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ABSTRACT:

Robot trajectory generation for spray painting have highly demand in modern
manufacturing. One of the most common surfaces in spray painting operations is ruled
surfaces. In this paper, a geometry based spray paint trajectory generation system for
ruled surfaces has been developed to simulate the spray painting process using articulated
arm robot. The developed system use the geometry information of both the required ruled
surface to be painted and the paint spot to generate spray painting trajectory for Labvolt
RoboCIM 5150 articulated robot. The developed system designed using Matlab software,
and has been simulated and evaluated using the Labvolt system. The results have shown
that the generated trajectory achieves satisfactory performance.
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INTRODUCTION

he present invention relates generally to an automated manufacturing system and,

more particularly, a system and method for planning a tool path along a contoured

surface of a Workpiece in an automated manufacturing application. Within the last
decade, computer-aided design (CAD) and computer-aided manufacturing (CAM) have
been extensively applied in the manufacturing industry. CAD technology is typically
used to design one or more parts of a manufactured article. In the manufacturing process,
automated robotic equipment is then used to Weld, paint, gauge and assemble the parts
into a manufactured article. For instance, a part may be painted using a paint gun that is
moved along the surface of the part by a robot. In recent years, there has been a focus on
how to use CAD information as a basis for determining the motions of robotic equipment
used in the manufacturing process. In particular, it is desirable to use the CAD
information to determine the path of the paint gun or the sensor as it moves along the
surface of a part. A current approach for planning the path of a tool along the surface of a
part requires extensive human involvement. CAM technology may be used to guide the
motions of the robotic equipment. In other Words, tool configuration and path planning
are programmed by human operator into the controllers of the robotic equipment. As a
result, the tool path planning process is time-consuming and prone to error. Therefore, it
is desirable to provide an automated system and method for planning a tool path along a
surface of a Workpiece in surface-based manufacturing applications. As a result, the set-
up time and cost to make a new part can be significantly reduced and thereby improve the
guality of the Manufacturing process [1,2]. Developing of a system that plan the
trajectory generation for spray painting is very demand to enhance the painting process
through minimizing paint waste and process time beside increase the paint quality.
Automated trajectory generation for spray painting has been widely studied.
Heping Chen and et al (2002). In this paper, a CAD-guided paint gun trajectory
generation system for free-form surfaces has been developed. The system utilizes the
CAD information of a

Free-form surface to be painted and a paint gun model to generate a paint gun

trajectory to satisfy the paint thickness requirements. A paint thickness verification
method is also provided to verify the generated trajectories. The simulation results have
shown that the trajectory generation system achieves satisfactory performance [3].
Heping Chen and et al (2004). In this paper, a CADguided chopper gun trajectory
planning system with non-uniform material distribution for free-form surfaces is
presented. A multi-objective constrained optimization problem is formulated. The
simulation results have shown that this system achieves performance required by
production applications [4].
Janhavi B. and et al (2010) developed a simulation system of spray painting making use
of Microbot Alpha Il robot and have used the Open Source Animation software (Blender)
to create videos to teach and demonstrate the working of the robot in an industrial
environment [5].

The Robot System:
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The robot system taken in this work is the Lab-Volt articulated Robot System, which
provides complete and affordable training in the programming and operation of industrial
robots.It comes with the Robot Software (RoboCIM 5150) which allows controlling or
simulating the motion of the Robot, shown in Figure (1)[6].

Kinematics model:

To design a control strategy for the robot arm, research of the mathematics associated
with robot kinematics was conducted. Robot kinematics deals with the motion and
structure of robot manipulators. There are two particular problems associated with
kinematics of robot manipulators

1. Determining the solution of the direct kinematics problem.

2. Determining the solution of the inverse kinematics problem.

For direct kinematics, the joint variable is given and the problem is to find the location of
the end effector. For inverse kinematics, the location of the end effector is given and the
problem is to find the joint variables necessary to bring the end effector to the desired
location. Figure (2) shows a simplified block diagram of kinematics modeling.

Assigning the Coordinate Frames:
Lab_Volt R5150 has robot manipulator with five rotational joints and a moving grip as
shown in Figure (3). Joint 1 represents the waist (base) and its axis of motion is z0. This

joint provides a rotational o, angular motion around z0 axis in xOy0 plane. Joint 2 is
identified as the shoulder and its axis is perpendicular to Joint 1 axis. It provides a

rotational 0, angular motion around z1 axis in x1y1 plane. z2 axes of Joint 3 (Forearm)

and z3 of Joint 4 (Wrist) are parallel to z1 axis of Joint 2; they provide O and 04

angular motions in x2y2 and x3y3 planes respectively. Joint five is identified as the grip

rotation. Its z4 axis is vertical to z3 axis and it provides O angular motions in x4y4

plane. Figure (3) show the robot at rest position (all joint angles equal to zero).

Transformation Matrix:

After establishing (D-H) coordinate system for each link figure(3), a homogeneous
transformation matrix can easily be developed considering frame {i-1} and frame {i}
transformation consisting of four basic transformations as shown in Table (1) and the
joint link parameter as given in Table (2). The overall complex homogeneous matrix of
transformation can be formed by consecutive applications of simple transformations
according to Denavit- Hartenberg (D-H) notation [8].

The overall (4 x 4) coordinate transformation matrix, T (tool, reference), results from
multiplying the individual frame-to-frame (T) matrices together. The entries in the T
(tool, reference) matrix will, in general be functions of all 5 joint variables.
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The overall transformation matrix has been modeled and simplicity using matlab program
as shown in Table (3).From the kinematics modeling equations, we can extract the
position and orientation of the end-effector with respect to base.

The general position vector(the tool-tip position) of Lab_volt R5150 is given by,

where

Cl (a3CZ3 + a2(:2 + d55234)

S1 (a3C23 + a2C2 + d58234)

d1 + a3S,3 +aA,S, — d5C234
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C,=Cos¢, , S, =Sing, , C,; =Cos(d, +6,) and S,; =Sin(@, +6,)

Inverse Kinematic Model:

Inverse Kinematics (IK) analysis determines the joint angles for desired position and
orientation of the robot end-effect in Cartesian space, each joint position must therefore
be known to obtain the necessary robot motion that achieves the desired end-effect
location. The general steps of position control of robot arm are illustrated in Figure (4) as
block diagram.

Proposal Approach for Inverse Kinematics:

Inverse Kinematics analysis determines the joint angles for desired position and
Orientation in Cartesian space. Total Transformation matrix Equation will be used to
calculate inverse kinematics equations. Its solution, however, is much more complex than
direct kinematics since there is no unique analytical solution. Each manipulator needs a
particular method considering the system structure and restrictions [9]. In the inverse
kinematics the user specifies the desired goal position of the end-effector in Cartesian
space as (X, y, z) where z is the height of the end effector From figure (5) 6; can be
calculated from the following equation
0, = Atan2(py,px).

The lengths d;, a,, az and ds correspond to the shoulder height, upper arm length,
forearm length and gripper length, respectively are constant. The angles 04, 05, 63, 6, and
05 correspond to waist rotation, upper arm, forearm, wrist, and end-effector, respectively.
These angles are updated as the specified location in space changes. We solve for the
joint angles of the arm, 01:5 given desired position (X, y, and z) and orientation (Pitch,
Roll).

The geometric approach used to solve for these angles, looking at figure (6) concluding
that the relationship between 6 , 0,0 and y as shown below.

Y= 0116, 10 .. (4)
Also the calculation of y can be calculated from the equation 2 as shown below

cos (v) =T(3,3) ...(5)

sin(y) = ataan2(,/1—cos(y)* , — cos(y))
rw=rg - d5cos(y)

zZw=zg - d5 sin(y)

Or

rw=a2cos(6 ) + a3cos(6 + 0 )

zw=a2sin(6) + a3 sin(6 + 0)
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cos(0,) = (zw—-d1)° +rw” —a2° —a3
2a2a3

sin(@,) = /1- cos(8,)?
6, =atan 2(sin(d,),cos(d,)) ..(6)
6, =atan 2((zw — d1), rw) — atan 2(a3sin(6,) + a2 + a3cos(6;)) (7)
6,=y-06,—-0, ...(8)

Ruled surfaces:

Ruled surface is one of the fundamental elements in industrial surface modelers. It
has wide applications because of its simplicity and ease to construct. A ruled surface is a
polygon mesh created between two defined boundaries [10, 11].

The objects which can be used to define the boundaries are lines, arcs, circles, points and
2D/3D polylines.

The surface created is a “one-way” mesh of straight lines drawn between the two
boundaries. Figure (7) shows types of the ruled surfaces taken in this work.

The implementation:

The general framework for the developed system is shown in Figure (8). The
developed system generates spray paint trajectory for a ruled surface depending on the
geometric model for the ruled surface, and using the diameter of the paint spot which is
commonly take a circular model.

The developed system, which is written using Matlab software, is produce a trajectory for
Robot manipulator (Labvolt RoboCIM 5150) based on the geometrical and operational
parameters of the robot system.

In this work, two cases have been taken to cover the common forms of ruled surfaces
which are useful in spray painting operations. The two ruled surfaces have been drawn
using CAD system, then imported by Matlab based software developed for this purpose.
The developed software takes the inverse kinematic for the Cartesian coordinates of the
taken surfaces; the Joint coordinates have been calculated and used to move the robot arm
to accomplish the required trajectory of spray painting.

Given the position and the orientation of each point of the surface, inverse kinematic
analysis is performed on the developed software system and delivered to the RoboCIM
5150 robot system to determine the vector of joint variables or kinematic parameters for
the robot arm to accomplish the given position coordinates of the ruled surface.

In this work, the robot is stationary. It end effecter is placed parallel to the surface being
painted. The spray paint tool is attached to the end effecter.

The Results:
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The developed system handled two cases of ruled surfaces, shown in Table 4 and 5
which present the Cartesian coordinate of the taken ruled surface and its joint coordinates
after implementing the inverse kinematic. These results have been verified through the
application of the joint coordinates, calculated from the developed system by inverse
kinematic; into the robot system software to simulate the motion of robot end effecter and
the motion accomplish the entire paint path efficiently, Figure (9) shows side of the
implementation.

Conclusion:

A geometric based paint tool trajectory generation system for ruled surface has been
developed using Matlab software. Simulation results using Robot system showed that the
paint trajectory requirements are satisfied.

This method could be used as an off-line trajectory generation system for ruled surfaces
for spray painting using articulated robot system.
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Figure (3): Link Coordinates of a Five_Axis Robot Manipulator
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Fiaure (4): location Control of a Robot Arm




RSN g e]0] oV AL MK N S Va VRN AP0l Es! Simulation of Spray Painting Using Articulated — Arm
Robot

Yo

Py < Tip-TCP

> X
P, 0

Fiaure (5); Geometric Analvsis

Figure (6): Arm Articulator planar view of robot[9]

Casel

Line

Polyline

Polyline

Fiaure (7): The taken ruled surface tvpes.



A Lol ToIV] g VR MRS N o Ts YN RAPAONRS) Simulation of Spray Painting Using Articulated — Arm
Robot

Geometry Model (Ruled surface drawn in CAD

u Desired position

Spot Model I Robot Trajectory Generation (Inverse Kinematics)

lL Desired configuration

Spray Painting Trajectory

Q -
||

Figure (8): Geometry-based spray paint trajectory generation system.

Figure (9): Side of the implementation part of the work (simulation phase)

Table (1) Transferring from frame i-1 to frame i
Operation  Description

‘ T, ' A rotation about z;., axis by an angle 6;. |
‘ T, ' Translation along z;., axis by distance d; |
‘ T, | Translation by distance a; along x; axis |

10
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Rotation by angle a; about x; axis

Table (3): Kinematics Equations from the Overall Transformation Matrix.

Equation No | RHS LHS Vector Comﬁ)onen
1 nx C1C234C5 + SlsS X
2 ny $,5,3,Cs — C,S¢ normal vector Y
3 hz S23405 z
4 ox S1C5 = C1Cp3 S5 X
5 oy — 5,C54Ss — C,Cs orientation vector Y
6 0z — S35 z
! ax C15234 X
8 ay S approach vector Y
o az —Coy z
10 pX Cl (a3C23 + a2C2 + d55234 X
11 PY | 5,(asCpy +a,C, +d,S,,  POSsition vector Y
12 Pz d1 T 835,35 + &S, — d5C234 Z

where:

n : Normal vector of the hand. Assuming a parallel-jaw hand, it is orthogonal to the

fingers of the robot arm.

0 : Orientation vector(Sliding vector)of the hand. It is pointing in the direction of the
finger motion as the gripper opens and closes.
a : Approach vector of the hand. It is pointing in the direction normal to the palm of the
hand (i.e., normal to the tool mounting plate of the arm).
p : Position vector of the hand. It points from the origin of the base coordinate system to
the origin of the hand coordinate system, which is usually located at the center point of

the fully closed fingers.

The orientation of the hand is described according to the Euler (RPY) rotation as:
The orientation of the hand is described according to the Euler (RPY) rotation as:

RPY (v, vy, wx) =Rot(X,yy).Rot(y,py).Rot(z,y, )

11

. (9)
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Table (2) D-H Parameter for R5150 Robot Arm [7].

Axis | jointname | &, d.(mm) a,(mm) o | range 6, motion

1 base 4, 255.55 0 90 | -185to+153 | rotates the body

2 shoulder g, 0 190 0 -32 to +149 raises and lowers

(upper arm)

3 elbow a, 0 190 0 -147 to +51 raises and lowers
(forearm)

4 Tool pitch 4, 0 0 90 | -51t0 180 raises and lowers
(gripper)

5 Tool roll 8, 115 0 0 + 360 rotates the

gripper

Table . (4): Sample of coordinates for case 1. This is shown in Figure (7).

# Cartesian coordinates Joint Coordinates

X (mm) | Y(mm) | Z(mm) g5 g4 g3 g2 gl
1 150 58.6357 | -123.2727 | 64.6370 | 33.6901 150 100 90
2 150 26.3787 | -55.9851 29.6064 | 63.4349 150 300 90
3 180 22.6238 | -51.7705 29.1467 | 58.1726 160 290 90
4 180 50.8499 | -112.2357 | 61.3857 | 31.4296 160 110 90
5 210 43.1768 | -100.2380 | 57.0612 | 29.7449 170 120 90
6 210 17.6261 | -44.8717 27.2456 | 53.1301 170 280 90
7 240 10.7679 | -34.0003 23.2324 | 48.3665 180 270 90
8 240 35.2449 | -86.9383 51.6934 | 28.4429 180 130 90
9 270 26.5837 | -71.6373 45.0536 | 27.4076 190 140 90
10 270 -1.7549 | -11.5209 13.2758 | 43.9191 190 260 90

Table (5): Sample of coordinates for case 2. This is shown in Figure (7).

# Cartesian coordinates Joint Coordinates
X (mm) Y(mm) | Z(mm) | g5 g4 g3 g2 gl
1 172 162 300 43.69 96.24 -116.44 | 64.31 0
2 300 162 300 28.43 66.30 -81.62 59.70 0
3 192 182 300 43.42 88.24 -108.14 | 64.73 0
10 | 300 255.4 300 40.41 49.41 -55.01 50.59 0
REFERENCES

[1].Sheng, W., Xi, N., Song, M. and et al, “ Automated CAD-guided robot path planning
for spray painting of compound surfaces”, IEEE/RSJ Int. Conference on Intelligent
Robots & Systems, 2000, pp. 1918-1923.

12




RSN g e]0] oV AL MK N S Va VRN AP0l Es! Simulation of Spray Painting Using Articulated — Arm
Robot

[2].W. Sheng and et al, “Automated CAD—Guided Automobile Part Dimensional
Inspection ”, Proceedings of the 2000 IEEE International conference on robotics and
automation, san Francisco, Apr. 2000.

[3].Heping Chen and et al, “ CAD-based automated robot trajectory planning for spray
painting of free form surfaces”, Industrial Robot Int. J., Vol. 29, No. 5, 2002, pp. 426-433
[4].Janhavi B. and et al, *“ Simulation of Spray Painting Operation using Microbot Alpha-
11, Int. Symposium on Computer Eng. & Technology, Punjab, 2010

[5].Weihua Sheng and et al “Optimal Tool Path Planning for Compound Surfaces in
Spray Forming Processes”, Proceedings of the 2004 IEEE International Conference on
Robotics & Automation .New Orleans, LA « April 2004
[6].http://www.labvolt.com/products/automation-and-robotics.

[7].Alaa H. Shabeeb,"Path Planning of Robot Manipulator Using Bezier Technique ",
M.Sc, thesis, Department of Production Engineering and Metallurgy, University of
Technology, 2013.

[8].J J. Denavit, R.S. Hartenberg, “A kinematics Notation For Lower-Pair  Mechanisms
Based On atrices” ,ASME Journal of Applied Mechanics, vol. 22, pp. 215-221, 1955.
[9].MOHAMMED ABU QASSEM and et al,"Modeling and Simulation of 5 Dof
Education  Robot  Arm"IEEE",advance = computer  control,2nd  international
conference,2010,pp.569-574.

[10].J. Hoschek, “Fundamentals of Computer Aided Geometric Design “, A. K. Peters,
1993.

[12].W.L Edge "The Theory of Ruled Surface" Cambridge University Press 2011.

13


http://www.labvolt.com/products/automation-and-robotics

