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To shorten lead times for die fabrication, electrical discharge machining is being replaced with cutting. However, 
it is difficult to achieve the necessary accuracy when using cutting tools with long extrusion lengths due to chatter 
and machining remains. To ensure accuracy, cutting and measurement are repeated until satisfactory cutting 
conditions are achieved. To address this problem, we have developed a technique that analyzes profile error and 
surface roughness before machining by simulating dynamic vibration of the tool. This technique revealed that there 
is a condition where both chatter and profile error are suppressed, allowing for high speed machining of deep die 
molds with the necessary accuracy, without the need to repeat the same process in production.

Key Words: cutting, machining simulation, profile error, chatter, edge force

Study on Machining Accuracy Analysis of Deep Die Mold Cutting*1

1.  Introduction
Die molds are used for mass production in a wide 

range of fields including automobile parts and home 
appliances, and high machining accuracy and rapid 
production are required. For die molds that are machined 
using a tool with tool length that is long compared to the 
tool diameter, in other words a tool that has a high aspect 
ratio (hereafter, such die molds are referred to as “deep 
die molds”), the tool stiffness is low, and profile error 
and other machining failures occur easily as a result of 
chatter and machining remains. For this reason, a method 
is needed which can predict the machining results in 
advance and estimate the optimal machining conditions. 
In this report, machining of deep die molds by cutting 
using an end mill is referred to as “deep die mold cutting” 
(Fig. 1), and “tool” refers to an end mill.

Among the machining failures resulting from high 
aspect ratio tools, studies have been conducted of the 
chatter phenomenon for many years1). In the 1990s, a 
method was developed to calculate analytical solutions 
for the stability limit at high speed by considering chatter 
during end milling as a periodic function and focusing on 
whether or not the vibration is diverged2). Based on this, 
many studies were conducted3) - 5); however, the analysis 
method in Reference 2) does not consider non-linearity 
resulting from intermittent cutting6). In Reference 7), 
when intermittency is considered and the stability lobe 
diagram (SLD) is found, the result shows the formation of 

a new stable area where chatter does not occur7); however, 
the study does not indicate any difference in effectiveness 
compared to previous stable areas.

*1 �This paper was created based on Volume. 85, issue 11 (2019) 
pp. 976-981 of the Journal of the Japan Society for Precision 
Engineering.
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Fig. 1  Die machining schematic diagram

While many studies have been conducted regarding 
profile error8) - 10), because these studies used a static 
deflection model, it is not possible to also predict chatter 
stability at the same time.

From this background, it can be seen that chatter 
occurring as a result of tool vibration and profile error 
occurring as a result of static deflection of the tool caused 
by cutting force were handled as separate, independent 
problems. As a result, the method used to keep profile 
error within the required value in the deep die mold 
cutting workplace involves first using the SLD to decide 
a spindle speed that avoids chatter, then lowering cutting 
efficiency and reducing cutting force. However, there are 
also cases when profile error is not reduced even when 
the cutting efficiency is lowered. In order to explain this 
phenomenon, it is necessary to consider the timing when 
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the machined surface is generated, meaning the phase in 
the tool vibration. According to this concept, it is possible 
to estimate chatter and profile error at the same time and 
find the optimal machining conditions for deep die molds.

In this study, a simulator was constructed that 
simultaneously analyzes chatter and profile error. This 
analysis applies to the contour machining which is 
widely used as a die mold machining method, and in 
order to calculate cutting force with high accuracy, the 
logic incorporates elastic and plastic deformation contact 
(ploughing)11) which does not produce cutting chips. In 
other words, it calculates the areas where only edge force 
is generated as a result of workpiece elastic deformation 
and friction when the tool contacts the workpiece 
according to the tool shape, and a model that is close to 
actual machining is created. The validity of this simulator 
was verified by machining experiments.

2.  Theoretical Analysis
This section describes the method of estimating the 

cutting phenomenon with deep die mold cutting, and the 
creation of a model for it. With cutting of deep die molds, 
because the tool extrusion length is longer than ordinary 
cutting, tool stiffness is low and vibration is dominated 
by the first mode of the tool. Because the die mold 
requires durability, hardened steel or other high-hardness 
steel is often used, resulting in large cutting force and 
making chatter and tool chipping likely to occur. As a 
countermeasure to this, reducing the amount removed by 
one tooth shortens the time the tool is in contact with the 
workpiece. This means that cutting force is produced only 
instantaneously.

The simulator is composed of the four modules shown 
in Fig. 2. These are the actual depth of cut calculation 
module that finds the actual depth of cut from the 
conditions of tool and workpiece contact, the cutting force 
calculation module that calculates the cutting force from 
the actual depth of cut, the tool deformation calculation 
module that calculates the tool deformation conditions 

Coupled 
analysis 

Surface 
profile

Depth of cut

h

Cutting force

Workpiece

Tool
F

Deformation

Fx

Tool deformation error analysis

Input
Cutting conditions, Material properties, Tool characteristics

Output
Tool dynamic behavior, Profile accuracy, Surface roughness

Fig. 2  Machining simulator schematic diagram

from the cutting force, and the surface profile calculation 
module that finds the cut surface profile from the tool 
cutting-edge path. By combining the inputs and outputs 
of each module and performing coupled analysis, chatter 
and profile error can be analyzed simultaneously.

2. 1 Actual Depth of Cut Calculation Module
The calculation of actual depth of cut calculates the 

conditions of contact between the tool cutting edge and 
workpiece sequentially. First, the tool is divided in the 
tool axial direction using minute lengths Dz , and the 
actual depth of cut h , which is the amount of tool and 
workpiece contact, is calculated for each minute section.

Next, actual depth of cut h  for a particular minute 
section is calculated as shown below (Fig. 3). First the 
tool center coordinate Pt is obtained by adding the tool 
deformation amount x due to vibration to the commanded 
tool position Pc. Coordinate rotation is performed of tool 
shape s at that Z position using tool rotation phase h, and 
when tool center coordinate Pt are added, cutting edge 
coordinate Pe is calculated from Formulas ⑴ and ⑵,as 
shown in Fig. 3.
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Fig. 3  Tool edge position

⑴eP cP Rsx＝ ＋ ＋

⑵R＝
－cosh

sin h
sin h
cosh

The line connecting cutting edge coordinate Pe and tool 
center coordinate Pt is the tool edge. As shown in Fig. 
4, the actual cutting depth h  is obtained from Formulas 
⑶ and ⑷ by numerically analyzing the intersection Pw 
between the previously generated workpiece machined 
surface curve Cw and the tool edge.
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Fig. 4  Calculation of actual depth of cut

⑶
｜ ｜，－WP eP Dh＝ 0

，D 00h＝ ＜

⑷｜ ｜－ －eP tP ｜ ｜－WP tPD＝

Here, PW is the coordinate vector of the intersection of 
the cutting edge and workpiece, and Pt is the coordinate 
vector of the tool center. D  is the index determining 
contact between the tool and workpiece. A positive 
value indicates tool and workpiece interference. When 
D  is zero, the actual depth of cut h  is zero; however, 
the tool and workpiece are in contact. Therefore, this is 
distinguished from the case where D is less than zero, in 
which the tool is not in contact with the workpiece, and 
as a result, h is zero.

2. 2 Cutting Force Calculation Module
Although the finite element method is sometimes used 

for detailed analysis of the cutting force, because the 
calculation requires much time, it is not suitable for a 
simulation of die mold cutting. Therefore in this study, in 
order to calculate rapidly, the cutting coefficient method is 
used. This method is also used for stability limit analysis 
in ordinary frequency areas.

When cutting force per unit width in orthogonal cutting 
is F0, then F0 is given by Formula ⑸.

⑸＋cK h eK0F ＝

Here, Kc is the cutting force coefficient involved in 
cutting chip generation, and is also called the specific 
cutting force. Cutting force is the force required to cause 
plastic deformation of the workpiece mainly at the shear 
plane, and is proportional to actual depth of cut h. Ke is 
the edge force coefficient. This edge force is frequently 
ignored for stability limit analysis in frequency areas. 
However, with deep die mold cutting, because the radial 
direction depth of cut ae and axial direction depth of 
cut ap are both small, edge force accounts for a larger 
percentage of cutting force and must be considered.

This simulator finds cutting force as shown below. 

Cutting force is calculated based on Formula ⑸ for each 
of the minute sections that were defined above, and then 
integrated along cutting edge curve C  to find cutting 
force F acting on the tool. Here, cutting edge curve C is 
the edge length that generates cutting chips. An ordinary 
tool shape is shown in Fig. 5. Because the tool contains a 
straight area that is parallel to the tool axis, with contour 
machining, the contact conditions change according to 
the relationship between the axial direction depth of cut 
ap and tool straight area length LS as shown in Fig. 6 (a) 
and (b). In particular, with deep die mold cutting, ap is 
frequently reduced, leading to the condition of ap < LS 
shown in Fig. 6 (b). Under this condition, because cutting 
was completed at the previous Z axis cut, the removed 
volume is zero. However, an area of contact between the 
workpiece and tool exists.

Therefore, the cutting force F  needs to be integrated 
along the cutting edge curve C', which includes the tool 
straight area, rather than just considering the cutting edge 
length contributing to chip generation (Fig. 6 (c)). Here, 
when the edge curve corresponding to the tool straight 
area is CLS and the edge curve corresponding to the axial 
direction depth of cut is Cap, then F and C' are expressed 
by Formulas ⑹ and ⑺, respectively (Fig. 6 (d), (e)).

⑹＋∫（ ），c

C '

K h eK dCF＝

⑺
＋ － （ ）LSC SLap pC aC ＝'
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＜
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Fig. 5  Tool shape
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Fig. 6  Calculation range of cut
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Fig. 7  Error calculation of machined surface
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2. 3 Tool Deformation Calculation Module
The calculation of tool deformation requires a transfer 

function of vibration characteristics in the tool system, 
and in this study it was acquired by a hammering  
experiment. Mass m, viscous damping coefficient c, and  
stiffness k of the transfer function are found by fitting the 
transfer function to a curve assuming damping vibration 
with one degree of freedom. Tool deformation is found by 
solving the equation of motion in Formula ⑻.

⑻x ＝̈
̇－ －

（ ）t （ ）t （ ）tcx kxF
m

2. 4 Estimation of Cut Surface Error Module
As shown in Fig. 7, the tool path of each tooth is 

transferred to the cut surface. In order to estimate cut 
surface profile error, first the bottommost point of the path 
for each cut by each tooth wi is extracted. Cut surface 
profile error is evaluated using the two parameters of 
profile error index and surface roughness index shown 
in Fig. 8. The profile error index is the distance from 
the theoretical cut surface to the minimum machining 
remains w min. The surface roughness index is the 
difference between the maximum machining remains 
wmax and minimum machining remains wmin. The optimal 
conditions are the conditions which minimize both 
indexes.

3.  �Verification of Theoretical Analysis and  
Experimental Results

3. 1 �Machining Conditions Visualization 
Experiment

In order to check whether the tool is vibrated during 
machining and vibration is actually occurring at the 
tool system natural frequency, the machining conditions 
were made visible using the high speed camera and 
dynamometer shown in Fig. 9. The tool used was a 
deep die mold cutting tool with an aspect ratio of 9, and 
machining was performed under machining conditions 
equivalent to the deep die mold cutting in Table 1. The 
tool was imaged with the high speed camera during 
machining, and the tool behavior was analyzed from that 
video to find the tool vibration state. The dynamometer 
also measured the cutting force synchronized with 
imaging by the high speed camera.

Fig. 9  Experiment setup
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Table 1  Machining conditions Table 2  Machining conditions

The results of the visualization experiments are shown 
in Fig. 10. Cutting force was generated at the point where 
the tool deflection was approximately 0.04 mm, and then 
deflection increased to around 0.07 mm. As a result, it is 
presumed that the profile error of deep die mold cutting is 
caused not by the static deflection of the tool determined 
by average cutting force during machining, but rather by 
vibration as the tool is machining. Therefore, in addition 
to reducing the average cutting force, profile error can 
also be reduced by adjusting the spindle speed to control 
the phase of tool vibration at which the cutting edge 
contacts the workpiece.

Work material Tool steel (60 HRC)

Tool
Bullnose endmill (20 mm 
diameter, 180 mm extrusion)

Spindle speed 4 000 min－ 1

Radial depth of cut 0.15 mm
Feed rate 1 200 mm/min
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Fig. 10  Tool deflection and cutting force

3. 2 �Analysis of Surface Roughness and Profile 
Error, and Verification by Comparison with 
Actual Measurement

In order to verify the reduction in profile error resulting 
from adjustment of spindle speed, machining experiments 
were performed while varying the spindle speed under the 
machining conditions shown in Table 2. Workpiece after 
machining was measured and the surface roughness index 
and profile error index were found. Using a development 
method, the error was analyzed under the same conditions 
as the machining experiment. The comparison is shown 
in Fig. 11. Figure 12 shows the tool vibration and 
machining phase difference found for each spindle speed. 
For the phase difference of tool vibration and machining, 
the part below the decimal point in the ratio of the 
machining cycle (tooth passing period) for each tooth 
relative to the tool natural vibration cycle was converted 
to the phase and indicated in the range of ±180°.

Figure 11 shows that in the area around 6 000 min−1 
spindle speed, the surface roughness index found using 
the development method is small, and it can be presumed 
that chatter does not occur; however, the profile error 
index is larger. In addition, Fig. 12 shows that at a spindle 
speed around 6 000 min−1, the phase difference of tool 
vibration and machining is around 0°, meaning that 
the machining cycle for each tooth is approximately an 
integer multiple of the tool vibration cycle.

In contrast, it can be seen that the optimal area 
determined by the development method is around the 5 
000 min−1 spindle speed in Fig. 11. The range of rotation 
speed in this area is narrow, meaning that robustness 
is low; however, analysis shows that both the surface 
roughness index and profile error index are small and the 
machining results are good. Plotting the actual measured 
values shows the same trend. Figure 12 also shows that 
under these machining conditions, the phase difference of 
tool vibration and machining is around 180°. This means 
that tool deflection is close to zero, producing good 

Work material Tool steel (60 HRC)

Tool
Bullnose endmill (20 mm 
diameter, 180 mm extrusion)

Spindle speed 4 000～ 8 300 min－ 1

Radial depth of cut 0.15 mm
Feed rate 1 200～ 2 490 mm/min

Fig. 11  Comparison of measured and simulated error
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machining results.

4.  Conclusion
In this study, a simulator was constructed that 

simultaneously analyzes chatter and profi le error in a time 
domain during finishing machining of deep die molds. 
This showed that both surface roughness and profi le error 
conditions are good at a phase diff erence of tool vibration 
and machining of approximately 180°.
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