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ical system that provides controlled X-Y motion with high accelerations,
high maximum speeds, The use of a kinematic linkage for positioning  and
high accuracy for positioning an end-effector at applications, such as
five-bar and other types, is  predetermined locations. This is achieved by
ar- -generally known in the art. One such linkage uses   5   rangement of
said center shaft at intermediate loca- rotary motors to drive two main
links of a five-bar  tions of said first and second arms each of them
linkage to provide two-degree-of-freedom  planar   having a first section
with a first end and a second positioning capability. In another such
linkage, the  section with a second end on opposite sides of pivots for the
two main links are colinear, but the  said center shaft, means for moving
said parallel- links are driven by rotary motors above and below   10
ogram structure comprising said first and second the linkage resulting in
asymmetry about the mid-  arm first sections each having an electromagnetic
line of the linkage and producing obstacles above  coil and said base
structure having magnets lo- and below the plane of motion.
cated on opposite sides of said coils and stationary US-A-4 648 785 shows a
direct drive robot       iron structures passing through each coil such
that based upon a closed loop parallel link arm with a   is   a stationary
magnetic field passes through said hand mechanism mounted on the outer end
there-     coils and, upon energizing said coils a lateral mag- of. This
robot has a base structure and a change-  netic force on the first and
second arm first sec- able parallelogram structure having four arms for-
tions move said first and second arms to change ming a general
parallelogram profile with first and  the shape of said general
parallelogram profile and second arms pivotally connected to each other by
20   move an end-effector mounted proximate said third a center shaft,
third and fourth arms pivotally con-  and fourth arm first ends to a new
location. nected to each other proximate first ends thereof      The
foregoing aspects and other features of and having second ends pivotally
connected to      the present invention are explained in the following said
first and second arm second ends, whereby     description, taken in
connection with the accom- the center shaft is connected to said base
structure  25  panying drawings, wherein: such that movement of said first
and second arm       Fig. 1 is a perspective view of an apparatus first
ends change said general parallelogram pro-    incorporating features of
the present invention file.
with its top plate removed. However, nowhere in the prior art is there pro-
Fig. 2A is a top plan view of the five-bar linkage vided a combined linkage
and actuator structure  30   of the apparatus shown in Fig. 1 at a first
that is completely symmetric about the mid-plane      position. to avoid
out-of-plane reaction moments. Out-of-       Fig. 2B is a top plan view of
the five-bar linkage plane reaction moments can cause unwanted vibra-
shown in Fig. 2A in a second position. tions of the apparatus or the
mounting structure      Fig. 2C is a top plan view of the five-bar linkage
and thus reduce operating performance. In addi-  35   shown in Fig. 2A is a
third position. tion, none of the known prior art devices use limit-  Fig.
3A is a partial cut-away view of the appara- ed angle rotary actuators as
extensions of main      tus shown in Fig. 1 at its magnetic drive section.
links to provide a balanced structure with minimum    Fig. 3B is an
illustrative view of the magnetic inertia. In robotics, some attempts have
been made    drive section of the apparatus shown in Fig. 1. to provide
robots which are balanced against grav-  40  Fig. 4 is a schematic view of
the position sensor ity to void the need for continuous actuator effort to
arrangement of the apparatus shown in Fig. 1. counteract gravitational
forces on the robot itself or  Fig. 5A is a schematic side view of the
velocity its load. However, this balance has been obtained     sensor
arrangement of the apparatus shown in by adding large counterbalance masses
to the ro-      Fig. 1. bot structure or by using entire actuator
assemblies   45  Fig. 5B is a schematic top view of an inductive as
counterbalance elements, which can severely        velocity sensor pattern
of the sensor shown in affect the dynamic performance. Although active
Fig. 5A. torque cancellation devices are known and used to      Referring
to Fig. 1, there is shown a perspec- produce reactionless rotary actuators,
such as in  tive view of an apparatus 10 for positioning an end- satellite
applications, these cancellation devices   so  effector (not shown)
incorporating features of the have not been used to cancel the reaction mo-
present invention. The apparatus 10 is shown with- ments of a planar
positioning device.              out its top plate for the purpose of
clarity only. It is therefore an objective of the present inven-  Although
the positioning apparatus shown in the tion to provide a new improved
positioning appara-  drawings will be described in some detail, it should
tus that can overcome problems in the prior art as  55  be understood that
the present invention may in- well as provide additional features.
dude additional or less features than those dis- The foregoing problems are
overcome and oth-    closed herein and may include any suitable size, er
advantages are provided by an electromechan-    shape and type of materials
as will be further 2    3                 EP 0 486 787 B1
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understood from the following description.        rod aperture 54 and an
electromagnetic coil 56. The apparatus 10 shown in Fig. 1 generally     The
core rod 24 is suitably curved to match the comprises a stationary base
structure 12 and a    path of the second bar rear section 52. The second
movable positioning linkage 14. The stationary    bar forward section 50
contains a pin 49 that ex- base structure 12, in the embodiment shown, gen-
5   tends up and down for rotatably connecting to the erally comprises a
base plate 16, a top plate 18  fourth bar 33. (see Fig. 3A), a main shaft
20, two core rods 22     The third and fourth bars 32 and 33 are and 24,
permanent magnets 26 (see Fig. 3A), and   rotatably connected to the first
and second bar core rod supporting ends 28. The base structure 12  second
ends 39 and 51, respectively. The third bar is preferably mounted to a
large-area positioner or  10  32 has a second end 58 connected to the first
bar other type of supporting frame (not shown). The   second end 39 by a
pin 47 and bearings 42 and, a movable positioning linkage 14 generally
corn-    first end 60. The fourth bar 33 has a second end prises a five-bar
linkage having four links 30, 31,  62 connected to the second bar second
end 51 32, 33. Although the linkage 14 has four links or  and, a first end
64. In the embodiment shown, the bars, it is nonetheless considered a
five-bar linkage   15  third bar first end 60 has a Z-axis actuator 66 for
purposes of mechanism topology because the    connected thereto. However,
no Z-axis actuator main shaft 20 is considered a ground link with a  need
be provided. The first ends 60 and 64 of the zero link length.
third and fourth bars are rotatably connected to Referring also to Figs.
2A, B and C, there are  each other by a pin 55 and bearings 42 such that
shown top plan views of the linkage 14 at various  20  the links form the
parallelogram profile area 34. positions or orientations. The four bars
30-33 are  Located at each of the connection points between suitably
connected to each other to form a general  the bars and at the connection
points between the parallelogram profile area 34 with one corner of the
first and second bars and the main shaft, in the area 34 fixedly located at
the main shaft 20. The  embodiment shown, are the two bearings 42 to first
bar 30 generally has a middle section 36, a   26  allow for easy rotation
between bars. Each of the rear section 40 with a first end 41, and a
forward  pairs of bearings 42 can be axially preloaded and section 38 with
a second end 39. The middle       fixedly mounted in place to eliminate
bearing clear- section 36 has an aperture therethrough and two   ances and
thereby prevent movement or vibrations bearings 42 mounted in the aperture
to allow the  that might otherwise occur. Due to the intercon- first bar 30
to be pivotally supported on the main  30  nected parallelogram type frame
provided by the shaft 20. The forward section 38 also has two     linkage,
movement of the first and second bar rear bearings 42 mounted at the second
end 39 for      sections 40 and 52 can change the shape of the rotatably
supporting the third bar 32 thereon. The  parallelogram profile area 34 as
best illustrated in rear section 40 of the first bar 30 extends away  Figs.
2A, B and C. In the embodiment shown, the from the main shaft 20 and has a
core rod aperture  35  area proximate the third and fourth bar first ends
44 and an electromagnetic drive coil 46 surround-  60 and 64 is intended to
receive an end-effector ing the aperture 44. Suitable position sensors are
such a testing probe. Any suitable type of testing located in the first
ends 41 and 53 as will be further  probe can be used with the apparatus 10
including described below. As can be seen with reference    an electrical
testing probe, a mechanical testing also to Fig. 3A, the aperture 44 is
generally formed   40  probe, or an optical testing probe, etc. The appara-
by the coil 46 that surrounds the core rod 22.    tus 10 can also be used
for any suitable application Located at opposite sides of the coil 46 are
the  including ultra-high speed wire bonding and high permanent magnets 26
that extend from the top     speed laser positioning, among others. In the
em- and bottom plates 18 and 16. Both the core rod 22  bodiment shown, the
testing probe is intended to and permanent magnets 26 are stationary and
have  45  be mounted on the Z-axis actuator 66. By moving a curved profile
to match the arced path of the first  the first and second bar rear
sections 40 and 52 bar rear section as it is moved. The electromag-  the
apparatus 10 is able to move the end-effector netic movement operation will
be further described  located proximate the third and fourth bar first ends
below.                                            60 and 64 to various
positions in two axes. The The second bar 31 is similar to the first bar 30
50  apparatus 10, thus provides an X-Y positioner with a middle section 48
having an aperture for   which can carry a Z-actuator to provide three de-
passage of the main shaft therethrough and has    gree-of-freedom
positioning capability. suitable bearings for rotatably mounting the second
Referring now principally to Figs. 1, 3A and 3B, bar 31 to the main shaft
20. The second bar 31    the drive system for the positioning linkage 14
will also has a forward section 50 with a second end 51   55  be described.
Generally, the first and second arms and a rear section 52 with a first end
53. The    30 and 31 can be moved by two rotary moving-coil second bar rear
section 52 is substantially the   actuators formed by the core bars 22 and
24, coils same as the first bar rear section 40 with a core  46 and 56, and
magnets 26 made of a suitable 3    5                 EP 0 486 787 B1
6 material such as Neodymium-Iron-Boron. The mag-    ings to be designed
for high in-plane stiffness only, 



nets 26 provide a stationary magnetic field through  thereby allowing them
to be much lighter. the top and bottom portions of the moving coils.
The apparatus 10 makes substantial use of When current passes through the
coils, the coils   subtle passive and active balancing schemes which
experience a lateral Lorentz force which is propor-   5   have been
combined in a unique manner to pro- tional to the product of the current
and the flux   vide reactionless ultra-high-speed X-Y motion with density,
as is well known in the art. This lateral  a relatively simple
electromechanical system. For force produces a torque on each of the main
links  the apparatus 10 to be completely reactionless, it about the common
center pin, which is then servo-  must not generate any net forces in the
X, Y, or Z controlled so as to control the angular orientation of  io
directions, nor any net torques about the X, Y or Z the main links. To
minimize the inductance of the  axes as a result of the actuator/linkage
acceleration drive coils, the iron structure can be designed to  or motion.
All of these requirements are met in the include highly saturated regions
or small air gaps  apparatus 10 through a variety of design features to
increase the reluctance of the flux paths pro-  and approaches. As was
described previously, the duced by the coils. In addition, shorted turns 68
15  linkage assembly 14 is essentially completely sym- can be included as
shown to further reduce the     metric about a plane through the middle of
the apparent inductance of the drive coils through in-  actuators and
links. As a result, no net forces in the duction of opposing eddy-currents.
Obviously, oth-  Z-direction or moments about the X and Y axes are er
alternate embodiments of the apparatus 10       generated by the
acceleration and movement of could use other types of actuators including
vari-  20  the links throughout the workplace. The elimination able
reluctance motor segments, moving magnet      of all X- and Y-axis reaction
forces in the apparatus designs with stationary coils, induction devices,
10 relies on the fact that the linkage 14 can, under superconducting
actuators, etc.                    certain circumstances, be designed to be
com- One of the principal features of the present    pletely balanced about
the main shaft 20 for all invention is the manufacture and construction of
26  orientations of the linkage. It can be shown that this the positioning
linkage 14. Generally, the compo-  ideal condition can always be achieved
if the links nents of the linkage 14, including the bars 30-33  form a
perfect parallelogram and if the center-of- and bearings 42, are
symmetrical about the x-y     gravity (CG) of each individual link lies
along the plane passing through the middle of the linkage    axis of that
link (the line which connects the two height. This symmetry means that all
actuator  30  bearing points for each link). Under these con- forces and
all inertial reaction forces act in vectors  ditions it is possible to
select the masses of the lying in the plane of symmetry. As a result, no
links such that the net CG of the linkage 14 does reaction torques are
generated which would other-  not move during the linkage motion, but
remains wise tend to bend the linkage out of plane and     fixed at exactly
the center of the main shaft 20. In possibly excite resonances of
out-of-plane vibra-  35  the case of the apparatus shown, the coils and
tional modes for the linkage. In addition, this planar  sensors tend to
counter balance the links, bearings, symmetry eliminates the transmittance
of poten-    and the Z-actuator. A copper coil 46 can be used tially large
reaction moments about the X and Y    on the first link 30 with an aluminum
coil 56 on the axes to a large-area positioner or other supporting  second
link 31 to compensate for the obvious im- structure during X-Y motion of
the apparatus 10.  40  balance created by the asymmetric locations of the
The design discussed above achieves high ri-   third and fourth links 32
and 33. In an alternate gidity in the Z-direction through the use of dual
embodiment both coils may be comprised of the bearings at each joint and,
through the use of     same material. To obtain the perfect balance de-
symmetric rigid links. An alternative approach is  sired for reactionless
operation, however, it may be also possible which might be especially
attractive   45  necessary to add small additional counterweights for
large-area versions of the apparatus 10 and/or  (not shown) to the links
which can be adjusted to applications where large Z-axis reaction forces
are  achieve the desired balance. Of course, the probe required. In this
alternate approach, the linkage and  or any other item attached to the
linkage con- bearings are designed to have large stiffnesses in  stitutes
part of the linkage itself and is accounted the plane of motion, but to
provide little or no   50  for in the balancing of mini-positioner. By
simple stiffness in the out-of-plane direction. The out-of-  consideration
of the energy conservation equations plane stiffness could then be provided
by a station-  for a system of one or more moving bodies, it can ary
reference surface against which the links slide,  be shown that if the net
CG of a system does not using, for example, magnetically preloaded air
move (and therefore does not accelerate) in the X- bearings or rolling ball
elements. This approach is  55  Y plane while the linkage moves to various
posi- particularly attractive where larger workspaces    tions, then there
must have been no net reaction and/or tighter vertical positioning
tolerances are  forces present on the system during that linkage required,
since it would allow the linkage and bear-  motion. In other words, because
the linkage 14 is 4    7                 EP 0 486 787B1
8 perfectly balanced about the main shaft 20, it gen-  cancellation even in
the presence of variation in erates no net reaction forces in the X-Y plane
while  torque constants (e.g., torque ripple). For those 



the linkage provides ultra-fast X-Y positioning of a  cases, a closed-loop
scheme can be used where probe or other feature at the ends of the linkage
the net torque on the entire three-actuator assem- 14.
5   bly (two minipositioner axes and one torque can- Although the balanced
linkage generates no       cellation device) could be sensed with
appropriate net reaction forces, as described above, it can    transducers
and fed back to the torque cancellation generate substantial reaction
torques during high-  motor so as to maintain near-zero total torque speed
motion. In some applications, such reaction  reaction. torques do not pose
as much of a problem as   10       The practical usefulness of any
servo-mecha- reaction forces might, since the reaction forces in  nism
depends greatly on the types and qualities of the X-Y plane have a larger
effect on the accuracy  the sensors used. Therefore, several sensors and
and stability of some large-area positioners (e.g.,  schemes have been
developed for the apparatus linear motor gantries) than do reaction
torques. In  10. Analog sensing of the main link angles can be other cases,
however, it is necessary to avoid all  15  achieved conveniently by
mounting a light-emitting- reaction torques as well as reaction forces.
This  diode on the first ends of the main links 30 and 31 can be achieved
quite readily with the addition of a  aimed in an approximately radial
direction away single rotary torque cancellation actuator 100 (see  from
the rotation axis. The angle of the link can Fig. 4) whose axis is parallel
(although not nec-  then be inferred by monitoring the location of the
essarily coincident) with the main axis of the link-  20  illuminated spot
along a tangential plane using a age and which is firmly mounted to the
mini-       commercially available position-sensitive photo-di- positioner
10. If this rotary actuator is used to  ode (PSD). This approach has the
advantages of produce a torque which is equal in magnitude to    adding
little mass to the moving links while provid- the algebraic sum of the
torques produced by the   ing very high angular resolution (limited only by
two link actuators but opposite in direction, then the   25  sensor and
electronics noise) at high bandwidths. net torque produced by all three
rotary actuators  The one major disadvantage, however, is that the will be
zero. The torque produced by the torque    available PSDs are not perfectly
linear and are cancellation motor of the single rotary actuator acts  prone
to drift with time and temperature. In addi- to accelerate or deccelerate
the rotor of that motor,  tion, the output of the LED changes with tempera-
either causing the rotor to rotate back in the direc-  30  ture. Although
the non-linearity effect could be cor- tion opposite to the net linkage
rotation, or causing  rected with a one-time calibration, the effects of
the velocity of the motor to increase and decrease  drift are not so easily
solved. In other words, this about some average velocity command, thus
elimi-   analog approach provides high resolution and pre- nating the
non-constant effect of friction which   cision, but not necessarily high
accuracy. This may would otherwise occur during reversal of the rotor  35
be suitable for some applications which incorporate direction. It should be
noted that the torque can-  some sort of end-point sensing (e.g., machine
vi- cellation actuator itself should be balanced so as  sion, etc.) to
provide the required accuracy, but not to generate reaction forces during
its operation.  such end-point sensing schemes are usually not There are at
least two ways to produce just the  fast enough and/or general enough to be
used in right amount of torque with the torque cancellation   40  extremely
high-speed probing applications. There- motor to cancel the reaction
torques from the main  fore, alternative or additional means are provided
link actuators. The simplest method makes use of   for obtaining high
positioning accuracy. the fact that the torque produced by the link ac-
A standard method for accurate position sens- tuators is a known function
of the coil current    ing is the use of optical encoders. In a typical
magnitudes and directions, which are in turn a   45  rotary optical
encoder, a glass grid plate rotates calculated function of the
servo-controller. There-  with the device to be monitored, while a
stationary fore, the net reaction torque from the two link    sensor
containing light sources, light sensors, and actuators is theoretically
known. If this net reaction  a reference phase-plate is used to monitor the
torque is divided by the torque constant of the    position of the moving
glass grid. Such an ap- torque cancellation motor, the appropriate current
so  proach was not feasible in the apparatus 10 be- to the torque
cancellation motor can be easily     cause the large rotating 'flag'
passing a stationary determined and applied. This method works well as
sensor could not be packaged easily and the iner- long as the response of
the closed-loop current    tia of the moving portion would be excessive.
For drivers to all of the actuators have similar response  these reasons,
it was necessary to develop an times and if the torque constant for all the
devices   55  unusual custom optical encoder for the apparatus are
relatively constant. Although this open-loop   10 where a large stationary
grid plate is used and torque cancellation approach should work relatively
the moving portion of the sensor includes the illu- well, some applications
may require nearly perfect  mination, the optical sensors, and the
reference 5    9                 EP 0 486 787 B1                   10 phase
plate. Although this approach is somewhat   sensor whenever necessary.
Through proper cali- more complicated, it permits very compact pack-
bration, the digital sensor's accuracy and long-term aging that does not
interfere with the analog posi-  stability can be combined with the analog
sensor's 



tion sensor described above, and does not in-     high resolution and
bandwidth. Inaccuracies that crease the link inertia excessively. Referring
now to   5   result from nonlinearities and/or drift in the sensors, Fig.
4, the sensor block 70 contains a small printed  sense amplifiers, or
analog servo-controller can circuit board 71 which contains two miniature
in-  then be eliminated through the following technique. frared LEDs 72
(one located behind the one shown      First, the digital computer that
commands the in Fig. 4) and four miniature photodetectors 74 (two
set-point for the analog servo-controller is pro- located behind the two
shown in Fig. 4), all of  10  grammed to generate a slow analog ramp
function which face the same direction. Since optical en-  by incrementing
the input to a digital-to-analog coders incorporating backlighting of the
moving   converter (DAC). As the main links rotate, the digi- and
stationary masks have advantages over those   tal encoder is monitored and
the value of the DAC that rely on reflection from one of the masks, a  is
recorded at each transition of the digital encoder. novel curved corner
reflector 76 is incorporated   15  The resulting table of DAC values as a
function of into the design to provide the necessary backligh-  digital
encoder output can be used in an inverse ting. In this design, the LEDs 72
shine upward    manner to find the necessary DAC value for a illuminating
one edge of the corner reflector 76,  desired link angle. Because this
calibration can be which then redirects the light horizontally and then
done in a matter of seconds using only on-board downward through the
stationary grid plate 78 and   20  hardware, the analog servo-controller
and sensors the moving reference phase-plate 80, as shown. As  can be
constantly checked and re-calibrated as in many commercial encoders, the
sensor block 70  needed. This approach for calibrating the analog contains
four detectors 74 which provide output   sensors assumes perfect optical
encoders. If higher signals phased at 0, 90, 180 and 270 degrees. The
accuracy is required than can be guaranteed by 0 and 180 degree signals are
subtracted to form a   25  the raw encoders, then the encoders themselves
modified 0 degree signal which is symmetric about  must be calibrated at
least once by measuring the zero volts and is relatively insensitive to
changes in  link location as a function of encoder output. illumination
intensity and temperature. Similar oper-  Many other sensing and control
approaches ations are performed on the 90 and 270 degree     are also
possible given the simultaneous access to output signals to provide a
modified 90 degree   30  analog and digital encoders. One such possibility
signal. Finally the modified 0 and 90 degree sig-  would be to use the
advantages of digital control nals are fed to a quadrature decoder which
pro-   during the majority of a move, and then switch to vides a count
which is proportional to position with  analog control for the resolution
and bandwith nec- a resolution of one-fourth of the grating pitch on the
essary for fastest settle-out and highest positioning glass plates. Higher
resolution can then be   35  resolution. achieved using standard
interpolation techniques     One of the key factors limiting the
performance for optical encoders. The miniature sensor block 70  of a
highspeed positioning system is the difficulty also accommodates a separate
LED 82 pointing      in accurately measuring or estimating the velocity out
radially towards the analog position-sensitive-  of the actuators. This can
be done with a variety of photodiode 84, if desired. An alternative method
of  40  velocity sensors or with a position differentiator in providing
illumination for the PSD is to mount the  an analog system or a state
estimator in a digital separate LED 82 directly into the encoder board 71
system.. Generally, however, the best performance facing downward, opposite
the direction of the en-  is achieved when reliable velocity sensor
informa- coder LEDs 72 and, to provide a reflective surface  tion is
available. Given this need, and the fact that in the block 70 to redirect
the light in the radial  45  no available velocity sensors were suitable
for the direction towards the PSD 84. Obviously, both of  application, a
unique compact, low-mass velocity the main links 30 and 31 would have
position      sensor was conceived. sensors.
Referring now to Figs. 5A and 5B, the velocity Some of the disadvantages of
digital optical   sensor 90 works by the well-known magnetic in- encoders
include their difficulty in handling high   50  duction principle but it
makes use of high-resolu- slew-rates and high resolutions, and the need for
tion photo-lithography and an unusual flux-coupling extra digital-to-analog
converters if they are to be  path to provide an unusually compact planar
device used with an analog servo-controller. Analog sen-  with a very
low-mass moving permanent magnet sors, however, suffer from the drift and
lack of  device. The moving portion of the sensor 90 con- accuracy
described earlier. For these reasons, the   55  sists of two ferromagnetic
pole plates 92 and 93 apparatus 10 has been designed to allow the use
separated by a small permanent magnet 94. This of both digital and analog
sensors. In this case, the  two-pole magnet assembly 91 moves past the flat
digital encoder can be used to calibrate the analog  sensor element 96,
which consists of a dense 6    11                EP 0 486 787 B1
12 serpentine-like conductive pattern. As shown in Fig.   second (31) arms
pivotally connected to each 5B, (but not shown curved for clarity) the
pattern     other by a center shaft (20), third and fourth for each sensor
consists of four spiral patterns       arms (32, 33) pivotally connected to
each other which have been arranged in two arc-shaped seg-        proximate
first ends thereof and having second 



ments. When the moving magnet assembly 91 is   5       ends pivotally
connected to said first and sec- near one end of the circuit pattern, the
magnetic      ond arm second ends, said center shaft (20) flux emanating
from one iron pole and returning to     being connected to said base
structure (12) the other pole couples through two of the spiral       such
that movement of said first and second patterns additively. Because of the
winding direc-     arm first ends change said general parallel- tion and
the shape of the conductive pattern, the   10  ogram profile characterized
by arrangement of total flux linkage in the sense 'coil' changes from a
said center shaft (20) at intermediate locations large positive value,
through zero, to a large nega-   of said first and second arms (30, 31)
each of tive value as the magnet block moves from one          them having
a first section with a first end and end of the coil to the other. This
allows the block's  a second section (41, 53) with a second end velocity to
be measured simply by measuring the   15   (39, 51) on opposite sides of
said center shaft inductively coupled voltage on the sense coil. The
(20), means for moving said parallelogram novel sensor pattern of two pairs
of outward/inward    structure (14) comprising said first and second
spirals allows a large number of circuit lines to be   arm  first sections
(40, 52) each having an packaged in a given area for higher sensitivity and
electromagnetic coil (46, 56) and said base also acts to eliminate any
effects from stray fields,  20  structure (12) having magnets (26) located
on since those fields will couple uniformly into adja-    opposite sides of
said coils and stationary iron cent, oppositely wound spirals and will thus
be        structures (22) passing through each coil such cancelled out.
that a stationary magnetic field passes through The mini-positioner 10
makes use of three flex-     said coils and, upon energizing said coils a
circuits (not shown) to provide power and signal  25   lateral magnetic
force on the first and second paths from the stationary base to the
multiple mov-    arm first sections move said first and second ing
actuators and sensors of the linkage 14. For       arms to change the shape
of said general each of the main links 30 and 31 , a single flex
parallelogram profile and move an end-effector cable is used to provide
power to the moving coils     mounted proximate said third and fourth arm
and the LED's for the analog and digital position   30  first ends to a new
location. sensors, and to provide signal paths for the digital encoder
output. A third flex cable travels along    2. Electromagnetic drive system
of claim 1 char- links 30 and 32, to provide power, sensing, and
acterized in that said shaft (20) is located at probe signal paths for the
z-actuator, or other de-    the center of gravity of said movable arm vice,
which would be mounted at the end of the   35    structure (14) and
supports said movable arm third link 32. All of the flex circuits originate
from a  structure (14) on said base structure (12) and, single printed
circuit board (not shown) which is      said movable arm structure (14) is
symmetrical mounted behind the mini-positioner. This board         about a
plane perpendicular to an axis of said contains signal conditioning
electronics to buffer     shaft (20) such that a balanced and symmetri- the
small signals from the many sensors and two   40   cal mechanism is
provided to eliminate reac- connectors, one for power and one for low-level
tion moments about at least two axes and to signals, which are used to
provide all connections     provide passive elimination of net reaction
between the mini-positioner and its servo-controller.  forces in at least
two axes to thereby reduce Let it be understood that the the foregoing
vibrations that could otherwise be generated description is only
illustrative of the invention. Var-  45  from the acceleration and motion
of said mov- ious alternatives and modifications can be devised     able
arm structure (14). by those skilled in the art without departing from the
spirit of the invention. Accordingly, the present  3  Electromagnetic drive
system of claim 1 char- invention is intended to embrace all such alter-
acterized by means (70, 78, 80) for sensing natives, modifications and
variances which fall with-  so  the position of said first and second arms
(30, in the scope of the appended claims.                   31) relative to
said base structure (12); and means for comparing sensed position of said
Claims                                                 two  arms (30, 31)
relative to a predetermined desired position. 1. Electromagnetic drive
system for a changeable  55 parallelogram  structure (14) having a base
4. Electromagnetic drive system of claim 3 char- structure (12), and four
arms (30-33) forming a     acterized in that said means for sensing move-
general parallelogram profile with first (30) and   ment of said
parallelogram structure (14) com- 7    11                EP 0 486 787 B1
12 serpentine-like conductive pattern. As shown in Fig.   second (31) arms
pivotally connected to each 5B, (but not shown curved for clarity) the
pattern     other by a center shaft (20), third and fourth for each sensor
consists of four spiral patterns       arms (32, 33) pivotally connected to
each other which have been arranged in two arc-shaped seg-        proximate
first ends thereof and having second ments. When the moving magnet assembly
91 is   5       ends pivotally connected to said first and sec- 



near one end of the circuit pattern, the magnetic     ond arm second ends,
said center shaft (20) flux emanating from one iron pole and returning to
being connected to said base structure (12) the other pole couples through
two of the spiral       such that movement of said first and second
patterns additively. Because of the winding direc-     arm first ends
change said general parallel- tion and the shape of the conductive pattern,
the   to  ogram profile characterized by arrangement of total flux linkage
in the sense 'coil' changes from a  said center shaft (20) at intermediate
locations large positive value, through zero, to a large nega-   of said
first and second arms (30, 31) each of tive value as the magnet block moves
from one          them having a first section with a first end and end of
the coil to the other. This allows the block's  a second section (41, 53)
with a second end velocity to be measured simply by measuring the   15
(39, 51) on opposite sides of said center shaft inductively coupled voltage
on the sense coil. The     (20), means for moving said parallelogram novel
sensor pattern of two pairs of outward/inward    structure (14) comprising
said first and second spirals allows a large number of circuit lines to be
arm first sections (40, 52) each having an packaged in a given area for
higher sensitivity and    electromagnetic coil (46, 56) and said base also
acts to eliminate any effects from stray fields,  20  structure (12) having
magnets (26) located on since those fields will couple uniformly into adja-
opposite sides of said coils and stationary iron cent, oppositely wound
spirals and will thus be        structures (22) passing through each coil
such cancelled out.                                        that a
stationary magnetic field passes through The mini-positioner 10 makes use
of three flex-     said coils and, upon energizing said coils a circuits
(not shown) to provide power and signal  25   lateral magnetic force on the
first and second paths from the stationary base to the multiple mov-    arm
first sections move said first and second ing actuators and sensors of the
linkage 14. For       arms to change the shape of said general each of the
main links 30 and 31 , a single flex       parallelogram profile and move
an end-effector cable is used to provide power to the moving coils
mounted proximate said third and fourth arm and the LED's for the analog
and digital position   30  first ends to a new location. sensors, and to
provide signal paths for the digital encoder output. A third flex cable
travels along   2. Electromagnetic drive system of claim 1 char- links 30
and 32, to provide power, sensing, and        acterized in that said shaft
(20) is located at probe signal paths for the z-actuator, or other de-
the center of gravity of said movable arm vice, which would be mounted at
the end of the   35    structure (14) and supports said movable arm third
link 32. All of the flex circuits originate from a  structure (14) on said
base structure (12) and, single printed circuit board (not shown) which is
said movable arm structure (14) is symmetrical mounted behind the
mini-positioner. This board         about a plane perpendicular to an axis
of said contains signal conditioning electronics to buffer     shaft (20)
such that a balanced and symmetri- the small signals from the many sensors
and two   40   cal mechanism is provided to eliminate reac- connectors, one
for power and one for low-level       tion moments about at least two axes
and to signals, which are used to provide all connections     provide
passive elimination of net reaction between the mini-positioner and its
servo-controller.  forces in at least two axes to thereby reduce Let it be
understood that the the foregoing         vibrations that could otherwise
be generated description is only illustrative of the invention. Var-  45
from the acceleration and motion of said mov- ious alternatives and
modifications can be devised     able arm structure (14). by those skilled
in the art without departing from the spirit of the invention. Accordingly,
the present  3  Electromagnetic drive system of claim 1 char- invention is
intended to embrace all such alter-       acterized by means (70, 78, 80)
for sensing natives, modifications and variances which fall with-  50  the
position of said first and second arms (30, in the scope of the appended
claims.                   31) relative to said base structure (12); and
means for comparing sensed position of said Claims
two arms (30, 31) relative to a predetermined desired position. 1.
Electromagnetic drive system for a changeable  55 parallelogram  structure
(14) having a base     4. Electromagnetic drive system of claim 3 char-
structure (12), and four arms (30-33) forming a    acterized in that said
means for sensing move- general parallelogram profile with first (30) and
ment of said parallelogram structure (14) com- 7    13
EP0486787B1                        14 prises an optical encoder including
two infrared   nach dem Erregen der Spulen eine seitliche LEDs (72) and
four miniature photodetectors        magnetische Kraft auf die ersten Teile
des (74) facing the same direction and being           ersten und zweiten
Arms wirkt und den ersten mounted to an arm (30 resp. 31) of said par-
und zweiten Arm bewegt, um die Form  des allelogram structure (14) and, a
comer reflector   5  Parallelogrammprofils zu andern und ein Wirk- is
mounted to said base structure (12) such          organ als Greifelement,
das an den ersten En- 



that light from said LEDs can be directed to       den des dritten und
vierten Arms montiert ist, said comer reflector (76) and redirected to said
auf eine neue Position zu bewegen. photodetectors (74). 1o  2.
Elektromagnetische  Stelleinrichtung  gemAB 5. Electromagnetic drive system
of claim 1 char-       Anspruch 1, das dadurch gekennzeichnet ist,
acterized by means (90) for sensing velocity of    daB sich der Schaft (20)
am Schwerpunkt der at least one arm in said linkage structure (14)
beweglichen Armstruktur (14) befindet und die which means first comprise a
first portion lo-     bewegliche Armstruktur (14) an dieser Basis- cated on
said arm and a second portion, said  is   struktur (12) befestigt, wobei
die bewegliche first portion comprising a magnet (94) and two
Armstruktur (14) um eine Ebene symmetrisch pole plates (92, 93), said
second portion com-     ist, die vertikal zu einer Achse des Schafts (20)
prising a sensor element (96) with a dense         liegt, so daB ein
ausgeglichener und symmetri- serpentine-like conductive pattern and, second
scher Mechanismus vorliegt, der Reaktionsmo- comprise means for measuring
inductively  20       mente um mindestens zwei Achsen eliminiert coupled
voltage on said sensor element in-         und eine passive Eliminierung
von Nettoreak- ducted by movement of said first portion rela-
tionskraften in mindestens zwei Achsen sicher- tive to said second portion.
stelKt, um dadurch Vibrationen zu reduzieren, die andernfalls durch die
Beschleunigung und PatentansprUche                               25
die Bewegung der beweglichen Armstruktur (14) erzeugt werden k6nnten. 1.
Elektromagnetische Stelleinrichtung fOr eine veranderbare
Parallelogrammstruktur (14) mit    3. Elektromagnetische  Stelleinrichtung
gemUB einer Basisstruktur (12) und vier Armen (30-       Anspruch 1, das
durch Mittel (70, 78, 80) zum 33), die ein Parallelogrammprofil bilden,
wobei  3o  Abtasten der Position des ersten und zweiten der erste (30) und
zweite (31) Arm Ober einen      Arms (30, 31) im Bezug auf die
Basisstruktur zentralen Schaft als Angelpunkt (20) miteinan-     (12)
gekennzeichnet ist, und Mittel zum Ver- der verbunden sind und der dritte
(32) und         gleichen der abgetasteten Position der beiden vierte (33)
Arm Ober einen Angelpunkt an ihren     Arme (30, 31) mit einer
vorbestimmten, ge- ersten Enden miteinander verbunden sind und   3s
wOnschten Position. zweite Enden haben, die Ober einen Angel- punkt mit den
zweiten Enden des ersten und      4. Elektromagnetische  Stelleinrichtung
gemiaB zweiten Arms verbunden sind, und dieser zen-       Anspruch 3, das
dadurch gekennzeichnet ist, trale Schaft (20) mit der Basisstruktur (12)
ver-  daB das Mittel zum Abtasten der Bewegung bunden ist, so daB die
Bewegung der ersten   4o    der Parallelogrammstruktur (14) einen opti-
Enden des ersten und zweiten Arms des Paral-       schen Codierer
einschlieBlich zwei Infrarot- lelogrammprofil Endern, das dadurch gakenn-
leuchtdioden (72) und vier Miniaturphotodetek- zeichnet ist, daB sich der
zentrale Schaft (20)    toren (74) umfaSt, die in derselben Richtung an
Positionen in der Mitte des ersten und          liegen und an einem Arm (30
resp. 31) der zweiten Arms (30, 31) befindet, die beide einen   4s
Parallelogrammstruktur (14) montiert sind, wo- ersten Teil mit einem ersten
Ende und einen        bei ein Winkelreflektor an der Basisstruktur zweiten
Teil (41, 53) mit einem zweiten Ende       (12) montiert ist, so daB das
Licht von den (39, 51) auf entgegengesetzten Seiten des
Leuchtdioden auf den Winkelreflektor (76) ge- zentralen Schafts (20)
aufweisen, mit einem        richtet und zu den Photodetektoren (74) umge-
Mittel zum Bewegen der Parallelogrammstruk-  so    leitet werden kann. tur
(14) die ersten Teile (40, 52) des ersten und zweiten Arms mit jeweils
einer elektroma-   5. Elektromagnetische  Stelleinrichtung  gemaIB
gnetischen Spule (46, 56) umfassend und der        Anspruch 1, das durch
das Mittel (90) zum Basisstruktur (12), die Magnete (26) auf entge-
Abtasten der Geschwindigkeit mindestens ei- gengesetzten Seiten der Spulen
und festste-  6s    nes Arms in der Verbindungsgliedstruktur (14) hende
Eisenstrukturen (22) aufweist, die durch     gekennzeichnet ist, wobei das
Mittel erstens jede Spule verlaufen, so daB ein stationares       einen
ersten Teil umfaft, der sich auf dem Arm magnetisches Feld in den Spulen
vorliegt, und      befindet, und einen zweiten Teil und der erste 8
1 11111 111111 11111 111111 11 111 *   C  L   M   S  *    15
EP 0 486 787 B1                    16 Teil ein Magnet (94) und zwei
Polplatten (92,      tient ladite structure a bras mobile (14) sur 93) und
der zweite Tell emn Sensorelement (96)     ladite structure de base (1 2),
et ladite structure mit einem dichten, serpentinenartigen, leitffhi-   &
bras mobile (14) est symetrique autour d'un gen Muster umfaBt und zweitens
ein Mittel          plan perpendiculaire & un axe dudit arbre (20) zum
Messen induktiv gekoppelter Spannung in   5    de sorte quo soit fourni un
mecanisme sym6- ->     dem Sensorelement umfaft, die durch die Be-
trique et equilibre pour dliminer des moments 



wegung des ersten Toils im Bezug auf don           de reaction autour d'au
moins deux axes et zweiten Teil induziert wird.                       pour
assurer une 4limination passive de forces de reaction nottes dans au moins
deux axes, Revendicatlons                                10       reduisant
de co fait des vibrations qui pour- raient autrement tre engendreos par
l'accele- 1. Systbme de positionnement pour structure de         ration et
la mouvement de ladite structure a parallblogramme modifiable (14) ayant
une          bras mobile (14). structure de base (12), et quatre bras (14)
formant un profil gdndral de parallblogramme   15  3. Systbme de
positionnement dlectromagn6tique ayant des premier (30) et deuxibme (31)
bras       selon la revendication 1, caractfrisd par des connectes entre
eux par articulation au moyen      moyens (70, 78, 80) pour ddtecter la
position d'un arbre central (20), des troisibme et qua-     desdits premier
et deuxibme bras (30, 31) par Kj     tribme bras (32, 33) connectds entre
eux par        rapport a ladite structure de base (12); et des articulation
a proximite de leurs premibres ex-  20  moyons pour comparer la position
d~tect~e trdmites ot ayant des deuxibme extremites          desdits deux
bras (30, 31) par rapport & une connectdes par articulation aux douxibmes
ex-      position requise pr6determinee. tr6mites desdits premier et
deuxiemb bras (12), ledit arbre central (20) dtant connect4 a  4. Systfme
de positionnement electromagnetique ladite structure de base (12) de sorte
quo tout  28  selon la revendication 3, caract6rise en ce quo mouvement des
premieres extremites desdits         lesdits moyons pour detecter le
mouvement de premier et deuxibme bras change ledit profil       ladite
structure de parallblogramme (14) com- g6neral de prallblogramme,
caractdris4 par un      prennent un codour optique comportant deux
agencement dudit arbre central (20) a des          diodes LED & infrarouge
(72) et quatre photo- positions intermediaires desdits premier et  9o
detecteurs miniatures (74) regardant dans la deuxibme bras (30, 31) ayant
chacun une pre-       m8me direction et 6tant montes sur un bras mibre
section avec une premibre extremite et       (30, 31) de ladite structure
de parallblogramme une douxibme section (41, 53) avec une             (14),
et un reflecteur d'angle est monte sur deuxibme extr6mit4 (39, 51) sur les
c8t6s op-      ladite structure de base (12) pour quo la lumib- poses dudit
arbre central (20), des moyens   35    re emise par lesdites diodes LED
puisse Otre pour deplacer ladite structure de parallblo-       dirigdo sur
ledit reflectour d'angle (76) et re- gramme (14) compronant les premibres
sec-          dirlg6e sur lesdits photo-detecteurs (74). tions desdits
premier et deuxibme bras (40, 52) ayant chacune une bobine dlectromagndti-
5. Systhme de positionnement dlectromagndtique quo (46, 56), et ladite
structure de base (12)  4o  solon la revendication 1, caractfris4 par des
ayant des aimants (26) plac6s sur les c8t6s        moyens (90) pour
detecter la vitesse d'au oppos6s desdites bobines et des montures on
moins un bras dans ladite structure de coupla- for (22) traversant chaque
bobine de sorte         go (14), lesquels moyens comprennent tout qu'un
champ magnetique constant passe dans         d'abord une premibre portion
plao~e sur ledit lesdites bobines et, par excitation desdites bo-  45
bras, et une deuxibme portion, ladite premibre bine, qu'une force
magnetique laterale. appli-     portion comprenant un aimant (94) ot doux
qu6e sur les premieres sections des premier        plaques polaires (92,
93), ladite douxibme por- et deuxibme bras deplace lesdits premier ot
tion comprenant un 4ldment d6tecteur (96) deuxibme bras de manibre &
changer la forme        avec une configuration conductrice on serpen- dudit
profil g6n6ral de parallblogramme et &   50  tin, et comprennent ensuite
des moyens pour deplacer un effectour de fin monte & proximite     mesurer
la tension couplee inductivement sur des premieres extremitds desdits
troisibme et      ledit element detectour qui est induite par le quatribme
bras, sur un nouvel emplacement.         mouvement de ladite premiere
portion par rap- port a ladite deuxibme portion. 2. Systerme de
positionnemnent dlectromagnetique   85 selon la revendication 1,
caracterisd on ce quo ledit arbre (20) est plac6 au centre de gravit6 de
ladite structure a bras mobile (14) et sou- 9                 I I!III
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