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A B S T R A C T

Bone drilling is a routine operation in surgeries, such as neurosurgery and orthopedics. However, the excessive
drilling temperature may cause severe thermal damage to the bone tissue. Therefore, the drilling temperature
determination of bone tissue can reduce the harm caused by thermal damage. A time-varying temperature field
simulation model of bone drilling was set up by ABAQUS software in this paper, based on the Johnson-Cook
model. Then it was validated with experiments by drilling cortical bone of fresh bovine shaft of the femur. The
relative error between the experimental values and the theoretical values within 7.67% showed a good consis-
tency. Furthermore, the aging factor is also considered to evaluate the temperature field of bone drilling. The
results showed that the drilling temperature near the bone-drill area increased significantly. The drilling tem-
perature of cortical bone decreases sharply with the radial distance and exhibits a hysteresis lag in the axial
distribution. The aging factor mainly affects the peak of drilling temperature. The peak of drilling temperature
tends to increase with age. The peak drilling temperature in the elderly (70y) was up to 6.8% higher than that in
the young (20y), indicating that the elderly is more prone to excessive drilling temperature. Therefore, special
attention should be paid to the temperature control of elderly bone tissue.
1. Introduction

Bone drilling is a routine operation in surgeries, such as neurosurgery
and orthopedics. The drilling temperature of bone tissue increases
sharply because of the strain and friction between twist drill and bone
tissue. Bone is a special connective tissue, which exposure to more than
47 �C for 1 min will cause irreversible thermal damage [1–3], thus
affecting the success rate of surgery and recovery period. Therefore,
study on the temperature of bone drilling is necessary. The physical and
geometrical characteristics of the human bone tissue change with aging.
The aging process of human is usually accompanied by impaired bone
tissue function. Bone tissue damage and aging are also correlated to
increased incidence of osteoporosis and fracture in the elderly [4]. The
mechanical and thermal properties of bone tissue at different ages are
different, and the temperature distribution during bone drilling is also
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different. Therefore, the aging factor should also be considered in the
evaluation of the temperature field of bone drilling.

In recent years, researches on bone drilling temperature have been
carried out, including research on thermal damage on bone tissue,
comparison of bone drilling technology, and prediction of tissue drilling
temperature, etc., which can be divided into experimental method, finite
element method and analytical method.

There are two common methods to measure the drilling temperature
of bone tissue: infrared thermography and thermocouple. The highest
temperature often occurs in the part where the drill is in contact with the
drilled material. Infrared thermography is a noninvasive temperature
measurement technique for measuring the surface temperature of an
object according to the thermal energy [5], so it is used to measure the
temperature directly at the bone-drill area [6]. A. Robles et al. [7] found
that when bone tissue is drilled at high temperature, the necrotic depth is
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8 times larger than that of conventional drilling, and the brittleness of
bone tissue increases while the stiffness and strength decrease. Khurshid
Alam et al. [8] found that the abrasion of the drill has a strong correlation
between the temperature, torque, drilling force, and surface roughness of
the borehole, and the feed rate is the principal factor, and then the
roughness of the drill. The drill with certain rotational speed and feed
rate is effective for safe bone drilling. Hihao Li et al. [9] found that the
cutting lip, and the drilling time may mainly affect the peak temperature.
Besides, there is no phenomenon of anisotropy on the temperature dis-
tribution was discovered. Thermocouples is an invasive temperature
measurement technique which bases on the Seebeck effect to measure
the internal temperature of objects [10], so it is used to measure the
temperature inside of the objects. Andrew C. Palmisano et al. [11] found
that cannulated drill generated the highest temperature and twist drills
generated the smallest temperature. Twist drills have a growing tendency
with size and thermogenesis. However, the size of K wires was not sig-
nificant. Goran Augustin et al. [12] found that drilling temperature was
below the critical 47 �Cwith internal cooling. Even using the 4.5 mm drill
without cooling with water and with low feed rates, the temperature was
below critical. However, due to physical limitations, the thermocouples
can only be placed in a fixed position near the hole, and information
cannot be collected adequately by experiments of bone drilling.

Nowadays, analytical method and FEM are mainly used to predict
temperature distribution during bone drilling, and the results are verified
by experiments. However, the analytical method depends on the model,
and different models may lead to different results, so it is necessary to
verify the correctness of the model through experiments. Hossein H.
Hassanalideh et al. [13] found that coolants and drilling angles are
mainly factors with HSS drill and stainless steel drill during bone drilling.
Ali Akhbar et al. [14] found that the maximum temperature increased
with rotational speed, drilling hole depth and drill diameter. But thermal
damage can be reduced by increasing the feed rate. Sinan Liu et al. [15]
found that the thrust force and temperature can be efficiently reduced by
using crescent drill even without coolant. Hamed Heydari et al. [16]
presented an analytical model based on Sui and Sugita model and found
that drilling force mainly affects drilling temperature. The maximum
drilling temperature decreases with drilling force and then increases.
Yahui Hu et al. [6] employed the moving heat source method and found
that due to the low thermal conductivity of the cortical bone, the tem-
perature of the cortical bone decreased with the radial distance. The FEM
is also model-dependent, but can be used to simulate more complex sit-
uations. Maziar Aghvami et al. [17] established a mathematical model of
heat transfer of different densities and found that the theoretical critical
temperature of thermal damagewas 47 �C. The thermal damage is mainly
determined by the drill diameter and drilling speed.

At present, cells from the bone tissue, structure, and micro-level, etc.,
are mainly used to explain the variation of temperature change. Although
there are some experimental samples including bone tissue of different
ages, the difference in drilling temperature caused by the microstructure
change of bone tissue with aging was not considered. Addolorata Corrado
et al. [4] studied the pathogenesis of aging bones at a molecular level,
and investigated the theories of bone aging including systemic and local
factors. The incidence of fracture of bone aging increases with the vari-
ations at cellular, tissue and structural levels. Cheng Duan [18] consid-
ered the effects of the aging factor on femoral geometric parameters and
material parameters to establish a multi-age finite element model, and
showed that the elastic modulus, ultimate stress and ultimate strain of
cortical bone of the femur decreased gradually with aging. And the aging
factor also influenced the size and shape of the femur. Aleksa Markovi�c
[19] studied the changes in temperature of the adjacent low-density bone
during implant placement and found that age, gender, bone density nor
cortical bone thickness had no statistically significant effect on bone
thermal changes during the implantation procedure compared with
different surgical method.

The previously relevant studies of bone drilling temperature focused
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on the maximum drilling temperature, the effects from bone drilling
technology, however, these cursory studies do not reflect the distribution
and changes of drilling temperature considering the aging factor. The
thermal damage of bone tissue is a time-dependent phenomenon, so in
this paper, a time-varying temperature field simulation model during
bone drilling was established by ABAQUS software, considering a single-
factor node solution to analyze the temperature distribution. Then it was
validated with experiments by drilling cortical bone of fresh bovine shaft
of the femur. Due to the great difference of bone tissue in different age
stages, the aging factor is also considered to evaluate the temperature
field of bone drilling, which then can control better temperature during
bone drilling.

2. Bone drilling simulation model

2.1. Model setup

2.1.1. Model design
A twist drill model with a diameter of 3 mm was established using

SOLIDWORKS software, and then imported into ABAQUS software. A
bone model with a square of 16 mm and a thickness of 6 mm was also
built. 9 concentric circles with a radius from 2 mm to 6 mm were drawn
at the center of the surface of the bone model and stretched along the z-
axes. The assembly drawing of the drilling model is shown in Fig. 1a.

2.1.2. Model material
The drill material was stainless steel 4Cr13, and the drilled material is

cortical bone of the femur. Cortical bone is an anisotropic material.
However, there is no phenomenon of anisotropy on the temperature
distribution was discovered [9,20]. Therefore, cortical bone was
considered as isotropic material in this paper. Table 1 presents the ma-
terial parameters of twist drill and cortical bone [21].

Johnson-Cook model is one of the models to predict the mechanical
behavior of cortical bone material with high temperature and strain rate
[6]. In this paper, Johnson-Cook model is used as constitutive model. The
flow stress equation [21] can be expressed as follows:

σ¼ðAþB � εnÞ
�
1þC � ln

�
ε
ε0

���
1�

�
T � Tr

Tm � Tr

�m�
(1)

where σ is the flow stress, A, B, C are the material constants, n, m are the
strain hardening exponent, ε is the effective plastic strain,ε is the effective
plastic strain rate, ε0 is the static plastic strain rate, Tm is the melting
temperature, Tr is the room temperature. Table 2 presents the detail
model parameters [21].

2.1.3. Mesh grid of model
The mesh grid of the drilling model is shown in Fig. 1a. The drill

model was meshed into the tetrahedral element, and the total number of
elements is 11,568. The bone model was meshed into hexahedral
element, 50 nodes were set on each drawn concentric circle and the total
number of elements is 13,643.50 nodes on each concentric circle (same
radial distance and axial depth) were set as a node-set, and the total
number of node sets was 108 groups. The node-set of the drilling model is
shown in Fig. 1b.

2.1.4. Boundary condition setup and solving process
The boundary condition setup of the bone drilling model is shown in

Fig. 1c. Fixed boundary of the bone model on the X and Y direction to
simulate the state of the bone tissue being fixed on the workbench. The
drill was rotated on the Z-axes and the feed direction was set to the Z
direction. The spindle speed of the drill was 1000 r/min and the feed rate
was 80 mm/min. The initial temperature of bone tissue and twist drill
was 25 �C to simulate the ambient temperature (Beijing, China).

The drill was set to rigid model [13]. The interaction between the



Fig. 1. (a) Assemble and mesh grid. (b) Node-set. (c) Boundary condition setup.

Table 1
Material parameters of twist drill and cortical bone [21].

Parameters Twist Drill Cortical Bone

Density (kg/m3) 7840 2000
Young's Modulus (GPa) 21.0 20.0
Poisson's Ratio 0.3 0.36
Yielding Strength (MPa) 585 106
Specific Heat (J/kg⋅K) 460 1640
Thermal Conductivity (W/m⋅k) 29.0 0.56

Table 2
Johnson-Cook material of cortical bone [21].

A (MPa) B (MPa) C n M Tm (�C)

50 101 0.03 0.08 1.03 1300

Fig. 2. Drilling t
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twist drill and bone tissue was assigned with surface-to-surface contact
(Explicit) option, and the solution was obtained by the dynamic
temperature-displacement step.

2.1.5. Model results and discussion
The average temperature variation in each node-set was taken as the

result of this position to obtain the variation of the drilling temperature
field, as shown in Fig. 2. During bone drilling, the temperature near the
bone-drill area increased significantly. The high temperature mainly
appeared near the cutting edge. According to Fig. 2b, the maximum
temperature could reach 100.9 �C. During bone drilling, the bone tissue
in the drilling area was damaged by drill, which generated aplenty
drilling heat and moved with the drill feed movement.

During bone drilling, the distribution of drilling temperature was
mainly related to the radial distance and axial depth between the node
and the drilling center. At the same radial distance and axial depth, the
drilling temperature difference between nodes was not obvious.
emperature.



Table 3
Single factor solution of drilling temperature.

Parameters Numerical Value

Radial Distance r (mm) 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0
Axial Depth d (mm) 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0
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Therefore, a single-factor node solution scheme was designed in this
paper, as shown in Table 3.

To observe the drilling temperature distribution, the variation of
drilling temperatures over time at different radial distances and axial
depths were compared, as shown in Fig. 3. The drilling temperature
increased sharply and then decreased slowly, and the maximum tem-
perature was 40.1 �C, which occurred at 5.72 s, as shown in Fig. 3l. The
temperature with a radial distance of 2.0 mm changed dramatically. In
terms of radial distance, the temperature peak showed a non-linear sharp
decline trend with non-uniformity. In terms of axial depth, the peak time
had a hysteresis effect, and the temperature peak tended to increase
slightly with uniformity. Due to the low conductivity of the bone tissue,
drilling heat was easy to accumulate in the drilling area, which could not
be diffused effectively. So, the temperature in drilling area changed
obviously, and the distant area changed barely. The greater the distance
Fig. 3. Drilling temperatures at differen
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from the drilling center, the higher the maximum drilling temperature
that can be achieved. At the same time, the heat source is in a constant
motion, the distance between each node and the heat source increases
firstly and then decreases, so the drilling temperature also shows a trend
of increasing firstly and then decreasing. The excessive drilling temper-
ature occurred at the drilling area should be considered in the design of
cooling methods.
2.2. Experimental test

2.2.1. Experimental material
Because of the limitations of experimental conditions and ethics, the

human bone could not be used as experimental material in this paper.
The bovine bone resembles in terms of material properties and me-
chanical properties [7,9,20], so using fresh bovine femurs in this
experiment. The bones were purchased from a local slaughterhouse and
had been cut into segments. To ensure the accuracy of the experiment,
the selected cortical bone thickness of bovine bone samples was about 6
mm. The surface soft tissue of the bovine bone sample was disposed and
only the middle part of bone was reserved as experimental material, to be
fixed and installed. A twist drill of 4Cr13 stainless steel was used to
conduct the drilling.
t radial distances and axial depths.
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2.2.2. Experimental system
The drilling experiments were conducted on a V5 Numerical Control

Machines (Siemens system). K-type thermocouple is used to measure the
temperature inside the cortical bone. An ADAM-17 acquisition card and
LABVIEW software were used to collect the temperature during bone
drilling, with a sampling frequency of 50Hz.

2.2.3. Experimental design
The temperature distribution with different radial distances inside of

the cortical bone was investigated in the same conditions (drill diameter,
spindle speed, feed rate, and room temperature are 3 mm, 1000 r/min,
80 mm/min, 25 �C, respectively). The experimental design is shown in
Table 4. A schematic diagram of bone drilling experiment system is
shown in Fig. 4a, D is the twist drill diameter, h is the axial depth of the
twist drill, and r is the radial distance between the temperature measured
Table 4
Experimental design at different temperature measured point.

Number Drill
Diameter
D (mm)

Spindle Speed
n (r/min)

Feed
Rate v
(mm/min)

Radial
Distance r
(mm)

Axial
Depth
d (mm)

1 3 1000 80 2.0 6
2 2.5

Fig. 4. (a) Schematic diagram. (b) C

Fig. 5. Experimental and simulated

Table 5
Experimental and simulated values of drilling temperature.

Number Radial
Distance r (mm)

Peak Mod
Valu

1 2.0 Temperature 36.4
Time 4.18

2 2.5 Temperature 29.6
Time 5.42

5

point (TMP) and the axis of the drill. And cortical bone drilling experi-
ment system is shown in Fig. 4b.

2.2.4. Experimental results and discussion
The cortical bone drilling experiments were conducted according to

the experimental design. The temperature was recorded by ADAM-17
acquisition card and LABVIEW software. The experimental results
under the same drilling conditions were compared with the theoretical
results to verify the accuracy of the drilling simulation model. The
experimental and simulated results of drilling temperature under
different measuring positions are shown in Fig. 5. The experimental re-
sults were in good agreement with the simulated results.

The experimental and simulated values of cortical bone temperature
at different temperature measured point are shown in Table 5. When the
drill diameter was 3 mm, spindle speed was 1000 r/min, the feed rate
was 80 mm/min, the radial distance was 2.0 mm, and the peak tem-
perature was up to 36.47 �C. Furthermore, the maximum relative error
between the experimental values and the simulated values was 6.74%.
When the radial distance was 2.5 mm, the peak temperature was up to
29.69 �C, and the maximum relative error between the experimental
values and the simulated values was 7.67%, the results obtained in the
experiments were larger than the simulated values. This error is likely
because the actual radial distance of the thermocouples was slightly less
than the experimental design value. The peak temperature decreased
ortical bone drilling test system.

results of drilling temperature.

el
es

Experimental
Values

Relative
Error

Maximum
Relative
Error

7 �C 36.22 �C 0.67% 6.74%
s 3.96s 5.26% –

9 �C 31.79 �C 7.08% 7.67%
s 5.04s 7.01% –



Table 6
Material parameters of cortical bone at different age stages.

Age (year) Density (kg/m3) Young's
Modulus (GPa)

Ultimate
Stress (%)

Ultimate
Strain (MPa)

20 1883 16.83 120.4 3.57
30 1856 16.24 115.2 3.24
40 1830 15.65 110.0 2.91
50 1803 15.06 104.8 2.58
60 1777 14.47 99.6 2.25
70 1750 13.88 94.4 1.92
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sharply with the radial distance. In this paper, because the size of the
thermocouples was slightly smaller than the pre-bored hole, there were
Fig. 6. Drilling temperatures at diffe
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errors at the actual temperature measured point, and the thermocouple
holes created unnecessary interferences for the heat dissipation in bone
tissue, then influencing the temperature distribution near the borehole.
Moreover, as the material parameters of the model are theoretical data
obtained from the literature rather than actual tests, which may be
different from the actual experimental materials, also may lead to errors
between the experimental and theoretical values.

With the radial distance of 2.0 mm, the drilling temperature increased
rapidly at about 2.5 s, reached the peak at about 4.0 s and then decreased.
With the radial distance of 2.5 mm, the drilling temperature increased at
about 3.5 s, reached the peak at about 5.0 s and then decreased slowly.
The results showed that the closer the radial distance was, the more
drastic change of drilling temperature was.
rent age stages and axial depth.
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3. Bone drilling model considering the aging factor

3.1. Aging factor

Bone tissue varies with aging at the cellular, tissue and structural
levels [7,18,22]. The material parameters of cortical bone such as density
and elastic modulus decreased linearly with aging [18,22]. After simple
linear regression analysis of cortical bone material parameters, a linear
equation of density, elastic modulus, ultimate stress and ultimate strain
with aging can be calculated as follows:
8>><
>>:

ρ ¼ 1935:6� 2:65x
E ¼ 18:01� 0:059x
σu ¼ 130:8� 0:52x
εu ¼ 4:23� 0:033x

(2)

where x is the age, ρ is the density, E is the Young's modulus, σu is the
ultimate stress, εu is the ultimate strain.

Material parameters of cortical bone of 6 groups at different age
stages with intervals of 10 years were obtained by Eq. (2), as shown in
Table 6. The material parameters of the bone model in the 6 groups are
introduced into the bone drilling model respectively.
3.2. Simulated results and discussion

The variation of drilling temperatures over time at different age
stages and axial depths were obtained by ABAQUS software. With the
radial distance of 2.0 mm, the temperature changed obviously, so the
variation of drilling temperature with the radial distance of 2.0 mm at
different age stages was compared, and the trend of peak temperature
and peak time with aging was also analyzed. The results showed that the
temperature peak at different axial depths increases with aging.

As shown in Fig. 6, the temperature peak almost appeared at the age
of 70, and the maximum peak temperature was up to 42.4 �C. As shown
in Fig. 6l, the peak temperature increased by 6.8% compared with 39.7
�C at the age of 20, but was lower than the critical temperature of thermal
damage. Moreover, the peak time at different radial depths was almost
unchanged. The results showed that aging factor mainly affect the value
of drilling temperature. From the point of view of parameter variation,
the change of material parameters of bone tissue led to the concentration
of energy at drilling area, which could not be diffused easily, so the
temperature increased slowly. The elderly is prone to excessive temper-
ature during bone drilling and are more likely to reach the critical tem-
perature with thermal damage. Therefore, special attention of
temperature controlling should be paid to the elderly during bone
drilling.

4. Conclusion

In this paper, a time-varying temperature field simulation model of
bone drilling was established by finite element method, the distribution
of drilling temperature was studied, and the main factors affecting the
distribution of drilling temperature were analyzed according to the re-
sults. The drilling model was verified by drilling experiment of bovine
femur. The influence of aging factor on the peak temperature and peak
time was mainly considered and discussed. The following conclusions
from the present work are listed.

(1) The drilling temperature firstly increases sharply and then de-
creases slowly with time. The peak temperature shows a non-
linear sharp decline trend with non-uniformity varied with
radial distance. The peak time has a hysteresis effect, and the peak
temperature tends to increase slightly with uniformity varied with
axial depth,.

(2) The relative error between the experimental values and the
simulated values is within 7.67%. The temperature distribution
7

during bone drilling could be predicted accurately by this drilling
model.

(3) The aging factor mainly affects the value of drilling temperature,
and the elderly are prone to excessive temperature during bone
drilling and are more likely to reach the critical temperature with
thermal damage.

Since this model analyzes the influence of aging factors on bone tissue
drilling from the perspective of mechanical engineering, however, bone
tissue is an active and composite material, it may be necessary to
combine biology and material science to further analyze the cause and
mechanism of temperature change. In addition, in-vivo study on bone
drilling may be the future study in this research direction.
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