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Abstract. In order to improve the machining efficiency and stability of complex 
surfaces, this paper proposes a method for predicting the machining stability of 

CAD NC cavity milling based on clustering algorithm. Firstly, the author classifies 
the cavity surface according to the machining characteristics of the surface. Then, 
according to the principle of k-means clustering analysis, the points on the cavity 

surface with similar processing characteristics and adjacent points are collected into 
a processing area, Furthermore, the cavity surface is divided into several surface 

patches with different machining characteristic. Finally, according to the 
characteristics of each surface patch, the tool path is planned to implement the 
slicing process, and the tool trace is controlled at the junction of the surface patch 

to achieve the purpose of improving efficiency and processing surface quality. 
Then, on the basis of using the semi-discrete algorithm to predict the constant 
milling stability of the tool-work piece meshing condition, this paper proposes a 

method to predict the machining stability of the cavity milling for the given 
machining path in combination with the change of the tool-work piece meshing 

information caused by the machining path in the NC cavity milling process. The 
experimental results show that the length of the track line is reduced by 16.7%, 
the processing time is reduced by 17%, and there is no chatter in the whole 

processing process. The milling surface is smooth without chatter, which is 
consistent with the predicted results. From the time domain and spectrum diagram, 
compared with the frequency component at the straight cutting path, the frequency 

component at the X-direction of the corner is 291.7Hz, the spindle rotation 
frequency is 291.7Hz, and the double frequency of the spindle rotation speed is 

584.7Hz and the triple frequency is 876.5Hz, but there is no obvious flutter 
frequency excited in the spectrum diagram of the milling force. This method can 
significantly reduce the length of the machining path, improve the efficiency and 

quality of the machining, and successfully predict the milling stability in the cavity 
machining process during NC machining. 
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1 INTRODUCTION 

Mechanical equipment manufacturing industry is the foundation of the development of national 
economy and national defense industry, and high-speed and high-precision CNC equipment has 

become the most important part of modern mechanical manufacturing industry. However, in the 
process of high-speed and high-precision machining, cutting vibration, especially self-excited 
vibration (chatter), not only reduces the machining quality and cutting efficiency, but also causes 

serious fatigue damage to the machine tool and tool equipment. Therefore, the analysis and 
prediction of chatter is the key premise to ensure the smooth cutting process and improve the 
machining performance. 

In order to evaluate and improve the ability of machine tool to resist chatter and select cutting 
conditions without chatter, it is necessary to judge the stability of machine tool cutting process. At 

present, the main method to determine whether the machine tool chatters is described by the 
stability lobes diagram (SLD) of the cutting process. The stable blade diagram represents the 
cutting stable region and chatter region as a function between the spindle speed and the critical 

axial cutting depth under the given radial cutting width. There is an obvious limit from stable 
cutting to chatter during machine tool cutting.  

As long as the appropriate spindle speed and axial cutting depth are selected, the chatter-free 

and stable cutting process can be guaranteed. Regenerative chatter is the most common in 
machine tool cutting chatter. It is caused by the change of dynamic cutting thickness caused by 

the phase difference between two consecutive vibration patterns during the cutting process. When 
the dynamic cutting thickness reaches a certain value, chatter will occur. The existing methods for 
obtaining stable blade patterns for regenerative chatter in milling process mainly include analytical 

prediction method, time-domain numerical method, semi-discrete method and cutting experiment 
method. Among them, the analytical prediction method is by far the fastest and most widely used 
method to obtain the stable lobe diagram of milling process [1-2]. 

However, no matter which method is adopted to solve the stability lobe diagram of the 
machining process, it is necessary to obtain the frequency response function (FRF) of the tool tip 

of the machining system. Because the damping and stiffness of each joint on the machine tool 
cannot be known in advance, it is difficult to accurately predict the frequency response function of 
the machine tool spindle-tool-handle-tool system using analytical methods or finite element 

methods. So far, the most convenient and practical method to obtain the tool tip frequency 
response function is to conduct modal experiments. However, due to the huge amount of tool, tool 

handle and spindle combination, the change of any component parameter in the tool handle-tool 
structure will cause the change of the frequency response function of the tool tip, which requires a 
new round of modal experiment, which requires a lot of time and manpower input, and even 

requires the shutdown of the factory machine. Therefore, it is a good method to predict the 
frequency response function of the tool tip based on the least experimental data [3-4]. 

2 LITERATURE REVIEW 

The stability of machine tool machining refers to the ability of machine tool to resist chatter. In 
1954, the concept of regenerative chatter was put forward, and the regenerative effect of cutting 

ripple is the main reason for chatter. In the middle of the 20th century, the mechanism of 
regenerative chatter was described as the relationship between the rotational speed of the chatter-
free spindle and the critical axial cutting depth by the stability lobe diagram of the linear time-

invariant orthogonal cutting system. In 1965, based on Nyquist stability criterion, the turning 
stability lobe diagram under orthogonal cutting conditions was also obtained. However, the cutting 
force and the direction of cutting thickness change with the rotation of the tool, which makes it 

difficult to directly apply the turning chatter theory derived from orthogonal cutting conditions to 
the prediction of milling chatter [5-7]. 
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Although milling has many advantages [8], the existence of chatter in the milling process 
directly affects the surface quality of the work piece, the production efficiency of the machine tool, 

the life of the tool and the machine tool, and even directly threatens the life safety of the operator. 
In order to adapt to the development trend of high precision, high efficiency, multi-function and 

automation of CNC machine tools, the analysis and prediction of the stability of milling process to 
avoid the instability of milling process is the focus of many scholars. The analysis and simulation 
methods of milling process stability can be summarized into three categories: time domain 

method, frequency domain method and experimental method. Time domain method, as its name 
implies, is a method for simulating and analyzing the stability of cutting process in time domain. 
Different from the frequency domain simulation, the time domain simulation needs to determine 

the criteria of flutter occurrence, that is, the stability criteria. Frequency domain method is a 
method to simulate and analyze the stability of cutting process in frequency domain. In addition to 

the time domain method and the frequency domain method, the stability limit diagram can also be 
obtained by experiment [9-11]. 

In this paper, a new method based on k-means clustering algorithm is proposed to partition 

the mold cavity surface. This method has strong adaptability to surface and fast calculation speed. 
The specific process is as follows: First, the complex surface is discretized into points, and the 
bandwidth function of each point is obtained; then, k-means clustering algorithm is used to 

aggregate similar and adjacent points together with certain rules to form patches; after slicing, 
different trajectory planning methods are used for different slicing surfaces. The processing 

efficiency and quality are improved by the method of slicing processing. Then, on the basis of the 
semi-discrete method to predict the milling stability, combining it with the change of the tool-work 
engagement caused by the cavity milling path, a method to predict the stability of the cavity 

machining is proposed, and the effectiveness and practicability of the method is verified by the 
milling experiment. 

3 RESEARCH METHODS 

3.1 The Idea of k-means Clustering 

Clustering algorithm is the core of clustering analysis. One characteristic of k-means clustering 

algorithm is to check whether the classification of each sample is correct in every single iteration. 
If it is not correct, it needs to be adjusted. After all the data are adjusted, modify the cluster 
center and enter the next iteration. If all data objects are correctly classified in an iterative 

algorithm, there will be no adjustment and no change in the cluster center, which marks the end of 
the clustering algorithm. Let the data set 𝑋 = {𝑥𝑖 ∣ 𝑥𝑖 ∈ 𝑅𝑚, 𝑖 = 1,2, … , 𝑛}, 𝑘 cluster centers are 

𝑝1,𝑝2,... ,𝑝𝑘, respectively representing k clusters to be divided, and the distance between data is 

defined as formula (3.1) 

𝑑(𝑥𝑖 , 𝑥𝑗) = (𝑥𝑖 − 𝑥𝑗)
𝑇

(𝑥𝑖 − 𝑥𝑗)                                                (3.1) 

The objective function is defined as equation (3.2) 

𝐽 = ∑ ∑ 𝑑 (𝑥𝑗
(𝑖)

, 𝑝𝑖)
𝑛𝑖

𝑗=1

𝑘

𝑖=1

                                                   (3.2) 

Where, 𝑘 represents the number of clusters; 𝑛𝑖 represents the nth data object in the i-th class; 𝑥𝑗
(𝑖)

 

represents the jth  data object in class i; pi represents the cluster center of class i. 

3.2 Specific Process of Mold Cavity Surface Segmentation Based on k-means Clustering 
Algorithm 

The clustering algorithm is divided according to the object similarity. In the process of machining, 
the curvature of the points on the surface and the radius of curvature of the tool path direction are 
important indicators that affect the cutting process and are also important parameters in trajectory 
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planning. Therefore, taking the cutting direction angle 𝜃 as the similarity of the surface division 

criteria, that is, the clustering criteria of the mold cavity surface, is in line with the theory and 

practice [12, 13]. 

3.2.1 Clustering criteria of mold cavity surface 

For each point on the surface, according to its surface condition and the set residual height, the 
cutting bandwidth W is different in different cutting directions. In the parameter plane, set 𝑃 =
 𝑆( 𝑢, 𝑣) as the parameter equation of the target surface, take the cutting point 𝑃0  =  𝑆( 𝑢0, 𝑣0) as the 

pole, and take the principal curvature direction corresponding to d as the polar axis to establish a 
polar coordinate system, as shown in Figure 1. In this coordinate system, establish the function of 

cutting bandwidth W and cutting direction angle 𝜃 (3): 

𝑊 = 2√2𝑅ℎ√
1

1−𝑅(𝑘1𝑐𝑜𝑠2−𝜃+𝑘2𝑠𝑖𝑛2−𝜃)
                                        (3.3) 

Where, R is the tool radius; h is the set residual height; k1 and k2 are two principal curvatures and 

k1 > k2; θ is the included angle between the cutting direction and the principal curvature direction 

corresponding to k2. The image of this function in the polar coordinate system is shown in Figure 

1. The direction with the largest polar diameter is the cutting direction with the largest cutting 

bandwidth. 

 
 

Figure 1: Relationship between cutting bandwidth and cutting direction angle. 

 
According to formula (3.3), for a given cutting point and residual height, the cutting bandwidth is 

completely determined by the cutting direction. For any reference point on the surface, the cutting 
bandwidth map at that point can be obtained according to formula (3.3), so that the cutting 

bandwidth map of all points on the surface can be obtained, and the corresponding cutting 
direction of each point can be obtained under the condition that the maximum cutting bandwidth 
of each point is guaranteed. 

The cutting direction of discrete points on the surface is the index of surface partition. 
According to the difference of the effective cutting direction angle θ of the surface, the discrete 
points on the surface are clustered according to the k-means clustering algorithm, and the mold 

cavity surface is segmented according to the clustering of the points [14]. 

3.2.2 Fragmentation based on k-means clustering 

When k-means clustering is applied to the actual division of mold cavity surface, new problems 
arise. Because the mold cavity surface processing is to solve the problem of optimizing the 
processing direction, and the positive and negative directions of the cutting direction angle θ are 

the better cutting bandwidth directions, as shown in Figure 1, how to select θ becomes the key to 
solve the problem. Therefore, the clustering algorithm still needs to be improved when it is applied 
to the machining process of mold cavity surface [15]. 

Two key problems need to be solved when applying the traditional k-means clustering 
algorithm to surface segmentation: first, the data is the representation of the optimal cutting 

direction, because there are two optimal direction angles for each point, and the angle is periodic, 
and the difference is π, which is difficult to express with traditional vector or scalar; The second is 
the definition of the distance between data, which is derived from the first question. The "distance" 
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in the two opposite directions should be defined as 0, so the traditional definition is not applicable. 
Therefore, it is necessary to redefine k-means clustering according to the cutting bandwidth 

function [16 -19]. 

Due to the complexity of mold cavity processing, if the divided processing areas are too many 

or too small to be processed as a surface piece after surface segmentation, the divided processing 
areas should be optimized and classified. Here, the optimization index of the surface is used as the 
index of surface optimization and merging [20]. 

3.2.3 Optimizable index of surface patches 

K-means clustering divides the mold cavity surface into a series of small processing areas. If the 
total length of a divided small machining area along the optimal cutting direction of the surface is 

not significantly different from the total length of the machining path in the worst cutting direction 
of the surface, it means that the machining paths in each cutting direction of the area are 

equivalent, and the area has very small space for optimization. Therefore, we cannot consider the 
cutting direction of the region but consider how to optimize the region and the adjacent region to 
process the region more conveniently. In this paper, the optimization index of surface patches is 

proposed. 

For any point P0  =  S( u0, v0) on the surface, it can be seen from the function diagram of cutting 

bandwidth and cutting direction angle (see Figure 1) that when θ=90° and θ=0°, the cutting 
bandwidth along the local optimal cutting direction and the cutting bandwidth along the local worst 
cutting direction at this point can be calculated, which are referred to as the optimal bandwidth 

and the worst bandwidth, respectively, Wa and Wb, as shown in Formula (3.4) and (3.5). 

𝑊𝑎 = 2√2𝑅ℎ√
1

1−𝑘2𝑅
                                         (3.4) 

𝑊𝑏 = 2√2𝑅ℎ√
1

1−𝑘1𝑅
                                         (3.5) 

Definition Assuming that the surface is discretized into n reference points, the optimal bandwidth 

and the worst bandwidth of the i point on the surface are Wi
a and Wi

b, respectively, and equation 

(3.6) is the surface's optimization index. 

𝜂 =
∑ 𝑊𝑖

𝑎𝑛

𝑖=1

∑ 𝑊𝑖
𝑏

𝑛

𝑖=1

                                                (3.6) 

3.3 Cavity Milling Stability Prediction Algorithm 

The milling SLD can be generated by the semi-discrete algorithm, but in the process of cavity 

milling, due to the existence of the non-linear machining path, the cutting angle and the cutting 
angle of the milling cutter teeth and the work piece will change with the machining path from 
mutual contact to separation, resulting in the inability to directly apply the SLD to select the final 

machining parameters. In consideration of this feature in cavity milling, the treatment method for 
judging the stability problem in the NC cavity milling process is shown in Figure 2. Without losing 
generality, the following will take the typical corner machining in CNC cavity milling as an example 

for subsequent analysis.  

As shown in Figure 2, firstly, the SLD matrix is obtained from the meshing information, modal 

parameters and spindle speed of the tool-work piece along the machining path. In the process of 
milling, when the cutting thickness is constant, the critical axial cutting depth of milling will remain 
constant; When the cutting path is a curve or the cut-in and cut-out angles change due to the 

change of cutting thickness, for a given milling device, the critical axial cutting depth matrix that 
changes with the machining path at a certain spindle speed can be obtained. 
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Figure 2: Stability prediction algorithm based on milling path. 

 
Secondly, the contact condition between the tool and the work piece can be calculated according to 

the boundary information of the geometric model. The cut in angle, cut out angle and axial cut 
depth are simulated by CAM software. 

Finally, the critical axial cutting depth along the path can be calculated by the milling chatter 
stability prediction algorithm, and then it is compared with the axial cutting depth selected in the 
machining process. If the selected axial shear depth is greater than the critical axial shear depth, 

flutter will occur; otherwise, the milling process is stable. When it is predicted that there will be 
chatter in the processing process, the processing parameters can be adjusted in advance, and then 
the processing parameters after the processing state changes can be recalculated. Compare the 

axial cutting depth and critical axial cutting depth again until the occurrence of chatter can be 
avoided by using new process parameters. In this way, it can avoid the repeated calculation of 

SLD caused by the change of meshing condition between tools and work piece caused by the 
change of tool path during the process planning of cavity milling. 

4 RESULT ANALYSIS 

In order to verify the effectiveness of the algorithm for path planning of complex surface of mold 
cavity based on k-means clustering, an experimental study was carried out on seat cavity surface 
for three-axis machining in view of the experimental conditions. According to the clustering 

algorithm, the number of clusters k should be determined first. The usual approach is to take the 

case of k=1, k=2, k=3, and calculate the objective function J according to formula (3.2), and 

observe the numerical relationship between J and k. For a certain number k, if J changes little 
when k>k, then k is the best number of clusters. For a given surface, the number of clusters is 2, 
and the surface is divided into 4 separate regions. Too few clusters will lose the advantages of the 

partition, and too many clusters will complicate the trajectory planning. The tool cutting path of 
each partition after clustering is generated by the equal residual height method, with the edge as 

the initial trajectory, and the tool path direction in different regions is different. 
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4.1 Experimental Conditions 

Experimental equipment: MAKINO FNC vertical machining center. Semi-finishing tool: Φ 10 Ball 

head knife (high speed steel). Work piece material: steel quenched and tempered (HRC35-37). 
Work piece machining surface size: 150 mm × 200 mm. The path is generated by the equal 

residual height method. See Table 1 for processing parameters. 
 

Spindle 

speed/( r·min 
-1 ) 

Feed rate/( 

mm·min -1 ) 

Tool 

diameter/mm 

Residual 

allowance/mm 

Processing 

accuracy/mm 

1500 400 10 0.05 0.01 

 

Table 1: Semi-finishing parameters. 

4.2 Experimental Results 

From the surface quality after processing, it can be seen that the surface brightness of partitioned 
processing is better and the residual height is more uniform. In order to compare the processing 

efficiency before and after slicing, the generated trajectory is simulated, and the length of the 
trajectory and processing time are calculated. It can be seen from Table 2 that the length of the 
track line after slicing is reduced by 16.7% and the processing time is reduced by 17%. 

 

Processing method Total length of track line/mm Processing time/s 

Slice processing 30 139. 5 3 755 
Traditional processing 36 167. 5 4 515 

 

Table 2: Comparison between slicing and traditional processing methods. 

4.3 Cavity Milling Chatter Prediction Test 

Since the stability problem of the semi-discrete algorithm when it is used for straight cutting has 

been verified, the stability at the corner of the cavity milling will be predicted, and then verified by 
the experiment. 

Whether chatter occurs in the milling process is often judged by observing whether there are 
vibration lines on the surface of the work piece, or by investigating the amplitude spectrum 
components of the cutting force after Fourier transform. It has been proved that due to the 

complexity of the milling process, accurate results cannot be obtained by judging the occurrence of 
chatter through the spectrum component of milling force. The research on milling chatter also 

shows that the performance of chatter frequency when chatter occurs is not obvious. Therefore, 
the flutter test at the corner is mainly determined by the vibration pattern, and the cutting force 
and its spectrum during the test are used [21]. 

According to the test parameters, the flutter stability diagram during processing is obtained 
(Figure 3). According to Figure 3, we choose the spindle speed of 14000r/min and 17500r/min, 
and other processing parameters are the same. When the milling cutter enters the corner, the 

radial cutting depth of the cutter will increase, resulting in a decrease in the axial critical stable 
cutting depth. When the milling cutter enters the corner, the radial cutting depth will increase, 

resulting in the gradual decrease of the cutting angle of the cutter.  

According to the relationship between the milling path and the change of the cut in and cut out 
angles with the path as shown in Figure 4, the results predicted by the stability algorithm are as 

follows: When the spindle speed is 14000r/min, when the milling cutter passes the corner, the cut 
in angle decreases first and then increases. When the cutting angle is less than 1.78rad and the 
critical axial cutting depth is less than 3mm (Figure 5), the milling process will produce chatter. As 

the machining proceeds, when the cutting angle gradually increases from the minimum value and 
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exceeds 1.78 rad, the critical axial cutting depth will be greater than 3 mm, and the chatter will 
gradually disappear. Therefore, when the spindle speed is 14000r/min, the cutting process is 

stable at the straight cutting path, and there will be chatter when machining at the corner. When 
the spindle speed is 17500r/min, it can be seen from Figure 5 that the critical axial cutting depth is 

always greater than 3mm no matter how the cutting angle changes. Therefore, the whole 
machining process is stable. 
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Figure 3: Diagram of milling stable blade. 
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Figure 4: The change of the cutting angle and the cutting angle with the stroke of the milling 
cutter entering the corner. 

 
The above two sets of process parameters are used for milling test. From the vibration pattern at 

the corner, it can be seen that chatter occurs after the milling cutter enters the corner. The main 
difference between the chatter part and the straight cutting part is that the cutting force spectrum 

in the X-direction of the corner part is 933.8Hz, which is 4 times of the spindle rotation frequency.  

Compared with linear tool walking, the amplitude of spindle rotation frequency 233.2Hz is also 
significantly increased. The milling force in X direction is not large during machining. The main 

shaft passing frequency and its harmonic frequency are quite different from the natural 
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frequencies in the X and Y directions of the main shaft system. Therefore, when the milling cutter 
passes the corner, in addition to the obvious increase in the amplitude of the main shaft rotation 

frequency, the second harmonic of the cutter tooth passing frequency 466.7 Hz is obvious [22]. 
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Figure 5: Relationship between axial critical cutting depth and cut in and cut out angles. 

 

According to the prediction results of the algorithm, there is no chatter in the whole machining 
process. The milling surface is smooth without chatter, which is consistent with the predicted 
results. From the time domain and spectrum diagram, compared with the frequency component at 

the straight cutting path, the frequency component at the X-direction of the corner is 291.7Hz, the 
spindle rotation frequency is 291.7Hz, and the double frequency of the spindle rotation speed is 
584.7Hz and the triple frequency is 876.5Hz, but there is no obvious flutter frequency excited in 

the spectrum diagram of the milling force. 

5 CONCLUSION 

1) Based on the k-means clustering method, we can successfully realize the slicing of complex 
mold cavity surface by introducing the optimization index, which enhances the robustness of 
this algorithm and provides a theoretical basis for mold cavity slicing. 

2) In the process of slicing complex surfaces, we can effectively divide the regions with similar 
cutting states based on the cutting bandwidth of the surface as the basis of clustering. 
Therefore, in the subsequent processing, the cutting state changes less, the cutting force is 

more stable, and the tool life and surface quality are improved. 
3) After the k-means clustering method is used for slicing, for each region, we can more 

conveniently plan the path according to the optimal cutting direction, effectively reduce the 
length of the processing path and processing time and improve the processing efficiency and 
quality. 

4) The author discretized the stable lobe figure obtained by the semi-discrete algorithm, and 
obtained the axial critical cutting depth array that varies with the cut-in angle and cut-out 
angle at a certain speed. We extract the machining parameters from the NC code according to 

the machining geometry model and compare the axial cutting depth with the critical cutting 
depth at a certain speed. If the axial cutting depth extracted from the NC machining code is 

greater than the critical axial cutting depth, chatter will occur; On the contrary, the validity of 
this algorithm has been verified by experiments in cavity milling. In more complex machining 
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paths, this method can also predict the chatter that may occur during the machining process 
during the process planning, and then avoid the chatter by modifying the machining 

parameters. 
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