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A new calibration method for an assembly robot cell is described. The proposed method
is a combination of a model-free, numerical, relative robot calibration procedure and
a procedure for the robot periphery calibration. Two important simplifications based
on the study of an assembly process are introduced into the calibration strategy. A
robot is calibrated in a task (Cartesian) space. The robot workspace and the number
of calibrated degrees of freedom (dof) in the task space are reduced in accordance
with the difficulty measure of the task. An automatic measurement system for measuring
the relative robot accuracy was developed. An original principle of transforming the
robot endpoint approach distance into the one-dimensional position displacement
error is introduced. The accuracy errors of each particular calibrated dof in the task
space is measured separately. The error tables are used in a direct robot calibration
procedure that is based on the linear interpolation of the discrete position-error func-
tions. An iterative inverse calibration algorithm used in a particular robot cell is de-
scribed. An efficient sensor-based system for an additional simultaneous robot periph-
ery calibration is presented. The implementation of the proposed calibration
methodology in the pick-and-place robot cell for Surface Mount Technology (SMT) is
presented. © 1994 John Wiley & Sons, Inc.
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1. INTRODUCTION

The capability of precisely placing the end-effector
at the predefined position and orientation, i.e., robot
pose, inside the workspace is an important character-
istic required by modern industrial robots.

The robot pose error is a combination of the
repeatability and the accuracy errors. Robot repeat-
ability can be improved only by using component
parts of higher quality. On the other hand, robot
accuracy can be significantly increased with appro-
priate software. This procedure is usually called ro-
bot calibration and is divided into an analytic and a
numerical approach.

Analytic calibration methods'~ are based on the
principle of mathematical modeling of the error
sources. The kinematic accuracy errors are provoked
by using wrong values of kinematic parameters (dis-
tances, angles) in the robot kinematic model. The
effects of friction, gravitational forces, backlash, or
elastic properties of the robot segments, actuators,
and joints are among the most significant sources of
nonkinematic accuracy errors.

The implementation of some analytic calibration
method into real robotic cell is extremely compli-
cated, time-consuming, and costly. The main rea-
sons are as follows. The particular error source must
be identified, modeled, quantified for the particular
robot, and then applied in the kinematic model.
Because the modified models become considerably
extended, longer computational times are needed
and the robot speed is reduced. Complicated mea-
suring equipment and procedures for the estimation
of correct kinematic parameters are usually re-
quired.'**7 In addition, most control systems used
by modern, commercially available assembly robots
do not support programming on the level of chang-
ing the robot kinematics.

Numerical robot calibration techniques do not use
any modeling of the errors.® The particular actual
robot pose is measured. Numerical values of the
world (Cartesian) coordinates of the actual robot
pose are compared to the calculated nominal pose.

A numerical transformation between them is calcu-
lated.® As all kinds of the errors are taken into consid-
eration in this transformation, the accuracy improve-
ment of the robot is large and depends only on the
accuracy and repeatability of the applied measure-
ment system. Numerical calibration is correct only
for the particular measured pose.’ Different interpo-
lating methods are used for the calibration of the
robot at poses that are not previously measured.®

To apply a numerical calibration method to a
particular robot task all poses that are expected in
the robot program must be considered. Hence, the
methods are appropriate only in simple robot tasks
with all the poses known in advance. For the com-
plex operations in which the entire robot workspace
is used and the robot poses are changing during the
task, a six-dimensional discrete error function of the
complete workspace must be obtained. A system for
the actual robot poses measurement becomes com-
plicated as in the case of the analytic calibration
methods. Enormous memory capacities are required
to store the error-data of the whole robot workspace.
The application of such a method is rather ques-
tionable.

Even if the robot is well calibrated, the particular
assembly operation may not be accomplished suc-
cessfully. When the robot touches its environment,
a closed kinematic chain structure is formed. The
first branch of the chain, the robot, is accurate but
the second branch, the robot periphery, may deviate
significantly from the theoretically defined pose.
When calibrating the complete assembly robot cell,
the calibration of the robot peripheral devices must
be taken into account. Usually, an additional com-
puter vision system is used to calibrate the robot
periphery, which may decrease the cost effec-
tiveness.

The aim of our research was to develop an effi-
cient, simple, fast, and low-cost calibration method
for a robot assembly cell used for placing SMT elec-
tronic components onto hybrid circuits. Numerical,
relative-based robot calibration method was chosen.
Two calibration procedures were developed. The
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first was used for the calibration of the robot manipu-
lator and the second was intended for the calibration
of the robot peripheral devices. A difficulty measure
D of the SMT assembly process was introduced.
Based on the measure D, two important simplifica-
tions concerning the complexity of the robot calibra-
tion process were implemented. The volume of the
calibrated robot workspace and the number of the
calibrated axes in the task space coordinate system
were reduced.

The proposed simplified calibration method was
realized and tested in a real robot assembly cell.

2. BACKGROUND

An assembly process is a combination of manipulation
tasks and basic assembly operations like grasping,
screwing, pushing, placing, sticking, etc.

A robot manipulation task is performed in so-
called gross motion mode. The manipulated object
has all six degrees of freedom relatively unlimited
with respect to the absolute coordinate system and
other workpieces. To perform the manipulation task
only an approximate trajectory is specified with two
or more significant points. The accuracy of trajectory
tracking during the manipulation task is relatively
low.

When the workpiece, held by the robot, comes
close enough to the required, preprogrammed pose,
collision with other workpieces or the robot periph-
ery is possible. The particular basic assembly opera-
tion with a higher accuracy of movement is then
accomplished, and the robot is said to be operating
in fine motion mode.

By the transition from the manipulation task to
the basic assembly operation some dof of the manip-
ulated workpiece are “lost.” It is convenient to de-
scribe the fine motion in a local, i.e., task (Cartesian)
coordinate system, which is attached to the work-
piece. The origin and the orientation of the task coor-
dinate system (in the absolute coordinate system) is
defined with the workpiece geometry and assembly
scene. In general, it is an arbitrary pose.

We introduced a special difficulty measure D of
an assembly operation. It typifies the particular basic
assembly operation for calibration purposes. D is
defined with a level of difficulty Lp and a set of
directions {Dp} of lost dof during the particular basic
assembly operation:

D = (Lp, {DD}) @
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The level Ly equals the number of dof in fine
motion while the directions {DD} are defined with
the fine motion axes in the task coordinate system
of the particular basic assembly operation. The two
basic assembly operations shown in Figure 1 have
the following difficulties: the placement of the SMT
component onto the layer is described by D; = (2,
{x;, y1}) and the “peg-in-hole” insertion operation
by D, = (4, {x, ¥, o, B,})). This means that the fine
motion movements had to be more precise along the
axes x; and y, of region 1 as well as along and around
the axes x, and y, of region 2 if the assembly task in
Figure 1 is to be accomplished successfully. In Figure
1 the axes in which the movements need not be more
precise are depicted with dashed lines and the fine
motion regions with the shadowed boxes.

The reason for introducing the difficulty mea-
sure D was simplification of the calibration proce-
dure for the robot assembly cell.

The following simplification rules were used in
the proposed calibration methodology:

1. Robot calibration need to be performed only
inside the regions of the workspace where
the basic assembly operations take place, i.e.,
active workspace.

2. The calibration procedure is accomplished in
the task space of the particular basic assem-
bly operation.

3. The axes in the task space that are calibrated
are defined according to the difficulty mea-
sure D of the particular basic assembly oper-
ation.

4. A relative-based numerical calibration ap-
proach is chosen as more appropriate than
an analytic one when applying the rules 1, 2,
and 3.

X0

Figure 1. An example of an assembly task with two basic
assembly operations with different values of difficulty mea-
sure D.
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5. The proposed assembly cell calibration meth-
odology requires the robot calibration proce-
dure as well the procedure for the robot pe-
riphery calibration.

3. IMPLEMENTATION OF A SIMPLIFIED
CALIBRATION PROCEDURE—A CASE STUDY

3.1. The Robot Cell Description

The proposed simplified calibration methodology
was developed for the robot assembly cell for surface
mounting of miniature SMT electronic components
onto hybrid circuit ceramic layers.’® A SEIKO
D-TRAN XY-2000 Cartesian robot with 4 dof was
used as a pick-and-place machine together with auto-
matic flexible mechanical periphery for transporting
and fixing of ceramic layers. SMT components are
supplied by the feeding system. Three layers of stan-
dard dimensions, 50.8 X 50.8 mm, are processed at
the same time. The smallest component is approxi-
mately 1.0 X 1.0 X 2.0 mm, the dimensions of the
biggest manipulated component are approximately
6.0 X 8.0 X 1.5 mm. The placement-process cycle
time depends on the amount of the SMT components
per layer. The average capacity of the cell is 2500
components per hour.

There are two regions inside the robot active
workspace that need to be calibrated. The first is the
region where the SMT components are supplied to
the robot with the feeding system and the second is
the region of component placement onto the layers.

In both regions the same difficulty measure
D = (2, {xy, yo}) was found. The basic assembly
operation of picking or placing requires two accurate
coordinates to specify the picking (placing) position.
Required accuracy is approx. =0.1 mm. The orienta-
tion of the appropriate task space coordinate system
coincides with the robot base coordinate system. The
third coordinate (vertical to the picking surface) is
not critical. The vacuum pipe used in the robot grip-
per contains the spring that enables compliant land-
ing onto the surface of the component and thus sup-
presses position errors due to variable component
heights. Motion in the vertical direction at the plac-
ing position is constrained by the drop of glue or
soldering paste into which the SMT component must
be pushed slightly. There is no extremely accurate
orientation of placing required because of the effects
of soldering. The component is rotated in the orienta-
tion defined by the equilibrium of the soldering sur-
face tension forces.

3.2. A Robot Calibration Procedure
3.2.1. Methodology

According to the number of the calibration regions
inside the active workspace and the resulting diffi-
culty measures a relative-based numerical calibration
of the robot was taken. The precise robot movements
needed to accomplish the basic assembly operations
are programmed in the task coordinate system. The
task coordinate system is defined by guiding the
robot end-point into particular significant poses.
This means that the origin and the orientation of the
task coordinate system in the absolute coordinate
system has the same accuracy as the robot. In this
case the robot accuracy improvement in the absolute
coordinate system is not important.

The shape and dimensions of the calibration re-
gion of the active workspace depend on the particu-
lar assembly task. In the general case, a block or
a cube around the place where the basic assembly
operation is performed would be appropriate. In the
case of two-dimensional tasks, part of the workspace
degenerates into an appropriate surface section of
the robot workspace.

The procedure of robot calibration inside the par-
ticular active workspace region contains the follow-
ing steps:

* Discretization of the calibration region.

The region of the active workspace is discretized
along those axes of the task space that are needed
in the calibration procedure (D). The active
workspace is essentially cut into incremental boxes.
In the general case (D = (6, {x, y, z, &, B, ¥}), an
additional sphere belongs to each box representing
the definition domain for the discretization of the
orientation parameters. A discretization interval is
chosen in accordance with the tolerance require-
ments of the assembly task, the specified nominal
robot accuracy, and the characteristics of expected
predominant error sources in the particular work-
space region. As the accuracy error follows a com-
pletely unknown function (which we do not need
to know, because the numerical calibration is used)
no general rule for the interval definition exists. The
estimation of the interval size starts with the interval
as large as possible and then is decreased until satis-
factory results are obtained.

* Measurement of robot pose errors.
The robot is programmed to move into the reference
pose, which is defined inside the discretized work-
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space region. Only those kinematic parameters con-
cerning the chosen task space axes are measured,
which may represent an important simplification of
requirements for the measuring equipment. An error
vector pointing from the reference to the actual robot
pose then is calculated and stored in the error table.
The dimension of the error vector and the complexity
of measuring equipment strongly depend on the
D,esion @s well on the shape and volume of the partic-
ular region.

* Estimation of actual robot pose.

The pose error tables contain information on how the
robot actually moves when directed into a particular
discrete pose. This numerical correction of an inaccu-
rate direct robot kinematic model is exact only at
the discrete poses that were measured. All kinds of
errors are incorporated in the correction transforma-
tion and the accuracy depends only on the measure-
ment equipment.

For an arbitrary pose between the discretized
ones, linearization of the error function is applied.
The inaccurate direct kinematic model is used to cal-
culate the inaccurate pose (NOMINAL; . curate) tO
which the linearized value of the pose error, obtained
from the error tables, is added (see Eq. 2).

ACTUAL = NOMINALinaccurate + Aen‘mtable (2)

The linearization of the error between the partic-
ular (measured) points inside the error tables in gen-
eral can not yield the correct results. It strongly de-
pends on the nature of the error sources provoking
the robot inaccuracy. The proposed operation is per-
mitted in cases where the pose errors do not change
sign between the measured points. (This may occur
with repeatability errors that are not under the scope
of the calibration procedures.)

3.2.2. Realization

According to the difficulty measures found in the
SMT robot assembly cell, special measuring equip-
ment for the automatic measuring of the relative
robot accuracy was developed. It consists of a steel
precise measuring plate with precise grooves, a pair
of linear displacement transducers (LDT), an addi-
tional microprocessor data acquisition board, and a
host computer that is a part of the robot cell (Fig. 2).

On the surface of the measuring plate there is a
rectangular grid of 11 X 11 precise grooves that are
1.8 mm wide, 1.0 mm deep, and 5 mm apart. The
plate was fabricated on an NC grinding machine and
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Figure 2. The configuration of the automatic measure-
ment system for measuring the relative robot accuracy.

was justified with a dedicated coordinate measuring
system (Mitotoyo, type 231-B), which has an accu-
racy of £0.002 mm. During the robot calibration pro-
cess the plate, which has approximately the same
weight as the gripper, is attached to the robot in
place of the gripper (Fig. 3). A pair of contact-type
linear displacement transducers with a resolution of
0.001 mm are fixed into the calibrated active work-
space region. This makes it possible to measure the
displacement along the z axis of the task coordinate
system of the particular active workspace region.
The robot with the measuring plate approaches the

Figure 3. In place of the gripper the measuring plate is
attached to the robot; a pair of Linear Displacement Trans-
ducers (LDT) are fixed in the calibration region of the
robot workspace.
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LDT measuring direction normally and makes con-
tact with the LDT pair. The measuring LDT with a
diamond cone-shaped end touches the edge of a
groove on the plate. The vertical displacement of
the LDT is then transformed into a horizontal robot
endpoint position error (Fig. 4). Another LDT is used
as a reference for the z displacement and thus
touches the plate surface between two adjacent
grooves. The reference LDT eliminates measurement
errors provoked by robot inaccuracy in the z di-
rection.

It is obvious that there are orientation errors
compounded with position errors when applying
the proposed position measurement procedure. Ori-
entation error measurements are relatively difficult
and the aims of simple and efficient calibration can
be lost when using the proposed set up in the general
case. It is supposed by the author that the inverted
configuration with the fixed measuring plate and the
robot-mounted LDT pair would be a more adequate
solution in the general case of robot calibration inside
regions with higher values of D and higher tolerance
requirements.

The geometry of the measuring plate (88.0 mm
X 88.0 mm X 9.5 mm) allows measurement of the
robot relative accuracy in two positional coordinates
inside the rectangular region of 50 mm X 50 mm.
The measured area was divided into 121 discrete
reference points for each coordinate axis. Separate
measurements for each axis were made. Two sets of
ten measurements per area and axis were used to
eliminate the repeatability errors of the measuring
system and the robot. The mean values of the posi-
tion errors were stored in the error functions Ax(xy,,
Yny) and Ay(xy,, yn,) where (xy,, yx,) represents the
x measuring grid and (xy,, ¥x,) the y measuring grid.

- - - nominal pose

— actual pose

7
measuring plate !
= \\
; ‘ ; ‘ ;
o [ i l ) | /

reference LDT

— 3
!

] measuring LDT

task
coordinate
system

X

Figure 4. The basic principle of the position error mea-
surement. Vertical displacement Az is transformed into
horizontal displacement Ax.

The resulting error function distributions for both
axes inside the first placing region are shown in Fig-
ure 5.

The value of the position error between the mea-
sured points is obtained with a linear approximation
of the error function values of neighboring dis-
crete poses.

3.2.3. Inverse Calibration

In practical robotics the process opposite to the cali-
bration procedure is more important. For an arbi-
trarily required robot pose inside the calibrated re-
gion the theoretical pose must be specified so that
the actual pose coincides with the required one. This
is the problem of inverse kinematics (inverse calibra-
tion), which has no general solution.

The inverse calibration solution of the proposed
SMT assembly robot cell is used in the case of an
off-line programming mode. The goal of inverse cali-
bration is to specify the appropriate nominal coordi-
nates {xy, yy} that will guide the robot into the re-
quired actual coordinates {x4, ¥4} = {Xreq, YreQ}-

An iterative algorithm for searching the required
actual coordinates {x,, y4} from the error function
was constructed. Two discrete functions xy(xy + Ax,
yy) and yy(xy, yy + Ay) are formed at first. The first
function represents the nominal values of x at the
points of the “grid,” which are defined by the actual
values of x and the nominal values of y. The second
function is analogous for the y direction. (The actual
values xy + Ax and yy + Ay are measured values.)

The required x, is applied in the function
xy(xy + Ax, yy) and the minimum and maximum
nominal values of the corresponding xy are calcu-
lated. In the first step, all possible nominal yy are
used (Fig. 6a). The required y, is used within the
function yy(xy, yy + Ay) in the second step, but
only the interval [Xypin, ¥vma iS considered (Fig.
6b). Just as in first step, the minimum and maximum
values of nominal y are obtained. Then, the search-
ing process continues in the function xy(xy + Ax,
yy) within the interval of [Yymin, Ynmax] calculated
in the previous step (Fig. 6c).

After the first two steps of the searching algo-
rithm (and after each subsequent step) the mean
values Xy and ¥, on the intervals [Xymnin, XN max] and
[ YNmins Ynmax), TESPectively, are calculated. The cal-
culated nominal position (Xy, ¥y) is corrected in the
error tables Ax(xy,, Yny) and Ay(xyy, Yy,) Obtained
in the measuring process. The corrected “actual”
value is compared with the required actual value. If
the difference is less than the required tolerance of




Figure 5.
error distribution functions Ax(xyy, Yn,) and Ay(xyy, Yn,) inside the calibra-
tion region.

the basic assembly operation, the iteration algorithm
stops. The last pair (Xy, ¥y) is assumed to be the
appropriate “fault” nominal position, which yields
the required actual one.

3.3. Calibration of the Robot Periphery

For the robot assembly cell in the case study the
transport/fixture system provoked the main accu-
racy errors of the robot periphery. An efficient cali-
bration system for fast redefinition of the position
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The results of the measurement are presented as the position-

of the transport/fixture system was designed. It con-
sists of specially fabricated calibration markers
attached to the main mobile board used for fixing the
ceramic layers and the sensory system incorporated
into the gripper. With an opto-reflective sensor
mounted in the center of the vacuum gripper pipe'
the relative positions of the two calibration markers
are measured. The robot itself is a measuring device,
so the measurement of the marker position has the
accuracy of the robot. Comparing the new positions
with the positions used in the previous assembling

ﬁ
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Figure 6. The illustration of the first three steps of the
iterative inverse calibration process.

cycle, the correction matrix for the current assem-
bling cycle is calculated.

There are two “V” shaped robot endpoint trajec-
tories specified over the calibration markers (see Fig.
7). Passing over the calibration markers with the
opto-reflective sensor, the points T, to Ty are de-
tected. Their Cartesian coordinates, expressed in the
robot base coordinate system, are used to calculate
the lines p; to p,. Crossing points °S(x;, y;, z1, 1)7,
0S,(x,, Y2, 2o, 1)T, and %8s(x3, y3, 23, 1)T are then
derived. These points are defined in the robot base
coordinate system but are used to define the fixture
coordinate system FIX in which they are described
with the following vectors: FX§,(0, 0, 0, 1)T, FXS,(L,,
0,0, 1)7, and FXS,(0, L,, 0, 1)". The values of L; and
L, are precisely measured by the fabrication of a
mobile fixture board. The relation between the cross-
ing points expressed in the robot base coordinate
system (°S;) and the crossing points expressed in
fixture coordinate system (*S;) are as follows:

05, = OFIX - X5, 0, = °FIX - FXS,,
083 = OFIX = FIXS3 (3)

The homogeneous transformation matrix °FIX =

[, 6, &, P is calculated from Eq. 3 as shown in Eq. 4:

X ™ X
L,

xS—xl
n, = = e W |
L,

= sl _ YW o
e L o= L, Py =¥

23— 21 SR
M el O s T S IOCD )
2

The closed kinematic chain of the robot, which is
in contact with the manipulated object at the desired
picking or placing position, is described by matrix

legend
fixture poses:

0
= FIX n-1

e OHIX

points:

© measured
O calculated

base
coordinate
system

Figure 7. A schematic description of the main mobile
board of the transport/fixture system with V" shaped
robot end-point trajectories over the calibration markers
(shadowed rectangles). The three squares in the middle
represent the ceramic layers attached to the board.




Egieb:

'ROBOT = “PERIPHERY
OT . TTOOL = °FIX - FXPOS (5)

The left side of Eq. 5 represents the kinematics
of the robot (°T) with the gripper ("TOOL). The right
side is the kinematics of the fixture (°FIX) holding
the layer with the specified placing point (F*POS).

The matrix ‘FIX is used in the robot periphery
calibration procedure. Two different ways of using
the matrix °FIX are proposed, depending on the ro-
bot teaching mode used in the robot cell. In both
cases the automatic measurement of fixture pose is
accomplished before the particular assembling cycle.

3.3.1. Off-line Robot Programming Mode

The required picking or placing position is specified
with the homogeneous transformation FXPOS,,
which is expressed in the fixture frame °FIX. The
subscript 0 used with the transformation POS indi-
cates the “Oth” assembling cycle, which is in fact
the off-line teaching phase. The calibration of the
periphery for the nth assembling cycle is performed
with the matrix multiplication (Eq. 6), where °FIX,
represents the calibration matrix calculated from the
values obtained in the measurement at the beginning
of the nth cycle.

'ROBOT, = °FIX, - FXPOS, ©6)

The transformation ‘ROBOT,, depicts the partic-
ular corrected preprogrammed robot end-effector
pose used in the nth assembling cycle.

3.3.2. On-line Robot Programming Mode

The working points of the assembly process are de-
fined by the “teaching by guiding”” method. Again,
the teaching assumes the “Oth” assembling cycle
(‘ROBOT, = °FIX, - f*POS,). The fixture matrix
OFIX, is calculated before the Oth assembling cycle
according to the proposed procedure. The robot end-
point position FIXPOS,, expressed in the °FIX, frame
is unknown when the on-line programming is used.
It is calculated by matrix Eq. 7.

FIXPOS, = OFIX; ! - "ROBOT, @)

Before the first assembling cycle the transforma-
tion °FIX; is derived. The on-line specified pose
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"ROBOT, is corrected into ‘ROBOT; according to
the following equation.

'ROBOT, = °FIX, - °FIX;! - ROBOT,  (8)

The same procedure is used before the start of each
assembling cycle (see Eq. 9).

'ROBOT, = FIX,, - °FIX;, - 'ROBOT, ;, (9)

The transformation ‘ROBOT,,_; denotes the cor-
rect robot pose from the previous cycle and the trans-
formation “ROBOT, describes the corrected cur-
rently used robot pose.

4. RESULTS AND DISCUSSION

In the case study of an SMT robot assembly cell a
robot with relatively good accuracy was used (0.02
mm specified by the producer). The original accuracy
was decreased (to approximately 0.25 mm) when
the custom designed gripper device was mounted.
Fortunately, the original robot repeatability was not
changed. The proposed direct robot calibration pro-
cedure was then applied and the error tables were
prepared.

The tolerance requirements used in the SMT as-
sembly task were about 0.1 mm. From the results
of the measurement we found the following values.

AxMax Eh2¥ pm, Ame = —153 um,

Ax

mean

= =79 pm
AyMaX = +62 pm, AyMin =/ pm, Aymezm =+7 pm

According to these values the origin of the task
coordinate system was shifted to X .., and Ypean-
The absolute maximum error values were |Ax| = 181
wmand |Ay| = 132 um. This meant that the robot was
accurate enough to fit the tolerance requirements of
the task. The robot calibration procedure was per-
formed just as an experiment and the calibration
routines were not included as a standard part of the
SMT robotic cell software.

The measuring plate was designed to best fit the
application requirements. As the ceramic layers had
the standard dimensions of 50.8 X 50.8 mm the mea-
suring area was 50 X 50 mm. A measuring interval
of 5 mm was chosen to correspond to the estimated
placement grid of the electronic components. This
was meant to provide a greater likelihood that the
components would be placed on the measuring in-

—
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tervals. In such a case, the inverse calibration would
be more accurate as the required positions will be
closer to the measured points. Of course, the mini-
mum interval is limited by the physical dimensions
of the LDT pair configuration.

A linear approximation was used in the direct
robot calibration, as well as in the iterative inverse
calibration procedures that were developed for the
case study, having a level of difficulty L, = 2. With
a higher L, convergence problems in the inverse
calibration are expected and thus different inverse
calibration methods would be used.

The author believes that for the SMT placement
robot assembly task that was described, a signifi-
cantly less accurate (and less expensive) robot would
be successful. In that case, the proposed robot accu-
racy procedure would be of greater importance.

On the other hand, the robot periphery was
found to be highly inaccurate and unrepeatable. The
pose errors of mobile main fixture board were esti-
mated to approx. 0.5 mm. The results of the robot
placement process were not acceptable in about 25%
of the production and the robot cell effectiveness
was low. The robot periphery calibration was found
to be the most important. The limits of the robot
periphery calibration were defined with the robot
repeatability, which was extremely good in the case
study (about +0.005 mm). The real accuracy of the
measuring system proposed depends on the sensory
system used. The Omron type opto-reflective sensor
incorporated in the gripper made an accuracy of
+0.05 mm possible. When utilizing a robot with
worse repeatability another, more appropriate sen-
sory system should be used.

The robot periphery calibration procedure was
introduced into the software package of the robot
cell. It was performed before each particular assem-
bling cycle and took about 5 seconds, which was
2.4% of an average assembling cycle time for 3 layers
with 40 SMT components. It was estimated that there
were practically no more irregularities in SMT com-
ponent placement due to the pose displacement of
the transport/fixture system after the calibration.

5. CONCLUSION

Task-dependent robot calibration was proposed. Dif-
ficulty measure D of a basic assembly operation de-
fined the reduction of the volume of the calibration
region and the number of calibrated dof in the task
space. An original microprocessor-controlled mea-

suring system was developed that enables automatic
measurement of the relative robot accuracy in two
perpendicular directions on the plane normal to the
approach vector of the robot end-effector. The princi-
ple of transforming a vertical displacement into a
horizontal one ensures high measuring accuracy
over a relatively large area compared to the measur-
ing range of the LDT itself. An efficient robot periph-
ery calibration is incorporated in the assembly cell.
It assures the simultaneous correction of the mobile
transport/fixture system for the ceramic layers. The
accuracy of this procedure is limited by the robot
repeatability and the resolution of the marker-edge
detector. Satisfactory results were achieved when
applying the proposed calibration strategy in the
SMT robotic assembly cell.

The author is indebted to Prof. Dr. Alojz Kralj, Prof.
Dr. Tadej Bajd, and colleagues from the Laboratory
for Robotics, Faculty of Electrical and Computer Engi-
neering, University of Ljubljana for their support dur-
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