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(57) ABSTRACT 

A method for programming of a robot application compris 
ing an industrial robot having a robot coordinate system, a 
tool having a tool coordinate system and a Work object (3) 
to be processed by the tool. The application is programmed 
by means of a position-measuring unit (15) adapted for 
measuring positions relative a measuring coordinate system 
(db). The programming method comprises: selecting an 
object reference structure (25) on the object, de?ning a 
mathematical model for the object reference structure, de?n 
ing an object coordinate system (02), providing measure 
ments by the position-measuring unit on the surface of the 
object reference structure, determining the object coordinate 
system in relation to the measuring coordinate system (db) 
by best ?t betWeen said measurements and said mathemati 
cal model of the object reference structure. 
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METHOD FOR CALIBRATING AND 
PROGRAMMING OF A ROBOT APPLICATION 

FIELD OF THE INVENTION 

[0001] The present invention is directed to a method for 
programming of an industrial robot having a robot coordi 
nate system and particularly to an application that is pro 
grammed by means of a position-measuring unit adapted for 
measuring positions relative a measuring coordinate system. 
The invention is useful for applications comprising a tool 
having a tool coordinate system and a Work object to be 
processed by the tool. The invention is particularly useful in 
applications that demand high accuracy, such as different 
types of machining applications, for example fettling, debar 
ring, 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 

[0002] A robot program comprises a number of program 
instructions controlling the movements of the robot. Gen 
eration of a robot program comprises a ?rst step Wherein 
positions and orientations of a path, to be folloWed by the 
robot during execution of the program, are de?ned, and a 
next step Wherein program instructions are generated based 
on the de?ned positions and orientations of the path. The 
positions and orientations de?ned during the programming 
comprise the positions and orientations that a tool is 
expected to obtain in relation to a Work object When running 
the robot program. 

[0003] 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 
positions and orientations. The positions and orientations 
de?ne a robot path, Which the robot shall folloW during 
processing of the object. The robot is taught hoW to perform 
a task by being leading the tool through the various positions 
and orientations along the desired operating path during the 
programming. The robot program is then generated, based 
on the speci?ed positions. HoWever programming a robot by 
teaching can be time-consuming, especially if the Work 
object has a complex geometry. 

[0004] 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 dif?cult 
for a human eye to ?nd 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. The problem of long 
programming time makes it also very expensive to duplicate 
programs to other robots and to reprogram a robot cell after 
geometrical changes in the cell or after an exchange of the 
robot. 

[0005] The utiliZation of high-level computer program 
ming language and CAD/CAM has made off-line robot 
programming more feasible for more complex applications. 
In order to make off-line programming feasible it is neces 
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sary to knoW the cell geometry and the robot exactly. The 
Work object coordinate system and the tool coordinate 
system have to be knoWn With high accuracy relative to the 
robot base coordinate system. Thus, cell, object, tool and 
robot calibration have been the key issues to use robot 
off-line programming. 

[0006] The accuracy of a general-purpose robot is betWeen 
5 and 15 mm, Which can be improved to betWeen 0.5 and 1 
mm by the identi?cation of the kinematic errors of the robot 
and compensation of these errors by softWare in the robot 
controller. HoWever, this robot calibration technique is 
expensive and very dif?cult to support in a robot cell, and 
still the Work object and tool coordinate systems must be 
calibrated. Moreover, this kinematic error compensation 
method Will not be good enough for high accuracy applica 
tions. 

OBJECTS AND SUMMARY OF THE 
INVENTION 

[0007] The object of the present invention is to provide a 
method for fast and easy robot programming providing a 
high accuracy in a robot application. 

[0008] This object is achieved by a method comprising: 
selecting an object reference structure on or in a ?xed 
relation to the Work object, the object reference structure 
having at least one surface, de?ning a mathematical model 
for the object reference structure, de?ning an object coor 
dinate system in a ?xed relation to the object reference 
structure, providing measurements on said at least one 
surface of the object reference structure, the measurements 
being performed by the position-measuring unit and are 
provided relative to the measuring coordinate system, deter 
mining the object coordinate system in relation to the 
measuring coordinate system, by means of best ?t betWeen 
said measurements performed by the position-measuring 
unit and said mathematical model of the object reference 
structure, measuring a plurality of positions on a desired 
robot path on the object by means of the position-measuring 
unit, determining the positions of the robot path in the object 
coordinate system, based on said measured positions of the 
robot path and said determined object coordinate system, 
determining the relation betWeen the object coordinate sys 
tem and the robot coordinate system, determining the rela 
tion betWeen the tool coordinate system and the robot 
coordinate system, and programming the robot path based 
on said positions of the robot path in the object coordinate 
system, said relation betWeen the object coordinate system 
and the robot coordinate system, and said relation betWeen 
the tool coordinate system and the robot coordinate system. 
Programming the robot path means generating program 
instructions for moving the robot so that the tool obtains the 
positions and orientations in relation to the Work object 
When running the robot program. The robot coordinate 
system could be any coordinate system de?ned 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. Thus, said base coordinate system is preferably 
used as the robot coordinate system. 

[0009] The method according to the invention is a method 
for off-line programming of a robot by means of a position 
measuring unit, for example a digitiZer. The digitiZer is used 
to specify the positions and orientations of the robot path on 



US 2004/0251866 Al 

the Work object in relation to an object coordinate system. 
Off-line programming of a robot is both faster and easier 
than on-line programming. A problem With off-line pro 
gramming by a digitizer is that there may be deviations 
betWeen the tool positions and orientations taught With the 
digitizer and run With the robot. 

[0010] To overcome this problem the programming 
method according to the invention comprises a calibration 
step utiliZing the position-measuring unit for performing 
measurements on an object reference structure having an 
object coordinate system de?ned in a ?xed relation to it. If 
the Work object contains Well de?ned surfaces, the reference 
structure could be selected on the Work object, otherWise a 
reference structure having Well de?ned surfaces is mounted 
on the Work object. 

[0011] The method according to the invention combines 
the advantages of off-line programming With the accuracy of 
lead through programming. Moreover it solves the problems 
With the limited human accuracy With respect to tool 
manipulation and makes the programming totally safe since 
the robot does not need to Work during programming and 
calibration. To make this possible, the position-measuring 
unit is used both for programming and calibration in such a 
Way that the robot accuracy Will not depend on the total 
kinematic and geometrical errors of the cell, but on just the 
differential kinematic and geometrical errors. In principle, 
position differences are used instead of absolute positions 
for the calibration and programming. 

[0012] According to an embodiment of the invention said 
object reference structure is three-dimensional and has at 
least three non-parallel surfaces, and measurements are 
provided on said at least three surfaces of the object refer 
ence structure. With a three-dimensional reference structure 
it is possible to calibrate the programmed path poses (posi 
tions and orientations that the tool is eXpected to obtain 
When running the robot program) to the object coordinate 
system using the digitiZer and then use the programmed path 
poses expressed in the object coordinate system for pro 
gramming the robot. 

[0013] According to an embodiment of the invention said 
object reference structure is any of a plate, a cube, a cone or 
a cylinder. Such structures are easy to manufacture and to 
measure on. 

[0014] According to an embodiment of the invention said 
selected object reference structure is positioned in the vicin 
ity of said robot path. Thus, the calibration is improved and 
a higher accuracy of the programming is achieved. 

[0015] According to an embodiment of the invention the 
relation betWeen the object coordinate system and the robot 
coordinate system comprises performing measurements on 
at least one surface of the object reference structure, or of a 
reference structure on or in a ?Xed relation to the object, 
Wherein the measurements are performed by means of an 
elongated probe and the inclination of the probe relative to 
the surface during the measurements is essentially the same 
as the inclination of the tool in relation to the object in the 
robot path. If a programmed pose has another tool orienta 
tion, than Was used during the calibration of the coordinate 
system, then errors in the robot kinematics may give both 
position and orientation errors. By having an inclination of 
the probe during the calibration, Which is about the same as 
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the inclination of the tool during the processing of the object, 
the accuracy of the calibration is improved and thus a higher 
accuracy of the programming is achieved. 

[0016] According to an embodiment of the invention the 
determining of the relation betWeen the object coordinate 
system and the robot coordinate system comprises: perform 
ing measurements on said surface of the object reference 
structure, the measurements being performed by the robot 
and are provided relative to the robot coordinate system, and 
determining the object coordinate system in relation to the 
robot coordinate system, by means of best ?t betWeen said 
measurements performed by the robot and said mathemati 
cal model of the object reference structure. In this embodi 
ment the relation betWeen the object coordinate system and 
the robot coordinate system is determined by performing 
measurements With the robot on the same object reference 
structure, as the measurements With the position-measuring 
unit. Thus, the calibration can easily be automatically made. 
No other reference structures or probes, Which have to be 
calibrated, are needed. 

[0017] Preferably, a robot program, for performing said 
measurements on the object reference structure by the robot, 
is automatically generated based on said measurements on 
the object reference structure performed by the position 
measuring unit. Thereby, the calibration can be made easy 
and quickly. 

[0018] According to an embodiment of the invention the 
direction of the normal of said surface of the object reference 
structure is calculated, based on said measurements on the 
object reference structure performed by the position-mea 
suring unit, and the robot is moved from said calculated 
direction toWards the surface When performing said mea 
surements. Thus, the robot Will knoW the correct direction to 
move toWards the surface of the object. 

[0019] According to another embodiment of the invention 
the determining of the relation betWeen the object coordinate 
system and the robot coordinate system comprises: selecting 
a robot reference structure on or in a ?Xed relation to the 

robot, the robot reference structure having at least one 
surface, de?ning a mathematical model for the robot refer 
ence structure, de?ning a second robot coordinate system in 
a ?Xed relation to the robot reference structure, performing 
measurements on said at least one surface of the robot 
reference structure, the measurements being made by the 
robot or the measuring unit, determining the object coordi 
nate system in relation to said ?rst mentioned robot coor 
dinate system, by means of best ?t betWeen said measure 
ments of the robot reference structure and said mathematical 
model of the robot reference structure. Preferably, said 
measurements performed on said at least one surface of the 
robot reference structure, are being made by the robot or the 
positioning measuring unit. 

[0020] In this embodiment a robot reference structure is 
de?ned in addition to the object reference structure. Prefer 
ably said robot reference structure is selected on or in a close 
vicinity of the tool holder of the robot to make it easier to 
de?ne a reference coordinate system in relation to a tool 
holder coordinate system. Either the robot reference struc 
ture is measured by moving the robot reference structure in 
contact With a ?Xed positioned measuring probe, having a 
knoWn position relative to the robot coordinate system, and 
reading the robot position at the contact, or by moving the 
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position-measuring unit in contact With the robot reference 
structure. An advantage With using the positioning-measur 
ing unit is that the accuracy of the measurement Will be 
higher than if the robot makes the measurements. An advan 
tage With using the robot is that the measuring can be 
automatically made. 

[0021] According to an embodiment of the invention the 
method comprises: providing a measuring probe in a ?xed 
knoWn position relative to the robot, performing measure 
ments on the surface of the robot reference structure, the 
measurements being made by said measuring probe, per 
forming measurements on the surface of the object reference 
structure, the measurements being made by said measuring 
probe, determining the relation betWeen the object coordi 
nate system and the second robot coordinate system, based 
on said measurements of the robot reference structure and 
said measurements of the object reference structure made by 
said measuring probe. When a heavy object is on the robot 
it is dif?cult to put the Work object also on the digitiZer. 
According to this embodiment a ?xed mounted probe is used 
for the measurements. Thus, this method is preferably used 
When the Work object is mounted on the robot and the tool 
is ?xedly mounted in the Workcell. 

[0022] According to an embodiment of the invention said 
measurements on said surface of the robot reference struc 
ture are made by the position-measuring unit and relative to 
the measuring coordinate system, and said relation betWeen 
the object coordinate system and the robot coordinate sys 
tem is determined, based on said object coordinate system 
relative to the measuring coordinate system. Thus, this 
method is preferably used When the tool is mounted on the 
robot, and the Work object is ?xedly mounted in the Work 
cell. Preferably said robot reference structure is positioned 
on or in a close vicinity of the outer end of the tool to make 
the in?uence of the kinematic errors of the robot as small as 
possible. 
[0023] According to an embodiment of the invention the 
method further comprises: selecting a second object refer 
ence structure on or in a ?xed relation to the object, the 
second object reference structure having at least one surface, 
de?ning a second object coordinate system on or in a ?xed 
relation to the object reference structure, providing mea 
surements on said at least one surface of the second object 
reference structure, the measurements being performed by 
the position-measuring unit and are provided relative to the 
measuring coordinate system, and determining the second 
object coordinate system in relation to the measuring coor 
dinate system, by means of best ?t betWeen said measure 
ments on the second object reference structure and said 
mathematical model of the object reference structure, deter 
mining the relation betWeen the second object coordinate 
system and the robot coordinate system, the robot path poses 
are determined and programmed based on either the ?rst or 
the second coordinate system according to a chosen condi 
tion. It sometimes happens that the robot accuracy is not 
good enough to catch the Whole Work object. According to 
this embodiment more than one object coordinate system is 
de?ned to compensate for robot inaccuracy locally on the 
object. It is also possible to use different object coordinate 
systems for different tool orientations, to take care of the 
kinematic errors at different tool orientation. 

[0024] Which of the different object coordinate systems to 
be used, When a program de?ned by the position-measuring 
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unit is run, could be chosen in dependence of Which of the 
?rst or second coordinate system is closest to the robot path 
position, Which of the ?rst and second coordinate systems 
has the tool orientation during calibration closest to the tool 
orientation in the path poses, or Which of the ?rst and second 
coordinate systems has the same torque direction on the 
robot axes during the calibration as for the path poses. 

[0025] According to an embodiment of the invention the 
determining of the relation betWeen the tool coordinate 
system and the robot coordinate system comprises: de?ning 
an reference coordinate system on or in a ?xed relation to the 
tool base, the relation betWeen reference tool coordinate 
system and the robot coordinate system being knoWn, select 
ing a ?rst tool reference structure on or in a ?xed relation to 
the reference coordinate system, the ?rst tool reference 
structure having at least one surface, de?ning a mathemati 
cal model for the ?rst tool reference structure, selecting a 
second tool reference structure in a ?xed relation to the tool 
coordinate system, and at a distance from the ?rst tool 
reference structure, the second tool reference structure hav 
ing at least one surface, de?ning a mathematical model for 
the second tool reference structure, providing measurements 
on said at least one surface of the ?rst tool reference 
structure, providing measurements on said at least one 
surface of the second tool reference structure, determining 
the relation betWeen the tool coordinate system and the 
reference coordinate system, by means of best ?t betWeen 
said measurements on the ?rst and the second tool reference 
structures, and said mathematical models of the object 
reference structures. The tool coordinate system is deter 
mined relative to the robot coordinate system by means of 
tWo tool reference structures located on or in a ?xed relation 
to each other and at a distance from each other. The 
reference structures are measured either With the position 
measuring unit or the robot and a ?xed positioned probe With 
a knoWn position relative to the robot. 

[0026] Another object of the invention is to provide a 
computer program product for fast and easy robot program 
ming of an industrial robot, Which provides high accuracy in 
the robot application. This object is achieved by a computer 
program product according to the corresponding 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. 

[0027] It is easy to realiZe that the method according to the 
invention, as de?ned 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. 

[0028] Another object of the invention is to provide a 
computer readable medium having a program recorded 
thereon for programming an industrial robot, 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. 

[0029] The computer program product may be run on a 
controller of the robot or on any other external computer 
comprising a processor and suitable memory. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The invention Will noW be explained more closely 
by the description of different embodiments of the invention 
and With reference to the appended ?gures. 

[0031] FIG. 1 shoWs an industrial robot application and 
the coordinate systems de?ned in the application. 

[0032] FIG. 2 shoWs robot tool poses in a milling opera 
tion. 

[0033] FIG. 3 shoWs a position-measuring unit and its 
coordinate system in relation to its tool coordinate system 
and the Work object coordinate systems. 

[0034] FIG. 4a shoWs determining an object coordinate 
system in relation to a digitiZer base coordinate system, 
according to an embodiment of the invention. 

[0035] FIG. 4b shoWs determining the relation betWeen 
the object coordinate system and the robot base coordinate 
system, according to an embodiment of the invention. 

[0036] 
[0037] FIGS. 6a-b shoW determining the relation betWeen 
the tool coordinate system and the robot base coordinate 
system, according to a ?rst embodiment of the invention. 

[0038] FIGS. 7a-b shoW determining the relation betWeen 
the tool coordinate system and the robot base coordinate 
system, according to a second embodiment of the invention. 

FIG. 5 shoWs examples of reference structures. 

[0039] FIGS. 8a-f shoW several tools used in one appli 
cation. 

[0040] FIG. 9 shoWs the de?ning of local object coordi 
nate systems by means of a reference structure hold by the 
robot. 

[0041] FIGS. 10a-b shoWs Work object calibration by 
means of a ?xed positioned measuring probe, When the Work 
object is mounted on the robot and the tool is at a ?xed 
position. 
[0042] FIG. 11 shoWs Work object calibration by means of 
a digitiZer, When the Work object is mounted on the robot 
and the tool is at a ?xed position. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS OF THE INVENTION 

[0043] 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. 

[0044] FIG. 1 shoWs a robot application comprising an 
industrial robot 1, a tool 2 mounted on the robot, and a Work 
object 3 to be processed by the tool. The Work object 3 is 
attached to a ?xture 4. The robot 1 comprises a base 6, Which 
is ?rmly mounted on a foundation. The robot further com 
prises a support 7, Which is rotateable relative to the base 6 
around a ?rst vertical axis. In the upper end of the support 
7, a ?rst robot arm 8 is rotatably mounted around a second 
horiZontal axis. In the outer end of the ?rst arm, a second 
arm 9 is rotatably mounted relative to the ?rst 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 
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10, Which is rotateable around a ?fth axis, Which is perpen 
dicular to the length axis of the second arm 9. The robot also 
comprises a tool holder 11, also denoted the tool mechanical 
interface. 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. 

[0045] 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. 

[0046] Of central importance for the method according to 
the invention are the different coordinate systems that are 
used in the calibration of the robot application. The place 
ment 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 holder coordinate system 
is de?ned, Orth, Xrth, Yrth, Zrth. The robot tool holder 
coordinate system is also denoted the tool mechanical inter 
face coordinate system. The robot tool holder coordinate 
system is calculated in relation to the robot base coordinate 
system by means of a robot kinematic model. A robot tool 
coordinate system Ort, Xrt, Zrt, Yrt is de?ned in the tool 
center point (TCP) of the tool 2. The robot tool coordinate 
system is then de?ned in the robot tool holder coordinate 
system. Any position in the robot tool coordinate system can 
thus be expressed also in the robot tool holder coordinate 
system and in the robot base coordinate system. For this 
Well-knoWn coordinate system transformations are used. 

[0047] An object coordinate system, With origin 00 and 
axes X0, Y0, Z0 is de?ned on the object. For each pro 
grammed point on the Work object a path coordinate system, 
With origin Op and axes Xp, Yp, Zp, is de?ned in relation to 
the object coordinate system. The path coordinate system 
de?nes the program pose, i.e. position and orientation that 
the tool coordinate system must obtain during program 
execution. In the same Way as described in the previous 
paragraph, the path coordinate system is de?ned in relation 
to the object coordinate system With one transformation and 
to the robot base coordinate system With another transfor 
mation. 

[0048] FIG. 2 shoWs a typical program for a milling 
operation, exempli?ed by eight program poses, poses 1-8, 
de?ning a path that the robot tool must folloW during the 
milling operation. The aim of the method according to the 
invention is to make it possible to program such a path in a 
short time Without any safety problems and With accuracy 
limited only by the repeatability of the robot. 

[0049] The method according to the invention is based on 
the use of a position-measuring device for programming the 
path. The measuring device should make measurements 
With 3-6 degrees of freedom, preferably 6 degrees of free 
dom, since it Will then be possible to measure the orientation 
of a programmed pose With only one measurement. A 
so-called digitiZer exempli?es the position-measuring 
device. The digitiZer can be mechanical or optical and if 
loWer accuracy can be accepted also 3D measurement 
systems based on ultrasonics, magnetic ?elds and micro 
Waves (GPS) can be used. 

[0050] FIG. 3 shoWs a mechanical digitiZer arm system 15 
comprising a base 16 and couple of arms 17, 18, and a tool 
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holder 19. The digitizer holds a probe 20, and the tip of the 
probe 20 is a measurement sphere 22 that Will measure only 
position. Alternatively, instead of holding the probe as 
shoWn in the ?gure, the digitizer could hold the real tool 
during the programming and calibration. If a tool or a probe 
With a ?at surface, for example a plane, is used also the 
orientation can be measured simultaneously With the posi 
tion. The coordinate systems de?ned for the digitiZer is: a 
digitiZer base coordinate system, With origin Odb and axes 
Xdb, Ydb, Zdb, a digitiZer tool holder coordinate system, 
With origin Odth and axes Xdth, Ydth, Zdth, and a digitiZer 
tool coordinate system With origin Odt and axes Xdt, Ydt, 
Zdt. 

[0051] FIGS. 4a and 4b shoWs hoW the programming and 
the associated Work object calibration can be made accord 
ing to an embodiment of the method according to the 
invention. During calibration and programming a probe 20 
With a knoWn geometry is mounted on the digitiZer 15. 
Alternatively, it is possible to use a tool, With knoWn or 
calibrated geometry, for the programming and calibration. 
The coordinate system of the tool is then positioned and 
orientated relative to the poses programmed by the digitiZer. 
It is advantageous if the digitiZer is provided With the same 
probe or tool during the calibration and the programming. 

[0052] To make the differential kinematic programming 
possible, one or more geometrically knoWn reference struc 
tures are selected on or in a ?xed relation to the Work object. 
Preferably the reference structure is positioned as close as 
possible to the path to be programmed. If the Work object 
itself has de?ned geometries, one or more of these geom 
etries can be used to de?ne one or more object coordinate 
systems. In FIG. 4a, a ?rst object reference structure 24 is 
selected on the Work object 3 and a ?rst object coordinate 
system 001, X01, Yo1, Zo1 is de?ned in ?xed relation to the 
?rst reference structure 24. In this example tWo different 
paths are to be programmed. In FIGS. 4a and 4b tWo poses 
p1, p2 on the different paths are shoWn. Each pose on the 
paths could be described a path coordinate system as Op1, 
Xp1, Yp1, Zp1 and Op2, Xp2, Yp2, Zp2. The objective With 
a path coordinate system is to de?ne the position and 
orientation of the tool coordinate system When the robot 
program is executed. Since the ?rst object reference struc 
ture is close to p1, this reference structure is suitable for 
calibration of the ?rst path p1. 

[0053] For calibration of the second path p2, a geometri 
cally knoWn second object reference structure 25, in this 
embodiment a cube, is mounted on the Work object, pref 
erably as close as possible to the path p2. The absolute pose 
of the reference structure in relation to the object does not 
need to be knoWn; the only requirement is that its pose must 
be kept the same until both the digitiZer and the robot have 
made its measurements on the reference structure. Asecond 
object coordinate system, With origin 002 and axes X02, 
Yo2, Zo2 is de?ned in a ?xed relation to the second object 
reference structure 25. The second object coordinate system 
could simply be de?ned by three edges of the cube. Math 
ematical models of the object reference structures are 
de?ned. The mathematical 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 the cube, the mathematical model is the 
equations of the planes of the cube. 
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[0054] FIG. 4a shoWs determining the ?rst and second 
object coordinate systems 01, 02 in relation to the digitiZer 
base coordinate system db. To de?ne the ?rst object coor 
dinate system 01, the digitiZer is used to measure points 26 
directly on the Work object and best ?t is then made betWeen 
the measurement points and the geometrical model of the 
?rst reference structure. Thus, the ?rst object coordinate 
system 01 is determined in relation to the digitiZer base 
coordinate system db. 

[0055] NoW calibration and programming of the second 
path p2 Will be described more closely. Since the second 
reference structure 25 is mounted close to the second path 
p2, the second reference structure 25 is selected for calibra 
tion of the second path p2. In FIG. 4a, it is shoWn hoW the 
digitiZer 15 measures a number of points 28 on surfaces of 
the cube 25. The measurements of the position of the probe 
tip are made When the probe hits different surfaces on the 
reference structure. At least in total six measurement points 
on at least three non-parallel surfaces are preferably mea 
sured. On the ?rst surface at least three measurements are 
made, on the second surface at least tWo measurements are 
made and on the third surface at least one measurement is 
made. The position of the points 28 are measured relative to 
the base coordinate system of the digitiZer db. 

[0056] The second object coordinate system 02 is calcu 
lated relative to the digitiZer base coordinate system db, by 
doing a best ?t betWeen the measured points 28 and the 
mathematical model of the cube. The best ?t betWeen the 
measurement points and the geometrical model of the ref 
erence structure is, for example, made by minimiZing the 
distance betWeen the measurement points and a surface of 
the model by means of a least mean square method, through 
translation and rotation of the geometric model. Alterna 
tively, other optimiZation algorithms, for example, Gauss 
NeWton, could replace the least mean square method. 

[0057] The digitiZer 15 is also used to de?ne the program 
poses, simply by holding the tip 22 of the probe 20 on the 
path positions on the Work object 3. The digitiZer probe 20 
is targeting the pose p2 of the second path. Since the 
digitiZer noW has measured the path poses p2 relative to the 
digitiZer base coordinate system db, and the object coordi 
nate system 02 is knoWn in the digitiZer base coordinate 
system db, it is possible to calculate the path poses p2 in the 
object coordinate system. 
[0058] The paths are measured With high accuracy in 
relation to their closest object coordinate system. With close 
coordinate system is meant that the axes of the robot only 
need small changes in their angles to go from the measure 
ment positions on the reference structure to the path posi 
tions. This means that too big changes both in position and 
orientation of the probe or tool should be avoided. More 
over, it is knoWn that because of lost motion in gearboxes, 
the robot Will lose accuracy When the torque in an axis 
changes sign. Therefore, one should also try to select the 
reference structure pose in such a Way that the torque 
directions on the axis of the robot, and then especially the 
main axes, are the same When the robot reaches the positions 
on the close reference structure and the poses on the path. A 
pose is de?ned by its position and orientation, for example 
as (x,y,Z,ot,[3,X) Where x,y,Z are Cartesian coordinates and 
(X,[3,X are the Euler angles. 

[0059] If the Work object contains Well-de?ned surfaces 
on structures as planes, cylinders, or spheres, it is possible 
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to select a structure on the Work object as the object 
reference structure. If the Work object does not contain any 
suitable surfaces, a reference structure is mounted on the 
Work object. The reference structure should contain the 
planes needed for the calibration. If, for example, only a 
plane Will be cut or milled, then it is enough With a plate 
mounted on the Work object to be cut or milled. In some 
applications the shape of the reference structure selected 
should depend on the shape of the object to be processed or 
the shape of the tool used. For eXample, if a cylindrical hole 
is to be machined, a cylindrical reference structure is pref 
erably used. If the tool is rotational symmetric it is advan 
tageous to select a reference structure Which is also rota 
tional symmetric, such as a cone, a solid or a holloW 
cylinder. 
[0060] FIG. 5 shoWs a number of possible reference 
structures. The reference structure is, for eXample, a plane 
de?ning tWo degrees of freedom, a sphere de?ning three 
degrees of freedom, a plane comprising one or more 
grooves, a holloW cylinder de?ning four degrees of freedom, 
a cone, a solid cylinder, tWo perpendicular planes de?ning 
?ve degrees of freedom, a truncated cone, an L-shaped 
structure, a pyramid, or a cube de?ning siX degrees of 
freedom. 

[0061] For programming, for eXample machining applica 
tions, it is advantageous to use a Work object Which has 
already been machined to the desired geometrical dimen 
sions, for eXample by manually machining or by a machine 
tool. OtherWise, the surfaces could be to rough for the 
calibration and programming. It is also possible to use a 
model of the Work object for calibration and programming 
purpose, for eXample in Wood or plastics. 

[0062] FIG. 4b shoWs hoW the relation betWeen the object 
coordinate systems 01, 02 and the robot base coordinate 
system rb, is determined by means of the robot itself. Since 
the digitiZer has already de?ned the probe poses in relation 
to the object coordinate system, a robot program can auto 
matically be generated to make the robot move to the 
positions on the reference structure de?ned during the 
off-line programming shoWn in FIG. 4a. This program relies 
on the absolute accuracy of the robot kinematics and a 
common rough Work object calibration may be needed at 
?rst, for eXample, by teaching the robot to at least four points 
on three edges of the reference structure 25. 

[0063] Aprobe or a calibration tool With knoWn geometry 
is mounted on the robot. The same probe or tool could be 
used as Was used during the calibration and off-line pro 
gramming With the digitiZer. NoW, using the robot kinemat 
ics for the measurements and best ?t betWeen the model of 
the reference structure and the measured positions on the 
reference structure surfaces, the object coordinate system 
01, 02 can be expressed in the robot base coordinate system 
rb. The path poses are knoWn With high accuracy in the 
object coordinate system from the digitiZer measurements, 
and thus the robot just needs to be accurate in the kinematic 
calculations of the path poses in relation to the closest object 
coordinate system. Thus, the path poses p1, p2 determined 
in relation to the object coordinate systems 01, 02 are used 
for moving the robot to the path poses p1, p2 during 
processing of the object. 

[0064] When the positions of the surfaces of the object 
reference structure are generated to the robot program from 
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the digitiZer measurements, to avoid lead-through program 
ming of the calibration positions on the reference structure, 
the robot absolute kinematic errors Will give large errors in 
the robot positioning. Therefore, a probe With a moveable 
measurement tip could be used combined With built-in 
sensors, for eXample for 3D measurements. As an alterna 
tive, the robot could use a rigid probe, but run search 
motions With soft servo, force control, or impedance control. 
The probe on the digitiZer should, of course, be rigid, since 
it is manually operated. 

[0065] In production, the robot Will not use a probe as a 
tool. If the tool geometry and the probe geometries are 
knoWn in advance, for eXample, from CMM measurements, 
then the robot tool coordinate system rt is knoWn in relation 
to the tool holder coordinate system rth both for the probe 
and for the tools that Will be used. HoWever, if the tool 
geometry is not knoWn With the accuracy needed for the 
application, the tool must be calibrated and for this, methods 
relying only on the differential kinematics of the robot must 
be used. If the tool to be used is not too big, the robot itself 
can be used for the tool calibration as described in FIGS. 6a, 
6b, 7a, and 7b. 

[0066] FIGS. 6a and 6b shoW hoW the relation betWeen 
the robot tool coordinate system rt2 and the robot base 
coordinate system rb is determined by means of a ?Xed 
positioned measuring probe 30. The measuring probe 30 is 
?Xedly mounted in relation to the robot 1 and has a tip 31. 
A probe base coordinate system Opb, Xpb, Zpb, Ypb is 
de?ned in a ?Xed relation to the probe 30. The measuring 
probe may be a contact sensor, such as a trigger probe, or 
any other type of position and/or orientation measurement 
sensor could be used. Before the tool can be calibrated the 
position of the probe tip 31 must be determined in relation 
to the robot base coordinate system. The robot tool holder 
coordinate system rth is knoWn in relation to the robot base 
coordinate system rb by means of the robot kinematics. 

[0067] FIG. 6a shoWs hoW the position of the probe tip 31 
is determined in relation to the robot base coordinate system 
by means of a reference tool 32 With knoWn geometry. The 
reference tool 32 comprises a tool reference structure 34. 
The reference tool 32 is mounted on the robot tool holder 11. 
A reference tool coordinate system Ort1, Xrt1, Yrt1, Zrt1 is 
de?ned for the tool reference structure 34. The robot moves 
the reference structure 34 against the tip 31 of the probe 30. 
The positions and orientations of the reference tool coordi 
nate system rt1 is measured With the robot kinematics When 
the probe tip is at different positions on different surfaces of 
the tool reference structure 34. The position of the probe tip 
is then determined in the robot base coordinate system by 
best ?t to a geometric model of the reference structure 34. 

[0068] Knowing the probe tip 31 position in the robot base 
coordinate system rb from the measurements shoWn in FIG. 
6a, the tool coordinate system rt2 can be calibrated in 
relation to the tool holder coordinate system, as shoWn in 
FIG. 6b. Here, the reference tool 32, Which has a knoWn 
geometry, is replaced With the real tool, Which has an 
unknoWn geometry. A second tool reference structure 36 is 
mounted on the tool, or on the tool holder 11. A second 
reference tool coordinate system Ort2, Xrt2, Yrt2, Zrt2 is 
de?ned in ?Xed relation to the reference structure 36. The 
robot is once more used to measure the positions and 
orientations of the tool coordinate system, rt2, When the 
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probe tip 31 hits the surfaces of the reference structure 36 at 
different positions. If the reference structure 36 has about the 
same position and orientation in relation to the tool holder 
coordinate system rth, as the reference structure 34, only 
small differential kinematic errors Will be present in the 
robot tool coordinate system calculations. The second ref 
erence tool coordinate system rt2 is then determined in 
relation to the robot base system by best ?t betWeen the 
measurements and a mathematical model of the reference 
structure 36. 

[0069] One problem With the method for determining the 
relation betWeen the tool coordinate system and the robot 
base coordinate system as shoWn in FIGS. 6a and 6b, is that 
it is necessary to make a program for the robot to position 
the reference structures correct in relation to the ?xed probe 
30. This means some time-consuming programming, Which 
can be avoided if the probe 30 instead is mounted on the 
digitiZer 15, as shoWn in FIGS. 7a, 7b. In this case, the robot 
does not need to be move at all, instead the operator moves 
the probe 30 With the digitiZer 15 to hit the surfaces of the 
reference structures. In this embodiment, a ?rst tool refer 
ence structure 34 is selected on or in a ?xed relation to the 

tool holder coordinate system rth, and a second tool refer 
ence structure 36 is selected on or in a ?xed relation to the 
robot tool coordinate system, rt2. 

[0070] The operator moves the probe 20, by means of the 
digitiZer, to measure the surfaces of the ?rst tool reference 
structure 34 and then the operator moves the probe 20 to 
measure the surfaces of the second tool reference structure 
36 on the real tool 2. The position of the digitiZer is not 
alloWed to be changed betWeen the measurements. The 
reference tool coordinate system rt1 is determined relative to 
the digitiZer base coordinate system db by best ?t betWeen 
the measurements on the reference structure 34, and a 
mathematical model of the reference structure 34. The robot 
tool coordinate system rt2 is determined relative to the 
digitiZer base coordinate system db by best ?t betWeen the 
measurements on the reference structure 36 and a math 
ematical model of the reference structure 36. NoW, the 
relation betWeen the reference tool coordinate system rtl and 
the robot tool coordinate system rt2 is calculated. The 
reference tool coordinate system rt1 is knoWn relative to the 
robot tool holder coordinate system rth, Which is knoWn 
relative to the robot base coordinate system rb. Thus, it is 
possible to calculate the robot tool coordinate system rt2 
relative to the tool holder coordinate system rth and through 
the robot kinematics the robot base coordinate system rb. 

[0071] Moreover, since the digitiZer is usually more accu 
rate than the robot, the reference tool must not be designed 
to hold the reference structure 34 close to the position of the 
reference structure 36 on the real tool. This means, that it is 
sometimes also possible to have the reference structure 34 
mounted on the robot simultaneously With the real tool 2, 
Which then does not need to be dismounted for the calibra 
tion. Thus, the ?rst tool reference structure 34 could either 
be mounted on the reference tool or on the robot, preferably 
on the tool holder of the robot. 

[0072] As for the object coordinate system calibration, 
different reference structures can be used and if the robot 
tool mounting ?ange has geometries that can be used for the 
measurements, a special reference structure is not needed. 
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As in the same Way, if the tool in itself has geometries that 
can be used, the reference structures in FIGS. 6b and 7b are 
not needed. 

[0073] In cases When the tool is used to saW, mill, or grind 
planes, it is enough to calibrate three degrees of freedom of 
the tool coordinate system, since the lateral position of the 
tool on the plane is not important for the processing result. 
The only requirements for high accuracy are the distance 
betWeen the tool and the plane and the tWo tilt angles of tool 
relative the plane. Therefore, the tool coordinate system can 
be calibrated only With a plane as a reference structure, 
preferable in parallel With the processing plane. Such a plane 
can be the surface of a saWblade or the surface of a sheet of 
metal mounted on a milling head. 

[0074] As shoWn in FIGS. 8Ll-86, usually, several tools are 
used in an application, and then it is possible to calibrate 
each tool by using reference structures in the tool geometry 
or by attaching reference structures on the tools, and adopt 
ing either of the methods described in FIGS. 6a, 6b, and 7a, 
7b. HoWever, there is often a tool exchanger betWeen the 
tool and a spindle actuator and then it is usually enough to 
calibrate the spindle actuator With a reference tool as in FIG. 
8f, in the same Way as shoWn in FIGS. 6a, 6b and 7a, 7b. 
FIG. 8f shoWs a tool exchanger 46 provided betWeen a 
reference tool 47 and a spindle actuator 48. A coordinate 
system, Ot, Xt, Yt, Zt is de?ned for the reference tool 47 and 
coordinate system, Otc, Xtc, Ytc, Ztc is de?ned for the tool 
exchanger 46. The relation betWeen the reference tool coor 
dinate system t and the tool exchanger coordinate system tc 
is knoWn. The reference tool 47 is a dummy tool that is used 
only for calibration purposes. The reference tool 47 com 
prises a tool reference structure 50. The geometry of the 
reference tool 46 is knoWn. It is then possible to calculate the 
coordinate system of the tool exchanger tc. Knowing the 
coordinate system of the tool exchanger and the geometry of 
the tools used in the application, for example, the tools 
shoWn in FIGS. Sb-Se, the tool coordinate system ta, tb, tc, 
td for the tools can be calculated in the tool holder coordi 
nate system tc. 

[0075] If more than one local object coordinate system are 
to be de?ned, it is possible to use one reference structure 
hold by the robot to de?ne all of the object coordinate 
systems, instead of having a plurality of different object 
reference structures on the Work piece. As shoWn in FIG. 9, 
the tool reference structure 50 on the reference tool 47 can 
also be used to de?ne local object coordinate systems. 
Alternatively, the reference structure 50 could be positioned 
on a real tool. The reference tool 47 is mounted on the robot. 
The position and orientation of the reference structure 50 is 
knoWn, or calibrated, relative to the tool holder coordinate 
system and by means of the robot kinematics to the robot 
base coordinate system rb. 

[0076] At ?rst, the digitiZer 15 is used to de?ne a ?xed 
object coordinate system 02 on the Work object, by means of 
the object reference structure 25 attached to the Work object 
3. Then, the robot 1 moves the tool reference structure 50 as 
close as possible to the path programmed by the digitiZer. 
The orientation of the reference tool 47 should preferably be 
as close as possible to the desired tool orientation for the 
path. Finally the digitiZer measures points on the surfaces of 
the tool reference structure 50, to de?ne a local object 
coordinate system, Which in the ?gure is the same as the tool 
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coordinate system, Ot, Xt, Yt, Zt. The digitizer can noW refer 
the local object coordinate system t to the ?xed object 
coordinate system 02, attached to the Work object. Since the 
digitizer calculates the path positions p1, p2 in the ?xed 
object coordinate system 02, it can noW calculate the path 
positions also in the local object coordinate system t, de?ned 
by the reference structure 50 on the robot tool. Since the 
robot from the tool calibration already knoWs the tool 
coordinate systems of the tool, the path positions expressed 
in the local object coordinate system on the tool can be 
directly used for programming the robot. 

[0077] The local object coordinate system t is determined 
relative to the digitiZer base coordinate db system by best ?t 
betWeen the measurements and a mathematical model of the 
tool reference structure 50. From earlier measurements, the 
path position p2 is knoWn relative to the object coordinate 
system 02 and relative to the digitiZer coordinate system db. 
Thereby, it is possible to calculate the relation betWeen the 
?xed object coordinate system 02 and the local object 
coordinate system t. Thereafter the pose p2 is calculated 
relative to the local coordinate system t. 

[0078] The draWback With a method using a tool reference 
structure as the local coordinate system is that it Will be more 
dif?cult to move a program from one robot to another With 
this method, since the digitiZer must be used for re-calibrat 
ing the local coordinate systems. When the reference struc 
ture for the local coordinate systems are mounted on the 
Work object, the robot can use stored reference structure 
calibration programs to automatically move the probe to 
touch the surfaces of the reference structures. On the other 
hand, using a reference structure on the tool as a local object 
coordinate system means that actually no reference structure 
at all is needed on the object. Thus, in applications With 
small lot siZe production, it Will be favorable to use just a 
tool reference structure for the de?nition of object coordi 
nate systems. When these tool-based object coordinate sys 
tems are de?ned, it is important to have the tool in an 
orientation as close as possible to the orientation used in the 
path positions. Moreover, no robot axis should change 
torque direction When moving from the reference structure 
calibration positions to the path positions. This is especially 
important for the main axis of the robot. 

[0079] Up to noW, calibration methods When the robot 
carries the tool have been presented. If the robot carries the 
Work object instead and the tool is ?xed to the robot cell or 
another manipulator, then the method is performed accord 
ing to any of the methods shoWn in FIGS. 10a-10b and 11. 

[0080] FIG. 10a shoWs the calibration of the object coor 
dinate system 02 relative to the robot base coordinate system 
rb, When a measuring-probe 30 ?xed to the robot cell is used. 
At ?rst the coordinate system rt1 or position of the ?xed 
probe 30 is calculated in relation to the robot base coordinate 
system rb, in the same Way as Was earlier shoWn in FIG. 6a. 
For this purpose a reference tool 32 having a reference 
structure 34, With knoWn geometry, is attached to the robot 
tool holder, as shoWn in FIG. 6a. The relation betWeen the 
coordinate system rt1 of the reference structure 34 and the 
robot tool holder coordinate system rth is knoWn. Therefore, 
the probe coordinate system rt1 can be calculated in relation 
to the robot base coordinate system rb. 

[0081] Then the Work object 3 With its object reference 
structure 25 is mounted on the robot tool holder coordinate 
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system rth. The robot is moved toWards the probe 30, so that 
different surfaces of the reference structure 25 hit the tip 31 
of the probe. The object coordinate system 02 is determined 
relative to robot base coordinate system rb by best ?t 
betWeen the measurements and the model of the reference 
structure 25. Compare the tool calibration shoWn in FIG. 6b. 
In this embodiment the tool 47 is ?xed positioned relative to 
the robot cell. Thus, beside the calibration of the object 
coordinate system 02, also the tool coordinate system t must 
be calibrated. The calibration of the ?xed mounted tool 47 
can be compared With the object coordinate system calibra 
tions When the robot carries the tool as shoWn in FIG. 4b. 

[0082] FIG. 10b shoWs the calibration of the tool coordi 
nate system having a ?xed tool 47. Aprobe 20, With knoWn 
geometry, is mounted on the robot and a reference structure 
34, With knoWn geometry, is mounted on or in ?xed relation 
to the tool 47. The position of the coordinate system rt2 of 
the reference structure 34 is knoWn in relation to the robot 
tool coordinate system t. The probe 20 is used for measure 
ments on the surfaces of the tool reference structure 34. 
NoW, the robot knoWs the tool coordinate system t in relation 
to the object coordinate system 02, and if the digitiZer is used 
to program the path positions in relations to the object 
coordinate system, the robot can run a program With these 
relative positions from the digitiZer. 

[0083] In the same Way as shoWn in FIG. 7 for the 
calibration of the tool coordinate system When the tool is 
mounted on the robot, the digitizer 15 can be used to 
calibrate the object coordinate system 02 When the Work 
object 3 is mounted on the robot as shoWn in FIG. 11. 
Because of the easy access With the probe 20 on the digitiZer, 
it is possible to measure both a reference structure 60 on the 
robot 1 and a reference structure 47 on the Work object 3 in 
the same stage, Without dismounting the Work object. More 
over, the digitiZer can also be used to measure the tool 
coordinate system, giving the robot controller a ?xed tool 
coordinate system in relation to the tool holder coordinate 
system. It should be mentioned that the digitiZer can be 
mounted on the Work object or the gripper or the tool holder 
to decrease the requirements on the Work space of the 
digitiZer. 

[0084] With reference to FIG. 11 it Will noW be described 
hoW the path position p2 is determined relative to the tool 
coordinate system t, by using the digitiZer. The robot refer 
ence structure 60 is mounted on the robot in a knoWn 
relation to the robot tool holder coordinate system rth, Which 
is knoWn I relation to the robot base coordinate system rb 
because of the robot kinematics. Thus, the coordinate system 
rt1 of the reference tool 60 is knoWn in relation to robot base 
coordinate system rb. The digitiZer measures positions on 
the surface of the robot reference structure 60. The relation 
betWeen the reference tool coordinate system rt1 and the 
digitiZer coordinate system db is determined by best ?t 
betWeen the measurements and a model of the reference 
structure 60. 

[0085] To determine the object coordinate system 02 in 
relation to the digitiZer base coordinate system db, measure 
ments are made on the surface of the object reference 
structure 25 by the digitiZer. The object coordinate system 
02 is determined in relation to the digitiZer base coordinate 
system db, by best ?t betWeen the measurements and a 
model of the object reference structure 25. The path is then 
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programmed by means of the digitizer 15 and thus the path 
positions p2 are obtained in relation to object coordinate 
system 02. The tool coordinate system t is determined in 
relation to the digitizer base coordinate system by best ?t 
betWeen measurements made by the digitizer on the surface 
of the tool reference structure 50 and a model of the 
reference structure 50. The tool coordinate system t is 
calculated relative to the reference tool coordinate system 
rt1, and since the reference tool coordinate system rt1 is 
knoWn relative to the tool holder coordinate system rth, it is 
possible to calculate the tool coordinate system t relative to 
the robot base coordinate system rb. 

[0086] Thereafter the relation betWeen the object coordi 
nate system 02 and the reference tool coordinate system rt1 
is calculated, and since reference tool coordinate system rt1 
is knoWn relative to the robot tool holder coordinate system 
rth it is possible to calculate the object coordinate system 02 
in the robot base coordinate system rb. During programming 
the path positions p2 is measured relative to the object 
coordinate system 02 and thereby the path positions can be 
calculated in the robot base coordinate system. As the tool 
coordinate system t and the path positions p2 are knoWn in 
the robot base coordinate system rb, the path positions p2 
can be calculated in the tool coordinate system t. 

[0087] In the ?xed tool case, the relation betWeen the 
object coordinate system 02 and the tool holder coordinate 
system rth Will alWays be the same and independent of the 
con?guration of the robot. HoWever, in a given position in 
one path, the robot con?guration may differ a lot from that 
in a position in another path. Therefore, the tool coordinate 
system or the object coordinate system must sometimes be 
updated to form local coordinate systems that must be used 
in the robot program for parts of the paths in the same Way 
as the object coordinate system must be updated in the case 
When the robot carried the tool. The calibration of these local 
coordinate systems are made simply by moving the robot to 
get the ?Xed tool close to the path and make a recalibration 
of the object coordinate system, or the tool holder coordinate 
system, With the digitizer. In the case With the use of a ?Xed 
probe as in FIGS. 10a-b, the local object coordinate systems 
are calibrated by use of local object reference structures, 
Which are moved against the ?Xed probe by the robot. 

[0088] The present invention is not limited to the embodi 
ments disclosed but may be varied and modi?ed Within the 
scope of the folloWing claims. For eXample it is possible to 
use only one reference structure for programming more than 
one path on the Work object. It is also possible to use more 
than one local object coordinate system for programming 
one single path. Different local object coordinate systems are 
then used for programming different poses on the path. 

[0089] In the embodiments described herein, the measure 
ments of the reference structure comprise measuring at least 
three positions on the surface of the reference structure. 
Alternatively, the measurements may comprise measuring at 
least one position on the surface of the reference structure 
and measuring the normal direction to the surface. 

1. A method for programming of an industrial robot 
having a robot coordinate system, for an application com 
prising a tool having a tool coordinate system and a Work 
object to be processed by the tool, Wherein the application 
is programmed by means of a position-measuring unit 
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adapted for measuring positions relative a measuring coor 
dinate system, Wherein the method comprises: 

selecting an object reference structure on or in a ?Xed 
relation to the object, the object reference structure 
having at least one surface, 

de?ning a mathematical model for the object reference 
structure, 

de?ning an object coordinate system in a ?Xed relation to 
the object reference structure, 

providing measurements on said at least one surface of the 
object reference structure, the measurements being 
performed by the position-measuring unit and are pro 
vided relative to the measuring coordinate system, 

determining the object coordinate system in relation to the 
measuring coordinate system, by means of best ?t 
betWeen said measurements performed by the position 
measuring unit and said mathematical model of the 
object reference structure, 

measuring a plurality of positions on a desired robot path 
on the object by means of the position-measuring unit, 

determining the positions of the robot path in the object 
coordinate system, based on said measured positions of 
the robot path and said determined object coordinate 
system, 

determining the relation betWeen the object coordinate 
system and the robot coordinate system, 

determining the relation betWeen the tool coordinate 
system and the robot coordinate system, and 

programming the robot path based on said positions of the 
robot path in the object coordinate system, said relation 
betWeen the object coordinate system and the robot 
coordinate system, and said relation betWeen the tool 
coordinate system and the robot coordinate system. 

2. A method according to claim 1, Wherein said object 
reference structure is three-dimensional and has at least 
three non-parallel surfaces and measurements are provided 
on said at least three surfaces of the object reference 
structure. 

3. A method according to claim 1, Wherein said object 
reference structure is any of a cube, a cone or a cylinder. 

4. A method according to claims 1, Wherein said selected 
object reference structure is positioned in the vicinity of said 
robot path. 

5. A method according to claims 1, Wherein the robot 
comprises a base and said robot coordinate system is 
attached to the base of the robot. 

6. A method according to claim 1, Wherein the relation 
betWeen the object coordinate system and the robot coordi 
nate system comprises performing measurements on at least 
one surface of the object reference structure, or of a refer 
ence structure on or in a ?Xed relation to the robot, Wherein 
the. measurements are performed by means of an elongated 
probe and the inclination of the probe relative to the surface 
during the measurements are essentially the same as the 
inclination of the tool in relation to the object in the robot 
path. 

7. A method according claim 1, Wherein the determining 
of the relation betWeen the object coordinate system and the 
robot coordinate system comprises: 
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performing measurements on said surface of the object 
reference structure, the measurements being performed 
by the robot and are provided relative to the robot 
coordinate system, and 

determining the object coordinate system in relation to the 
robot coordinate system, by means of best ?t betWeen 
said measurements performed by the robot and said 
mathematical model of the object reference structure. 

8. A method according to claim 7, Wherein a robot 
program, for performing said measurements on the object 
reference structure by the robot, is automatically generated 
based on said measurements on the object reference struc 
ture performed by the position-measuring unit. 

9. A method according to claim 7, Wherein the direction 
of the normal of said surface of the object reference structure 
is calculated, based on said measurements on the object 
reference structure performed by the position-measuring 
unit, and the robot is moved along said calculated direction 
toWards the surface When performing said measurements. 

10. A method according to claim 1, Wherein the deter 
mining of the relation betWeen the object coordinate system 
and the robot coordinate system comprises: 

selecting a robot reference structure on or in a ?xed 
relation to the robot, the robot reference structure 
having at least one surface, 

de?ning a mathematical model for the robot reference 
structure, 

de?ning a second robot coordinate system in a ?Xed 
relation to the robot reference structure, 

performing measurements on said at least one surface of 
the robot reference structure, 

determining the object coordinate system in relation to 
said ?rst mentioned robot coordinate system, by means 
of best ?t betWeen said measurements of the robot 
reference structure and said mathematical model of the 
robot reference structure. 

11. Amethod according to claim 10, Wherein it comprises: 

providing a measuring probe in a ?Xed knoWn position 
relative to the robot, 

performing measurements on the surface of the robot 
reference structure, the measurements being made by 
said measuring probe, 

performing measurements on the surface of the object 
reference structure, the measurements being made by 
said measuring probe, 

determining the relation betWeen the object coordinate 
system and the second robot coordinate system, based 
on said measurements of the robot reference structure 
and said measurements of the object reference structure 
made by said measuring probe. 

12. A method according to claim 10, Wherein said mea 
surements on said surface of the robot reference structure are 
made by the position-measuring unit and relative to the 
measuring coordinate system, and said relation betWeen the 
object coordinate system and the robot coordinate system 
are determined, based on said object coordinate system 
relative to the measuring coordinate system. 
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13. A method according to claim 10, Wherein the robot 
comprises a tool holder and said robot reference structure is 
selected on or in a close vicinity of the tool holder of the 
robot. 

14. A method according to claim 10, Wherein the robot is 
provided With a tool having an inner end connected to the 
robot and an outer end, and said robot reference structure is 
positioned on or in a close vicinity of the outer end of the 
tool. 

15. A method according to claim 1, Wherein the method 
further comprises: 

selecting a second object reference structure on or in a 
?Xed relation to the object, the second object reference 
structure having at least one surface, 

de?ning a second object coordinate system on or in a ?Xed 
relation to the object reference structure, 

providing measurements on said at least one surface of the 
second object reference structure, the measurements 
being performed by the position-measuring unit and are 
provided relative to the measuring coordinate system, 
and 

determining the second object coordinate system in rela 
tion to the measuring coordinate system, by means of 
best ?t betWeen said measurements on the second 
object reference structure and said mathematical model 
of the object reference structure, 

determining the relation betWeen the second object coor 
dinate system and the robot coordinate system, 

the robot path positions are determined and programmed 
based on either the ?rst or the second coordinate system 
according to a chosen condition. 

16. Amethod according to claim 15, Wherein a robot path 
position is determined and programmed based on Which of 
the ?rst and second coordinate systems is closest to the robot 
path position. 

17. Amethod according to claim 15, Wherein a robot path 
position is determined and programmed based on Which of 
the ?rst and second coordinate systems has about the same 
orientation, as the desired tool orientation in the robot path 
position. 

18. Amethod according to claim 15, Wherein a robot path 
position is determined and programmed based on Which of 
the ?rst and second coordinate systems has about the same 
torque direction on the robot aXis, as the path position. 

19. A method according to claim 1, Wherein said object 
reference structure is at least a plane. 

20. A method according to claim 1, Wherein the tool 
comprises a tool base for attaching the tool to the robot, and 
determining the relation betWeen the tool coordinate system 
and the robot coordinate system comprises: 

de?ning an reference coordinate system on or in a ?Xed 
relation to the tool base, the relation betWeen the 
reference tool coordinate system and the robot coordi 
nate system being knoWn, 

selecting a ?rst tool reference structure on or in a ?Xed 
relation to the reference coordinate system, the ?rst tool 
reference structure having at least one surface, 

de?ning a mathematical model for the ?rst tool reference 
structure, 




