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(57) Abstract: The present invention relates to a method
for calibration of a base coordinate system of an industrial
robot ( 1 ) in relation to a work area, the robot having a
base portion (6) and a robot wrist interface movable in at
least four degrees of freedom with respect to the base por
tion. The method comprises: - mounting a first part (14) of
a kinematic coupling which is constrained in the same
number of degrees of freedom as the robot, on the robot
wrist interface ( 11 ) of the robot, - mounting a second part
(16) of the kinematic coupling in the work area, - moving
the robot including the base portion to the work area, - set
the robot in compliant control mode, - move the first part
of the kinematic coupling to mate with the second part, -
storing axis positions of the robot during mating of the
kinematic coupling, - determining the position and orien
tation of the base portion based on the stored axis posi
tions and a kinematic model of the robot, and on basis
thereon calibrating the base coordinate system of the
robot.
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CALI BRATION OF A BASE COORDINATE SYSTEM FOR
AN INDUSTRIAL ROBOT

F IELD OF THE INVENTION AND PRIOR ART

The present invention relates to a method for calibration of a
base coordinate system of a robot in relation to a work area.

The present invention also relates to a kinematic coupling for
calibration of a base coordinate system of a robot.

The invention is particularly useful for cali bration of a portable
robot. With a portable robot is meant a robot which is mobile of
its own or is movable by other means, such as a truck. A work
area is a place at which the robot shall carry out work, for ex-
ample, a robot cell . For example, the work area includes work
objects and/or workstations on which the robot is to carry out
work.

A robot includes a base portion and a plurality of parts movable
relative the base portion . A base coordinate system is defined in

a fixed relation to the base portion . During calibration of the
base coordinate system , the position and orientation of the base
coordinate system, and accordingly the position and orientation
of the base portion , is determined in relation to the work area.

A common situation , especially in smaller enterprises, is that
robot automation is not affordable because robots can not move
between different machines as flexible as a human worker.
Sometimes it is possible to mount the robot hanging on linear
guide ways or standing on floor-mounted guide ways, but this
kind of solution is expensive and can be difficult to install in the



workshop. What is instead needed in this type of situations is a
low cost portable robot easy to move between different robot
cells and where time needed to get the production running after
the movement of the robot is very short. Another application of
such a robot solution is in cases with large work objects, where
the robot must be moved between different parts of the work o b

jects. A problem with moving a robot between different work a r

eas is that the position and orientation of the robot with respect
to the work area must be determined with a high accuracy each
time the robot has been moved to a work area. Concepts pre

sented so far to solve this problem are too complicated with spe

cial docking mechanisms, docking sensors and even navigation
systems. There is also the cost problem when too complex plat
forms are used , including safety sensors, high precision docking
mechanisms, docking sensors etc. The most important reason
why portable robots have not yet been introduced is that the
concepts presented so far do not solve the problem of how to
reduce the time between the docking of the robot and the execu
tion of the robot programs.

A basic problem in robot installations and commissioning of ro

bot cells is the identification of the relation of the robot to a work
piece to be processed by the robot. The robot is supposed to
perform work on the work piece and the work piece is located in

the working range of the robot. The reason for the work piece
identification is to define a local coordinate system in the work
piece that can be used for programming the robot to perform
work on the work piece. WO20091 32703 discloses a method for
calibration of a local coordinate system relative a robot coordi-
nate system. A sphere is mounted on the robot and at least 3
mating targets on the local object. Each mating target includes
two or three nonparallel plane surfaces arranged to receive the
sphere so that the sphere is in contact with the surfaces. By
moving the robot to mate the sphere with the three targets in a
sequence it is possible to calculate the local coordinate system
in relation to the robot coordinate system. Force control is ex-



emplified as a possibility for making the mating . This method is
difficult to use for the calibration of the base coordinate system
of a robot on a movable platform for the following reasons:

• When the robot has got a new pose it is difficult to adjust
the robot calibration program to mate the sphere with the
three targets since these are distributed in the robot cell .

• After a movement of the robot there is a large risk that the
robot will not be able to reach all the three targets.

• Since a fairly large distance is needed between the targets
the robot inaccuracy will always degrade the cali bration .

• At each mating the robot tool can have any orientation ,
which further reduces the accuracy of the method when
used for base coordinate system calibration .

• Using lead through for making the mating , which is the
most intuitive method , it will be very difficult and some
times impossi ble to move the sphere to the three targets.

For portable robots, the method in WO2009 132703 is very diff i
cult to use and is actually not developed for robot base coordi-
nate system cali bration but for the calibration of work objects
and fixtures.

OBJ ECTS AND SUMMARY OF THE INVENTION

The object of the present invention is to provide a fast and accu
rate calibration of a base coordinate system of a portable robot.

According to one aspect of the present invention , this object is
achieved by a kinematic coupling as defined in claim 1.

The kinematic coupling includes a first and a second part mov

able relative each other, wherein one of the parts is designed to
be carried by the robot and the other part is designed to be po

sitioned in the work area of the robot, and one of the parts is
provided with a first convex surface and the other part is pro

vided with a recess designed to receive the first convex surface



and the recess includes three non parallel plane surfaces de

signed to simultaneously be in contact with the first convex sur

face during calibration of the robot. One of the parts includes a
second convex surface and the other part includes a fourth
plane surface designed to be in contact with the second convex
surface at the same time as the first convex surface is in con

tact with said three plane surfaces during calibration of the ro

bot.

One of the parts is arranged fixed in the work area and the other
part is mounted on the robot, preferably on the wrist of the ro

bot. When the coupling is mated , the first convex surface has
three contact points with the plane surfaces and the second
convex surface has one contact point with the fourth plane sur-
face, which makes a total of four contact points, which con

strains the parts in four degrees of freedom. Thus, the first and
second parts are designed so that when they are mated to each
other the parts are locked to each other in four degrees of f ree
dom.

In order to unambiguously define a unique position and orienta
tion of the robot, the kinematic coupling should constrain the
mating parts of the coupling in the same number of degrees of
freedom as the degrees of freedom of the robot. The above de-
scri bed kinematic coupling locks the robot in four degrees of
freedom and accordingly is suitable for calibrating a robot mov

able in four degrees of freedom .

An advantage with using a kinematic coupling is that the part of
the coupling positioned on the robot only has to be mated once
with the other part of the coupling positioned in the work area in

order to determine the position and orientation with the same
degrees of freedom as for the robot of the base coordinate sys

tem of the robot in relation to a work area . This makes the cali-
bration fast and easy. A further advantage with the specific k i

nematic coupling described above is that the mating can be



made stepwise with well defined movements in each step. This
is especially important when force- or compliance control is
used during the mating . Compliance control can be used for
automatic mating controlled by a robot program (optionally in-
eluding a search strategy) or for manual mating using lead
through of the robot tool . Since the mating is made in only one
robot pose, the global kinematic errors will not affect the calibra
tion , only relative kinematic errors in a small area (correspond
ing to the placement differences of the robot) will be of impor-
tance. It should also be mentioned that it is easy to find a place
in the cell for the kinematic coupling in such a way that it can be

reached by the robot and that it can be easy to reach by the o p

erator when lead through calibration is made.

According to an embodiment of the invention , the part including
the second convex surface also includes a third convex surface,
and said fourth plane surface is designed to simultaneously be
in contact with the second and third convex surface at the same
time as the first convex surface is in contact with said three
plane surfaces during calibration of the robot. The kinematic
coupling according to this embodiment of the invention locks the
robot in five degrees of freedom and accordingly is suitable for
calibrating a robot movable in five degrees of freedom. This k i

nematic coupling has the same advantages as the previously
described kinematic coupling for four degrees of freedom.

According to an embodiment of the invention , one of the parts
includes a fourth convex surface, and the other part includes a
fifth plane surface designed to be in contact with the forth con-
vex surface at the same time as the first convex surface is in

contact with said three plane surfaces and the second and third
convex surface are in contact with the fourth plane surface dur

ing calibration of the robot, and the fourth and fifth surfaces are
non parallel . The kinematic coupling according to this embodi-
ment of the invention locks the robot in six degrees of freedom
and accordingly is suitable for calibrating a robot movable in six



degrees of freedom. This kinematic coupling has the same ad

vantages as the previously described kinematic couplings for
four and five degrees of freedom.

According to another aspect of the invention this object is
achieved by the method defined in claim 4 .

The robot has a base portion and is movable in at least four de

grees of freedom with respect to the base portion . The method
comprises:
- mounting a first part of a kinematic coupling which is con

strained in the same number of degrees of freedom as the robot,
on robot wrist interface of the robot,
- mounting a second part of the kinematic coupling in the work
area,
- moving the robot including the base portion to the work area,
- set the robot in compliant control mode,
- move the first part of the kinematic coupling to mate with the
second part,
- storing axis positions of the robot during mating of the kine
matic coupling ,
- determining the position and orientation of the base portion of
the robot based on the stored axis positions and a kinematic
model of the robot, and on basis thereon cali brating the base
coordinate system of the robot.

A robot wrist interface is a part of the wrist on which a tool can
be mounted , and is, for example, termed a wrist flange, a tool
flange, or a mechanical tool interface.

The kinematic coupling should be constrained in the same num

ber of degrees of freedom as the robot. This means that, for ex

ample, for a 4-axis robot a kinematic coupling constrained to
four degrees of freedom should be used . Thus, when the first
part of the kinematic coupling is moved to mate with the second
part four degreases of freedom of the movable part of the robot



is defined . For a 5-axis robot a kinematic coupling constrained
to five degrees of freedom should be used . Thus, when the first
part of the kinematic coupling is moved to mate with the second
part five degreases of freedom of the movable part of the robot
is defined . For a 6-axis robot a kinematic coupling constrained
to six degrees of freedom should be used . Thus, when the first
part and second part of the kinematic coupling are mated to
each other six degreases of freedom of the movable part of the
robot is defined .

For portable robots this invention solves both the problem of
start up time and the problem of high platform cost. By means of
a new low cost, very easy to use, fast, reliable, and robust cali
bration method for the base coordinate system of the robot, the
robot program can be started up very soon after the docking ,
which is made without the use of any sensors or advanced m e

chanical docking mechanism . The robot can even be placed
anywhere in relation to the work object or tools, just by placing
the robot platform on the floor.

According to the invention , the calibration is made in only one
pose using a kinematics coupling . The mating is made by lead
through , which is intuitive and easy to use for the robot pro

grammer. The proposed calibration method is much faster, more
accurate, more robust and safer than the one descri bed in

WO2009 132703. Due to the fact that the calibration is made in

only one pose, using a kinematics coupling , the method be

comes very accurate.

According to an embodiment of the invention , the method further
comprises:
- programming the robot in the cali brated base coordinate sys

tem , thereby creating a robot program including information on

the base coordinate system ,
- moving the robot including the base portion to a second posi
tion in the robot cell ,



- setting the robot in compliant control mode,
- moving the first part of the kinematic coupling to mate with the
second part to define at least four degreases of freedom of the
movable part of the robot,
- storing the axis positions of the robot during mating of the k i

nematic coupling , and
- calculating the new position and orientation of the base coor

dinate system based on the stored axis positions and a kine
matic model of the robot, and
- updating the robot base coordinate system in the robot pro

gram.

The invention makes it quick and easy to recalibrate the base
coordinate system of a portable robot after it has been used in

another work area and is returned to the present work area. A c

cordingly, it is not necessary to put the base portion of the robot
in exactly the same position and orientation each time the robot
is moved back to the work area. The placement of the robot can
be made without any requirements on accuracy since the differ-
ence in position and orientation of the robot base coordinate
system will be compensated for. The robot base portion can be
placed directly on the floor without any docking mechanism. No

docketing sensors or navigation systems are needed .

According to en embodiment of the invention , the first part of the
kinematic coupling is moved by lead through to mate with the
second part. This is a simple and intuitive and method for mov
ing the robot.

The invention is useful for cali bration of the base coordinate
system of a portable robot. However, the invention can also be
used for calibration of a stationary robot when it is exchanged
with another robot. For example, when a defect robot is ex

changed with a new robot it is necessary to check that the new
robot is mounted in a correct position . The present invention can



also in this case be used to calibrate the base coordinate sys

tem of the new robot.

BRI EF DESCRI PTI ON OF THE DRAWI NGS

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

Fig . 1 shows an example of a portable robot using a kinematic
coupling for calibration of the base coordinate system of
the robot.

Fig . 2 shows an example of a prior art kinematic coupling .

Fig . 3 shows examples of coordinate systems that can be i n

volved in the cali bration .

Fig . 4 illustrates the kinematics of the kinematic coupling
shown in figure 2.

shows an example of a kinematic coupling according to
the invention for calibration of a 4 degrees of freedom
robot.

shows an example of a kinematic coupling according to
the invention for calibration of a 5 degrees of freedom
robot.

Fig . 7 shows a first example of a kinematic coupling according
to the invention for calibration of a 6 degrees of freedom
robot.

8 shows a second example of a kinematic coupling accord
ing to the invention for calibration of a 6 degrees of
freedom robot.



Fig . 9 shows a third example of a kinematic coupling according
to the invention for calibration of a 6 degrees of freedom
robot.

Fig . 10 shows a fourth example of a kinematic coupling accord
ing to the invention for calibration of a 6 degrees of
freedom robot.

DETAI LED DESCRI PTION OF PREFERRED EMBODI MENTS
OF THE INVENTION

Figure 1 exemplifies a portable robot, where a lightweight robot
1 including a robot controller 2 is mounted on a movable plat-
form 3 . The portable robot is located in a robot cell which d e

fines a work area for the robot. The robot controller 2 is also
mounted on the platform but there are cases when each robot
cell may have its own controller and then only the robot will be
on the platform . The robot 1 is connected to the controller 2 by a
cable and at docking a contact 4 is used to electrically connect
the robot, tools, and the controller to the cell . The robot com

prises a stationary base part 6 , which supports a stand 7 that is
rotatable about a first axis. The stand 7 supports a lower arm 8
that is rotatable about a second axis. The lower arm 8 supports
an upper arm 9 , which is rotatable about a third axis. The upper
arm 9 supports a wrist 10 that is rotatable about a fourth , a fifth
and a sixth axis. The wrist 10 supports a wrist interface 11 in the
following named a wrist flange on which a tool can be mounted .
The robot further comprises a parallel bar transmission 12 . This
robot has 6 DOF (Degrees Of Freedom). A base coordinate sys

tem Xb, Yb, Zb is defined in the base part.

By means of a lightweight wrist it is possible to obtain an arm
system with a very low inertia and weight. Thus, the upper arm,
the lower arm and the parallel bar transmission 12 are made of
lightweight carbon reinforced epoxy tubes. Low arm inertia



means smaller motors and gear boxes for the main axes of the
robot and simultaneously the mass of the main axes structure
and the base part of the robot can be significantly reduced . In
all , the dynamic forces and torques on the platform will be low
using such a robot with very low arm inertia and for many appli
cations it will be enough just to place the platform 3 directly on
the floor without any clamping mechanism. To ensure that the
platform will not move because of the movements of the robot
arms, extra weight can be added to the platform and if neces-
sary high friction pads can be mounted on the bottom of the
platform to increase the friction between the platform and the
floor and to give the platform a not redundant connection to the
floor. In cases this is not enough very simple clamping screws
can be adopted with no requirements on the accuracy of the
placement of the platform . To move the platform between work
areas a fork lifter, retractable wheels or an air film arrangement
can be used .

What makes programming easy together with the simple ar-
rangements for moving and placing the platform is the use of a
kinematic coupling . The kinematic coupling is used in order to
calculate deviations of the position and orientation of the base
coordinate system from its position and orientation at program
ming . The kinematic coupling includes two parts 14 , 16 designed
to mate each other. One part 14 of the kinematic coupling is
mounted on the robot, such as on the wrist 10 of the robot, pref
erably mounted on the side of the wrist flange in such a way that
it is not an obstacle for the tool mounted on the wrist flange.
The other part 16 of the kinematic coupling is mounted in the
robot cell , for example, on a work station 18 as show in figure 1.
For a 6 DOF robot the traditional kinematic coupling locking 6
DOF according to figure 2 can be an option .

Figure 2 shows an example of a prior art kinematic coupling in-
eluding a first part 20 and a second part 22 arranged movable
relative the first part and arranged to mate the first part. The



second part 22 is provided with three balls 24 and the first part
is provided with three grooves 26. During mating of the parts,
the balls 24 are placed in the grooves 26 in such a way that
each ball is in contact at two points with its groove. In this way
the position and orientation of the plate 22 will be obtained with
high precision in relation to the position and orientation of the
plate 20. In the figure the balls 24 are mounted on pins 28 in o r

der to show the functionality. Usually the balls are parts of the
plate 22 with no extending pins. In the figure the groves are
symmetrically arranged on the plate 20 and thus separated by
an angle of 120 degrees. If this kinematics coupling concept is
used for the calibration of the base coordinate system the sym

metry should be avoided to avoid that an error in the coupling
connection of a multiple of 120 degrees is achieved . Instead the
angles between the grooves could be for example 90, 135, and
135 degrees.

Traditionally, a robot controller of an industrial robot is provided
with servo controllers for controlling the positions of the motors
driving the motion of the robot. The servo controller comprises a
position control loop configured to calculate speed references
based on a position error. The position error is multiplied by a
constant denoted the position control gain KP. The strength of
the position control depends on the value of the position control
gain . The servo controller further comprises a speed control
loop configured to calculate a speed error based on the differ
ence between the speed references from the position controller
and speed measurements, and further to calculate torque refer
ences for the motor based on the speed error multiplied by a
constant denoted the speed control gain Kv . The strength of the
speed control depends on the value of the speed control gain .
During normal operation of the robot, the gain of the position
loop and the speed loop are set at a high value such that the
robot is stiff in all directions and orientations. Many robots have
been provided with the possibility to switch the robot into a
compliance control mode. In the compliance control mode the



gains of the position loop and the speed loop are significantly
reduced and the robot becomes soft or compliant.

A technique called lead-through programming has been recog-
nized as a very convenient way of programming robots. During
lead-through programming , the programmer moves the tool or
work object mounted on the robot by hand to positions along the
robot path to be programmed , and records the motions into a
memory in the robot controller.

The robot controller is switched into a compliant control mode,
in which the robot has a reduced stiffness in at least one of the
axes or in at least one Cartesian direction or orientation , before
the cali bration begins. Thereafter the robot is programmed by
means of lead-through of the robot at the same time as the con

troller is in the compliant control mode. By switching the robot
into the compliant control mode the robot is made compliant and
easy to move by hand .

The calibration procedure according to the invention will then
be:

1. When programming the robot the platform 3 with the robot is
moved into a suitable position in the robot cell making it possi-
ble to reach all positions to be programmed .

2 . The platform is placed on the floor (in the simplest case just
by setting it down without any clamping).

3 . The controller 2 is connected to the cell power and electron
ics.

4 . The robot controller is ordered to switch to compliant control
mode, for example with gravity compensation , and the operator
moves the first part 14 of the kinematics coupling to get in 6
points contact with the cell-mounted fixed part 16 of the kine-



matics coupling . When in full contact the robot controller is o r

dered to register the axis positions of the robot and to calculate
from a kinematic model of the robot the position and orientation
of the base coordinate system of the robot in relation to a world
coordinate system. In cases when no world coordinate system is
defined , the tool coordinate system at the time of the registra
tion of the joint positions can be used as a world coordinate sys

tem . The programmer then does not need to bother about any
definition of a world coordinate system.

5 . If there are tables, fixtures, jigs, room fixed tools, robot fixed
tools or optional robots that need to be calibrated this is made
after the definition of the robot base coordinate system. The ro

bot can then be used for the definition of the different coordinate
systems defining the optional equipment. Figure 3 outlines an
example of some coordinate systems that can be involved and
according to this figure the calibration procedure in steps 4 and
5 can be explained : The left cell-mounted fixed part of the kine
matic coupling defines a fixed kinematics coupling coordinate
system 6 1 , which will be the reference for all cali bration-
activities in the robot cell . A wrist flange coordinate system 63 is
defined in fixed relation to the wrist flange.

When the robot wrist-mounted part 14 of the kinematic coupling
is in 6 DOF contact with the fixed part 16 , the wrist flange coor

dinate system 63 obtains a position and orientation accurately
related to the fixed kinematics coupling coordinated system 6 1 .
Since the wrist flange coordinate system 63 is defined by the
robot manufacturer, the world coordinate system can be auto-
matically set to the wrist flange coordinate system 63 (in relation
to the robot base coordinate system in accordance with the
kinematics model of the robot) when the kinematics coupling is
in 6 DOF contact. The coordinate system of the kinematics cou

pling 6 1 and the relation 62 between the coordinate systems 6 1

and 63 are then not needed as long as the robot wrist fixed
kinematics coupling part 14 always has a fixed relation to the



tool flange of the robot. Thus, the world coordinate system 63
can be defined and by means of the kinematics 64 the base c o

ordinate system of the robot can be calculated at the time of cell
calibration and robot programming .

Now, releasing the kinematics coupling , the robot can be used
to calibrate a tool coordinate system 67 with relation 66 to the
robot base coordinate system 65 and thus in the fixed relation to
the tool flange coordinate system. Moreover, the kinematics of
the robot 68 can be used to calibrate the base coordinate sys

tem 69 of another robot. Since the relations 64 and 68 are then
known , the relation 70 of the base coordinate system 69 in re la
tion to the world coordinate system 63 can be calculated . In the
same way the robot can be used to relate any coordinate system
in the cell to the world coordinate system 63. As an example the
relation 73 can be calculated from the relations 66 and 7 1 after
the cali bration of a user coordinate system using the robot.

After the calibration activity in step 4 and optionally the cell
calibration activities in step 5 , the robot programs are made and
tested , either on line or off line, in the later case including touch
up if needed . The programs are then usually made in object co

ordinate systems related to user coordinate systems, which in

turn can be related to base coordinate systems of optional ro-
bots in the cell . As shown in Figure 3 all of these coordinate
systems are at the end related to the world coordinate system
63, making it possible to run the programs with another base
coordinate system of the robot, only the other base coordinate
system of the robot has been calculated in relation to the world
coordinate system at a mating of the kinematics coupling 14 ,16 .

It should here be mentioned that if the robot and/or the platform
reduce the accessibility for the programmer when making a part
of the program it is possible to move the platform to increase the
accessi bility for the programmer. After the robot has been
moved , the controller is set to compliant mode, a mating is made
of the kinematics coupling 20,22, the angles of the robot axes



are measured internally in the controller and from the known
kinematics of the robot, the controller recalculates the base co

ordinate system of the robot 65 in relation 64 to the world coor

dinate system 63 and new programmed points can be calculated
correctly in the world coordinate system with the new relation
64.

After programming , the manufacturing is started in the cell and
program touch up with respect to the performed process may be
made. It is then also possible to move the platform to a position
and orientation , which increases the productivity of the cell by,
for example, reduction in wrist reorientations because of close
ness to singularities. After such a movement of the robot the ro

bot base coordinate system must be updated with a new mating
of the kinematics coupling .

When the robot is later needed for another task in the workshop
it is moved away and when it is after some time back again , it is
moved into the cell and the platform is placed at about the place
where it was used the previous time. The controller is then set
to compliant control (optionally with gravity compensation) and
the wrist is moved to obtain 6 DOF contact between the kine

matics coupling parts 20,22. The controller registers the axis
positions and calculates by its kinematics model the new robot
base coordinate system parameters (position and orientation of
65 in relation to 63). With errors in the kinematics model of the
robot and high requirements of the process accuracy it is impor
tant not to have too big deviations between the position and o ri

entation of the robot base coordinate system at programming
and program execution .

Running in compliant robot control mode means that the robot
control loops are set to have low stiffness, preferably with st iff
ness values calculated in a Cartesian coordinate system. Grav-
ity compensation means that a dynamic model of the robot is



used in order to calculate and make feed forward of the gravity
forces on the arm system to get the robot arms to float.

It should be mentioned that in cases when a 6 DOF force/torque
sensor is used on the robot, compliance control could be used
by means of the force sensor loop when running it in impedance
control mode.

The method described for fast robot base coordinate system
calibration requires that the mating of the two kinematics cou

pling parts is complete. Figure 4 illustrates the kinematics of the
kinematics coupling shown in figures 2 and 3 . The part 22 is
equipped with three balls 24 and at complete mating each ball is
in contact with the groove 26 of the other part 20 at two points.
Since the three grooves are rigidly connected to the part 20 by
means of pins 28, the position and orientation of the part 22 in

relation to 20 is completely defined without any redundancy.
However, when making the manipulation during compliant robot
control position and orientation of part 22 in relation to part 20
must be manipulated simultaneously, which is quite tricky. For
example, when one of the balls has got in contact with both sur

faces of a groove, then the orientation is changed until the other
balls get close to their grooves but to get these balls to mate
with their grooves both relative position and orientation has to
be manipulated and the process must be made iteratively until
full mating is obtained . Moreover, friction could give errors in

the mating since it is not easy to check that all 6 point contacts
have been obtained . Therefore kinematics couplings better
suited for mating with compliant control should be found .

Figure 5 shows a 4 DOF kinematic coupling for cali bration of a
base coordinate system of an industrial robot, in which the posi
tion manipulation can be made independent of the orientation
manipulation , which makes the mating easier and faster. The
coupling in this figure is useful when a 4-axes robot is used . The
kinematic coupling includes a first part 30 and a second part 32



movable relative each other, wherein one of the parts is de

signed to be carried by the robot and the other part is designed
to be positioned in the work area of the robot. The first part 30
is provided with a first ball 33 having a first convex surface and
a second ball 34 having a second convex surface. The balls 33
and 34 are mechanically connected to a coupling plate 35. The
second part 32 is provided with a recess 36 designed to receive
the first ball 33. The recess 36 includes three non parallel plane
surfaces 37,38,39 designed to simultaneously be in contact with
the first ball 33 during calibration of the robot. The second part
32 is further provided with a fourth plane surface 40 designed to
be in contact with the second ball 34 at the same time as the
first ball 33 is in contact with said three plane surfaces during
calibration of the robot. The surfaces 37, 38, 39 and 40 are
parts of a second coupling plate 42. The coupling is mated when
the balls 33, 34 are in contact at 4 points with the surfaces 37,
38, 39 and 40.

During the mating at compliant robot control (using lead through
of the wrist flange or programmed robot control) the ball 33 is at
first moved into the recess 36 to get a 3 points 44,45,46 contact
between the surfaces 37,38,39 and the ball 33. When the ball 33
is in the recess, the orientation of the wrist flange is manipu
lated , while the ball 33 is kept in the 3 points contact in the re-
cess, until the ball 34 is in contact with the surface 40 in a con

tact point 47.

Figure 6 shows a 5 DOF kinematic coupling for cali bration of a
base coordinate system of an industrial robot in , in which the
position manipulation can be made independent of the orienta
tion manipulation , which makes the mating easier and faster.
This coupling is useful when a 5-axes robot is used . The kine
matic coupling includes a first part 50 and a second part 52
movable relative each other. In addition to the features of the
4DOF kinematic coupling shown in figure 5 , the first part 50 in

cludes a third ball 54 having a convex surface, and said fourth



plane surface 40 is designed to simultaneously be in contact
with the second and third ball 34,54 at the same time as the first
ball 33 is in contact with the three plane surfaces 37,38,39 dur

ing calibration of the robot. The first step of the mating is the
same as described with reference to figure 5 . When the ball 33
is in the recess the orientation of the wrist flange is manipulated
while the ball 33 is kept in 3 points contact in the planes of the
recess 36 until the balls 34 and 54 are both in contact with the
surface 40 in the contact points 47 and 56. The reorientation
can be made stepwise, for example by at first mait the ball 34
with the surface 40 and then ball 54 with the surface 40. The
degree of freedom not locked by the kinematics coupling in f ig

ure 5 is a rotation around an axis passing through the centre of
the ball 33 and where the axis is perpendicular to the surface
40.

Figure 7 shows a 6 DOF kinematics coupling , in which also the
position manipulation can be made independent of the orienta
tion manipulation , which makes the mating easier and faster.
This coupling is suitable for calibration of a 6-axes robot. The
kinematic coupling includes a first part 60 and a second part 62
movable relative each other. In this kinematics coupling the first
part 60 includes four balls 33,34,54 and 64 , which are mechani
cally connected to a coupling plate (not shown in the figure) by
connection 66. The second part 62 has in addition to the recess
36 and the fourth plane surface 40 a fifth plane surface 68 d e

signed to be in contact with the forth ball 64 at the same time as
the ball 33 is in contact with the three plane surfaces 37,38, and
39 of the recess 36, and the second and third balls 34 ,54 are in

contact with the fourth plane surface 40 during cali bration of the
robot, The fourth and fifth surfaces are non parallel , advanta
geously at a right angle to each other. The coupling is mated
when the balls 33,34 ,54,64 are in contact at 6 points with the
surfaces 37,38,39,40 and 68. These surfaces are parts of a sec-
ond coupling plate 62 of the kinematics coupling .



During the mating at compliant robot control (using lead through
of the wrist flange) the ball 33 is at first moved into the 3-facets
recess 36 to get a 3 points 44,45,46 contact between the sur

faces 37,38,39 and the ball 33. When the ball 33 is in contact
with the surfaces of the recess, the orientation of the wrist
flange is manipulated (while the ball 33 is kept in 3 points con

tact in the surfaces of the recess) until the balls 34 and 54 are
both in contact with the surface 40 (in the contact points 47 and
56). At last the wrist is rotated , while the ball 33 is kept in 3
points contact with the recess and the balls 34 and 54 in one
point contact each with the surface 40, until the ball 64 is in

contact with the surface 68 at a contact point 70. The surfaces
40 and 68 must have an angle relative each other, for example
90 degrees.

As an alternative the surface 40 can be replaced by a groove
with the surfaces 40a and 40b according to Figure 8 . Then the
ball 34 will get in contact at the points 47a and 47b with the sur

faces 40a and 40b at mating and only 3 balls 33,34,54 are
needed . The mating procedure will now be: Move the wrist until
the ball 33 is in contact with the surfaces 37,38,39, reorient the
wrist until the ball 34 is in contact with the surfaces 40a-b and
reorient the wrist a second time until the ball 64 is in contact
with the surface 68.

Notice that it is possible to automate the mating by making a
search program in compliant robot mode (for example at admit
tance control). However, for an installation with large variations
in the placement of the platform it will be faster to use lead
through , at least to get to a position from where the automatic
mating can start.

What is important for the design of the kinematics couplings for
this application is that the mating can be made stepwise with
well defined movements in each step. As a complement the con

trol can be changed in each step such that it will be easier to



maintain contacts for the already mated balls. For example an
attractive force and torque in a certain direction/around a certain
axis can be generated by the controller.

A useful alternative 6 DOF kinematics coupling where posit ion
ing and rotation of the wrist flange is not made independent of
each other but where the mating is still easy to perform since it
is made stepwise in an intuitive way can be seen in figure 9 .

Here four balls 20 1 - 204 are mounted on pins 230 - 232, which
belong to one part of the kinematics coupling . The mating pro

cedure is here the following : The ball 201 is at first mated to a
groove 210 (with the angled surfaces 210a and b) in the contact
points 220a and b. Then the wrist is reoriented until the ball 202
is mated with the groove 211 (in the contact points 221a and b
at the angled surfaces 211a and b. The ball arrangement is then
manipulated to slide on the grooves 210 and 211 until the ball
203 gets in contact with the surface 212 in the contact point
222. As a last step the ball arrangement is turned until the ball
204 is in contact with the surface 213 in the contact point 223.

The kinematics coupling configuration shown in figure 10 can
actually be modified using six balls in order to be used to cali
brate the robot to any corner in , for example, a fixture or a work
object. Thus, according to Figure 10 , the first part of the cou-
pling includes six balls 240 - 245. The second part 246 of the
coupling has the form of an inner corner and includes three
plane surfaces 248, 250, 252. When processing large objects,
where the portable robot is moved between different positions to
reach the whole object, corners in the work object can be used
to calibrate the base coordinate system of the robot at the d if

ferent robot positions. In arc welding it is quite often the case
that box-like structures are welded and then the robot can be
calibrated to each box according to figure 10 . This can also be
used for not portable robots in order to calibrate work object co-
ordinate systems, user coordinate systems or tool coordinate
systems. Looking at the contact points of figure 9 it can be seen



that the same situation is obtained as in Figure 10 if in figure 9
the surfaces 210a, 211a and 213 coincide and the surfaces
210b and 211b also coincide. Having an arc welding gun , a con

figuration as the one in Figure 9 could actually be integrated
onto the nozzle of the gun to be able to make calibrations d i

rectly with the welding gun .

Summing up, it is shown how the base coordinate system of ro

bots with 4 - 6 DOF can easily and fast be accurately calibrated
by running the robot with compliant control and manually m a

nipulate the wrist until full contact has been achieved in a kine
matics coupling between the wrist and a fixed part of the robot
cell . There are different design possibilities for the kinematics
couplings and of these it is an advantage to use couplings, in

which the mating can be made stepwise. Examples of couplings
have been given to constrain 6 , 5 and 4 DOF and mating s e

quences for the couplings most suitable for calibration purposes
have been presented . The main application of the cali bration
concept is for the placing of portable or mobile robots at its work
cells. The procedure how to do this has been descri bed , both
with respect to robot platform placement, robot base coordinate
system calculation , cell cali bration and programming . It has also
been mentioned that some of the presented kinematics cou

plings can be used for the calibration of other coordinate sys-
terns than the robot base coordinate system, as exemplified by
the tool-, user- and object coordinate systems. For the use of a
portable robot on large work object, there are kinematics cou

plings that can be used for calibrating the robot base coordinate
system to the work object, simply by moving the robot-fixed part
of the kinematics coupling to a corner in the work object. The
same can of course be made for the calibration of the robot
base coordinate system to large fixtures and jigs. In these cases
the fixtures and jigs can also have kinematics coupling plates
mounted on its structure for the robot-mounted kinematics cou-
pling plate to mate with .



CLAIMS

1. A kinematic coupling for cali bration of a base coordinate
system of an industrial robot in relation to a work area, charac-
terized in that the coupling comprises: a first part (30;50;60) and
a second part (32;52 ;62) movable relative each other, wherein
one of the parts is designed to be carried by the robot and the
other part is designed to be positioned in the work area of the
robot, and one of the parts is provided with a first convex sur-
face (33) and the other part is provided with a recess (36) d e

signed to receive the first convex surface and the recess in

cludes three non parallel plane surfaces (37,38,39) designed to
simultaneously be in contact with the first convex surface during
calibration of the robot, one of the parts includes a second con-
vex surface (34) and the other part includes a fourth plane sur

face (40) designed to be in contact with the second convex sur

face at the same time as the first convex surface is in contact
with said three plane surfaces during calibration of the robot.

2 . The kinematic coupling according to claim 1, wherein the
part (50;60) including the second convex surface (34) also in

cludes a third convex surface (54), and said fourth plane surface
(40) is designed to simultaneously be in contact with the second
and third convex surface at the same time as the first convex
surface (33) is in contact with said three plane surfaces
(37,38,39) during calibration of the robot.

3 . The kinematic coupling according to claim 2 , wherein one
of the parts (60) includes a fourth convex surface (64), and the
other part (60) includes a fifth plane surface (68) designed to be
in contact with the forth convex surface at the same time as the
first convex surface (33) is in contact with said three plane sur

faces (37,38,39) and the second (34) and third (54) convex sur

face are in contact with the fourth plane surface (40) during cali-
bration of the robot, and the fourth and fifth surfaces are non
parallel .



4 . A method for calibration of a base coordinate system of an
industrial robot (1) in relation to a work area , the robot having a
base portion (6) and a robot wrist interface ( ) movable in at
least four degrees of freedom with respect to the base portion ,
the method comprises:
- mounting a first part ( 14) of a kinematic coupling which is con

strained in the same number of degrees of freedom as the robot,
on the robot wrist interface ( 10) of the robot,
- mounting a second part ( 16) of the kinematic coupling in the
work area,
- moving the robot including the base portion to the work area,
- set the robot in compliant control mode,
- move the first part of the kinematic coupling to mate with the
second part to define at least four degreases of freedom of the
movable part of the robot,
- storing axis positions of the robot at mating of the kinematic
coupling ,
- determining the position and orientation of the base portion
based on the stored axis positions and a kinematic model of the
robot, and on basis thereon cali brating the base coordinate sys

tem of the robot.

5 . The method according to claim 4 , wherein the method fur-
ther comprises:
- programming the robot in the cali brated base coordinate sys

tem , thereby creating a robot program including information on

the base coordinate system ,
- moving the robot including the base portion to a second posi-
tion in the robot cell ,
- setting the robot in compliant control mode,
- moving the first part of the kinematic coupling to mate with the
second part,
- storing the axis positions of the robot during mating of the ki-
nematic coupling , and



- calculating the new position and orientation of the base coor

dinate system based on the stored axis positions and a kine
matic model of the robot, and
- updating the base coordinate system in the robot program.

6 . The method according to claim 4 or 5 , wherein the first part of
the kinematic coupling is moved by lead through to mate with
the second part.

7 . The method according to any of the claims 4 - 6 , wherein the
kinematic coupling used is a kinematic coupling according to
any of the claims 1 - 3 .
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