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The solution of the direct problem deal with the determination of 
helical groove surface for a given wheel profile is based on 
condition of contact between the two surfaces that the relative 
velocity of the surfaces at the contact points must be orthogonal to 
the normal vector:  

1. Introduction 
 

Ball end mills are widely used in industry for high speed 
milling operation and machining three dimensional complicated 
surfaces, such as molds, sculptured dies, turbine blades and 
aerospace parts… Many kinds of ball end mill with various shapes 
and dimensions have been developed. Much work has been carried 
out on mathematical models for helical groove machining and the 
cutting edge curve of the cutting tool [1-4]. This paper presents 
about modeling and simulation for manufacturing of ball end mill 
using 5-axis CNC machine. Fig.1 shows the configuration of 5-
axis CNC machine for manufacturing of ball end mill, which 
has 5 degrees of freedom: three axes in translation (X, Y, Z) and 
two axes in rotation (A, W). The computer program is developed to 
define the tool shapes of ball end mills, wheel geometry and 
generate the grinding location (GL) data of each grinding process.  
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            (4) 
where V  and N are relative velocity of the surface and normal 
vector of tool surface. Fig.2 shows the simulation result of cross 
section of helical flute on the cylindrical part. 
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 Fig. 2. Cross section of helical flute (back view) 
 

Fig. 3 (a), (b) and (c) show geometry of ball end mill including 
cutting edge curve, rake face and clearance face. The points M on 
cutting edge curve can be expressed as a function of helix 
angleα and rotation angleϕ as following equations [4]: 

 
 
 

Fig. 1  5-axis CNC machine for manufacturing of ball end mill 
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2.  Modeling of ba l end mill grinding l 
The surfaces of a ball end mill are composed of cylindrical part 

and spherical part. The cutting edge curve is formed by spiral 
curves which are located on the cylindrical and spherical surfaces 
respectively. To calculate and simulate helical flute grinding 
process, a coordinate system attached to the ball end mill is 
employed, the points of helical groove surface can be expressed 
by ),,( TTTT ZYXR , and the points on wheel surface profile can 

be expressed by ),,( WWWW ZYXR  in coordinate system of 
grinding wheel. Transformation of coordinate system from (XT, YT, 
ZT) to (XW, YW, ZW) can be expressed as: 

where sk αtan= , R and sα are radius and helix angle of the 
cylindrical end mill. Fig. 3 (d) shows calculated results of cutting 
edge curve with the changing of α andϕ . In the ball grinding 
processes, in order to form a spiral cutting edge, the contact point 
between the grinding wheel and the cutting edge curve should 
move along the cutting edge curve. 

Fig. 4 shows an illustration for grinding the first clearance face 
of the ball end mill. The grinding process starts at point S. During 
the grinding process, the movements of grinding wheel are complex, 
multi-axis control are required (X, Y, Z, A, W). At final position, 
the grinding wheel contacts with the machined surface of ball end 
mill at grinding point E on the wheel surface. Fig. 5 shows 
relative position between ball end mill and grinding wheel. 
The relative positions between grinding wheel and ball end mill 
are controlled by the combination of movements of five axes to 
perform complex grinding processes. At the contact points between 
ball end mill and wheel surfaces, three following conditions must 
be satisfied: 
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Therefore: 
          (2) 0ZYXF TTT =),,( 0mZYXF WWW =),,,(
Equation for family surfaces can be expressed by: 

   [ ),,,,(,),,,( mZYXfmZYXfF wwwywwwx   
       (3) ( ] 0mZYXf wwwz =),,,(

    ),,(),,( WWWWTTTT ZYXRZYXR =          (6) 
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Fig. 3 Geometry of the ball part 

 

 

 

 

 

 

Fig. 4. Scheme for grinding the first clearance face of the ball part 

 
 
 
 
 

 

 

Fig. 5 Relative position between ball end mill and wheel  

The relative velocity of the surfaces at the contact points must be 
orthogonal to the normal vector, when the relative movements are 
combination of complex motions such as 21 VVV += , the 
condition at contact points becomes: 
    0VNVNVN 21 =+=Σ         (7) 
To avoid over cutting and non-cutting situations, the relative 
velocity in normal direction at grinding points must satisfy: 

0
dn
NdVN ==              (8) 

Fig.6 displays an explanation of relative movement between 
ball end mill and wheel in ball part grinding processes. The 
position of point M can be represented as: 

   ( )),(),,(),,(),( vuZvuYvuXvuR =       (9) 

 
 

 

 

 

 
 

 

 

 

Fig. 6 Movement of wheel in grinding processes. 

Considering tangential surface, normal vector at a point in surface,  
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Normal vector at M can be calculated as:  
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3. Simulation of ball end mill grinding. 

The NC codes which include initial and final position of each 
axis for all grinding processes of ball end mill are calculated and 
generated from the software and then will be used to simulate all 
grinding processes in 3D by using Vericut as shown in Fig. 7  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Simulation result of ball end mill grinding.   
4. Conclusion. 

The modeling and simulation for manufacturing of ball end 
mill presented in this paper provide a practical and efficiency 
method to develop the computer software for designing, predicting 
ball end mill geometry before machining, and manufacturing of ball 
end mill using 5-axis CNC grinding machine.   
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