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(57) Abstract: The present invention relates
to an apparatus for automatically fine-tuning a
robot program for carrying out a material removal
process on an object (1) by means of a robot (4).
The apparatus comprising a measuring system
(3) configured to measure the geometry of the
object, and at least one computing device (5)
having program code comprising code configured
to: control the robot to pick a reference object
processed with a desired process result, and move
the reference object into the measuring range of
the measuring system, receive measurements of
the geometry of processed parts of the reference
object, control the robot to pick a not processed
work object of the same type as the reference object,
control the robot to perform the material removal
process on the work object in accordance with
the programmed robot path, control the robot to
move the work object into the measuring range of
the measuring system, receive measurements of
the geometry of the work object after the removal
process, calculate deviations between the geometry
of the processed work object and the processed
reference object, determine whether the calculated
deviations are acceptable, and if the deviations are
acceptable store the adjusted robot path, and if the
deviations are not acceptable adjust the robot path
based on the geometrical deviations and repeat the
procedure for a new object.
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A METHOD AND AN APPARATUS FOR PROGRAMMING A MA-
TERIAL REMOVAL PROCESS CARRIED OUT ON AN OBJECT
BY MEANS OF A ROBOT

FIELD OF THE INVENTION

The present invention relates to a method and an apparatus for
programming a material removal process carried out on an ob-
ject by means of a robot programmed to follow a robot path de-
fined in relation to a mathematical geometrical model of the ob-
ject, and more particularly to a method and an apparatus for fine
tuning the robot program for carrying out the material removal
process.

PRIOR ART

Industrial manipulators, such as robots, are often used for carry-
ing out a process that involves some type of material removal on
a work object, such as milling, grinding, deburring, deflashing or
polishing. The robot is programmed to follow a path relative the
work object during the processing. The path includes a plurality
of target points. A robot control unit controls the movements of
the robot in accordance with instructions in a stored control pro-
gram. The control program comprises instructions for the robot
movement along the path. Information on the path, such as posi-
tion and orientation of the target points of the path, is included
in the instructions in the control program.

Robot programming for material removal is very difficult because
of the lack of accuracy and the stiffness of an industrial robot.
To get around the accuracy problem 3D imaging systems such
as 3D scanners and 3D cameras can be used. These measure-
ment systems generate 3D models of the work object used for
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off-line programming of the robot paths. In the off-line program-
ming system the paths, which a tool should follow when manipu-
lated by the robot, are either manually or automatically gener-
ated relative a mathematically defined geometric model of the
work object, usually a CAD model of the object. The paths are
then used for the generation of robot instructions that are
downloaded to the robot. Before running the program instruc-
tions, the robot must be calibrated to the 3D measurement sys-
tem making it possible for the robot to run the path in the robot
base coordinate system even if the path is generated in the co-
ordinate system of the measurement system. This approach is
possible to perform both when the robot holds the tool and the
work object.

Even if the accuracy obtained with this method had been high
enough for accurate material removal, the processing result will
anyhow be very bad, especially for harder materials such as iron
and steel. The reason for this is that the compliant robot struc-
ture will flex because of the tool forces during the processing
and also vibrations may destroy the machining results. The
compliance of the robot structure is not linear, which means that
it usually flexes in another direction than the tool force, making
the result even worse.

OBJECTS AND SUMMARY OF THE INVENTION

The object of the present invention is to improve the accuracy of
a material removal process carried out by an industrial robot.

This object is achieved by a method as defined in claim 1 and
an apparatus as defined in claim 10.

Such a method comprises: picking a reference object processed
with a desired process result, measuring the geometry of the
processed parts of the reference object and storing the meas-
urement results, picking a not processed work object of the
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same type as the reference object, performing the material re-
moval process on the work object in accordance with the pro-
grammed robot path, measuring the geometry of the work object
after the removal process and storing the measurement results,
calculating deviations between the geometry of the processed
work object and the processed reference object, determining
whether the calculated deviations are acceptable, and if the de-
viations are acceptable store the programmed robot path, and if
the deviations are not acceptable adjust the robot path based on
the geometrical and repeating the procedure for a new not proc-
essed work object.

This method is, for example, suitable for adapting a robot pro-
gram for carrying out a material removal process on a work ob-
ject, which robot program has been generated off-line in a CAD
system, to a desired process result for the work object. The
method is also suitable for fine-tuning a program that has be
generated by lead through to a desired process result for the
work object. This method is particularly suitable for program-
ming a material removal process on a casting made of hard ma-
terials, such as iron or steel.

This invention solves the above problem with bad material re-
moval results by an adaptive programming method involving
several steps including both measurements, geometry adapta-
tion and processing. In this way the lack of both accuracy and
stiffness of the robot and the gripper/tool will be compensated
for. Measurements are made both on a reference object, which
has been processed manually or by a high performance CNC
machine, and of one or more work objects that are processed
during the programming phase. The measurements of the refer-
ence object are made to obtain a geometric reference model de-
scribing a desired processing result at the actual gripping and/or
fixturing of the object. The measurements of the work objects
processed by the robot are made to make it possible to compare
the geometry of the processed work objects with the reference
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object. This comparison is used for the adjustment of the pro-
gram to increase the processing accuracy. The method is itera-
tive and several work objects may be needed before a high per-
formance program is obtained.

In this context, no distinction is made between the robot pro-
gram and the robot path. The robot program includes movement
instructions that define targets, which comprises tool positions
and orientations together with interpolation methods defining the
geometrical path between the targets, whereby the complete
tool paths are defined. Accordingly, the term adjusting the robot
path means that the targets of the instructions of the robot pro-
gram defining the path of the robot tool are adjusted.

By best fit is meant that a known best-fit method, such as a
least square method or a non-linear optimization method, is
used for fitting measured point clouds to a geometric model of
the measured object. Before best fit a surface model can be
made of the measured point cloud and then best fit is made be-
tween the surface model and a surface model from other meas-
urements or from a CAD model. Examples of surface models are
meshes of polygons or surface splines.

According to an embodiment of the invention, the robot path is
defined in relation to a mathematical geometrical model of the
object, and the method comprises: adapting by best fit the
measurements of the geometry of the reference object to the
mathematical geometrical model of the object, determining dif-
ferences in the geometry of the reference object between the
measurement of the reference object and the mathematical
geometrical model of the object, and adjusting the programmed
robot path based on the determined geometrical differences.
This embodiment is suitable for fine-tuning a robot program that
has been generated off-line in a CAD system, to a desired proc-
ess result for the work object. In such case a mathematical
geometrical model of the object, in the form of a CAD model, is
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available and is used for improving the fine-tuning of the pro-
gram.

According to another embodiment of the invention, the robot
program, which is to be fine-tuned, is programmed by lead
through on processed parts of the reference object. In the case
that a mathematical geometry model of the object is not avail-
able, the robot program can be generated by lead through. This
means that the work object and tool are moved relative each
other along the paths of the reference object that have been
processed and that the position and the orientation of the tool
relative the object is registered along the paths where process-
ing has been made. Using lead through programming the
method comprises: picking a reference object processed with a
desired process result, measuring the geometry of the proc-
essed parts of the reference object and storing the measure-
ment results and performing lead through programming on the
reference object to obtain the program then used for the robot
processing of a work object. The same procedure described for
program adjustment during robot processing is then performed.

According to an embodiment of the invention, the deviations be-
tween the geometry of the robot processed work object and the
processed reference object are calculated based on the stored
measurements of the work object and the stored measurements
of the reference object. In this way errors in the material re-
moval of the robot are obtained and can be compensated for by
adjusting the robot program throughout the programmed paths in
such a way that the errors are compensated for.

According to another embodiment of the invention, the devia-
tions between the geometry of the processed work object and
the processed reference object are calculated based on stored
measurements of the work object and the adjusted robot path
used to perform the processing. This makes it possible to make
use of the relation between the adjusted programmed path and
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the geometrical object model in order to know how much to
move the path in order to compensate for the geometry errors.

According to another embodiment of the invention, the method
further comprises measuring the geometry of the parts to be
processed on the not processed work object, and storing the
measurement results, and if the deviations between the geome-
try of the processed work object and the processed reference
object are acceptable at least for one part of the robot path, the
adjusted robot path is stored together with the measurement re-
sults of the geometry of the work object before the processing,
and repeating the procedure for a plurality of not processed
work objects until a plurality of adjusted robot paths have been
stored together with measurement results of the geometry of the
corresponding not processed work objects. Performing during
production or manufacturing of work objects of the same type as
the reference object: picking the work object, measuring the ge-
ometry of the parts of the work object to be processed and stor-
ing the measurement results, comparing the measurement re-
sults from the present work object with said stored measurement
results of the geometry of previous work objects, and selecting
the adjusted robot path stored together with the work object hav-
ing the measured geometry closest to the present work object.

According to another embodiment of the invention, the method
further comprises adjusting the selected robot path using more
than one of the stored robot paths associated with measurement
results close to the geometry of the object. This means that a
combination is made (for example by adding geometrical errors
relative the reference measurements) of different stored meas-
urement results to obtain the same measurement results as for
the work object to be processed and a program is generated as
a corresponding combination of stored adjusted programs.

According to another embodiment of the invention, wherein if the
deviations are acceptable along a part of the path, storing the
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adjusted robot path together with the measurement results of
the geometry of the work object. In production the measurement
results are then compared with the stored measurement results
along the path and the stored adjusted programs used in the
path segments with acceptable difference between measure-
ment results are used.

According to another embodiment of the invention, the material
removal process on the work object is performed in accordance
with the adjusted robot path combined with at least one robot
path programmed by lead through. The resulting program is
made by connecting in series the adjusted robot path and the
lead through programmed robot path. This will give less residual
material for the lead through programmed material removal,
which then will be possible to perform faster.

In the case of using a combination of the adjusted robot program
and lead through programming the work object is measured be-
fore the processing and the measurement results are used to
reduce the material removal depth of the adjusted robot program
to leave material for the lead through programming step.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be explained more closely by the descrip-
tion of different embodiments of the invention and with reference
to the appended figures.

Fig. 1 shows an example of an apparatus using an optical
scanner for programming a material removal process
carried out on an object by means of a robot.

Fig. 2a-c exemplifies measurements of a casting stub to be
grinded using a mechanical scanning equipment.
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Fig. 3 shows the use of a tool for the measurements of a cast-
ing stub using force control.

Fig. 4 shows the use of a dummy tool for the measurements of
a casting stub using force control.

Fig. 5 shows the application of a weaving motion pattern for
the measurement of a casting stub using force control.

Fig. 6 illustrates how the method according to the invention
can be used for programming a material removal proc-
ess on wood.

Fig. 7 shows a flowchart over a method for fine-tuning a robot
program according to an embodiment of the invention.

Fig. 8 shows a flowchart over a method for fine-tuning a robot
program according to another embodiment of the inven-
tion.

Fig. 9 shows an example of how a robot program can be ad-
justed with the method according to the invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
OF THE INVENTION

A robot program defining a robot path for carrying out a material
removel process on a work object is off-line programmed, for
exemple, by means of a CAD program. A mathematical model,
such as a CAD model, describing the geomery of the object is
used during the programming. However, the geometry of the real
work objects may vary between different objects. For exemple, if
the objects are castings and the process is deburring, the shape
of the castings before the deburring process may vary due to the
amount of burr on the casting. Thus, during the programming of
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the process the off-line programmed robot program has to be
adapted to real work objects by fine tuning of the program.

Starting with knocking, this process is easy to tune. The
craftsmen know from experience where and in what angle to hit
on the objects, for exemple castings. The grinding that must be
made afterwards is however much more difficult to fine tune
since the stubs to grind after cutting may vary a lot in shapes
and heights and therefore it is a desire to automate the fine
tuning and reduce the program editing work.

Figure 1 shows an example of an apparatus for automatically
fine tuning a robot program for carrying out a material removal
process on an object 1. In this example the object 1 is a casting
having a stub 2, which has to be removed by a grinding process.
The apparatus has a measuring system, including a sensor 3,
for measuring the geometry of the casting. In this example the
sensor is a 3D scanner. However, the sensor can be any type of
sensor for measuring the geometry of an object, such as a 2D
scanner or a 2D or 3D vision system. An industrial robot 4
moves the casting. The sensor 3 generates measurement sig-
nals and is connected to a data processing unit 5 configured to
process the measurement signals from the sensor. The data
processing unit includes at least one processor and memory
storage. The computer unit 5 comprises software code portions
for performing the steps of the method according to the inven-
tion. The processing unit is a computing device, for example, a
computer, such as a PC or a hand-held computer. In this exam-
ple, the data processing unit is a robot control unit for control-
ling the movements of the robot.

Lead through is a method for programming a robot a desired
path. During the programming, a Ilead-through handle is
mounted to the robot or to a tool or an object carried by the
robot, and the programmer guides the robot along the desired
path. A force sensor is configured to detect force and torque
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changes of the handle during the programming. Such a lead
though programming method is disclosed in US6385508.

Instead of using an optical scanner, which could have problems
in the grinding environment, a simple mechanical scanning can
be used. This scanning is programmed by lead through and the
final approved profile is registred and used for comparison when
the number and types of grinding strokes are determined during
production. Figure 2 exemplifies mechanical scanning of a stub
14 on a casting 11. At programming the casting is programmed,
for example by lead through, to pass a mechanical scanning
device 15a or 15b both before the grinding and after the
grinding. There are of course many ways to implement a
mechanical scanning device. In the figure a piston configuration
15a and an arm configuration 15b are outlined. The translation
in 15a can be measured with an LVDT and the rotation in 15b
with a resolver. By analyzing the force and torque sensor
signals from the grinding machine, information about the shape
of the stub can also be obtained. For example, a low force
grinding movement under admittance control can be made
starting outside the stub and then moving against and over the
stub. Because of the admittance control the casting will, beside
making its lead through programmed movement to let the
grinding disc scan the stub, also make the movements needed
for the grinding disc to follow the shape of the casting. In figure
3 this is illustrated with the casting 11, the stub 14, the grinding
disc 16, the grinding actuator 17 and the force/torque sensor 18.

The methods described in connection with figures 2 and 3 can of
course be applied after all types of cutting. In the case of
knocking the cut cannot be controlled but in the cases of oxy-
fuel burning and mechanical cutting the cut motion can be
controlled and to minimize the grinding time the cuts in these
cases should be made as accurate as possible. However, there
must always be a margin since if the cut is made into the casting
the casting will not be useful or it will have to be repaired by for
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example welding and then grinding. Therefore it is important to
fine tune the cutting programs with enough margins. Figure 4a-b
shows a possibility to use a dummy beam emulating the oxy fuel
beam used for burning. By lead through, a start and a stop
position on each side of the stub 14 is programmed. Then the
controller is asked to make a scanning between these two
positions. This scanning is made with admittance control and the
controller superimposes a motion pattern 22 to get the dummy
jump up and down in relation to the casting. Of course, if the
robot holds the casting and the tool is fixed, it is the casting that
makes the movements and the admittance control will directly
change the direction of the motion at a hit between the casting
surface and the dummy beam. The up and down motions should
be made using just a wobbling speed reference and there is also
a possibility to add a tilting motion to detect the orientation of
the stub in relation to the orientation of the surrounding surface
11.

In order to avoid that the casting crashes into the dummy tool
and distroys it, it is mounted with a kinematics coupling
comprising one part 23a with spheres and a second part 23b
with groves. A magnet 24 is used to keep the parts together.
The dummy beam can be mounted beside the real burner during
production to make it possible to use it for measurements of cut
quality. In the case of metal cutting a dummy tool can also be
used, see figure 5. The cutting disc 25 is here mounted on the
shaft via a 6 DOF Force/Torque sensor 26. By using a weaving
motion pattern between the casting and the dummy cutting disc
also here the stub can be measured for program compensation.
Of course earlier described optical and mechanical scanning
methods can also be used.

The concepts described for fettling above can also be used for
material removal in other materials as for example wood (saw-
ing, milling, drilling etc). In the case of milling sometimes com-
plicated patterns and geometries must be made and then often
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CAD models are available. How the programming can be made
then is illustrated in figure 6. Here 30 denotes a CAD model or a
processed reference object, on which robot trajectories have
been programmed to obtain a geometrical pattern 31. With for
example lead through programming the robot is programmed to
pick the piece of wood 32 on which the pattern will be proc-
essed. The wood piece 32 is moved into position for scanning of
edges by moving around the wood piece in front of the scanner
33. Then the robot controller makes a best fit of the wood piece
with the CAD model of the wood piece or the measurements of
the reference object 30, and the CAD robot program is loaded to
the robot. Next the wood piece is moved to the tool 34 and by
lead through three corners (or other specific details defined as
calibration points on the CAD model or the reference object) will
be moved to touch the tool to define the tool position relative the
wood piece. Then the process is started and a real pattern 35 is
obtained by running the program adapted to the CAD-model or
the measurements of the reference object. The real pattern 35 is
then measured by a scanner 36, which could be the same as the
scanner 33, and the measured pattern profiles are compared
with the CAD model or the processed reference object and the
errors are then used to compensate the robot program itera-
tively. After that the production can start.

This method of feedback adjustment of a robot program gener-
ated from CAD or reference objects can of course also be used
for programming of many other applications. One example is pre
machining of complicated structures as engine blocks and gear-
box housings. Then the surfaces may be very reflective and
touch probes can instead be used for the measurements to ad-
just the process iteratively.

An embodiment of the invention relates to a method for fine tun-
ing a robot program for carrying out a material removal process
on an object by means of a robot, wherein the robot program
controls the robot to follow a robot path defined in relation to a
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mathematical geometrical model of the object, for example a
CAD model. Such a method comprises:

1) picking a reference object processed with a desired proc-

ess result,

2) measuring the geometry of the processed parts of the ref-
erence object and storing the measurement results,

3) adapting by best fit the measurement results to the mathe-
matical geometrical model of the object,

4) determining differences in the geometry of the reference
object between the measurement results and the mathe-
matical geometrical model of the object,

5) adjusting the programmed robot path based on the deter-
mined geometrical differences,

6) picking a not processed work object of the same type as
the reference object,

7) performing the material removal process on the work ob-
ject in accordance with the adjusted programmed robot
path,

8) measuring the geometry of the work object after the re-
moval process and storing the measurement results,

9) calculating deviations between the geometry of the proc-
essed work object and the processed reference object,

10) determining whether the calculated deviations are ac-
ceptable, and

11) if the deviations are acceptable store the adjusted ro-
bot path, and
12) if the deviations are not acceptable adjust the robot

path based on the geometrical deviations determined in
step 8, and repeating the steps 6-12 for a new object.

Figure 7 is a flow chart illustration of the method for adaption of
a robot program generated in a CAD system to a desired proc-
ess result for a work objects according to an embodiment of the
present invention. It will be understood that blocks 52 - 86 of the
flow chart can be implemented by computer program instruc-
tions. The movements of the objects are implemented by a robot



10

15

20

25

30

35

WO 2008/113807 PCT/EP2008/053241

14

program including instructions for picking an object, processing
an object, measuring an object, and placing an object

The process involves some type of material removal as for ex-
ample milling, grinding, deburring, deflashing or polishing. The
desired result of the processing is obtained by manual process-
ing of a first object that will be named the reference object,
block 52. After the manual processing has given the desired re-
sult, the reference object is place at a loading site for the robot
and the robot grips the object, block 53. After gripping of the ob-
ject, it may be necessary to measure errors of the gripping in
order to have a well-defined position and orientation of the ref-
erence object. Then the robot moves the reference object to a
measurement station, block 54, which measures the geometry of
at least the parts of the object that have been processed, block
56. For example, in the case of deburring, the deburred edges
are measured. This can be made by a 3D-scanner or by contour
following with robot force control, using a suitable position sen-
sor or any of the methods according to Figures 2 — 5.. The ob-
tained measurement results are then stored in a 3D format, for
example represented by spline functions generated from the
measurement points defined in the coordinate system of the
measurement system, block 58.

The stored measurement results are adjusted to a mathematical
description of the object, such as a CAD model, by best fit,
block 60. For example, a least mean square method or an opti-
mization method is used. Along the programmed paths on the
geometry of the CAD model, the programmed points of the CAD-
based program are then adjusted to compensate for the differ-
ence between the geometry of the CAD model and the meas-
urement results from the processed reference object, block 62.
The adjusted CAD-based program is then stored. To start the
program tuning, he robot grips a raw work object, block 66. If
necessary, the same grip compensation as for the reference ob-
ject is made. The adjusted robot program is run and the work
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object is processed in accordance with the adjusted robot path,
block 68. After the processing, the robot moves the processed
object to the measurement station, block 70, and the same
measurements as for the reference object are made, block 72.
In the same way as for the reference object, the measurement
results are stored in a suitable form, block 74. The deviations
between the measured geometry of the processed work object
and the geometry of the manually processed reference object
are calculated along the programmed paths of the adjusted pro-
gram, block 76. The deviations can be calculated in two ways:
based on the stored measurement results from the work object
in relation to the stored measurement results from the reference
object, block 58, or based on the stored measurement results
from the work object in relation to the best fit CAD model with
respect to the reference measurements, block 60.

Thereafter it is determined whether the calculated deviations are
acceptable or not, block 78, and if the deviations are acceptable
the adjusted robot path is stored, block 84, and if the deviations
are not acceptable the robot path is adjusted, block 80, based
on the geometrical deviations determined in block 76, and the
steps described in blocks 66-78 are repeated for a new object,
block 82. Thus, if the deviations (max, average, standard devia-
tion etc.) are larger than a predefined value a new adjustment of
the CAD-based program is made. This adjustment is a function
of the deviations calculated in block 76.

The easiest way to adjust the program is just to move the pro-
grammed points the same distances as the deviations but in the
opposite direction. One reason for the deviations are differences
between the gripping of the reference object and the gripping of
the raw work object, block 53 and 66. However, the main reason
for thepath errors is the compliance of the robot. The compli-
ance errors depend on the force on the tool and the stiffness of
the robot. Using a force sensor and knowing the stiffness matrix
of the robot it will be possible to calculate the adjustments



10

15

20

25

30

35

WO 2008/113807 PCT/EP2008/053241

16

needed of the robot program to obtain a path close to the
wanted path and fewer iterations will be needed than in the case
when just a compensation corresponding to the deviation is
made. The reason for this is that the stiffness matrix of a robot
is not diagonal and it is not enough to make a compensation in
the direction of the tool force. Models of the robot stiffness can
be included in filters used for Iterative Learning Control to opti-
mize the convergence speed.

During production the procedure 66 — 78 can be performed at
suitable intervals to be sure to keep the quality and if deviations
are found new adjustments of the program can be made. Since
the same robot used for the program adjustments can also be
used in the production, no extra arrangements are needed in or-
der to make such quality tests.

In the case that no CAD models exist, the robot program used
the first time in block 68 can be obtained by lead through pro-
gramming on the processed reference object. This means that
instead of the activities in blocks 60 and 62 the operator moves
the tool relative the reference object to simulate the processing
and doing so, the path for the program to be used in block 68 is
stored. Lead through programming can also be made as a sec-
ond step in block 68. Then the robot is at first making the proc-
essing using the program generated by means of the reference
object. In a second step lead through programming is made to
obtain an additional program. Then the program made by lead
through is run to perform additional processing. Thus, two robot
programs will in this case be run in block 68.

Often the adjustments needed depend on the geometry of the
parts of the object that will be removed. For example, adjust-
ments of a deflashing program in the case of a hard metal de-
pends on how much excess material that must be removed. In
such a case several adjustment programs can be saved for the
same object. How this can be made is shown in figure 8. As a
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reference, a manually processed reference object is used just as
in figure 7. Thus the steps 92 - 104 are the same as described
with reference to the blocks 50 - 62 in figure 7. The difference
from figure 7 is that now the gripped raw object, block 108, is at
first moved to the measuring station, block 110, the geometry of
the object is measured, block 112, and the measurements are
stored, block 114, before the processing of the object with the
adjusted CAD program or the program obtained by lead through
on the processed reference object, block 116. The measurement
results are stored in a Data Base 136 for future use. As in the
method illustrated in figure 7, the processed raw object is meas-
ured, block 118 and 120, and the measurement results are
stored, block 122.

The latest stored measurement results from the object are com-
pared with stored measurements results from the reference ob-
ject, or with the best fit CAD model of the reference object,
block 124. If the deviation is too large, block 126, the CAD pro-
gram is adjusted, block 128, as described in figure 7, and a new
raw object, block 130, is gripped, block 108, and the steps 110 —
126 are repeated. As soon as the deviation is small enough,
block 126, the program is stored, block 132, in the Data Base
136 together with the measurement results from the raw object,
which were stored in block 114. In order to get statistics on the
relationship between successful programs and corresponding
raw objects excess material geometries, the measurement data
for several successful raw object programs need to be saved.
Therefore it is checked if more than M programs have been
stored, block 134. If this is not the case, the steps 130, 108 -
126 are repeated for new raw objects.

When a necessary number of programs with corresponding raw
object measurements have been stored in the Data Base 136,
the production, block 138, can start and for each object 140 that
is gripped, block 142, measurements on the parts to be proc-
essed are made, block 144 — 148 and the stored measurement
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results are then used to find the Data Base measurement result
that is closest to the measurement results of the just measured
object. The robot program stored together with the closest
measurement results in the Data Base is then used for the proc-
essing of the object.

As in Figure 7 the block 116 can also contain a second step with
lead through programming and processing using the lead
through program. In this way fewer raw work objects are needed
in order to get the statistics needed in the data base.

Figure 9a-c illustrates with a simple 2D example how the meas-
ured geometry 162 of a robot processed object is adjusted to the
measured geometry 160 of a reference object, block 80 in figure
7 and block 128 in Figure 8. Figure 9b shows how the deviations
d, calculated in block 76 in figure 7 and block 124 in figure 8,
are defined. Here the static deviations that may originate from
gripping errors are first removed by best fit and the position and
orientation 162 of the measured geometry is obtained. Figure 9c
then shows how the adjusted measured geometry 162 is ad-
justed to compensate for the processing errors, resulting in a
new programmed path 166. From the beginning the program is
adapted to follow the geometry of the reference object geometry
164 and after the adjustment the program is in this case made to
follow the geometry 166.

The loop in Figure 8 may need many objects before the devia-
tion between reference object geometry and robot processed
object geometry is small enough, block 126. To reduce this
problem the deviation from the manually processed reference
object performed in block 124 of figure 8 can be calculated for
different segments of the geometry to be processed and as soon
as at least one segment fulfils the requirements in block 126,
the program, block 132, and the corresponding measurement
results, block 114, are stored and if the condition that more than
M programs have been stored, block 134, is not fulfilled a new
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raw object is processed to obtain enough statistics. The value of
M now depends on how many segments that fulfil the accuracy
requirements and basic criteria must be that approved segments
and corresponding adjusted programs must exist for the com-
plete paths. During production, the measured geometry, blocks
146, 148, is then compared for each segment with stored meas-
urement results in the Data Base 136 and for each similar seg-
ment the corresponding stored program is then used, meaning
that several stored programs will be blended together to form a
program giving acceptable quality for all the processing of the
object.

Using lead through programming it is possible to perform a
combination of lead through programming and CAD-based pro-
gramming in block 68 in figure 7 and block 116 in figure 8. This
can be made in such a way that at first a conservative CAD-
program is run guaranteeing that not too much material is re-
moved, and then the operator removes the rest of the material
by lead through. The CAD program can also be parameterized
with respect to the thickness of the excess material to be re-
moved. In that case the measurements made in blocks 112, 114
can be used to obtain the thickness of the excess material and
using this result the CAD program can be tuned before the proc-
essing starts. This will give less residual material for the lead
through programmed material removal, which then will be possi-
ble to perform faster. The resulting program is made by connect-
ing in series the CAD-based program and the lead through pro-
gram. In this case the deviation from the reference object should
almost always be small enough for all the processed geometries
and the check in block 126 will almost always give an OK and
the number M will mainly determine the number of object
needed for the statistical content of the Data Base.

If the operator is able to perform the lead through programming
with high precision for every object the measurements after the
processing, block 118 — 122, will not be needed and it is possi-
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ble to jump directly from block 116 to block 132 in the flow dia-
gram of figure 8. With very large differences in the excess mate-
rial to be removed, the CAD program in block 116 will have a
minor role and only lead through programming can be adopted.
Then, the steps 92 — 104 as well as the steps in blocks 118 —
126 + 128 can be omitted. However, then there will not be any
tests if the lead through programming is good enough and much
more lead through programming may be needed since there will
not be any help from the CAD program. Moreover, it is more dif-
ficult to make a precise processing using lead through pro-
gramming than to make a complete manual processing, and
therefore it is important always to have a manually processed
reference object to compare with.

The present invention is not limited to the embodiments dis-
closed but may be varied and modified within the scope of the
following claims. For example, the calculations of the deviations
and the adjustment of the robot program is made by a certain
program adapted for handling geometry data, which is run on an
external computer, and the movements of the robot during the
fine-tuning procedure is controlled by a robot control program,
which is run on the robot controller.
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CLAIMS

1. A method for fine tuning a robot program for carrying out a
material removal process on an object (1) by means of a robot
(4), the robot program controlling the robot to follow a robot path
defined in relation to the object, wherein the method comprises:
a) picking a reference object processed with a desired proc-
ess result,
b) measuring the geometry of the processed parts of the ref-
erence object and storing the measurement results,
c) picking a not processed work object of the same type as
the reference object,
d) performing the material removal process on the work ob-
ject in accordance with the programmed robot path,
e) measuring the geometry of the work object after the re-
moval process and storing the measurement results,
f) calculating deviations between the geometry of the proc-
essed work object and the processed reference object,
g) determining whether the calculated deviations are accept-
able, and
h) if the deviations are acceptable store the programmed ro-
bot path, and
i) if the deviations are not acceptable adjust the robot path
based on the geometrical deviations determined in step f,
and repeating the steps c-i for a new object.

2. The method according to claim 1 wherein said robot program
is programmed by lead through on processed parts of the refer-
ence object.

3. The method according to claim 1 wherein the robot path is
defined in relation to a mathematical geometrical model of the
object, and the method comprises: adapting by best fit the
measurements of the geometry of the reference object to the
mathematical geometrical model of the object, determining dif-
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ferences in the geometry of the reference object between the
measurement of the reference object and the mathematical
geometrical model of the object, and adjusting the programmed
robot path based on the determined geometrical differences.

4. The method according to any of the previous claims, wherein
step ¢ further comprises measuring the geometry of the parts to
be processed of said work object and storing the measurement
results, and step h further comprises if the deviations are ac-
ceptable storing the adjusted robot path together with the meas-
urement results of the geometry of the work object, and the
method further comprises performing the steps c-j until a plural-
ity of adjusted robot paths have been stored together with
measurement results of the geometry of a corresponding num-
ber of work objects, and performing during produc-
tion/manufacturing for work objects of the same type as the ref-
erence object:

- picking the work object,

- measuring the geometry of the parts of the work object to
be processed and storing the measurement results,

- comparing the measurement results from the present work
object with said stored measurement results of the geome-
try of previous work objects, and

- selecting the adjusted robot path stored together with the
work object having the geometry closest to the present
work object.

5. The method according to claim 4, wherein it further comprises
adjusting the selected robot path using one or more of the
stored robot paths associated with measurement results close to
the geometry of the object.

6. The method according to any of the previous claims, wherein
step h further comprises if the deviations are acceptable along a
part of the path storing the adjusted robot path together with the
measurement results of the geometry of the work object.
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7. The method according to any of the previous claims, wherein
said deviations between the geometry of the processed work ob-
ject and the processed reference object are calculated based on
the stored measurements of the work object and the stored
measurements of the reference object.

8. The method according to any of the previous claims, wherein
said deviations between the geometry of the processed work ob-
ject and the processed reference object are calculated based on
stored measurements of the work object and the stored robot
path.

9. The method according to any of the previous claims, wherein
the material removal process on the work object in step d is per-
formed in accordance with the stored robot program and at least
one further robot path programmed by lead through.

10. An apparatus for automatically fine tuning a robot program
for carrying out a material removal process on an object (1) by
means of a robot (4), the robot program controlling the robot to
follow a robot path defined in relation to the object, the appara-
tus comprising a measuring system (3;15a-b) configured to
measure the geometry of the object, and at least one computing
device (5) configured to receive measurements from the meas-
uring system and to control the movements of the robot, wherein
the computing device have program code therein, said program
code comprising code configured to:
A) control the robot to pick a reference object processed with
a desired process result, and move the reference object
into the measuring range of the measuring system,
B) receive measurements of the geometry of processed parts
of the reference object and store the measurement results,
C) control the robot to pick a not processed work object of the
same type as the reference object,
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D) control the robot to perform the material removal process
on the work object in accordance with the programmed ro-
bot path,

E) control the robot to move the work object into the measur-
ing range of the measuring system,

F) receive measurements of the geometry of the work object
after the removal process and store the measurement re-
sults,

G) calculate deviations between the geometry of the proc-
essed work object and the processed reference object,

H) determine whether the calculated deviations are accept-
able, and

l)if the deviations are acceptable store the adjusted robot
path, and

J) if the deviations are not acceptable adjust the robot path
based on the geometrical deviations determined in step G,
and repeat the steps C-J for a new object.

11. The apparatus according to claim 10, wherein the robot path
is programmed by lead through on processed parts of the refer-
ence object.

12. The apparatus according to claim 10, wherein the pro-
grammed robot path is defined in relation to a mathematical
geometrical model of the object, and the computing unit is con-
figured to adapt by best fit the measurements of the geometry of
the reference object to the mathematical geometrical model of
the object, to determine differences in the geometry of the refer-
ence object between the measurement of the reference object
and the mathematical geometrical model of the object, and to
adjust the programmed robot path based on the determined
geometrical differences.

13. The apparatus according to any of the claims 10-12, wherein
the computing unit is configured to control the robot to move the
work object into the measuring range of the measuring system,
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and receive measurements of the geometry of the parts to be
processed of said work object, and to store the measurement
results, and step j further comprises if the deviations are ac-
ceptable store the adjusted robot path together with the meas-
urement results of the geometry of the work object, and said
code further is configured to perform the steps C-J until a plural-
ity of adjusted robot paths have been stored together with meas-
urement results of the geometry of a corresponding number of
work objects, and during production/manufacturing for work ob-
jects of the same type as the reference object:
control the robot to pick the work object and move the work
object into the measuring range of the measuring system,
receive measurements of the geometry of the parts of the
work object to be processed and store the measurement
results,
compare the measurement results from the present work
object with said stored measurement results of the geome-
try of previous work objects, and
select the adjusted robot path stored together with the work
object having the geometry closest to the present work ob-
ject.

14. The apparatus according to claim 13, wherein said comput-
ing unit is configured to adjust the selected robot path using one
or more of the stored robot paths associated with measurement
results close to the geometry of the object.

15. Use of the method according to any of the claims 1-9 and
the apparatus according to any of the claims 10-14 for pro-
gramming a material removal process carried out on castings.
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