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ABSTRACT: Cutting mechanics must be known in terms of solving the mechanistic problems to be
encountered as a result of the operational processes on the bone. In today's applications, operational
procedures such as milling, drilling, cutting and screwing can be performed on the bone as a surgical
procedure. The uncontrollable cutting forces that occur as a combination of the microstructure of the
bone and the geometric features of the cutting tools and the resulting localized heat (fracture and
necrosis) may cause bone damage. The fracture of the cutting tool or the cut bone due to the cutting
force depends on the intensity and direction of the forces applied during the operation. In this study, a
review of the studies in the literature on what the factors causing bone damage and their effects are
reduced. In addition, the information given in this study will be useful as a one-stop document for
technicians, engineers and researchers who need information on tool design, cutting force measurements
in bone processing operations (in surgical applications such as milling, drilling, cutting, etc.) of cutting
forces.
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1. INTRODUCTION

Machining technology, which is one of the most important fields with a great impact on the
production industry in the world, has been and will continue to be effective in areas such as health,
automotive, defense, aerospace, machinery manufacturing in the economies of developed countries [1].
Cutting mechanics is extremely important in machining technology. Chip formation, cutting tool and
cutting forces are among the important stages to be emphasized in cutting mechanics. In order to be able
to process materials in the desired dimensions, cutting tool manufacturers and academicians in this field
are working on the development of cutting tool geometry and materials in manufacturing systems [2].
Selecting the ideal cutting tool during chip removal is an important condition for maximum
productivity. Although a suitable cutting tool is selected, if the cutting parameters are not suitable,
productivity decreases [3]. In order to obtain good efficiency in the machining process, it is possible to
know the properties of the part to be machined and to select the machining parameters properly.
Machinability provides the ease of machining the material with the ideal cutter and the correct cutting
conditions. The most important step in machinability is the cutting force [4]. The basis of the chip
removal process is plastic deformation, which leads to high strain rates and temperature generation
during forming [5]. Plastic deformation in the cutting plane affects the cutting forces and the power
consumed, as well as the chip geometry [6].

There is a relationship between the power spent during the chip removal process and the applied
cutting forces. Because large forces are required to separate the chip from part [7]. These forces are one
of the factors affecting machine costs. At the same time, cutting forces have a significant effect on heat
generation, cutting tool life, part surface quality and geometric dimensions of the workpiece. Cutting
forces vary depending on parameters such as rigidity of the machine, cutting parameters, tool geometry,
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workpiece material [8]. The fact that there are so many variables affecting the cutting forces has led
scientific researchers to study the force generation [9, 82, 131].

One of the most important applications of cutting mechanics is in the health sector. These
applications are generally performed in orthopedics and dental fields. Cutting and drilling operations on
bone are the most important surgical applications that can affect the health and healing process of
patients after surgery [117]. Today, cutting and drilling of bone in orthopedic operations are performed
with surgical cutting systems [117, 118, 120, 132]. During cutting, heat may be generated due to friction
between the surgical saw blade/piercing tip [51, 118, 119, 135, 136,137] and the bone. This heat generated
in the bone is known to adversely affect the healing process after the operation. The side effects of the
heat generated in the bone during cutting or drilling can lead to deterioration of bone tissue [10],
infection of the bone, decrease in the mechanical strength of the bone [11] and delayed postoperative
healing times [12]. The heat generation on the bone can vary according to the speed of the cutting tool
and the force applied by the user. At the same time, this heat has detrimental effects on existing bone
tissue [12, 13, 14, 15]. When bone is heated to 50°C, irreversible changes in the mechanical properties of
bone can be observed [16]. In addition, mechanical deformation with a cutting tool can cause
microcracks that can lead to osteocyte apoptosis (cell death) [17].

Another application that can be performed on bone is drilling [121, 122, 123, 124, 125, 127, 134].
Drilling in bone has important surgical applications, especially in the placement of screws during the
repair of fractures in orthopedic fields [126, 128, 129, 130]. One of the biggest problems encountered
during drilling is heat generation. The amount of drilling depth, drilling geometry, cutting tool used,
variations in cortical thickness, drilling speed, pressure applied to drilling and bone density affect the
temperature rise [18].

2. MATERIAL AND METHODS
2.1. Anatomy of Bone

Bone is a tissue that protects and supports vital organs in the human body, and at the same time, it is
rich in calcium and can regenerate itself and is home to bone marrow. It has different sizes shaped to
provide the basic functions of the body [19]. After teeth, bones are the hardest structures in the body and
are, above all, important building blocks of the skeletal system [20]. They form the main part of the
skeleton of most vertebrates [21]. Besides their mechanical role, bones are the site of production of a
wide variety of indispensable cells for the organism. Bone is the mineral reservoir of the organism and
plays an active role in the regulation of calcium levels in the blood [22].

In terms of bone structure, there are periosteum, cortical bone (compact bone), cancellous bone
(spongy or trabecular bone), endosteum, bone marrow, blood vessels and nerve [23, 24, 25, 26].
Although the layers of cortical bone and trabecular bone differ greatly in their microstructure, function
and location, they are both composed of the same basic mineral and organic materials [27]. Spongy bone,
protected by a layer of cortical or compact bone, is composed of lamellae (honeycomb-like tissue
membranes) known as trabecular [24]. Trabecular bone is composed of various bone cells (osteocytes,
osteoblasts and osteoclasts) [28]. Bone marrow produces red blood cells and is located within the
trabecular bone.

In the macro dimension of bone, 33% of bone tissue is composed of organic and 67% of inorganic
substances. Inorganic substances include calcium phosphate, calcium carbonate, magnesium phosphate,
calcium fluoride and alkali salts [29, 30, 31, 32]. Microscopically, bone is composed of support cells
expressed as osteoblasts and osteocytes and osteoclast cells responsible for bone remodeling [33]. There
are two different forms of bone tissue: cortical and cancellous (porous, spongy). Cortical bone is a firm,
hard tissue with very few gaps and forms the outermost part of the bone. Cortical bone, which provides
support for movement and is the strongest bone tissue, constitutes 80% of the skeletal system [31].
Cancellous bone (spongy or trabecular bone) is a bone tissue that comprises 20% of the skeletal weight,
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forms the inner cavity of the bone with its resemblance to a lattice structure, and is more porous and
lighter than compact bone [34].
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Figure 1. Anatomy of the bone (Created from smart servier medical art [116]

Cortical bone consists of osteons and haversian system. The osteon, which forms the basic structure
of the bone, is a structure consisting of concentric circular lamellae that surrounds the blood vessels and
the havers canal [24, 32]. Havers canals are centric canals extending longitudinally on the bone. These
canals are surrounded by concentric circular lamellae [32]. The space on the lamellae, called lacunae,
creates a larger surface area for osteocytes to settle [31, 35]. Lacunae are spaces between the lamellae,
connected by a network of canals 0.2 um in diameter, which house osteocyte cells and are called
canaliculi [36]. Inside the bone there are branched thin canaliculi called canaliculi.

Osteocytes connect with each other through these canaliculi. The intercellular fluid of osteocytes is
contained in the lacunae and canaliculi. This fluid, which spreads from the blood vessels into the
canaliculi, ensures the survival of osteocytes [37, 38, 39]. The vessels running perpendicular to the length
of the bone are located in the spaces called Wolkman canals. Havers canals are connected to each other
by Wolkman canals. There are nerve and blood vessels within the Havers canals. As bone development
increases, the osteon havers system develops. The membrane that surrounds the compact bone from the
outside is the periosteum. The membrane surrounding the inner side of the canal is the endosteum [40].
Figure 2 shows the micro-sized structure of bone.
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Figure 2. Microscopic structure of bone (Modified from Lesliee P. Gartner [40, 106])
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2.2. Bone Operations

In bone operations, different technologies and cutting tools may be preferred in case of bone
removal in different parts of the body. In such surgical operations, situations such as wrapping of soft
tissues, nerves and blood vessels should be taken into consideration in the careful removal of bones.
Studies are being carried out in this field [137,138].

Significant results have been gained from academic studies conducted in various areas and
applications pertaining to cutting force, which is a crucial component influencing heat generated and
other bone damages.

Many researchers have published experimental and theoretical research on bone machining over the
years. In bone cutting, there is a small amount of work on tool design and a large number of studies on
bone drilling operations focused on operational drilling parameters. Despite the importance of
operational operations on bone and the growing interest in this topic, there has been no compilation or
update of relevant studies that include both bone cutting operations and bone milling operations. A
study that includes bone milling operations will contribute to bone machining and will guide research
that will provide new ideas. The aims and objectives of this study can be summarized as follows:

e To review the studies on the cutting operational processes on bone.

¢ To examine the effects of cutting forces on bone machining operations, measurement of cutting
forces and related research in terms of cutting tools.

e To observe the thermomechanical damage that occurs in the operational processes on bone and
the studies carried out for their solution.

3. RESULTS AND DISCUSSION
3.1. Orthogonal Bone Cutting and Force

In orthopedic surgeries, bone cutting is performed for screw placement or plate fixation in cases
where the bone is broken. With orthogonal cutting of bone, cutting properties such as forces, chip
formation and surface quality can be easily analyzed according to cutting conditions. Orthopedic
surgery requires bone processing. Success in this process depends on surface integrity, precision during
the operation and the extent of damage to the bone [41]. The high level of cutting forces applied during
cutting will cause micro-sized cracks and fractures in the surrounding bone tissues [42, 43]. It will also
cause thermal necrosis on the bone with increased friction and temperatures [44].

Considering all machining operations, orthogonal machining is three-dimensional due to the
geometry of the cutting tool and its position relative to the part with which it interacts, both in industrial
applications and in surgical applications in healthcare [45, 46, 47]. In the study of cutting mechanics,
cutting forces are important in terms of material properties, chip morphology and surface integrity [48].
Therefore, the cutting forces in orthogonal machining are extremely important and need to be
emphasized. Figure 3 shows the orthogonal cutting process and cutting forces.
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Figure 3. Representation of cutting forces in orthogonal cutting (Modified from Stephenson et al, [49])

In the cutting process, the workpiece approaching the cutting edge of the tool at the cutting speed
(v) is compressed on the chip surface of the tool, causing deformation (shape change) with plastic shear
along the shear plane. Under favorable conditions, a continuous and stable amount of deformation
occurs along the slip plane, and the deformed material (chip) slides down the rake face of the tool at a
uniform speed (chip velocity-Vc) in the form of a continuous chip. The chip thickness a before
deformation increases to chip thickness ac during deformation. In this movement, sliding occurs along
some specific plane under the influence of the chip angle (y), the position of the sliding is given by the
sliding angle (®). As long as h and y are known, ac can be measured for a chip cut under stable
conditions. Since vertical cutting behaves as a two-dimensional problem rather than a three-dimensional
problem, it is a widely used method in experimental and theoretical studies to derive the equations
governing the mechanics of cutting [133].

The first studies on orthogonal bone cutting were carried out by Jacobs et al. in a microscopic
image-supported investigation of different sized chip types, where the cutting force increased linearly
with the feed rate and varied with the angle of inclination [50]. Wang et al. cut bone at small depths of
cut under different cutting conditions with an oscillating saw blade using a perpendicular cutting
pattern and observed serrated chip formation structures using SEM [51]. Different cutting technologies
can be applied or developed to minimize the damage that may occur in processes related to bone
cutting. To better understand the bone cutting mechanism, Bai et al. investigated the chip mechanism in
orthogonal cutting of cortical bone and analyzed the force signals for different cutting directions [52].
Qasemi et al. investigated both numerically and experimentally the shear force and temperature changes
by milling cortical bone in different directions and observed that the errors in temperature and shear
force prediction were low. Thus, they concluded that there is a good agreement between numerical and
experimental results [53]. For orthogonal cutting of bone, numerical analysis is performed using finite
element analysis structure [54, 55, 56, 57]. When the studies are supported by experimental studies, they
show striking results. Creating the conditions of the experimental environment requires an additional
cost, and at the same time, situations such as the creation of precautions and conditions that need to be
taken in the experimental environment may occur. Finite element analysis can be important in terms of
helping experimental studies in this situation.

The studies will allow the effects of different parameters to be examined in terms of both cutting
force and chip morphology as a result of orthogonal cutting of the bone. Therefore, it will support the
importance of the relationship between the effective parameters and the microstructure of the cortical
bone. Thus, it will provide important information on the intervention of machining parameters on
cutting damage on bone tissue and optimization of cutting operations. It will be a reference for the
design of tools used for surgical purposes depending on the parameters.
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3.2. Bone Milling Processes

In milling operations, cutting occurs when the cutting tool of different geometry rotates around its
own axis and the workpiece moves linearly. The cutting tools used in the operational process have more
than one cutting edge. In addition, each blade has a certain and equal chip removal capacity. In addition
to its high processing efficiency, milling has high elasticity in operations such as plane surface, step and
channel milling with a good degree of surface completeness and precision. With the changes in cutting
tool and control technology, milling has been preferred as the machining method. Thus, the operations
to be performed can be carried out with different easily designed, computer-aided, multi-axis machines
and cutting tools [58].

When bone is broken or damaged due to diseases in orthopedic surgery, it is subjected to cutting,
drilling and milling for different operations. A complete understanding of bone cutting mechanics is
required due to accident situations, diseases due to increased human aging, and the demand for
optimized bone cutting methods. In orthopedics, cutting is done either with a tool with a rotary motion
(drilling, milling) or with a linear motion (planar cutting with a chisel). Mechanical operations such as
drilling, milling, sawing and chiseling performed on bone are similar to applications performed on other
materials [59]. Among mechanical operations on bone, the most typical surgical bone processing
operations commonly performed in orthopedic surgery are drilling and milling [60, 61, 62]. Bone milling
is a common procedure in orthopedics, total knee replacement (TKR), cranial and spinal surgery, and is
used for bone resection [60]. Since the mechanical milling cutter is the most commonly used tool in
orthopedic surgical procedures, more emphasis is placed on the milling process. Some studies on bone
milling are given in Table 1.

Table 1. Studies on bone milling.

Ref.  Authors Sample Manufacturing Force Measurement  Experiment
Preparation Method Number

NC Milli Pi lectri

[63] Rabiee et al. (2023) Fresh CNC Milling tezoeiectric 54
Machine Dynamometer

[64] Tahmasbi et al. (2022) Fresh CNC M%ng Piezoelectric 54
Machine Dynamometer

. CNC Milling Piezoelectric
[53] Qasemi et al. (2022) Frozen Machine Dynamometer 9
Milli Pi lectri

[65]  Zheng etal. (2022) Frozen CNC Milling iezoelectric 16

Machine Dynamometer
. CNC Milling Piezoelectric

[66] Ying et al. (2022) Fresh Machine Dynamometer

[67] Qi-sen et al. (2020) Frozen Milling Machine - 16

[68] Liao etal. (2019) Frozen CNC Milling Piezoelectric 21
Machine Dynamometer

[69]  Suietal (2013) Frozen Milling Machine Dynamometer -

[70]  Sugita et al. (2009) Frozen Milling Machine Dynamometer -

[71]  Itoh et al. (1983) Frozen Milling Machine Piezoelectric -

Dynamometer
[72]  Wiggins et al. (1978) Frozen Milling Machine Dynamometer -
[50]  Jacobs etal. (1974) Frozen Milling Machine Two Component -
Dynamometer

3.3. Cutting Parameters and Effects in Milling

In milling operations, solution-oriented approaches are essential for measuring cutting force.
Obtaining the workpiece at the desired tolerance values through the milling process is a gradual process
that includes functions such as the speed to be given to the spindle, cutting tool diameter, number of
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teeth and angle values. Cutting force can be related to cutting tool geometry and chip thickness. The
purpose here is to determine the force applied to the cutting tool in order to eliminate the resistances
that occur during machining during the milling process. Thus, an ideally created, machinable cutting
environment is provided. The milling process can be considered a precision solution compared to other
operational processes. Thus, it leads to innovative developments in machining processes with
applications in fields such as biomedical, automotive, electronics and aerospace industries. Its use in
dental and orthopedic fields through milling has added a different dimension to machining. There are
studies showing that the changes in robotic surgery in recent years provide more decisive results than
traditional surgery with small touches [73, 74, 75, 76]. It is important that milling has variable factor
factors. Maximizing the performance of the process depending on the processing performed requires
taking these variable factors into consideration. These factors are the dominant cutting parameters
underlying the cutting process. Cutting parameters can be considered multidimensionally considering
the material to be processed. These are the determinants that can affect machining, such as the cutting
tool and its geometry, speed, feed and depth of cut.

Considering the layers that make up the structure of bone in the material category to be processed
in milling, efficiency in milling should be increased with different cutting strategies. This reduces the
burden on the patient. The high degree of hardness of the bone may cause it to have a tendency to break
against the forces acting on it. In addition, the increase in heat generated by the cutting force applied to
the bone during processing will cause an increase in the temperature in the processing area. This
situation, caused by large cutting force, will expose you to structural problems such as tissue, bone and
even tool damage. It is of great importance to optimize the machining parameters for different cutting
situations and at the same time to monitor these cutting situations. Ying et al. [66] chose an artificial
neural network-based method to detect the cutting force and condition using audio signals during the
bone milling process. They concluded that the data obtained with the force model they created to
determine the cutting force was compatible with the experimental results, and the state and depth error
estimates were 3.6% and 7-13%. Denis et al. [77] analyzed the effects of bone milling parameters (feed
speed and spindle speed) on temperature, milling forces and surface smoothness. They stated that
increasing the feed rate and decreasing the speed would limit the temperature increase. They concluded
that milling forces increased with increasing feed rate, and surface smoothness varied between 0.15 and
0.29 mm, which was sufficient for bone growth.

Feldmann and colleagues [78] conducted research on orthogonal cutting of cortical bone. In his
studies, cutting forces, bone chip formation and temperature increase were measured at two different
rake angles (10°- 409 and different cutting depths. He found that there was a linear correlation between
cutting forces and bone chip and workpiece temperature increase. It was also concluded that the high
rake angle in the tools and the increase in cutting depths significantly reduced the cutting forces and
temperature increase. Wiggins and Malkin [72] conducted a study on the mechanics of orthogonal
processing of bone. He conducted experiments on machine forces and energies for three different cutting
directions, rake angles, and depths of cut. It was observed that the energy consumed due to cutting
increased linearly with the chip surface area. In addition, he concluded that the greatest force and energy
were made transversely to the osteon direction, and the smallest force and energy were made along
(parallel) the osteon direction. Rabiee et al [63] performed micro milling of fresh cortical bone. The
changes of cutting depth, tool rotation speed, feed rate, tool diameter parameters on cutting force and
temperature were investigated experimentally and statistically. They found that cutting parameters
related to micro milling affect the force value by 46%, feed rate by 46%, rotation speed by 34%, depth of
cut by 15%, tool diameter by 4%, and cutting direction by 1%. They concluded that the cutting
parameters affected the temperature value by 80.3% of the tool diameter, 9.2% of the rotation speed,
8.9% of the feed rate, and 1.5% of the depth of cut. In their study, Tahmasbi et al. [64] found that the
cutting parameters in milling affected the force value by 51.4% of the cutting depth, 22.9% of the feed
rate, 19% of the rotation speed, 4.8% of the cutting direction, and 1.9% of the tool diameter. The studies
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carried out according to the technical specifications of the cutting tools used in processing bone are listed

in Table 2. Studies on cutting parameters used in bone processing are listed in Table 3.

Table 2. Studies on cutting tool technical specifications in bone processing.

Ref. Authors Bone Type Rake Angle (°) Clearance Angle (°)
[63] Rabiee et al. (2023) Bovine Shank 14
[53] Qasemi et al. (2022) Bovine Femur 7 10
[65] Zheng et al. (2022) Porcine Femur 16.7 15
[52] Bai et al. (2020) Human Femur 10 5
[67] Qi-sen et al. (2020) Bovine Femur 10
[68] Liao et al. (2019) Bovine Femur 10 10
[79] Liao et al. (2016) Bovine Femur 8 8
[70] Sugita et al. (2009) Porcine Femur 14
[80] Yeager et al. (2008) Bovine Femur (-30, -20, -10, 0, 10, 20, 30) 11
[81] Plaskos et al. (2003) Bovine Femur 0, 20, 40 10
[77] Denis et al. (2001) Human Tibia 20 25
[82] Krause, (1987) Bovine Femur (-30, -15, -20, -10, -5, 0) 10
[72] Wiggins et al. (1978) Bovine Tibia, -30, 40 10
Human Tibia
Table 3. Studies on cutting parameters in bone processing.
Dates Authors Bone Type Rotational Speed Feed Rate Depth of cut
(Rpm) (mm/min) (mm)
[63] Rabiee et al. (2023) Bovine Shank 1000-2000-3000 10-30-50 04-0.6-0.8
[64] Tahmasbi et al. (2022) Bovine Femur 1000-2000-3000 100-200-300 1-2-3
[53] Qasemi et al. (2022) Bovine Femur 1000-2000-3000 300-400-500 1
[65]  Zheng et al. (2022) Porcine Femur 1000-1500-2000-2500 24-36-48-60 4
[66]  Ying et al. (2022) Porcine Femur 1000-3000-5000 90-120-150 05-1
[76]  Tian et al. (2021) Porcine Femur 1000-2000-3000 30-75-120 0.1-03-05
[105] Qasemi et al. (2020) Bovine Femur 1000-2000-3000 10-30-50 10
[67]  Chen et al. (2020) Bovine Femur 9000 -12 000 -15 000 180 - 240 - 300 05-1
Thounaojam et al. (2020) Bovine Femur 800 - 850 - 900 - 950 250 - 300 - 350 - 0.1-0.15-0.2-
(83]
400 0.25
[84] Wu et al. (2015) Porcine Femur  3000-3500-4000-4500- 30-60-90-120 0.3-0.5-0.8-1-
5000-5500 1.2-15
[85] Mitsuishi et al. (2004) Human Femur 8000 300 3

Porcine Femur

It has been observed that the forces acting on the tissue attached to the bone decrease as the rotation

speed of the cutting tool increases. It has been observed that the increase in feed rate, tool diameter and
depth of cut causes an increase in cutting force [53, 63, 64]. In studies, it has been observed that the
temperature increase in bone milling increases with the increase in rotation speed, depth of cut and feed
rate [53, 63]. With the increase in tool diameter, the contact of the large surface of the tool with air during
cutting will facilitate cooling. In addition, thanks to the dominant state of milling power, the removal of
chips from the cutting environment is a positive advantage. The result of these two situations will be
effective in temperature changes [63]. Studies on technical data of cutting tools used in bone processing
are listed in Table 4.



The Effect of Cutting Forces on Bone Related Operational Processes, A Literature Review 809

Table 4. Studies on cutting tool parameters in bone processing.

Ref.  Authors Bone Type Materials Tool Flute Helix
Diameter = Number Angle (°)
(mm)

[63] Rabiee et al. (2023) Bovine Shank - 0,6-08-1 - 30
[64] Tahmasbi et al. (2022) Bovine Femur High Speed Steel (HSS) 4-6-8 -

[33] Qasemi et al. (2022) Bovine Femur High Speed Steel (HSS) 4 4 30
[65] Zheng et al. (2022) Porcine Femur Cemented Carbide 3 4 55
[66]  Ying et al. (2022) Porcine Femur - 5 12 30
[67] Qi-sen et al. (2020) Bovine Femur Cemented Carbide 2-4 2 35
[105] Qasemi et al. (2020) Bovine Femur High Speed Steel (HSS) 2-35-5 4 -
[68] Liao etal. (2019) Bovine Femur Solid Carbide 4 2 30
[70]  Sugita et al. (2009) Porcine Femur High Speed Steel (HSS) 10 2 30

Mitsuishi et al. (2004) Human Femur - 10 2 30
[85] Porcine F
orcine remur
[77] Denis et al. (2001) Human Tibia Hard metals 10 2 20

3.4. Effects of Temperature in the Machining Operation

Bone milling, drilling, etc. Procedures are generally performed in surgical procedures or medical
practices such as orthopedics and dentistry. There is a risk of necrosis (death or damage to bone tissue)
during bone milling, drilling, cutting, but this risk may vary depending on various factors. Temperature
may be one of these factors. Temperature may have indirect effects on bone tissue. For example, surgical
instruments that use high temperatures can cause thermal effects on bone tissue, which can lead to
damage to bone tissue. Therefore, during surgical procedures, it must be ensured that the instruments
are at the appropriate temperature and are controlled. More surgical skill, the cutting force effect of the
procedures and the appropriate use of tools, and a careful approach during surgery are important to
preserve the health of bone tissue. For this reason, operational procedures on bone should be performed
by an expert healthcare professional and necessary medical precautions should be taken.

In operations such as milling and drilling, overheating occurs at the interface of the cutting tool and
bone due to the contact surface due to friction. Depending on the result of this process, when the
temperature on the bone exceeds the required threshold value, it causes irreversible damage to the bone
tissues. With this damage, blood cells that nourish the bone are damaged and necrosis (bone death)
occurs.

Measurement of the thermal properties of bone is important for calculating the temperature rise in
bone during a cutting process using analytical and numerical modelling. The heat capacity and thermal
conductivity of bone are important factors affecting the temperature rise during the cutting process. The
extent of necrosis depends on the temperature increase and its duration. In literature, age, bone type, etc.
are used for bone tissue. Depending on the conditions, thermal conductivity values vary between 0.2
W/mK and 13 W/mK [86, 54]. In his study, Davidson found the thermal conductivity of fresh bovine
cortical bone to be 0.53 W/mK - 0.58 W/mK and concluded that bovine cortical bone can be considered
thermally isotropic [87].

When the temperature on the bone rises above 47°C for one minute, the process of thermal tissue
necrosis begins [88]. Here, the necrosis process depends on the thermal properties of the tissue and the
duration of exposure to temperature [89, 90, 91]. Nerves exhibit high sensitivity to temperature changes
[92]. It has been observed that thermal damage may occur in nerve tissues close to the punctured bone
[93]. It states that the critical temperature for thermal damage to occur is approximately 43°C. Below this
temperature, no damage occurs no matter how long the tissue is exposed to the source [94, 95, 96, 91].
Numerical and experimental results have shown that necrosis extends to approximately 0.1 mm below
the surface [70]. It has been shown in the literature that increasing the temperature above 50°C causes
the death of osteocytes, and by increasing the temperature above 70°C, degeneration of proteins and
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enzymes as well as biochemical damage may occur in the cells [82, 97]. Studies have been carried out in
the literature on the effects of necrosis on cutting tool properties, cutting parameters, and changes
depending on bone types in operational operations such as bone drilling, cutting, etc., and are still being
carried out.

3.5. Effects of Bone Specimen Preparation and Processing Direction

Considering the studies on bone, it has been observed that cortical and spongy bone structures
were examined. It has been observed that human bone [98, 99], animal bone [100, 101] and composite
blocks [102, 62] were used as bone structure. Among animal bones, cattle and pig bones are preferred.
Studies show that there are similarities between human bones and animal bones in terms of mechanical
and physical properties [103, 104, 64]. The mechanical properties between human bone and bovine bone
are shown in Table 5. The bone types used in the studies are listed in Table 6.

Table 5. Comparison of human bone and bovine bone properties [53, 64, 100, 104].

Bone Characteristic Bone Type -

Human Bovine
Tensile strength (MPa) 130-200 140-250
Compressive strength (MPa) 40-145 45-150
Young's modulus 10-17 10-22
Density (Kg/m3) 1800-2000 1950-2100
Poisson’s ratio 0.4 0.33
Shear Modulus 3 3

Some processes are carried out to make bone samples ready for use before experiments. In these
processes, the bone sample can be prepared before the experiment or preserved (freezing) in a different
environment until the time of the experiment. The freezing process allows bones to be stored without
causing any change in mechanical properties [107]. Multiple studies have examined the effects of
freezing on the mechanical properties of bone. The intention is, in part, for freezing to be a preferred
preservation method for bone [36]. In the studies conducted, the bone was examined by subjecting it to
the freezing process or by processing it without freezing. While there was evidence that there may be
differences in limited publications, it was observed that there was no difference in many studies.
Therefore, researchers should consider freezing as a suitable preservation technique [108, 109]. In their
studies, they stored rat femur samples at -20 °C, -70 °C, -196 °C and tested them later. Freezing at -20 °C
and -70 °C did not change the torsional strength or stiffness properties of the femurs. They concluded
that there was no statistically significant difference in the strength parameters (torque and energy) of the
samples tested fresh or after being stored at -20 °C, -70 °C, -196 °C. Goh et al [110] state that there is no
significant change in the bending and torsional properties of cat humeri (forelegs) and femurs when
stored at -20 °C for 21 days. In their study, Salai et al. [111] found no change in the biomechanical
properties of bone in tests performed after 5 years of storage at -80 °C. In their study, Linde and
Sorensen [112] examined the effects on pressure behavior of human bone samples by applying multiple
freeze-thaw cycles (freezing, freeze- dissolution). As a result, they found that the mechanical behavior of
samples frozen for 1, 10 and 100 days was not significantly different from the behavior measured 24
hours after death, and the mechanical properties were not affected by multiple freeze-dissolution cycles.

Van Haaren et al. [113] in their study revealed that deep freezing at -20°C had no effect on the
biomechanical properties of goat bone over a 12-month storage period. They concluded that the bones
used in the studies can be preserved for up to 1 year without any negative effects by freezing. Borchers
et al. [114] examined the mechanical effects of freezing bovine bones at -20 °C and -70 °C. He performed
tests on 24 samples in total. It was concluded that the elastic modulus and strength were not
significantly affected by the freezing process when the samples examined in the study were compared to
fresh ones. Hamer et al. [115] found that freezing human femur bone to -70 °C did not change the
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mechanical properties measured in a non-conventional bending test. A review of literature studies
indicates that freezing is unlikely to significantly alter the mechanical properties of cortical or trabecular
bone.

Due to the semi-brittle structure and anisotropic behavior of the bone, the difference it shows
during cutting may occur due to the position of the osteon fibers that form the bone structure. Osteons
within the bone structure are distributed along the axis of the cortical bone. Cutting direction can be
evaluated to investigate the effect of cutting direction with respect to bone osteon orientation. During the
bone milling process, the relative position between the cutting plane and the osteon fibers can be among
the main factors affecting machine mechanics. In operational procedures performed on bone, it may
show a distinct feature in cutting directions at different depth values. In their studies, many scientific
researchers examined the bone by cutting it in three different situations, taking into account variable
cutting parameters. These are the osteonal perpendicular direction (transverse), the osteonal parallel
direction (Parallel), and the cutting edge direction parallel to the osteon direction (across). The
examinations reveal that the change in direction due to bone processing has significant effects on cutting
force, temperature and chip morphology, depending on the cutting parameters. Studies on this subject
are shown in Table 6.

Table 6. Studies on bone types and bone processing

Ref. Authors Bone Type Cutting direction
Parallel Across Transverse
72] Wiggins et al. (1978) Bovine Tibia, v
Human Tibia

[82] Krause, (1987) Bovine Femur v v
[77] Denis et al. (2001) Human Tibia v v
[81] Plaskos et al. (2003) Bovine Femur v v v
[80] Yeager et al. (2008) Bovine Femur v v v
[70] Sugita et al. (2009) Porcine Femur v

[69] Sui et al. (2013) Bovine Femur v v v
[79] Liao et al. (2016) Bovine Femur v v v
[68] Liao et al. (2019) Bovine Femur v v
[52] Bai et al. (2020) Human Femur v v v
[53] Qasemi et al. (2022) Bovine Femur v v

[64] Tahmasbi et al. (2022) Bovine Femur v v

3.6. Analysis Studies on Bone Milling

In line with the examination of the studies on bone milling, it has been observed that different types
of analysis are applied and these are mathematical modeling, experimental study, finite element
analysis. The applicability of the methods varies in terms of repeatability of the processes, ease of
simulation, low application cost and comparison with different materials. It is critical to predict cutting
forces and mechanical damage during machining processes. It is critical to create tools that can
accurately simulate the change in forces and temperature rise during bone processing [48]. Modeling
these processes is very difficult and requires effort. This shows its importance in terms of the accuracy of
the process. Considering the integrity of the process, an accurate modeling will contribute to the
understanding of the cutting process on the bone and the selection of process parameters. It also
facilitates the analysis process with a validated and efficient dominant model. Variables related to the
cutting process, bone structure, factors in the cutting operation will determine the choice in the analysis.
In some studies, it has been observed that isotropic and anisotropic structures that can help in modeling
bone tissue have been examined [56]. Studies on this subject are shown in Table 7.
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Table 7. Experimental procedure for bone milling.

Ref. Authors Experiment Modelling Analysis Optimization
[50] Jacobs et al. (1974) 4 v

[33] Qasemi et al. (2022) v v

[63] Rabiee et al. (2023) v v v v
[64] Tahmasbi et al. (2022) v v v v
[65] Zheng et al. (2022) v v v v
[66]  Ying et al. (2022) v v v

[67] Qi-sen et al. (2020) v 4 v

[68] Liao etal. (2019) v v v

[69]  Suietal. (2013) v v 4

[70]  Sugita et al. (2009) v v

v

[71]  Ttoh et al. (1983)

4. CONCLUSIONS

Bone structure, which is of vital importance in the human body, may be exposed to problems due to
use (disease) or some environmental negativities (accidents, etc.) throughout life. In the fields of
orthopedic surgery and dentistry, treatment methods can be applied with different operations by cutting
the bone such as sawing, drilling, milling and grinding methods. The industrial production of cutters
used in this type of operational processes contributes greatly to medical applications. Known concepts
such as integrity and machinability in the machining process will provide ease of application in medical
fields. Reducing the cutting time on the bone will shorten the surgical time. Thus, it can be associated
with the integrity of bone tissue and minimization of processing-related damage, including necrosis.

By using the data obtained from the studies, it will reduce the damage to the bone tissue and will
also help in determining the geometries of the surgical instruments that can be designed. It will also
contribute to the improvement of process parameters with the applications to be made.

Although the choice of different tool geometries and cutting parameters in literature reviews has
hindered the evaluation of results related to bone processing, new studies will shed positive light on the
selection and application of effective values.

An accurate modeling of bone processing will contribute to a better understanding of bone
machinability and analysis of the bone cutting process. The verification process performed with the
created model is important in determining the values to be determined. Cutting and temperature-related
complexities can be resolved by mathematical modeling or finite element analysis. The important issues
here are defining the appropriate geometry and boundary conditions, correctly specifying the
mechanical and physical properties of the bone structure, and also modeling the bone structure, which
are difficulties that may be encountered. Accurate modeling of the mechanical behavior of bone is
important in achieving simulation results. Studies on isotropic and anisotropic structures will be a
reference in examining bone structure.

The hard (cortical) and soft (trabecular) layers that make up the bone tissue, which exhibits an
anisotropic structure, constitute an important place in the human body. It is of great importance in
research because the biggest task at the foundation of the body is in the long bones. When we look at the
studies, cortical bone, which may have tissue damage, takes priority in many cutting operations. Cortical
bone is the priority layer in surgical operation. Due to its structure, it is a layer that needs to be focused
on during bone procedures.

To eliminate the damage that may occur in the surrounding tissues with the cutting process, it is the
correct and proper penetration of the cutter to be applied surgically. This can be achieved by controlling
the cutting force and evaluating the effectiveness of the cutting tool and cutting parameters.

As a result, when we look at the studies on bone tissue, there are deficiencies in both modeling and
application. Bone type and structural differences, as well as changes in cutting conditions, affect the test
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results. These differences are contradictory in some studies. This may create difficulties in comparing
some result values. This situation can be resolved with new studies. It should be supported by new
studies on the fracture mechanics that occur during bone milling and on bone chip morphology. It will
meet the need in this field with new studies on bone milling with different tool geometries, materials
and cutting parameters.
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