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Abstract
The secondary development can realize the integration of commercial CAD and CAM/CAE software and has been widely 
used in the design of cutting tools. However, with the development of cutting tools design towards system integration, the 
integration effect cannot meet the needs of current tool design due to factors such as kernel and interface. Based on the inde-
pendent semi open source modeling kernel Open CASCADE, this paper realizes the parametric design of solid end mills. 
The parametric design system of solid end mills is established by using Python as the underlying language and Python OCC. 
The system can generate data files, 2D drawings, and 3D models conforming to ISO 13399 standard and realize the cloud 
storage function of model data. The generated tool model data can be used for finite element simulation of cutting process, 
NC programming, and guiding tool manufacturing. Based on the established system, the centroid optimization of the imbal-
ance characteristics of the variable pitch and variable helix end mill is carried out, which improves the dynamic balance of 
this type of cutter and provides an important reference value for the design of this type of cutter.

Keywords Open CASCADE · Parametric design · End mill · Variable pitch and variable helix · ISO 13399

1 Introduction

In recent years, with the rapid development of computer 
technology, the design of solid end mills has changed from 
“a large number of experiments” to a model of “parametric 
design, cutting simulation, parameter optimization, and a 
small number of experiments.” This model can improve the 
efficiency of tool design, shorten the design cycle, and save 
development costs. For example, commercial CAD software 
such as NX, SolidWorks, and CATIA are widely used in the 
parametric design of solid end mills. At present, there are 
many researches to improve the design speed of cutting tools 

with commercial CAD software and the integration with 
CAE software. Li et al. [1] used UG Open API and C++ 
to redevelop the UG NX platform to realize the computer-
aided rapid design of solid end mill. The milling process of 
Ti-6Al-4V alloy was simulated by DEFORM three-dimen-
sional finite element method, and its geometric parameters 
were optimized. Tzotzis et al. [2, 3] used SolidWorks API 
and VBA to establish a tool design platform that can be used 
to generate standardized turning blade CAD models. The 
accuracy of the model was verified by DEFORM simulation 
and experimental results, and the influence of the tip radius 
on the cutting force was studied. Chen [4] proposed a para-
metric design method of solid end mills based on CATIA. 
Chang [5] and Zhu [6] developed parametric design systems 
of full radius and corner radius solid end mill respectively by 
combining VB and CATIA macro programming technolo-
gies. The solid end mill model is imported into Third Wave 
Advantage software for finite element simulation, and the 
simulation results are used to guide the optimization design 
of the cutter, although the above research has improved the 
design efficiency of cutting tools through the secondary 
development of commercial CAD software. However, due to 
the restriction of kernel and interface, the integration effect 
of CAD software and CAM/CAE software is limited, which 
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can no longer meet the needs of rapid and accurate tool 
design. Therefore, it is necessary to develop an independent 
special software for parametric design of solid end mills.

The core of developing CAD software is the kernel. 
Commercial kernel Parasolid, ACIS, CGM, and Granite 
also need to be used for payment, which is not conducive 
to obtaining independent intellectual property rights. Open 
CASCADE (Open Computer Aided Software for Computer 
Aided Design and Engineering, OCC for short) is a CAD/
CAE/CAM software platform developed by French Matra 
Datavision. The platform has open source geometric mod-
eling API architecture. Using OCC to develop CAD soft-
ware can reduce development costs and improve develop-
ment flexibility. At present, there are many researches on 
industrial software and algorithm development using OCC. 
Bagherzadeh [7] introduced an offline robot programming 
system based on Python and OCC library, which is used to 
automatically generate the trajectory of the printer pow-
der bed cleaning robot. Wang et al. [8] developed a fast 
model segmentation system for complex surfaces with 
local geometric features based on the Initial Graphics 
Exchange Specification (IGES) and OCC platform. Wang 
et al. [9] proposed a 3D casting process CAD system for 
steel castings based on neutral STEP files based on OCC. 
From these studies, it can be seen that the exploitability 
and integration of OCC are suitable for the development of 
parametric design software for solid end mills. In addition, 
the kernel can be used not only in the design of macro tools 
but also in the design of micro milling cutters [10–12]. 
ISO 13399 Cutting Tool Data Expression and Exchange 
(hereinafter referred to as ISO 13399) has been used as the 
tool model building standard by more and more interna-
tional research [13–17]. The application of tool modeling 
standards is conducive to the transmission and interaction 
of tool data.

The free cutting vibration directly affects the machin-
ing surface quality of titanium alloy thin-walled structural 
parts during machining. Yue et al. [18] studied the mill-
ing process of Ti-6Al-4V frame parts with carbide tools 
and proposed a chatter prediction method for the chatter 
problem generated in the milling process. Zheng et al. [19] 
conducted dynamic modeling and analysis of thin-walled 
part cutting, extracted modal parameters of the tool work-
piece contact area, predicted forced vibration, and avoided 
chatter. In terms of tool design, variable pitch and variable 
helix solid end mill has become a new scheme to suppress 
milling chatter [20]. However, because of its asymmetric 
structure, which leads to the characteristics of eccentric-
ity, it has an impact on the stability and processing qual-
ity of high-speed milling. Therefore, based on ISO 13399 
standard, this paper designs and builds a parametric design 
system for solid end mills based on OCC kernel. The sys-
tem can quickly and accurately generate 3D models, 2D 

drawings, and data files of milling cutters for model trans-
mission and exchange. In addition, the system can generate 
end milling cutter simulation model and workpiece model 
for finite element simulation of cutting process. Based on 
the system, the geometric parameters of variable pitch 
and variable helix solid end mill are optimized, and the 
residual unbalance is optimized by changing the position 
of the center of mass.

2  Establishment of mathematical model 
of solid end mill

The premise of tool parametric design is to accurately 
describe the dimensions of each spatial structure of the tool, 
which is particularly important for milling cutters. For the 
complex features of solid end mill, such as flute and gash 
surface, mathematical models should be used to describe 
them in order to achieve rapid parametric design.

2.1  Extraction of key features and agreement 
of coordinate system

The cutting part of solid end mill is mainly composed of 
periphery edges and end edges. The grinding process of a 
finished solid end mill mainly includes five stages: bar, flute, 
periphery, gash, and end face. Table 1 shows the key features 
of the solid end mill as shown in Fig. 1a. In order to facilitate 
and unify the mathematical description of each key feature 
of the opposite milling cutter, the right hand Cartesian coor-
dinate system X-Y-Z shown in Fig. 1b is agreed in this paper. 
The axis of the solid end mill is Z-axis, the edge plane is 
XY plane, and the X-axis passes through one of the tool tip 
points. The establishment of the coordinate system complies 
with the provisions of ISO/TS 13399-303:2016 [21] (creation 
and exchange of 3D models—solid end mills) on the coor-
dinate system for the creation of 3D model of solid end mill. 
This standard will be introduced in detail later.

2.2  Helix edge curve

The helix feature of solid end mill is composed of flute and 
land. In this section, continuous edge curve model is estab-
lished by using equal lead spiral of rotary tool. In the solid end 
mill coordinate system in Fig. 2, expressing edge curve equa-
tion by rotation angle φ of any point P on the edge curve, the 
following is the analysis of the edge profile of the vertical mill-
ing cutter and the parameter equation about the parameter t.

When the periphery edge curve rotates around the Z-axis, 
the equation of the rotating surface is Eq. (1).
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(1)r1 =

⎧
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d∕2 cos�

d∕2 sin�

l1t

⎫
⎪⎬⎪⎭
, � ∈ [0, 2�], t ∈ [0, 1]

The tangential vector and longitude vector of the edge 
curve of point P are respectively dr1 and δr1, then we will 
get Eq. (2) [22].

Using the first basic form of surface, the helix angle β 
between dr1 and δr1 can be calculated by Eq. (3) [22]. Equa-
tion (4) can be obtained by transforming Eq. (3).

So, when we integrate Eq. (4) at t = 0, φ = 0, we will get 
Eq. (5).

(2)

⎧⎪⎨⎪⎩

d
r1 = r1tdt + r1φd�

�
r1 = r1tδt

r1t =
�
0, 0, l1

�
r1� = {−d∕2 sin�, d∕2 cos�, 0}

(3)cos2� =
l1
2dt2

l1
2dt2 + d2∕4d�2

(4)d� =

2l1 tan �

d
dt

Table 1  Key features of solid end mill

Processing stages Key features Symbols Processing stages Key features Symbols

Bar Connection diameter d Gash Gash angle η
Overall length l Rake angle frontal γf

Flute Core diameter dc Included angle of grinding wheel ω
Rake angle γ Grinding angle μ

Periphery Cutting diameter d1 Widening b1

Depth of cut maximum l1 Over above center of long tooth a1

Helix angle β Distance from center a2

First clearance angle α1 End face First clearance angle of end face αf1
Land width lα1 Width of the first end face lαf1
Second clearance angle α2 Second clearance angle of end face αf2
Flute field angle δ Dish angle λ
Tooth angle θ Corner radius rs

Fig. 1  Coordinate system and 
key structure of solid end mill

a  Key features of solid end mill              b  Coordinate system of solid end mill

Fig. 2  Coordinate system of solid end mill
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Substituting Eq. (5) into Eq. (1), the parametric equation 
of the helix f(xt, yt, zt) of the periphery edge of the end mill 
with respect to t ∈ [0, 1] is Eq. (6).

2.3  Periphery edge section

The simplified model of the periphery edge section of the 
solid end mill is shown in Fig. 3, where Fig. 3a is the flute 
feature and Fig. 3b is the periphery feature. The solid end 
mill shown in this example is an open spiral flute feature.

(1) Flute As shown in Fig. 3a, the flute curve is composed 
of a straight line ls and two arcs l1 and l2, and all curve 
segments are connected smoothly. The design parameters 
of flute are as follows. The included angle between ls and 
X-axis is the rake angle γ. The radius of l1 is R1 where the 
core diameter is guaranteed to be dc. The radius of l2 is R2, 
and the flute field angle δ shall be ensured here.

It is known that the coordinate of point A is (d/2, 0). 
According to the geometric relationship, the equation of line 
ls is Eq. (7).

Let the coordinates of the center O1 of the arc l1 be (XO1, 
YO1). Since the arc l1 is tangent to the core diameter, we will 
get Eq. (8).

(5)� =
2l1 tan �

d
t

(6)

⎧
⎪⎨⎪⎩

xt = d∕2 cos
�
360tl1 tan �∕(�d)

�
yt = d∕2 sin

�
360tl1 tan �∕(�d)

�
zt = l1t

(7)y = (d∕2 − x) tan �

(8)XO1
2 + YO1

2 =
(
dc∕2 + R1

)2

Since the arc l1 is tangent to the line ls, the shortest dis-
tance from the center O1 of the arc l1 to the line ls is R1 and 
can be expressed in Eq. (9).

Solving Eq. (8) and Eq. (9) simultaneously can calculate 
that the coordinates of the center O1 of arc l1 are (XO1, YO1). 
Then, the circular equation of arc l1 is Eq. (10).

The coordinates of point B of the tangent point can be 
obtained by solving Eq. (10) and Eq. (7) simultaneously.

The known coordinate of point D is (d/2cosδ, − d/2sinδ). 
Let the coordinates of the center O2 of the arc l2 be (XO2, 
YO2). We will get Eq. (11) because the arc l2 passes through 
point D.

We will get Eq. (12) because the arc l1 is tangent to the 
arc l2.

Solving Eq. (12) and Eq. (11) simultaneously can calcu-
late that the coordinates of the center O2 of the circular arc 
l2 are (XO2, YO2). Then, the circular equation of the circular 
arc l2 is Eq. (13).

The coordinate of point C of the tangent point can be 
obtained by solving Eq. (13) and Eq. (10) simultaneously.

(2) Periphery As is shown in Fig. 3b, the section curve of 
periphery is composed of two straight lines l3 and l4, and 

(9)R1
2 =

[(
XO1 − d∕2

)
tan � + YO1

]2
1 + tan2�

(10)
(
x − XO1

)2
+
(
y − YO1

)2
= R2

1

(11)
(
d∕2 cos � − XO2

)2
+
(
−d∕2 sin � − YO2

)2
= R2

2

(12)
(
XO1 − XO2

)2
+
(
YO1 − YO2

)2
=
(
R1 + R2

)2

(13)
(
x − XO2

)2
+
(
y − YO2

)2
= R2

2

Fig. 3  Periphery edge of solid 
end mill

a  Flute                          b  Periphery
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the coordinates of point E can be obtained as (d/2−lα1sinα1, 
lα1cosα1). The line l4 can be expressed in Eq. (14).

The coordinate of the intersection point F can be obtained 
by solving Eq. (14) and Eq. (13) simultaneously. So far, the 
key points A, B, C, D, E, F, O1, and O2 of the periphery edge 
section have been obtained.

2.4  Gash surface

In this section, the modeling process of this part is simplified 
into a process of LNMQ stretching of the grinding wheel 
section and Boolean difference with the base according to 
the grinding process of the gash surface. The solution model 
is established as shown in Fig. 4 where MN perpendicular to 
MQ and let MN be b4. The included angle between the plane 

(14)y = cot �2
(
d∕2 − l�1 sin �1 − x

)
+ l�1 cos �1

Fig. 4  Mathematical model of 
solid end mill gash surface

Fig. 5  Mathematical model of 
solid end mill end face

MPQ and the coordinate plane XOZ is the rake angle γf. The 
included angle between the straight line MQ and the LQ is 
the included angle of the grinding wheel ω. The included 
angle between the straight line MQ and LN are the widening 
angle μ. The included angle between the straight line PQ and 
PM is the gash angle η. LQ is the widening b1. On the plane 
MPQ, make QQ' perpendicular to MP and intersect MP at 
point Q' and let QQ' be b2. On the plane LNMQ, make LL' 
perpendicular to MQ and intersect MQ at point L' and let 
ML' be b3. In order to ensure the complete removal of the 
tool model, make the X coordinate of Q point d/2, which is 
easy to get Eq. (15) and Eq. (16).

Then, the coordinates of each point are shown in Eq. (16).

(15)

⎧
⎪⎨⎪⎩

b2 =
�
d∕2 + a1

�
tan �

b3 = b2∕ cos � − b1 cos�

b4 = b3 tan� + b1 sin�

(16)
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�
xL, yL, zL

�
=
�
d∕2 + b1 cos� sin �,−a2 + b3 cos � sin �f − b1 sin� cos �f , b3 cos � cos �f + b1 sin� sin �f

�
�
xM , yM , zM

�
=
�
d∕2 + b2 tan �,−a2, 0

�
�
xN , yN , zN

�
=
�
d∕2 + b2 tan �,−a2 − b4 cos �f , b4 sin �f

�
�
xP, yP, zP

�
=
�
−a1,−a2, 0

�
�
xQ, yQ, zQ

�
=
�
d∕2, b2 sin �f − a2, b2 cos �f

�
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2.5  End face

This section establishes the solution model as shown in 
Fig. 5 according to the machining characteristics of the end 
face of the solid end mill. The straight line RU is the straight 
line where the edge line of the end edge is located and the 
included angle between it and the plane XOY is the inverted 
taper of the dish edge λ. The R point is the tool tip point, 
and the included angle between the straight line RS and the 
plane XOY is the first clearance angle of the end face αf1. The 
included angle between the straight line ST and the plane 
XOY is the second clearance angle of the end face αf2. The 
length of RS is the width of the first end face lαf1. The projec-
tion of W on plane XOY is point W', and the angle between 
the straight line RO and RW' is the tooth angle θ. To ensure 
the complete removal of the tool model, let the y coordinate 
of T point be d/2, then the coordinates of each point are 
shown in Eq. (17).

3  Key technologies of parametric modeling 
of solid end mill

This section introduces the key technologies of parametric 
modeling of solid end mill. Firstly, the method of estab-
lishing tool data files, 2D drawings and 3D models based 
on ISO 13399 is introduced. Using the geometric modeling 
framework of Open CASCADE and the mathematical model 
of solid end mill established in Section 2, the 3D model of 
solid end mill is established, and the parametric modeling 
is realized. The parametric 2D drawing of solid end mill 
are established by ezdxf. Finally, the centroid optimization 
method of variable pitch and variable helix solid end mill 
is introduced.

3.1  Tool standardization modeling based on ISO 
13399

In the process of tool information model building, the 
expression method of features and design details are paid 
much attention to, while the standard of model building 
is often ignored by designers. Due to the different ways of 
establishing the tool information model, there will be many 
inconveniences in the transmission and use. ISO 13399 

(17)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

�
xR, yR, zR

�
=
�
d∕2,−a2, 0

�
�
xS, yS, zS

�
=
�
d∕2, l�f1 cos �f1 − a2, l�f1 sin �f1

�
�
xT , yT , zT

�
=
�
d∕2, d∕2, zS +

�
d∕2 − yS

�
tan �f2

�
�
xU , yU , zU

�
=
�
0,−a2, d∕2 tan �

�
�
xV , yV , zV

�
=
�
l�f1 cos �f1∕ tan �, yS, zS +

�
d∕2 − xV

�
tan �

�
�
xW , yW , zW

�
=
�
d∕(2 tan �), d∕2, zT +

�
d∕2 − xW

�
tan �

�

provides a way to realize electronic representation of cutting 
tool data by providing the information structure required to 
describe various data of cutting tools and cutting tool com-
ponents. The cutting tool data that can be described in ISO 
13399 series includes but is not limited to all data between 
workpiece and machine tool. Information about blades, solid 
tools, assembly tools, accessories, components, and their 
relationships can be shown in this document [23]. Therefore, 
it is necessary to apply this standard in the process of build-
ing the tool design platform. In this paper, modeling rules 
are applied to establish tool data, including data files, 2D 
drawings, and 3D models.

(1) Data file ISO/TS 13399-150:2008 [24] (cutting tool 
data representation and exchange—part 150: usage guide-
lines) provides guidance for the overall application of ISO 
13399, including the instantiation guide of EXPRESS mode 
described in ISO 13399-1 and the reference data described 
in ISO/TS 13399-2, ISO/TS 13399-3, ISO/TS 13399-4, ISO/
TS 13399-5, ISO/TS 13399-50, and ISO/TS 13399-60. This 
part proposes the general format of P21 data file, mainly 
including header and data.

(a) Header The header contains the basic information of the 
tool data file, including file description, file name, and file 
architecture. Its basic form is shown in Fig. 6.

(b) Data The data contains the basic information of the tool 
design features. The common features include four types: 
item information features, file information features, numeri-
cal value features, and string value features.

The item information features mainly express the infor-
mation features of the tool project, mainly including the tool 
name, base material, layer material, and supplier. The gen-
eral form is shown in Fig. 7.

Fig. 6  Header of P21 data file
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The file information feature mainly represents the tool 
data file information in the tool product data package, mainly 
including the data file type, name, and application standard. 
The general form is shown in Fig. 8.

Numerical value features mainly express the design fea-
tures of tools in numerical form, as shown in Fig. 9, which 
is the general form of numerical features. The information 
expressed is the following: the cutting diameter is 20 mm.

The string value feature mainly expresses the design feature 
of the tool in the form of character value, as shown in Fig. 10, 
which is the general form of the character value feature. The 
information expressed is the rotation direction is right.

(2) 2D drawing ISO/TS 13399-70:2016 [25] defines the 
terms, attributes and definitions of layers in computer aided 
design (CAD). The purpose of this part is to provide a refer-
ence layer setting to support the use of CAD design of tool 
graphics for simulation and documentation of tool compo-
nents and components. Dimensions are limited to the number 
of dimensions filled in the manufacturer’s or dealer’s catalog. 
The manufacturer determines its level of detail and defines 
those that are specific to the tool. The design of the layer 
structure shall meet all requirements of the tool assembly and 
its assembly layout. This is mainly to use tool presetting as 
tool purchase and tool management information. According 
to the structure of the layer, this part of the standard defines 
seven main functions: tool graphics, NC machining geom-
etry, extended tool graphics, multiple languages, tool repair, 
machine equipment layout, and drawing frame.

ISO/TS 13399-72:2016 [26] defines the terms, attributes, 
and definitions of drawing frame and drawing content in 
CAD. This part provides a general method for electronic 
data exchange of graphic product information. Drawing 
is one of the most important means of communication for 
manufacturing enterprises. In addition to the description 
of complex workpiece geometry, the corresponding docu-
ments are required in most cases. Most design orders are 
forced to use the user’s separate picture frame. Therefore, 
a large part of the design expenditure is used for docu-
ment creation rather than for proper problem solving. This 
section separates the appropriate product description (2D 
drawings) from the user specific representation (drawing 
header). Therefore, because the product drawings of sup-
pliers or manufacturers are automatically merged into each 
drawing frame of the end user, the maintenance of docu-
ments is reduced.

ISO/TS 13399-71:2016 [27] defines the elements used 
to create 2D drawings. The elements of a drawing include 
cutting tool graphic, manufacturer block, drawing frame 
(includes mapping list), and data table (XML file).

(3) 3D model ISO/TS 13399-303:2016 specifies the estab-
lishment method of 3D basic model and 3D detail model of 

Fig. 7  Item information characteristics of P21 data file

Fig. 8  File information characteristics of P21 data file

Fig. 9  Numerical value characteristics of P21 data file

Fig. 10  String value characteristics of P21 data file
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solid end mill. The standardized modeling of 3D models has 
been studied [28], and will not be repeated in this section.

3.2  Parametric modeling of 3D tool model based 
on Open CASCADE

OCC has opened a model establishment interface, which 
provides a kernel for the establishment of 3D modeling 
software. The source code of OCC is the C++ version. 
Although it can guarantee the running speed, the devel-
opment efficiency and open source degree are limited. 
Python OCC is a Python encapsulated version of OCC, 
produced and distributed by tpaviot. The author combines 
the open source feature of Python and the operating effi-
ciency of OCC to make Python OCC give consideration 
to both operating efficiency and development efficiency.

This paper uses the visualization module of OCC to real-
ize the 3D model visualization function of the tool paramet-
ric modeling system. Use the open source geometric mod-
eling API (Application Programming Interface) architecture 
to build the 3D model of the solid end mill. Common API 
functions and their applications are shown in Table 2.

By using OCC and combining the tool mathematical 
model in Section 2 and based on ISO 13399, the mod-
eling process of solid end mill cutting part as shown in 
Fig. 11 is realized. The model establishment process is 
as follows.

(1) Bar

Create a sketch of the cutter bar section, and obtain the 
cutter bar through rotation.

(2) Flute

Establish the spiral groove section sketch, and obtain 
the spiral groove feature by sweeping and Boolean differ-
ence with the bar.

(3) Periphery

Create a sketch of the section of the cutter face after 
the peripheral cutting, and obtain the feature of the cutter 
face after the peripheral cutting by sweeping and Boolean 
difference with the bar.

Table 2  OCC common modeling functions and applications

No. Function Application

1 gp_Ax1 Describes an axis in 3D space
2 gp_Ax2 Describes a right-handed coordinate system in 3D space
3 gp_Circ Describes a circle in 3D space
4 gp_Dir Describes a unit vector in 3D space
5 gp_Pnt Defines a 3D cartesian point
6 gp_Trsf Defines a non-persistent transformation in 3D space
7 gp_Vec Defines a non-persistent vector in 3D space
8 BRepAlgoAPI_Cut Describes functions for performing a topological cut operation (Boolean subtraction)
9 BRepAlgoAPI_Fuse Describes functions for performing a topological fusion operation (Boolean union)
10 BRepBuilderAPI_MakeEdge Provides methods to build edges
11 BRepBuilderAPI_MakeFace Provides methods to build faces
12 BRepBuilderAPI_MakeWire Describes functions to build wires from edges
13 BRepBuilderAPI_Transform Geometric transformation on a shape
14 BRepOffsetAPI_MakePipeShell This class provides for a framework to construct a shell or a solid along a spine 

consisting in a wire
15 BRepPrimAPI_MakeBox Describes functions to build parallelepiped boxes
16 BRepPrimAPI_MakePrism Describes functions to build linear swept topologies
17 BRepPrimAPI_MakeRevol Class to make revolved sweep topologies
18 GC_MakeArcOfCircle Implements construction algorithms for an arc of circle in 3D space
19 GC_MakeSegment Implements construction algorithms for a line segment in 3D space
20 Geom_CylindricalSurface This class defines the infinite cylindrical surface
21 GeomAPI_Interpolate This class is used to interpolate a B-spline curve passing through an array of points
22 TColgp_HArray1OfPnt Describes functions to build an array of points
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(4) Gash

Create the section sketch of the gash face, and obtain 
the features of the gash face by stretching and Boolean 
difference with the bar.

(5) End face

Create a sketch of the end face, and obtain the features of 
the end face by stretching and Boolean difference with the bar.

3.3  Parametric modeling of tool 2D drawings based 
on ezdxf

Ezdxf is Python’s CAD drawing toolkit, which pro-
vides a tool for the establishment of 2D drawings. The 

toolkit can be used to break away from the constraints 
of commercial software such as AutoCAD and realize 
the parametric modeling of 2D drawings by establish-
ing drawing template graphics and changing function 
variables. Common drawing functions are shown in 
Table 3. Through the use of ezdxf based on ISO 13399, 
some solid end mill 2D drawings as shown in Fig. 12 
are realized.

3.4  Integration method with CAE software

Taking Abaqus CAE as an example, two methods of inte-
gration with CAE software are introduced based on the tool 
parametric modeling method introduced in this paper.

(1) Toolbar The RSG dialog builder is a GUI plug-in devel-
opment tool embedded in Abaqus CAE. It is located in 
the submenu “Abaqus” under the menu “Plug ins” in the 

Fig. 11  Modeling of solid end mill cutting part based on OCC

Table 3  Common modeling functions of ezdxf and their functions

No. Function Application

1 add_line Draws a straight line
2 add_test Draws test
3 add_circle Draws a circle
4 add_linear_dim Draws a dimension of line
5 add_angular_dim_cra Draws a dimension of circle Fig. 12  Part of 2D drawings solid end mill based on ezdxf
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main window of Abaqus CAE. This plug-in can be used to 
develop tool and workpiece design interfaces.

(2) Secondary development Establish an independent 
software system and carry out secondary development 
on Abaqus CAE to realize the integration of tool design. 
First, use Python language to record the macro file of 
finite element simulation pre-processing and make the 
finite element simulation template model in CAE for-
mat. Set the parameters in the macro file through the 
established user interface. Secondly, prepare a batch file 
in BAT format. The driver in this file can enable Abaqus 
CAE to read macro files. Finally, the BAT file can be 
called through Python logic program to realize the rapid 
setting of finite element simulation tools and process 
parameters and the automatic submission of jobs.

4  Development and application 
of parametric design system for solid end 
mill

This section applies the mathematical model of solid end 
mill and OCC API to establish the parametric design sys-
tem of solid end mill. Through the design of interactive 
interface, the establishment of solid end mill model is sim-
pler, faster, and more accurate. In order to improve the 
interactivity of tool model data, the 3D model, 2D draw-
ings, and data files generated by the system conform to ISO 
13399 standard.

4.1  System development tools and structural

(1) Development tools The system built in this paper uses 
Python 3.6 as the underlying language and MySQL 5.7.31 
as the system database. The plug-ins used and their applica-
tions are shown in Table 4.

(2) System structure The parametric design system of 
solid end mill adopts modular design structure, and 
the platform structure is shown in Fig.  13. The user 
can generate new tool model data by inputting design 

parameters through the parametric design interface 
and view the model data generated by the above design 
through the model browser in the model browsing mod-
ule. The user can also manage the tool model database 
through the database management interface. Through 
the finite element simulation module, users can use the 
model generated by the system to simulate the cutting 
process.

(3) Program structure The program structure of the sys-
tem built in this paper mainly includes interface program, 
logic program, and main program. The interface program 
is mainly used to represent the layout in the GUI. It is com-
piled from the UI file generated by PyQt5 design. Logic 
program is the core program of the whole design system, 
which plays the role of transmitting user input parame-
ters and controlling interface actions. The function of the 
main program is to connect the interface program with the 
logic program. This paper uses the method of separating 
interface program from logic program to program. This 
method has the advantages of clear code structure and high 
programming efficiency, and the modification of a single 
program will not affect other programs. The logic structure 
of the system program is shown in Fig. 14.

Table 4  Plug-in and its application

Plug-in Application

PyQt 5.9.2 Build the graphical user interface (GUI) of the system
PythonOCC-core 7.4.0 Realize 3D model visualization function and tool centroid optimization design function
ezdxf 0.15.1 Realize 2D drawing visualization function, tool product drawing generation function 

and drawing printing function
pymysql 0.10.1 Build model database management module
pyinsatller 3.6 System packaging tool

Fig. 13  Parametric design system structure of solid end mill
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4.2  System function

(1) Parametric design module The user can quickly gener-
ate the tool model by inputting the tool design parameters 
through the tool model parametric design interface as shown 
in Fig. 15 produced by PyQt5. With this system, square end, 
chamfer, corner radius, and full radius solid end mills can 
be established as shown in Fig. 16. In addition, the user can 
design the workpiece in the finite element simulation of the 
cutting process such as cube and C-section.

(2) Model browsing module The data file visualization func-
tion can realize the browsing function of P21 format data 
files, including data browsing, data extraction, and data 
export. The data extraction function can identify the contents 
of P21 data files and analyze and extract them in the form of 
tables and tool family diagrams.

The 2D drawing visualization function can realize the 
browsing function of 2D drawings in DXF format, including 
drawing browsing and printing.

The 3D model visualization function can realize the 
browsing function of 3D models in STP, STL, and IGS 
formats, including six view browsing and solid and wire-
frame functions.

4.3  Model database

The model database module can upload, view, download, 
and delete the tool information in the tool cloud model 
library. In order to facilitate the user to understand the 
tool information in the database, the module can display 
the tool product diagram, tool family diagram, and tool 
design data in the structured product data package online.

(1) Database structure In order to facilitate users’ inter-
action and application of tool model data, this paper uses 
Linux system to build a cloud database based on MySQL 
database. The database has established model data tables 
(STP 3D model, DXF 2D drawing, P21 data file) according 
to the data category. Table 5 is the field of the data table. The 
user can manage the database through the model database 
management interface. At the same time, the logic program 
can upload the user’s operation record and IP address to the 
operation record sub table, which provides security for the 
database.

(2) Data transmission mode MySQL supports multiple 
types of data, which can be roughly divided into three 
types: numeric, date/time, and string (character) types. This 

Fig. 14  Parametric design sys-
tem structure of solid end mill



4670 The International Journal of Advanced Manufacturing Technology (2023) 127:4659–4676

1 3

system mainly uses numeric and string types. For numeric 
types, the system mainly uses the data type int to store the 
serial number (id) of items in the table. For string types, the 

system mainly uses the data type varchar to store shorter 
string contents. The long text generated by parsing the P21 
file when uploading it is stored in the data type “longtest.” 

Fig. 15  Parametric design inter-
face of solid end mill

a  Square end                                    b  Chamfer

c  Corner radius                                 d  Full radius

Fig. 16  Solid end mill types based on OCC



4671The International Journal of Advanced Manufacturing Technology (2023) 127:4659–4676 

1 3

Model files in P21, DXF, and STP formats are stored in 
“longblob” data type. DXF and ASCII text files, P21 and 
STP are both text files based on EXPRESS. Therefore, in 
order to ensure the file integrity and transmission efficiency, 
the system will background process the model file before 
uploading it, convert it into a text file, and store it directly 
in the table. Similarly, after downloading, the system will 
restore it to the original format file.

4.4  Optimization design of solid end mill centroid

The design of variable pitch and variable helix angle of 
solid end mill can effectively restrain vibration, improve 
tool setting accuracy, and the quality of machined surface 
of workpiece. Because of the asymmetry of the solid end 
mill with this design, the structure of this kind of cutter 
has the disadvantage of eccentricity, which makes the solid 
end mill unable to meet the requirements of high-speed cut-
ting. Therefore, it is necessary to optimize the eccentricity 

of the end mill without reducing the cutting performance to 
improve the machining accuracy of the workpiece.

(1) Centroid optimization method and results In the past, 
the tool centroid was determined by calculating the centroid 
of the tool section. However, due to the characteristics of 
variable pitch and variable helix solid end mill, the cross 
section of the cutter is constantly changing, and the centroid 
cannot be calculated quickly. The centroid coordinate (xt, yt, 
zt) of the tool model can be quickly obtained by using the 
“CentreOfMass” function of OCC. The centroid of the tool 
can be obtained by calculating the eccentricity with Eq. (18).

In this paper, the solid end mill shown in Fig. 17 is 
selected as the research object. The marks in the figure are 
shown in Table 6, and the design parameters of the cutter 
are shown in Table 7. In order to optimize the tool centroid 
accurately and efficiently, it is necessary to find the features 
that have a significant impact on the centroid. Therefore, the 
centroids of ten groups of cutters as shown in Table 8 are 
calculated in this paper. Among them, nos. 1–3 are of vari-
able helix angle type, no. 4 is of standard type, nos. 5–7 are 
of variable pitch type, and nos. 8–10 are of variable pitch 
and variable helix type.

From nos. 1–4 groups in Fig. 18a, it can be seen that the 
feature of variable helix angle has a great influence on the 
tool centroid, and the influence increases with the decrease 
of helix angle. From nos. 4–7 groups in Fig. 18b, it can be 

(18)e =

√
x2t + y2t

Table 5  Fields of model database table

Project Name Type Length

Serial number id int 11
Data type Type varchar 255
Tool code Code varchar 255
Tool name Name varchar 255
Tool model file File longblob -
Tool information Note longtest -

Fig. 17  Optimization object of 
solid end mill centroid

a  Three edge solid end mill with variable pitch and variable helix          b  End face of solid end mill

Table 6  Key parameters of solid 
end mill

Feature code Key features Feature code Key features

a First cutting edge α1 First clearance angle of a
b Second cutting edge α2 Second clearance angle of a
c Third cutting edge α3 First clearance angle of b
A1 Tooth angle between a and b α4 Second clearance angle of b
A2 Tooth angle between b and c α5 First clearance angle of c
A3 Tooth angle between a and c α6 Second clearance angle of c



4672 The International Journal of Advanced Manufacturing Technology (2023) 127:4659–4676

1 3

seen that the feature of variable pitch has little influence 
on the tool centroid, and the influence increases with the 
increase of pitch angle. Nos. 8–10 groups of experiments 
were added to prevent the coupling effect of the charac-
teristics of variable pitch and helix angle on the center of 

mass. Comparing nos. 1–4 groups and nos. 7–10 groups in 
Fig. 18a, it can be seen that the characteristics of variable 
pitch and variable helix feature is consistent with the influ-
ence trend of variable helix on the center of mass. It can be 
seen that the feature of variable helix has a greater impact 

Table 7  Design parameters of three edge over center variable pitch and variable helix solid end mill

No. Features Project Parameter No. Features Project Parameter

1 Bar Connection diameter 10 mm/h6 13 Periphery First clearance angle 7°
2 Bar length 100 mm 14 Land width 0.7 mm
3 Material YG10X 15 Second clearance angle 15°
4 Flute (open) Number of flutes 3 16 Gash Rake angle frontal 2°
5 Core diameter 6 mm 17 Gash angle Long blade 32°, 

short blade 
35°

6 Flute length 35 mm 18 Pitch angle Variable
7 Rake angle 7° 19 Over above center of long tooth 0.2 mm
8 Measuring depth 1 mm 20 Distance from center 0 mm
9 Helix angle Variable 21 End face First clearance angle of end face 8°
10 Cutting diameter 10 mm 22 Width of the first end face 1 mm
11 Depth of cut maximum 30 mm 23 Second clearance angle of end face 18°
12 Overall length 100 mm 24 Dish angle 1°

Table 8  Recognition 
experiment of features with 
significant influence on tool 
centroid

No. Helix angle Pitch angle Tool model 
eccentricity

a b c A1 A2 A3 e

1 32° 31° 30° 120° 120° 120° 0.0385 mm
2 39° 38° 37° 120° 120° 120° 0.0350 mm
3 46° 45° 44° 120° 120° 120° 0.0223 mm
4 45° 45° 45° 120° 120° 120° 0.0016 mm
5 45° 45° 45° 126° 120° 114° 0.0051 mm
6 45° 45° 45° 124° 120° 116° 0.0042 mm
7 45° 45° 45° 122° 120° 118° 0.0022 mm
8 46° 45° 44° 122° 120° 118° 0.0221 mm
9 39° 38° 37° 122° 120° 118° 0.0319 mm
10 32° 31° 30° 122° 120° 118° 0.0326 mm

Fig. 18  Influence of different 
features on the center of mass 
of the tool

a  Variable helix feature b  Variable pitch feature
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on the tool centroid, and the design parameters related to the 
peripheral edge should be selected for optimization. In this 
paper, the design parameters of the first and second clear-
ance angles of the periphery are selected to optimize the 
design of the tool centroid.

Select α1, α2, α3, α4, α5, and α6 in Fig. 17b as an optimi-
zation feature; the first clearance angle is 5° to 15°, and the 
second clearance angle is 15° to 20°. Select no. 8 in Table 8 
as the optimization object; compile the underlying program 
to use the exhaustion method to optimize the eccentricity. 
The optimization results are α1 = 7°, α2 = 15°, α3 = 15°, 
α4 = 20°, α5 = 15°, and α6 = 18°. The eccentricity of the 
optimized tool model is e = 0.0158 mm.

(2) Experimental verification The 3D model of the tool built 
by the modeling software cannot be completely consistent 
with the tool grinded by the machine tool. In order to verify 
the effect of system optimization, the tool dynamic balance 
experiment was carried out. First, the tool grinding experi-
ment was carried out. The general design parameters of 
the tool in the grinding experiment are shown in Table 7, 
and the special design parameters are shown in Table 9. In 
this experiment, five kinds of cutting tools were designed, 
including nos. 1 to 5. Use NUMROTO plus V4.0.0 software 
to design and simulate the grinding track, and the simula-
tion results are shown in Fig. 19. The experimental grind-
ing machine (SAACKE UW I F, Germany) is shown in 

Table 9  Special design 
parameters of three edge over 
center variable pitch and 
variable helix solid end mill

No. Helix angle Pitch angle First clearance angle Second clearance 
angle

a b c A1 A2 A3 α1 α3 α5 α2 α4 α6

1 45° 45° 45° 120° 120° 120° 7° 7° 7° 15° 15° 15°
2 46° 44° 120° 120° 7° 7° 15° 15°
3 46° 44° 122° 118° 15° 15° 20° 18°
4 46° 44° 122° 118° 7° 7° 15° 15°
5 45° 45° 122° 118° 7° 7° 15° 15°

Fig. 19  Grinding simulation 
process of solid end mill

      

a  Equal helix feature                   b  Equal pitch feature

      
c. Variable helix feature                d. Variable pitch feature

Fig. 20  Grinding process and 
results of solid end mill

a  Experimental machine tool   b  Experimental process       c  Experimental results

1 2 3 4 5
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Fig. 20a. The processing process is shown in Fig. 20b, and 
the obtained solid end mills are shown in Fig. 20c.

As is shown in Fig. 21, the dynamic balance experiment 
of the above five tools was carried out, which is a hard bear-
ing balancing machine for the experiment (Shanghai Move 
Also Static Testing Machine Co., Ltd., DH16QF, China). 
The experiment process is shown in Fig. 21. The experi-
mental results and model eccentricity are shown in Table 10. 
In this experiment, the tool rotation speed is 5000 r/min. 
Although this experiment will produce errors, the five tools 
adopt the same experimental conditions, and the resulting 
errors do not affect the change trend of this group of experi-
mental data.

It can be seen from the analysis in Table 10 that the fea-
ture of variable helix has an impact on the dynamic balance 
of the tool. The optimized position of the center of mass and 
the unbalance of no. 3 tool are obviously better than that 
of no. 4 tool whose first and second clearance angles are 
equal, which proves that the system has certain effect on the 

optimization of the center of mass and residual unbalance 
quality of the tool.

5  Conclusions

This paper introduces a parametric modeling method of solid 
end mill based on Open CASCADE kernel. The parametric 
equation of the peripheral edge curve is established by using 
the equal lead helix of the rotary tool, and the simplified 
mathematical model of the key design features of the solid 
end mill is established. Through the established mathemati-
cal model of solid end mill and the Open CASCADE mod-
eling interface, the parametric modeling of solid end mill 
is realized. Aiming at the problem that commercial CAD 
software cannot be fully integrated with CAD/CAE software 
due to its limited kernel and interface, this paper uses Python 
as the underlying language to establish an independent para-
metric design system for solid end mill using PythonOCC 
and ezdxf. The conclusions of this paper are as follows:

(1) The parametric design system of solid end mills can 
quickly generate data files, 2D drawings, and 3D mod-
els of multiple types of tool and realize the cloud stor-
age function of model data.

(2) The tool model established by the system according to 
ISO 13399 standard has good tool information interac-
tion. The system has simple operation and low require-
ments for hardware configuration.

(3) The feature of variable helix angle has a great influ-
ence on the tool centroid, and the influence increases 
with the decrease of helix angle. Based on the system, 
the unbalance characteristic of the solid end mill with 
variable pitch and variable helix is optimized, and the 
unbalance of this kind of cutter is improved.

Fig. 21  Tool dynamic balance 
experiment

Table 10  Tool dynamic balance test results

Tool number Type Tool model 
eccentricity

Tool residual 
unbalance 
mass

1 Standard 0.0016 mm 0.02 g
2 Variable helix 0.0223 mm 0.05 g
3 Variable pitch and 

variable helix 
unequal clearance 
angle

0.0158 mm 0.08 g

4 Variable pitch and 
variable helix 
equal clearance 
angle

0.0221 mm 0.11 g

5 Variable pitch 0.0022 mm 0.04 g
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