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Bone drilling is a common procedure in Medicine, mainly in traumatology and orthopedic
procedure for fractures fixation and in reconstructive surgery. The success of this surgical
procedure is dependent on many factors, namely, on heat generation control during the bone
drilling. The main concern in bone drilling is the mechanical and thermal damage of the bone
induced by inappropriate parameters such as drill speed and feed-rate during the drilling.
This study focuses on the temperature generated during drilling of cortical bone tissue (bovine
origin) and solid rigid polyurethane foams with similar mechanical properties to the human
bone tissue. Different parameters such as drill speed, feed-rate and hole depth were tested.
All results showed that improvement of the drilling parameters and the drill temperatures can
be estimated. It was concluded that when the drill speed and feed-rate were higher, the bone
temperature increase was lower. The obtained results of temperature in the drilling process
of polyurethane foam blocks or bovine bone were compared with a good agreement in
between both.
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1. Introduction

Bone drilling is an essential step in many surgical procedures, such as bone fracture
reconstruction with resource to metallic implants, predrilling for screws placement
or insertion of external fixators, and other techniques in orthopedic surgery.'*"
The success of such procedures is dependent upon the quality of the drilling
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process and has the purpose of minimizing the associated injury to the surrounding
tissue. However, complications could occur during bone drilling, such as mechanical
and thermal damage of bone and also to the surrounding tissue.*> One of the main
problems is the generated heat during bone drilling, due to shearing of the material
and friction between the cutting surface of the drill bit in contact with the sur-
rounding bone tissue and possible bone fragments formed during the drilling pro-
cedure.”* When the obtained temperatures during the drilling operation reach the
limit supported by bone tissue, bone necrosis could occur.”’ The level of thermal
damage to the living bone tissue is related to the magnitude of temperature ele-
vation and the time to which the bone tissue is exposed to the damaging tem-
peratures.”?!*! For recording the heat generated in real time, the scientific
literature has only referred to two methods until now. The use of thermocouples,
which enable direct measurements or indirect estimating by infrared thermography.
Although thermocouple technology is well established, the results of the studies on
its use are still not uniform.® One of the problems of this technology is its ability to
detect local temperatures only. The present technology does not allow the pro-
duction of an overall thermal profile or the measurement of heat that has leaked.
This problem does not exist with infrared thermography, which is described as being
more accurate and with a lower probability of error.®? Whenever possible and so as
to reach more accurate results, both methodologies must be used in association.

Nowadays, there are many studies in the literature regarding the recording of
temperatures reached during bone drilling processes. Eriksson and Albrektsson, '°
for example, concluded that the threshold levels for thermal necrosis in the living
rabbit bone tissue were set at 47°C for 1 min of heat exposition time. Lundskog® also
carried out his studies on rabbits and concluded that a temperature of 55°C for a
period of 30s could cause the irreversible death of the bone cells. Bonfield and Li”
demonstrated that irreversible bone changes occur when dog femoral bone tissue
were heated to 56°C in vivo. These results reflect the importance of the bone drilling
studies when improving the chances of avoiding thermal necrosis.

Currently, it is known that the generated temperature during bone drilling is
directly associated with the drilling parameters, such as drill speed, feed-rate, drill
bit geometry, drill force, hole depth and also bone density.®'! Control of these
parameters is essential to improve the drilling conditions, reduce the generated heat
and to minimize the bone damage. Based on temperature measurements, several
studies have been carried out to assess various parameters that influence surgical
drilling into bone.!!'2:13:3273% However, the complexity of the process and the ex-
tensive number of variables involved complicates the statement of concluding
remarks. Experimental models coupled to other methodologies, such as computa-
tional models, has been a common practice in this type of analysis. Recently, Marco
et al.'* has made a bibliographic review of the main contributions in modeling of
bone cutting, including the drilling process. They concluded that the majority of the
works involve the finite element method. Some models only include thermal issues
assuming the application of a heat source without simulation of chip removal, but in
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other works, chip removal is simulated. Our recent studies have also demonstrated
the importance of these numerical models in the analysis of drilling processes.
Thermal and dynamic models were developed and validated based on experimental
models of bone drilling.*3?

For the experimental models, the vast majority of models use biological mate-
rials to relate bone temperature with drilling parameters. A variety of cortical and
cancellous bone types have been evaluated in surgical drilling studies, such as bo-
412,15.16 However, it is difficult to define a good method in such
circumstances as the bone is a complex anisotropic biological tissue, with organic

vine and porcine.

and inorganic components. The interaction of different components accounts for its
complex mechanical and thermal properties, which are difficult to study due to
sensitivity, test conditions and preparation of the specimens.'!”'® Therefore, the
ideal procedure is to replace the biological materials by engineering materials.
In comparison with biological test materials, biomechanical test in standard materials
do not require as many repetitions or the use of elaborate statistical tools.* For this
propose, there are a variety of synthetic bone materials available but polyurethane
foam manufactured by Sawbones (Sawbones, Pacific Research Laboratories, Inc.,
Vashon. WA, USA) has been the most extensively used material in medical experi-
ments, especially in surgical reconstruction, fracture fixation and drilling testing. The
uniformity and consistency of its material properties makes rigid polyurethane ideal
for comparative testing of various surgical procedures, medical devices and
implants.'? To date, just arelatively few number of researches have directly compared
bone drilling into biological tissues and synthetic bones. Although these surrogates
are becoming increasingly used, a comparison of generated heat during bone drilling in
bovine versus synthetic bone has not been performed, yet.

The main goal of this study was to analyze the temperature variation in the
drilling processes and determine the effects of some variables with the objective of
helping health professionals, by ensuring drillings within a safe zone and hence
ensuring not damaging of bone tissue. For this purpose, feed-rate, drill speed and
hole depth were evaluated during the drilling of fresh bovine bones and solid rigid
polyurethane foams. During the drilling process in polyurethane foam blocks,
the temperature was measured using thermocouples inside the material, and a
thermographic camera was used to capture the surface temperature in the drill bit.
In bovine bones only, the thermographic camera was used to measure the temper-
ature in drill bit.

2. Temperature Evolution in the Drilling of ex vivo Bovine Bones
and Foam Blocks

As previously indicated, the complex mechanical and thermal properties and the
variation of the properties from samples taken from different bones of the skeleton,
and from different individuals of the same species, outcome in variations in the
measured temperature, although subject to identical drilling conditions in repeated
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tests. In order to isolate inhomogeneity and anisotropy effects in the specimen and
conduct the experimental tests in an effective manner, drillings in ex vivo bovine
bones and solid polyurethane foams have been selected for the first stage of
the experiments.

2.1. Bowvine bones samples preparation

In the ez vivo study, fresh samples of bovine femur were used. The bovine bone was
chosen because it is one of the animal bones that most similarly replicates the
characteristics of human bone tissue, and it has been shown that it can be used as a
substitute for human bone.?”*? All samples were obtained from a local butchery,
where they had been previously cleaned (muscle removed), as shown in Fig. 1. The
bones were obtained after the death of the calves, with age of 9-12 months (no
animals were sacrificed specifically for the purpose of the current study).

The experimental tests were performed a few days after obtaining the
bone samples. In this case it is important to prepare and preserve the femurs cor-
rectly (frozen at —20°C after wrapped with gauze swabs in physiological
saline solution) and keep the properties until the day of the tests. In order to retain
the mechanical and thermo-physical properties, the samples were prepared
according to the guidelines established by Ref. 43. All samples were kept moist in
saline solution with gauze swabs and stored in plastic bags at —4°C. Before the tests,
bone samples were removed from freezer and completely thawed at room temper-
ature for 24 h.

Since higher temperatures are obtained in the cortical tissue, through a hacksaw,
the bone epiphysis were removed just keeping the mid-diaphysis columns (Fig. 2).

Fig. 1. Samples preparation for the experimental tests in ez vivo bovine bones.
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(b) (©)

Fig. 2. Fresh bovine femur (a), sample cut from mid-diaphysis (b) and wrapped with gauze swabs in
physiological saline solution (c).

The periosteum and bone marrow were also removed from the outer surface of the
bone samples, as it clogs the drill flutes.?!

The bone pieces have the approximate dimension of 120-150 mm in length with
an average thickness of the cortical wall of 7-9mm. A total of eight test samples
were prepared from the femur bones and each sample was numbered and divided to
accommodate approximately six holes with 20 mm of distance between them.

2.2. Experimental setup in bovine bone samples

The overall experimental setup includes a temperature measurement system, a
computer numerically controlled (CNC) machine for a constant processing with
controlled parameters and a conventional HSS twist drill bit with 4 mm of diameter
and a point angle equal to 118°.

The temperature system is based on the use of a thermal camera (ThermaCAM
365, FLIR Systems) which has been rigidly fixed to a tripod at a distance of 1.5 m
from the drilling area. This method allowed to obtain thermal images of the bone
and drill bit surface, before and immediately after drilling. Temperatures were
measured in real time and the thermal image data were transferred to a PC for
simultaneous analysis in appropriate software (FLIR QuickReport Software, FLIR
Systems). The measured temperature is a function of the surface conditions,
represented by their emissivity. The imposed parameters to the camera during
image acquisition are listed in Table 1.

An experimental procedure was designed to evaluate the effects of drill para-
meters as well as to compare the results obtained with those obtained from synthetic
bones. The overview of the experimental setup used in this study is shown in Fig. 3.
All the drilled holes were carried out on femoral diaphysis at room temperature
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Table 1. Parameters used for the thermal image acquisition.

Parameters Value

Distance camera-drill bit surface 1.5m

Room temperature 19°C

EmiSSiVity g Estainless steel — 0.70
Eskin human — 0.98

Relative humidity 50%

without cooling. For the successive holes, a sufficient time was allowed for the bone
and the drill bit to return to the initial conditions. The parameters used in all
experimental tests are condensed in Table 2. Parameter combinations were selected
to investigate either the influence of drill speed and temperature variation between
biological tissues and synthetic bones.

2.3. Ezxperimental setup in polyurethane foam blocks

To the drilling operations in the solid rigid polyurethane foams, two biomechanical
test blocks supplied by Sawbones were chosen due to comparable mechanical
properties to the human bone tissue. Foams are available in a range of sizes and
densities. In this study, the foam density of 0.80g/cm® (50 pcf) was selected, as

Fig. 3. Drilling operations of bovine bones.

Table 2. Parameters used in drilling experiments.

Foam block Ex vivo bovine bones
Parameters BI1 BI2 Samples 1,2,3,4  Samples 5,6,7,8
Drill diameter (mm) 4 4 4 4
Drill point angle (°) 118 118 118 118
Depth of the holes (mm) 8 8 8 8
Drill speed, w (rpm) 800 900 800 900
Feed rate, V (mm/min) 50 50 50 50
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representing the cortical bone, which was approved by the American Society for
Testing and Materials for testing orthopedic devices and instruments. These
materials are used as an alternative testing medium to human cadaver bone and
offer consistent and uniform physical properties that eliminate the variables en-
countered when testing human cadaver bones.?? The polyurethane foam blocks have
the same dimensions (130 x 180 x 40 mm) and were identified as Bll and BI2 in
accordance with different drilling parameters (Fig. 4).

The drilling procedure used to drill the foam blocks was the same used in the
drilling of bovine bones. Several holes were made using a set of parameters and the
temperature variation was obtained with the thermal camera at a distance of 1.5 m
from the drilling area, as shown in Fig. 5.

The parameters considered in the drilling of ez vivo bovine bones and polyure-
thane foam blocks are presented in Table 2. All drilling tests were performed
through customized automated system with total control of the involved
parameters.

2.4. Analysis of the experimental results: Bovine bones and foam blocks

By using the thermographic camera the temperature generated in the drill bit
during the drilling of the bovine femur and polyurethane foams was studied. It is a
fact that the resistance of cortical bone tissue with friction causes temperature
increase in bone tissue. The cellular damage and thermal necrosis in cortical bone
caused by heat during drilling is reported to be evident at temperatures of
50°C.%1>23 The main advantage of a thermal camera is the ability to measure a
whole temperature field. Furthermore, there are no concerns regarding proper
contact or precise placement.

In this section, only the effect of drill speed and the temperature variation
between different materials were investigated. The temperature variation was cal-
culated and compared by subtracting the recorded temperature (7%) with the initial

Fig. 4. Biomechanical foam blocks: Bll and BI2.
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Fig. 5. Drilling process of biomechanical blocks.

temperature of the drill bit (Tj) before each hole (AT(°C) = Tr—Ty). The results
were summarized using means and standard deviations. Table 3 shows the mean
values obtained in different holes made with a drill speed of 800 rpm and 900 rpm
and a constant feed-rate of 50 mm/min.

The bone blocks used in this study have been specifically designed to reproduce
the physical properties of the cortical bone in terms of mechanical properties.
The physical features of these synthetic bones are homogeneous throughout their
volume, so as to obtain a good standardization of the procedures and to avoid
possible mistakes in the temperature measurements. However, due to natural in-
homogeneity of the animal origin bone tissue, there might be differences between
such model and the ex wvivo situation. Comparing the results obtained in both
conditions, it was found that the temperature in the cutting tool is higher in holes
made in polyurethane foam blocks, when compared with holes made in bovine
femurs. These results were within what was expected, since the biomechanical
blocks have a uniform platform over the whole model. The samples of bovine femur
have an irregular geometry, with different cortical thickness along its diaphysis.
Moreover, this is a fresh biological material with lower temperature inside,
when compared with foams blocks. The own structure of the bone tissue itself
provides a natural cooling to the cutting tool that block foam cannot offer.

With regard to the drill speed, it was found that increasing the drill speed from
800 rpm to 900rpm did not promote any significant change in the temperature

Table 3. Variation of temperature from drill bit, before and after drilling.

Foam block FEz vivo bovine bones

Statistics Bl1 BI2 Samples 1,2,3,4 Samples 5,6,7,8

M+SD  (n=28)68.954+2.60 (n="5)69.83+2.00 (n=19)39.47 £3.73 (n =25) 39.78 +2.08
[Range] [65.9-73.6] [66.8-71.8] [32.3-45.90] [35.55-47.02]

Notes: M Mean value, SD Standard Deviation, n number of holes.
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during drilling. The temperature variation is slightly higher in holes made with
900 rpm, however no significant difference was observed.

3. Temperature Evolution Inside of the Bone

In order to study the temperature distribution inside the bone tissue, thermocouples
were used in the polyurethane foam blocks. For this purpose, two biomechanical
blocks with the same characteristics used in the previous tests were chosen and
identified as B13 and Bl4. During the drilling process, the temperature was evalu-
ated inside the blocks by thermocouples and in the drill bit surface by thermal
camera. In this section, the effect of different drill speeds, feed-rates and hole depth
were studied.

3.1. Temperature measurement system

Bone temperature registers were performed at selected sites on the foam blocks. To
measure the temperature inside the blocks several thermocouples (K-type, precision
0.4%) with the range of —270°C-1200°C were used. The thermocouples were placed
in two opposite sides of the blocks and in adjacent positions to the drill bit. On one
side of the block, the thermocouples were placed at the same distance from the drill
bit (Side A), and on the other, thermocouples were placed at different distances
(Side B), as shown in Fig. 6.

All thermocouples were tagged accordingly for each channel identification and
respective connection to data acquisition system (Table 4). This experimental setup
allowed to measure the temperatures within the blocks at different distances of the
holes and along the drilling procedure duration time.

In accordance with the previous tests, the thermal camera was placed at the
same distance from the drilling area and the holes were made with a CNC machine
with total control of the parameters. For this study, different feed-rates and drill

Thermocouples

=1

|

.
JTHIR
~H. \
30

1
L
40

Thermocouples 4 . % i e - 1

Side B Side A

Fig. 6. Polyurethane foam block and illustration of the thermocouple positions.
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Table 4. Thermocouple labeling.

Thermocouple Description

A/B-T Side A or B, drilling depths of 7 mm
A/B-M Side A or B, drilling depths of 14 mm
A/B-R Side A or B, drilling depths of 21 mm

speeds were considered in order to evaluate their influence on the drilling process
(Table 5). All the other parameters were considered as a constant.

3.2. Temperature evolution inside of the polyurethane foam blocks

Through the thermocouples placed inside of the blocks at different distances it was
possible to evaluate the temperature distribution throughout the drilling time, using
different feed-rates with a constant drill speed and also different drill speeds with a
constant feed-rate.

In Fig. 7, graphs (a)—(c) represent the obtained temperatures at different posi-
tions of thermocouples (Side A), for nine holes made with 30 mm of the depth;
feed-rate: V' = 25 mm/min, V” =50 mm/min and V” = 75mm/min; and a con-
stant drill speed: w = 800 rpm. The last graph (d) represents the typical curves of
the temperature, at different positions of the thermocouples in Side B for one drilled
hole. The results were obtained for a feed-rate equal to 25 mm/min and constant
drill speed (w = 800 rpm).

Figure 7 allows to explain the influence of feed-rate in drilling process of the
polyurethane foam blocks. It is concluded that the increase in feed-rate causes lesser
increase of the temperature in the polyurethane foam block. The same trend can be
found in other studies using bovine and porcine bones.*%2326:3% Comparing the levels
of temperature for different feed-rates, it was observed that when the feed-rate was
increased from 25mm/min to 50mm/min, the temperature decreased in about
10.23% and when the feed-rate was increased from 25 mm/min to 75mm/min the
temperature decreases in about 17.23%. The feed-rate represents the time of the heat
source around the bone wall. Thus, the growth of feed-rate increases the rate of heat

Table 5. Parameters used in drilling experiments.

Foam block

Parameters BI3 Bl4
Drill diameter (mm) 4 4
Drill point angle (°) 118 118
Depth of the holes (mm) 30 30
Drill speed, w (rpm) 600, 800, 1200 800
Feed rate, V (mm/min) 50 25, 50, 75
Thermocouple Yes Yes
Thermal camera Yes Yes
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Fig. 7. Temperature evolution at different feed rates and positions of thermocouples.

generation but reduces the drilling time, which leads to a decrease of the total heat
generated.

Different positions of thermocouples allowed concluding that the temperature
decreases when the thermocouple is farthest from the hole. This event was expected
because the polyurethane foam as well as bone material are bad heat conductors.
In addition, this was confirmed in a study conducted by Lee et al.* that included a
precise positioning of multiple thermocouples during drilling of bovine femurs. They
concluded that the highest temperatures were recorded in the thermocouples closest
to the drilled hole. For all thermal histories, it was also noted a similar trend with
time; first an increase in time, reaching a peak (maximum) value, and then a slow
decay. According to the authors Eriksson et al.,'’ the maximum temperature was
far below critical level in all combinations of feed-rates during drilling.

In Fig. 8, graphs (a) and (b) represent the temperatures obtained at differ-
ent positions of thermocouples (Side A), for two holes performed with 30 mm of
depth; drill speed: w’ =600rpm and w” = 1200rpm; and a constant feed-rate:
V" = 50 mm/min.

As shown in Fig. 8, the change in temperature also depends on the drill speed at a
constant feed-rate. The temperature decreased in about 22.83% with increasing drill
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Fig. 8. Temperature evolution at different drill speeds.

speed from 600 rpm to 1200 rpm. However, the literature review on the drill speed
during bone drilling suggest no consistent trend. Some researchers suggest low
drilling speed, *6:13:23:27
increase of drill speed.!?-2%-2% The majority of the studies recommend high drill speed
with larger force for minimum heat generation.!' According to the author
Karmani,?’ a possible factor in the temperature variation relationship and drill
speed is that the rotational speed of a manual electric drill also depends on the force
applied. Abouzgia and James®’ measured the operating speeds of various drills and
found them to be at times as low as 50% of the operating speed depending on the

while others suggest a decrease in the temperature with the

applied force. Therefore, apparent rotational speeds may not be the actual speeds.

Drilling depth also influences the temperature generated during drilling.
Comparing the holes made with 8 mm and 30 mm of the depth, significantly higher
temperatures were recorded for the holes with 30 mm. The increase of the temper-
ature with an increasing hole depth is explained by the friction effect. The frictional
resistance offered by the compact cortical bone to the drill causes increases in
temperature, while the thermal effect propagates to farther distances in the bone
tissue samples. Similar conclusions were reached by the authors Hillery and
Shuaib,'® Karaca et al.?’ Lee et al.*

The present study is an experimental approach of selected drilling parameters on
the heat generated during the drilling of bovine and synthetic bone. Several studies
have been performed to analyze the temperature rise during drilling of animal
bones, however no studies have exactly compared these results with commercially
available artificial bones used in biomechanical studies. The validations of the
experiments have been carried out by repeating the tests taking into account the
selected drilling conditions and comparing the results with published scientific
articles with similar approaches. Previous experimental and numerical methods
developed by the authors of this work also allowed to compare and confirm the
current results.
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4. Conclusions

In this study, temperature measurement systems were introduced to record real-
time temperature changes during the drilling of ez vivo bovine bones and polyure-
thane foam blocks with different parameters. In our work, the comparison between
the results, using different materials in similar drilling conditions, allows to obtain a
confident level in the quality of the results with a same trend of conclusions. This
research demonstrated that the appropriate combinations of different drill para-
meters can produce temperatures far below the critical values. It was concluded that
when the feed-rate and the drill speed are higher, the increase of the bone tem-
perature is lower and, independently, the maximum drill temperature increased
with the increasing of hole depth. The values of temperature in the drilling process
of ex vivo bone tissue were lower than the drilling process of solid rigid polyurethane
foams, as expected. Through this study the application of high drill speeds are
suggested, as well as high feed-rates and the reduction in contact area between
the drill and bone. The polyurethane foam blocks have proved to be an
appropriate material to test the bone drilling conditions with no need to resort to
the biological tissues.

The obtained conclusions are similar using different materials with different
methodologies (experimental, numerical or both), and the results tend to have a
good correspondence, according to the measured values which compare means
and standard deviations. Furthermore, increasing the amount of information
from different measurements, the uncertainty of the results decreases with the
results from the statistical calculation. The authors continue to develop more
tests (experimental and numerical) to confirm the level of confidence and
their results.

Automated drilling system with synthetic bone materials can be developed to
minimize human error during bone drilling and reduce the incidence of osteonecrosis
in the surrounding cortical bone tissue. With this research and with continuing to
develop new methods to reduce the undesired mistakes during the bone drilling
process in the surgical applications, we intend to contribute to the knowledge on the
best drilling conditions.
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