
Method for calibrating a robot mounted on active magnetic bearings 5 The
invention relates to a method for calibrating a robot mounted on active
magnetic bearings and having a gripper, which is vertically positionable
along the z 10 axis, for picking up and handling silicon wafers and
depositing them in a transporting box, in which a plurality of silicon
wafers are storable at a fixed vertical spacing, wherein the gripper is
displaceable in a first magnetic bearing along the x axis and in a 15
second magnetic bearing along the y axis. The designation silicon wafer
stands for any kind of disc-like wafers, including those made of materials
other than silicon, and for any desired application. 20 The currently used
transporting boxes for in each case one stack of silicon wafers are open on
one side and are provided, laterally on the inside and at the rear in the
insertion direction, with guides for picking up 25 and depositing a large
number of silicon wafers one on top of another and for safely storing them.
In such transporting boxes, which are also known as FOUPs (Front Open
Unified Pod), the standardized spacing is ____ currently 10 mm for silicon
wafers stacked one on top 30 of another, given a maximum size of the wafers
of 450 mm. The gripper, which is also known as an end effector, has a
fork-like shape and serves for engaging beneath the silicon wafers,
initially without retaining the latter. In other words, the silicon wafers
rest 35 loosely on the gripper while they are being handled. Since the
gripper itself has a thickness of 8 mm, only a small air gap of 1 mm
remains above and below the gripper in order to position it in the spacing.



- 2 - Accordingly, the robot has to position the gripper very precisely, in
order to rule out damage to the surface of the silicon wafers while they
are being handled. Given a diameter of the silicon wafers of currently 5
450 mm, this means a high demand in terms of the angle deviation to be kept
within, which has to be better than  1/450, or 0.1.
Previously,forsuchtasks,usewasmadeof 10 mechanically constructed handling
robots, in which the requisite accuracy in the movement axes was set
mechanically in combination with a mechanical orientation of the
foundation. Since the moved parts are guided in mechanical bearing means in
such devices, 15 wear phenomena always have to be expected in the bearing
points after a more or less long period of use.    This leads to a change
in the accuracy in the respective movement axes or, as a result of settling
of  20 the foundation, to a loss of accuracy in the orientation of the
grippers, such that, without complicated monitoring of the movements of the
gripper, there is the threat of damage to the silicon wafers when they are
removed from the transporting box or are 25 deposited in the transporting
box. Although use can be made, for vertical alignment in the z direction,
of a monitoring sensor which measures for example the distance of the
respective mount from the 30 underside of the silicon wafer and which
factors the result into the position control of the silicon wafer in the z
direction, compensation of angle errors (6 and  ) is not possible. In this
case, 6 stands for the angle deviation about the y axis and E stands for
the 35 angle deviation about the x axis.  3 magnetic bearings, by way of
which quick and precise orientation of the gripper is made possible before
the removal of silicon wafers from a transporting box and before the
renewed storage thereof in said transporting 5box. The object underlying
the invention is achieved in the case of a method of the type mentioned at
the beginning 



by dividing the first and second magnetic bearings into 10 in each case
four mounting points,  defining the setpoint centre coordinates for the X,
Y, Z axis and also the setpoint values for the angular positions 6, E and
transformation of the setpoint values into setpoint values for the vertical
setpoint 15 positions of the in each case four mounting points,  specifying
actuating forces for the electromagnets of the in each case four mounting
points,  determining the current vertical position in each case for the in
each case four mounting points, 20 - measuring the current vertical
position z of the in each case four mounting points and conversion into
actual centre coordinates, and  comparing the actual centre coordinates
with the setpoint centre coordinates, determining the deviation 25 and
repeating the preceding steps by specifying corrected setpoint values as
setpoint centre coordinates until the deviation of the actual centre
coordinates from the setpoint centre coordinates is zero. 30 In a first
refinement of the method according to the invention, zero degrees is
specified for the two angular positions 6, E. 35 In a further refinement of
the invention, the setpoint values for the angular positions 6, E are
determined by comparison of the actual angular positions 6, E and are
specified as setpoint centre coordinates for the  - 4 - angular positions
6, E. The conversion of the centre coordinates X, Y, Z and the angular
positions 6, E into vertical positions of 5 the in each case four mounting
points and vice versa is carried out preferably in each case in a
transformation matrix.      Furthermore, it is provided that the
setpoint/actual 10 comparison takes place in at least one multiplexer. For
precise measurement of the actual angular positions 6, E, the use of an
inclination sensor is provided. 15 Alternatively, the orientation of the
angular positions 6, E of the robot can be carried out in relation to a
reference position. 



If the position of at least one silicon wafer is used 20 as reference
position, a calibration can be carried out for each working position of the
gripper.    Alternatively or in addition, the actual angular positions 6, E
are measured in each case with the aid 25 of distance sensors. It is also
possible to arrange in each case two distance sensors in each case at a
defined distance from one another on the gripper. 30 Furthermore, the
actual angular position 6 can be measured with the aid of a distance sensor
moved along the x axis by a given amount. For example, a distance sensor
located on the gripper can be moved by the 35 latter along the x axis.  WO
2012/175473PCT/EP2012/061660 - 5 - the associated drawings:  Fig. 1:
showsarobot,equippedwithagripper,for removing,handling and storing silicon
wafers 5   from or in a transporting box during removal;  Fig. 2:  



showstherobotaccordingtoFig.1witha siliconwaferrestingonthegripperafter
removal; 10     Fig. 3:  showsaschematicillustrationofa
verticallyadjustableactivemagnetic bearing; 15 Fig. 4:  shows a
three-dimensional illustration of the degrees of tilting freedom of a
gripper of a robot for handling silicon wafers;  Fig. 5:  illustrates the
use of centre coordinates for 20 



centralcontrolinordertoavoid overdeterminedness at four mounting points;
Fig. 6:  showstheschematicillustrationofthe
arrangementofactuatorsintheformof 25   activemagneticbearingsandassociated
distance sensors;  Fig. 7:  showstheintegrationoftransformation matrices
into the control structure for the z 30   



axis;  Fig. 8:  showstheschematicillustrationofthe
arrangementoftheactuatorsintheform of activemagneticbearingsandassociated
35   distancesensorswithanadditional inclination sensor;  Fig. 9:  shows
the factoring of the inclination sensor  - 6 - into the control structure
according to Fig. 7 for detecting the angle deviations 6 and E; and 5 Fig.
10: showsaschematicillustrationofthe determination of the angle deviation E
between the gripper and the silicon wafer. Figs 1 and 2 illustrate a robot
2, equipped with a 



10 gripper 1, for removing individual silicon wafers 3 from, or for storing
them in, a transporting box 4 and also for handling them during the removal
of a silicon wafer 3. In the transporting box 4, there is a wafer stack 5,
in which the silicon wafers 3 are stacked one 15 on top of another at a
given spacing of currently 10 mm. The robot 2 rests on a carriage 10 that
can be moved horizontally along a transporting section. The carriage 10 is
mounted in a stationary frame 7 via vertically adjustable magnetic bearings
6. The magnetic 20 bearing 6 allows a friction-free linear movement of the
carriage 10 in the stationary frame 7. Furthermore, on the carriage 10
there is a likewise friction-free lifting/rotating support 8, at the top
end of which the gripper 1 is arranged. 25 The lifting/rotating support 8
serves both for pivoting the gripper 1 in a plane about the z axis
(vertical axis) and also for vertical positioning in a manner corresponding
to the vertical spacing of the silicon 30 wafers 3 located in the
transporting box 4. The gripper 1 located at the top end of the
lifting/rotating support 8 is guided in a friction-free linear guide 9,
which, by means of a linear drive (not 35 illustrated), allows a horizontal
movement of the gripper 1 along the x axis such that the gripper 1 can be
positioned in the transporting box 4 under a silicon wafer 3 and be raised
until the gripper has slightly  - 7 - lifted the respective silicon wafer 3
such that the latter can subsequently be removed from the transporting box
by a reverse movement of the gripper 1. Individual silicon wafers 3 are
stored in the 5 transporting box 4 in the correspondingly reverse order.
Fig. 1 shows the gripper 1, which is positioned under a silicon wafer 3 in
the wafer stack 5, in contact with a 10 silicon wafer 3 and Fig. 2 shows
the silicon wafer 3 located on the gripper 1 following its removal from the
transporting box 4. Fig. 3 illustrates details of a vertically adjustable
15 active magnetic bearing 6 which can be moved on the stationary support
frame 7 with the aid of a linear motor. 



Fig. 4 shows a three-dimensional illustration of the 20 degrees of tilting
freedom 6 and E of the gripper 1 of the robot 2 for handling silicon wafers
3. The degrees of tilting freedom 6 and E can be adjusted by in each case
four bearing points having in each case one adjustable magnetic bearing 6a,
6b, 6c, 6d of the 25 linear guide 9 for the movement of the gripper 1 along
the x axis, and by four bearing points having the magnetic bearings 6e, 6f,
6g, 6h for the movement of the carriage 10 in the support frame 7 along the
y axis. 30 At these magnetic bearings 6, the respective air gap L, i.e. the
position of the floating part, can be adjusted in the range of +- 1 mm in
terms of control. The necessary air gap can be specified by software
without 35 a manual intervention being necessary. Given the individual
specification of this floating position per bearing point e.g. for the x
axis, i.e. the magnetic bearings 6a, 6b, 6c, 6d, the angular positions 6
and E  8 can be adjusted in addition to the position in the z direction. In
order to avoid overdeterminedness in the case of 5 four mounting points,
centre coordinates are used for central position control, as is illustrated
schematically in Fig. 5. As described above, the linear guide 9 for the
gripper 1 contains four mounting points in magnetic bearings 6a, 6b, 6c,
6d, and the linear 10 guide of the carriage 10 in the support frame 7 also
contains four mounting points in magnetic bearings 6e, 6f, 6g, 6h. In the
following text, the transformation of the 15 vertical positions of the in
each case four mounting points of a magnetic bearing at centre coordinates
X, Y, Z, 6 and E is described by way of example for the magnetic bearings
6a, 6b, 6c, 6d. To this end, first of all, at each mounting point of the
magnetic bearings 20  6a, 6b, 6c, 6d, the current vertical position zl, z2,
z3, z4 is determined by means of distance sensors 11a, 11b, 11c, 11d. Fig.
6shows the schematic illustration of the 



25 arrangement of actuators in the form of active magnetic bearings 6a, 6b,
6c, 6d and associated distance sensors 11a, 11b, 11c, lid for the z axis,
in order to determine the actual vertical positions zl, z2, z3, z4. 30 Fig.
7 illustrates a schematic signal flow diagram for an inner control circuit
for position control according to the invention in the z axis and also the
angular positions 6 and E about the x axis and y axis, respectively. For
position control in the z axis and 35 the angular positions 6 and E, the
setpoint specifications for the centre coordinates of the z axis, i.e. the
vertical position to be controlled of the gripper 1 and for the angular
positions e.g. 6 = 0' 9 and E = 0' are first of all input in a first
multiplexer 12, which passes these values on in an unchanged manner to a
transformation matrix 13. In the transformation matrix 13, the centre
coordinates are 5 converted into setpoint specifications for the vertical
position to be selected of the mounting points 6a, 6b, 6c, 6d of the
magnetic bearings and passed on in each case to the mounting points 6a, 6b,
6c, 6d of the magnetic bearings. At the mounting points 6a, 6b, 6c, 10 6d
of the magnetic bearings, corresponding actuating forces Fl, F2, F3, F4 are
produced as a result and the carriage 10 is correspondingly moved. The
selected positions then still have to be checked 15 and the setpoint values
corrected, if appropriate, via feedback. To this end, the current vertical
positions zl, z2, z3, z4 are determined by way of the distance sensors 11a,
11b, 11c, lid and the actual values zl', z2', z3', z4' passed on to a
further transformation 20matrix 16. Conversion into the actual values z',
6', E' takes place in the transformation matrix 16. These actual values are
then compared with the setpoint values z, 6, E in the first multiplexer 12.
This 25comparisontakesplaceuntilzl = zl',z2 = z2', z3 = z3' and z4 = z4'.
It goes without saying that the centre coordinates x, f, z, 6 and E for the
mounting points of the magnetic 30 bearings6e,6f,6g,6h are determined in a
corresponding manner. Fig. 8 shows the arrangement according to Fig. 6
supplemented by an inclination sensor 17, and Fig. 9 35 shows the inner
control circuit according to Fig. 7 supplemented by an outer control
circuit for incorporating an inclination sensor 17 for sensing the actual
angular positions 6, E. Thus, it is possible to  



- 10 - specify the measured values for the angular positions 6, E to the
inner control circuit in the sense of pre-control. The inclination sensor
of the outer control circuit can operate absolutely, i.e. in that a fixed 5
setpoint value of 0 degrees is specified, or it can also be oriented in
relation to a reference position. With such a relative measurement, it is
possible, for example, to achieve a parallel orientation of the gripper 1
with respect to a silicon wafer 3 which is 10incorrectly positioned, as can
be seen from Fig. 10. To this end, distance sensors 18 are integrated into
the gripper 1, it being possible to determine the relative angle or angle
error between the gripper 1 and 15 the silicon wafer 3 by way of said
distance sensors 18. This angle is then used in an inverted manner as the
setpoint value for the outer control circuit of the angular position
according to Fig. 9. 20 The two distance sensors 18 are incorporated into
the gripper 1 at a defined distance from one another and determine the
distance between the gripper 1 and the silicon wafer 3 at a position on the
x axis. Alternatively, it is also possible for measurements to 25 be
carried out at two positions on the x axis by only one distance sensor 18,
in that the gripper 1 is moved by a specified amount along the x axis. If
the robot 1 is of multi-axis construction, the 30 described calibration can
be shared out between all of the air gaps of all of the magnetic bearings.
In this case, the four mounting points for the x axis with the magnetic
bearings 6a, 6b, 6c, 6d can also be used in a corresponding manner for the
four mounting points of 35 the magnetic bearings 6e, 6f, 6g, 6h for the y
axis.  divided into in each case four mounting points (6a, 6b, 6c, 6d; 6e,
6f, 6g, 6h) and the setpoint centre coordinates for the X, Y, Z axis and
the setpoint values for the angular positions 6, E are defined and 5 then
these setpoint values are transformed into setpoint values for the vertical
setpoint positions of the in each case four mounting points (6a, 6b, 6c,
6d; 6e, 6f, 6g, 6h). 10 Subsequently,actuatingforcesF1-F4forthe
electromagnets of the in each case four mounting points (6a, 6b, 6c, 6d;
6e, 6f, 6g, 6h) are specified and then the current vertical positions in
each case for the in each case four mounting points (6a, 6b, 6c, 6d; 6e,
6f, 15 6g, 6h) are determined by measuring the current vertical position z
of the in each case four mounting points (6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h)
and conversion into actual centre coordinates. 20 Then, the actual centre
coordinates are compared with the setpoint centre coordinates and the
deviation determined. The above steps are repeated by specifying corrected
25 setpoint values as setpoint centre coordinates, until the deviation of
the actual centre coordinates from the setpoint centre coordinates is zero.



The described relative determination of the angular 30 position allows
calibration for each working position of the gripper 1, i.e. the
orientation of the gripper 1 can be adjusted automatically to different
values at different working positions.  - 12 - Method for calibrating a
robot mounted on active magnetic bearings 5 List of reference signs
1Gripper 10 2Robot 3Silicon wafer 4Transporting box 5Wafer stack 6Magnetic
bearing 15 7Frame/support frame for carriage 8Lifting/rotating device
9Linear guide 10Carriage 11Distance sensor 20 12Multiplexer
13Transformation matrix 14Electromagnets of the active magnetic bearings 



15Transformation matrix 16Second multiplexer 2517Inclination sensor
18Distance sensor FActuating force LAir gap 30 6Degree of tilting
freedom/angular position EDegree of tilting freedom/angular position  - 13
- Method for calibrating a robot mounted on active magnetic bearings 5
Patent claims  1.Method for calibrating a robot mounted on active magnetic
bearings and having a gripper, which is 10 vertically positionable along
the z axis, for picking up and handling silicon wafers and depositing them
in a transporting box, in which a plurality of silicon wafers are storable
at a fixed vertical spacing, wherein the gripper is 15displaceable in a
first magnetic bearing along the x axis and in a second magnetic bearing
along the y axis, characterized by       dividing the first and second
magnetic bearings into in each case four mounting points (6a, 6b, 206c, 6d;
6e, 6f, 6g, 6h); defining the setpoint centre coordinates for the X, Y, Z
axis and also the setpoint values for the angular positions 6, E and
transformation of the setpoint values into setpoint values for the 



25 vertical setpoint positions of the in each case four mounting points
(6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h); specifyingactuatingforcesF1-F4forthe
electromagnets of the in each case four mounting 30points (6a, 6b, 6c, 6d;
6e, 6f, 6g, 6h); determining the current vertical position in each case for
the in each case four mounting points (6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h);
measuring the current vertical position z of the 35 in each case four
mounting points (6a, 6b, 6c, 6d; 6e, 6f, 6g, 6h) and conversion into actual
centre coordinates; comparing the actual centre coordinates with the  - 14
- setpoint centre coordinates,determining the deviation and repeating the
preceding steps by specifying corrected setpoint values as setpoint centre
coordinates until the deviation of the 5actual centre coordinates from the
setpoint centre coordinates is zero. 2. Method according to Claim 1,
characterized in that zero degrees is specified for the two angular
10positions 6, E. 3. Method according to Claims 1 and 2, characterized in
that the setpoint values for the angular positions 6, E are determined by
comparison of the  15 actual angular positions 6, E and are specified as
setpoint centre coordinates for the angular positions 6, E. 4. Method
according to Claim 1, characterized in that  20 the conversion of the
centre coordinates X, Y, Z and the angular positions 6, E into vertical
positions of the in each case four mounting points (6a, 6b, 6c, 6d; 6e, 6f,
6g, 6h) and vice versa is carried out in each case in a transformation 



25matrix (13; 15). 5. Method according to one of Claims 1 to 3,
characterizedinthatthesetpoint/actual comparisontakesplaceinatleastone
30multiplexer. 6. Method according to one of Claims 1 to 5, characterized
in that the actual angular positions 6, E are measured by an inclination
sensor. 35 7. Method according to one of Claims 1 to 5, characterized in
that the orientation of the angular positions 6, E of the robot 2 is
carried  - 15 - out in relation to a reference position. 8. Method
according to Claim 7, characterized in that the position of at least one
silicon wafer (1) is 5used as reference position. 9. Method according to
Claims 7 and 8, characterized in that the actual angular positions 6, E are
measured in each case with the aid of distance 10sensors (18). 10. Method
according to Claim 9, characterized in that in each case two distance
sensors (18) are arranged in each case at a defined distance from 15one
another on the gripper (1). 11. Method according to Claim 9, characterized
in that the actual angular position 6 is measured with the aid of a
distance sensor (18) moved along the x 20axis by a given amount. 


