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Abstract
Ball end mills have complex geometry. The precision CNC grinding of the cutting edge on the spherical surface is a big 
challenge for the tool manufacturers. Regarding the design cutting edge, we propose a cutting-edge design model in which 
the cutting edge can be offset along the spherical surface. To improve the accuracy of this model, the twist drill chisel-edge 
was also introduced into this design model of cutting edge. Then, referring to the toolpath calculation method of complex 
surface machining, we established a method for grinding the rake face of the ball end mill using a 1A1 standard wheel. For 
the clearance of the ball end mill, we developed a method to grind the clearance of the ball end mill using an 11V9 standard 
wheel. Finally, the design model of cutting edge, grinding models of rake face, and clearance were verified by simulations and 
experiments, respectively. The results show the proposed cutting-edge model has a better profile tolerance. The intersection 
line between the rake face and clearance coincides with the design’s cutting edge. These prove the effectiveness of methods.
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1  Introduction

As we all know, ball end mill was widely used in the man-
ufacturing industry, such as mold and die, aerospace, and 
electronics. The ball end mill includes two parts: the ball 
part and the cylindrical part. The cylindrical part is similar 
to the end mill. The algorithm for the design and manu-
facture of this part is well-developed [1–4]. Although the 
designing and manufacturing of the ball part have been paid 
attention to by scholars, there are still some issues. Accord-
ing to the type of cutting edge, the ball end mill contains 
planar edge ball end mill and helical edge ball end mill. The 
cutting edge of the plane edge ball end mill is formed by 
the intersection of the spherical surface and plane through 
the axis of the spherical surface. The helical edge is built in 
more complex ways. The cutting edge is the intersection of 
the helical surface and the spherical surface or the spherical 
curve with constant pitch and helix angle. Hien Nguyen et al. 
[5] derived a cutting-edge curve with an equal pitch on the 
spherical surface. This curve has a constant ratio of axial 

motion speed to radial rotation speed. Chen et al. [6] estab-
lished a cutting-edge curve with an equal helix angle, which 
is defined as the angle between the tangent of the edge and 
the tangent of the generatrix that generates the tool’s rotat-
ing surface. Lin et al. [7] also built a cutting-edge curve with 
an equal helix angle, which is defined as the angle between 
the tangent of the edge and the axis of the spherical surface. 
Yi Lu et al. [8] established the cutting-edge curve by the 
intersection of the vertical line and the spherical surface. 
The cutting edge of the above model must be over the vertex 
of the spherical surface. However, the cutting edge of the 
ball end mill has an offset distance in practice. Therefore, a 
cutting-edge model with offset distance was proposed [8]. 
The profile tolerance of this cutting-edge is weak at the ver-
tex of the ball.

The intersection of the clearance and rake face is the cut-
ting edge. The grinding trajectory of the rake face and clear-
ance is very important to the manufacturing model, which 
significantly affects the profile tolerance of the ball end mill. 
Adjustment of the axial speed, radial speed, and compensa-
tory operation of the wheel is made to grind the ball end mill 
in a two-axis NC machine [9]. However, using this method 
to grind the ball end mill, we require compensation of grind-
ing path based on the simulation result, and it is difficult 
to grind the designed cutting edge directly. Taking advan-
tage of the developable surfaces, many scholars brought 
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the developable surface into the design and manufacturing 
model of ball end mills. Taking the constant lead cutting 
edge as an example, Hein Nguyen et al. [5] established the 
developable rake face and the developable clearance. Then, 
he built the method of grinding the rake face with a 1A1 
wheel and the method of grinding the clearance face with 
an 11V9 wheel. For other cutting edges, it is difficult to meet 
the requirements of the developable surface, so it limits the 
popularization and application of the method directly. Xiong 
et al. [10] ground the rake face of a tapered ball end mill 
along the frenet frame of the cutting edge. The width of the 
rake face is determined by the wheel chamfer and the grind-
ing point. Relying on the constant curvature of the spherical 
wheel, Chen et al. [6] ground the rake face of the tapered ball 
end mill with this wheel and reduced the number of machine 
axis required from five to four. Large chamfer wheels and 
spherical wheels are non-standard grinding wheels, making 
them difficult to be popularized for practical applications. 
To strengthen the cutting edge, Ji Wei et al. [11] and Yi Lu 
et al. [12] developed a mathematical model of the chamfer 
of the cutting edge of the ball end mill respectively, which 
belongs to the developable surfaces. The above model has 
lower strength at the vertex part of the ball end mill, because 
the offset distance was not considered. If the offset distance 
is considered, the profile tolerance will be poor at the vertex 
of the ball end mill.

To solve these problems, a novel manufacturing model of 
the ball end mill is proposed in this paper. In Section 2, this 
paper introduces the chisel-edge of twist drill into the ball 
end mill (shown in Fig. 1), which allows the cutting-edge 
of ball end mill to have an offset distance and the ball end 
mill has a better profile tolerance at the same time. Then, 
the method of grinding the rake face and clearance using 
a standard wheel are determined in Section 3. Finally, the 
designed model is verified with grinding experiments and 
simulations in Section 4.

2 � The mathematical model for cutting edge 
and wheel

The profile tolerance of tool is related to the grinding machine. 
It is also influenced by the accuracy of the mathematical 
model. Therefore, an accurate mathematical model is essential. 
In this chapter, the models of the cutting edge are determined.

2.1 � Cutting edge for rake face

As shown in Fig. 2, O-XYZ is the global coordinate system, 
and the Z-axis coincides with the axis of the tool. In this sys-
tem, the edge is expressed as:

where the angle θ is the circumferential angle of the projec-
tion of the point in XOY plane. R

t
 is the radius of the tool, 

is a function of z. It is expressed as:

The helix angle of the cutting edge: the angle between the 
tangent of the edge and the tangent of the generatrix that gen-
erates the tool’s rotating surface. The helix angle is 0 for z = R. 
The helix angle is β0 for z = 0. The helix angle varies linearly 
with z (which can also be non-linear). It can be expressed as:

As we all know, the helix angle is equal to the angle 
between the speed of the cutting edge and the speed along 
the generatrix.

where ds =
�

d2z + d2
√
R2 − z2 . θ is given by:

The space curve frame is essential for this paper. It can 
describe the relative position conveniently. Take any point 
Pi on the cutting edge, we establish a frame Pi-TiBiNi at this 
point. Pi is given by

The Ti is the tangent vector of the cutting edge at Pi point. 
The Ni is the normal vector of the spherical surface at Pi point, 

(1)

⎧
⎪⎨⎪⎩

x = Rt cos �

y = Rt sin �

z = z

(2)Rt =
√
R2 − z2

(3)�(z) =
R − z

R
�0

(4)tan β(z) =

√
R
2 − z2

dθ

dt

ds

dt

=

√
R
2 − z2dθ

ds

(5)� = ∫
z

0

tan(�(z))
R

R2 − z2
dz

(6)P =
[
xp yp zp

]T

Fig. 1   The twist drill chisel-edge and ball end mill
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direction from inside the ball to outside the ball. We define the 
binormal vector Bi as the vector product of Ti and Ni.

To get the cutting-edge curve with an offset distance, the 
cutting edge curve moves the distance d along the geodesic 
curve of the spherical surface in this paper. It is known from 
differential geometry, the geodesic curve of the spherical 
surface is a circle whose radius is R and passes through the 
selected point. The cutting edge curve with offset can be 
expressed as

where �
1
= d∕

R
 . From Appendix A, curve R1(θ) has the 

same tangent vector as the original curve R(θ). Take any 
point Pi0 on the cutting edge, we establish a frame Pi0-Ti0B-
i0Ni0 at this point. Pi0 is given by

The Ti0 is the tangent vector of the cutting edge R1 at Pi0 
point. The Ni0 is the normal vector of the spherical surface 
at Pi0 point, direction from inside the ball to outside the ball. 
We define the binormal vector Bi0 as the vector product of 
Ti0 and Ni0. According to the relationship between the global 
coordinate system and the frame Pi0-Ti0Bi0Ni0, we can get 
the rotational matrix M1 and the translational matrix R1.

(7)�
1(�) = �(�) − R sin �

1
� − R

(
1 − cos �

1

)
�

(8)pi0 =
[
xp0 yp0 zp0

]T

(9)�1 =

⎡
⎢⎢⎢⎣

1 0 0 xp0
0 1 0 yp0
0 0 1 zp0
0 0 0 1

⎤⎥⎥⎥⎦
and �1 =

⎡
⎢⎢⎢⎣

Ti0x Bi0x Ni0x 0

Ti0y Bi0y Ni0y 0

Ti0z Bi0z Ni0z 0

0 0 0 1

⎤⎥⎥⎥⎦

2.2 � Cutting edge for clearance

As the cutting edge moves along the spherical, the cutting 
edge does not pass the vertex of the spherical surface. The 
profile tolerance of the cutting edge at the vertex of the 
spherical surface is poor, this may lead to out-of-tolerance 
of this part. Therefore, the concept of twist drill chisel-
edge is introduced into the model of the clearance in this 
paper. In other words, the cutting-edge curve is modified, 
as shown in Fig. 3. 

⌢

BC is a chisel-edge, where point C is 
the beginning of the chisel-edge and point B is the vertex 
of the spherical surface.

⌢

BC is the intersection line between 
the spherical surface and plane, the plane passes Ti0 at 
point C and ����⃗BC . The distance of point C from the axis of 
Z is RChisel. The property of the spherical surface, 

⌢

BC is a 
part of the circle.

We establish the coordinate system Op-XpYpZp at point 
Op, Xp is parallel to Ti0, Yp is parallel to �������⃗OpC , the vector 
Zp as the vector product of Xp and Yp, Op-XpYpZp satis-
fies the right-hand rule. In this system, 

⌢

BC is expressed as

where the angle �c is the circumferential angle of the projec-
tion of the point in the Op-XpYpZp plane. Along the chisel-
edge curve, we can also obtain the frame and matrix similar 
to the cutting edge.

(10)RBC =

⎡
⎢⎢⎢⎣

xChisel
yChisel
zChisel
1

⎤
⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎣

Xpx Ypx Zpx Opx

Xpy Ypy Zpy Opy

Xpz Ypz Zpz Opz

0 0 0 1

⎤⎥⎥⎥⎦

⎡⎢⎢⎢⎣

Rp sin �c
Rp cos �c

0

1

⎤⎥⎥⎥⎦

Fig. 2   The cutting edge and the 
coordinate system
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2.3 � The coordinate of wheel

To represent the wheel’s revolving surface, a coordinate 
system is established. As shown in Fig. 4, Ow-XwYwZw is 
the coordinate system of wheel, and the Y-axis coincides 
with the axis of wheel. In this system, the surface of wheel 
is expressed as

where the angle �w is the circumferential angle of the projec-
tion of point in OwXwZw plane. Rw is the radius of wheel, is 
a function of y. It is expressed as

(11)

⎧⎪⎨⎪⎩

xw = Rw cos �w
yw = y

zw = Rw sin �w

Fig. 3   The chisel-edge of ball 
end mill

Fig. 4   The coordinate of wheel
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3 � The mathematical model for machining 
ball end mill

This section describes the calculation of the wheel pos-
ture for the rake face and clearance of the ball end mill. 
When machining a surface on a 5-axis machine, the tool 
moves along the curve of the machining surface. The idea 
is applied to calculate the grinding trajectory of ball end 
mills in this paper. In other words, the wheel moves along 
the cutting edge. The rake face is ground with a 1A1 wheel 
(as shown in Fig. 5). The clearance is ground with an 11V9 
wheel (as shown in Fig. 7).

3.1 � The mathematical model for grinding rake face

The procedure of the method that calculates the position of 
wheel is as follows:

Step 1: The cutting edge is discretized into points. The 
number of points affects the simulation and grinding accu-
racy. Then, we can easily calculate the frame at each point.
Any point Pi is selected as the current grinding point of 
the cutting edge.
Step 2: Select any point on the arc chamfer of wheel, we 
define this point as the grinding point G. G can be rep-

Fig. 5   The calculation of wheel position for rake face

(12)Rw =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

Rwmax + R1(sin(arccos
R1−y

R1

) − 1) 0 ≤ y < R1

Rwmax + R1(sin(arccos
y−R1

R1

) − 1) R1 ≤ y < R1(1 + sin 𝜑w)

Rwmax + R1(cos 𝜑w − 1) − (y − R1(sin 𝜑w + 1))tan 𝜑w R1(1 + sin 𝜑w) ≤ y < Lw − R2(1 − sin 𝜑w)

Rwmax + R1(cos 𝜑w − 1) − (Lw − R2(1 − sin 𝜑w)−

R1(sin 𝜑w + 1))tan 𝜑w + R2(sin(arccos
y−(Lw−R2)

R2

) − 1)
Lw − R2(1 − sin 𝜑w) ≤ y ≤ Lw
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resented in the coordinate system of wheel by equation [
xG yG zG

]T (Fig. 5). The angle μ is the angle between 
the normal vector of the G and the axis of wheel, is 
a constant. The initial position of wheel is shown in 
Fig. 5. This position must satisfy the following require-
ments:

a)	 The grinding point G must coincide with Pi that the 
origin of the frame.

b)	 The normal vector of G and the binormal vector Bi 
are collinear.

c)	 The axis of wheel must be in the plane that the plane 
contains Bi, Pi, and Ti.

Fig. 6   Principle of calculating 
the grinding path for the rake 
face
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The rotational matrix R2 and the translational matrix 
M2 describe translation and rotation from Ow-XwYwZw to 
Pi-TiBiNi and are represented by:

Step 3: To get the rake angle on the rake face, we rotate 
the wheel and the frame around Ti by γ together. γ can 
be continuously varied during the grinding process. γ 
is equal to rake angle (for details, see Chapter 4). We 
obtain a new frame Pi1-Ti1Bi1Ni1. Like Step 2, we can 
get the rotational matrix R3, which is given by:

Step 4: The material removal is very high in the above 
wheel position. This affects the strength of the tool. 
At the same time, the wheel collides with the cylindri-
cal part of the ball end mill. Therefore, the wheel and 

(13)M2 =

⎡⎢⎢⎢⎣

1 0 0 xG
0 1 0 yG
0 0 1 zG
0 0 0 1

⎤⎥⎥⎥⎦
and R2 =

⎡⎢⎢⎢⎣

0 sin � cos � 0

0 − cos � sin � 0

1 0 0 0

0 0 0 1

⎤⎥⎥⎥⎦

(14)R3 =

⎡⎢⎢⎢⎣

1 0 0 0

0 cos � − sin � 0

0 sin � cos � 0

0 0 0 1

⎤⎥⎥⎥⎦

the frame are rotated around Ni by λ. The calculation 
method of λ is shown in Appendix B. The new frame is 
defined as Pi2-Ti2Bi2Ni2. Similarly, the rotational matrix 
R4 is represented

The center position of the wheel can be expressed in the 
global coordinate system O-XYZ as

The axis of the wheel can be expressed in the global 
coordinate system O-XYZ as

(15)R4 =

⎡⎢⎢⎢⎣

cos � − sin � 0 0

sin � cos � 0 0

0 0 1 0

0 0 0 1

⎤⎥⎥⎥⎦

(16)

⎡⎢⎢⎢⎣

XCneter

YCenter
ZCenter

0

⎤⎥⎥⎥⎦
= M1 ∙ R1 ∙ R3 ∙ R4 ∙ R2 ∙

⎛⎜⎜⎜⎝
M2 ∙

⎡⎢⎢⎢⎣

xw
yw
zw
1

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

(17)

⎡⎢⎢⎢⎣

XAxis

YAxis
ZAxis
0

⎤⎥⎥⎥⎦
= M1 ∙ R1 ∙ R3 ∙ R4 ∙ R2 ∙

⎛⎜⎜⎜⎝
M2 ∙

⎡⎢⎢⎢⎣

0

1

0

0

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

Fig. 7   The calculation of wheel position for clearance
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Figure 6 shows the process of calculating the trajectory 
of the rake face for the ball end mill.

3.2 � The mathematical model for grinding clearance

As can be known in Section 2, the cutting edge consists of two 
parts: the chisel-edge and the main cutting edge for clearance. 

The chisel-edge is formed by the intersection of the clearance. 
So, the first point of the chisel-edge of the opposite cutting 
edge is the grinding start point. Only in this way, the clearance 
and chisel-edge can be ground together. The procedure of the 
method that calculates the position of wheel is as follows:

Step 1: Same as step 1 of the rake face. The cutting 
edge is discretized into points. Then, we can calculate 

Fig. 8   Principle of calculat-
ing the grinding path for the 
clearance
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the frame at each point. Any point Pi is selected as the 
current grinding point of the cutting edge.
Step 2: Select any point on the arc chamfer of wheel, we 
define this point as the grinding point G. G can be rep-
resented in the coordinate system of wheel by equation [
xG yG zG

]T (Fig. 7). The angle μ is the angle between 
the normal vector of the G and the axis of wheel, is 
a constant. The initial position of wheel is shown in 
Fig. 7. This position must satisfy the following require-
ments:

a)	 The grinding point G must coincide with Pi that the 
origin of the frame.

b)	 The normal vector of G and the binormal vector Ni 
are collinear.

c)	 The axis of wheel must be in the plane that the plane 
contains Ni, Pi, and Ti.

The rotational matrix R5 and the translational matrix 
M5 describe translation and rotation from Ow-XwYwZw to 
Pi-TiBiNi and are represented by

Step 3: To get the relief angle on the clearance, we rotate 
the wheel and the frame together around Ti by α. α can 
be continuously varied during the grinding process. α 
is equal to relief angle (for details, see Chapter 4). We 
obtain a new frame Pi1-Ti1Bi1Ni1. Like Step 2, we can get 
the rotational matrix R6, which is given by

Step 4: Normally, the posture of the wheel can be con-
trolled. The frame Pi1-Ti1Bi1Ni1 and wheel are rotating 
around Ni, and the rotational angle is λ2. λ2 is set by users. 
We obtain a new frame Pi2-Ti2Bi2Ni2. Similarly, the rota-
tional matrix R7 is represented

(18)M5 =

⎡⎢⎢⎢⎣

1 0 0 xG
0 1 0 yG
0 0 1 zG
0 0 0 1

⎤⎥⎥⎥⎦
and R5 =

⎡⎢⎢⎢⎣

0 − sin � − cos � 0

−1 0 0 0

0 cos � − sin � 0

0 0 0 1

⎤⎥⎥⎥⎦

(19)R6 =

⎡⎢⎢⎢⎣

1 0 0 0

0 cos � sin � 0

0 − sin � cos � 0

0 0 0 1

⎤⎥⎥⎥⎦

Table 1   The parameters of the ball end mill

Diameter (mm) Helix (Z = 0) Helix (Z = R) Rake (°) Teeth Radius of chisel (mm) Side 
distance 
(mm)

Case 1 12 30 0 5 2 0.5 0.3
Case2 12 30 0 5 2 1 0.3
Case3 12 30 0 5 2 / 0.3

Tip clearance DisA (mm) DisB (mm) AngleA (°) AngleB (°)
Relief (°) Width (mm)

Case 1 10 1 0.1 1.5 20 10
Case2 10 1 0.1 1.5 20 10
Case3 10 1 0.1 1.5 20 10

Table 2   The parameters of the 
wheel

Grinding process Type Diameter (mm) R1 (mm) R2 (mm) Lw (mm) �
w
(°)

Rake face 1A1 146.64 0.1 0.1 6 -15
Relief 11V9 96.995 0.1 0.1 20 45

Table 3   The rotation angle No.1 No.2 No.3 No.4 No.5 No.6 No.7 No.8 No.9

Rake face γ  − 8  − 6  − 4  − 2 0 2 4 6 8
Tip clearance α 0 2 4 6 8 10 12 14 16
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The center position of the wheel can be expressed in the 
global coordinate system O-XYZ as

(20)R7 =

⎡⎢⎢⎢⎣

cos � − sin � 0 0

sin � cos � 0 0

0 0 1 0

0 0 0 1

⎤⎥⎥⎥⎦

(21)

⎡⎢⎢⎢⎣

XCenter

YCenter

ZCenter
0

⎤⎥⎥⎥⎦
= M1 ∙ R1 ∙ R6 ∙ R7 ∙ R5 ∙

⎛⎜⎜⎜⎝
M5 ∙

⎡⎢⎢⎢⎣

xw
yw
zw
1

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

The axis of the wheel can be expressed in the global coor-
dinate system O-XYZ as

Figure 8 shows the process of calculating the trajectory 
of the clearance for the ball end mill.

(22)

⎡⎢⎢⎢⎣

XAxis

YAxis
ZAxis
0

⎤⎥⎥⎥⎦
= M1 ∙ R1 ∙ R6 ∙ R7 ∙ R5 ∙

⎛⎜⎜⎜⎝
M5 ∙

⎡⎢⎢⎢⎣

0

1

0

0

⎤⎥⎥⎥⎦

⎞⎟⎟⎟⎠

Fig. 9   The cutting edge and 
chisel-edge of the ball end mill

5738



The International Journal of Advanced Manufacturing Technology (2024) 131:5729–5743 

4 � Numerical example and experiment

In this section, the graphical method and experiments are 
used to demonstrate the algorithm. The effect of rotation 
angle on the rake angle and relief angle is also analyzed.

4.1 � The parameters of ball end mill

Take a ball end mill with a radius of R = 12 mm as an example 
to verify this model. The parameters of the ball end mill and the 
wheel are shown in Table 1 and 2. � and � are shown in Table 3. 
Cases 1 and 2 have chisel-edge; case 3 does not have a chisel-edge.

According to Section 2, we obtain the cutting edge, 
the chisel-edge, as shown in Fig. 9. From Fig. 9c, it can 
be seen that the cutting edge and the chisel-edge are on 
the spherical surface. As shown in Fig. 9a, the offset cut-
ting edge doesn’t pass the vertex of the spherical sur-
face. However, the chisel-edges intersect the vertex of 
the spherical surface. The maximum value of the offset 
cutting edge is less than the radius in the z-axis direction, 
so it does not pass the vertex of the spherical surface. In 
the z-axis direction, the maximum value of the chisel-
edge is equal to the radius, when z = R, x = 0, and y = 0. 
So it passes the vertex of the spherical surface. Thus, the 
model of ball end mill with a chisel-edge has a better 
profile tolerance.

4.2 � The simulation of the ball end mill

According to Sections 2 and 3, we can easily get the grind-
ing path of the grinding wheel. The following is to get 
the normal rake angle, normal relief angle, and the cut-
ting edge (Fig. 10): first, one point on the cutting edge 
is selected and its normal plane is determined. Next, the 
intersections of the normal plane and the surface of wheels 
on the grinding trajectory are calculated. The boundary 
of the intersections is the rake surface or flank (Fig. 11). 
Finally, we can easily calculate the cutting edge, rake 
angle, and relief angle.

As shown in Fig. 11, the intersection of the simulation 
rake face and the simulation clearance almost coincides 
with the theoretical cutting edge in all normal plans. This 
means that this model can accurately grind the designed 
cutting edge. The rake face of simulation is tangent to the 
rake face of the developable surfaces. This shows that the 
simulation the rake angle of the rake face to be equal to the 
rotation angle � . For the relief angle, we can get the same 
conclusion. During the rotation angle � from − 8 to 8°, 
the rake angle is still equal to the rotation angle (Fig. 12). 
The rotation angle � from 0 to 16°, the relief angle is still 
equal to the rotation angle (Fig. 12). Therefore, the rota-
tion angle � is equal to the rake angle, and the rotation 
angle � is equal to the relief angle.

Fig. 10   Calculate rake angle 
and relief
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4.3 � Experiment example

In this paper, the algorithm is demonstrated using experi-
ments again. Case 1 and case 2 were implemented with 
chisel-edge in this paper. The chisel-edge radius of case 1 is 
1 mm, and the chisel-edge radius of case 2 is 0.5 mm. Case 3 
does not have a chisel-edge. In the experiment, the five axes 
grinding machine is BPX6 (Maker: BEIPING Machine). It 
contains three linear axes of motion XYZ and two axes of 
rotation BC, as shown in Fig. 13. The ball end mill was 
manufactured in Fig. 14. At the same time, the machining 
process of the machine was simulated using Solidpro, and 
the results are shown in Fig. 14. The chisel-edges of cases 1 

and 2 are shown as yellow dashed lines. The chisel-edge of 
case 3 is formed by the intersection of the wheels. Its shape 
is not controlled and is related to the wheel and grinding 
parameters.

The profile tolerances of the ball end mill were meas-
ured and compared by Zoller Genius3, and the results are 
shown in Fig. 14. The profile tolerances of the ball end are 
within ±0.01 mm. The profile tolerances of the ball end with 
chisel-edge at the vertex of the spherical surface are bet-
ter than other mills. The errors in cases 1 and 2 are caused 
by measurement errors and machine motion errors. So, the 
chisel-edge part improves the model to have a better profile 
tolerance.

Fig. 11   The normal plane of 
cutting edge for the ball end 
mill
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Fig. 12   The normal plane of 
cutting edge for the ball end 
mill

Fig. 13   The five axes grinding 
machine
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5 � Conclusion

In this work, a new mathematical model of the ball end mill 
with a chisel-edge is presented. Then, the calculation method 
of grinding path for the rake surface and clearance is pro-
posed. The model and grinding method of the ball end mill 
were verified by simulation and grinding experiments. This 
paper is summarized as follows:

1.	 The cutting edge was optimized, and the chisel-edge was 
also introduced into the model, which reduced the pro-
file tolerance.

2.	 The calculation method of grinding path for the rake 
face by 1A1 wheel with arc chamfer is proposed. The 
calculation method of grinding path for the clearance by 
11V9 wheel with arc chamfer is determined.

3.	 This model was proved by simulation. The simulation 
results show that the rotation angle � and the normal 
rake angle are equal. The rotation angle � is equal to the 
normal relief angle.

4.	 The model was further verified by grinding experiments. 
Compared to the ball end mill without a chisel-edge, the ball 
end mill made by this model has a higher profile tolerance.

This model improves the profile tolerances of the ball. 
But it has high requirements for the profile tolerances of 
wheel, especially for the grinding of chisel-edge. Our 
future work aligns with these directions, including cut-
ting testing and compare cutting performance with other 
tools manufactured by other software.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00170-​023-​12916-7.

Fig. 14   The manufacture, meas-
urement, and simulation of the 
ball end mill
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