
of cooling with relatively cooler saline (10 vs. 25 °C) performing better as expected
[10]. Both internal and external cooling methods have been found effective on surface
level. On the other hand, as the depth of hole increases, the internal cooling naturally
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Fig. 5.17 Effect of irrigation on temperature of bone during drilling. Necrosis onset temperature is
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drill diameter (mm) (reprinted from Augustin et al. [32] with permission. © Springer)

performs better [9, 52]. Another facet from which the cooling systems for drilling
operation have been investigated is sterilization. There is always a possibility of
having infections on the tools after actual usage in surgery and then the danger of
transmission of these infections. Therefore, cleaning the tools and cooling systems
becomes vitally important. In one study it was observed that the cooling channels
in case of internally cooled drill bit were contaminated [53]. It was concluded that
careful autoclaving and disinfecting practices removed the infection from the drill
bits. These effects can also arise in case of externally cooled drill bits where a
danger of sprinkling of bio fluids during surgery to the surroundings and thus proper
sterilization and careful operational practices become essential.

Irrigation has a more critical role in processes such as cutting and milling where
the temperature levels expected are much higher. For cutting process done via burs
the internally cooled burs containing central channel are found to be effective [52].
Even the surface temperatures obtained were in safe level with the external saline
irrigation as observed by infrared thermography [37] (Fig.5.18).

In case of saw blades, it was reported that external cooling did not result in notice-
able effect [54]. Internally cooled lab designed double saw (Fig.5.19) however was
found to be most effective as reported in successive studies by Toksvig-Larsen and
coworkers [55, 56]. Effect of flow rate of the saline through this saw indicated that
such arrangement can maintain reasonably high cooling rates (Table 5.5) during lab
trials. Even though, the flow rates higher than 80 ml/min reduced the bone temper-
ature, the quantity of saline required was unreasonable (cutting of the tibia during
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Fig. 5.19 Custom designed
internally cooled saw blade
(reprinted from
Toksvig-Larsen et al. [56]
with permission. © 1990
Informa UK Ltd)

knee arthroplasty required 1200 ml of saline for 600 ml/min flow rate). The same
saw was taken to the next level and tried in vivo [56]. The measurements were done
during 30 knee arthroplasties. The effectiveness of double saw was evident. The
observation also indicated the sharp spike in temperature when the saline supply was
turned off (Fig.5.20). Same research group went ahead to isolate effectiveness of
the design aspects of the blade and concluded that internal irrigation was the only
effective parameter and mere saw design changes failed to control heat generation
[57].

Cooling was explored in case of grinding in a similar manner to that of burr cutting.
Zhang et al. [44] explored the effect of cryogenic saline cooling and compared the
traditional flood irrigation mode with the mist mode (Fig.5.21). The idea of mist
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Table 5.5 Temperature as function of flow rate of saline coolant during cutting
Flow rate (ml/min) | 10 20 30 40 50 60 70 80
Temperature (°C) 60+15/40+5|35+5|324+2|30+£2|28+6|26+£2|25+2

Fig. 5.20 Spikes in 100 1 |'1'|
temperature when saline

supply was turned off

(reprinted from %
Toksvig-Larsen et al. [56]
with permission. © 1990
Informa UK Ltd)
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cooling was derived from the concept of minimum quantity lubrication (MQL). This
essentially means usage of minimum lubricating fluid rather than large quantities.
The former has the added advantage of enhancing the visibility of the area undergoing
surgery, assisting the endoscopic operations. As stated earlier, the backward grinding
method was relatively better in any case compared to forward grinding. The peak
temperatures in each grinding cycle were much lower with mist cooled backward
grinding method (Fig.5.22). The authors also recommended using saline at 0 °C for
effective cooling. It was also pointed out in another work that unsafe temperature
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Fig. 5.21 Comparison between a mist and b flood irrigation cooling set ups during grinding
(reprinted from Zhang et al. [44] with permission. © Elsevier)
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level were reached during continuous grinding of bone with a diamond wheel even
with a high flood irrigation flow rate of 720 ml/h [58]. It was also pointed out that
the flood saline irrigation often obscured the operated area, particularly under the
minimally invasive endoscopic operations [59]. These facts pointed out superiority
of the mist cooling motivating further research in that direction.

It can be concluded that in case of temperature control, in general the following
factors are very important irrespective of the machining process.

Tool design.

Proper operational practices.

Optimum design for coolant dispenser system.
Sufficiently high flow rate for coolant irrigation.
Cryogenic coolant temperatures if the operation permits.

So far machining operations, conventional and non conventional methods, impor-
tant physical aspects including critical factor of temperature rise during bone
machining have been discussed. With advent of finite element (FE) based advanced
computational capabilities, prediction of important process outcomes like temper-
ature and stress evolution within the bone during machining has become possible.
This ability especially becomes critical in case of non conventional techniques such
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as laser processing where temperature variation occurs on time frames of the order
of few seconds. In view of this, the following section explores the state of the art in
computational modeling of the bone machining process.
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Chapter 6
Computational Modeling in Bone Machining

In general machining of materials is a complex process involving several process and
material parameters. During machining, multiple physical phenomena are associated
with combination of these process and material parameters. These physical phenom-
enon may occur simultaneously or in sequence rendering the process of machin-
ing very complex. The complexity of machining further depends upon the type of
machining process and the nature of material being machined. Especially, in case
of bone, as described in Chap. 1, which is a multicomponent, multi-composition,
and hierarchical material that in turn makes its interaction with a machining tool
(mechanical or heat based) very complicated. To understand such interaction and
involved physical phenomena during bone machining is very important to control
the machining process for desired outcome. However, inherently complex nature of
bone machining renders it to inability for in-situ probing of the physical phenomena
employing any experimental techniques. In view of this, either numerical or analyt-
ical computational modeling appears to be a suitable approach in designing a bone
machining process for desired outcome. Nonetheless, due to the complex nature of
bone machining, the search of open literature revealed paucity of efforts on com-
putational modeling. Only limited efforts were focused on heat transfer and stress
based computational modeling. Furthermore, some of the efforts have also tried to
model micro scaled mechanics in bone. Hence, the current chapter is divided in to
three sections; heat transfer model, stress based models, and micro scaled models.
Key equations and process parameters in each case have been elaborated. Important
studies concerning all these aspects have been discussed.

6.1 Heat Transfer Models

Prediction of heat transfer during bone machining process aids in optimization of
the operation intended to minimize the damage by thermal necrosis. Basic equation
governing the heat transfer (Eq. 6.1) within the bone forms the foundation of thermal
finite element model (FEMs).
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where p is the density, Cp is the specific heat capacity and k’ is the thermal conduc-
tivity of the material, T is the temperature, t is the time and Xx,y,z are the Cartesian
coordinates of the position. If Q, , . is the heat generated by the heat source then
the net heat balance because of heat losses happening as a result of convections and
radiation is expressed according to Eq.6.2.

or or oT
—K| =+ =4+ = |=0.y.—h[T-T]-€S[T*-T} 2
k[ax+ay+az] Qxy,z —hl ol — €81 0l (6.2)

where € is the emissivity, h is the convective heat transfer coefficient, S’ is the
Stephen Boltzman’s constant and 7 is the ambient temperature. Appropriate bound-
ary conditions are to be applied based on the geometry of the machining setup being
modeled to get the solution of temperature distribution.

Heat transfer model was designed for grinding process [1]. The spherical tool
was considered to be composed of number of elemental grinding wheels (EGW) of
radius r and width b,, (Fig.6.1a). The number of EGWs in contact with bone surface
were calculated using depth of cut, a and tilt angle, «v. The heat flux was divided into
each EGWs (Fig. 6.1b, c), and expressed according to Eq. 6.3.

/FtVS

Qx,y,z =P (6.3)
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Fig. 6.1 Schematic of geometry of grinding wheel. a Elemental grinding wheels (EGWSs), config-
uration of EGWs with heat flux distribution in b XZ plane and ¢ YZ plane (reprinted from Zhang
et al. [1] with permission. © Elsevier)



6.1 Heat Transfer Models 145

where F, is the tangential force, V; is the tangential speed, 1 is the contact length
between EGW and bone surface in the YZ-plane, and P’ is the partition ratio defined
as the percentage of power consumption that is transferred to the bone as thermal
energy. F, has been related to cutting depth (Eq.6.4) and V; has been related to
rotational speed w of the tool and radius r of the EGW (Eq.6.5).

F, =ka (6.4)
Ve = wr (6.5)

where k is a constant. The model was verified using experimental setup consisting
of four thermocouples situated around the grinding tool and temperature predictions
were remarkably close to the thermocouple readings (Fig.6.2). Same group also
investigated prediction of grinding temperatures by coupling the pulse width modu-
lation (PWM) factor of high speed grinding motor and FEM [2]. The prediction was
again very close to the experimental results with an error of less than 20 %.
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Fig. 6.2 Photographs illustrating a the thermocouples and the grinding tool, b location of thermo-
couples, and validation plots for ¢ forward feed and d backward feed (reprinted from Zhang et al.
[1] with permission. © Elsevier)
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Heat transfer model was also applied to drilling process [3, 4]. Similar to the
case of grinding, the input energy for each cutting lip was calculated in terms of
shear force and shear velocity (Eq. 6.3). Summation of heat generated by each lip
gave total heat generated. Extensive details about evolution of the model and specific
boundary conditions have been given in the literature refereed here [3, 4]. The present
discussion has been confined to key equations and predictions. This heat can be
further expressed in terms of shear rate, shear force, and velocity as per the Eq. 6.6 [4].

Ox.y,z = NAsTsVaB Vs (6.6)

where 7 is the axial coordinate of the cylindrical system, A, is the shear plane area,
T, is the shear stress, and 45 is the shear strain rate. Polar coordinate system can
be employed to incorporate the effect of drill bit radius. The progress of drilling
predicted by the model by Lee et al. [3] is shown in Fig. 6.3. Rise in temperature with
increasing drilling depth is clearly seen. Cooling was incorporated in a simplistic
manner by assigning the lower initial temperature to the drill bit and predictions
were made (Fig.6.4). In another modeling study, influence of drill parameters on
bone temperature and necrosis was investigated [5]. The effects of various parameters
on bone temperature during drilling were very similar to actual experimental results
as discussed in Chap.5. In addition, the effect of gender on bone temperature rise
was also explored (Fig. 6.5) [5]. The variation in bone mineral density (BMD) was
thought to give such trend of temperature with drill rotation speeds. Alam et al.
[6] predicted an increase in the necrosis penetration depth as function of drilling
speed based on a thermo-mechanically coupled FEM for various cooling conditions.
Increase in feed rate was also reported to increase the bone temperature. In a similar
effort [7], a damage function was defined as the natural logarithm of the ratio of
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Fig. 6.3 Predicted temperature distribution during bone drilling at the depth of a 3mm, b 6 mm,
and ¢ 9 mm (initial drill temperature 20 °C and bone 37 °C, drill diameter of 3.5 mm, point angle of
90° and helix angle of 23° (reprinted from Lee et al. [3] with permission. © Elsevier))
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Fig. 6.4 Effect of cooling with initial temperature of drill bit and bone as a 0° for drill bit and 37°
for bone, b both at 20° and ¢ 20° for drill bit and 37° for bone (reprinted from Lee et al. [3] with
permission. © Elsevier)
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Fig. 6.5 Predicted and experimental values of temperatures during drilling of male and female
bones for various drill rotation speeds (reprinted from Sezek et al. [5] with permission. © Elsevier)

original concentration of undamaged bone cells to the concentration of remaining
undamaged bone cells at time t. It was expressed according to Eq.6.7 and coupling
it with heat transfer model indicated the regions on the bone surface undergoing
thermal necrosis.

4 -8
D(t, x) =/ ae(m)dt 6.7)
0

where R is the universal gas constant, o and (3 are tissue parameters determined
experimentally. Thermal modeling in case of drilling has been extensively advanced.
Here only some of the selected works have been reviewed to provide an idea about
approaches of the model. In addition, there are number of other modeling studies one
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might refer to, exploring the effect of drilling parameters on temperature evolution
in the bone [8-13].

Temperature in most of the cases is a side effect of machining forces applied by the
tools. Only exceptions are heat based machining methods such as laser processing.
In view of this, it becomes an integral part of the modeling community. A review of
mechanical force (stress) based modeling has been presented in the next subsection.

In case of laser processing, the heat from the beam is expressed according to
Eq.6.8 [14, 15]. This gives the Gaussian distribution of the energy. The incoming
heat is then distributed according to Eq. 6.2. In this case, the material removal takes
place by means of heat rather than by mechanical tools as in case of the conventional

methods.
Py [ (x — Vi)* — yz}

Oy = = * exp 2512) (6.8)

where X, y, and z are the coordinates of beam on sample surface, P, is the laser
power, A is the beam cross sectional area, V is the beam velocity, t is the time and
Sp is the standard deviation of the beam. A typical example of beam profile and
model geometry along with the boundary conditions are shown in Fig. 6.6 [15] and
corresponding mathematical equations are listed in Table6.1. The corresponding
depth profiles of the temperatures developed during Nd-YAG laser base machining
of a bovine bone are shown (Fig.6.7a) [15] along with the calculated machining
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4 6 |?$oz
1 I 5 l 9
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Fig. 6.6 Schematic of bone geometry used in the modeling as well as the boundary conditions
applied [15]
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Table 6.1 Boundary conditions associated with Fig. 6.6 [15]

Boundary no. Boundary conditions Equation
. . ar] _ T 2T
Whole geometry | Governing equation Pep [W] =k [(W) + (W)]
6 Heat flux, natural convection cooling | — kg—; =
and radiation 9Py — h[T — Ti] — &0 [T4 — T;‘]
where, ¢ = 1for0 <t <t.,and ¢ =
Ofort >t
Average laser power density in P. — A [ P ] [ ((xfxr)z )]
U = (eXp | —
Gaussian distribution ¢ (5D%) 2w
1.9 Nat.ur.al convection cooling and _x g’){ —h[T—T] —¢o [T4 _ T;‘]
radiation
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Fig. 6.7 Output of laser based machining of bovine bone. a Temperature evolution as function of
time, and b machining rate as function of laser energy density [15]

rates (Fig.6.7b) [15]. These results clearly illustrate the short time frames and ease
of material removal by means of a laser.

Thermal FEMs are thus a good tool in predicting the temperature evolution
in surface sub-surface regions of the bone during various conventional and non-
conventional machining methods. Table 6.2 summarizes equations for the heat fluxes
input by these various processes. Apart form temperature, mechanical loading also
determines the machining characteristics as well as induces effects such as surface
damage and roughness as discussed in Chap. 1. Computational efforts related to
mechanical force (stress) based FEMs have been reviewed in the following section.
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Table 6.2 Heat flux equations for various bone machining processes

Machining process Input heat flux (Please see the text for parameters)
Grinding Oxyz= = fVs b l FOx,y,z =NAsTsvAB Vs
Drilling 0 =—(kaAg + kcAc) |z=0kb (Ad + A(‘) on |7] 1D
Laser (Gaussian beam) Oxyz= PO * exp [ %}

D

6.2 Stress Based Models

During any bone machining involving mechanical operation with tools, shearing
takes place. When shear force exceeds the fracture strength of the material, chip
formation takes place resulting in material removal. Along with shear, these forces
can be divided/resolved into various components such as gravity, normal, and shear
components.

A 3D FEM was developed for thrust force experienced during drilling of the
bone. An elastic-plastic material model was used to predict the fracture of cortical
bone [16]. Thus the total strain € was expressed according to Eq.6.9.

€ =¢! 4 e (6.9)

where € is the elastic and ¢”' is the plastic component of €. Hill’s potential for
anisotropic materials was used to explain elastic regime. Strain rate dependent behav-
ior of the bone was considered as expressed in Eq. 6.10.

=d (— — 1) (6.10)
o)

where o is the yield stress under different strain rates, oy is the static yield stress,
and d and n are material constants. Element removal scheme was applied in order to
depict chip formation and plastic strain at the onset of damage was defined according
to Eq.6.11.

o= fa. e ©.11)

where 7= p/q is the stress triaxiality (p is the pressure stress and q is the Mises
equivalent stress) and €” is the strain rate. A state variable, w, was defined to
increase monotonically with plastic deformation. The damage was initiated when
condition in Eq. 6.12 was met by wp. Finally, the fracture energy G was expressed
according to Eq. 6.13. The geometry of simulation has been shown in Fig. 6.8a, while
the boundary conditions are shown in Fig. 6.8b. The results predicting thrust force
and torque for simulations with 73 N force were quite matching with the experimental
trials performed with 70 and 75N (Fig. 6.8c, d). Similar matching was observed in
case of feed rates.
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Fig. 6.8 Set of figures showing a over all geometry, b boundary conditions, and ¢, d match between
thrust force and torque (reprinted from Lughmani et al. [16] with permission. © Elsevier)

wp = /(%)d(éﬂ’) =1 (6.12)
€p (n, €)

ef

Gy= / oydeér (6.13)

ert

where (€7') is strain hardening term and €/ is the strain at failure.

Force based modeling approach has been applied extensively in case of orthogonal
cutting [11, 17-21]. The basic issue in this process is related to the bone structure
consisting of osteons (Fig. 6.9a). The orientation of osteons also has a great influence
on overall orthogonal cutting process (Fig. 6.9b). This arises because of anisotropy
within the properties of the osteons depending on their orientation with respect to the
loading direction (Fig. 6.10 and Table 6.3 [22]) as well as rate dependence (Fig.6.11)
[23]. The influence of anisotropy in numerical modeling of orthogonal cutting of
cortical bone was taken in to account by Santiuste et. al. [17]. The stress during
cutting was defined as the function of strain hardening term (€Ph), strain rate (é”l ),
and temperature influence term (®) as expressed in Eq. 6.14. The temperature effect in
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Transverse Parallel ACross

Fig. 6.9 Schematics showing a a general structure of bone consisting of osteons (reprinted from
Santiuste et al. [17] with permission. © Elsevier) and b various cutting modes based on the orien-
tation of osteons with respect to cutting tool (reprinted from Plaskos et al. [19] with permission.
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terms of @ was expressed according to Eq. 6.15. Temperature influence on the other
hand was neglected by some researchers [18]. In addition, the frictional stresses,
o fr, arising because of tool-material interaction haven been expressed according to

Eq.6.16 [11].
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Table 6.3 Approximate stress strain values of cortical bone for various osteon orientations

Osteon Yield strain (%) | Yield stress Strain to Ultimate tensile
orientation (MPa) failure (%) strength (MPa)
Transverse 0.50 80 0.65 90
30° 0.45 100 0.55 110
60° 0.55 150 0.90 170
Longitudinal 0.40 170 1.6 210
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Fig.6.11 Strain rate sensitivity of cortical bone (reprinted from Keaveny et al. [23] with permission.
© McGraw-Hill)

2pl
o(e", ", T) = [A + B(E)"] [1 +Cln (i)] [1— "] (6.14)
€0
o=t —To ©.15)
Ty — To

where A and B are material constants, n is the strain hardening exponent, m is the
temperature sensitivity, C is the constant with its value being 0.03 for bone, Tj is the
initial temperature, and T, is the melting temperature and € is the strain in osteon.

< o2 t Vi (6.16)
Of < —U—=—arctan .
! Ve Ver

where & is the equivalent stress, V, is a relative sliding velocity, V., is a critical
sliding velocity below which sticking occurs, and  is a friction coefficient.
Further progress of simulation of orthogonal cutting with consideration to temper-
ature effects and comparison between isotropic and anisotropic approaches (incor-
porating orientation influences) is shown in Fig.6.12 [11, 17, 18]. The realistic
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Fig.6.12 Setof figures showing, a actual orthogonal cutting of bone; b modeling of the process with
isotropic approach; and three modes of cutting using anisotropic approach showing ¢ longitudinal,
d across and e transverse cutting (reprinted from Santiuste et al. [17] with permission. © Elsevier)

nature of anisotropic model in chip formation and temperature distribution can be
clearly seen. Formation of continuous chip is predicted for longitudinal orienta-
tion (Fig.6.12a) whereas small chips due to the erosion for the across orientation
(Fig. 6.12b). Triangular shaped chip is predicted for the transversal orientation, cor-
responding to the rupture of the interstitial matrix (Fig. 6.12c). The force generation
in isotropic and anisotropic models is manifested in stabilization of the phase in
both the cases (Fig.6.13a). The force predicted increases as the orientation of bone
changes from longitudinal to across to transverse (Fig.6.13b). The experimental
measurement matches with overall average of these three orientations.

In another study, saw cutting based process was modeled to predict mechanical
response of the bone [24]. The geometry of the model consisted of particle elements
in the cross section which was in direct contact with the saw surface so as to mimic
the bone structure. The rest of the geometry was treated as a continuum. The cutting
tool was first scanned by a 3D scanning optical microscope and then was modeled as
the rigid body (Fig. 6.14). The coefficient of friction was assumed to be 0.3 between
the blade surface and the bone. The penetration of blade into the bone was modeled
based on depth of cut, stress and strain distribution, and fracture mechanics. Fur-
thermore, in order to have a realistic approach, progressive damage of the bone was
considered. It was based on decrease in yield strength and stiffness of the bone and
was governed by energy dissipation rate. The onset of failure was assumed at 2 %
failure strain. The difference between model considering progressive damage and
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Fig.6.13 Comparison of isotropic and anisotropic models showing, a force profile and b orientation
effects on predicted force (reprinted from Santiuste et al. [17] with permission. © Elsevier)

the one which does not take it into account is shown in Fig.6.15. The stress distri-
bution indicated a higher stresses at the tool tip. It also indicated that as the depth
of cut increased, higher fraction of bone cross section was stressed. Furthermore,
the model predicted that mechanically failed regions remained in the vicinity of the
tool in spite of having much larger stressed zones (Fig.6.16). The damage induced
as result of crack propagation was predicted using the model in two different bone
axis orientations and was confirmed using high speed camera and optical images of
actual cutting process (Fig. 6.16). The predictions of model closely matched that of
actual process with parallel orientation experiencing maximum damage.
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Fig. 6.14 a Schematic of geometry of sharp-cutting tool model and the bone (gray color presents
the shape of experimental specimens, red is used for the FE model); and b x—y plane of FE model
showing cross section containing particle elements [24]
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The understanding developed in case of conventional cutting was also carried
forward for ultrasonic cutting [11]. In this case, the tool and work piece remain in
intermittent contact. The tool has a vibrating frequency, f; angular frequency, w;
amplitude, a, and time period, t,r. The cutting occurs during the interaction time
periods t, and t, (Fig.6.17). The maximum cutting force is generated and applied
during this period. The displacement, x and tool vibration, speed V,,;, are expressed
by Eqs.6.17 and 6.18 [11]. The vibrational condition gets satisfied if the tool speed
(2maf) becomes higher than work velocity (V). The ratio r of time of cutting to time
period expressed as (t, — t,)/t,,. The cutting relation based on this frame work is
then expressed according to Eq.6.19 [25].

x = asinnwt = asin(2w ft) (6.17)
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Fig. 6.16 Comparison of simulation results (a, b) with images taken with high-speed camera (c,
d) and optical microscopy (e, f) of damage induced by cutting along different directions: a, ¢ and
e perpendicular to bone axis, lateral damage propagation was observed; b, d and f parallel to bone
axis, damage was in front of cutting tip. White lines designate the profile of razor blade and red
dotted lines indicate crack lines and arrows point at the crack path [24]
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So far the models which are primarily based on continuum approach have been
discussed from thermal and mechanics point of view. It was clear from the discussion
that thermophysical properties of bone play a critical role in determining its response
to machining. The distribution of bone constituents on micro scale forms the basis of
overall thermophysical properties of bones and hard tissues. The following section
reviews some of the efforts which have attempted to model the micro mechanics of
the bone in a micro structure based geometry.

6.3 Micro-scaled Modeling

As discussed in Chap. 4, micro-cracks play a critical role during bone fracture process
and may also act as toughening agents. In order to capture the physical phenomena
occurring on micro scale during bone machining, the bone microstructure was mod-
eled using XFEM model [26, 27]. Three types of composite structures were consid-
ered and designated as Model A (homogeneous), Model B (a composite structure
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Fig. 6.18 Evolution of total crack length with deformation under tension in three studied
models (reprinted from Xiao et al. [25] with permission. © Elsevier)

without cement lines), and Model C (composite with cement lines). The geometry
was constructed after acquiring actual bone micrograph and osteon were constructed
as circular elements (Fig.4.1 [26]). The model assumed linear elastic behavior fol-
lowed by damage initiation and progression. The Models A and B indicated crack
growth leading to failure where as presence of cement lines in Model C predicted
a crack arrest (Fig.6.18). The results were realistic and presence of cement lines
was considered very critical so as to sustain presence of micro cracks and further
arresting their growth (Fig.6.19).

Similar approach was involved in another investigation where a geometry of frac-
ture toughness specimen of the bone was modeled using using cohesive finite ele-
ments [28]. A continuum based model was constructed and at the crack trip the micro
scaled geometry was constructed (Fig. 6.20). The study concluded with the similar
finding that the bone response to macro level loading is critically influenced by micro
scale features especially cement lines and cohesive model approach is one of the fea-
sible tools for micro scale modeling of the bone. Same set of authors employed the
cohesive finite element based modeling and predicted the loss of toughness of human
bone as a function of age by introducing changes in material proportions [29]. Another
study employed artificial intelligence (AI) to construct the microscaled bone geom-
etry [30]. It has summarized important steps in micro scale modeling. Even though
these steps are suggested for the Al approach, they are also applicable in other mod-
eling approaches. For example, instead of analyzing images using Al approach one
cane use some other tools. The suggested steps are summarized below.

e Acquire micrographs of the bone.
e Segregate micro features into separate images using MATLAB® AI module.
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Fig. 6.19 Final crack propagation paths for a Model C and b Model B of osteonal cortical bone
tissue (reprinted from Xiao et al. [25] with permission. © Elsevier)

e Tag the individual elements with the corresponding mechanical properties.
e Reassemble the micro geometric features into one master image and feed it as
FEM geometry.

Thus, it is clear that computational modeling is a good tool in order to predict the
behavior of bone machining operation and method. It can help to decide the suitable
machining parameters so as to perform the machining operation in most efficient
and least damaging way. In order to design the model accurately, it is necessary
for professionals from medical and engineering fields to actively collaborate and
exchange the views. This will not only make the predictions more accurate but also
facilitate seamless integration of the modeling approach with the surgical procedures.
This forms an important step in modernization of the current procedures. Another
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Fig. 6.20 Schematic showing a continuum geometry and b corresponding meshed structure, ¢ a
micro model with d corresponding meshed structure (reprinted from Ural et al. [28] with permission.
© Elsevier)

aspect of modernization is potential automation which also involves robotics apart
from the computer aided methods. Progresses done in the field of surgical automation
especially in the field of orthopedics have been explored in the following Chap. 7.
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Chapter 7
Potential Automation of Bone Machining

The ultimate aim of research related to surgery is to reduce human dependency dur-
ing operational procedures. The current chapter focuses on such automation efforts
undertaken in the field of bone machining. State of the art in the field has been pre-
sented. The need for such efforts arises from the fact that involvement of human
being in the surgery as an operator requires a lot of experience to develop the precise
skills and it always involves a risk of human error. Another important aspect is the
constraint on geometry which can be machined in manual operation. With this back-
ground, the efforts related to automation and robotics in the field of bone machining
are described.

7.1 Computer Aided Planning

There have been many in vitro efforts in case of conventional machining and explo-
rations have begun for non-conventional techniques as well. Some of the efforts help
plan the surgery by automated generation of details about bone to be operated on
[1-14]. The collected information is then fed to an algorithm which in turn helps to
plan the surgery. Extensive information about computer aided planning of orthope-
dic surgery can be found in a book by Haaker and Werner [15], here only a brief
discussion is presented. The main tasks to be executed during planning are listed
below [14].

1. Image data acquisition and processing—This consists of gathering the data
based on various methods and process this data to generate tomographic infor-
mation about the bone for tool guidance.

2. Matching—It involves registration of patient’s anatomy with the medical image.
The features on actual bone are matched with the image. External feature markers
can be introduced before gathering the image data.

3. Referencing—The features identified during matching also serve as reference
markers during surgery. Dynamic actions keep the bones constantly under vibra-
tions and the reference points help in tracing exact location of interest.

© Springer International Publishing Switzerland 2016 163
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4. Tool tracking—In order to visualize the real time operation within the medical
images, it is necessary to track the location and orientation of the tools. Tracking
can be done with the help of infrared LED and with the help of tool features such
as tip in case of a drill or a cutting edge in case of saw and chisel.

5. Tool visualization—It is the static or dynamic image formed with the help of
gathered data from bone and instrument trackers. Examples for this kind of pre-
sentation are sections through interesting regions of the data volume, maximal
intensity projections (X-ray simulations), or rendered 3D scenes.

As explained above, the data gathering system and successive planning are required.
Normally there are three methods of planning as listed below.

e Computer tomography (CT) scan based imaging—Even though this method is
commonly used in neuro and spinal surgeries, it has also been employed in case of
orthopedic surgeries [16]. CT scans conducted on the human body are processed
to obtain a 3 D image. Matching is done with the patient’s anatomy by fixing the
tracking markers visible to the computer. This data is then utilized to operate a
pointing device visible to the computer. The surgeon has access to 3D template
with the markers during the operation and determines the precise locations on the
bone where the tool should be at. An example of CT scan aided planing is shown
in Fig.7.1.

e Intraoperative fluoroscopy based imaging—This method is commonly
employed in the trauma surgery. Modified fluoroscopy with the help of computer
software helps to create an anatomical map. Basic principle behind this technique
is based on X-ray imaging of the bones. Some of the X-rays are pass through
where as some are scattered. The directly passed rays form an image whereas the
scattered X-rays with charged direction and relatively low energy are tradition-
ally considered for radiation exposures. The multiple fluoroscopic images can be
acquired and processed by computer software to provide real time multi-planar
images without the need for extensive fluoroscopy exposure. The software super-
imposes the position of surgical instruments and the path of an implant onto real

Fig. 7.1 Example of CT scan aided surgery planning: The femoral tunnel is positioned so that the
cutting miller or drill emerges at the desired point and forms the correct angle of inclination with
the condyle (reprinted from Petermann et al. [16] with permission. © Elsevier)
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time imaging, allowing the surgeon to modify implant trajectory without the need
for further fluoroscopy. 3-D fluoroscopy is an evolution of this technique and
consists of a mobile C-arm unit, modified to incorporate a motorized rotational
movement that is linked to a computer to provide multi-planar 3-D images of bony
structures. An example of intraoperative fluoroscopy is shown in Fig.7.2 where
the bone and tool are seen in two different views [17].

e Image free Computer software has an anatomical model, built up from a database
of stored CT scans, for the procedure to be performed. The computer model is then
augmented by ‘surface registration’ whereby a pointing device held by the surgeon,
and visible to the computer, marks out predetermined areas of the patient’s anatomy
(Fig.7.3). This system avoids radiation exposure to the patient and surgical team.
The technique is refereed to as bone morphing [18]. The data is collected as surgeon
makes amovement. Data is gathered from predetermined number of random points.
The bone morphing algorithm then utilizes this data to construct a image based
on the radius of the bone. Finally, following three steps are required to obtain this
3D statistical shape similar to the one shown in Fig.7.3:

Fig.7.2 Invitroimage-interactive navigation. In two previously acquired C-arm images, the current
location of one pedicle instrument is displayed. Left right oblique view with the tool’s axis shown
as a black circle in the center of a cross-hair. Right lateral view. The instrument is represented as a
black line with a cross-hair identifying the tool’s tip. A dotted line indicates the trajectory that the
instrument is about to follow (reprinted from Nolte et al. [17] with permission. © Springer)

Fig. 7.3 Digitization of a cloud of random points on the bone surfaces of the patient (reprinted
from Stindel et al. [18] with permission. © 2002 Informa UK Itd)
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Fig. 7.4 Three-dimensional view of pedicle screw fixation-using navigation (reprinted from
Rambani and Varghese[12] with permission. © Elsevier)

(a) acquisition of training shapes
(b) definition of a point-to-point correspondence between training shapes
(c) statistical analysis.

Thus it is clear that, more the number of times the algorithm analyses the data,
more will be the accuracy. This data is then used for planning of the surgery assisting
in navigation of the tools and alignment of the bone (Fig. 7.4 [12]).

It can be concluded that the technology of surgery planning can result in accurate
positioning and better alignment assessment of the deformity, improved gap balanc-
ing, and a decreased incidence of fat embolism due to the avoidance of intramedullary
instrumentation [12, 19-21]. On the other hand, it has some demerits at this point
of time such as the learning curve associated with embracing a new technology,
prolonged surgical time, setup, and maintenance costs and the lack of long-term evi-
dence on clinical outcome [22]. The key characteristics of computer aided surgery
planning that are currently adopted in the clinical environment are summarized in
Table 7.1. This points towards more advancements in the field of surgery planning
in order to make this process efficient and timely.
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Table 7.1 Key features of various methods of computer aided surgery planning
Method Characteristics

Computer tomography * CT scans are employed produce 3D image

* Tracking markers are used for navigating
pointing device

* 3D template guides surgeon for accurate
placement of tools

Intraoperative fluoroscopy » X-ray imaging of the bones with the aid of
computer

* Quick capture of multiple images help
produce 3D reconstruction

Image free * A pointing device is manually traced on
patients anotomy

* Data collection at random points to generate
3D images

* Virtual construction of images

* Algorithm gets better with usage

7.2 Robot Assisted Surgery

Another aspect of automation is employment of robots for actual surgical operations
[23-37]. This becomes feasible as a result of bone not undergoing large amount of
deformation during machining. On a broader scale, the robotic systems are classified
as passive, active, positioning, and cutting/milling aids. In passive systems, the robot
remains under the control of a surgeon. Active systems on the other hand have much
autonomy to perform the operations. The reference points are tracked and machining
can be done by robot independently. Positioning systems are similar to methods
described in previous section. The positioning of tools is done via robots based on
algorithms which are then operated by surgeons. Last type that is cutting/milling aids
combine capability of navigation and passive systems. The initial efforts of robotic
surgery date back to 1987. Since then the technique is constantly evolving. A brief
chronological summary of evolution of surgical robotics are schematically shown
in Fig.7.5 [38] which gives the extent of rapid progress in this field. The general
steps followed during robot assisted surgery are summarized (Fig. 7.6 [39]). The first
step consists of image acquisition from which the data is extracted for the purpose
of feeding it to the planning algorithm . After these steps, the actual execution of
surgical step by a robotic unit takes place followed by post surgery monitoring and
evaluation.

There are certain advantages of robot assisted surgery over conventional surgery
as pointed by Adili and listed below [37].
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Fig. 7.6 Steps during robot assisted surgery (reprinted from Korb et al. [39] with permission.
© Elsevier)

Improved accuracy and precision in the preparation of bone surfaces.

More reliable and reproducible outcomes

Greater spatial accuracy.

Ability to make repetitive motions tirelessly.

Ability to accurately and predictably position and orientate equipment to a re-
programmable point.

Ability to move to a location and then hold tools there for long periods accurately,
rigidly, and without tremor.

Ability to actively constrain tools to a particular path or location to achieve accurate
cuts and positioning of equipment.

Ability to make precise micromotion adjustments.

Because of these advantages, robotic techniques have been employed in many sur-
gical fields such as neurology, maxifocal, cardiac, opthalmo, and orthopedic. How-
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ever, current discussion will be focused on robotics employed in orthopedic surgery
and few case studies related to conventional and non conventional methods will be
covered.

Robots render suitable for orthopedic surgery because of the structure of the bone.
The rigidity of bone allows the robotic devices to secure on them. Being radio opaque,
the skeletal structures can be easily imaged and can feed data to planning algorithms
used in robot navigation. Easily definable reference points or the implantation of
dynamic reference bodies (fiducials) greatly facilitate the registration process in case
of bones that all robotic systems require. Bones can be relatively easily manipulated
and fixed in known positions and then robotic devices can generate high forces
needed to create accurate cuts. As the robot system can be constrained and bounce
off hard surfaces; the possibility of avoiding/minimizing cutting of the vulnerable
surrounding soft tissues is very high.

One of the earliest studied system for orthopedic application was ROBODO
which consists of a planning station, a robot for machining, and a controlling station
[38, 40]. The robotic arm can be carefully designed so as to have flexible and control-
lable movement (Fig.7.7 [40]). Various tools can be attached to the arm to perform
precise machining. Locating pins need to be mounted on the bone in order to provide
navigational guide for the robotic system. The CT scans obtained here after are trans-
fered to the planning station. The surgeon can then plan the machining parameters,
for example by checking different positions, and assess the impact on anteversion,
neck length, and stress loading in case of hip replacement with an implant [32]. The
cutting times in case of hip replacement are 25-30 min during which the surgeon
monitors the process from the control station. The process can be stopped in case of
unusual events. After completion of milling, the remaining operations are done in
conventional manner. The schematic of ROBODOC” ¥ system is shown in Fig.7.8.
It has also been reported that, even though the cuts are made in reproducible and
tireless manner, the inserted navigational pins play a critical role [32]. It has been
reported that, after clinical trials, a severe pain may occur in the area where the nav-
igational pins were inserted [41]. Careful choice of location on the other hand has
been reported to reduce the pain to much lower level [42]. ROBODOC™™ has been
successfully employed in clinical trials, for example it was used in 1000 surgeries in
Frankfurt, Germany [43]. Apart from ROBODOCT¥ | the other systems employed
are PAKY/RCM™M [44], kawasaki”™, BRIGITT™, and Acrobot”™ [32] and have
been reported to work on similar principle.

Even though robot assisted surgery wields a great potential, the following few key
issues still remain associated with it.

CTM

e Significant forces are required to cut/penetrate the rigid bone which might com-
promise accuracy.

e Increased operative exposure and disruption of soft tissue structures to allow access
for current robotic end effector designs and bone motion sensors can compromise
clinical outcomes.

e Significant capital cost.

e Steep learning curve for operating personnel.
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Fig. 7.7 Design of robotic arm illustrating degrees of freedom with the arrows (reprinted from
Camarillo et al. [40] with permission. © Elsevier)

Operation .
Indicator }
L

Robot Control and
Interface Module

Tool Turret g ./'
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./n\

Femoral
Extractor
Pendant

Fig. 7.8 Schmatic of ROBODOCTM with various subsystems

e Additional technicians are required in the operating room.

e Most importantly, additional invasive procedures are required to implant the
dynamic reference bodies (fiducials), leading to increased operating time for the
procedure.

Considering these issues, it is clear that surgical robotics has a long way to go
to become feasible in routine surgeries at grass root level hospitals. A collective
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Fig. 7.9 Work flow of laser robotic surgery

effort of medical professionals and engineers is needed to design the system with
least issues. Nonetheless, the robots are being explored in surgeries, especially for
non-conventional bone machining techniques such as laser machining [45].

Lasers due to their inherent monochromatic and inherent nature posses inherent
precession machining characteristics as discussed in previous chapters. It has been
proposed that if the lasers are combined with surgical robotics, the control and
precession would be further better [24, 28, 46]. Another advantage of laser is some
types can easily be transmitted through glass fibers allowing main laser unit to be
located remotely away from the surgery theater to improve radiation safety of patients



172 7 Potential Automation of Bone Machining

Fiber optic

Beam focusing
assembly

PC based
control

Laser beam

Laser

Work table Source

I ]

Fig. 7.10 Setup for robot assisted laser machining of bones [45]

and operators alike. The basic work flow adopted for laser based surgery is similar to
one opted for conventional methods (Fig.7.9). The process starts with collection of
data about the bone geometry in order to choose the ablation pattern and figure out
execution of the chosen pattern [47]. Simulation follows the collection of data, which
can virtually determine the ablation characteristics of various input parameters and
determine the most optimum condition on a computer. These optimum parameters
are then fed to the laser robot setup (Fig.7.10 [45]), and the most optimum ablation
region is figured out based on lens characteristics. The head movement is decided
by the algorithm and the ablation operation is thus performed by the laser held in
robotic arm/head to machine the desired portion of the bone.

Thus robot based orthopedic surgery, irrespective of what machining technique
(mechanical or heat based) is used, involves several major components as depicted
in Fig.7.9. These major components are first level of essential gradients of a semi
or fully automated robotic surgery. However, each of these components also com-
prise of many subcomponents to execute their role in synchronized manner during
an integrated robotic surgery. Due to need of integration of these components in syn-
chronized manner at multiple levels for desired outcome, design and fabrication of
a complete robotic orthopedic surgery system is a complex and long term endeavor.
Such enduring efforts would require multidisciplinary collaborative efforts among
all engineers (design, mechanical, computer, electrical, and biomedical), material
scientists, physicists, and orthopedic surgeons. As iterated in Chap. 1, the orthopedic
field is growing in leaps and bounds around the globe. Hence, this is likely to drive
the development of integrated robotic orthopedic surgery system for several reasons
including a need for accurate and faster surgery, cost effective surgery and rapid post
surgery recovery in the near future.
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Radiation, 6, 13, 14, 16, 18, 35, 37, 45, 46,
123, 144, 149, 164, 165, 171

Rake angle, 26,27, 38, 84, 85, 105, 106, 114,
115,119

Reciprocating, 25, 38

Recoil pressure, 35

Reduction, 2

Reflection, 46, 47, 49, 91, 92

Relief, 24, 27, 38

Reloading, 110

Replacement surgery, 3, 5

Resection, 2

Residual stress, 28, 31, 41

Revascularization, 65

Revision, 3

Revolution, 32, 39, 131

Robot assisted surgery, 167-169

Robotic, 6, 88, 130, 131, 161, 163, 169, 172

Rotation, 18, 24, 25, 32, 34, 39, 124, 126,
129, 131, 133, 146, 147

Rotational, 25, 32, 34, 104, 117, 131, 145,
165

Roughness, 15, 28, 34, 35, 37, 41, 42, 119,
149

S

Saline, 60, 136-140

Sawing, 23, 25, 27, 28, 88, 128, 130

SEM, 59, 73, 118

Sensitivity, 153

Sensors, 122, 123, 169

Shaping, 23

Shear, 13, 27, 28, 104, 107, 109, 121, 122,
146, 150

Shear crack cutting, 115

Shear cutting, 115

Shear force, 146, 150

Shear plane, 114, 146

Shear strain, 27, 146

Shear strength, 17

Shear stress, 146

Shear velocity, 146

Shearing, 27, 28, 107, 150

Shock wave generation, 69

Short bones, 12

Simulation, 6, 67, 133, 150, 153

Skeletal, 169

Slab milling, 33, 34

Sliding, 153

Slurry, 79-81, 94

Smoothness, 42
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Soft materials, 24, 33

Spatial, 39, 70, 123, 168

Specific heat, 13, 144

Spectrum, 45, 46

Spot facing, 24

Statistical, 165, 166

Sterilization, 137

Stiffness, 104, 110, 154

Stimulation, 51

Strain, 15, 16, 28, 101, 102, 109-113, 150,
151, 153, 154

Strain hardening, 151, 153

Stress, 13, 16, 70, 83, 102, 111, 112, 140,
143, 148-155, 169

Striations, 118

Structural bones, 12, 47, 48, 51, 52, 84

Structural mechanics, 36

Stub, 80

Surface finish, 16, 24, 28, 33, 3941, 118,
119, 128

Surface geometry, 35

Surface integrity, 41

Surface roughness, 15, 16, 18, 28, 34, 35,37,
41-43, 119

Surface tension, 35

Surface topography, 36

Surgeon, 2, 5, 64, 95, 118, 164, 165, 167,
169, 172

Surgery planning, 164, 166

Surgical robotics, 88, 167, 168, 170, 171

Synchronized, 172

Synovectomy, 3

T

Tangential, 33, 92, 145

Tangential velocity, 30

TEM, 56, 70

Temperature, 13, 18-20, 52, 54, 57, 68, 74,
85, 86, 88, 99, 103, 113, 119, 121-
139, 145, 146, 148, 149, 152, 153

Tensile, 8, 10, 16, 101, 102, 109, 110

Thermal capacity, 121

Thermal conductivity, 13, 35, 37, 60, 131,
135, 144

Thermal damage, 19, 20, 50, 51, 54, 60, 62,
65-67, 70, 73, 74,76, 125, 134

Thermal effect, 13, 14, 50, 54, 55, 63, 65, 67,
72,73, 88

Thermal expansion, 35

Thermal modeling, 133, 147

Thermal osteonecrosis, 19

Thermal relaxation, 60

Index

Thermal stress, 16, 18

Thermionic emission, 68

Thermocouple, 88, 122-125, 132, 133, 135,
145

Thermography, 123, 124, 132

Thermo-mechanical, 54, 57, 146

Thermophysical, 6, 14, 35, 41, 49

Thermophysical properties, 7, 12, 14, 34, 35,
37,52,61, 121, 158

Thermoresistors, 122

Ti:Sapphire, 69, 70

Tomographic, 163

Tool angle, 27

Tooth, 26, 34, 38, 49, 50

Torque, 25, 33, 38, 103, 104, 117, 133, 150

Torsional, 83, 104

Toughening, 107, 109, 158

Toughness, 28, 38, 107-109, 159

Trabecular bones, 12, 65, 66, 77

Transmission, 12, 16, 46, 47, 49, 56, 57, 90,
137

Transmittance, 52, 63

Trephine, 71, 135

Twist drill, 24

U

Ultimate strain, 102

Ultimate tensile strength, 16, 101, 102
Ultra short, 70

Ultrashort pulsed laser, 70

Ultrasonic, 6, 23, 45, 79-87
Ultrasonic machining, 79, 80, 82-84, 86
Ultraviolet, 39, 45, 50
Un-conventional, 34

Uncut chip thickness (UCT), 114, 119
Unloading, 110, 112

Up cutting, 131

Up milling, 34

A\

Vaporization, 18, 23, 35, 37, 39, 54, 69, 74

Velocity, 25, 27, 28, 30, 33, 60, 78, 80, 86,
89, 90, 94, 104, 109, 114, 121, 146,
148, 153, 156

Vibrational, 80, 83, 156

Vibrations, 45, 79, 80, 83, 84, 93, 94, 163

w
Waterjet, 89-92, 94, 95
Waterjet machining, 89, 90, 95
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Wavelength, 14, 45, 46, 49, 50, 52, 64, 65,
71,73

Welding, 74

Y
YAG, 14, 46, 47
Yield strength, 110, 154
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