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Abstract: Bone cutting is a complicated surgical operation. It is very important to establish a kind of 
gradient porous bone model in vitro which is close to human bone for the research of bone cutting. 
Due to the existing bone cutting researches are based on solid bone model, which is quite different 
from human bone tissue structure. Therefore, Voronoi method was used to establish a gradient porous 
bone model similar to real bone tissue to simulate the process of bone drilling in this paper. High 
temperature and large cutting force during bone drilling can cause serious damage to bone tissue. 
Urgent research on bone drilling parameters is necessary to reduce cutting temperature and cutting 
force. The finite element analysis (FEA) of Voronoi bone models with different gradients is carried 
out, and a Voronoi model which is similar to real bone tissue is obtained and verified by combining 
the cutting experiment of pig bone. Then orthogonal experiments are designed to optimize the 
cutting parameters of Voronoi bone model. The range method is used to analyze the influence 
weights of cutting speed, feed speed and tip angle on cutting temperature and cutting force, and the 
least square method was used to predict the cutting temperature and cutting force, respectively. The 
gradient porous bone model constructed by Voronoi method was studied in detail in this paper. This 
study can provide theoretical guidance for clinical bone drilling surgery, and the prediction model of 
bone drilling has practical significance. 

Keywords: bone cutting; Voronoi method; cutting parameters; cutting temperature; cutting force; 
orthogonal experiments; range method; the least square method 
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1. Introduction  

Bone cutting is a common surgical method in bone surgery. In the process of bone cutting, the 
temperature generated by the cutting directly affects the biological activity of bone material and the 
degree of thermal damage to the surrounding soft tissue, especially when the temperature of the bone 
in direct contact with the cutter reaches 47℃ and remains for more than 1min, thermal necrosis will 
occur immediately due to high temperature [1]. Thermal necrosis of bone materials and surrounding 
soft tissues can prolong and delay the patient’s postoperative recovery time [2]. In addition, 
excessive stress also leads to the damage of bone tissue, cartilage tissue and muscle in the 
surrounding area of cutting, resulting in secondary damage [3,4]. Therefore, reducing the 
temperature and stress in the process of bone cutting is the urgent research. Bone is a kind of 
anisotropic material with low thermal conductivity, 0.16~12.8 WM-1·K-1 [5,6]. These characteristics 
prevent heat dissipation during bone cutting, leading to the increase of bone temperature. Besides, 
the drilling mechanism is produced by a complex combination of cutting and extrusion at the drill 
point, and the cutting force, torque, and temperature must be kept below the critical level of 
osteonecrosis [7]. During bone drilling, there is the energy conversion, i.e., mechanical work 
(friction and shear deformation of bone) from cutters is converted into heat energy [1,8,9]. The 
cutting temperature and the cutting force generated depend on various cutting parameters, such as bit 
diameter, bit speed, and axial drilling force [10]. Davidson et al. investigated the effects of spindle 
speed, feed rate, screw angle, bit apex angle, and bit diameter on drilling temperature [11]. The 
results showed that spindle speed, feed rate and bit diameter had great influence on bone thermal 
properties, while screw angle and bit apex angle had relatively weaker influence on bone thermal 
properties. Chen et al. studied the influence of drilling parameters (feed rate and rotational speed) on 
bone temperature, and analyzed bone temperature distribution through experiments and numerical 
simulation of drilling process [12]. They pointed out that when the drilling speed was constant, the 
maximum temperature of bone decreased with the increase of feed rate, while when the feed rate was 
constant, the maximum drilling temperature increased with the increase of rotational speed, and 
the maximum temperature occurred in the cancellous bone near the cortical bone in their study. Karaca et 
al. found that the drilling temperature increased gradually in the process of increasing the drilling speed 
from 200 r/min to 1180 r/min when drilling the calf tibia [13]. However, the effects of cutting parameters 
on temperature were inconsistent. For example, some studies believed that when drilling speed was low, 
the temperature increased with the increase of drilling speed, while others believed that the temperature 
decreased with the increase of drilling speed [10].  

The research showed that the cutting parameters also had great influence on the cutting force. 
Udiliak et al. evaluated the influence of bit tip angle and spindle speed on drilling force [14], and 
they concluded that bit tip angle was related to drilling force, while spindle speed had no obvious 
influence on it. At the same time, the feed speed was proportional to the drilling force. Alam et al. 
explored the influence of cutting depth, cutting speed and other parameters on cutting force in planar 
cutting of cortical bone based on FEA [15]. The results showed that lower cutting depth and sharp 
cutting tools can reduce cutting force. With the improvement of machining technology, the ultrasonic 
vibration method can effectively reduce the cutting temperature and cutting force. Wang et al. found 
that compared with conventional drilling methods, low-frequency vibration assisted drilling 
(frequency 5–20 Hz) had fewer and shorter microcracks, and the cutting heat was significantly 
reduced [16,17]. Zakrasas et al. conducted drilling experiments using pig ribs as samples, and the 
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results showed that the maximum temperature generated at vibration frequencies of 60–120 Hz 
was 14% lower than that generated by conventional cutting [18]. Ostaševičius et al. also 
conducted 10 drilling experiments (frequency 60–140 Hz), and the results showed that the 
drilling temperature was reduced by 21℃ when the frequency was 80 Hz [19]. Gupta et al. proved 
through ultrasound-assisted pig bone drilling experiment that the rotational speed of the bit had the 
greatest influence on the temperature rise, accounting for 46% of the total proportion [20]. Paktinat 
and Amini [21], Nosouni [22] et al. compared the drilling effect of vibration-assisted drilling with 
that of ordinary drilling, and conducted simulation and experimental research on drilling force. The 
results showed that in the test range, the vibration-assisted drilling effect was better. The axial force 
produced by ultrasonic assisted drilling was obviously lower than that produced by ordinary drilling. 
Optimizing the structure of bone cutting tools is also an effective method to reduce cutting heat and 
bone stress [23]. For example, micro-texture tools can effectively improve the situation of excessive 
cutting heat and cutting force in the process of bone cutting [24–26]. 

Human bone is composed of four layers of tissue, including periosteum, cortical bone (dense bone), 
cancellous bone (spongy or trabecular bone) and bone marrow [27,28]. In particular, cancellous bone is 
formed by porous structure similar to honeycomb and has a gradient distribution [29,30]. Cancellous 
bones have large interstitial spaces with porosity ranging from 50 to 90% [31]. Although cortical bone 
structure is nearly solid, it still has about 3–5% porosity [29]. In the existing literature, the bone model 
mostly adopts the solid model for finite element analysis. However, the continuum model is not fit for 
porous model such as bone. Because the Cauchy continuum model is the simplest mechanical model to 
describe the behavior of bone from a macroscopic point of view [32,33]. Indeed, the porous space 
inside bone tissue is filled with fluids, such as bone marrow, interstitial fluid, blood, etc., so bone 
tissue is a model of liquid-solid two-phase coexistence [33,34]. To be precise, bone tissue is 
considered to be an anisotropic material rather than an isotropic Cauchy continuum model. To 
correctly describe the behavior of bone tissue at the level of hundreds of micrometers, the 
geometric arrangement and porosity of bone interior are needed [33]. Therefore, it is inevitable to 
consider the effect of porous structure on cutting heat and force when conducting bone cutting 
research. The accuracy of the bone cutting model determines the described phenomena. But few 
studies have been reported on this topic. Therefore, a gradient porous structure of bone cutting 
model was constructed using Voronoi method in this paper, and the main research contents were as 
follows: 1) a gradient porous structure of bone cutting model was established based on Voronoi method, 
and the cutting temperature and cutting force were verified by FEA and cutting experiment; 2) orthogonal 
cutting experiments were designed to analyze the influence of cutting parameters on the Voronoi bone 
model; 3) The least square method is used to establish the prediction model of bone cutting temperature 
and cutting force.  

2. Materials and methods 

2.1. Construct the gradient porous bone model based on Voronoi method 

Voronoi diagram, also called Tyson polygon or Dirichlet diagram, is a space segmentation 
method based on seed points. Given a finite set of points in the Euler plane {..., Pi, ... Pn} [35,36], for 
each point Pi, the corresponding Voronoi unit contains all points in the Euler plane whose distance to 
Pi is less than or equal to any other point, and these points divide the Euler space into two parts. The 
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Voronoi diagram is determined by the number and distribution of seed points, the control of which is 
critical to the successful modeling of irregular porous scaffolds for a set of points in m-dimensional 
Euclidean space: 

P = p1,…,pn  ∈ Rm, 2 ≤ n < ∞, pi≠pj , i, j∈ In = {1,…,n}    (1) 

Given that Voronoi diagram can be generated at any point in space and irregular structures can 
be established, Wang’s team successfully obtained gradient porous structures based on the top-down 
design method of Voronoi Mosaic [37]. Han et al. also designed porous bone structure with gradient 
by using Voronoi method [38]. Based on these studies, a three-dimensional model of porous bone 
cutting with gradient is established by using Voronoi method in this paper. Therefore, python 
language was used to program three-dimensional Voronoi structure, and Python script was run in 
finite element software Abaqus2020 to construct porous bone tissue models with different gradients, 
as shown in Figure 1. The gradient bone model refers to the center of each structure as the benchmark. 
The closer to the center, the sparser the Voronoi units are, inversely, the closer to the edge of the 
strucutre, the denser the Voronoi units are. In this study, three gradients were set as 0.7, 0.8 and 0.9, 
respectively. The smaller the number is, the more obvious the gradient is. These designed gradient 
structures were used for bone cutting simulation analysis to select replacement models that were 
similar to real bone issue. 

 

Figure 1. The gradient bone model based on Voronoi method. 

2.2. FEA of gradient Voronoi bone 

FEA has been widely used in bone tissue cutting. In the FEA, it is often necessary to define the 
thermodynamic properties of the model materials, and accurate material parameters can more truly 
simulate the cutting process. In this paper, it is assumed that the bone material was isotropic and had 
elastic-viscoplastic behavior for the prediction of cutting force and temperature. The drilling bit was 
assumed to be a clinically similar stainless steel material. Table 1 lists the thermodynamic 
performance parameters of the bone model and the drilling bit [12]. To describe the mechanical 
behavior of bone tissue, the Johnson-Cook (J-C) constitutive model was used, which took nonlinear 
strain hardening and strain rate sensitivity into account [39]. J-C model can be used to describe bone 
as an elastoplastic material with bilinear strain hardening [15], as shown in Eq (2). J-C model 
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parameters of bone materials are listed in Table 2 [15,16]: 

σ = A + B εn 1 + C ln ε

ε0
[1 - (  T -Tr

Tm - Tr
)
m

]       (2) 

In which 𝜎 is the material flow stress, ε is the equivalent plastic strain, Tm is the melting 
temperature of the material, T is the material temperature, Tr is the reference temperature, 𝜀 is the 
plastic strain rate, 𝜀  is the effective plastic strain rate of the quasi-static test and A, B, C, m, n are 
the material constants. 

Generally, bone cutting heat comes from three regions: shear deformation zone, friction zone I 
and friction zone II, as shown in Figure 2(a). Shear deformation is caused by plastic deformation of 
bone. However, both friction zones are generated by contact between the drilling bit and the bone, 
and friction between the bone chips and the front slope creates zone I. Lateral friction with bone 
surface produces zone II. The shear deformation zone and friction zone I convert mechanical work to 
heat energy, but the energy of friction zone II is negligible if a sharp bit is used [1,9]. 

 

Figure 2. Bone cutting model: (a) Two-dimensional cutting heat model; (b) 
Three-dimensional models including drilling cutter, solid bone and Voronoi bone. 

In the process of bone cutting, chip will be formed when the cutting edge contact with the bone 
surface. Consequently, it is necessary to set the failure criterion of bone material. In the simulation of 
bone drilling, shear damage failure criterion is usually selected. In this part, J-C damage model was 
used to separate the formation of wool chips, as shown in Eq (3). In the J-C damage model, damage 
occurs when parameter D exceeds 1 [22]. Table 3 shows parameters of the J-C damage model: 

D = ∑  ∆ε̅
pl

ε̅f
pl           (3) 

In which ∆𝜀̅  is the plastic tension increase and ∆𝜀̅  is the tension needed for damage and is 
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calculated from Eq (4): 

ε̅f
pl = d1 + d2 exp d3  p

q
[1 + d4 ln

εpl

ε0
](1 + d5 

 T -Tr

Tm - Tr
)      (4) 

In which p is the compressive stress, q is the von-misses stress, d1 is initial failure strain, d2 is 
exponential factor, d3 is triaxiality factor, d4 is strain rate factor, d5 is temperature factor. 

Table 1. Thermodynamic parameters of cancellous bone model and cutter [12]. 

elastic and thermal properties cancellous bone cutter 

young modulus (MPa) 759 193000 

Poisson’s ratio 0.30 0.25 

density (kg/m3) 640 7990 

thermal conductivity (W/m·K) 0.087 16.2 

specific heat (J/kg·K) 1477 500 

yield stress (MPa) 31.0 290 

ultimate stress (MPa) 31.1 579 

ultimate strain 0.07 0.003 

Table 2. Parameters of cancellous bone Johnson-Cook model [15,16]. 

A B n C m ε Tr Tm 

50 MPa 101 MPa 0.72 0.059 1.56 0.001 945 K 293 K 

Table 3. Johnson-Cook damage material constants. 

d1 d2 d3 d4 d5 

-0.068 0.451 -0.952 0.036 0.697 

2.3. Orthogonal cutting experiment scheme and FEA 

This research focuses on analyzing the effects of cutting rotational speed Vc (Hereinafter 
referred to as cutting speed), feed speed Vf and tip angle α on bone cutting temperature and cutting 
force. Therefore, the orthogonal experiment scheme of establishing three-factor three-level numerical 
simulation is shown in Table 4. 
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Table 4. Orthogonal experimental scheme. 

cutting parameters Level 1 Level 2 Level 3 

cutting speed Vc (mm/s) 10 15 20 

feed speed Vf (mm/s) 0.5 1.0 1.5 

tip angle 2α (°) 105 115 125 

FEA was carried out using Abaqus2020 explicit dynamics, and all models are shown in Figure 2(b). 
In the material setting, bone model and drilling cutter material attributes were assigned according to the 
content in Table 1, respectively. Temperature displacement coupling was selected in the analysis step, and 
the cutting time was set to 0.02 s. In order to save calculation time, mass scaling of the model was 
required. The target time increment was set to 1E-006 in time increment mode. Temperature and force 
were selected from both the field and historical variables. Because this paper mainly studied the cutting 
temperature and cutting force in the process of bone drilling, and did not involve the tool wear, the 
drilling bit was set as rigid body. The tangential behavior between the drilling bit and the bone model 
was set as penalty function with the friction coefficient 0.3, and the normal behavior was set as hard 
contact. In the boundary condition setting, the six degrees of freedom of the bone model were 
completely fixed. The Z-axis direction of the drilling bit was set as the feed movement speed and the 
cutting speed rotating around the Z-axis, and the other degrees of freedom were fixed. The mesh type 
of drilling bit was tetrahedral element mesh C3D4T, and the number of mesh was 145,322. The mesh 
types of all bone models were hexahedral mesh unit C3D8R, wherein the mesh number of Voronoi 
bone model with gradient 0.7, 0.8 and 0.9 was 1,819,800, 1,842,800, 1,826,248, respectively, and the 
mesh number of solid bone model was 1,070,680. 

3. Results and discussion 

3.1. FEA and experimental verification of cancellous bone model designed by Voronoi method 

To verify that the constructed Voronoi bone tissue model with gradient was more similar to the 
real cancellous bone model, pig hind leg bone was selected for bone drilling experiment in computer 
numerical control (CNC) machining center. The drilling bit specification used in the experiment was 
consistent with the finite element model. The cutting force was collected by Kistler 2825A-02 
piezoelectric dynamometer, and the cutting temperature generated by bone drilling was monitored by 
infrared temperature sensor in real time. The cutting parameters of bone drilling experiment and FEA 
were set as cutting speed Vc = 20 r/s, feed speed Vf = 1.5 mm/s, and tip angle 2α = 115°. Table 5 
shows the comparison of cutting temperature and cutting force between bone drilling experiment and 
FEA. The error calculation formula was as follows: 

  Error=
Resultfinite-Resultexperiment

Resultexperiment
*100%       (5) 

Where Resultfinite is the result of finite element analysis, including cutting temperature and 
cutting force; Resultexperiment is the result of cutting experiment, including cutting temperature and 
cutting force. 
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According to the data in Table 5, the cutting temperature and the cutting force generated by 
Voronoi bone models with different gradients in the FEA were both smaller than those of solid bone 
models, while the Voronoi bone models with gradient 0.8 was closer to the real bone structure by 
comparing with bone experiment. Because the interior of the real bone model was porous and dense, 
these voids reduced friction with the tool surface, which reduced friction heat and friction between 
bone and drilling bit. In the numerical analysis, there was no porous structure in the solid bone model, 
the contact area between the drilling bit surface and the solid bone model was large in the cutting 
process, which led to the large friction. Friction not only caused heat increase, but also resulted in 
greater friction force. The increase of heat directly led to the increase of cutting temperature, and the 
friction force, as a part of the source of cutting force, also triggered the increase of cutting force. In 
the finite element simulation of Voronoi bone models with different gradient, the bone tissue 
constructed by Voronoi method had porous structure inside, which was similar to the real bone tissue 
model. The results of FEA showed that the cutting temperature of Voronoi bone tissue was lower 
than that of solid model and closer to that of bone cutting experiment. Because these porous 
structures created by the Voronoi method were similar to the internal structure of real bone tissue, the 
interaction between the drilling bit surface and the bone model was reduced. In addition, by adjusting 
the gradient, the distribution of porous structures can be altered to mimic more real bone tissue. The 
FEA showed that the cutting temperature and cutting force of Voronoi bone model with gradient 0.8 
was closer to the cutting experiments. The error values in Table 5 clearly verified this conclusion. 
Therefore, the cancellous bone model established by Voronoi method was of certain significance to 
the study of bone cutting. The subsequent cutting simulation of bone drilling was based on the 
Voronoi bone model with gradient 0.8. Because FEA technology has been widely used to simulate 
biomechanics, its results are reliable. In order to save the experiment time and cost, the cutting 
experiment comparison and verification of the finite element model is no longer carried out.  

Table 5. Comparison of the cutting temperature and force. 

 Cutting Temperature (℃) Cutting Force (N) 
Error (%) 

Temp. Force 

Cutting experiment 47.7 34.5 -- -- 

Solid bone 57.1 47.4 19.70% 37.39% 

Voronoi = 0.9 bone 53.8 38.9 12.79% 15.36% 

Voronoi = 0.8 bone 51.6 31.3 8.17% 9.28% 

Voronoi = 0.7 bone 43.2 29.8 9.43% 13.62% 

3.2. The influence of cutting parameters on cutting temperature 

According to the results in Section 3.1, under the same cutting conditions, the error between the 
cutting force and cutting temperature generated by Voronoi bone structure with gradient 0.8 and the 
results of bone drilling experiment was the smallest. Therefore, in the following orthogonal 
experiment of cutting parameters, the porous bone model with gradient 0.8 was taken as the research 
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object for FEA. According to the orthogonal cutting experiment scheme, Table 6 lists the cutting 
temperature results. In the range analysis table, Ki is the mean value of each factor at a certain level i, 
and R is range. The greater the range, the greater the influence of this factor on the test results. 
According to Table 7, the primary and secondary order of influence of each factor on cutting temperature 
was cutting speed > tip angle > feed speed. According to the FEA results of orthogonal experiment, the 
influence analysis of cutting parameters on cutting temperature was shown in Figure 3. As shown in 
Figure 3(a), when the tip angle was constant, the larger the cutting speed and feed speed were, the higher 
the cutting temperature would be in the process of bone drilling. As shown in Figure 3(b), when the feed 
speed was constant, the cutting temperature increased with the increase of the cutting speed. On the 
contrary, it tended to decrease with the increase of the tip angle. However, the combination of tip angle 
and feed speed had no stable effect on the cutting temperature of bone drilling. 

By analyzing the influence of drilling parameters on cutting temperature, and combining with 
range method, the conclusion that cutting speed > tip angle > feed speed is obtained. The increase of 
cutting speed leads to the fracture of bone tissue caused by large shear deformation in a short time. 
As the cutting temperature of bone mainly comes from three regions, the shear deformation zone as 
shown in Figure 2(a), the deformation heat generated by the shear deformation of bone is the main 
source of heat. Larger shear deformation results in the rapid accumulation of cutting heat and the 
formation of higher cutting temperature. The tip angle mainly affects the contact area between the 
drilling bit and bone tissue and the heat dissipation area. The larger the tip angle is, the sharper the 
drilling bit is. At this time, the area of contact between the bit and bone tissue will be smaller, as 
shown in zoneⅠand zoneⅡin Figure 2(a). Therefore, tip angle affects the cutting temperature by 
changing the friction area between the bit and bone tissue. Feed speed, mainly by changing the speed 
of the cutting axial motion, has little influence on the shear deformation of bone tissue and the 
contact friction zone, so it has the least influence on the cutting temperature. Figure 4 also shows the 
finite element results of orthogonal experiments on Voronoi bone model drilling with gradient 0.8. 

 

Figure 3. Analysis of influence of cutting parameters on cutting temperature: (a) cutting 
speed and feed speed-cutting temperature surface diagram; (b) cutting speed and tool tip 
angle-cutting temperature surface diagram; (c) feed speed and tip angle-cutting 
temperature surface diagram. 
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Table 6. Finite element simulation results of cutting temperature. 

group cutting speed Vc (r/s) feed cutting Vf (mm/s) tip angle 2α (°) temperature (℃) 

1 10 0.5 105 44.6 

2 10 1.0 115 43.2 

3 10 1.5 125 42.9 

4 15 0.5 115 47.8 

5 15 1.0 125 46.1 

6 15 1.5 105 49.2 

7 20 0.5 125 48.7 

8 20 1.0 105 53.2 

9 20 1.5 115 51.6 

Table 7. Cutting temperature range analysis. 

 Ki cutting speed Vc (r/s) feed speed Vf (mm/s) tip angle 2α (°) 

 K1 130.7 141.1 147.0 

tempeture K2 143.1 142.5 142.6 

 K3 153.5 143.7 137.7 

 R 22.8 2.6 9.3 

Weight of influence 

factor 

W Vc > 2α > Vf 
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Figure 4. The cutting temperature and force of finite simulation. 

3.3. The influence of cutting parameters on cutting forces 

According to the orthogonal cutting experiment scheme, Table 8 lists the cutting force results. 
The proportion of influence of cutting parameters on cutting force is also analyzed by range method, 
as shown in Table 9. The order of influence of each factor on cutting force is tip angle > feed speed > 
cutting speed. According to the finite element simulation results of orthogonal experiment, the 
influence analysis of cutting parameters on cutting force is shown in Figure 5. When the speed is 15 
r/s, the cutting force increases first and then decreases with the feed speed. Similarly, when the feed 
speed is 1 mm/s, the cutting force also increases first and then decreases with the increase of the 
cutting speed. Among other parameters, there is no obvious law of cutting force variation, as shown 
in Figure 5(a). From Figure 5(b),(c), it can be observed that when the tip angle is 125°, the cutting 
force is still greater than that when the tip angle is 115° and 105°, although the cutting speed and 
feed speed change. Specifically, when the tip angle is 125°, the cutting force increases with the 
increase of speed, but decreases with the increase of feed speed. By analyzing the influence of 
cutting parameters on cutting force, it can be found that the influence of multiple cutting parameters 
on cutting force should be considered simultaneously to obtain a relatively small cutting force.  

Through the results of FEA, the influence of tip angle on cutting force is the largest. As tip 
angle changes affect the degree sharp of drilling bit. The larger the tip angle is, the sharper the 
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drilling bit is. Bone tissue under the action of sharp drilling bit occurs large deformation, resulting in 
the interaction force between the drilling bit and bone tissue becomes larger, that is, the cutting force 
becomes larger. 

The feed speed mainly changes the cutting force by affecting the axial action of the drilling bit 
surface and bone tissue. Due to the porous structure inside the bone tissue, the distribution of 
porosity interacts with the bit surface in the axial direction, and the feed speed is too small, resulting 
in the bit interacting with more bone solid structures in the axial direction, which leads to a larger 
axial force. As the feed speed increases, the drilling bit tip passes through the pores, leaving more 
surface in the pores of bone tissue, which reduces the axial force generated when the drilling bit cuts 
bone tissue. The cutting speed mainly affects shear force of bone model. The tool rotates in the bone 
tissue, forming shear force to make bone tissue shear deformation. The drilling bit produces serious 
shear action on bone tissue at a faster cutting speed, thus forming a larger shear force, so that the 
cutting force becomes larger. 

 

Figure 5. Analysis of influence of cutting parameters on cutting force: (a) cutting speed 
and feed speed-cutting force surface diagram; (b) cutting speed and tool tip angle-cutting 
force surface diagram; (c) feed speed and tip angle-cutting force surface diagram. 

Table 8. Finite element simulation results of cutting force. 

Group Cutting speed Vc (r/s) Feed cutting Vf (mm/s) Tip angle 2α (°) Force (N) 

1 10 0.5 105 41.3 

2 10 1.0 115 33.5 

3 10 1.5 125 37.8 

4 15 0.5 115 34.2 

5 15 1.0 125 44.8 

6 15 1.5 105 29.3 

7 20 0.5 125 52.6 

8 20 1.0 105 36.5 

9 20 1.5 115 31.3 
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Table 9. Cutting force range analysis. 

 Ki Cutting speed Vc (r/s) Feed speed Vf (mm/s) Tip angle 2α (°) 

 K1 112.6 128.1 107.1 

Force K2 108.3 114.8 99.0 

 K3 120.4 98.4 135.2 

 R 12.1 29.7 36.2 

Weight of influence 

factor 

W 2α > Vf > Vc 

4. Prediction model of cutting temperature and cutting force and optimization of cutting 
parameters 

According to the experimental scheme of Table 4, the cutting temperature prediction model and 
the cutting force prediction model were established based on cutting parameters such as cutting 
speed, feed speed and tip angle, respectively. Since there is not a simple linear relationship between 
cutting temperature and cutting parameters, cutting force and cutting parameters, the prediction 
model of bone cutting temperature and cutting force were established: 

T = Vc
a * Vf

b * (2α)c         (6) 

Where T is the cutting temperature; a, b, and c are coefficients, respectively. 

F = Vc
d * Vf

e * (2α)h         (7) 

Where F is the cutting force; d, e, and h are coefficients, respectively. 
Since Eqs (6) and (7) are non-highly nonlinear functions and complicated to calculate, they 

are converted into linear functions by means of the least square method. Here, the cutting 
temperature prediction model Eq (6) is taken as an example to calculate. Take the logarithm of 
Eq (6): 

ln T = a ln Vc + b ln Vf  + c ln 2        (8) 

Let Y = ln T，x1 = ln Vc，x2 = ln Vf，x3 = ln 2α, b1 = a, 𝑏2 = b, b3 = c, so Equation (8) can be 

converted to Eq (9): 

 Y = b1x1 + b2x2 + b3x3         (9) 

There are independent variables x1, x2 and x3 in Eq (9). Since there are 9 experimental groups, 
the independent variables of group i are xi1, xi2 and xi3. Similarly, the cutting temperature Y obtained 
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by finite element calculation is expressed as Yi. The specific expression is as follows: 

𝑦  = bixi1 + bixi2 + bixi3       (i=1,2,3,4,5,6,7,8,9)     (10) 

To simplify the calculation, Eq (10) is changed into a matrix, as follows: 

Y = 

y1

⋮
y9

                              B  = 
b1

b2

b3

  

       X = 

x11 x12 x13

⋮ ⋱ ⋮
x91 … x93

         (11) 

Finally, Eq (11) can be obtained: 

 B = (XT X)
-1

 XT Y         (12) 

The data in Table 6 are substituted into Eq (12) to calculate the coefficient matrix b. 

B = 
0.2670
0.0135
0.6632

  

Therefore, the coefficient of the cutting temperature Eq (6) and the function relationship 
between the cutting temperature and the cutting parameters are finally obtained: 

a = 1.3061, b = 1.0136, c = 1.9410  

T = Vc
1.3061 * Vf

1.0136 * (2α)1.9410  

Similarly, the function relation between cutting force and cutting parameters is obtained by the 
same method. 

F = Vc
1.0347 * Vf

0.8010 * (2α)2.0955  

In this section, based on the porous Voronoi bone models, the least square method was used to 
establish the prediction models of drilling parameters-cutting temperature and drilling 
parameters-cutting force, respectively.  

5. Conclusions 

Since bone drilling is a common surgical procedure, it is important to create a model that can 
mimic real bone tissue. Therefore, this study mainly established a bone model with gradient structure 
and dense porous interior based on Voronoi method. By using finite element analysis (FEA) 
technology, the cutting temperature and the cutting force generated by Voronoi bone model with 
gradient 0.8 were determined to be close to the real bone issue by simulating three bone models with 
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different gradients. Furthermore, the cutting parameters of bone drilling had a great influence on the 
cutting force and the cutting temperature. Orthogonal experiments were established to analyze the 
drilling parameters of Voronoi bone models in detail. Combined with range method, the proportion 
of influence of cutting parameters on cutting temperature and cutting force was obtained. Specifically, 
cutting speed had the greatest influence on cutting temperature, followed by tip angle. However, the 
tip angle has the greatest influence on the cutting force, followed by the feed speed. It can be seen 
that reasonable cutting parameters were very important to cutting temperature and cutting force. 
Finally, the least square method was used to predict the cutting temperature-cutting parameters, and 
cutting force-cutting parameters. 

Although this study provides a theoretical analysis of bone drilling and validates the reliability 
of Voronoi bone structure, there are still some defects. In the future research, we will make use of 
biological 3D printing technology to create Voronoi bone models in vitro for mechanical 
experimental analysis and biological properties. 
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