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System for Die Polishing Process
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1. Introduction / smearing of surface layers by frictional heating

during polishing'”. When the polishing operations

During the processes of die manufacturing, pol- are done by skilled workers, manual polishing

ishing is done to remove teol marks and improve takes a long time to meet the required accuracy.it

the smoothness and flatness of die surfaces. The has been a major bottleneck consuming 20 ~ 30 %

polishing process affects the parts surfaces in two of the total die manufacturing time. To improve

ways : fine-scale abrasive removal and softening the productivity, it is required to develop an
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automated polishing system using manipula-

29 - Since robot motion programmed for a

tors'
particular die is used only once and cannot be
used for any other die, labor-intensive teach-and-
playback approach is not cost-effective. Therefore,
in order to automate this work, it is efficient to
adopt the off-line programming approach, which
can overcome the problems mentioned above®®®.
This off-line programming system for robot polish-
ing is a task-oriented programming system which
generates optimal collision-free polishing tool
paths through the use of graphical simulation.
The architecture of the polishing-robot off-line
programming system (PROPS) is shown in Fig.1.

This paper is organized as follows. Chapter 2
describes the graphical simulation environment,
and some important techniques like an efficient
generalized inverse kinematics algorithm, a colli-
sion checking procedure and a cell calibration
technique are discussed in Chapter 3. Finally,
conclusions and future work are discussed in

chapter 4.

o )

—

Fig. 1 Architecture of the automated polishing robot system
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2. Polishing Robot Simulator

2.1 Part modeling and layout planning

To model the parts and devices in the polishing
work cell such as robots, dies, tools, tool-tips,
working tables, etc., two kinds of polyhedra,
namely, boxes and pyramids are used as basic

@, These simple shapes are

geometric primitives
suitable for reducing computation time for shad-
ing, animation and collision checks. The relatively
complicated geometries such as robot manipula-
tors can be built by proper combination of these
boxes and pyramids®. Mathematically, both boxes
and pyramids are described as an intersection of
planar half spaces defined by the plane equations
of their surfaces.

In this research, three-dimensional objects are
assumed to be polyhedra or unions of polyhedra.
Therefore, all three-dimensional objects can be
defined with coefficients {a’,b',c’,d’} of the
plane equation a'x +b'y + ¢’z =d' corresponding
to object surfaces. This mathematical definition of
the objects is used to draw, shade and check colli-
sions between parts in the workcell. The die
geometries are imported from an external modeler
through CATIA or IGES format, and is represent-
ed with Bi-cubic spline gurfaces. When checking
the collision between dies and other parts, die models
are meshed into a set of triangular patches. A die
data imported from CATTA is shown in Fig.2.

Fig.2 Imported die data (phone)
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After modeling the parts — dies, robots, tools,
tool-tips, working tables and tool stands — com-
pletely, these should be placed to a suitable loca-
tion within the workeell. It is important to deter-
mine the position and orientation of a part con-
sidering the robot’s reachable workspace and tool
approaching directions. This layout planning can
be done interactively using the graphical user
interface that shows multiple views of the work-
cell (Fig.3).

Fig.3 Layout planning for robot polishing workcell

2.2 Polishing tool path generation

The first step of generating a polishing fool path
is to select proper tools and tips. Then the tooling
parameters such as the feedrate of the tool, the
approaching height, the path pattern can be
determined. Once they are determined, we can
generate a polishing tool path along the given
surface automatically. Basically. the approach
direction of the tool (or tool-tip) is normal to the
tangential plane of a tooling point on the die sur-
face. A polishng tool usually has a compliance
mechanism that is corapliant along the approach
direction of the tool. The existing robot kinematic
errors can be compensated in thig direction. Note
that our goal is not to enhance the cutting accu-
racy of milling process but to reduce the rough-
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ness and waviness of die surfaces.

Since a die is composed of several parametric
surface patches. the tooling sequence is deter-
mined by ordering the tool paths for each surface
patch, after all the tool paths for each patch have
been generated. After the tool paths and their
sequence are generated completely, they are
saved in a data base. In the simulation of robot
polishing, these tool paths and the sequence are
used to generate collision—free tool paths called
“‘sood-paths.” A sample tool path generated on
die surfaces is shown in Fig 4.

Fig.4 Tool path on die surfaces

2.3 Relational database

A Relational data hase (RDB) is indispensable
to store geometric data of dies and various infor-
mation of robots, tools, and other peripheral
devices in a polishing workeell. In addition, the
point data of tool paths and final good-paths are
also stored in RDB for retrieval and update.
Therafore, RDB makes it possible to program the
robot on the task-level. Consequently, RDB pro-
vides an environment to build an expert system
for polishing operations which automatically
determines the best polishing conditions without
depending on human intelligence.

A RDB for polishing work has been developed in
this research. The RDB is mainly composed of
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three groups of data tables. The first table is con~
cerned with dies, and the second group contains
the data describing devices and parts in polishing
workeell. Finally, the third group has the data
produced in polishing simulation, such as layout,
tool path points, tooling sequences and good-path
points. The RDB is structured as shown in Fig.5.

. DATA TABLE
- RELATION

Fig.5 Structure of relational database for robot polishing

3. Algorithms for Motion Planning

3.1 Inverse kinematic analysis of the robots
To simulate the polishing process using various
types of industrial robots, a generalized inverse
kinematic algorithm has been proposed“®.
While analytical methods are robot specific
numerical methods can be used regardless of
kinematic structure and degrees of freedom of the
robot. However, these numerical methods suffer
from inconsigtency in convergence depending on

(10111
'
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kinematic configurations and initial conditions. To
minimize these defects in numerical methods, the
deviation-function minimizing method"® was adopt-
ed in this research. This method is stable in com-
parison with Newton-Raphson-like method that has
the possibility of resulting in the singularity prob-
lem due to a singular Jacobian matrix. Selected ini-
tial values for iteration have an effect on the num-
ber of iterations. A new algorithm called "near posi-
tion method” has been proposed to determine proper
initial guesses to reduce the iteration time to comn-
verge™,

The near position method finds the position and
orientation analytically which are as close to target
position and orientation of TCP (Tool Center Point)
as possible. Then the iteration procedure using the
deviation-function minimizing method begins o find
the solution closest to the initial guess. The robot
considered has a shift hand, it can be reconstructed
to have a kinematics which has no link shift at
robot hand by setting the link length simply to
zero. After a near position of virtually simple robot
which ig close to the target position is determined,
joint variables gq;,i=L.6corresponding to near
position and orientation can be calculated from
position deviation vector A{py}. These joint values
P{g"} are not final solution {g} but only initial
guesses to be used in the iterative inverse kinemat-
ic algorithm. The procedure is shown in Fig.6. This
technique requires a more complicated computer
program but guarantees convergence stability and
reduced calculation time.

Fig. 6 Estimation of a near initial position
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The deviation—function minimizing method pro-
posed by Kazerounian® was used as an iterative
inverse kinematic procedure to calculate the joint
values {g! of the robot. The inverse kinematic
algorithm combined with the near initial position
method and the deviation-function minimizing
method was varified to Nachi 7601 6-DOF robot
manipulator whose inverse kinematics could not
be solved analytically due to the link shifts at
wrigt. The kinematic parameters of Nachi 7601
robot described in zero reference position
method® is shown in Fig.7 along with the kine-
matic structure.

u0x

ula

Joint Type ue k box

1 h:d (0,0 1) (0,0,1)
2 R (00 1) (001
3 R (0.01) (0.01)
4 R (00,1} (00,1)
3 R €9,.0,1) (0,01
[ R (0.0 1) (0.0 1)

wa=( 0,0, 1) wi=( 0.0, 1)

Fig. 7 Kinematic parameters of Nachi 7601 robot
manipulator

To check the convergence, the proposed inverse
kinematic algorithm has been compared with the
deviation-function minimizing method which has
no rule for determining initial guesses. Conver-
gence criteria defined in Kazerounian’s work were
used”. The comparison of convergence between
two inverse kinematic algorithms is shown in
Fig.8. As shown in Fig.8, the proposed algorithm

73

shows a good performance in case of small conver-
gence criteria.
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Fig. 8 The comparison between near position method
and Kazerounian’s method

3.2 collision check

To generate an accurate and safe robot tool
path that can be used with a real robot, it is nec-
essary to check collisions between the robot and
the objects in the workeell. When a collision
occurs, the path has to be modified to avoid the
collision. A simple and efficient collision detection
algorithm has been developed for polyhedral
objects.

The part geometry is described as a polyhedron
or an union of polyhedra. A union is used for con-
cave parts. Although a distance computation rou~
tine can be used for collision checking, it is more
expensive than a collision checking and thus not
used in this work.

A simple collision checking algorithm is now
described. Let a convex polyhedron be defined as

0= (E]{x { x,n Y=d'} 1))

j=1
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where, {.,.) denotes inner product, *=(x,y,%)
is a vector in space, ' = (ni,nf,ni)
is a unit surface normal to the plane j pointing
outward from the object O njx+nly+njz=d’
is j-th plane equation, and np is the number of
planes defining a polyhedron.

A part K composed of several convex polyhedral
objects O;'s is defined as

no

K= Jo, @)

where no is the number of objects defining the
part K. The condition for collision between two
parts is shown in fig. 9.

K1 K2

I sz ¥2

X
Reference frame

(a) Non-collision if « X1, nidz» di2 ,1i=1.2,..k.

Reference frame
(h) Collision if < X1, ni2»<=di2,i=12, .k

Fig.9 The condition for collision between two objects

74

Let KI and K2 be the two parts, which for
i=1,2, Ci denotes the centroid of Ki, Xi is the
pierce point which is the intersection of the line
connecting CI and C2 and the boundary of Ki, and
Pi is the witness point of Ki resulting in the mini~
mum distance between K7 and K2.

By observing that the pierce point XI on object
0! lies within or on the object O2, whether the
collison between OI and O2 occurs or not can be
detected. The pierce points XI, X2 are not exact
minimum-~distance points but approximately close
to that points. Therefore, when checking collision
using X1 X2, the error called near-miss would
take place. The error €, can be defined as fol-
lows.

£, = |X2 - X1|-|P2 - Pl 3)

Here, the positive value £, varies depending on
the centroid position and orientation of each
object. Thus, we should &, set as a proper con-~
stant value considering near-miss accuracy. Using
£, , one of two ohjects can be to expanded volu-
metrically. For example, the following equation
and inequality represent that the volume of 02 is
expanded.

d‘z = dz + E[l (4)
( XLn, )sd, )

This algorithm minimizes the distance function
f(PLP2) =|P1- P2 /2 )

To minimize the distance function. there have
been mainly two researches, interior penalty
function method"? and direct minimizing method
using gradient projection®. These approaches
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require complicated iterative numerical computa-
tion proportional to the number of planes con-
structing the polyhedra®. Since our collision
detection algorithm only aims at detecting colli-
sion, the distance between two objects has not
been. considered. The collision detection algorithm
was implemented to the animated simulation as
shown in Fig.10. It is noted here that our algo-

rithm works well for convex objects whose aspect
ratio is close to 1, i.e., close to sphere shape. A

more complete collision-detection algorithm such
{9

as that in Bobrow™ is being considered for future

use.

Fig.10 Collision detection during robot polishing simulation

The polishing path is generated as follows. The
robot tool tip is placed at each grid point on the sur-
face to be polished, and the points involving collision
are marked with “1.” The polishing path is generated
in two stages. First, a path visits all the collision—free
points is connected using Cho’s algorithm™. Then
the path that polishes the collision points are inter-
actively planned using the simulation module.

Off-line simulation generates collision-free tool-
path points and robot motion parameters are
stored in RDB. This data is independent of the
robot type, and is translated to robot’s native
controller language before execution.
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3.3 Robot and workcell calibration

A good-path data generated through simulation
are to be converted to various robot programs and
downloaded to the real polishing robot. However,
the resulting robot motion cannot track the path
accurately in real world. The main reason for this
Inaccuracy comes from calibration errors in the
robot and its workcell. There are geometrical
errors, such as variations in link lengths, joint
zero position error and a mismatched base loca-
tion of the robot, which are dominant factors
affecting robot’s absolute positicning accuracy.
There exist also non-geometrical errors, such as
gear eccentricity, backlash, and joint compliance
due to an applied payload at hand. For polishing
operation, it is adequate to reduce the geometrical
errors only. This is done by measuring the
absolute position of TCP, and adjusting the robot
geometrical parameters by using the offset
between measured positions and nominal posi-

", Many researchers have proposed various

tions'
methods to calibrate robot kinematic parameters.
In KIST. a calibration system that is coupled with

the robot hand mechanically has been developed
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and used to increase absolute positioning accura-
cy of rohot"® (Fig.12).

Fig. 12 Calibration mechanism attached to Nachi7601 robot

Furthermore, the positional inaccuracy also
comes from errors in placing a die in the polishing
workcell, This mismatch in transformation
between the simulation model and the real model
often takes place. This inaccuracy can be calibrat-
ed by designating robot base coordinates to refer-
ence coordinates. For this purpose, robot
equipped with distance sensors attached to end-
effector is used as a sensor.

4. Conclusions and Future Work

A polishing tool / robot off-line programming
system has been developed to automate the pol-
ishing work for the free formed surfaces of dies.
The polishing to0l™® is a mechanism that gener-
ates motion on a two-dimensional manifold and
has a compliance in the direction perpendicular to
the manifold shown in Fig.13.
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Fig.13 The appearance of a polishing tool

A robot off-line programming system makes it
possible for users to build a polishing workeell,
and simulate a robot polishing operation accu-
rately on a graphic terminal. An iterative robot
inverse kinematic algorithm in this research has
eliminated the need of computation of inverse
Jacobian, and proposed near initial guesses to
increase the computational speed and reliability.
By a simplified collision check algorithm, colli-
sions among the parts modeled as unions of con-
vex polyhedra are checked quickly. The proposed
approach to path generation on polishing surfaces
produces safe paths, where the tool does not col-
lide with the side-~walls of die. The RDB manages
all of the polishing data on the task level. A task
organizes all of the interconnected polishing data
with multiple relations.

For future work, more studies on the abrasives
for better smoothness and flatness and the design
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of a tool mechanism suitable for robot polishing
are required. More work should be done to
improve the off-line simulation, and develop an
expert system to determine the optimal tooling
conditions from die materials, heat treatment and
desired roughness and waviness.
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