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(57) ABSTRACT 

A method for fine tuning of a robot program for a robot 
application comprising an industrial robot, a tool and a work 
object to be processed by the tool along a path comprising 
a number of desired poses on the work object, the robot 
program comprises a number of program instructions con 
taining programmed poses corresponding to the desired 
poses, wherein the method comprises: defining a fine tuning 
coordinate System Xft, Yft, Zft, Selecting one of Said pro 
grammed poses pi, calculating Said Selected pose in the fine 
tuning coordinate System, producing program instructions 
for Said Selected pose in the fine tuning coordinate System, 
running Said one or more program instructions by the robot, 
determining the difference between the pose obtained after 
running the program instructions and the desired pose, 
adjusting the fine tuning coordinate System in dependence of 
Said difference, producing program instructions for Said 
Selected pose in the adjusted fine tuning coordinate System 
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METHOD FOR FINE TUNING OF A ROBOT 
PROGRAM 

FIELD OF THE INVENTION 

0001. The present invention relates to a method for fine 
tuning of a robot program for a robot application comprising 
an industrial robot, a tool and a work object to be processed 
by the tool along a path comprising a number of desired 
poses on the work object, the robot program comprises a 
number of program instructions containing programmed 
poses corresponding to the desired poses. The method 
according to the invention is useful for fine tuning robot 
programs being programmed off-line as well as online. 
0002 The invention is particularly useful in robot appli 
cation that demands high accuracy, Such as different types of 
machining applications, for example fettling, debarring, 
milling, Sawing, grinding and drilling. The application is 
also useful in applications Such as arc welding, water jet 
cutting, laser cutting, gluing and assembly. 

PRIOR ART 

0003) A robot program comprises a number of program 
instructions controlling the movements of the robot. The 
robot program is based on a number of programmed poses, 
defining the relation between the tool and the object. A pose 
is defined by both a position and an orientation. A pro 
grammed pose comprises the position and orientation that a 
tool is expected to obtain in relation to a work object when 
running the robot program. Generation of a robot program 
comprises a first Step wherein the poses of the path are 
defined and a neXt Step wherein program instructions are 
generated based on the defined poses. 
0004. A robot application is an application in which an 
industrial robot is used for performing a work. Robots are 
often used in applications involving processing of the Sur 
face of a work object. Existing practice for programming a 
robot involves on-line teaching the robot a Sequence of 
poses. The poses define a robot path, which the robot shall 
follow during processing of the object. The robot is taught 
how to perform a task by leading the tool through the various 
positions and orientations along the desired path during the 
programming. The robot program is then generated, based 
on the programmed poses. However programming a robot 
by teaching can be time-consuming, especially if the work 
object has a complex geometry. 
0005 The accuracy of an application is limited mainly by 
the repeatability of the robot mechanics and the accuracy 
with which it is possible to move and rotate the tool to the 
desired position and orientation. In many high accuracy 
applications like machining, laser cutting, laser welding etc. 
the robot repeatability is good enough but it is very difficult 
for a human eye to find the correct position and orientation 
of the tool. Moreover, even if a robot programmer with long 
programming experience manages to obtain the accuracy 
needed, it will take a lot of time. 
0006 The utilization of high-level computer program 
ming language and CAD/CAM has made off-line robot 
programming more feasible for more complex applications. 
An industrial robot has to be used with regards to the 
components of the robot workcell, Such as the coordinate 
frames and the errors introduced by the components. The 
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work object and tool coordinate Systems have to be known 
with high accuracy relative to the robot coordinate System. 
Thus, calibration has been the key to use robot off-line 
programming. However, when the robot runs the off-line 
generated program after the calibration, there will Still 
remain errors due to errors in the robot kinematic and error 
in the calibration of the object and tool coordinate System. 
Therefore, the calibration methods used today for calibrating 
the coordinate Systems, does not provide high enough accu 
racy for applications having very high accuracy require 
mentS. 

OBJECTS AND SUMMARY OF THE 
INVENTION The object of the present invention is 

to provide a method for fine tuning a robot 
program, which method increases the accuracy of 

the application. 

0007. This object is achieved by a method for fine tuning 
of a robot program for a robot application, wherein the 
method comprises: defining a fine tuning coordinate System, 
Selecting one of Said programmed poses, calculating Said 
Selected pose in the fine tuning coordinate System, produc 
ing one or more program instructions for Said Selected pose 
in the fine tuning coordinate System, running Said one or 
more program instructions by the robot, determining the 
difference between the pose obtained after running Said one 
or more program instructions and the desired pose, adjusting 
the fine tuning coordinate System in dependence of Said 
difference, so that the obtained pose approaches the desired 
pose, producing one or more program instructions or Said 
Selected pose in the adjusted fine tuning coordinate System, 
and repeating the method for at least one more of the 
programmed poses. 
0008. Thereby, a new adjusted robot program is obtained, 
which provides a higher accuracy of the result of the 
processing of the work object. The same local fine tuning 
coordinate System could be used for reprogramming other 
programmed poses in the vicinity of Said pose, or each pose 
on the path could be provided with its own local fine tuning 
coordinate System. By reprogramming a pose means that 
one or more new robot program instructions are generated 
for the pose and the previous program instructions are 
Substituted by the new program instructions. The method 
according to the invention is applied after calibration and 
programming of the application. By this method a high 
accuracy could be obtained in each pose along the path. 
0009. The fine tuning coordinate system must be known 
relative to a coordinate System defined in relation to the 
robot. Normally, a robot coordinate system attached to the 
base of the robot is used as a reference coordinate System for 
the robot. Preferably, the fine tuning coordinate System is a 
coordinate System defined in a fixed relation to an object 
coordinate System defined in a fixed relation to the work 
object. The object coordinate System is usually already 
defined in relation to the robot coordinate system. A robot 
program instruction defines the programmed pose for a robot 
movement, the object coordinate System that the pro 
grammed pose is related to and the tool coordinate System 
defined on the robot. To be able to adjust the programmed 
target pose in relation to the object coordinate System, the 
fine tuning coordinate System is defined in relation to the 
object coordinate System and the target pose is defined 
relative the fine tuning coordinate System. 
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0.010 Another way of tuning the target pose is to define 
a fine tuning coordinate System in relation to the tool 
coordinate System and to use the fine tuning coordinate 
System as the tool coordinate System when the robot motion 
is calculated for a specific programmed pose. 

0011. In the case that a fine tuning coordinate system is 
needed for each target pose, the fine tuning coordinate 
System can be defined as a path coordinate System which 
changes its pose all the way along the path. It could also be 
possible in this case to use the position and orientation of the 
programmed pose itself, i. e. the fine tuning coordinate 
System is defined as a coordinate System having the same 
orientation and position as the Selected pose. In the detailed 
description of the invention, the case when the fine tuning 
coordinate System is defined in relation to the object coor 
dinate System is describes for simplicity. According to an 
embodiment of the invention, the fine tuning is repeated for 
a following pose on the path, and comprises: calculating Said 
following programmed pose in the local fine tuning coordi 
nate System of the previous pose, running the robot program 
to Said following programmed pose in the local fine tuning 
coordinate System of the previous pose, measuring the 
difference between the obtained following pose and the 
desired following pose, adjusting a copy of the local fine 
tuning coordinate System of the previous pose So that the 
following obtained pose approaches the desired pose, and 
Saving the adjusted copy of the local fine tuning coordinate 
System as a local fine tuning coordinate System for Said 
following pose. Thus, the local fine tuning coordinate Sys 
tem for the previous pose is used for determining a local fine 
tuning coordinate System for the following pose on the path. 
The advantage with this is that the leSS data is needed to 
define the fine tuning if poses close to each other share a fine 
tuning coordinate System with the same adjustment. 

0012. According to an embodiment of the invention the 
difference between the pose obtained and the desired pose, 
is measured by moving the robot from the obtained pose to 
the desired pose and recording the change in robot pose 
during said moving of the robot. Thus, the robot is used for 
measuring the difference between the pose obtained and the 
desired pose. The advantage of using the robot for the 
measurements is that no special measurement unit is needed. 

0013. According to an embodiment of the invention the 
obtained pose of the tool and the desired pose of the tool on 
the work object, are measured by means of a positioning 
measuring unit and the difference between the obtained and 
desired pose are calculated as the difference between the 
measurements from Said measuring unit. Advantages with 
using a positioning measuring unit for the measurements are 
that the positioning measuring unit is easier and Safer to use 
and provides higher accuracy of the measurements than 
measuring with the robot. 

0.014. According to an embodiment of the invention the 
method comprises: adding an offset distance to the pro 
grammed pose, running the robot program to Said pro 
grammed pose with the offset distance added and removing 
the offset distance before reprogramming the pose. To make 
it easier to measure on the work object and the tool, an offset 
distance is added to the poses on the programmed path. For 
example, if the tool is used to mill, grind or drill internal 
Structures on the work object, an offset distance has to be 
added to the path positions to make it possible to perform the 
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measurements. Preferably, Said offset distance corresponds 
to a distance big enough to be able to measure between the 
tool and the work object with the positioning measuring unit. 
0015 According to an embodiment of the invention the 
method further comprises checking if there is a Substantial 
difference between the obtained pose and the desired pose, 
when the programmed pose is defined in a fine tuning 
coordinate System adjusted for a previous pose, and if there 
is a Substantial difference between the obtained and desired 
pose, the fine tuning coordinate System is adjusted based on 
Said measured difference, So that the obtained pose 
approaches the desired pose, and the adjusted fine tuning 
coordinate System is Saved as a local fine tuning coordinate 
System for the pose, and if there is not a Substantial differ 
ence between the obtained and desired pose, the fine tuning 
coordinate System which was used for calculating the pro 
grammed poses is saved as the local fine tuning coordinate 
System. According to this embodiment an adjustment of the 
fine tuning coordinate System is only done if there is a 
Significant difference between the desired pose and the 
obtained pose, otherwise no adjustment is made. Thus, if 
there are only small differences between the desired and the 
obtained poses, the same local fine tuning coordinate System 
adjusted for a previous pose is used for the poses. 
0016 Even if the tool is positioned accurately to the 
desired poses by the fine tuning method according to the 
previous embodiments, there may still be errors after pro 
cessing the work object with the robot. That depends on the 
fact that the robot is not rigid, but compliant to the tool 
forces. According to an embodiment of the invention, the 
method further comprises procedures to compensate for the 
compliance of the robot comprising: measuring at least one 
pose along Said path on a reference work object having a 
desired geometry, running the robot program for Said appli 
cation, whereby the tool processes a real work object, 
measuring at least one corresponding pose along Said path 
on the processed real work object, calculating the difference 
between the measured pose on the reference work object and 
the corresponding measured pose on the processed work 
object, adjusting the local fine tuning coordinate System of 
the pose, in dependence of Said calculated difference 
between the measured poses on the reference work object 
and on the processed work object, So that the pose on the 
processed work object approaches the pose on the reference 
work object, Saving the adjusted local fine tuning coordinate 
System for the pose, and reprogramming the pose, based on 
the adjusted local fine tuning coordinate System for the pose. 
AS the fine tuning method comprises an additional adjusting 
of the fine tuning coordinate Systems and reprogramming of 
the poses on the path, the accuracy of the robot application 
is further improved. Preferably, a plurality of path poses on 
the reference work object and corresponding path poses on 
the processed work object are measured, and the fine tuning 
coordinate Systems for the path poses will undergo an 
additional adjusting according to this embodiment of the 
invention. 

0017 Another object of the invention is to provide a 
computer program product for fine tuning an off-line pro 
grammed robot program comprising a number of pro 
grammed poses, defining the relation between a tool and a 
work object, to achieve an increased accuracy of the pro 
cessing result on the work object. This object is achieved by 
a computer program product according to the corresponding 
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appending claim, which when run on a computer execute the 
method according to the invention. The computer program 
product can be provided via any computer readable medium 
or via a network, Such as the Internet. 
0.018. It is easy to realize that the method according to the 
invention, as defined in the appending Set of method claims, 
is Suitable for being executed by a computer program having 
instructions corresponding to the Steps in the inventive 
method when run on a processor unit. Even though not 
explicitly expressed in the claims, the invention covers a 
computer program product in combination with the method 
according to the appended method claims. 
0.019 Another object of the invention is to provide a 
computer readable medium having a program recorded 
thereon for fine tuning of a robot program, where the 
program is to make a computer perform the Steps of the 
aforementioned computer program product, when Said pro 
gram is run on the computer. 
0020. The computer program product may be run on a 
controller of the robot or on any other computer comprising 
a processor and Suitable memory. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021. The invention will now be explained more closely 
by the description of different embodiments of the invention 
and with reference to the appended figures. 
0022 FIG. 1 shows an industrial robot application and 
the coordinate Systems defined in the application. 
0023 FIGS. 2a-c show the difference between a desired 
pose and the pose obtained after execution of a program 
instruction. FIGS.2b-c show cross sectional views along the 
line A-A in FIG. 2a. 

0024 
temS. 

0025 FIGS. 4 and 5 illustrate how the measurements 
necessary for the fine tuning is performed according to an 
embodiment of the invention. 

0.026 FIG. 6 shows further adjustment of the fine tuning 
coordinate System according to an embodiment of the inven 
tion. 

0027 FIG. 7 shows how the robot can be used for 
performing measurements. 
0028 FIG. 8 shows the fine tuning when the work object 

is manipulated by the robot and the tool is fixed in the room. 
0029 FIG. 9 shows measurements made by a digitizer 
mounted on the work object. 
0030 FIG. 10 shows measurements made by the digi 
tizer when an offset is added to the robot program poses. 

FIG. 3 shows a digitizer and its coordinate sys 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

0031. The robot application selected to describe the 
method according to the invention is machining, but the 
method can as well be used for any type of application, 
where high accuracy is needed. 
0.032 FIG. 1 shows a robot application comprising an 
industrial robot 1, a tool 2 mounted on the robot, and a work 
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object 3 to be processed by the tool. The work object 3 is 
attached to a fixture 4. The robot 1 comprises a base 6, which 
is firmly mounted on a foundation. The robot further com 
prises a support 7, which is rotateable relative to the base 6 
around a first vertical axis. In the upper end of the Support 
7, a first robot arm 8 is rotatably mounted around a second 
horizontal axis. In the outer end of the first arm, a Second 
arm 9 is rotatably mounted relative to the first arm around a 
third axis. The second robot arm 9 is rotatably mounted 
relative to an inner part of the arm around a fourth axis, 
coinciding with the length axis of the second arm 9. The 
Second arm 9 Supports in its outer end a So-called robot hand 
10, which is rotateable around a fifth axis, which is perpen 
dicular to the length axis of the second arm 9. The robot also 
comprises a tool holder 11. The outer part of the robot hand 
and thus the tool holder 11 is rotateable relative to the inner 
part of the robot hand around a sixth axis. 
0033. The robot further comprises a controller 12 for 
controlling the movements of the robot. The controller 
comprises at least one processor for executing the robot 
program instructions and memory for Storing the robot 
program. 

0034. Of central importance for the method according to 
the invention are the different coordinate Systems that are 
used in the fine tuing of the robot application. The placement 
of the robot itself is usually described by a robot base 
coordinate system with origin Orb, and axes Xrb, Yrb, and 
Zrb. The robot base coordinate system is located in the base 
6 of the robot. Further, a robot tool coordinate system Ort, 
Xrt, Zrt, Yrt is defined in the tool center point (TCP) of the 
tool 2. An object coordinate System, with origin Oo and axes 
Xo, Yo, Zo is defined on the object. The relations between 
the tool coordinate System, the object coordinate System and 
the robot base coordinate System are known through cali 
bration of the coordinate Systems. 
0035. The task for the robot is to move the tool 2 along 
a path with defined poses P1-P8. A pose defines the position 
and orientation that the tool coordinate System must obtain 
during program execution. Thus, each programmed pose 
defines the pose of the tool coordinate system Ort in the 
object coordinate System Oo. However, when running the 
robot program, the obtained poses of the tool will deviate to 
Some extent from the desired poses P1-P8. 
0036) The purpose of the invention is to fine tune an 
off-line generated robot program in Such a way that the tool 
poses obtained when the robot program is run, get as close 
as possible to the desired tool poses P1-P8 on the work 
object. For this purpose a reference object with the desired 
geometry is provided. It is then possible to measure the 
difference between the obtained tool poses and the desired 
tool poses on the reference work object. For example, the 
reference object is a work object milled with high precision 
in a CNC machine. A position measuring unit, Such as a 
digitizer or the robot itself are used for the measurements. 
0037 To make this fine tuning, a fine tuning coordinate 
system with origin. Oft, and axes Xft, Yft, and Zft is 
introduced. The relation between the fine tuning coordinate 
System Ort and the object coordinate System is determined. 
Since the object coordinate System is known in relation to 
the robot base coordinate System, the fine tuning coordinate 
system will be known in relation to the robot base coordinate 
System and the robot can use this coordinate System when 
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defining the programmed poses in the robot program. In this 
embodiment the fine tuning coordinate System is different 
from the object coordinate System, but it is also possible to 
use the object coordinate System as the fine tuning coordi 
nate System. In another embodiment it is also possible to use 
the fine tuning coordinate System as a local tool coordinate 
System. 

0.038 A number of the programmed poses on the path are 
selected for the fine tuning. Either could all of the pro 
grammed poses be Selected, or only Some of the poses. The 
distance between the Selected poses should be Such that the 
necessary accuracy of the fine tuning is obtained. In the 
embodiment described herein all the programmed poses 
P1-P8 are selected for the fine tuning. The selected pro 
grammed poses P1-P8 are calculated in locally adjusted fine 
tuning coordinate Systems Oft. 

0.039 FIGS. 2a-c illustrates the fine tuning according to 
one embodiment of the invention. A reference object 15 is 
used for measuring the difference between an obtained and 
a desired pose. A fine tuning coordinate System Oft is 
defined in relation to the object coordinate system Oo. There 
is a robot program comprising instructions for the pro 
grammed poses P1-P8 on the work object. The programmed 
pose P1 is calculated in the fine tuning coordinate System 
Oft. Thereafter, the robot program instruction for pro 
grammed pose P1, calculated in the fine tuning coordinate 
system, is executed by the robot. FIG. 2a and 2b show the 
tool pose obtained after execution of the program instruc 
tion. As shown in FIG. 2b there is a difference between the 
obtained and the desired pose, Since the tool 2 is tilted and 
has a distance to the reference object 15. 

0040 FIG. 2c shows the desired pose of the tool 2 in 
relation to the object 15. The difference between the desired 
and the obtained pose is determined. This difference can be 
compensated by a Small offset in position and a Small 
rotation of the fine tuning coordinate system Oft. In FIG.2c 
it is shown how the desired pose of the tool 2 is achieved by 
adjusting the fine tuning coordinate System Oft into a new 
fine tuning coordinate System Oft'. The fine tuning coordi 
nate System Oft is thus adjusted in dependence of the 
determined difference between the obtained and the desired 
pose So that the obtained pose approaches the desired pose. 
The adjusted fine tuning coordinate System Oft' is saved as 
a local fine tuning coordinate System for pose P1. In each of 
the following poses P2-P8 the difference between the 
obtained tool pose and the desired tool pose in relation to the 
reference object is measured. This difference is compensated 
by adjusting the fine tuning coordinate System of the pre 
vious pose, So that the obtained pose approaches the desired 
pose. The adjusted fine tuning coordinate System are Saved 
as local coordinate Systems for the poses. 

0041. Thus, in order to compensate for the measured 
error a local fine tuning coordinate System is defined for the 
actual pose and the position and orientation of this local fine 
tuning coordinate System is changed to compensate for the 
determined tool pose difference. When the robot tool is 
moved from one programmed pose to the next, the local fine 
tuning coordinate System for the previous pose is used in the 
robot program. This means that if the tool pose error is the 
Same in two consecutive poses, then they will share the same 
local fine tuning coordinate System in the robot program. In 
the worst case, the fine tuning will give rise to a fine tuning 
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coordinate System for each pose of the program, but usually 
one fine tuning coordinate System can be shared between 
Several programmed poses. 

0042. The tool pose difference is for example measured 
by manipulating the tool with the robot until the tool reaches 
the desired pose in relation to the work object, i. e. the pose 
shown in FIG. 2C. The robot is moved from the obtained 
pose to the desired pose and the change in robot pose during 
said moving of the robot is recorded. This can be performed 
with the naked eye, but the accuracy will then Sometimes not 
be good enough and there is a Safety problem if the operator 
needs to be very close to the tool to See and minimize the 
tool pose error. Instead a measuring unit, Such as a 3D 
digitizer can be used. With Such a measuring unit it is 
possible to measure position and even orientation, depend 
ing on the number of degrees of freedom of the measuring 
unit and the probe type used. The digitizer can be mechani 
cal or optical and if lower accuracy can be accepted also 3D 
measurement Systems based on ultrasonics, magnetic fields 
and microwaves (GPS) can be used. 
0043. In FIG. 3 a digitizer 20 with 6 degreases of 
freedom is shown, having a digitizer base coordinate System 
dB with an origin Odb, and axes Xdb, Ydb, Zdb, and a 
digitizer tool coordinate System dt with origin Odt, and axes 
Xdt, Ydt, Zdt. The tool in the figure is a measurement probe 
22 for position measurements, but a probe 24 with a fixed 
plate 25 as also illustrated in the figure can be used to 
measure both position and tilting angles, to be used for 
example when programming a milling plane. It is also 
possible to put the real robot tool on the digitizer and use the 
digitizer to program the robot path and to calibrate the object 
coordinate System and the tool coordinate System of the 
robot. However, in this case the digitizer is used to make the 
measurements for the fine tuning of the tool poses in a robot 
program. 

0044) How the measurements with a measuring unit such 
as a digitizer are made, according to an embodiment of the 
invention, will now be described with reference to FIGS. 4 
and 5, for the case of milling a curved shape Surface on a 
work object. The robot is programmed to mill the surface 
with a milling tool 2 according to FIG. 4. To obtain a high 
precision of the milling, both the position and the orientation 
of the milling tool 2 must be very accurate in relation to the 
work object to be milled. The method to obtain this accuracy 
is described in the following. A robot program containing 
Several tool poses is programmed by means of the robot or 
a digitizer. The programmed poses are defined in the fine 
tuning coordinate System. A reference work object 15 that 
has already been milled with high precision, is arranged in 
the vicinity of the robot 1 and the digitizer 20. The digitizer 
15 is used for measuring on Several locations 26 on the 
milled surface of the references object 15 to obtain position 
and orientation of the Surface, and thus the desired pose Pi 
to be programmed. In FIGS. 4 and 5 a point measurements 
probe 22 is used, and then at least 3 points must be measured 
to obtain the orientation (normal vector direction) of the 
Surface. If a disc probe is used instead, only one measure 
ment is necessary to obtain the Surface orientation (Surface 
normal). All the measurements are provided in the digitizer 
base coordinate System. 

004.5 The robot carries either the real tool 2, as shown in 
figures, or a reference tool having well defined Surfaces for 



US 2004/0254677 A1 

the measurements. The robot program is run until the first 
pose P1 of the robot path is reached. When the program is 
run, the robot moves according to the program instructions 
and the tool obtains the programmed pose. AS the tool 2 has 
reached the programmed pose, the Surfaces on the tool, or on 
a reference Structure mounted on the tool, is measured with 
the digitizer, as shown in FIG. 5. The reference structure is, 
for example, a plane, a sphere, a cylinder defining, a cone, 
or a cube. Knowing the geometry relations between the 
measured Surfaces and the tool coordinate System, best fit 
calculations between the measurement and a geometric 
model of the tool Surfaces, is done to obtain the tool 
coordinate System Xt,Yt, Zt in the digitizer base coordinate 
System. 

0046) The best fit between the measurements and the 
geometric model of the tool Surfaces is, for example, made 
by minimizing the distance between the measurements and 
a Surface of the model, by means of a least mean Square 
method, through translation and rotation of the geometric 
model. Alternatively, other optimization algorithms, for 
example, GauSS Newton, could replace the least mean 
Square method. The geometric model could be given by a 
CAD model of the object, either in an analytic form or in an 
approximate form by, for example, polygon or Spline func 
tions. In the case of a cube, the mathematical model is the 
equations of the planes of the cube. 

0047 The difference between the position and orientation 
of the measured tool coordinate System Xt,Yt, Zt and the 
coordinate System Xpi, Ypi, Zpi of the measured pose Pion 
the Surface of the reference Structure, is calculated. The 
position of a pose Pi is measured by the digitizer directly on 
the reference object Surface and the orientation information 
for the pose Pi is obtained by measuring at least 2 more 
positions on the work object Surface close to the desired 
position of Pi. If a probe 25 as shown in FIG. 3 is used, the 
orientation will directly be achieved from the digitizer when 
the plate 25 is pressed against the reference work object 
Surface. Thereafter a corresponding adjusting of the fine 
tuning coordinate System Xft, Yft, Zft is made So that an 
adjusted fine tuning coordinate system Xft', Yft', Zft' is 
obtained. 

0.048. The adjusted fine tuning coordinate system is store 
as a local fine tuning coordinate System for the pose. The 
pose in the robot program instruction is reprogrammed to be 
based on the new locally adjusted fine tuning coordinate 
System. The new local fine tuning coordinate System is also 
used when the next robotmovement instruction to the next 
pose in the path is executed. The above described measuring 
is repeated for the next pose. If now the difference between 
the desired and the obtained poses is Small, the local fine 
tuning coordinate System of the previous pose is used for the 
pose, otherwise a new adjusted fine tuning coordinate SyS 
tem is calculated and Saved as a local fine tuning coordinate 
System for the pose, and used for reprogramming the pose. 
This fine tuning algorithm is repeated for all programmed 
poses until the end of the path. 

0049. The result of the fine tuning is shown in the small 
figures to the right in FIG. 5. The desired position and 
orientation of the tool coordinate System is depicted by the 
coordinate System Xpi, Ypi, Zpi and the obtained pose of the 
coordinate System when running the robot program is given 
by Xt, Yt, Zt. By the measurements of the difference 
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between the obtained and desired tool pose and moving and 
rotating the fine tuning coordinate System to compensate for 
the pose error, the tool will get closer to the desired position 
and orientation. 

0050 Even if the tool is positioned accurately to the 
desired poses by the fine tuning method above, there may 
still be errors after making the milling with the robot. This 
depends on the fact that the robot is not rigid but compliant 
to the tool forces. To compensate for this a method is used 
which will be described with reference to FIG. 6. It is a pre 
requisite that the digitizer has been used to measure the 
milling Surface in Several points 26 on a reference object 15 
according to FIGS. 4 and 5 and that the base coordinate 
System of the digitizer is not moved. Now a real unprepared 
work object 3 is mounted on its fixture 4 and the robot 1 
makes the milling with the robot program fine tuned accord 
ing to the method described above. After the milling the 
digitizer is used to measure a plurality of points 27 on the 
milled surface of the real object 3. The difference in position 
and orientation between the milled surface of the real object 
3 and the surface of the reference object 15 is calculated for 
each programmed pose. The local fine tuning coordinate 
system Xftl, Yftl, Zftl is adjusted to compensate for the 
calculated difference. The adjusted local fine tuning coordi 
nate System is saved as a new local fine tuning coordinate 
system Xftl", Yftl", Zftl'. If two poses have the same local fine 
tuning coordinate System, a new local fine tuning coordinate 
System is calculated for one of the two poses if necessary. 
0051. The robot program is now run on a new work 
object, using the new local fine tuning coordinate Systems in 
the robot program. The above described measuring and 
calculations are repeated iteratively, and if the differences 
now are Small enough for the application the previously 
Stored local fine tuning coordinate Systems are used for 
reprogramming the path, otherwise new adjusted local fine 
tuning coordinate Systems are calculated to improve the 
compensation. 

0.052 FIG. 7 shows that the robot 1 itself can be used for 
the measurements on at first the reference work object and 
then the work object that has been milled by the robot. The 
advantage of using the robot for the measurements is that it 
can be made automatically. The measurement probe 22 is 
handled as a tool, for example mounted and dismounted on 
the robot automatically by means of a tool eXchanger. 
0053 FIG. 8 shows the fine tuning when the work object 
3 is manipulated by the robot and a tool 28 is fixedly 
mounted in the robot cell. Since it is now the fine tuning 
coordinate system Xft, Yft, Zft that moves and the tool 
coordinate system that is fixed, the method will be somewhat 
modified. A reference work object 15 is mounted on the 
robot. Reference Surfaces are defined on, or in a fixed 
relation to the work object. Either suitable reference surfaces 
are found on the object itself, or a reference Structure, having 
well defined surfaces, is mounted on the work object. In this 
embodiment a cubic reference Structure 32 is mounted on 
the work object. 
0054 The position and orientation of the tool coordinate 
system Xt,Yt, Zt are measured by means of the digitizer 20, 
for example by measurements on reference Surfaces on the 
tool 28, or on Surfaces on a reference Structure mounted on 
the tool, or on reference Surfaces on a reference tool. The 
measurements are used for best fit to a geometric model of 
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the reference Surfaces or the reference Structures. Then, 
knowing the relation between the geometry of the reference 
Structure and the tool coordinate System, the position and 
orientation of the tool coordinate System can be calculated in 
the digitizer base coordinate system. In FIG. 9 a cone 
shaped reference Structure 32 is mounted on the tool to 
obtain the tool coordinate system by best fit between the 
cone geometric model and the measured points on the cone 
Surface. 

0055. The path poses P1-P8 are programmed with the 
digitizer. Thus, the digitizer measures the desired poses on 
the work object during the programming. A fine tuning 
coordinate system Xft, Yft, Zft is defined in relation to a 
geometric model of Surfaces of the work object or of the 
reference Structure 30. The programmed poses are calcu 
lated in relation to the defined fine tuning coordinate System. 
The robot program is run to the first pose of the path, and 
accordingly the work object is moved to the first pose P1. 
The position of the work object is determined in relation to 
the digitizer by measuring a number of points on the 
reference Surfaces or on the reference structure 30 on the 
work object and making a best fit to a corresponding 
geometric model of the reference Surfaces or the reference 
structure 30. The digitizer makes the measurements. Since 
the relation between the path poses and the reference Struc 
ture is known, it is possible to calculate the obtained 
programmed pose. If the calculated programmed pose devi 
ates from the pose programmed with the digitizer, the fine 
tuning coordinate System is adjusted to reduce the deviation. 
The adjusted fine tuning coordinate System is Saved as a 
local fine tuning coordinate System for the pose. 

0056. Thereafter, the robot is run to the next programmed 
pose and the pose is measured in relation to the fine tuning 
coordinate System. Calculate the pose in the local fine tuning 
coordinate System of the previous pose and if this pose 
deviates too much from the pose defined by the digitizer, 
then a new fine tuning coordinate System is defined for the 
pose, and the error is compensated by adjusting the new fine 
tuning coordinate System. The adjusted fine coordinate SyS 
tem is Saved as a local coordinate System for the pose. If the 
pose deviation is Small, the same fine tuning coordinate 
System is used for this pose as for the previous pose. The 
proceeding is repeated until the programmed path has come 
to an end. 

0057 FIG. 9 shows that if the digitizer is mounted on the 
object, the measurements will be the same as for FIG. 5. 
When the robot moves the work object 3, the base coordi 
nate system Xdb, Ydb, Zdb of the digitizer will follow this 
movement and the path poses P1-P8 on the object will be the 
Same all the time in relation to the digitizer base coordinate 
system. Instead the tool coordinate system Xt,Yt, Zt will 
move relative to the digitizer base coordinate System. For 
each pose in the robot program, the digitizer measures the 
tool coordinate System and Since the desired poses on the 
object have been measured by the digitizer during the 
programming, it will be possible to measure the difference 
between the obtained pose of the tool when the robot runs 
the program and the desired pose on the work object. 

0058. In FIG. 9 the reference structure 32 is mounted on 
the tool to obtain the tool coordinate system by best fit of 
measured points on the cone Surface and the cone geometric 
model. Then, by knowing the relation between the cone and 
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the tool coordinate System, the tool coordinate System can be 
calculated in the digitizer base coordinate System. Notice 
that in the figure a digitizer with only 3 degreases of freedom 
has been used. Of course also a digitizer with 6 degreases of 
freedom can be used in this case. One problem in this case 
will be that there might be a collision between the reference 
structure on the tool and the object. Therefore the fine tuning 
robot program should be generated with an offset out from 
the work object Surface. Later, when the fine tuning is 
finished this offset is taken away. 
0059. When the robot program has been fine tuned by 
means of the reference object, the reference object is 
replaced by a raw (not processed) work object and the fine 
tuned robot program is run. Then the digitizer can be used 
to measure the processed part of the work object and 
according to FIG. 6, a new correction of the path by means 
of adjusting the fine tuning coordinate Systems can be made. 
In the application shown in FIG. 9, the orientation of the 
tool might not be important and then it is usually enough just 
to adjust the position of the fine tuning coordinate Systems. 
0060. It should be mentioned that it could be possible to 
define Several object coordinate Systems and use these as 
fine tuning coordinate Systems. However, there are usually 
several paths on an object and then it will be difficult to have 
object coordinate Systems handling both the global geometry 
of the object and the local pose adjustments of the different 
paths. In a later Stage it will also be possible to recalculate 
the individual poses in the robot program by means of the 
fine tuning coordinate Systems, making it possible to express 
the programmed poses after the fine adjustment in the object 
coordinate System for the work object. 
0061. It was mentioned earlier that an offset was added to 
the robot program poses to be able to run the program with 
a reference structure on the tool without colliding with the 
work object. This is even more important if the tool is used 
to mill, grind or drill internal Structures on the work object. 
This is exemplified in FIG. 10, where a milling wheel 35, 
having a radius R, is programmed to mill a cylindrical hole 
36 in the work object. 
0062) The procedure in this case will now be described 
with reference to FIG. 10. The tool poses are programmed 
by the digitizer 20 in an accurately machined hole 38 of a 
reference work object. The digitizer measures Several points 
40 on the cylindrical inner surface of the hole 38 to be able 
to define the orientation and position of the tool 35. From the 
digitizer measurements a robot program is generated with 
tool positions and orientations as defined by the digitizer. An 
offset d in the direction of the central axis of the cylinder is 
added to each programmed pose. The program with the 
offset is run by the robot with a reference tool, or the real tool 
with a reference Structure 42 mounted on it, or with a 
reference structure defined by the tool geometry itself. For 
each or Some of the poses p in the robot program the robot 
is stopped and the digitizer is used to measure on the 
Surfaces on the tool reference structure 42. From these 
measurements and the geometric model of the reference 
Structure a best fit is made and the tool coordinate System Xt, 
Yt, Zt is calculated in the digitizer base coordinate System 
Xdb, Ydb, Zdb. 

0063) Now the difference between the desired tool coor 
dinate System on the pose in the cylindrical hole after adding 
the offset and the measured tool coordinate System pose is 
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calculated. If this difference is too big, a fine tuning coor 
dinate System is calculated for the pose to compensate for 
the pose difference. AS before, this fine tuning coordinate 
system Oft will be used when running the robot to the next 
pose of the program. If in the next pose of the program the 
measured difference is Small, the same fine tuning coordi 
nate System as in the previous programmed pose will also be 
used for this pose, otherwise a new fine tuning coordinate 
system will be defined to compensate for the pose error. The 
real program is then generated by taking away the offset 
values from the fine tuned program. 
0.064 Preferably the robot runs the robot program with an 
offset perpendicular to the Surface of the reference object. 
The offset should be as Small as possible, but not smaller 
than it will be possible to measure the pose of the tool with 
the digitizer. If it is possible to dismount the work object 
after making the programming with the digitizer without 
moving the digitizer base, it will usually not be necessary to 
run the robot program with an offset during the fine tuning. 
0065. The present invention is not limited to the embodi 
ments disclosed but may be varied and modified within the 
Scope of the following claims. For example order of the 
steps in the method can be different from the order the steps 
described herein. For example, the fine tuning coordinate 
System is defined in relation to the robot base coordinate 
System, the tool coordinate System, the object coordinate 
System or any other coordinate System in the application. 

1. A method for fine tuning of a robot program for a robot 
application comprising an industrial robot, a tool and a work 
object to be processed by the tool along a path comprising 
a number of desired poses on the work object, the robot 
program comprises a number of program instructions con 
taining programmed poses corresponding to the desired 
poses, wherein the method comprises: 

a) defining a fine tuning coordinate System, 
b) selecting one of Said programmed poses, 
c) calculating said Selected pose in the fine tuning coor 

dinate System, 
d) producing one or more program instructions for said 

Selected pose in the fine tuning coordinate System, 
e) running said one or more program instructions by the 

robot, 

f) determining the difference between the pose obtained 
after running Said one or more program instructions and 
the desired pose, 

g) adjusting the fine tuning coordinate System in depen 
dence of Said difference, So that the obtained pose 
approaches the desired pose, 

h) producing one or more program instructions for said 
Selected pose in the adjusted fine tuning coordinate 
System, and 

i) repeating the steps b-h for at least one more of the 
programmed poses. 

2. A method according to claim 1, comprising Saving the 
adjusted fine tuning coordinate System as a local fine tuning 
coordinate System for the pose, wherein the Steps b-h are 
repeated for a following pose on the path, and comprises: 
calculating and producing one or more program instructions 
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for Said following programmed pose in the local fine tuning 
coordinate System of the previous pose, running the program 
instructions to Said following programmed pose, determin 
ing the difference between the obtained following pose and 
the desired following pose, adjusting a copy of the local fine 
tuning coordinate System of the previous pose So that the 
following obtained pose approaches the desired pose, and 
Saving the adjusted copy of the local fine tuning coordinate 
System as a local fine tuning coordinate System for Said 
following pose. 

3. A method according to claim 1, wherein determining 
the difference between the pose obtained and the desired 
pose, comprises moving the robot from the obtained pose to 
the desired pose and recording the change in robot pose 
during Said moving of the robot. 

4. A method according to claim 1, wherein Step f com 
prises measuring the obtained pose of the tool and the 
desired pose of the tool on the work object, by means of a 
positioning measuring unit and calculating the difference 
between the obtained and desired pose as the difference 
between measurements from Said measuring unit. 

5. A method according to claim 1, wherein the method 
comprises adding an offset distance to the programmed pose, 
running the program instructions to Said Selected pose with 
the offset distance added, and removing the offset distance 
before executing Step i. 

6. A method according to claim 1, wherein Said offset 
distance corresponds to a distance big enough to be able to 
measure between the tool and the work object with the 
positioning measuring unit. 

7. A method according to claim 2, wherein it comprises 
checking whether there is a Substantial difference between 
the obtained pose and the desired pose, and if there is a 
Substantial difference between the obtained and desired 
pose, the fine tuning coordinate System is adjusted based on 
Said measured difference, So that the obtained pose 
approaches the desired pose, and the adjusted fine tuning 
coordinate System is Saved as a local fine tuning coordinate 
System for the pose, and if there is not a Substantial differ 
ence between the obtained and desired pose, the fine tuning 
coordinate System which was used for calculating the pro 
grammed poses is saved as the local fine tuning coordinate 
System. 

8. A method according to claim 1, wherein the fine tuning 
coordinate System is defined as an object coordinate System, 
defined in a fixed relation to the work object. 

9. A method according to claim 1, wherein the fine tuning 
coordinate System is defined in relation to a tool coordinate 
System defined in a fixed relation to the tool, and the fine 
tuning coordinate System is used as a local tool coordinate 
System. 

10. A method according to claim 1, wherein the fine 
tuning coordinate System is defined as a path coordinate 
System. 

11. A method according to claim 1, wherein the fine tuning 
coordinate System is defined as a coordinate System having 
the same orientation and position as the Selected pose. 

12. A method according to claim 1, wherein the method 
further comprises: 

measuring at least one pose along Said path on a reference 
work object having a desired geometry, 

running the robot program for said application, whereby 
the tool processes a real work object, 
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measuring at least one corresponding pose along Said path 
on the processed real work object, 

calculating the difference between the measured pose on 
the reference work object and the corresponding mea 
Sured pose on the processed work object, and 

adjusting the local fine tuning coordinate System of the 
pose, in dependence of Said calculated difference 
between the measured poses on the reference work 
object and on the processed work object, So that the 
pose on the processed work object approaches the 
corresponding pose on the reference work object, 

Saving the adjusted local fine tuning coordinate System for 
the pose, and 

producing one or more new program instructions for the 
pose, based on the adjusted local fine tuning coordinate 
System for the pose. 

13. A method according to claim 12, wherein the method 
comprises: measuring a plurality of poses along Said path on 
the reference work object, measuring a plurality of corre 
sponding poses along Said path on the processed real work 
object, calculating the difference between the measured 
poses on the reference work object and the corresponding 
measured poses on the processed work object, and adjusting 
the local fine tuning coordinate System for each of the 
measured poses in dependence of Said calculated differences 
between the measured poses on the reference work object 
and on the processed real work object, Saving the adjusted 
local fine tuning coordinate Systems for the poses, and 
producing one or more new program instructions for the 
pose, based on the adjusted local fine tuning coordinate 
Systems for the poses. 

14. A method according to claim 1, wherein the desired 
pose is obtained by measuring on a reference object having 
a desired geometry. 

15. A computer program product for fine tuning of a robot 
program for a robot application comprising an industrial 
robot, a tool and a work object to be processed by the tool 
along a path comprising a number of desired poses on the 
work object, the robot program comprises a number of 
program instructions containing programmed poses corre 
sponding to the desired poses, wherein the computer pro 
gram product comprises program instructions which, when 
loaded into a computer, causes the computer to perform: 

a) receiving the programmed poses, 
b) receiving information about a fine tuning coordinate 

System, 

c) selecting one of Said programmed poses, 
d) calculating said Selected pose in the fine tuning coor 

dinate System, 
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e) producing one or more program instructions for said 
Selected pose in the fine tuning coordinate System, 

j) ordering execution of said one or more program instruc 
tions, thereby moving the robot to Said Selected pose, 

f) determining the difference between the obtained pose 
and the desired pose, 

g) adjusting the fine tuning coordinate System in depen 
dence of Said difference, So that the obtained pose 
approaches the desired pose, 

h) Saving the adjusted fine tuning coordinate System as a 
local fine tuning coordinate System for the Selected 
pose, and 

i) producing one or more program instructions for said 
Selected pose in the adjusted fine tuning coordinate 
System, 

j) repeating the steps c-i for at least one more of the 
programmed poses. 

16. A computer program product according to claim 15, 
comprising: Saving the adjusted fine tuning coordinate Sys 
tem as a local fine tuning coordinate System for the Selected 
pose, and repeating the Steps c-i for a following pose on the 
path, wherein the local fine tuning coordinate System for the 
previous pose is used as a fine tuning coordinate System for 
the following path in Step d, e and g. 

17. A computer program product according to claim 15, 
comprising: receiving measurements of the obtained pose or 
the desired pose, and determining the difference between the 
obtained pose and the desired pose by calculating the 
difference between Said measurements and the programmed 
pOSe. 

18. A computer program product according to claim 17, 
comprising: receiving measurements of the obtained pose 
from a positioning measuring unit, and determining the 
difference between the obtained pose and the desired pose by 
calculating the difference between Said measurements of the 
obtained pose and the programmed pose. 

19. A computer program product according to claim 17, 
comprising: receiving the robot pose after executing Said 
instructions, and determining the difference between the 
obtained pose and the desired pose by calculating the 
difference between Said received robot pose and the pro 
grammed pose. 

20. A computer readable medium having a program 
recorded thereon for fine tuning a robot program, where the 
program is to make a computer perform the Steps of the 
program in claim 15, when Said program is run on the 
computer. 


