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A B S T R A C T   

Bone drilling is an essential and technically demanding procedure in many forms of surgery. The thermal 
characteristics in the drilling process directly affect thermal damage to the bone and postoperative recovery. In 
this study, a comprehensive experimental investigation was conducted to understand the thermal characteristics 
during cortical bone drilling using a bone cutting system coupled with a state-of-the-art infrared thermography 
and a dynamometer. The time-series temperature distributions, temperature history at different locations, and 
quasi-three-dimensional maximum temperature distributions were established and analyzed. The results show 
that the chisel edge, cutting lips, and margin are the main heat sources during bone drilling. The maximum 
temperature was generated by the cutting lip. Drilling in three feeding directions was performed to investigate 
the bone anisotropy. However, no sign of anisotropy on the temperature distribution was observed. But the 
maximum temperature and overheat duration exhibited a significant variation because of differences in the 
removal mechanism and bone density. Moreover, the effects of processing parameters on the thermal charac
teristics were analyzed in terms of the failure mechanism of bone. The drilling process duration may be the 
governing factor that can finally determine the thermal damage. This is the first study to reveal the thermal 
characteristics in full detail at the drill-exit with respect to the bone properties, processing parameters, drill-bit 
geometries, and inclined drilling. These results provide a fundamental understanding of the thermal charac
teristics in bone drilling and subsequently contribute to the formulation of various strategies for reducing the 
thermal damage to the bone.   

1. Introduction 

Bone is a natural composite with complex material property [1]. The 
drilling of bone performs a critical function in a wide range of surgeries, 
such as orthopedics and neurosurgery. Manual irrigation with sterile 
saline can increase the operation time and the risk of infection [2]; 
hence, many bone drilling processes are performed without irrigation. In 
the absence of a coolant, heat easily accumulates at the drilling site 
because of the relatively low thermal conductivity and specific heat 
capacity of the bone, increasing the risk of thermal osteonecrosis. 
Extensive research investigations have shown that thermal damage is 
caused by the combined effect of temperature elevation and thermal 
exposure time [3]. Eriksson et al. [4] suggested that the bone temper
ature should not exceed 47 ℃ for more than 60 s, indicating a relatively 
low thermal dose threshold. Moreover, the heat that accumulates with 

the increasing drilling depth may cause the most severe thermal damage 
to the end of the drill site and subsequently result in early aseptic 
loosening of the fixture [5]. Considering the complex thermal effects 
associated with postoperative recovery, gaining insight into the thermal 
characteristics during bone drilling is extremely important. 

In previous decades, the parameters affecting the thermal charac
teristics during bone drilling have been investigated using various ap
proaches, such as simulation, theoretical analysis, and experimental 
analysis. Tu et al. [6] and Sezek et al. [7] developed finite element (FE) 
models to investigate the effect of the processing parameters on the 
overheat zone in bone drilling. Fernandes et al. [8] developed a 
FE-based numerical model that incorporated the geometric, dynamic, 
and thermal characteristics to determine the thermo-mechanical stresses 
during bone drilling. However, it remains difficult to include the 
anisotropic and semi-brittle behaviors of the bone in the FE modeling. In 
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contrast, Sui et al. [9] and Lee et al. [10] conducted leading works on 
developing theoretical models for predicting the temperature elevation 
in bone drilling. However, the mechanical interaction and heat transfer 
between the anisotropic bone and real drill bit geometry are yet to be 
considered. In summary, a considerable deviation remains between the 
predicted and experimental results because of model limitations. 

Experimental analysis is considered the most reliable approach to 
investigate the thermal characteristics in bone drilling. Generally, there 
are two approaches for conducting the experiment—the use of ther
mocouples and the utilization of infrared thermography. In previous 
studies, thermocouples, as a contact type sensor, were most frequently 
used. The thermocouples were placed in pilot holes arranged according 
to a spacing order to investigate the thermal characteristics during bone 
drilling. However, the thermocouples can only be placed at a certain 
distance from the hole wall because of physical limitations, making it 
difficult to directly measure the temperature at the tool–bone interface. 
Moreover, the pilot hole creates an unnecessary interference to the heat 
dissipation in bone specimens, eventually influencing the temperature 
distribution around the drill site. In view of the foregoing limitations, 
many contradictory conclusions exist among the thermal studies on 
bone drilling. For instance, Karaca et al. [11] found that the temperature 
elevation decreased with the increase in spindle speed, whereas Shar
awy et al. [12] presented an opposite conclusion. Considering these 
constraints, the sole utilization of thermocouples is a common but pre
sumably insufficient approach for studying the thermal characteristics 
during bone drilling. 

In comparison, infrared thermography provides a non-contact 
approach for measuring the temperature distribution in real time dur
ing bone drilling. The reliability of this technique has been evaluated in 
several studies by comparing the measurements obtained by the ther
mography and thermocouples in metal [13] and carbon fiber reinforced 
plastic drilling [14]. Thermography was utilized in bone machining to 
investigate the thermal effects of drill bits, surgical saws, and 
multi-grooved cutting tools in terms of processing parameters or mate
rial properties of the natural and synthetic bone, respectively [15–19]. 
The analyses were based on static temperature distributions because 
they always suffered from a low spatial resolution (>100 μm/pixel) and 
sampling rate (<100 Hz). Further analyses cannot be conducted because 
of the absence of post-processing. These limitations make it problematic 
to determine the most important details of the thermal characteristics 
associated with high-speed cutting. Consequently, gaining an accurate 
comprehension of the relationships between the thermal characteristics 
and parameters, such as the drill bit geometry, processing parameters, 
and bone properties, is hindered. 

In this study, a comprehensive experimental investigation was con
ducted to understand the thermal characteristics during the cortical 
bone drilling using a bone cutting system coupled with a state-of-the-art 
infrared thermography and dynamometer. The time-series data recor
ded by the high-resolution infrared thermography were processed to 
obtain a quasi-3D temperature distribution in the vicinity of the drilling 
site for various analyses. To the authors’ knowledge, this is the first 
study that determines the thermal characteristics at the drill exit in full 
detail with respect to the bone properties, processing parameters, drill- 
bit geometries, and inclined drilling. The derived results provide a 
fundamental comprehension of the parameters affecting the thermal 
effects in bone drilling and subsequently contribute to the formulation of 
various strategies for reducing the thermal damage during bone drilling. 

2. Materials and methods 

2.1. Experimental setup 

The experimental setup is shown in Fig. 1. The five-axis horizontal 
machine center developed by the authors was used as the platform for 
conducting the drilling process. The temperature and force data were 
recorded by InfRec H9000 infrared thermography (Nippon Avionics Co., 
Ltd., Japan) and Kistler Dynamometer 9272 (Kistler Inc., Switzerland), 
respectively. An indium antimonide detector cooled by a Stirling cooling 
system was implemented to achieve highly accurate data with a 2% 
error range, a resolution of 0.025 ◦C at 30 ◦C, and a sampling rate of 200 
Hz. Furthermore, a close-up lens with a spatial resolution of 15 μm was 
employed to optically enlarge the measuring area; the specifications of 
the imaging system are summarized in Table 1. Note that the drill bit 
temperature cannot be accurately measured because of the strong 
reflection caused by the smooth surface of the drill bits. Accordingly, 
this study mainly focuses on the bone at the drill exit plane. As was 
reported by Karmani et al. [20], and Eriksson et al. [4], irrigation by 
manual methods tends to have a limited cooling effect, which is, the 
coolant could hardly reach the tool-bone interface when drilling deep 
into the cortical bone and only the superficial tissue can be cooled. 

Fig. 1. (a) Experimental setup, (b) non-perpendicular drilling, and (c) drill bits.  

Table 1 
Specification of the imaging system.  

Resolution Sampling rate Spatial 
resolution 

Temperature 
range 

640 pixels × 512 pixels 200 Hz 15 μm/pixel 0 to 150 ◦C  
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Considering the potential ineffectiveness and uncertainty of the cooling 
effect, irrigation was not performed in the current experiments to ach
ieve better observation. 

2.2. Preparation of bone specimens 

The cortical part of a fresh bovine femur was used in the experiment 
because it accurately resembles the human cortical bone in terms of 
material properties [18]; the detailed thermal properties are listed in 
Table 2. The cortical bone specimens were prepared along the axial and 
radial directions of the femur for investigating the effect of bone 
anisotropy on the temperature distribution, as shown in Fig. 2(a). All the 
specimens were obtained from the bone shaft and were milled to guar
antee a smooth surface on the entrance and exit plane. The size of each 
specimen was approximately 60 mm (length) ×30 mm (width) with 
three different thicknesses (4, 6, and 8 mm). It should be noted that the 
thickness of specimens must be precisely controlled (error =±0.05 mm) 
to eliminate the thickness-induced error in the temperature elevation. 
Test drilling was conducted on each specimen using certain processing 
parameters (i.e., 1000 rpm, 0.06 mm/rev) to determine if the specimen 
was aberrant by checking the drilling forces. 

It is known that the emissivity can be affected by many factors and 
varies with the material. Moreover, the temperature measured by the 
thermography is a function of emissivity. Accordingly, the specimens 
were treated with a black-body spray (Tasco Co., Ltd., Japan) to achieve 
an emissivity of 0.94 on the drill exit plane [21]. 

2.3. Drill bit 

A set of high-speed steel (JIS SKH51) drill bits produced by TOKO 
Co., Ltd. (Japan) is used to investigate the effect of drill bit geometry on 
the thermal characteristics in bone drilling, as shown in Fig. 1(c). The 
detailed geometrical parameters are listed in Table 3. Each drill bit was 
used up to a maximum of 10 times to eliminate the effect of tool wear. 

2.4. Experimental procedure 

The full factorial design of experiments was conducted to investigate 
the effect of bone thickness, drill bit diameter, and processing parame
ters on temperature elevation. It is also known that the cutting perfor
mance on the bone varies with the cutting direction with respect to the 
osteon direction [25]. Accordingly, the effect of drilling direction on 
temperature elevation was also investigated, as shown in Fig. 2(b). In 
some cases, surgeons have to drill in a non-perpendicular direction or on 
an uneven bone surface without any fixture. This would induce a sig
nificant lateral force and generate a considerable amount of frictional 
heat at the tool–bone interface, subsequently increasing the risk of 
thermal osteonecrosis. Therefore, the effect of tilt angle (α) (Fig. 1(b)) on 
the temperature elevation was also investigated in this study. It should 
be noted that no study on the thermal characteristics in 

non-perpendicular bone drilling has been conducted previously. All the 
experiments were repeated at least five times under each experimental 
condition. The statistical analyses of maximum temperature elevation 
and overheat (>47 ◦C) duration were implemented using the analysis of 
variance (ANOVA). The experimental conditions are shown in Table 4. 

2.5. Thermal data postprocessing 

In Fig. 3, the workflow of data processing is illustrated. All the pro
cesses were performed by Python scripts. The time-series thermal data 
were first extracted from raw data. The hole wall was identified based on 
the Hough circle transform [26]. To obtain the temperature history at a 
certain distance from the hole wall, the time series of instantaneous 
temperatures at the corresponding position were extracted. These tem
perature histories were then processed in two ways: the circular walls of 
temperature histories were unfolded to perceive the thermal charac
teristics directly and the mean temperature history curves were con
structed by averaging the temperatures in the sampling circles following 
a certain chronological order. The confidence interval of the mean 
temperature process was set to 95 % to reduce the data random error. 
The line width of the extracted circle was set as 2 pixels (30 μm) to 
improve the accuracy. The maximum temperature and corresponding 
time point at each pixel were extracted to obtain the quasi-3D temper
ature distribution. 

3. Results 

3.1. Temperature distribution along drilling direction 

The temperature distribution along the drilling direction was 
investigated to understand the effect of drilling depth on thermal 
characteristics. The thermography is placed perpendicular to the drilling 
direction, as shown in Fig. 4. It should be noticed that the heat transfer 
here is supposed to be different from normal cases because there is only 
an ultra-thin layer of bone between the drilling site and specimen pe
riphery (i.e., observation surface). The minimum distance between the 
observation surface and hole wall was 0.1 mm. It is evident that the 
maximum temperature increased with the drilling depth, which was also 
reported in previous studies [8,18,24]. As drilling began and the drill bit 
gradually entered the specimen, the maximum temperature sharply 
increased at a drilling depth of 0–1 mm. Another rapid increase was 
observed at the end (7–8 mm) of drilling. This can be explained by the 
increasing resistance in evacuating chips with increasing cutting depth, 
which produces considerably more frictional heat, thus causing a sharp 
increase in temperature. Overall, the maximum temperature increased 
with the drilling depth and peaked at the drill exit surface. Accordingly, 
this study mainly focused on the temperature characteristics of the drill 
exit surface. 

3.2. Analysis of thermal characteristics on the drill exit surface 

The variation of the thrust force as a function of drilling depth and 
the corresponding sketch at different critical drilling depths are shown 
in Fig. 5. The drill exit plane and drilling depth are defined as the 
reference plane and the distance between the chisel edge and reference 
plane, respectively. Three typical stages are defined and analyzed in 
detail: Stage 1 (S1), the period before the chisel edge penetrates the drill 
exit plane; Stage 2 (S2), the period between the time point of chisel edge 
penetration and the time point when the entire cutting lips penetrate the 
drill exit plane; Stage 3 (S3), the period after the cutting lips pass the 
drill exit plane. The corresponding thermal images on the drill exit 
surface in each stage are shown in Fig. 6. The thermal characteristics of 
the entire drilling process were further investigated through 
postprocessing. 

Table 2 
Thermal properties of the cortical bone, drill bit, and air.  

Material property Bovine cortical bone 
[22] 

High-speed steel 
(Material of drill bit) 
[23] 

Air at 27 
◦C [24] 

Density (kg/m3) 1640 8060 1.16 
Elastic modulus 

(MPa) 
16,700 193,000 – 

Specific heat (J/kg) 1640 500 1007 

Thermal 
conductivity (W/ 
mK) 

0.58 (Longitudinal) 

16.2 0.026 0.53 
(Circumferential) 
0.54 (Radial) 

Thermal diffusivity 
(mm2/s) 

2.38e-7 2.73e-5 2.25e-5  

S. Li et al.                                                                                                                                                                                                                                        



Journal of Manufacturing Processes 64 (2021) 606–619

609

3.2.1. Temperature distribution and mechanical damage reflecting the tool- 
bone interaction 

The temperature distribution at the end of S1 is illustrated in Fig. 6 
(a). The temperature is evenly distributed in each direction with a peak 
of 60.3 ◦C at the center. The temperature rapidly increased from 
60.3–78.4 ◦C in less than 0.01 s as the chisel edge penetrated the drill 

exit surface (Fig. 6(b)) possibly because of bone delamination. The 
delamination is caused by the thrust force against the last layer of bone, 
negating effective cutting by weakening the contact between the tool 
and bone. Considering the relatively short period of weak contact and 
the low thermal conductivity of the bone, the two main heat sources (i. 
e., conductive heat and frictional heat) were not sufficiently intense to 
increase the bone temperature to the same level as the bone being cut. At 
the start of S2, the heat generated by the cutting lips became the main 
heat source on the drill exit plane (Fig. 6(c)). As shown by the enlarged 
image of S2, the temperature of the zone behind the cutting lip was 
significantly higher than that at the uncut zone. At the end of S2, most of 
the bone material inside the hole wall was removed, exposing the entire 
cutting lip (Fig. 6(d)). The heat source was evidently at the interface 
between the cutting lip and bone as shown in the enlarged image of S3. 
The heat was first generated at the cutting lip (82.5 ◦C) and then peaked 
immediately behind it (92.1 ◦C) because of heat accumulation. In S3, the 
margin friction became the main heat source, as shown in Fig. 3(e). The 
temperature dropped from 92.5–71.3 ◦C at the tool–bone interface, 
indicating that the heat generated at this stage was lower than that in S2. 
After the retraction of the drill bit, the heat source at the drill exit plane 
ceased, resulting in a rapid decrease in temperature (Fig. 6(f)). The 
surface electron micrographs (SEM) were shown in Fig. 6(g, h). 
Delamination and micro cracks were found on the drill-exit and the hole 
wall, respectively. 

3.2.2. Historical temperature variation on the drill exit surface 
The temperature in the vicinity of the drill site is the key to deter

mining the level of heat-induced damage to the bone. The temperature 
history at different distances from the hole wall is presented in Fig. 7. 

Fig. 2. (a) Preparation of specimen and (b) drilling directions relative to osteon direction.  

Table 3 
The geometry of the drill bit.  

Diameter 
(mm) 

Point 
angle (◦) 

Helix 
angle (◦) 

Margin 
width 
(mm) 

Chisel 
edge angle 
(◦) 

Length of 
chisel edge 
(mm) 

2.5 118 29 0.225 125 0.44 
3.2 118 29 0.25 125 0.64 
4.2 118 29 0.32 125 0.84  

Table 4 
Experimental conditions.  

Items Parameters 

Workpiece Cortical part of bovine femur 
Thickness (mm) 4, 6, 8 
Drilling direction Parallel, Transverse, Perpendicular 
Drill bit diameter (mm) 2.5, 3.2, 4.2 
Point angle (◦) 118 
Spindle speed (rpm) 500, 1000, 1500, 2000,2500 
Feed rate (mm/rev) 0.02, 0.04, 0.06, 0.08, 0.1 
Tilt angle (◦) 0, 3, 6, 9, 12, 15 
Environment temperature (◦C) 23  
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Four circular sampling sites at different distances (0, 0.3, 0.75, and 1 
mm) from the hole wall are marked in Fig. 7(a). The average tempera
ture histories with envelopes are shown in Fig. 7(b). The envelope is the 
instantaneous temperature range at the circular sampling site. The 
corresponding unfolded temperature histories at each distance from the 
hole wall are shown in Fig. 7(c–e). Based on the temperature histories 
(Fig. 7(b–e)), the characteristics of temperature elevation are found to 
be highly dependent on the distance from the hole wall. The tempera
ture history at nearer distances (0 and 0.3 mm) peaked at the end of S2 
and then rapidly decreased. The peak of the temperature histories at 
more distant locations (0.75 and 1.0 mm) remained for several seconds. 
The temperature histories at the 0 and 0.3 mm distances exceeded the 
suggested threshold of 47 ◦C for approximately 10 s. The temperature 

histories at distances of 0.75 and 1.0 mm did not exceed 47 ◦C during the 
entire process. 

In Fig. 8, the two-dimensional (2D) and quasi-3D maximum tem
perature distribution are presented. The 2D temperature distribution 
image is the top view of the quasi-3D distribution. The area between 0.0 
and 0.49 mm from the hole wall, where the maximum temperature 
exceeded 47 ◦C, is determined as the thermal damage risk zone, as 
shown in Fig. 8(a). The area near the hole wall sustained the most severe 
thermal damage in the entire process. As shown in Fig. 8(b), the bone 
temperature in the vicinity of the drill site peaked at the end of S2, and a 
distinct time delay in reaching the maximum temperature of the bone at 
a more distant position was observed. 

Fig. 3. Data processing workflow.  

Fig. 4. (a) Maximum temperature variation and (b) time series distribution (bone thickness: 8 mm; perpendicular direction, 500 rpm, 0.06 mm/rev).  
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3.3. Effect of feeding direction and bone thickness on temperature 
elevation 

It is known that the cutting performance in orthogonal bone cutting 
is significantly dependent on the cutting direction [25]. The unfolded 
temperature histories and mean maximum temperature of different 
feeding directions are presented in Fig. 9. It should be noted that the 
cutting mechanisms in the perpendicular and transverse feeding di
rections are equivalent because of the rotational symmetry of the drill 
bits, as shown in Fig. 2. Thus, the unfolded temperature histories along 
the parallel and perpendicular directions are shown in Fig. 9. Among the 
three feeding directions, no temperature distribution anisotropy was 
observed, whereas significant differences among the average maximum 
temperatures (Tmax) and overheating durations (tover) were found. The 
temperature elevation in the perpendicular drilling direction was 
considerably higher than those in the other two directions. Drill-exit and 
the hole wall SEM of the transverse direction and parallel direction 
drilling are shown in Fig. 9(e, f). Moderate delamination and micro 
crack were found in transverse drilling. Meanwhile, the parallel drilling 
exhibited little delamination and mild micro crack. 

The mean temperature histories obtained by the experiments per
formed on bone samples with different thicknesses at 0 and 0.3 mm 
distances from the hole wall are shown in Fig. 10. It can be observed that 
the maximum temperature significantly increased with the bone thick
ness, which is consistent with the lateral observation shown in Fig. 4. 
Further, when the bone thickness was less than 4 mm, the size of the 
overheat zone was negligible. 

3.4. Effect of drill bit diameter on temperature elevation 

Fig. 11 shows the average temperature histories obtained by the 
experiments performed using 2.5, 3.2, and 4.2 mm drill bits at distances 
of 0 and 0.3 mm from the hole wall. The highest temperature elevation 
(82.3 ◦C), achieved by the 3.2 mm drill bit, was approximately 10 and 21 
◦C higher than those of the 2.5 and 4.2 mm drill bits, respectively. The 
overheat time of the 3.2 mm drill bit at a distance of 0.3 mm from the 
hole wall was approximately 4 s; the maximum temperatures reached by 
the 2.5 and 4.2 mm drill bits at a distance of 0.3 mm did not exceed 47 
◦C. 

3.5. Effect of processing parameters on temperature elevation 

The thermal data at 0.3 mm from the hole wall were used to accu
rately reflect the maximum temperature (Tmax) and overheat duration 
(tover) of the bone in the vicinity of the drill site. The confidence level of 

the data was first examined. The parameter combinations of feed rate (f) 
and spindle speed (n) and the corresponding outputs (i.e., Tmax and tover) 
is shown in Table 5. The contributions of the processing parameters were 
obtained with ANOVA, as shown in Tables 6 and 7. The spindle speed 
and the feed rate (feed per revolution) contributed to Tmax and tover the 
most, respectively. 

To investigate the effect of f and n on the average Tmax and tover, the 
Tmax and tover data were processed by third-order polynomial curve 
fitting to obtain the fitting surface, as shown in Fig. 12. The R2 values 
were 0.80 and 0.95, respectively. Both Tmax and tover exhibited a 
declining trend with increasing f; however, tover decreased with n, 
whereas Tmax increased with n. 

3.6. Effect of inclined drilling on temperature elevation 

In some cases, surgeons have to drill in a non-perpendicular direction 
or on an uneven bone surface without any fixture. This would induce a 
significant lateral force, thus generating considerable frictional heat at 
the tool–bone interface and subsequently increasing the risk of thermal 
osteonecrosis. Thus, the effect of tilt angle (α) (Fig. 13(f)) on tempera
ture elevation was also investigated in this study. 

The temperature distribution at each stage in a 9◦ inclined drilling is 
presented in Fig. 13(a–d). An asymmetric heating effect is caused by the 
lateral force-induced frictional heat, resulting in considerably higher 
temperature distribution on the left side of the hole wall. The maximum 
temperature distribution and overheat zone (Tmax > 47 ◦C) are shown in 
Fig. 13, (e) and (g), respectively. To understand the effect of lateral force 
on the asymmetric heating, the total overheat zone (Sover-all) was divided 
into left (Sover-left) and right (Sover-right) overheat zones by the Y axis. The 
Sover-all and Sover-right increased with the tilt angle, while Sover-left first 
increased and then decreased with the tilt angle, as shown in Fig. 13(h). 
Moreover, Tmax and tover first sharply increased and then slightly 
changed with the increasing tilt angle (Fig. 14). 

4. Discussion 

To the best of the authors’ knowledge, this is the first study that 
reports on the thermal characteristics at the drill exit in full detail with 
respect to the feeding direction, drill bit diameter, processing parame
ters, and inclined drilling. This can aid in establishing a fundamental 
understanding of the parameters affecting the thermal effects. Based on 
the foregoing, various strategies for reducing thermal damage during 
bone drilling are subsequently proposed. 

As shown in Figs. 4 and 8, the temperature elevation is highly 
dependent on the drilling depth and distance from the cutting area, 

Fig. 5. (a) Variation of thrust force and (b) corresponding schematic (perpendicular direction, 1000 rpm, 0.06 mm/rev).  
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which is also supported by the immunohistochemistry investigation 
conducted by E.B. Dolan et al. [29]. Thermocouples were utilized to 
investigate the temperature elevation in bone drilling [24,30–32]; the 
distances between the sampling sites and cutting area were basically 
larger than 0.5 mm. In some cases, the drilling depth was also not pre
cisely controlled [11]. These deficiencies are the possible reasons for the 
contradictory conclusions reached by previous studies on the thermal 
effects in bone drilling. 

The detailed thermal characteristics on the drill exit surface during 
the bone drilling are presented in Figs. 6 and 7. Contrary to expectations, 
although a considerable amount of heat was generated by the chisel 
edge cutting, the bone outside the hole was practically unaffected during 
the S1 stage. This was mainly because of the relatively low thermal 
conductivity of the cortical bone, as summarized in Table 2. The heat 
generated in the S1 stage forms the temperature base of the drilling 
process. The maximum temperature elevation in the tissue in close 
proximity to the hole wall occurred at the end of the lip cutting stage, S2, 
significantly affecting the total temperature elevation in more distant 

areas. From Fig. 7, it can be concluded that although the duration of S2 
only accounts for a small proportion of the entire process, the heat 
generated in S2 together with S1 performs a determinant role in the 
maximum temperature elevation in most areas. With regard to the 
margin friction stage (S3), it is found that the frictional heat generated 
during this stage can retard or even halt the temperature decrease at a 
certain value exceeding the thermal threshold. Thus, it can be concluded 
that the thermal exposure duration is mainly determined by the S3. 

The cortical bone is an anisotropic material in terms of the removal 
mechanism. It is known that in cortical bone drilling, the removal 
mechanism of osteons varies with the rotation of drill bits. When drilling 
is performed in the transverse and perpendicular directions, the osteon 
removal mechanism is a mixed model of across, transverse, and parallel 
cutting. In the parallel feeding direction, the sole osteon removal 
mechanism is transverse cutting. As shown in Fig. 9, (a) and (b), no 
anisotropy in the temperature distribution in both feeding directions is 
observed, and Tmax and tover exhibit significant differences among the 
three feeding directions (Fig. 9(c)). This result may be explained by the 

Fig. 6. (a-f) Time series temperature distribution (perpendicular direction, 500 rpm, 0.06 mm/rev) and (g, h) SEM of the drill-exit and the hole wall.  
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Fig. 7. Temperature histories at various distances from hole wall. (perpendicular direction, 500 rpm, 0.06 mm/rev).  

Fig. 8. (a) 2D and (b) quasi-3D maximum temperature distribution. (perpendicular direction, 500 rpm, 0.06 mm/rev).  
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combined effect of the bone osteon removal mechanism and bone den
sity. Generally, the cortical bone density decreases from the outer part to 
the inner part along the radial direction [33]. During drilling, the bone 
with a higher density could cause a higher heat generation [24]. In this 
study, although the osteon removal mechanisms of the transverse and 
perpendicular feeding directions are equivalent, the transverse feeding 
did not have to cut through the densest surface part, resulting in a lower 
temperature elevation. Similarly, although the specific cutting energy in 

the parallel feeding (i.e., transverse cutting) direction is the highest in 
terms of osteon removal mechanisms, the lower bone density at the 
drilling site relative to the perpendicular direction results in a lower 
temperature elevation. The variation in mechanical damage of the three 
feeding directions is also thought to be caused by the aforementioned 
differences in material property. As shown in Fig. 6(g, h) and Fig. 9(e, f), 
the perpendicular and transverse feeding direction both exhibited 
delamination and micro cracks, while only mild micro cracks happened 

Fig. 9. (a) Perpendicular drilling direction and (b) parallel drilling direction temperature histories; (c, d) Comparison of average maximum temperatures among 
three drilling directions at 0.3 mm from the hole wall. (1000 rpm, 0.06 mm/rev); (e, f) Drill-exit and the hole wall SEM of the transverse direction and parallel 
direction drilling. 

Fig. 10. Temperature histories of different bone thicknesses at 0 and 0.3 mm from the hole wall (Perpendicular direction, 1000 rpm, 0.06 mm/rev).  
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in parallel direction drilling. The perpendicular and the transverse di
rection share the same removal mechanisms that the osteons are 
perpendicular to the feeding direction. Pulled by the thrust force, the 
failure of the matrix which bonds the osteons together happened and the 
last layer of bone was delaminated. The relatively low strength along the 
transverse direction is thought to be the reason why the delamination 
and the cracks were more moderate. In parallel direction drilling, the 
osteons align parallel to the feeding direction, which eliminates the 
physical basis of delamination. With less dense bone along the feeding 
direction, only mild micro cracks happened. Considering the mechanical 
and thermal responses associated with the osteon direction and bone 
density, the drilling strategy should be carefully selected based on the 
local bone property. For instance, moderate feed rate should be selected 
when drilling high strength parts of the bone to avoid excessive me
chanical and thermal damage. 

The amount of heat generated throughout the entire drilling process 
increases with the drill bit diameter. The diameter increase leads to a 
higher ability of chip evacuation and a higher drill bit heat capacity, 
reducing the heat transferred to the surrounding tissue. Accordingly, in 
this study, these competing effects resulted in the non-monotonic rela
tionship between the temperature elevation and drill bit diameter; 
similar results were reported by Bogovič et al. [34]. However, this 
outcome is contrary to the results of experimental [35] and numerical 
studies [10], which suggest that the temperature increased with the drill 
bit diameter. In view of this, further research is required to investigate 
the competing effects on the relationship between the drill bit diameter 
and temperature elevation. 

Fig. 11. Effect of drill bit diameter on temperature elevation (perpendicular direction, 1000 rpm, 0.06 mm/rev).  

Table 5 
Parameter combinations of the feed rate (f), spindle speed (n), and the corre
sponding outputs (i.e., maximum temperature (Tmax) and overheat duration 
(tover)) at 0.3 mm from the hole wall.  

n (rpm) f (mm/rev) Average Tmax (ºC) RMSE Average tover (s) RMSE 

500 0.02 61.48 4.27 16.9 1.96 
1000 0.02 69.11 2.68 15.1 0.92 
1500 0.02 72.3 1.84 15.1 1.42 
2000 0.02 76.95 3.16 11.8 1.56 
2500 0.02 86.48 3.3 10.8 2.26 
500 0.04 57.83 3.55 3.9 1.49 
1000 0.04 68.01 2.42 6.4 2.41 
1500 0.04 70.65 2.51 7.4 1.32 
2000 0.04 74.38 3.75 6.9 0.61 
2500 0.04 81 5.28 6.6 0.37 
500 0.06 53.72 2.92 3.1 0.87 
1000 0.06 65.36 2.37 6.2 1.5 
1500 0.06 72.11 3.09 5.7 0.21 
2000 0.06 71.79 3.52 4.8 0.88 
2500 0.06 77.7 3.17 5 0.43 
500 0.08 54.91 4.12 6.1 2.05 
1000 0.08 67.14 2.71 5.1 0.69 
1500 0.08 71.45 2.64 5.1 0.32 
2000 0.08 74.6 2.89 4.4 0.51 
2500 0.08 69.64 2.14 3.5 0.46 
500 0.1 53.92 3.87 6 1.76 
1000 0.1 69.24 2.81 4.5 0.91 
1500 0.1 71.77 1.3 4.3 0.22 
2000 0.1 73.41 3.12 3.7 0.26 
2500 0.1 70.88 5.22 2.5 0.48  

Table 6 
ANOVA for the maximum temperature elevation (Tmax).  

Source Sum of Squares DOF Mean Square F-value p-value Contribution (%) 

Corrected Model 7808.136 24 325.339 23.199 <0.0001 100 
n 6494.926 4 1623.732 115.785 <0.0001 89.6 
f 565.028 4 141.257 10.073 <0.0001 7.8 
n * f 744.373 16 46.523 3.317 <0.0001 2.6 
Error 1416.397 101 14.024 – – –  

Table 7 
ANOVA for the overheat duration (tover).  

Source Sum of Squares DOF Mean Square F-value p-value Contribution (%) 

Corrected Model 1870.196 24 77.925 41.087 <0.0001 100 
n 67.207 4 16.802 8.859 <0.0001 3.87 
f 1622.72 4 405.68 213.898 <0.0001 93.47 
n * f 183.897 16 11.494 6.06 <0.0001 2.64 
Error 191.557 101 1.897 – – –  
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To investigate the relationship between processing parameters, Tmax, 
tover and the thermal injury, we also calculated the thermally affected 
zone. The thermally affected zone was calculated based on the equiva
lent thermal exposure concept [27] and the suggested thermal threshold 
(47 ◦C, 60 s) [28]. According to [27], the equivalent thermal exposure 
for evaluating the thermal damage on a living cell is defined as 

t43 =

∫ t=tfinal

t=0
R(T(t))43− T(t)dt,where

R(T(t)) =
{ 0.5 ifT(t) ≥ 43◦C

0.25 otherwise,

(1)  

where t43 is the equivalent exposure duration at 43 ◦C, tfinal is the 
exposure duration, R(T(t)) is the base at a certain temperature, and T(t) 
is the temperature at time point t. Four extreme parametric combina
tions with the longest overheat duration or the highest temperature 
elevation from Fig. 12 were investigated. The thermally affected zone is 
shown in Fig. 15. It is obvious that the thermally affected area decreased 
with the feed rate (i.e., feed per revolution). However, the area decrease 
was not significant with respect to the spindle speed reduction. Ac
cording to Fig. 12, we can find that although the tover decreased with the 
increasing spindle speed, the Tmax showed an opposite trend. This 
competing effect may weaken the sensitivity towards spindle speed 
change. The detail of this competing effect will be further discussed in 
the next paragraph. Also, it should be noted that the equivalent thermal 
exposure is a clinical concept. If the equivalent thermal exposure ex
ceeds the range of hundreds of minutes, it will lose practical meaning 
and can be deemed as an indicator of instantaneous injury. Based on the 
equation, the bone injury will be sustained in less than 1 s at a tem
perature exceeding 60 ◦C, which is consistent with that reported by Shu 
et al,. [3]. This suggests that the area near the hole wall is more probable 
to sustain instantaneous injury caused by a high temperature rather than 
a long thermal exposure duration at a relatively low temperature. 

The processing parameters have a significant impact on the tem
perature elevation and thermal exposure duration in bone drilling. The 
failure of bone and friction at the tool–bone interface are the two main 
heat sources in bone drilling. The failure pattern, which depends on the 
cutting depth, affects the amount of heat generated by the failure of 
bone. The cutting depth (dcut) is given by 

dcut =
fr∙sin(α)

2
(2)  

where fr is the feed per revolution, and α is half the point angle. In this 
research, the dcut value is in the range of 8.66–43.30 μm. In other words, 
the overall process is well within the shear-crack cutting range (dcut < 80 
μm). In this range, the instantaneous heat generation at the tool–bone 
interface is lower at a smaller dcut value; while the overall heat gener
ation for removing a certain volume of bone is lower at a higher dcut 
value [36]. Considering the linear relationship between dcut and fr, it is 
concluded that a higher fr leads to a higher maximum temperature at the 
cutting lips but a lower overall heat generation throughout the process. 
Meanwhile, at a certain fr value, a higher spindle speed leads to a higher 
frictional heat generation per unit time [7,24,37], while the total pro
cessing time was reduced because of the increase in the feed per unit 
time induced by higher spindle speed. Those competing effects made it 
difficult to determine the relationship between processing parameters 
and the thermal dose. To address this issue, we have investigated the 
effect of processing parameters on thermal characteristics. As shown in 
Fig. 12, Tmax and tover present a declining trend with increasing fr. 
Meanwhile, tover decreases as the spindle speed increases, Tmax however 
shows an opposite trend. Another important information is that the 
contribution was different according to the Tables 6 and 7—the spindle 
speed and the feed rate (feed per revolution) contributed to Tmax and tover 
the most, respectively. We can infer from the results presented above 
that if the fr decreases, there would be a major reduction in tover and a 

Fig. 12. Effect of feed rate (f) and spindle speed (n) on average maximum temperature (Tmax) and overheat duration (tover) at 0.3 mm from hole wall with third-order 
polynomial curve fitting. 

S. Li et al.                                                                                                                                                                                                                                        



Journal of Manufacturing Processes 64 (2021) 606–619

617

minor reduction in Tmax; moreover, if the spindle speed decreases, there 
would be a major increase in Tmax and a minor decrease in tover. The 
competing effects of the Tmax and tover on the thermally affected zone 
(Fig. 15) can thus be explained—the thermally affected area decreased 
significantly with the increasing fr because both the Tmax and tover 
decreased; meanwhile, there was only minor decrease in the thermally 
affected area with increasing spindle speed because the major increase 
in Tmax and a minor decrease in tover. These results suggest that although 
there are competing effects between the feed rate and spindle speed, the 
process duration may be the governing factor that finally determines the 
overall thermal dose, which was also reported by several experimental 
studies [12,38,39]. Another interesting finding is that there are actually 
two strategies at a certain fr value: one is the application of a higher 
spindle speed to achieve a lower tover, and the other is the application of a 
lower spindle speed to achieve a lower Tmax. 

There are some limitations of this research. Firstly, the cooling effect 
of soft tissue and body fluid underneath the cortical bone, and the 
cooling induced by irrigation technique are not considered. Both two 
types of interactions help to reduce the local temperature rise in the 

Fig. 13. Effect of tilt angle on thermal characteristics and overheat area during non-perpendicular bone drilling. (a–e) Time series temperature distribution, (f) 
maximum temperature distribution, (g) overheat zone in 9◦ inclined drilling, and (h) variation of overheat area with the tilt angle. (1000 rpm, 0.06 mm/rev). 

Fig. 14. Effect of tilt angle on average maximum temperature (Tmax) and 
overheat duration (tover) at a distance of 0.3 mm from the hole wall. (1000 rpm, 
0.06 mm/rev). 
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cortical bone around the drilling site by means of absorbing and dissi
pating the heat. However, the cooling effects of these two interactions 
are limited in drilling deep holes on cortical bone [4,20]. Karmani et al. 
concluded that the coolant could hardly reach the tool-bone interface 
when drilling deep into the cortical bone and only the superficial tissue 
can be cooled. Also, from the experimental results of Eriksson et al., we 
can find that the in-vivo human bone drilling (irrigation applied) ended 
up with a local temperature up to 89 ◦C. Note that the coolant cannot 
reach deep into the hole. This means the temperature reached 89 ◦C 
during bone drilling when the soft tissue and body fluid acted as the only 
coolant. Hence, the influence of not considering the two cooling effects 
in this research is deemed to be limited. Secondly, the thermal injury of 
bone tissue was not assessed through the biological indicator. Although 
the thermally affected zone of 4 parametric combinations based on the 
equivalent thermal exposure concept [27] and the suggested thermal 
threshold (47 ◦C, 60 s) [28] was calculated, a further biological inves
tigation is still needed. Future studies are required to further reveal the 
direct relevance between thermal injury and the thermal characteristics 
during bone drilling. Histopathological assessment [40] and immuno
histochemistry staining [29] methods, which were applied in the pre
vious studies, are suggested to be conducted together with the methods 
proposed in this research. Thus, a direct relationship between the 
thermal injury and the thermal characteristics during bone drilling may 
be revealed through investigation on the 3-dimensional thermal injury 
area and the time-series temperature distribution. 

5. Conclusions 

The thermal characteristics during bone drilling directly affect the 
thermal damage of the bone and perform a critical role in the post
operative recovery. In this study, a comprehensive experimental inves
tigation was conducted to understand the thermal characteristics during 
cortical bone drilling using a bone cutting system coupled with the state- 
of-the-art infrared thermography and dynamometer. The conclusions 
drawn are summarized as follows:  

(1) Three typical stages were defined with respect to the heat source. 
In the chisel edge cutting stage, the bone outside of the hole was 
practically unaffected even with considerable heat generation. 
The heat generated in the chisel edge cutting stage forms the 
temperature base of the drilling process. In the lip cutting stage, a 
considerable amount of heat was generated by the failure of bone 
(termed shear-crack cutting in this study), leading to the 
maximum temperature elevation of the bone in the vicinity of the 
hole wall. In the margin friction stage, the heat generated by the 
friction between the margin and bone became the main heat 
source. The maximum temperature and exposure duration are 
most affected by the lip cutting and margin friction stages, 
respectively; these determine the thermal dose near the drilling 
site.  

(2) The time series temperature distribution, temperature history at 
different distances, and quasi-3D maximum temperature distri
bution were established and analyzed. Under each of the three 
feeding directions, no sign of anisotropy on the temperature 
distribution was observed, and Tmax and tover exhibited differ
ences mainly because of the different removal mechanisms and 
bone densities. The temperature elevation considerably depends 
on the distance from the hole wall, and the thermally affected 
zone can spread up to 0.5 mm from the hole wall.  

(3) The processing parameters have a significant impact on the 
temperature elevation and thermal exposure duration in bone 
drilling. Both the maximum temperature and overheat duration 
presented a declining trend with the feed rate (i.e., feed per 
revolution). The overheat duration decreased at an increased 
spindle speed, whereas the maximum temperature increased with 
the spindle speed. Overall, the duration of the drilling process 
may be the governing factor that can finally determine the ther
mal dose.  

(4) The temperature distribution in inclined drilling exhibited a 
strong directionality as a result of the asymmetric friction 
induced by the lateral force. The temperature elevation and 
overheating duration were higher than those in perpendicular 
drilling, and the thermally affected zone increased with the tilt 
angle. 

This is the first study to reveal the thermal characteristics at the drill 
exit in full detail with respect to the bone properties, processing pa
rameters, drill-bit geometries, and inclined drilling. These results pro
vide a fundamental understanding of the parameters affecting thermal 
effects in bone drilling and subsequently contribute to the formulation of 
various strategies for reducing the thermal damage during bone drilling. 
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