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A B S T R A C T   

Drilling is one of the most common procedures in orthopaedic surgery. However, drilling-induced trauma occurs 
frequently and affects the processing damage and position accuracy of the holes, which strongly influence the 
postoperative recovery. Therefore, there is an urgent need to design a dedicated drill bit that can satisfy low- 
trauma requirements such as low cutting force, low temperature, self-centring, and low surface damage dur-
ing orthopaedic surgery. In this work, a novel three-step drill structure is proposed to modify the cutting con-
ditions at the entrance and exit of drilling, to effectively reduce the mechanical and thermal damages and 
improve the position accuracy in bone drilling. As the first step drill, a unique tip with thinned web was adopted 
by considering the drill skidding mechanisms under a non-perpendicular drilling condition. The second step was 
achieved by using an optimal point angle for balancing the effects of the cutting force and temperature. More-
over, a transition arc design was proposed as the third step to adjust the point angle during the finishing stage for 
switching the cutting mechanism from ‘fracture & shear crack’ cutting to ‘shear’ cutting in association with a 
certain range of feeding rates. This could reduce the mechanical and thermal damages to the finished hole 
surface. Drilling experiments under various process conditions demonstrated that the proposed drill design 
significantly reduced the drilling force, temperature, and damage and also improved the position accuracy of the 
holes compared to the conventional drill design. The proposed design provides an effective tool to achieve low- 
trauma bone drilling in orthopaedic surgery.   

1. Introduction 

Bone drilling is an indispensable and technically demanding pro-
cedure required for numerous orthopaedic surgeries, such as fracture 
fixation, joint replacement, and dental implantation. The desired 
outcome of the bone drilling process is the machining of accurately 
positioned and clean holes without trauma to the surrounding tissue. 
However, research on bone drilling is challenging owing to the complex 
material properties and operating conditions. The cortical bone, which 
is the main material that is processed during bone surgery, is a semi- 
brittle material with high strength, anisotropic characteristics, and low 
thermal conductivity. Fracture in the cortical bone is dependent not only 
on the magnitude of the applied stress, but also on the nature of intrinsic 
or induced cracks, which is a characteristic of the semi-brittle material 
[1]. Large-scale fractures can occur easily during bone resection, 
resulting in poor surface quality and damage to the surrounding tissues. 

In addition, the complex thermo-mechanical state and fracture during 
bone drilling may cause irreversible destruction of the tissues as well as 
peripheral blood vessels and nerves, which reduces the quality of sur-
gery and affects postoperative recovery. 

Recent reviews have concluded that the main challenges in bone 
drilling are tool breakage, heat development, drill skidding, and me-
chanical damage [2–5]. First, heat development during bone drilling can 
induce thermal necrosis, which might lead to bone necrosis, implant 
instability [6], and damage to the surrounding nerves [7]. It is generally 
accepted that the temperature threshold until which there are no 
changes in bone tissue morphology is 47 �C for 30 s [8]. Second, large 
cutting forces and torques may result in drill bit breakage [9], which 
would obstruct the placement of other devices and cause adverse his-
tological effects. Third, to achieve the surgical goals, surgeons may need 
to drill at non-perpendicular orientations and on highly irregular bone 
surfaces without any fixtures. Because the working length of a drill bit in 
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orthopaedic surgery is typically longer than 60 mm and the diameter is 
smaller than 4.2 mm, this frequently causes skidding of the drill tip 
along the bone surface. This can result in damage to the surrounding soft 
tissue, tool breakage, and inaccurate positioning of the drill hole, which 
affect the requirements of position accuracy during implant assembly 
[10]. Fourth, the cortical bone is a semi-brittle material that exhibits 
biological activity, so that fracture is easy to generate and propagate 
inside the bone tissue. Micro-cracks can easily occur in drilling, which 
will decrease the screw pull-out strength and have an adverse effect on 
fracture healing [11]. Therefore, the development of a low-trauma 
surgical drill bit having low cutting force, low temperature rise, 
self-centring capability, and low surface damage is necessary. 

Most of the drill bits widely used in surgeries have concepts and 
geometries similar to those developed for metal cutting. For example, 
the step drill bit, which was designed for the drilling of metals and 
composite materials for sufficiently reducing the cutting force and 
improving the surface quality [12], was introduced in the medical field. 
However, it was found that it increases the volume of the drilled bone, 
operation time, temperature elevation, and duration of bone drilling [2, 
13]. Augustin et al. [14] concluded that the step drill has no significant 
advantage with regard to the temperature elevation in comparison with 
a standard twist drill of the same diameter. Thus, it is typically difficult 
to solve the main challenges in conventional bone drilling owing to the 
relatively complex material properties of bones and operation condi-
tions of drilling. In the past ten years, the fundamental principles of bone 
cutting have been widely investigated by numerous researchers for 
improving the tool performance. Sugita et al. [15,16] presented the 
variation of chip morphologies of bone with the cutting depth and 

directions in orthogonal cutting operations. Fracture cutting can be 
observed when the cutting depth exceeds 80 μm [15,16]. He et al. [17] 
investigated the bone chip formation mechanisms in craniotomy and 
found that the microstructure and sub-microstructure of the cortical 
bone plays a great role in chip formation. Recently, Liao and Axinte [18] 
contributed considerably to understanding different cutting mechanisms 
for explaining the cutting performances for various cutting depths (dcut). 
In addition, it was found that the average temperature elevation and 
cutting force were significantly reduced with increasing rack angle and 
cutting depth, changing the cutting model from shear cutting (10 μm <
dcut) to fracture cutting (dcut > 90 μm) [19]. 

Several novel bone cutting methods and tools have been proposed 
based on different bone cutting mechanisms. Sugita et al. [20] devel-
oped a multi-grooved milling tool to reduce the cutting force and tem-
perature during bone resection based on the fracture characteristics of 
bones. Liao et al. [21] further proposed a milling cutter with a main 
cutting edge and micro-cutting edges arranged on an Archimedes spiral 
for combining fracture cutting with shear cutting, which significantly 
reduced the surface damage and cutting temperature of the bone. Shu 
et al. [22,23] presented an elliptical vibration sawing device for 
reducing the surface damage, cutting force, and temperature based on 
fracture analysis of the bone and elliptical vibration cutting mechanics. 
Although many scholars have provided different solutions to the chal-
lenges of bone drilling by changing the processing parameters, there are 
few studies on the design of orthopaedic drill bits. Sui et al. [24], and Lee 
et al. [25], developed a mechanistic model of bone drilling to under-
stand the effects of the design and processing parameters of a conven-
tional drill bit on the cutting force. Bertollo et al. [10,26] conducted 

Fig. 1. Conical point twist drill bit geometry (a) and the three main cutting regions (b) (The basically geometry parameters are point angle (2φ), helix angle (σ0), drill 
diameter (2R), web thickness (2w), and angle of the chisel edge (θ)). 
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several studies to prevent drill skidding in bone drilling, and concluded 
that a three-fluted orthopaedic drill has a high banding stiffness and 
screw pull-out strength. Zhang et al. [27] investigated five kinds of 
commercial drill bits through in-vivo histological studies and found that 
the drill bit geometry, including flute number and chisel edge, has a 
strong effect on bone damage. Feldmann et al. [28] proposed a 
custom-manufactured single-flute drill bit with a high rake angle and 
small chisel edge for reducing the temperature elevation in bone dril-
ling. However, to the best of our knowledge, there is still no research 
that considers all the main challenges in the design of orthopaedic drill 
bits: self-centring capability, low cutting force, low temperature rise, 
and reduced surface damage. 

In this study, the primary objective is to develop a low-trauma drill 
design for improving the position accuracy and reducing the mechanical 
and thermal damage based on the change in the cutting conditions at the 
entrance and exit of drilling with a specific geometrical design of the 
drill bit. First, a comprehensive theoretical analysis of the drill skidding, 
thermo-mechanistic, and material failure mechanisms in the orthopae-
dic drilling of a bone was conducted. Subsequently, a novel three-step 
drill bit design concept that satisfies the requirements of low trauma 
and self-centring was identified for application in orthopaedic surgery. 
Finally, comprehensive experimental tests were conducted in a state-of- 

the-art microscopy infrared thermography and dynamometer coupled 
bone cutting system to demonstrate the performance of the novel design 
in comparison with the conventional surgical drill bit. 

2. Improvement of the orthopaedic drill bit 

The most conventional and widely used orthopaedic drill is the 
conical point twist drill bit, as shown in Fig. 1. Two coordinate systems, 
the inertial system (XYZ) and the drill body rotation system (ζηz), were 
established for developing a unified treatment of dynamic drilling. The 
drill body rotation system (ζηz) is a system attached to the drill bit. As 
shown in Fig. 1(b), the directions of the ζ and η axes are defined parallel 
and perpendicular to the top view of the cutting lip. The z direction is 
defined consistent with the drill axis. The X, Y, and Z directions of the 
inertial system are consistent with the coordinate system of a dyna-
mometer. The two coordinate systems are consistent when the drill bit 
first contacts the bone surface. 

2.1. Drill skidding mechanism analysis 

Fig. 2(a and b) present the skidding phenomena during non- 
perpendicular drilling. Drills become bent by skidding much easily 

Fig. 2. (a) Skidding phenomena during in-vitro orthopaedic bone drilling, (b) schematic of drill bit bending during non-perpendicular drilling (finite element 
analysis of a 3.2 mm drill bit with the skidding force in the X direction (Fski-X ¼ 5 N)), (c) schematic of dynamic cutting during non-perpendicular drilling, (d) chisel 
edge cutting during non-perpendicular drilling, (e) cutting-lip cutting during non-perpendicular drilling. (Aind, Asec, and Alip are the chip area of indentation zone, 
secondary cutting edge, and cutting lips, respectively. Zone I and II are the dynamic chip areas related to the chisel edge, which are divided by the z-axis plane, and 
Zone III is the dynamic unequal chip area in the cutting lips.) 
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than their conventional counterparts in large-aspect-ratio holes, which 
are highly needed in orthopaedic drilling. The drill skidding mechanism 
during non-perpendicular drilling should be considered under two sce-
narios where the slope angle (β) are larger and smaller than 90 � φ, 
respectively. For 0 < β < 90 � φ, the cutting stage is illustrated in Fig. 2 
(c). The cutting lip and unilateral secondary cutting edge are initially in 
contact with the bone surface. A skidding force (Fski) is generated owing 
to the asymmetry of the cutting area on both sides of the X-plane, as 
displayed in stage I. Subsequently, Fski is increased with the indentation 
zone and the entire secondary cutting-edge penetrating the bone sur-
face, as shown in stages II and III. Drill skidding tends to be prohibited as 
a support bone (stage IV) emerges on the lower side of the hole with the 
increase in cutting depth. Fski maintains a dynamic balance with the 
force generated by the elastic bending deformation of the drill bit. In 
addition, it is known that the cutting action of the chisel edge bears most 
of the thrust force during bone drilling [24]. Thus, the improvement of 
the chisel edge is critical for preventing drill skidding. When β � 90 � φ, 
only the cutting lips and the margin will contact the bone surface. This 
makes drilling difficult because there is no positioning centre and a large 
skidding force is produced under this condition. In practice, a surgeon 
will initially drill a shallow hole in the perpendicular direction and then 
gradually adjust the direction of the drill to achieve the target orienta-
tion of the hole. Thus, in practice, it can be assumed that during drilling, 
the slope angle is smaller than β. Therefore, the drill skidding mecha-
nism in 0 < β < 90 � φ was mainly analysed. 

For non-perpendicular drilling on a surface with a slope angle (Fig. 2 
(d)), the position of the workpiece in the drill body rotation system can 
be determined by a coordinate system transformation as follows: 

zw¼ � ðξ cos ωt � η sin ωtÞtanβþ lc tan βþ
f ωt
2π (1)  

where ω is the rotation speed in rad/s, t is the cutting time, f is the 
feeding speed in mm/rev, lc is the half length of the chisel edge, and lc ¼
� w=tan θ. 

In addition, the coordinate of the chisel edge can also be expressed 
based on the definition of the drill body rotation system as 
�

η ¼ � ξ tan θ
z ¼ 0 (2)  

where θ is the chisel edge angle. 
The intersection point of the chisel edge (A) on the workpiece can be 

obtained by combining Eqs. (1) and (2), as 

ξA¼
f ωt þ 2πlc tan β

2πðcos ωt þ tan θ sin ωtÞtan β
(3) 

The increase in Fski in the chisel edge is a result of the unequal chip 
area. Thus, the locations of the intersection points of the chisel edge (A’) 
in the previous cut on the workpiece (Fig. 2 (d)) should be calculated as 

ξA’ ¼

� 2πlc tan β � f ω
�

t � T
2

�

2πðcos ωt þ tan θ sin ωtÞtan β
(4)  

where T is the rotation period of the drilling. Therefore, the dynamic 
unequal chip area produces Fski in the chisel edge, which is divided into 
two unequal parts by the z-axis plane, as follows: 

ΔAc¼AI � AII ¼
flc �

�
ξ2

A þ ξ2
A’

�
tan β

2
(5) 

The maximum chip area difference (ΔAc� max) as the entire chisel edge 
penetrates the workpiece can be calculated as 

ΔAc� max¼
l2
c tan β

2
(6) 

The intersection point of the cutting lip (B) on the workpiece can be 
calculated by combining the coordinates of the cutting lip and 

workpiece in the ζηz system, as shown in Fig. 2 (e), as 

ξB¼
2πlcðcot φþ tan βÞ þ f ωt þ 2πwsinωt tan β

2πðcot φþ cos ωt tan βÞ
(7) 

The location of the intersection point (B’) of the cutting lip in the 
previous cut on the workpiece is 

ξB’¼

2πlcðcot φþ tan βÞ þ f ω
�

t � T
2

�

� 2πwsinωt tan β

2πðcot φ � cos ωt tan βÞ
(8) 

Thus, the dynamic unequal chip area related to the cutting lips can be 
expressed as 

ΔAl¼AIII ¼

�

ðξAþ lcÞðξB � lcÞtan β � ðξB‘ � lcÞ

�

ðξAþ lcÞtan β �
f
2

���

2

(9) 

The maximum unequal chip area from the cutting lip when the entire 
chisel edge penetrates the workpiece can be obtained by geometrical 
analysis as 

ΔAl� max ¼
2l2

c tan β
tan φ � tan β

�

�
2lc tan β

tan φ � tan β
�

f cosβ
2 sinðφ � βÞ

��

2lc tan β �
f cosβ

2 sinðφ � βÞ

��

2 (10) 

Once the unequal cutting areas are developed, the skidding cutting 
force can be calculated based on the mechanistic models of Sui et al. 
[24] and Lee et al. [25]. The maximum Fski increase with drill skidding 
can be calculated using Eqs. (6) and (10). It can be found that the un-
equal cutting areas increase with w, θ, and φ. Specifically, a sharp design 
with small chisel edge can be a desirable solution to reduce the Fski and 
subsequently prevent drill skidding during orthopaedic bone drilling. 
Thus, a cone design is preferred for the first stage of the drill bit to 
minimize the effect of the chisel edge raising the Fski. Web thinning is 
applied to the cone tip to create the secondary cutting lips, which can 
significantly reduce the cutting force and in turn decrease the Fski [29]. 
However, the length (l) and point angle (δ) of the cone tip would directly 
affect the maximum inclination angle in surgery according to the geo-
metric relationship. A small δ and large l would not only increase the risk 
of fracture and the wear of the drill bit, but also increase the difficulty of 
processing the drill bit and drilling time in surgery. Thus, the optimal δ 
and l were specified based on experimental testing and the requirements 
of inclination angle (>45�) in the surgery. 

2.2. Thermal and mechanistic analysis 

According to the thermal and mechanistic analysis of bone drilling 
by Sui et al. [24,30] and Lee et al. [25,31], the cutting lips are the main 
sources of heat and torque, while the chisel edge contributes half of the 
thrust force under a wide range of drilling conditions. In addition, based 
on the temperature prediction model established by Feldmann et al. [7, 
32], the drilling heat can be expressed as a function of the drilling torque 
as 

_QðtÞ¼MzðtÞ ⋅ ω⋅
�

MzðtÞ
M0

�b� 1

(11)  

where M0 and b are dimensionless constants which describe the fraction 
of mechanical energy that is converted to heat and transferred into the 
bone, and MzðtÞ is the axial torque. Specifically, the drill torque could be 
directly used to evaluate the increase in temperature during bone 
drilling. 

A genetic algorithm-based model for minimizing the thrust force, 
torque, and temperature was previously developed and experimentally 
evaluated by the group of authors [33,34], as follows: 
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Minimize J ¼ ς1Fth þ ς2Mz

s:t:
45� < φ < 75�
0� < σ0 < 36�

17% < 2w < 25%

(12)  

where J is the objective function to be minimised, ς1 and ς2 are the 
calculation weights, and ς1 þ ς2 ¼ 1. Fth and Mz are the maximum thrust 
force and torque during drilling, respectively, which were calculated 
using mechanistic force model for cutting lips proposed by Sui et al. 
[24]. The optimised drill bit experimentally presented a significant 
reduction of the thrust force, torque, and temperature [34]. In optimi-
zation, it was found the torque slightly decreases with the increase in ς2, 
while the thrust force sharply increases with the decrease in ς1, as shown 
in Table 1. Thus, both ς1 and ς2 were set as 0.5 for balancing the 
reduction of maximum thrust force and temperature. The optimal pa-
rameters (φ¼ 45�, σ0 ¼ 36�, 2w ¼ 17%) were used in the current design 
for reducing the cutting force and temperature increase during bone 
drilling. 

2.3. Mechanical damage 

The material failure mechanisms of bones are different from those of 
metals as they are quasi-brittle and anisotropic. A transition from ‘shear’ 
cutting (dcut <10 μm), ‘shear crack’ cutting (10 μm < dcut <80 μm), and 
‘fracture’ cutting (dcut > 80 μm) models is found with an increase in the 
uncut chip thickness in orthogonal cutting [18,35], as displayed in Fig. 3 
(a–c). The surface roughness is also significantly affected by the changes 
in the cutting model. A much smaller surface roughness is found under 
the ‘shear’ cutting mode than that under the ‘fracture & shear crack’ 
cutting conditions. In addition, the required energy is significantly 
reduced by switching the cutting condition from shear cutting (10 μm <

dcut) to fracture cutting (dcut > 90 μm), whereas the instantaneous 
temperature elevation can be increased with the cutting depth [19]. 
Specifically, a large dcut could significantly reduce the average temper-
ature elevation during the entire drilling process, whereas a small dcut 
could reduce the instantaneous temperature without considering the 
energy accumulation. Therefore, it is desirable that the cutting condi-
tions in the step design changes from ‘fracture & shear crack’ cutting 
conditions to ‘shear’ mode cutting along with drilling for reducing the 
temperature elevation and improving the surface quality. A transition 
arc design was proposed as the third step of the drill bit to adjust dcut 
during the finishing of the drilling, as presented in Fig. 3 (d). 

dcut during drilling can be calculated as 

dcut ¼
fsinα

2
(13)  

where f is the feeding speed in mm/rev and α is the tangent slope angle 
at the cutting lips. The cutting depth can be changed by changing α. The 
arc lip design can smoothly alter the point angle to the desired cutting 
depth. 

The arc centre can be calculated based on the geometrical relation-
ship as 

ða; bÞ¼
�

R � r;
r � rcosφþ Rcos φ

sin φ

�

(14)  

where r is the radius of the arc lip and φ is the point angle. Thus, the 
tangent slope at any point (x0, z0) of the arc lips can be calculated as 

k¼ tanα ¼ x0 � a
z0 � b

(15) 

The point angle at the arc lip is 

αarc¼ arctan
�

ðx0 � Rþ rÞsin φ
z0 sin φ � r � rcosφþ Rcos φ

�

(16)  

where (x0, y0) follow the relationship as: 

ðx0 � aÞ2þðz0 � bÞ2 ¼ r2 (17) 

The instant point angle of the drill bit with the transition arc design 
at different cutting depths can be expressed as 

Table 1 
Comparison of computational optimal thrust force and torque among different 
calculation weights (1500 rpm, 0.08 mm/rev).  

Objectives Thrust force (N) Torque (Nmm) 

Min J ¼ Fth obj1 (Fz))  22.88 60.17 
Min J ¼ 0:75Fth þ 0:25Mz obj2 (Fz&Mz))  23.02 58.35 
Min J ¼ 0:5Fth þ 0:5Mz obj3 (Fz&Mz))  23.23 56.40 
Min J ¼ 0:25Fth þ 0:75Mz obj4 (Fz&Mz))  27.13 55.07 
Min J ¼ Mz obj5 (Mz))  30.64 54.55 
Control 38.25 65.05  

Fig. 3. Chip formation in various DOCs (a–c) [35] and the proposed design concept for the third step of the drill bit (d). ((a, b) is the centre position of arc lip, α is the 
tangent slope angle at cutting lips, φ is the point angle, f is the feeding speed, dcut is the instantaneous cutting depth). 
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α¼

8
<

:

∅ 0<z<RcotðφÞ� rcotðφÞþrcosðφÞcotðφÞ

αarc Rcot
�

φ
�

� rcot
�

φ
�

þrcos
�

φ
�

cot
�

φ
�

�z<
r � rcosφþRcosφ

sinφ

�

(18) 

The variation of dcut with the tool feed position (z) under different 
values of r and f are depicted in Fig. 4 (a). It is confirmed that the cutting 
model can be switched from the ‘shear crack’ to the ‘shear cutting’ 
cutting condition by the proposed transition arc design with various f. 
This will not only allow the drill bit to operate with high cutting effi-
ciency and low average temperature elevation, but also decrease the 
mechanical damage (Fig. 4 (b)) and instantaneous temperature. How-
ever, the cutting condition will remains as ‘shear cutting’ as the f is 
smaller than 0.028 mm/rev. In addition, it is known that defects can be 
found as the cutting works on ‘fracture’ and ‘shear crack’ cutting con-
ditions in orthogonal cutting, which are around 50 μm and 15 μm 
respectively [18,35]. Since the f in orthopaedic drilling practically 
ranges from 0.02 mm/rev to 0.15 mm/rev [3], the cutting model mainly 
works according to the ‘shear crack’ cutting condition. Thus, the radial 
length of drill bit working on the ‘shear cutting’ model (lsh) (Fig. 3 (d)) 
should be at least larger than 15 μm in practice so that the recovery of 
hole quality can be fully realized. Fig. 4 (c) illustrated the variation of 
the dcut with the radii of drill bit (x). A significant difference in dcut was 
found among the chisel edge, cutting lips, and arc lips. Fig. 4 (d) illus-
trates the variation of lsh with the f under different values of r. For the full 

recovery of hole quality (lsh ¼ 15 μm), the maximum f is 0.093 mm/rev 
and 0.131 mm/rev when r is set as 0.6 mm and 1.2 mm, respectively. It 
can be found the lsh decreases with f, while increasing with r. However, it 
is worthy to note that a large r and small f would increase the cutting 
time, which would increase the overheat duration in bone drilling. 

3. Design and fabrication of low-trauma orthopaedic drill bit 

From the above analysis, it can be concluded that a low-trauma or-
thopaedic drill bit can be proposed based on the step-control scheme 
approach. Here, each step of the drill bit is designed for specific func-
tions: for preventing drill skidding and reducing the cutting force, 
temperature, and surface damage. The low-trauma orthopaedic drill bit 
was designed and patented with three cutting steps, as shown in Fig. 5. 
The specific functions of each step are as follows.  

(1) On entrance, the first step with web thinning of the drill enables 
centring with a small cutting force when the drill bit is drilled into 
the bone in the non-perpendicular direction. The specific pa-
rameters of the first stage was designed based on the skidding 
mechanism analysis in section 2.1. The drill skidding can be 
suppressed by a small Fski and point angle. However, a small point 
angle will increase the risk of heat accumulation in the first step 
of drilling. 

Fig. 4. (a) Variation in cutting depth and cutting mechanism with the tool feed position under different arc radii (r) and feeding speed (f), (b) Variation of surface 
quality with cutting depth in orthogonal cutting, (c) Variation of the cutting depth with radii of drill bit (x), (d) Relationship between shear cutting area (lsh) with 
feeding speed. (φ ¼ 45�). 
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(2) The role of the secondary step is to enlarge the hole with an 
optimal point angle for minimizing the thrust force, torque, and 
temperature. The area of heat accumulation is rapidly decreased 
compared to the first step, and a large amount of heat is removed 
by the chips. The optimised parameters (φ¼ 45�, σ0 ¼ 36�, 2w ¼
17%) of the secondary stage was chosen based on the thermal and 
mechanistic analysis in section 2.2. However, the cutting condi-
tion is effective under the ‘fracture & shear crack’ cutting model 
during the secondary step of the drilling owing to the large point 
angle and high feeding speed, which will increase the risk of poor 
surface quality on the cutting area.  

(3) In the third step, the transition arc design is proposed to adjust 
the point angle during the end of drilling for switching the cutting 
mechanism from ‘fracture & shear crack’ cutting to ‘shear’ cut-
ting when coupled with a certain range of feeding rates. This can 
reduce the thermal damage and recover the hole quality of the 
finished hole surface of the bone. The r is set as 0.6 mm for 

balancing the decrease in surface damage and overheat duration 
according to the mechanical damage analysis. The suggested f 
ranges from 0.028 mm/rev to 0.093 mm/rev for switching the 
cutting conditions efficiently. 

The proposed drill bit was fabricated from stainless steel (JIS 
SUS420J2) from TOKO Co., Ltd. Based on the above analysis and 
practical experience, the main parameters of the prototype design were 
identified as: diameter 2R ¼ 3.2 mm, point angle of first step 2δ is about 
40�–50� (45�), point angle of secondary step 2φ is approximately 
90�–100� (90�), radius of the arc lip r is approximately 0.4–0.8 mm (0.6 
mm), helix angle σ0 is 36�, and web thickness 2w is 17%. The parameters 
in brackets are used in the experimental evaluation. The maximum 
inclination angle (βmax) of the proposed drill bit was designed as 54� to 
satisfy the requirements of surgical operations. 

Fig. 5. Geometry design (a) and prototype of the proposed drill bit from the side (b) and bottom (c) views.  

Fig. 6. (a) Experimental setup, (b) Conventional and proposed drill bits used in the experiment, (c) schematics of the drilling in a non-perpendicular direction.  
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4. Experimental verification 

4.1. Experimental setup 

Evaluation experiments were conducted on a self-developed hori-
zontal five-axis CFRP machining centre with coupled Kistler Dyna-
mometer 9272 and charge amplifier 5070 (sampling frequency: 20 kHz) 
for the measurement of the cutting forces, as shown in Fig. 6 (a). The 

performance of the proposed drill bit was evaluated against a conven-
tional drill bit (diameter 2R ¼ 3.2 mm, point angle 118�, helix angle σ0 
¼ 36�, chisel edge angle θ ¼ 125�, and web thickness 2w ¼ 20%), as 
presented in Fig. 6 (b). 

It is known that on-site measurement of the temperature character-
istics between the bone and drill bit is technically difficult [36]. In 
addition, the heat is accumulated with the increase of drilling depth and 
reached the maximum at the bone drill exit. Thus, the thermal charac-
teristics on the drill-exit surface should be considered in bone drilling. In 
this study, state-of-art microscopy infrared thermography (InfRec 
H9000 infrared thermography, Nippon Avionics Co., Ltd., Japan), with a 
high sampling rate (200 Hz) and spatial resolution (15 μm), was per-
formed to record the temperature at the drill-exit plane of the bone. The 
specifications of the thermography system are listed in Table 2. A cali-
brated lens extender was used to optically enlarge the focused area and 

Table 2 
Specification of infrared thermal image system.  

Resolution Sampling rate Spatial 
resolution 

Temperature 
range 

640 pixels � 512 pixels 200 Hz 15 μm/pixel 0 �C–150 �C  

Fig. 7. Data processing workflow of thermal information on the drill-exit surface.  

Fig. 8. Preparation of the bone samples.  
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enable microscale analysis. Black-body treatment can efficiently in-
crease the accuracy of temperature measurement [37]. Thus, a 
black-body spray (Tasco Co. ltd, Japan) was applied on the samples, and 
the emissivity was set as 0.94. Thus, the temperature characteristics at 
the drill-exit plane were used to evaluate the ability of thermal control of 
the proposed drill bit during dynamic drilling. However, the tempera-
ture distribution of the drill bit could not be accurately measured owing 
to the strong reflections at its smooth surfaces. Therefore, this study 
mainly focuses on the temperature at the drill-exit plane of the bone, and 
the recorded data were postprocessed for further analyses. The detailed 
data processing workflow of thermal information on drill-exit surface is 
shown in Fig. 7. The confidence interval was set as 95% to remove the 
effect of random error on the results. The width of the extracted circle, 
which was used for calculating the specific temperature on a certain 
distance from the hole wall, was set as the width of 2 pixels (30 μm) to 
increase the credibility of temperature results. In addition, irrigation 
was not conducted during the drilling experiment for better observation, 

although this is the case for controlling the temperature increase of the 
bone in some orthopaedic surgeries. 

4.2. Preparation of bone specimens 

The fresh femur of a bovine (age 3–4 years) was used as the work-
piece during the experimental verification because its material proper-
ties are like those of human cortical bone. The cortical bone specimens 
were prepared along the axial direction of the femur, as shown in Fig. 8. 
The prepared samples were cut into 60 mm (length) � 30 mm (width) �
6 mm (thickness) pieces and polished with 400-grit to 1200-grit sand-
papers; they were kept in a saline solution and stored in � 70 �C and 
thawed in a saline solution before experiments. The bone sample was cut 
into 6 mm pieces because most of the cortical bone of humans is thinner 
than 6 mm [38]. It should be noted that the thickness of the specimens 
was accurately controlled (error ¼ �0.05 mm) for removing the po-
tential effect of bone thickness on the temperature increase. In total, ten 
cortical bone specimens were used in the experiments. 

4.3. Experimental procedure 

The experimental procedure was designed to evaluate the drilling 
performance of the proposed drill bit in terms of the drill cutting force, 
temperature increase, drill skidding, surface quality, and wear with the 
control of the conventional drill bit. The thrust force and temperature 
increase were measured simultaneously by the developed experimental 
setup during drilling of the cortical bone sample in the perpendicular 
direction. The rotation speed and feeding speed have influence the 
drilling performance considerably. Thus, six experiments that consider 
parameters widely used in orthopaedic surgeries were conducted, which 
are summarised in Table 3. Moreover, delamination and microcracking 
around the hole surface were observed via laser scanning confocal mi-
croscopy (LSCM, Olympus, OLS4100, Japan). For the evaluation of the 
drill skidding in the proposed design, the bone samples were inclined at 
specific slope angles (β ¼ 0�, 15�, 30�, and 45�). The surface was printed 
in red for better video recording of the drill skidding, as shown in Fig. 6 
(c). The skidding forces in the X and Y directions were measured during 
non-perpendicular drilling and were used to evaluate the self-centring 
ability of the drill. In addition, the topography of the hole at the 
entrance surface were measured via optical surface microscopy (Key-
ence, VR-3000, Japan). 

All the experiments were performed five times under each experi-
mental condition. The statistical analysis of the average peak thrust 
forces and temperature was conducted using the analysis of variance 
(ANOVA) with the control of the conventional drill bit. 

Table 3 
Experimental conditions.  

Items Parameters 

Workpiece material Bovine cortical bone 
Thickness (mm) 6 
Drill bit diameter (mm) 3.2 mm 
Rotation speed (rpm) 1000, 1500, 2000 
Feeding speed (mm/rev) 0.05, 0.1 
Slope angle (�)  0, 15, 30, 45 
Feeding depth (mm) 15 
Experimental temperature (�C) 23  

Table 4 
Comparison of averaged maximum temperature and overheating (Tbone �47 �C) 
duration at 0.25 mm from the hole wall.  

Drill type Feeding 
speed 
(mm/rev) 

Rotation 
speed 
(rpm) 

Maximum 
temperature 
(�C) 

Overheating 
duration (s) 

Conventional 
drill 

0.05 1000 58.9 (�2.9) 5.1 (�0.6) 
1500 61.3 (�2.5) 5.6 (�0.4) 
2000 64.1 (�2.3) 6.2 (�0.3) 

0.1 1000 55.4 (�3.2) 4.1 (�0.3) 
1500 58.4 (�2.6) 4.9 (�0.3) 
2000 59.5 (�2.8) 6.1 (�0.5) 

Proposed drill 0.05 1000 51.6 (�2.7) 3.4 (�0.2) 
1500 52.3 (�2.6) 3.5 (�0.4) 
2000 55.1 (�3.2) 3.4 (�0.3) 

0.1 1000 47.5 (�3.2) 2.5 (�0.2) 
1500 49.3 (�1.2) 2.9 (�0.5) 
2000 49.6 (�2.6) 3.3 (�0.5)  

Fig. 9. Comparison of thrust forces of the proposed and conventional drill bits. (a) Thrust forces of the two drill bits (1000 rpm, 0.05 mm/rev), (b) Maxi–means of the 
thrust forces. 

L. Shu et al.                                                                                                                                                                                                                                      



International Journal of Machine Tools and Manufacture 154 (2020) 103568

10

5. Results and discussion 

The novel self-centring drill bit design has been proposed based on 
the theoretical analysis of drill skidding and thermal, mechanistic and 
material removal mechanisms. Comprehensive experiments were 
implemented to evaluate the drilling performance of the proposed drill 
bit in terms of drill cutting force, temperature rise, drill skidding, surface 
quality, and wear with the control of conventional drill bit. 

5.1. Cutting force 

A basic step in evaluating the performance of a surgical drill bit is the 
investigation of the cutting force. The curves of the typical thrust forces 
of the conventional and proposed drill bits are depicted in Fig. 9 (a) 
(rotation speed: 1000 rpm, feeding speed: 0.05 mm/rev). A much 
smaller thrust force is measured on the proposed drill bit (Fmax ¼ 37.8 N) 
when compared to that on the conventional drill bit (Fmax ¼ 55.4 N). A 
smoother force pattern is also observed on the proposed drill bit 
compared to that on the conventional drill bit during the period of full 
engagement of drilling. This can provide better tactile feedback during 
surgery and in turn, reduce the fatigue of the surgeon. 

For a better understanding of the mechanistic characteristics during 
drilling, five drilling stages were divided based on the characteristics of 
the thrust force and the relative positions of the drill bit and bone 
specimens, which are illustrated in Fig. 9(a). At the first step, the thrust 
force increases sharply as the chisel edge of the conventional drill bit and 
the first step of the proposed drill bit penetrate the bone surface. Sub-
sequently, it increases the relative area in the stage where it enters the 
cutting lips until the cutting lips are involved in the drilling. At full 
engagement, the cutting lips and chisel edge penetrate the bone. In this 
period, the thrust force is stabilised for some time, and the small vari-
ation may be attributed to the ‘fracture and shear crack’ cutting model of 
the bone drilling. The first stage is deemed complete when the first step 
of the drill penetrates the exit-plane of the bone surface, and the thrust 

force is significantly decreased. It can be found that the first step of the 
proposed drill bit increases approximately 52.3% (21.4 N) of the total 
thrust force, which is approximately 63.5% (33.6 N) for the conven-
tional drill. The stage of the cutting lips and the margin exit is the end of 
the drilling period of the cutting lips and the entire finishing period of 
the transition arc cutting lips. A relatively longer drilling time is found 
with the proposed drill bit (9.8 s) than that with the conventional drill 
bit (8.5 s) owing to the longer drill tips. In addition, Zhang et al. [27], 
proposed that a low force could not result in a significantly low damage 
on the hole in bone drilling. Thus, an in-vivo histological comparison 
between conventional and proposed drill bit should be considered in the 
future work. 

The maximum thrust force was calculated from the filtered thrust 
force data, which were filtered by a sixth-order low-pass Butterworth 
filter having 100 Hz cut-off frequency. Fig. 9(b) shows the effects of the 
feeding speed and rotation speed on the maximum thrust force during 
bone drilling by the proposed and conventional drill bits. It can be 
concluded that the proposed drill bit significantly reduces the thrust 
force relative to the conventional drill bit under the current experi-
mental conditions. The significant reduction in the thrust force can be 
explained by the optimised point angle of the secondary cutting edge 
and the web thinning design of the proposed drill bit. However, Sui et al. 
(2018) [34] presented a relatively better reduction rate (57.7%) than 
that in this study (45%). It is mainly caused by the difference in the 
performance of the control group. The maximum thrust force is 
approximately 68.8 N (1500 rpm, 0.032 mm/rev) in their control group, 
while a relatively smaller thrust force (39.2 � 2.8 N) under the same 
process condition was found in this study. 

5.2. Cutting temperature 

Fig. 10 displays the typical temperature distributions during chisel 
edge cutting (Point iii), lip cutting (Point iv), and margin cutting (Point 
v) of the conventional and proposed drill bits. A remarkable difference 

Fig. 10. Comparison of drill-exit temperature distributions of the conventional (a) and proposed (b) drill bit. (1000 rpm, 0.05 mm/rev).  
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can be found between the two drill bits in the three cutting stages. It is 
known that the immediate cell damage during bone drilling is depen-
dent not only on the magnitude of the thermal exposure but also on the 
duration [8]. Thus, the temperature variation at a certain distance from 
the hole wall were calculated based on the recorded thermal data. The 
temperature data were initially integrated along the circumference and 
then averaged, which was considered to be the instantaneous averaged 
temperature of the focused location. The temperature variations at two 
locations (0 mm and 0.25 mm) from the hole wall in the drilling with the 
conventional and proposed drill bits were selected and shown in Fig. 11. 
The deviation along the focused circle is treated as an envelope in the 
figure. The average maximum temperature along the hole wall during 
drilling with a conventional drill (79.8 �C) is much higher than that with 
the proposed drill bit (68.3 �C), which can also be found at 0.25 mm 
from the hole wall. In addition, a relatively shorter overheating duration 
can be found with the proposed drill bit than that with the conventional 
drill bit. However, a higher peak is observed on the envelope of the 
proposed drill bit at the tip exit compared with the conventional drill bit, 

which might be caused by the effect of the cutting chips. The averaged 
maximum temperature of the proposed design is still higher than the 
thermal threshold of the cell (47 �C). An internal cooling approach 
would be an efficient approach to suppress the temperature elevation 
[14]. 

Table 4 summarises the average maximum temperature increase and 
overheating time (T � 47 �C) of the conventional and proposed drill bits 
at 0.25 mm from the hole wall under different drilling conditions. The 
proposed drill bit has a superior thermal characteristic, which can 
reduce the risk of thermal necrosis during bone drilling. Table 4 also 
illustrates that a high feeding speed with a low rotation speed can effi-
ciently reduce the risk of thermal osteonecrosis of bones. It is also 
noteworthy, that this is the first-time real-time temperature profiles and 
temperature variations with high visualisation during bone drilling are 
presented. 

Fig. 11. Temperature variations at the hole wall (a) and 0.25 mm from the hole wall (b) during the bone drilling with the two drill bits. (1000 rpm, 0.05 mm/rev).  

Fig. 12. Comparison of the drill skidding forces in the X (a) and Y (b) axis and the topography image on the entrance surface (c, d) of the conventional and proposed 
drill bits in non-perpendicular drilling. (β ¼ 30�, 1000 rpm, 0.05 mm/rev, Oexp and Oreal are the expected and the real hole centres, respectively, dski is the skid-
ding distance.) 

L. Shu et al.                                                                                                                                                                                                                                      



International Journal of Machine Tools and Manufacture 154 (2020) 103568

12

5.3. Self-centring 

The skidding forces in the X axis (Fski-X) and Y axis (Fski-X) during non- 
perpendicular drilling were used to evaluate the self-centring perfor-
mances of the drill bits. Much smaller Fski-X and Fski-Y are found with the 
proposed drill bit than with the conventional force during non- 
perpendicular drilling (β ¼ 30�), as presented in Fig. 12 (a, b). The 
drilling can be divided into three stages according to the characteristic of 
Fski. Fski increases sharply at the initial stage until the drill tip fully 
penetrates the bone specimen (Point v), and then increases relatively 
sharply until the feeding of the drill bit reaches the feeding depth (Pint 
vi). Fski at Point v and Point vi contribute mainly to the bending of the 
drill bit with the increase in the feed. Maximum Fski can be found at the 
end of the feeding in non-perpendicular drilling. In addition, it is note-
worthy that a noisy force is generated around Point vii, which may in-
crease with the chatter when the drill bit exits the drilled hole. The 
shorter duration of the stage of drill bit withdrawal is caused by the 
withdrawal speed being thrice the feeding speed for saving the experi-
mental operation time. Fig. 12 (c, d) presents the topography image of 
the entrance surface of the hole obtained by the conventional and 

proposed drill bits. A long skidding distance (dski) and an irregular hole 
profile are determined for the hole from the conventional drill bit 
(Fig. 12(c)), whereas this is rarely observed for the hole drilled by the 
proposed drill bit (Fig. 12(d)). In Fig. 12(c), there are noticeable cutting 
traces at the enlarged zone, which are caused by Fski in the non- 
perpendicular drilling. 

In addition, a heat concentration zone was found on the conventional 
drill bit in non-perpendicular drilling, while it was rarely found on the 
proposed drill bit, which was explained by the large friction heat be-
tween the margin and hole due to the large skidding force, as shown in 
Fig. 13. The averaged maximum temperature along the hole wall in the 
drilling with the conventional drill (89.3 �C) is much higher than that 
with the proposed drill bit (67.4 �C). The overheating duration was also 
significantly smaller in the proposed design (6.8 s) than that in the 
conventional drill bit (10.7 s). In other words, the self-centring design 
could significantly reduce the risk of thermal osteonecrosis of bones 
during non-perpendicular drilling. 

For better evaluation of the self-centring performance of the pro-
posed drill bit at different values of β, the maximum Fski was calculated 
from the filtered Fski data, which were filtered by a sixth-order low-pass 

Fig. 13. Comparison at the hole wall (a) and 0.25 mm from the hole wall (b) during the bone drilling with the two drill bits and the drill-exit temperature dis-
tributions of the conventional (c) and proposed (d) drill bit. (β ¼ 15�, 1000 rpm, 0.05 mm/rev). 
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Butterworth filter with a 100 Hz cut-off frequency, as summarised in 
Table 5. Therefore, it can be concluded that the proposed drill bit ex-
hibits a significantly higher self-centring performance than the con-
ventional drill bit, which is the advantage gained from the novel design 
of the first step of the drill bit. 

5.4. Hole quality 

Microcracking and delamination of the hole have significant effects 
on the screw pull-out strength. Fig. 14 compares the hole quality ach-
ieved by the conventional and proposed drill bits. Defects and micro-
cracks can be found around the hole entry surface and hole wall drilled 
by the conventional drill bit, as shown in Fig. 14(a). By contrast, the 
proposed drill bit generates a smoother surface because of the advantage 
of the functional transition arc design, as displayed in Fig. 14(b). A 
damage factor (Fs) was introduced to evaluate the surface quality ob-
tained by the two drill bits, as  

Fs ¼ Dmax/D                                                                                 (19) 

Where Dmax and D are the maximum diameters of a circle enclosing the 
damaged area and the diameter of the drilled hole, as shown in Fig. 14 
(a). The calculated results are provided in Table 6. It can be found that a 
much better surface quality is achieved by the proposed drill than that 
by the conventional drill bit. In addition, a worse hole quality is ob-
tained by the conventional drill bit at high feeding speeds and rotation 
speeds owing to the deep cutting depth. 

These disparities are mainly caused by the differences in the cutting 
mechanisms of the two drill bits. The conventional drill bit can increase 

the cracks on the surface when working under the ‘fracture & shear 
crack’ cutting mode. In comparison, the proposed drill bit performs a 
finishing action on the surface by adjusting the point angle to switch the 
cutting model from ‘fracture & shear crack’ cutting to ‘shear’ cutting. 
Therefore, the proposed drill bit significantly reduces the effect of 
fracture cutting and minimises the surface damage, thereby increasing 
the screw pull-out strength and benefiting bone regeneration. 

5.5. Wear analysis 

An orthopaedic drill bit can be used for drilling only once without 
recycling. However, in practical applications, surgeons are prone to 
using one drill in an operation with 1–5 holes for reducing the surgery 
intervention time. Fig. 15 presents the wear performances of the 

Table 5 
Comparison of maximum skidding force (1000 rpm, 0.05 mm/rev).  

Drill type Slope angle (�)  Maximum Fski-X (N) Maximum Fski-Y (N) 

Conventional drill 0 0.8 (�0.2) 0.4 (�0.1) 
15 6.2 (�1.6) 6.7 (�2.4) 
30 10.3 (�1.2)) 14.5 (�2.2) 
45 – – 

Proposed drill 0 0.2 (0) 0.2 (0) 
15 1.3 (�0.1) 0.9 (�0.1) 
30 1.7 (�0.1) 1.3 (�0.3) 
45 1.8 (�0.2) 1.7 (�0.4)  

Fig. 14. Comparison of the hole quality obtained by the conventional (a) and proposed (b) drill bits (1000 rpm, 0.05 mm/rev).  

Table 6 
Comparison of the hole damage in two drill bits.  

Drill type Feeding speed (mm/ 
rev) 

Rotation speed 
(rpm) 

Fs 

Conventional 
drill 

0.05 1000 1.046 
(�0.008) 

1500 1.052 
(�0.006) 

2000 1.063 
(�0.011) 

0.1 1000 1.065 
(�0.015) 

1500 1.078 
(�0.011) 

2000 1.077 
(�0.009) 

Proposed drill 0.05 1000 1.002 
(�0.001) 

1500 1.002 
(�0.001) 

2000 1.000 
(�0.001) 

0.1 1000 1.003 
(�0.001) 

1500 1.002 
(�0.001) 

2000 1.003 
(�0.001)  
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conventional and proposed drill bits. A relatively small wear can be 
found for both the drill bits after one time, whereas considerable wear is 
observed for the first step of the proposed drill after ten times, as shown 
in Fig. 15(a). This suggests that the drilling time of the proposed drill 
should be within ten times, according to the analysis of variation of the 
thrust force (Fig. 15(b)), to satisfy the requirements of orthopaedic 
surgeries. In addition, there is no chipping and deformation of the 
proposed drill bit during the entire experiment. The area of wear and 
tear on the conventional and proposed drill bits happen mainly on the 
chisel edge (first step) and grooves, which means that most of the metal 
particles will be removed with the cutting chips. Thus, a low risk of 
pollution or inflammation caused by the metal particles could be 
expected. 

6. Conclusions 

Drilling is one of the most common and technically demanding 
procedures in orthopaedic surgery. In this study, a comprehensive 

theoretical analysis was conducted for examining the main challenges 
that arise during orthopaedic drilling. A novel drill bit design concept 
that satisfies the requirements of a low drill force, temperature, and 
surface damage as well as self-centring was presented based on the 
analysis of the thermo-mechanistic, drill skidding, and material failure 
mechanisms of a bone. To evaluate the proposed low-trauma drill bit, 
comprehensive experiments were conducted. Some of the key conclu-
sions of the study are as follows: 

(1) The theoretical analysis of drill skidding indicates that the skid-
ding force increases mainly due to the unequal cutting areas on 
the chisel edge of the drill. A sharp design with a small chisel edge 
has the potential to reduce Fski and subsequently suppress drill 
skidding during orthopaedic bone drilling, which was confirmed 
by the experimental results. In addition, the self-centring design 
could significantly reduce the risk of thermal osteonecrosis of 
bones during non-perpendicular drilling. 

Fig. 15. Wear analysis of the two drill bits. (a) Images of the drill bits after usage, (b) The variation in the thrust force due to the wear with the drilling time. (1000 
rpm, 0.05 mm/rev). 
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(2) The cutting lips are the main source of the heat and thrust force. 
Thus, the use of an optimal point angle of the cutting lips based on 
thermo-mechanistic analysis has the capability to balance the 
effect of the cutting forces and temperature. The experimental 
results identified that the proposed parameters could signifi-
cantly reduce the thrust force (more than 45%) and temperature 
elevation (more than 10%).  

(3) The transition arc design could successfully improve the hole 
quality by switching the cutting mechanism from ‘fracture & 
shear crack’ cutting to ‘shear’ cutting on coupling with a certain 
range of the feeding rate.  

(4) From the drilling experiments, it was found that the proposed 
drill significantly reduced the drilling force and temperature 
while improving the position accuracy and surface quality in 
comparison with the conventional drill design. The proposed drill 
design provides an effective tool to achieve low-trauma bone 
drilling in orthopaedic surgery. 
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Nomenclature 

2φ: Point angle of drill bit 
σ0: Helix angle 
2R: Diameter of drill bit 
2w: Web thickness of drill bit 
θ: Angle of chisel edge 
ζηz: Rotation coordinate system of drill bit 
XYZ: Inertial Cartesian coordinate system 
dcut: Cutting depth 
β: Slope angle of workpiece 
βmax: Maximum inclination angle of drill bit 

Fski: Drill skidding force in non-perpendicular drilling 
Fski-X: Drill skidding force in X direction during non-perpendicular drilling 
Fski-Y: Drill skidding force in Y direction during non-perpendicular drilling 
dski: Skidding distance during non-perpendicular drilling 
ω: Rotation speed in rad/s 
t: Cutting time 
f: Feeding speed in mm/rev 
lc: Half-length of chisel edge 
T: Rotation period of drilling 
ΔAc: Dynamic chip area difference on chisel edge in non-perpendicular drilling 
ΔAl: Dynamic chip area difference on cutting lip in non-perpendicular drilling 
ΔAc� max: The maximum difference of chip area on chisel edge in non-perpendicular dril-

ling 
ΔAl� max: The maximum difference of chip area on cutting lip in non-perpendicular drilling 
M0, b: Dimensionless constant that describe the fraction of mechanical energy 
J: Objective function 
ς1: , ς2 Calculation weights and ς1 þ ς2 ¼ 1 
Fth: Thrust fore during drilling 
MzðtÞ: Torque during drilling 
α: Tangent slope angle at cutting lips 
αarc: Tangent slope angle at arc lip 
r: Radius of the arc lip 
Fmax: Maximum thrust fore during drilling 
Tbone: Temperature elevation of bone 
Fs: Damage factor 
Dmax: Diameter of maximum diameter of a circle enclosing the damaged area 
D: Diameter of the drilled hole 
lsh: Radial length of drill bit working on the ‘shear cutting’ model 
Tt(x,y): Instantaneous temperature at position (x, y) 
d: Distance from the hole wall 
Tt: Averaged temperature elevation at t 
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