International Journal of Engineering Inventions
e-ISSN: 2278-7461, p-1SSN: 2319-6491
Volume 13, Issue 6 [June. 2024] PP: 64-70

Trajectory Design and Kinematic Analysis of Milling
Robot

Ha Thanh Hai

Hanoi university of industry, No. 298 Cau Dien Street, Bac Tu Liem District, Hanoi, Vietnam

Abstract

The application of robots in machining such as drilling, milling, grinding, etc. is becoming increasingly
popular. Multi-degree-of-freedom serial robots play the role of machining machines, bringing about many
outstanding advantages in terms of flexibility and the ability to create complex shapes that can be machined on
a variety of surfaces, from simple to complex, with sizes ranging from small to large, which traditional
machining machines such as universal machines and CNC machines cannot do. However, the construction of
machining technology programs for robots becomes difficult, first of all, the analysis of kinematics and the
design of appropriate motion trajectories for the machining process to form the basis for calculating robot
dynamics and control, because robots have a complex structure with many joints.

This paper presents a kinematic analysis model for milling robots and proposes a method for designing
appropriate motion trajectories for robots in milling processes to create surface shapes of details. The survey
and calculation results are illustrated by numerical simulations.
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l. Introduction

Machining robots have many advantages due to their multi-degree-of-freedom structure, which allows
them to perform complex cutting motions that are difficult for machine tools and CNC machines to achieve. In
addition, robots also have the ability to be programmed flexibly, allowing for quick and easy changes to both the
machining process and the workpiece. Thanks to these outstanding advantages, robots are increasingly being
used in the field of machining [1-5].

The choice of robot with appropriate kinematic structure and degrees of freedom depends on the
surface to be machined and the machining technique required. For milling and shaping of complex spatial
surfaces of workpieces with configurations ranging from simple to complex, 6-degree-of-freedom serial
industrial robots are commonly used. The use of 6-degree-of-freedom robots for machining ensures that the
spatial shaping motion of the tool mounted on the operating unit reaches the desired position and orientation
according to the requirements of the milling machining technology [5-8].

Figure 1. Kinematic structural model of a milling machining robot

Milling to create a shaped surface requires precise control of the position, orientation, velocity, and
relative motion between the tool and the workpiece surface. The motion of the tool during milling is a
combination of all the component motions of the links and joints, making kinematic analysis and trajectory
design difficult and complex.
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This paper presents a general method for establishing the equations of motion, performing kinematic
analysis to determine the position, velocity, and acceleration of the joints according to the machining technology
requirements, and designing motion trajectories for milling machining robots. To illustrate, the method is
applied to a six-degree-of-freedom serial robot (modeled after an ABB robot) used in milling, with the tool
attached to the operating link (the sixth link) and the workpiece fixed on the machine table.

Following the Introduction, the remaining sections of the paper include Section (2) kinematic analysis
of a milling machining robot, Section (3) motion trajectory design for a milling machining robot, Section (4)
numerical simulation of motion trajectory design for a milling machining robot, and Section (5) conclusions.

1. Kinematic Analysis of Milling Machine Robot
2.1. Establishment of the Kinematic Equation of Milling Machine Robot
Consider the milling machine robot model shown in Figure 1. To establish the motion equation for the robot, the
Denavit-Hartenberg (DH) method is employed. The following coordinate systems are constructed for analysis:
Notation: R =OpXeYoZ, - fixed base coordinate system.
91, =01x1Y12;- coordinate system attached to link 1, described in coordinate system R, by the DH homogeneous
transformation matrix °A;
I,=0,X%,y,Z,- coordinate system attached to link 2, described in coordinate system ¥7,by the DH homogeneous
transformation matrix *A,, and in coordinate systemR, by oA,
General coordinate system %#,=0yizi(i = 1, ..., 6) - coordinate system attached to consecutive link i, described
in coordinate system #,_,by the DH homogeneous transformation matrix 1A, and in coordinate system Rg byOAi
Here, R¢=0¢XsYsZs- coordinate system attached to the manipulator link, matrix °Aq describes the position and
orientation of the manipulator link in coordinate system R, according to the robot's kinematic chain
°A,="AA,.CA, )
Re=0eXeYeZe- coordinate system representing the tool's cutting edge geometry (tool coordinate system) attached
to the cutting point of the tool in contact with the workpiece surface, axis Xg is tangent to the cutting edge, axis
ze is normal to the cutting edge, axis yE forms the right-hand coordinate system OEXEyEzE. Matrix ®Ag
describes the position and orientation of the tool relative to coordinate system %Rg, synthesized from the
homogeneous transformations, which are translations and rotations corresponding to the Cardan angles °xe, °ye,
®2¢ Cog, °Be, °n, respectively. Here, ®xe, °ye, °ze Pag, ®Be, ®nare constants dependent on the dimensions and
shape of the manipulator link and tool

Matrix °Ag represents the position and orientation of the cutting tool in the base coordinate system R, according
to the kinematic chain of the robot:

A ="AA,. A AL @)
Joint coordinate vector notation:
q:[ql,,,,qG]T=[91,..,66]T €)]

Machine table coordinate system %,=0gXqyqZq: attached to the center of gravity above the machine table so that
Xdll%o, YallYo, Zallzo, described in coordinate system 9,by the homogeneous transformation matrix °Aq

According to the requirements of the surface shaping process, the position and orientation of the tool at each
machining time are determined by the shape of the workpiece surface. The position and orientation of the tool
relative to coordinate system Rd are synthesized from the homogeneous transformations, which are translations
and rotations corresponding to the Cardan angles g, %ye, d°z¢ %o, °Be, “ne., respectively, denoted as:

T d d d d d d T
p:[pllpzy---;pe] :I: XE; yE, ZE| Og, BE! nE] (4)
Matrix dAE describes the position and orientation of the tool in coordinate system R, according to vector p:
d d
A ="Ac(p) (5)

Matrix “Ag describes the position and orientation of the cutting tool in the base coordinate system %R according
to the machining process requirements of the machine table kinematic chain:

A=A, AL (6)
Subtracting side by side equations (2) and (5) gives the matrix equation (7)
A A =AALCA CAL @

From matrix equation (7) and considering (2), the transformation is obtained (8), where (8) represents the
position and orientation of the tool in the R, coordinate system according to coordinate q:

AL =ACAA,LCPACA ="A(0) (®)
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From matrix equations (5) and (8), the kinematic equation is established in matrix form (9)

d d

Ac(a)="Ac(p) (©)
The matrix form kinematic equation (9) allows us to derive a system of 6 independent kinematic equations that
constrain the joint coordinates of the joint coordinate vector q to the workpiece coordinate vector p.

f(a.p) ="A(@)[L4]- A (n)[14]=
fap) = "A@[24]- A (p)[24]=
f(a.p)="A(0)]34]-"A (p)[34]
f.(a,p) = "A_(q) 11] ‘A (p)[L1]=0
f(a.p)="A(0)][22]-"A(p)|[22]=0
£(a.p) = “A(a)[ 3 3] ‘A (p)[33]=0

0
0

(10)

2.2. Kinematic Problem of Milling Machine Robot

a. Forward Kinematics

The forward kinematics problem involves determining the tool's motion law when the motion laws of the links
(joints) are known from sensors. Forward kinematics provides information for robot control so that the tool can
approach the workpiece surface for machining.

At each machining time, the sensors determine the position g, angular velocity q,, and angular acceleration ¢ of
the joint by substituting them into the system of equations (10) and the first and second derivatives of (10) will
determine the position-orientation p, velocity p, and acceleration p of the cutting tool.

b. Inverse Kinematics

The inverse kinematics problem involves determining the motion laws of the links (joints) when the motion law
of the tool is known. Inverse kinematics plays a fundamental role in calculating the dynamics and control of
robots.

The workpiece surface is defined by a coordinate system characteristic of the workpiece surface (detail
coordinate system) Rq= OsiXsVsizs. Coordinate system Rfi is placed at point Ofi, the contact point between the
workpiece surface and the cutting point of the tool, with the xg-axis tangent to the forming curve (tool path), the
vertical zg-axis normal to the workpiece surface, and the ys-axis determined by the right-hand coordinate system
rule. During surface shaping milling, the Ry coordinate system changes along the forming curve. Based on the
knowledge of metal cutting in mechanical machining, the forming curve is determined based on two main
factors: the workpiece surface and the chosen machining strategy. To form the workpiece surface, the tool
coordinate system®Rgmust coincide with the detail coordinate system®Ry;.

At each machining time according to the technological requirements, the forming motion of the tool with the
workpiece surface is determined by the position-orientation vectors p, velocity p, and acceleration p as (11),
(12), (13). Substituting vectors p, p, pinto the system of equations (10) and the first and second derivatives of
(10) will determine the position vectors g, angular velocity g, and angular acceleration ¢ of the robot joints as
(14), (15), (16).

p=[PuPsPo] =[Xe. Ve, 2, o, B, e | (11)
p=[D1 Do Do) =] “Ke, Ve, 2e, "G, B e | (12)
B=[Bu v B =[ Ko Ve 2, 61, B Vi | 13
a=[0--. 0] (14)
0 =[c, GG ] (15)
G =[t,, Gyt ] (16)

. Design of Motion Trajectory for Milling Machine Robot
To utilize the milling robot for shaping workpiece surfaces according to technological requirements, it
is necessary to design the geometric and kinematic trajectories for the robot so that during machining, the tool
achieves the appropriate cutting speed, feed rate, and cutting depth for the material and workpiece surface.
During machining, the tool must move in contact with the workpiece surface along the forming curve at the
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cutting point on the cutting edge. At the same time, the tool must ensure high accuracy of position, orientation,
and speed and acceleration relative to the workpiece surface according to the requirements of the technological
machining operation.

a. Geometric Trajectory Design:

The design of the geometric trajectory for the milling robot includes two main parts: the design of the geometric
trajectory for the tool and the design of the geometric trajectory for the robot.

Design of the Forming Curve (Tool Path) on the Workpiece Surface: The forming curve is the path along which
the tool moves on the workpiece surface to create the desired shape. The forming curve is defined based on
various factors, including the type of cutting tool, machining method, shape and dimensions of the workpiece,
and machining requirements. The tool path can be described in analytical form:

The forming curve can be represented as the coordinates of points as a function of time t in the machine table
coordinate system Ry:

Xg =X (t)
Yi =Y (t) (17)
Zg =1y (t)

The forming curve can be represented as a function of the coordinates X, Vs, Zqin the machine table coordinate
system Rg:

f, (X5 Y5 Zq)=0, j=12 (18)
The forming curve can be described numerically by a set of points i with Xg, Vs, Zgin the machine table

coordinate system Rd. The points i are tabulated. Table 1 describes the order of the points i(Xs, Vs, Zfi) on the
forming curve i=1,...,n.

Table 1: Tool path parameter table

Point Xi Yii Zgi
1 X1 Ya Zg
2 X2 Vi Zp
n Xtn yfn Zfn

At each machining instant in the machine table coordinate system Rd, the position of the cutting point of the
tool is determined by:

"Xe =X, Ve =Ym ‘Ze =2 (19)

To shape the workpiece surface, the tool coordinate system Rg must coincide with the detail coordinate system
Ry Therefore, at each machining instant corresponding to the cutting points on the forming curve, the
orientation of the tool is completely determined by the angles “ae =05 ,’Be =Bri, e =Prin the machine table
coordinate system Ry. Thus, the geometric trajectory of the tool (position and orientation of the tool in the

machine table coordinate system Ry during surface milling) is determined by the geometric characteristics of the
forming curve and the workpiece surface as:

d d d d d d T T
p:l: Xer Yer Zgs Ogr Pe TIE:I :[Xfi’yfi’Zfi’afi!Bﬁ’nfi] (20)
The matrix Ag describing the position and orientation of the tool in the coordinate system Ry in formula (5) is
determined for each point on the forming curve represented by:

‘Ac="A(p) (21)

Substituting the results calculated in (20), (21) into the system of equations (10) and solving will determine the
geometric trajectory of the robot during surface milling of the workpiece (the inverse position kinematics
problem is solved).

b. Kinematic Trajectory Design:

The design of the kinematic trajectory for the robot for product shaping plays a crucial role and
demands meticulous selection of cutting speed and feed rate to ensure productivity, surface quality, and
machining tool life. Cutting speed depends on the relative motion velocity of the cutting tool relative to the
workpiece surface along a path that is always tangent to the forming curve. Cutting speed depends on the
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material type, cutting tool, cutting depth, etc. Cutting speed is determined from the technical requirements of the
machining process.

At each machining instant, the cutting speed and cutting acceleration of the tool on the forming curve
are determined using analytical or numerical methods. Thus, the kinematic trajectory (cutting speed, cutting
acceleration) of the tool is generally calculated by differentiating the position of the tool with respect to time, as
expressed in (22), (23).

dy : dy d da de=
Xg = X (t)’ Ye= Y& (t)’ g = Ly (t) (22)
des o dee . des o
Xg = X5 (t)’ Ye = Y5 (t)’ g =1y (t) (23)
Substituting (17), (18), (19), (22), (23) into the system of equations (10) and taking the first and second

derivatives of (10) and solving will determine the kinematic trajectory (motion law of the links) of the robot
over time.

V. Numerical Simulation for Design of Motion Trajectory for Milling Machine Robot
Design the trajectory for a milling machine robot to process a part made of TigAl;V material, with the machined
surface and dimensions as shown in Figure 2.

246.3+0.02

R103
P
S/“”xxd

@52.20002/ 10 40.340.02 \ @52.24+0.02

Figure 2. Machining details

\
206+0.15

Applying the Denavit-Hartenberg rule, the Ri coordinate systems (i=0,6) mentioned above have been
established, from which the DH kinematic parameters for the robot have been determined and described in
Table 2.

Table 1: Kinematic parameters of the robot

Khau-Khép 0; (d9) di (mm) a; (mm) o (rad)
1 0; d,=5145 a, = 300 2
2 0, 0 a, =700 0
3 05 0 as = 280 -2
4 04 d, = 1060,24 0 2
5 05 0 0 /2
6 06 ds =377 as = -256 0
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Machined suface

PSS e

a. The tool paths The end mill cutter
Figure 3. The tool paths and the cutter

The machined surface is a humerical mesh surface. Figure 3a shows the forming curve Cf designed on
the numerical machined part surface and saved as a data file.
Table 3 describes the kinematic parameter values of the tool and machine table in the coordinate systems A6
and AO0.

Table 3. Kinematic parameter values of tool and machine table
6

6. 6, 6. 6, 6, 0. 0, 0, 0,
Xe Ve Ze ae Be Me Xd Y 0 0 Ba Nd
(mm) (mm) | (mm) (rad) (rad) (rad) (mm) (mm) | M) | Cos(rad) | g (rad)
0 0 0 T w2 0 0 -1361 | 1966 0 0 0

A ball-end end mill (Figure 3b) is the cutting tool used for milling and shaping the part surfaces. The technical
parameters of the end mill and cutting mode when milling with the robot are presented in detail in Table 4.
Table 4 shows the number of teeth of the end mill z, the spindle speed n, the feed per tooth S,, and the cutting
depth hO.

Table 4. Parameter values of ball-end end mill and cutting mode when milling with robot

Cutter’s D, D, L L, z n S fo | Cooling liquor
meterial (mm) (mm) (mm) (mm) (tooth) (vg/ph) (mm/tooth) (mm)
Carbide 20 20 125 50 4 1200 0,1 05 Emunxi

With the selected tool values, the parameters in Tables 3 and 4, together with the tool forming motion law that
has been calculated and saved as a data file mentioned above, are substituted into (11) to calculate the motion
law of the robot performing the milling processes.

Substitute the values in Tables 2, 3, 4 and the numerical value of the tool path into the system of equations (10)
and the first and second derivatives of the system of equations (10) to find the motion law of the robot when
machining and shaping the part surface according to the requirements of the milling engineering.
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Figure 4. Graph describing the motion law
(Position, velocity, acceleration) of the robot's links - joints

Figure 4 shows the motion law of the links - joints when machining the part surface. Figure 4a shows
the position of the joints from q1,..,q6 of the robot; Figure 4b shows the velocity of the joints from qg,...,q¢ Of
the robot; Figure 4c shows the angular acceleration dj,..,je0f the robot.

V. Conclusion

The paper presents a method for designing motion trajectories for milling robots to shape part surfaces,
offering several benefits such as improved visibility, more efficient selection of technological operations, and
enhanced machining quality and efficiency. The method involves establishing the forming curve, motion law for
the robot and tool so that during machining the tool moves relative to the workpiece surface along the forming
curve in a way that the tool is always within the serviceable area. The process involves setting up and solving
the robot's dynamic equations with the constraints of position, orientation, and velocity of the coordinate system
representing the tool placed at the cutting point coinciding with the set of coordinate systems representing the
workpiece surface placed at the machining point on the forming curve. With the established dynamic equation
and the represented motion law of the tool on the forming curve, the design of the robot's motion trajectory is
effectively performed. The computational and simulation results demonstrate the accuracy of the presented
method, providing a basis for its application to real-world machining of complex surfaces using robots.
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