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MAGNETIC COUPLING DEVICE WITH AT LEAST ONE OF A SENSOR
ARRANGEMENT AND A DEGAUSS CAPABILITY

[0001] [Intentionally left blank.]

TECHNICAL FIELD

[0002] The present disclosure is related to magnetic coupling devices having
at least one sensor to determine one or more parameters indicative of the quality of
the magnetic circuit between the magnetic coupling device and a ferromagnetic
workpiece, as well as, a relative position between magnetic coupling device and the
ferromagnetic workpiece. Additionally, the magnetic coupling devices may include

degauss capability.

BACKGROUND

[0003] There are numerous devices which use magnetic fields in order to
attract and/or secure a ferromagnetic target to a working face of the device.
Examples include magnetic clamping devices such as workpiece chucks, permanent
magnet lifting devices, magnetic latches, magnetic tool stands, etc.

[0004] Generally speaking, most of such devices include one or more sources
of magnetic flux. These sources include electromagnets, electro-permanent
magnets, switchable permanent magnet units or arrangements, and combinations
thereof. In order to channel the magnetic flux provided by the magnet(s) to one or
more working face(s) of the device at which the target is to be secured magnetically,
high magnetic permeability pole shoes or guides are often used, in creating a

magnetic working circuit.
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[0005] In many applications, and from a practical engineering perspective,
users of such devices are primarily interested in determining the actual (pull) force
which is exerted at the working face on the target, having otherwise access to rating
data of the magnet(s) employed in the device and which, all other aspects of the
device-internal part of the magnetic working circuit being ideal, includes the Gauss
rating of the magnet. The Gauss rating in turn allows determining of a maximum,
theoretical pull force which such magnet(s) can exert on a target, using established
formulae, where the target's size, geometry and ferromagnetic composition enables
it to be fully magnetically saturated. That is, it is assumed that no or only negligible
stray magnetic field lines outside the circuit comprised of magnet, pole shoes and
target exist, in particular at the working face where ‘air gaps’ are often present
between pole shoes and target which adversely affect pull force. Some magnet
manufacturers also provide maximum pull force rating values for their magnets,
based on laboratory testing.

[0006] It is well known that the actual pull force exerted by a magnetic device
on a target will be different to that determinable from the Gauss rating of the magnet
or the rated maximum pull force determined by experimentation. The actual or
effective pull force is reduced by a number of factors, including uneven contact at the
interface pole shoe — target (i.e. presence of air gaps at the interface), the interface
pole shoe — target not being perpendicular to the magnetic field lines at the interface,
target having thin’ dimensions leading to magnetic field lines extending past and
outside the target (stray and leakage flux leakage), target surface geometry and
coatings, etc.

[0007] In the context of magnetic devices which use robotic arms and other
positioning devices to move the device between off-target and on-target operating
positions, additional factors beyond pull force need to be accounted for, e.g. the
need for precise positioning of the device with its working face against specific areas
or zones on the target, which can be of as simple geometric shape as a plate or thin
sheet metal stamping, to more complex multi-curved forms such as engine cam

shafts.
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[0008] Because many of these variables are difficult or impossible to predict in
use of such magnetic devices, various operating methods and measuring systems
have been proposed and integrated into such magnetic devices, to gain in-use and
real-time information about qualitative and quantitative parameters relevant to the
external part of magnetic working circuit, relevantly whether the target is and remains
safely attached to the working face of the device, and whether the pull force remains
within safety or rating thresholds.

[0009] Magnetic grippers are a common tool for handling steel workpieces in
industrial automation. They achieve large holding forces and are relatively straight-
forward to integrate into a robotics system, but for specific problems noted below.
Many magnetic grippers used in industry are powered by pneumatic actuators. This
prevents most magnetic grippers from interfacing with control electronics of a fully
automated process. Without an interface between a magnet gripper and the control
electronics, the robot (and the operator) has no easy way of obtaining feedback from
the magnet gripper on tool status or workpiece handling performance.

[0010] One common way around this in industry is to provide additional
sensors on the outside of the magnet gripper to detect various tool states, such as
when the tool is turned fully on vs fully off, or when a target part is in contact with the
magnet gripper’s working face. Though this method of adding sensors works, it is
expensive to add many additional and function-dedicated sensors. In addition,
sensors added to the outside of the tool are vulnerable to damage from the robot’s
movement, operation, and surrounding environment. Additional sensors also add
wiring complexity, making integration of the robot arm more expensive and difficult.
[0011] Regardless of the lay-out and the interface between the magnetic
coupling device and the workpiece, it is well known that ferromagnetic workpieces
that have been exposed to a magnetic field during handling by such devices retain
residual magnetism from the handling operation, in particular where a strong
magnetic field was used to generate sufficient pull force to retain the workpiece
secured to the device. Relevantly, in many cases it is desired for such workpieces to

be totally or to a viable extent free of residual magnetism, for example where
3
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following magnetic handling a workpiece is to be machined or residual magnetism
may interfere with subsequent use of the workpiece.

[0012] It is equally well known that workpieces can be demagnetized by
exposing these to an alternating magnetic field of decreasing intensity, for example
by passing them through a field of an AC-powered Degaussing Chamber (or coil) if
they are small enough or moving a tool comprising a demagnetization coils over the
part while generating an alternating magnetic field of decreasing intensity that
ultimately removes the remaining magnetism from the workpiece.

[0013] One problem with such methodologies is that they require a separate,
dedicated extra processing step in workpiece handling / machining routines and/or a
separate (additional) tool / device to perform the operation.

[0014] Against the above background, and in particular having regard to the
added challenges which integration of sensors into robotic end of arm (EQA)
magnetic coupling tools such as grippers and workpiece transfer equipment present,
it is desired to provide a device (or tool) which is intended to allow integration of
feedback measures in a magnetic coupling tool, to allow for superior operation and
use of magnetic technology in robotics. Exemplary feedback measures may include
an indication of whether a target (i.e. a workpiece) is properly magnetically retained
at the working face of the tool, an indication of a quality of coupling between an end-
of-arm magnetic tool (EOQAMT) and workpiece, such as correct positioning of the tool
within predetermined thresholds at a target zone of the workpiece, detection of
proximity of a target workpiece vis a vis an EOAMT, and other factors. Further, it is

desired to provide magnetic coupling tools with improved degaussing functionality.

SUMMARY

[0015] Embodiments of the present disclosure relate to magnetic couplers for
lifting, transporting, and/or holding a ferromagnetic workpiece.

[0016] In an exemplary embodiment of the present disclosure, a magnetic
coupling tool for magnetically coupling to a ferromagnetic workpiece is provided.

The magnetic coupling tool comprising a housing and a switchable magnetic flux
4
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source supported by the housing including a plurality of permanent magnets. The
plurality of permanent magnets including a first permanent magnet and a second
permanent magnet movable relative to the first permanent magnet. The magnetic
coupling tool further comprising a plurality of workpiece engagement surfaces
supported by the housing and magnetically coupled to the switchable magnetic flux
source. The plurality of workpiece engagement surfaces adapted to contact the
ferromagnetic workpiece. A first workpiece engagement surface of the plurality of
workpiece engagement surfaces corresponding to a north pole of the magnetic
coupling tool and a second workpiece engagement surface of the plurality of
workpiece engagement surfaces corresponding to a south pole of the magnetic
coupling tool. The magnetic coupling tool further comprising a plurality of magnetic
field sensors supported by the housing. A first magnetic field sensor of the plurality
of magnetic field sensors positioned to monitor a first magnetic flux associated with
the first workpiece engagement surface of the plurality of workpiece engagement
surfaces and a second magnetic field sensor of the plurality of magnetic field
sensors positioned to monitor a second magnetic flux associated with the second
workpiece engagement surface of the plurality of workpiece engagement surfaces.
The magnetic coupling tool further comprising a logic control circuit operatively
coupled to the plurality of magnetic field sensors. The logic control circuit configured
to determine at least one operating state of the magnetic coupling tool based on an
output from at least one of the plurality of magnetic field sensors.

[0017] In an example thereof, the logic control circuit is configured to
determine if the switchable magnetic flux source is in an off state. In a variation
thereof, the logic control circuit determines if the switchable magnetic flux source is
in an off state by a comparison of an output of at least one of the plurality of
magnetic field sensors to a first threshold stored on a memory accessible by the logic
control circuit.

[0018] In another example thereof, the logic control circuit is configured to
determine if at least one of the plurality of workpiece engagement surfaces is

proximate to the ferromagnetic workpiece. In a variation thereof, the logic control
5
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circuit determines if at least one of the plurality of workpiece engagement surfaces is
proximate to the ferromagnetic workpiece by a comparison of an output of at least
one of the plurality of magnetic field sensors to a second threshold stored on a
memory accessible by the logic control circuit.

[0019] In a further example thereof, the logic control circuit is configured to
determine a spacing of the first workpiece engagement surface from the
ferromagnetic workpiece. In a variation thereof, the spacing of the first workpiece
engagement surface from the ferromagnetic workpiece is determined by a
comparison of an output of the first magnetic field sensor to at least one threshold
stored on a memory accessible by the logic control circuit.

[0020] In still another example thereof, the logic control circuit is configured to
determine an orientation of the first workpiece engagement surface and the second
workpiece engagement surface relative to the ferromagnetic workpiece. Ina
variation thereof, the orientation of the first workpiece engagement surface and the
second workpiece engagement surface relative to the ferromagnetic workpiece is
determined by a comparison of an output of the first magnetic field sensor and an
output of the second magnetic field sensor. In a further variation thereof, a first
spacing between the first workpiece engagement surface and the ferromagnetic
workpiece and a second spacing between the second workpiece engagement
surface and the ferromagnetic workpiece are determined by the logic contral circuit
to be generally equal when the output of the first magnetic field sensor and the
output of the second magnetic field sensor satisfy a first criteria. In still a further
variation thereof, the first criteria is that the output of the first magnetic field sensor is
within a threshold amount of the output of the second magnetic field sensor.

[0021] In yet another example, the logic control circuit is configured to
determine if a placement of the first workpiece engagement surface and the second
workpiece engagement surface relative to the ferromagnetic workpiece are within a
target zone of the ferromagnetic workpiece. In a variation thereof, the placement of
the first workpiece engagement surface and the second workpiece engagement

surface relative to the ferromagnetic workpiece are determined to be within a target
6
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zone of the ferromagnetic workpiece when both an output of the first magnetic field
sensor satisfies a first criteria and an output of the second magnetic field sensor
satisfies a second criteria. In a further variation thereof, the first criteria is the output
of the first magnetic field sensor is within a first range of magnetic flux values and the
second criteria is the output of the second magnetic field sensor is within a second
range of magnetic flux values. In a still further variation thereof, the first range of
magnetic flux values includes a first limit value corresponding to the first workpiece
engagement surface positioned at a first limit position of the target zone relative to
the ferromagnetic workpiece and a second limit value corresponding to the first
workpiece engagement surface positioned at a second limit position of the target
zone relative to the ferromagnetic workpiece. In yet still a further variation thereof,
the second range of magnetic flux values includes a first limit value corresponding to
the second workpiece engagement surface positioned at a first limit position of the
target zone relative to the ferromagnetic workpiece and a second limit value
corresponding to the second workpiece engagement surface positioned at a second
limit position of the target zone relative to the ferromagnetic workpiece. In yet
another still variation, the logic control circuit determines a first end of the magnetic
coupling tool including the first workpiece contact surface is positioned outside of the
target zone when the second criteria is satisfied and the first criteria is not satisfied.
In a further yet variation, the logic control circuit determines a second end of the
magnetic coupling tool including the second workpiece contact surface is positioned
outside of the target zone when the first criteria is satisfied and the second criteria is
not satisfied.

[0022] In still yet another example, the logic control circuit is configured to
determine an orientation of the first workpiece engagement surface and the second
workpiece engagement surface relative to the ferromagnetic workpiece in two
rotational axes based on the output of the plurality of magnetic field sensors. In a
variation thereof, the plurality of magnetic field sensors includes a third magnetic
field sensor and a fourth magnetic field sensor. The first magnetic field sensor being

positioned in a left side half of the magnetic coupling tool. The second magnetic field
7
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sensor being positioned in a right side half of the magnetic coupling tool. The third
magnetic field sensor being positioned in a front half of the magnetic coupling tool,
the front half including a first portion of the left side half and a first portion of the right
side half. The fourth magnetic field sensor being positioned in a rear half of the
magnetic coupling tool, the rear half including a second portion of the left side half
and a second portion of the right side half. The logic control circuit determines the
orientation of the first workpiece engagement surface and the second workpiece
engagement surface relative to the ferromagnetic workpiece in two rotational axes
based on the output of each of the first magnetic field sensor, the second magnetic
field sensor, the third magnetic field sensor, and the fourth magnetic field sensor. In
another variation thereof, the logic control circuit is configured to determine an
orientation of the first workpiece engagement surface and the second workpiece
engagement surface relative to the ferromagnetic workpiece in two rotational axes
based on the output of the plurality of magnetic field sensors, the first magnetic field
sensor and the second magnetic field sensor each being a three-dimensional
magnetic field sensor. In still another variation thereof, the logic control circuit is
further configured to determine a spacing of the magnetic coupling tool relative to the
ferromagnetic workpiece. In a further still variation, the logic control circuit is
configured to determine the spacing of the magnetic coupling tool relative to the
ferromagnetic workpiece independent of the orientation of the magnetic coupling tool
relative to the ferromagnetic workpiece.

[0023] In a further yet example, the logic control circuit is configured to
determine, whether one or more of the workpiece engagement surfaces at the pole
extension shoes abut a workpiece, and whether abutment of a workpiece at one or
more of the workpiece engagement surfaces is adequate and within predetermined
positional thresholds.

[0024] In another still example, the magnetic coupling tool further comprises
an actuator operatively coupled to the second permanent magnet to move the
second permanent magnet relative to the first permanent magnet. In a variation

thereof, the actuator is a stepper motor. In another variation thereof, the logic control
8
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circuit is operatively coupled to the actuator to control an orientation of the second
permanent magnet relative to the first permanent magnet.

[0025] In yet another example thereof, the second permanent magnet is
rotatable relative to the first permanent magnet about an axis intersecting with the
second permanent magnet to alter a position of the second permanent magnet
relative ta the first permanent magnet.

[0026] In still yet another example thereof, the second permanent magnet is
rotatable relative to the first permanent magnet about an axis in a non-intersecting
relationship with the second permanent magnet to alter a position of the second
permanent magnet relative to the first permanent magnet. In a variation thereof, the
magnetic coupling tool further comprises a first platter supported by the housing and
a second platter supported by housing. The second platter being moveable relative
to the first platter to alter a position of the second permanent magnet relative to the
first permanent magnet. The first platter comprising a first plurality of spaced apart
permanent magnets including the first permanent magnet, each of the first plurality of
spaced apart permanent magnets has a north pole side and a south pole side, and a
first plurality of pole portions interposed between adjacent permanent magnets of the
first plurality of permanent magnets, wherein the first plurality of permanent magnets
are arranged so that each pole portion of the first plurality of pole portions is one of a
north pole portion which is adjacent the north pole side of two permanent magnets of
the first plurality of permanent magnets and a south pole portion which is adjacent
the south pole side of two permanent magnets of the first plurality of permanent
magnets. The second platter comprising a second plurality of spaced apart
permanent magnets including the second permanent magnet, each of the second
plurality of spaced apart permanent magnets has a north pole side and a south pole
side, and a second plurality of pole portions interposed between adjacent permanent
magnets of the second plurality of permanent magnets, wherein the second plurality
of permanent magnets are arranged so that each pole portion of the first plurality of
pole portions is one of a north pole portion which is adjacent the north pole side of

two permanent magnets of the second plurality of permanent magnets and a south
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pole portion which is adjacent the south pole side of two permanent magnets of the
second plurality of permanent magnets, wherein the first magnetic sensor is
associated with one of the north pole portions of the second platter and the second
magnetic sensor is associated with one of the south pole portions of the second
platter.

[0027] In another still example thereof, the magnetic coupling tool further
comprises a plurality of pole extension shoes supported by the housing. The
plurality of pole extension shoes including a first pole extension shoe including the
first workpiece engagement surface and a second pole extension shoe including the
second workpiece engagement, wherein the housing includes a lower side
positioned between the first pole extension shoe and the second pole extension
shoe, the first pole extension shoe and the second pole extension shoe extending
below the lower side of the housing. In a variation thereof, the first pole extension
shoe and the second pole extension shoe are removable from the housing.

[0028] In a further still example thereof, the first magnetic field sensor and the
second magnetic field sensor are positioned outside of an envelope of the second
permanent magnet.

[0029] In another example thereof, the first magnetic field sensor is positioned
in a first half of the magnetic coupling tocl and the second magnetic field sensor is
positioned in a second half of the magnetic coupling tool. In a variation thereof, the
first pole extension shoe is associated with a flux detection circuit surface opposite
the workpiece engagement surface of the first pole extension shoe, the first magnetic
sensor is positioned above the flux detection circuit associated with the first pole
extension shoe. In another variation thereof, the housing includes a first recess, the
first pole extension shoe being received in the first recess and the first magnetic
sensor being positioned directly above the first recess. In another variation thereof,
the second pole extension shoe is associated with a flux detection circuit surface
opposite the workpiece engagement surface of the second pole extension shoe, the
second magnetic sensor is positioned above the flux detection circuit associated with

the second pole extension shoe. In a further variation thereof, the housing includes
10
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a second recess, the second pole extension shoe being received in the second
recess and the second magnetic sensor being positioned directly above the second
recess.

[0030] In a further example thereof, the first magnetic field sensor and the
second magnetic field sensor are positioned within the housing.

[0031] In a further still example thereof, the magnetic coupling tool further
comprises at least one temperature sensor supported by the housing, the logic
control circuit is operatively coupled to the at least one temperature sensor and the
logic control circuit based on an output of the temperature sensor adjusts the output
received from the at least one of the plurality of magnetic field sensors.

[0032] In still a further example thereof, the first magnetic field sensor and the
second magnetic field sensor are each vector magnetometers.

[0033] In yet another example thereof, the magnetic coupling tool further
comprises a communication module supported by the housing, wherein the logic
control circuit is operatively coupled to the communication module to interface with
external control electronics.

[0034] In another example thereof, the magnetic coupling tool further
comprises a plurality of degaussing electrical windings. A first degaussing electrical
winding of the plurality of degaussing electrical windings being positioned about the
first pole extension shoe of the plurality of pole extension shoes. A second
degaussing electrical winding of the plurality of degaussing electrical windings being
positioned about a second pole extension shoe of the plurality of pole extension
shoes. The logic control circuit is operatively coupled to the first degaussing
electrical winding and the second degaussing electrical winding. The logic control
circuit configured to perform a degaussing cycle with the plurality of degaussing
electrical windings. The degaussing cycle including generating an oscillating and
alternating magnetic field with the first degaussing electrical winding and the second
degaussing electrical winding for a period of time. In a variation thereof, each of the
first pole extension shoe and the second pole extension shoe include a first portion

covered by the respective first and second degaussing electrical windings, a cross
11
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sectional area of the respective first portions being sufficient to direct a substantial
and preferably all of the magnetic flux generated upon the respective first and
second degaussing electrical windings being energised to the respective first and
second workpiece engagement surfaces. In another variation thereof, the first
workpiece engagement surface and the second workpiece engagement surface are
both in cantact with the ferromagnetic workpiece during the degaussing cycle and
the switchable magnetic flux source is in an off state.

[0035] In still another example thereof, the magnetic coupling device further
comprises an output device which provides an indication of the operating state of the
magnetic coupling device.

[0036] In a further example thereof, the magnetic coupling device further
comprises an output device which provides a plurality of distinct indications, each
corresponding to a respective one of a plurality of distinct operating states of the
magnetic coupling device. In a variation thereof, the plurality of distinct indications
are each a visual indication perceivable from an exterior of the housing. In another
variation thereof, the output device includes a plurality of lights which are controlled
to provide the plurality of distinct indications.

[0037] In another exemplary embodiment of the present disclosure, a robotic
system for lifting a ferromagnetic workpiece is provided. The robotic system
comprising a robotic arm including a base and a plurality of moveable arm segments
and a magnetic coupling device according to any one of the above mentioned
embodiments, examples, and variations, the magnetic coupling device being
operatively coupled to the robotic arm at a first end opposite the base.

[0038] In a further exemplary embodiment of the present disclosure, a method
of determining at least one operating state of a magnetic coupling tool is provided.
The method comprising the steps of. detecting a first magnetic flux associated with
a north pole of a switchable magnetic flux source supported by a housing, the
switchable magnetic flux source including a plurality of permanent magnets,
including a first permanent magnet and a second permanent magnet movable

relative to the first permanent magnet, the first magnetic flux being detected at a
12
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location remote from a workpiece engagement surface of the north pole of the
magnetic coupling tool and to a first side of the switchable magnetic flux source;
detecting a second magnetic flux associated with a south pole of the switchable
magnetic flux source, the second magnetic flux being detected at a location remote
from a workpiece engagement surface of the south pole of the magnetic coupling
tool and to a second side of the switchable magnetic flux source, the second side
being opposite the first side; and determining if the magnetic coupling tool is in a first
operating state based on at least one of the detected first magnetic flux and the
detected second magnetic flux.

[0039] In an example thereof, the step of determining the first operating state
of the magnetic coupling tool includes the steps of. determining if the detected first
magnetic flux satisfies a first criteria; determining if the detected second magnetic
flux satisfies a second criteria; and determining that the magnetic coupling tool is in
the first operating state if the detected first magnetic flux satisfies the first criteria and
the detected second magnetic flux satisfies the second criteria. In a variation
thereof, the first criteria is the output of the first magnetic field sensor is within a first
range of magnetic flux values and the second criteria is the output of the second
magnetic field sensor is within a second range of magnetic flux values. In a further
variation thereof, the first range of magnetic flux values includes a first limit value
corresponding to the first workpiece engagement surface positioned at a first limit
position of a target zone relative to the ferromagnetic workpiece and a second limit
value corresponding to the first workpiece engagement surface positioned at a
second limit position of the target zone relative to the ferromagnetic workpiece. Ina
still further variation thereof, the second range of magnetic flux values includes a first
limit value corresponding to the second workpiece engagement surface positioned at
a first limit position of the target zone relative to the ferromagnetic workpiece and a
second limit value corresponding to the second workpiece engagement surface
positioned at a second limit position of the target zone relative to the ferromagnetic
workpiece. In another variation, the method further comprises the step of

determining the first side of the magnetic coupling tool including the first workpiece
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contact surface is positioned outside of a target zone on the ferromagnetic workpiece
when the second criteria is satisfied and the first criteria is not satisfied. In another
variation thereof, the method further comprises the step of determining the second
side of the magnetic coupling tool including the second workpiece contact surface is
positioned outside of a target zone on the ferromagnetic workpiece when the first
criteria is satisfied and the second criteria is not satisfied.

[0040] In another example thereof, the first operating state is the magnetic
coupling tool is in an off state. In a variation thereof, the step of determining if the
magnetic coupling tool is in the first operating state includes the step of comparing of
an output of at least one of the plurality of magnetic field sensors to a first threshold.
[0041] In yet another example, the first operating state is that at least one of
the plurality of workpiece engagement surfaces is proximate to the ferromagnetic
workpiece. In a variation thereof, the step of determining if the magnetic coupling
tool is in the first operating state includes the step of comparing an output of at least
one of the plurality of magnetic field sensors to a second threshold stored on a
memory accessible by the logic control circuit.

[0042] In still another example thereof, the method further comprises the step
of determining a spacing of the first workpiece engagement surface from the
ferromagnetic workpiece.

[0043] In still a further example thereof, the method further comprises the step
of determining an orientation of the first workpiece engagement surface and the
second workpiece engagement surface relative to the ferromagnetic workpiece. In a
variation thereof, the step of determining the orientation of the first workpiece
engagement surface and the second workpiece engagement surface relative to the
ferromagnetic workpiece includes the step of comparing an output of the first
magnetic field sensor and an output of the second magnetic field sensor. In another
variation thereof, the first workpiece engagement surface and the second workpiece
engagement surface of the magnetic coupling tool are generally parallel to the
ferromagnetic workpiece when the output of the first magnetic field sensor and the

output of the second magnetic field sensor satisfy a first criteria. In a still further
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variation thereof, the first criteria is that the output of the first magnetic field sensor is
within a threshold amount of the output of the second magnetic field sensor.

[0044] In still a further exemplary embodiment of the present disclosure, a
magnetic coupling tool for magnetically coupling to a ferromagnetic workpiece is
provided. The magnetic coupling tool comprising: a housing; a switchable magnetic
flux source supported by the housing including a plurality of permanent magnets, the
plurality of permanent magnets including a first permanent magnet and a second
permanent magnet movable relative to the first permanent magnet; a plurality of pole
extension shoes each having a workpiece interface; the plurality of pole extension
shoes coupled to the housing to receive magnetic flux from the switchable magnetic
flux source, the received magnetic flux being available to the ferromagnetic
workpiece through the respective workpiece interfaces of the plurality of pole
extension shoes; a plurality of degaussing electrical windings, a first degaussing
electrical winding of the plurality of degaussing electrical windings being positioned
about a first pole extension shoe of the plurality of pole extension shoes and a
second degaussing electrical winding of the plurality of degaussing electrical
windings being positioned about a second pole extension shoe of the plurality of pole
extension shoes; and a logic control circuit operatively coupled to the switchable
magnetic flux source. The first degaussing electrical winding, and the second
degaussing electrical winding, the logic control circuit configured to (i) positon the
second permanent magnet in a first orientation relative to first permanent magnet
and (ii) perform a degaussing cycle with the plurality of degaussing electrical
windings, the degaussing cycle including generating an oscillating and alternating
magnetic field with the first electrical winding and the second electrical winding for a
period of time.

[0045] In an example thereof, each of the first pole extension shoe and the
second pole extension shoe include a first portion covered by the respective first and
second degaussing electrical windings, a cross sectional area of the respective first

portions being sufficient to direct a substantial and preferably all of the magnetic flux
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generated upon the respective first and second degaussing electrical windings being
energised to the respective first and second workpiece engagement surfaces.
[0046] In another example thereof, the first workpiece engagement surface
and the second workpiece engagement surface are both in contact with the
ferromagnetic workpiece during the degaussing cycle and the switchable magnetic
flux source is in an off state.

[0047] In a further exemplary embodiment of the present disclosure, an end of
arm magnetic coupling tool (EOAMT) devised for magnetically securing a
ferromagnetic workpiece to a working face of the tool is provided. The end of arm
magnetic coupling tool comprising: an on-off switchable magnetic flux source; a
housing component in which is received the magnetic flux source; at least two,
magnetic pole extension shoes having each a workpiece engagement surface and
flux detection surface at an end opposite to the workpiece engagement surface,
wherein the pole extension shoes are mounted to or at least partially form integral
part of the housing component such as to receive magnetic flux from the magnetic
flux source and make such available at the workpiece engagement surface; a
number of first magnetic field detection sensors equal in number to the pole
extension shoes and each located a predetermined distance away but in close
proximity to the flux detection surface of an associated one of the pole extension
shoes; and a logic control circuit operative to receive an output signal from one or
more of the magnetic field detection sensors and determine from said output
signal(s) at least one of the following operating states of the tool: whether the
magnetic flux source is switched on or off, whether there is a ferromagnetic
workpiece in spatial proximity to one or more of the workpiece engagement surfaces
at the pole extension shoes, whether one or more of the workpiece engagement
surfaces at the pole extension shoes abut a workpiece, and whether abutment of a
workpiece at one or more of the workpiece engagement surfaces is adequate and
within predetermined positional thresholds.

[0048] In an example thereof, the first magnetic field sensors and the logic

control circuit are housed within a further (second) housing component which is
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preferably of multi-piece construction and which is secured to the first housing
component, such as to provide a compact-footprint EOAMT with integrated magnetic
field detection and workpiece — tool interface detection capabilities.

[0049] In another example thereof, the magnetic flux source, the first housing
component and the pole extension shoes are comprised in an on-off switchable,
dipole permanent magnet unit. In a variation thereof, the first housing component is
a ferromagnetic steel housing component with a central cylindrical bore in which two
cylindrical, diametrically polarized rare-earth permanent magnets are stacked such
that one of the magnets is fixed against rotating within the cylindrical bore while the
other magnet is free to rotate upon external torque application by an actuator
(pneumatic, hydraulic or electric) interfaced with the rotatable magnet. In another
variation thereof, the housing component comprises an upper, un-recessed portion
and a lower recessed portion at which cuboid pole shoes are mounted such as to
form a continuous, substantially air-gap-free flux delivery path towards the workpiece
engagement surfaces provided at the free axial terminal ends of the pole shoes, and
wherein the flux detection surfaces opposite the workpiece engagement surfaces are
provided at an upper terminal face of the un-recessed housing portion, the housing
having a substantially rectangular foot print.

[0050] In a further example thereof, a second housing component is provided
in addition to the first housing component, secured to an end of the first housing
component opposite the workpiece engagement surfaces. In a variation thereof, the
second housing component is substantially non-ferromagnetic and includes at least
two passage ways extending preferably to terminal openings located opposite the
flux detection surfaces at the first housing component and receiving a respective one
of two said first magnetic field detection sensors. In another variation thereof, the
second housing component houses an actuator which interfaces with the rotatable
magnet received in the first housing component to switch the magnetic flux source
‘on” and “off”.

[0051] In still a further variation, the logic control circuit operative to receive

output signals from the one or more of the first magnetic field (and any additional)
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detection sensors and determine from said output signal(s) one or more of the
operating states of the tool, comprises a central control board, preferably a printed
circuit board which contains a pre-programmed or programmable microprocessor,
with analog to digital converters (ADCs) for sensor signal sampling and optionally
with conditioning functionality. In a variation thereof, the logic control circuit of the
central control board comprises additional transistors for interfacing a GPIO (general-
purpose input/output) of the processor to industrial 24V logic. In another variation
thereof, the central control board further comprises power conditioning to take 24 V
from an industrial power supply and regulate it to 5V and/or 3.3 V for use by the
microprocessor and other circuit components, as well as provide the working voltage
for the magnetic field sensors. In still another variation thereof, the central control
board comprises a series of blank headers for accept a communications module that
allows the control board to interface with external control electronics.

[0052] In yet another example, the first magnetic field sensors are vector
magnetometers, in particular solid-state linear Hall Effect sensors or magneto
resistive sensors, with very small form factor and embodied in solid state ICs.

[0053] In still yet another example, the end of arm magnetic coupling tool
further comprises visual status indicators, preferably in form of one or more LEDs
which are driven by the microprocessor to indicate when a predefined one of the tool
status is present or absent, including when the magnetic flux source is on or off,
when the magnetic flux source is on and proximity of target is detected by the first
magnetic field sensors, when the tool’s workpiece engagement surfaces contact the
workpiece outside intended specific areas on target and when tool engagement with
the workpiece is within threshold limits, showing a safe magnetic coupling state.
[0054] In still a further exemplary embodiment thereof, an end of arm
magnetic coupling tool devised for magnetically securing a ferromagnetic work piece
to a working face of the tool is provided. The end of arm magnetic coupling tool
comprises. an on-off switchable di-pole magnetic flux source; a first housing
component in which is received the magnetic flux source; a pair of magnetic pole

extension shoes having each a work piece engagement surface, wherein the pole
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extension shoes are mounted to the first housing component such as to receive
magnetic flux from the magnetic flux source and make such available at the work
piece engagement surfaces; at least one, but preferably a number of first magnetic
field detection sensors equal in number to the pole extension shoes, located a
predetermined distance away but in close proximity to a flux detection surface
preferably at an end opposite the work piece engagement surface of an associated
one of the pole extension shoes; a pair of degaussing electrical windings, one each
wound about a section of an associated one of the two magnetic pole extension
shoes; and a logic control circuit operative to (i) receive an output signal from the at
least one magnetic field detection sensor and determine from said output signal(s)
an operating state of the tool indicative of the magnetic flux source being switched
off, (i) switch-on an electric power supply to the degaussing electrical windings after
detection of an off state of the magnetic flux source and (iii) perform a degaussing
cycle wherein the degaussing electrical windings generate an oscillating and
alternating magnetic field over a predetermined time.

[0055] In an example thereof, the first magnetic field sensors and the logic
control circuit are housed within a second housing component which is preferably of
multi-piece construction and which is secured to the first housing component such as
to provide a compact-footprint EOAMT with integrated work piece coupling, magnetic
field detection, work piece — tool interface detection and degaussing functionalities.
[0056] In another example thereof, the magnetic flux source, the first housing
component and the pole extension shoes are comprised in an on-off switchable,
dipole permanent magnet unit.

[0057] In yet another example, the first housing component is a ferromagnetic
steel housing component with a central cylindrical bore in which two cylindrical,
diametrically polarized rare-earth permanent magnets are stacked such that one of
the magnets is fixed against rotation within the cylindrical bore while the other
magnet is free to rotate upon external torque application by an actuator interfaced

with the rotatable magnet.
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[0058] In still another example thereof, the pole extension shoes comprise at
least two components, including a first pole extension member secured in removable
manner to the first housing component and a second pole extension member
removably secured in extension to the first member and defining the work piece
engagement surface. In a variation thereof, the degaussing electrical windings
encircle a section of the second pole extension member. In another variation
thereof, the second pole shoe member has a work piece engagement surface
adapted to a contour or geometric parameters of a work piece.

[0059] In yet another example, the pole extension shoes have, in a section
covered by the degaussing windings, a cross sectional area sufficient to direct a
substantial and preferably all of the magnetic flux generated upon the degaussing
windings being energised, to the work piece engagement surface.

[0060] In still another example, the pole extension shoes have, in a section
covered by the degaussing windings, a cross sectional area sufficient to direct a
substantial portion of the magnetic flux generated upon the degaussing windings
being energised, to the work piece engagement surface and generate magnetic flux
leakage around the work piece engagement surface.

[0061] In yet still another example, the first housing component comprises an
upper, un-recessed portion and a lower portion recessed at opposite sides of the
housing component, wherein the pole shoe extension members are or comprise a
cuboid mounted to the recessed lower housing portions such as to form with the
upper, un-recessed housing portion a continuous, substantially air-gap-free flux
delivery path towards the work piece engagement surfaces provided at the free axial
terminal ends of the pole extension shoes, and wherein the flux detection surfaces
opposite the work piece engagement surfaces are provided at an upper terminal face
of the un-recessed housing portion. In a variation thereof, the first housing
component comprises through holes for guiding connection leads from the logic
control circuit to the electric degaussing windings.

[0062] In a further example thereof, the second housing component is

substantially non-ferromagnetic and preferably includes at least two passage ways
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extending from the through holes of the first housing component to the logic control
circuit.

[0063] In yet a further example thereof, the logic control circuit is devised to
perform the degaussing cycle when the tool is still resting with its work piece
engagement surfaces at the work piece after having been magnetically secured
thereto and the magnetic flux source has been turned off to effect decoupling from
the work piece. In a variation thereof, the logic control circuit comprises a central
control board, preferably a printed circuit board, which contains a pre-programmed or
programmable microprocessor and circuitry for generating an AC signal causing the
degaussing windings to generate the oscillating and alternating magnetic degaussing
field. In another variation thereof, the logic control circuit of the central control board
comprises components for interfacing a GPIO (general-purpose input/output) of the
processor to industrial 24V logic. In still another variation thereof, the central control
board further comprises power conditioning to take 24 V from an industrial power
supply and regulate it to an operating value required by the electric degaussing
windings to perform the degaussing cycle.

[0064] In a further still example, the end of arm magnetic coupling tool further
comprises visual status indicators, preferably in form of one or more LEDs which are
driven by the microprocessor to indicate when a predefined one of the tool status is
present or absent, including when the magnetic flux source is on or off and when a
degaussing cycle is being performed.

[0065] In a yet further example, the degaussing electrical windings and
exchangeable pole extension shoe members form modular units attachable to the
first housing component, wherein the pole extension shoe members form part of a
magnetic flux delivery circuit of the EOAMT when used in magnetically coupling the
EOQAMT with a work piece, and wherein the pole extension shoe members form part
of an electromagnet comprising the degaussing windings in degaussing the work

piece.
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[0066] Other aspects and optional and/or preferred embodiments will become
apparent from the following description provided below with reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0067] FIG. 1 illustrates a perspective view of an exemplary end-of-arm

magnetic coupling toal

[0068] FIG. 2 illustrates a side elevation of the end-of-arm magnetic coupling
tool of FIG. 1:
[0069] FIG. 3 illustrates an exploded perspective view of the end-of-arm

magnetic coupling tool of FIG. 1:

[0070] FIG. 4 illustrates an exploded perspective view of an exemplary
switchable permanent magnet unit, a magnetic flux source, and replaceable pole
extension shoes of the end-of-arm magnetic coupling tool of FIG. 1;

[0071] FIG. 5 illustrates an exploded perspective view of a second housing
component of the end-of-arm magnetic coupling tool of FIG. 1 which houses an
exemplary actuator for switching of the magnetic flux source, a plurality of exemplary
magnetic field sensors for interaction with the housing and pole shoes of the
magnetic flux source, and an exemplary on-board logic control circuit for delivering
tool status data and indication via an exemplary output device;

[0072] FIG. 6 illustrates a perspective view of portions of the logic control
circuit of FIG. 5 including an exemplary coupled sensor printed circuit board
assembly and an exemplary control logic printed circuit board with an exemplary
input/output connector,;

[0073] FIG. 7 illustrates a side elevation of FIG. 6;

[0074] FIG. 8 illustrates a perspective view of an embodiment of the end-of-
arm magnetic coupling tool of FIG. 1 including degauss capability;

[0075] FIG. 9 illustrates a side elevation view of the arrangement of FIG. 8;
[0076] FIG. 10 illustrates an exploded view of the magnetic flux source of the

end-of-arm magnetic coupling tool of FIG. 8, being an on/off switchable permanent
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magnet unit, and two degaussing modules that carry pole extension shoes for the

magnetic flux source;

[0077] FIG. 11 illustrates an exploded view of one of the degaussing modules
shown in FIG. 8;
[0078] FIG. 12 illustrates an exemplary degauss wave form of use in a

degaussing cycle with the degaussing modules of FIG. 11,

[0079] FIG. 13 illustrates a representative view of the logic control circuit of the
end-of-arm magnetic coupling tool of FIG. 1;

[0080] FIG. 14 illustrates a top view of an exemplary sensor layout of the end-
of-arm magnetic coupling tool of FIG. 1;

[0081] FIG. 15 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 and no workpiece in the proximity of the end of
arm magnetic coupling device;

[0082] FIG. 16 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 and a workpiece separated from the end of arm
magnetic coupling device by a first separation;

[0083] FIG. 17 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 and a workpiece separated from the end of arm
magnetic coupling device by a second separation,

[0084] FIG. 18 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 being tilted left-to-right relative to a workpiece;
[0085] FIG. 19 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 being tilted front-to-back relative to a workpiece;
[0086] FIG. 20 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 contacting a right edge portion of a workpiece;
[0087] FIG. 21 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 contacting a central portion of a workpiece;
[0088] FIG. 22 illustrates a simplified front elevation view of the end of arm

magnetic coupling device of FIG. 1 contacting a workpiece at a first limit position;
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[0089] FIG. 23 illustrates a simplified front elevation view of the end of arm
magnetic coupling device of FIG. 1 contacting a workpiece at a second limit position;
[0090] FIG. 24 illustrates an exemplary processing sequence of the control
logic, including calibration subroutine, performed by the end-of-arm magnetic
coupling tool during operation;

[0091] FIG. 25 illustrates a robotic system including the exemplary magnetic
coupling device of FIG. 1 attached as an end of arm coupler;

[0092] FIG. 26 illustrates an exploded, perspective view of an exemplary

platter having a plurality of permanent magnets and pole portions;

[0093] FIG. 27 illustrates a top, assembled view of the platter of FIG. 26;
[0094] FIG. 28 illustrates a perspective view of the two instances of the platter
of FIG. 26;

[0095] FIG. 29 illustrates the two platters of FIG. 28 oriented in an on state;
[0096] FIG. 30 illustrates the two platter of FIG. 28 oriented in an off state;
[0097] FIG. 31 illustrates a diagrammatical view of an exemplary magnetic

coupling device having an upper assembly and a lower assembly, each including a
plurality of permanent magnets and pole portions arranged in a linear array, the

magnetic coupling device being in an on state;

[0098] FIG. 32 illustrates the magnetic coupling device of FIG. 31 in a partial
on state;

[0099] FIG. 33 illustrates the magnetic coupling device of FIG. 31 in an off
state;

[00100] FIG. 34 illustrates a perspective view of an exemplary linear array

magnetic coupling device including sensors and logic control circuit for determining

operational states of the magnetic coupling device;

[00101] FIG. 35 illustrates a bottom view of the linear array magnetic coupling
device of FIG. 34;
[00102] FIG. 36 illustrates a perspective view of an exemplary circular array

magnetic coupling device including sensors and logic control circuit for determining

operational states of the magnetic coupling device; and
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[00103] FIG. 37 illustrates a bottom view of the circular array magnetic coupling
device of FIG. 36.

DETAILED DESCRIPTION OF THE DRAWINGS

[00104] In the figures as well as in the preceding section of this specification,
terms such as ‘upper’, ‘lower’, ‘axial’ and other terms of reference are used to
facilitate an understanding of the technology here described and are not to be taken
as absolute and limiting reference indicators, unless the context indicates otherwise.
The terms “couples”, “coupled”, “coupler” and variations thereof are used to include
both arrangements wherein the two or more components are in direct physical
contact and arrangements wherein the two or more components are not in direct
contact with each other (e.g., the components are “coupled” via at least a third
component), but yet still cooperate or interact with each other.

[00105] Referring to FIG. 1, an exemplary magnetic coupling tool 10 is shown.
Magnetic coupling tool 10 is configured to magnetically couple a ferromagnetic
workpiece 17 (see FIG. 21). Magnetic coupling tool 10 is described herein for use
as an end of arm (*EOAMT”) unit for a robotic system, such as robotic system 700
(see FIG. 25), but may also used with other lifting and transporting systems for
ferromagnetic materials. Exemplary lifting and transporting systems include robotic
systems, mechanical gantries, crane hoists and additional systems which lift and/or
transport ferromagnetic materials. Additionally, magnetic coupling tool 10 may also
be used as part of a stationary fixture for holding at least one part for an operation,
such as welding, inspection, and other operations. Logic control circuit 23 by
monitoring sensors 98 is able to verify that the part being held on the stationary
fixture is in a correct position.

[00106] Referring to FIGS. 1-3, magnetic coupling tool 10 includes a housing
11 and a switchable magnetic flux source 15 (see FIG. 3) supported by housing 11.
The switchable magnetic flux source 15 includes a plurality of permanent magnets,
illustratively permanent magnets 30, 32 (see FIG. 3). The plurality of permanent

magnets including a first permanent magnet 30 and a second permanent magnet 32
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movable relative to the first permanent magnet 30. First permanent magnet 30 being
held fixed relative to housing 11. Magnetic coupling tool 10 further including a
plurality of workpiece engagement surfaces 44 supported by housing 11. The
plurality of workpiece engagement surfaces 44 being magnetically coupled to
switchable magnetic flux source 15. The plurality of workpiece engagement surfaces
44 adapted to contact the ferromagnetic workpiece 17 (see FIG. 21). A first
workpiece engagement surface 44 of the plurality of workpiece engagement surfaces
corresponding to a north pole of the magnetic coupling tool 10 and a second
workpiece engagement surface 44 of the plurality of workpiece engagement surfaces
corresponding to a south pole of the magnetic coupling tool 10.

[00107] Magnetic coupling tool 10 further includes a plurality of magnetic field
sensors 98 (see FIG. 3) supported by housing 11. A first magnetic field sensor 98 of
the plurality of magnetic field sensors positiocned to monitor a first magnetic flux
associated with the first workpiece engagement surface 44 of the plurality of
workpiece engagement surfaces and a second magnetic field sensor 98 of the
plurality of magnetic field sensors positioned to monitor a second magnetic flux
associated with the second workpiece engagement surface 44 of the plurality of
workpiece engagement surfaces. Magnetic coupling device 10 further including a
logic control circuit 23 operatively coupled to the plurality of magnetic field sensors
98. Logic control circuit 23 is configured to determine at least one operating state of
magnetic coupling tool 10 based on an output from at least one of the plurality of
magnetic field sensors 98.

[00108] In the illustrated embodiment of FIGS. 1-11, magnetic coupling device
10 is an end of arm magnetic coupling tool (herein “EOAMT”) devised for
magnetically securing a ferromagnetic workpiece 17 to a working face 44 of the tool
10. The end of arm magnetic coupling tool 10 comprises an on-off switchable
magnetic flux source 15; a first housing component 22 of housing 11 in which is
received the magnetic flux source 15; and at least two, magnetic pole extension
shoes 38 each having each a workpiece engagement surface 44 and a flux detection

surface 46 at an end opposite to the workpiece engagement surface 44. Pole
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extension shoes 38 are mounted to or at least partially form integral part of the first
housing component 22 such as to receive magnetic flux from the magnetic flux
source 15 and to make such received magnetic flux available at the workpiece
engagement surfaces 44. In embodiments, workpiece engagement surfaces 44 are
part of housing 22. Tool 10 further includes a number of magnetic field detection
sensors 98. In embodiments, the number of magnetic field detection sensors is
equal in number to the number of pole extension shoes 38 and/or workpiece
engagement surfaces 44. Each of the magnetic field detection sensors 98 is located
a predetermined distance away, but in close proximity to the flux detection surface of
an associated one of the pole extension shoes 38. In one example, the magnetic
field detection sensors 98 are positioned within respective pole extension shoes 38.
In the illustrated embodiment, magnetic field detection sensors 98 are positioned
above respective pole extension shoes 38. The tool 10 further comprising logic
control circuit 23 which is operative to receive an output signal from one or more of
the magnetic field detection sensors 98 and determine from said output signal(s) at
least one of the following operating states of the tool: whether the magnetic flux
source 158 is switched on or off, whether there is a ferromagnetic workpiece 17 in
spatial proximity to one or more of the workpiece engagement surfaces 44 at the
pole extension shoes 38, whether one or more of the workpiece engagement
surfaces 44 at the pole extension shoes 38 abut a workpiece 17, and whether
abutment of a workpiece 17 at one or more of the workpiece engagement surfaces
44 is adequate and within predetermined positioning thresholds.

[00109] In embodiments, the first magnetic field sensors 98 and the logic
control circuit 23 are housed / received within a further (second) housing component
18 which itself may be of multi-piece construction and which is coupled / secured to
the first housing component 22, such as to provide a compact-footprint end of arm
magnetic coupling tool 10 with integrated magnetic field detection and workpiece —
tool interface detection capabilities.

[00110] In embodiments of the end of arm magnetic coupling tool 10, the

magnetic flux source 15, the first housing component 22 and the pole extension
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shoes 38 are based around on-off switchable, dipole permanent magnet units as
developed by the Magswitch Group (of which the applicant is part of). In particular,
modified Magswitch ‘AR’ series switchable magnetic flux sources may be used.
[001 11] In embodiments, the first housing component 22 is a rectangular prism
ferromagnetic steel housing component with a central cylindrical bore 24, in which
two cylindrical, diametrically polarized rare-earth permanent magnets 30, 32 are
stacked (the latter providing the on-off switchable magnetic flux source). One of the
magnets 30 is fixed against rotating within the cylindrical bore 24, while the other
magnet 32 is free to rotate upon external torque application using a suitable actuator
54 (pneumatic, hydraulic, or electric) interfaced with the rotatable magnet 32. The
steel housing 22 has a substantially rectangular foot print, wherein the central bore
24 is centered in the housing 11 and dimensioned such that only thin wall webs
connect the opposing thick walled housing halves that provide integral pole
extension pieces of the device .

The lower magnet

30 is secured in the housing component 22 with the N-S pole separation plane
extending (bridging) between the thin wall webs, so that the N- and S-poles of the
magnet are extended into the respectively adjacent thick wall portion of the housing
component 22 (see FIG. 4).

[00112] When rotatable magnet 32 is rotated relative to fixed magnet 30 to
align the N- and S-poles of the two magnets 30, 32, the steel housing 22 becomes
magnetically polarized, i.e. the housing itself provides part of or both of the pole
extension shoes to redirect the flux from the magnets 30, 32 towards the two,
bmagnetically separated workpiece engagement surfaces 44 provided at one axial
end of the housing at the lower surfaces of pole extension shoes 38. This, in turn,
allows a magnetic circuit to form between the two opposing sides of the steel
housing 22. This turns the dipole flux source "on", i.e. an on state. When rotatable
magnet 32 is rotated relative to fixed magnet 30 to partially, but not completely align
the N- and S-poles of the two magnets, the steel housing 22 becomes magnetically

polarized, i.e. the housing 22 itself provides part of or both of the pole extension
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shoes to redirect the flux from magnets 30, 32 towards the two, magnetically
separated workpiece engagement surfaces 44 provided at one axial end of the
housing 22 at the lower surfaces of the pole extension shoes 38. This in turn allows
a magnetic circuit to form between the two opposing sides of steel housing 22. The
magnetic flux available at workpiece engagement surfaces 44 is reduced compared
to the on state and approaches the magnetic flux available at the workpiece
engagement surfaces 44 of the on state the more aligned the N- and S- poles of the
two magnets 30, 32 become. This turns the dipole flux source 15 “partially on”, i.e. a
partial on state. When top magnet 32 is rotated relative to fixed lower magnet 30 to
anti-align the N- and S-poles, the magnetic circuit is closed within the housing 22,
tuning the unit “off’, i.e. an off state, and effectively no usable magnetic flux can be
‘tapped” by a target workpiece 17 when brought into contact with the workpiece
engagement surfaces 44, as would otherwise be the case in the on state or the
partial on state of the unit 10.

[00113] In embodiments, placement of magnetic field detection sensors 98
relative to the pole extension shoes 38 provides a sensing system for the switchable
magnetic source 15. No matter what switching state (on state, partial on state, off
state) the switchable dipole permanent magnet unit 15 is in, there is always some
magnetic field present outside the vicinity of the workpiece engagement surfaces 44
on the lower side of the pole extensions shoes 38, providing ‘leakage flux” pathways.
This leakage may be very small in the off state of the switchable permanent magnet
unit 15, and could be confined. Relevantly though, the amount of leakage flux is
heavily dependent on the internal magnetic circuit of the unit 10 itself, the on / partial
on / off state of the unit 10, and the magnetic circuit formed between the unit 10 and
the specific target workpiece 17.

[00114] When the unit 10 is in the off state wherein the two magnets 30, 32 are
anti-aligned and forming a closed magnetic circuit inside of the steel housing 22, the
unit 10 has very little leakage flux, though detectable with sensitive magnetic field
sensors 98 when properly placed. When the unit 10 is in the on state wherein the

two magnets 30, 32 are aligned and in absence of a fully shunting target workpiece
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17 at or in proximity of the workpiece engagement surfaces 44 there is a much
higher level of leakage flux. When the unit 10 is in the partial on state the level of
leakage flux is less than in the on state and more than in the off state.

[00115] Further, in the on state or the partial on state, the amount of leakage
flux is also determined by the quality of the working magnetic circuit formed between
the pole shoes 38 of the unit 10 and workpiece 17 at the workpiece engagement
surfaces 44, and the size, shape and material of the workpiece 17 itself. The quality
of this magnetic circuit is determined primarily by the thickness and relative magnetic
permeability of the workpiece material, and the quality of contact between the
magnet through the workpiece engagement surfaces 44 and the workpiece 17. The
higher quality the magnetic circuit is the less leakage flux there is to be detected on
the side of the pole shoes 38 interacting with the workpiece 17. The quality of the
magnetic circuit is increased the thicker the workpiece 17 is, the higher the
workpiece’s relative magnetic permeability, and the larger area of the contact
between the pole shoes 38 and the workpiece 17.

[00116] These ‘leakage’ effects allow for the magnetic field sensors 98 to
monitor and derive various operational states of unit 10 incorporating Magswitch
switchable permanent magnet units or other suitable switchable magnet units.
Magswitch “AR” series devices are normally designed for use with detachable pole
shoes 38. Pole shoe size and geometry can be selected to suit application fields and
dual purpose pole shoes 38 providing two differently contoured workpiece
engagement surfaces at opposite axial ends may be employed.

[00117] In embodiments, a lower part of the first housing component 22 (which
is quadrilateral in cross-section), where the lower fixed magnet 30 is located, is
recessed or machined on opposite external sides (i.e. at the thick walled portions) to
provide respective shape-conforming receptacles or recesses 29 for two
ferromagnetic pole shoes 38. In embodiments, the external shape of the two pole
shoes 38 is chosen to provide four continuous and step-free external faces of the
housing 11 when mounted thereto, i.e. these are rectangular prismatic or cuboid in

shape.
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[00118] The upper, un-recessed part of the first housing component 22 and the
lower part of the first housing component with the exchangeably attached cuboid
pole shoes 38 form a continuous, as flux-leakage free as possible flux delivery path
towards the workpiece engagement surfaces 44 provided at the free axial terminal
ends of the pole shoes 38. In this case also, the flux detection surfaces 46 opposite
the workpiece engagement surfaces 44 will be provided at an upper terminal face of
the first housing component 22, given the gap free mounting of the pole shoes 38 at
the receptacles. Pole shoes 38 may be lengthened to locate workpiece engagement
surfaces 44 below a lower side 37 (see FIG. 3) of housing component 22.

[00119] In embodiments, the EOAMT 10 will comprise, in addition to the first
housing component 22, a second housing component 18 secured to an end of the
first housing component opposite the workpiece engagement surfaces 44 of the pole
extension shoes 38. The second housing component 18 is substantially non-
ferromagnetic and includes at least two passage ways 70 (see FIG. 5) extending
preferably to terminal openings located opposite the flux detection surfaces 46 at the
first housing component 22 and receiving a respective one of two said first magnetic
field detection sensors 98. This arrangement protects the sensors 98 from external
damage while equally ensuring that magnetic flux leakage from the flux detection
surfaces 46 at the first housing component 22 is sampled with minimal interference
of other ferromagnetic components that could distort the magnetic field.

[00120] For sturdiness considerations, and noting the need for the second
housing component 18 to have magnetic properties that do not substantially
adversely affect shaping (e.g. bundling) of magnetic field lines passing through the
flux detection surfaces 46 at the first housing component 22, aluminum alloys are a
preferred material choice, and non-ferrous stainless steel could be used as well.
Equally, suitable impact resistant polymer materials (reinforced if desired) having the
necessary low relative magnetic permeability values, can also find use. In this
context, low relative magnetic permeability is one which is 4 to 6 orders of magnitude

lower than that of the material used in the manufacture of the pole shoes 38 and the
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first housing component 22. In embodiments, the first housing component 22 and
the pole shoes 38 are made from the same material.

[00121] The preferably also rectangular prismatic second housing component
18 can advantageously serve to house an actuator 54 which interfaces with the
rotatable magnet 32 received in the first housing component 22 to switch the
magnetic flux source 15 between an on state, an off state, and one or more partial
on states, and to seal the bore 24 in which the magnets 30, 32 are received against
infiltration of dust and water, in addition to housing the first sensors 98 in a protected
manner against environmental influences.

[00122] In embodiments, the logic control circuit 23 is operative to receive
output signals from the one or more of the first magnetic field (and any additional)
detection sensors 98 and determine from said output signal(s) one or more of the
operating states of the tool 10. In embodiments, the logic control circuit 23
comprises a central control board, preferably using a printed circuit board which
contains a pre-programmed or programmable microprocessor, with analog to digital
converters (ADCs) for sensor signal sampling and conditioning if required, and
additional transistors that allow a GPIO (general-purpose input/output) of the
processor to be interfaced to industrial 24V logic. The board will advantageously also
host power conditioning, to take 24 V from an industrial power supply and regulate it
to 5 or 3.3 V as normally used by industrial robotics microprocessors and circuit
components, as well as provide the working voltage for the magnetic field sensors.
[00123] In addition, the central control board may be provided with a series of
blank headers, intended to accept a communications module that allows the control
board to interface with external control electronics, such as robot controller 770 (see
FIG. 25). This interface may be as simple as a discrete /0O connection, sending
single bit On-Off signals over 24 V logic lines, or as advanced as a full industrial
Ethernet connection.

[00124] As noted, the central control board will advantageously use ADCs for
sensor signal sampling, but could equally incorporate direct analog inputs, with

filtering and the required signal conditioning, that allow the microprocessor to receive
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and process signals from the first magnetic field sensors, but equally other sensors,
e.g. temperature sensors 31, that may be incorporated into the first and/or second
housing component.

[00125] The first magnetic field sensors 98 could be simple scalar
magnetometers used to measure the total strength of a magnetic field. In
embodiments, the magnetic field sensors 98 are preferably more complex and
differentiating vector magnetometers, such as solid-state linear Hall Effect sensors,
in particular of bi-directional type, magneto resistive sensors that can be
incorporated in integrated circuits, etc. Linear Hall Effect sensors can have a very
small form factor and embodied in solid state ICs (e.g. Honeywell
SS39ET/SS49E/SSS9ET series) and are therefore a preferred embodiment of the
first magnetic field sensors. Because of the small form factor (e.g. 3x3x1.5 mm), it is
possible to incorporate various Linear Hall Effect sensors having different magnetic
field detection ranges and sensitivities, for example, in providing the first magnetic
field sensors 98, and which using suitable logic circuitry can be switched so that the
respective sensor output signals can be processed and if necessary combined to
obtain a clearer picture of the magnetic field near the flux detection surfaces 46 of
the pole extension shoes 38 of the EOAMT 10, if required. In embodiments, the
magnetic field sensors 98 are three dimensional sensors having the capability to
sense magnetic fields in three orthogonal directions. An exemplary magnetic field
sensors is Model No. TLV493D-A1B6 three dimensional magnetic sensor available
from Infineon Technologies AG located at Am Campeon 1-15, 85579 Neubiberg in
Germany.

[00126] As noted, in embodiments additional sensors, such as temperature
sensors 31 may be integrated in suitable cavities at the first housing component 22.
An evaluation circuit (more precisely the software / program used in the
microprocessor to perform signal evaluation and analysis) of the logic control circuit
23 will then compensate for temperature dependent drift of the magnetic field

sensors 98 to yield more accurate EOAMT 10 positioning data.
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[00127] Further, in embodiments, additional magnetic field sensors 98 are
included. Referring to FIG. 14, a representative top view of unit 10, magnetic field
sensors 98 are positioned as described herein with a first magnetic field sensor 98
being positioned in a left side half 101 of the magnetic coupling tool 10 and a second
magnetic field sensor 98 being positioned in a right side half 103 of the magnetic
coupling tool 10. Additionally, a third magnetic field sensor 98 is positioned in a front
half 105 of the magnetic coupling tool 10 and a fourth magnetic field sensor 98 is
positioned in a rear half 107 of the magnetic coupling tool 10. The front half 105
including a first portion 109 of the left side half 101 and a first portion 111 of the right
side half 103. The rear half 107 including a second portion 113 of the left side half
101 and a second portion 115 of the right side half 103. The addition of the third and
fourth magnetic field sensors 98 provides additional sensor values which may be
used to determine various operating states of the magnetic coupling tool 10. For
example, logic control circuit 23 based on the outputs of the four magnetic field
sensors may determine an orientation of the workpiece engagement surfaces 44
relative to the ferromagnetic workpiece 17 in two rotational axes, such as left-to-right
tilt and front-to-back tilt.

[00128] Turning then to functional blocks of the logic control circuit 23. The
simplest piece of information required about the EOAMT 10 is that of the switching
state of the magnetic flux source 15 (unit), i.e. is the unit in the off state, the on state,
or a partial on state. In the off state, the EOAMT 10 has extremely little or even no
leakage flux. In the on state, even on a near perfect magnetic working circuit with a
workpiece 17, the EOAMT's switchable permanent magnetic unit 15 has
considerably more leakage flux than in the off state. Therefore, in a calibration
process, the reading of one or more of the first magnetic field sensors 98 in the off
state of the EOAMT 10 can be stored in a memory 33 (see FIG. 13) associated with
the microprocessor of the logic control circuit 23 as a calibrated or hard coded value,
and when the magnetometer reading rises above this off-state value, or some offset
above this off-state value, the EOAMT 10 can be considered in the on state or a

partial on state. When the magnetometer reading is at or close to the calibration
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stored value, the EOAMT 10 can be considered in the off state. In embodiments,
through a calibration process, the reading of one or more of the first magnetic field
sensors 98 in a desired partial on state may be stored in memory 33 as a calibrated
or hard coded value, and when the magnetometer reading rises to a specific stored
reading or within some percentage of the specific stored reading, the ECAMT 10 can
be considered to be in the corresponding partial on state.

[00129] Another functional block of the logic control circuit 23 may be used to
determine if there is a ferromagnetic workpiece underneath one or both the
workpiece engagement surfaces 44 of the two magnetic pole extension shoes 38 of
the EOAMT 10, when the flux source unit is turned on or partially on. When no target
part is present for the EOAMT to magnetically attach to (see FIG. 15), there is no
‘true’ (i.e. external working) magnetic circuit between the two pole shoes 38.
Assuming that any workpiece 17 is sufficiently spaced apart from the pole shoes 38
so as to not distort the magnetic field, the flux would extend through air between the
lower terminal ends of the pole shoes 38 (primarily between the workpiece
engagement surfaces 44), effectively representing leakage flux. This also causes a
high leakage flux to be present at the flux detection surfaces 46 of the pole extension
shoes 38, and consequently a relatively high reading at the magnetic field sensors
98. By storing this “max leakage flux” for a given on state or partial on state in
memory 33 associated with the microprocessor of the logic control circuit 23, either
hard coded (given that this value would be invariable), or from a calibration run, in
normal operation of the EOAMT 10 it is possible to determine if there is a workpiece
present or not, by placing the magnetic switching unit in the on state or partial on
state corresponding to the stored “max leakage flux” reference value and comparing
a current sensor output with the stored “max leakage flux” reference value for the on
state or the partial on state.

[00130] In addition to detecting a presence or absence of workpiece 17, logic
control circuit 23 may also provide an indication of a spacing of the workpiece
engagement surfaces 44 from the workpiece 17 when the presence of a workpiece is

detected (the current sensor value is below the stored “max leakage flux” for
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presence detection). In embodiments, logic control circuit 23, is configured to
determine if at least one of the plurality of workpiece engagement surfaces 44 is
proximate to the ferromagnetic workpiece 17. In one example, logic control circuit 23
determines if one of the workpiece engagement surfaces 44 is proximate to
workpiece 17 when the current value for the corresponding sensor 98 falls below a
threshold value. The threshold value may be determined and stored in memory 33
during a calibration run and may correspond to a known spacing between the
workpiece engagement surface 44 and the workpiece 17 (see FIG. 16). In one
embodiment, a plurality of threshold values are stored on memory 33, each
corresponding to a respective known spacing. The plurality of stored threshold
values permits logic control circuit 23 to provide better approximation of the spacing
between the workpiece engagement surface 44 and the workpiece 17 and to
distinguish between a first spacing (see FIG. 16) and a second, smaller spacing (see
FIG. 17) . An advantage, among others is that the ability to accurately determine
proximity of a workpiece allows a robotic system (see FIG. 25) to move at a higher
speed until magnetic coupling unit 10 is within a first spacing from workpiece 17 and
thereafter move at a slower speed until contact is made with workpiece 17. In
embodiments, for the various calibrations runs and values discussed herein,
separate calibrations runs or values are performed for different types of
ferromagnetic materials due to fact that target sensor readings may differ based on
the respective size, shape, material, etc. of the target ferromagnetic workpiece.
[00131] In embodiments, logic control circuit 23 is configured to determine an
orientation of the first workpiece engagement surface 44 and the second workpiece
engagement surface 44 relative to the ferromagnetic workpiece 17. In one example,
the orientation of the first workpiece engagement surface 44 and the second
workpiece engagement surface 44 relative to the ferromagnetic workpiece 17 is
determined by a comparison of an output of the first magnetic field sensor 98 and an
output of the second magnetic field sensor 88. A first spacing between the first
workpiece engagement surface 44 and the ferromagnetic workpiece 17 and a

second spacing between the second workpiece engagement surface 44 and the
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ferromagnetic workpiece 17 are determined by logic control circuit 23 to be generally
equal when the output of the first magnetic field sensor 98 and the output of the
second magnetic field sensor 98 satisfy a first criteria. In one example, the first
criteria is that the output of the first magnetic field sensor 98 is within a threshold
amount of the output of the second magnetic field sensor 98. An example threshold
amount is an absolute difference. In another example, the threshold amount is a
percentage difference. When the first criteria is satisfied, the workpiece engagement
surfaces 44 have generally equal spacing relative to the workpiece 17 (see FIG. 17).
When the first criteria is not satisfied, the workpiece engagement surfaces 44 are
angled relative to the workpiece 17 (see Fig. 18). If a third and fourth magnetic field
sensor are incorporated, such as shown in FIG. 14, an angle about a pitch axis (see
FIG. 19) may also be determined in addition to the angle about the roll axis depicted
in FIG. 18.

[00132] In addition to these tool status and workpiece detection capabilities, the
presence and specific location of at least two magnetic field sensors 98 in the
specified location near the pole shoes 38, provides more advanced feedback. This is
because situation-dependent, potentially uneven distribution of leakage flux around
the individual pole extension shoes can be sampled, compared and evaluated.
[00133] In embodiments, in the on state (equally applicable to a known partial
on state) of the magnetic flux source 15, if the workpiece engagement surfaces 44 of
the pole extension shoe 38 with the magnets’ North Poles has good contact with a
workpiece 17, but the pole extension shoe 38 with the magnets’ South Poles has
poor contact with the workpiece 17 (see FIG. 20), there will be more leakage flux on
the South Pole than the North Pole. The first magnetic field sensor 98 above the
North Pole and the first magnetic field sensor above the South Pole 98 are able to
detect this condition, and the sensor 98 above the South Pole will return a higher
reading than the sensor 98 above the North Pole. In one example, bidirectional Hall
Effect sensors are used for sensors 98. Therefore, by reading each sensor 98
separately and comparing the readings between them, logic control circuit 23 is able

to determine that the South Pole has poor contact on the workpiece 17. In
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embodiments, the logic control circuit has a functional block to perform such
evaluation, implementable in hardware and microprocessor software. In one
example, logic control circuit 23 determines the South Pole has poor contact when a
difference in the readings of the North Pole sensor 98 and the South Pole sensor 98
exceed a stored threshold amount.

[00134] In embodiments, logic control circuit 23 is configured to determine if a
placement of the first workpiece engagement surface 44 and the second workpiece
engagement surface 44 relative to the ferromagnetic workpiece 17 are within a target
zone 121 on the ferromagnetic workpiece 17 (see FIG. 21). In one example, the
placement of the first workpiece engagement surface 44 and the second workpiece
engagement surface 44 relative to the ferromagnetic workpiece 17 are determined
by logic control circuit 23 to be within the target zone 121 (FIGS. 21-23) of the
ferromagnetic workpiece 17 when both an output of the first magnetic field sensor 98
satisfies a first criteria and an output of the second magnetic field sensor 98 satisfies
a second criteria. An exemplary first criteria is that the output of the first magnetic
field sensor 98 is within a first range of magnetic flux values and an exemplary
second criteria is the output of the second magnetic field sensor 98 is within a
second range of magnetic flux values.

[00135] Referring to FIGS. 21-23, target zone 121 is illustrated. Workpiece 17
is illustrated as a sheet of material having a right end 125 and a left end 129. Target
zone 121 is the portion of workpiece 17 between a first offset 123 from the right end
125 of workpiece 17 and a second offset 127 from the left end 129 of workpiece 17.
In one example, as tool 10 approaches and/or exceeds second offset 127, the
leakage flux associated with the left pole extension shoe 38 is higher than the
leakage flux associated with the right pole extension shoe 38 due to the left pole
extension shoe approaching left end 129 of workpiece 17. In similar fashion, as tool
10 approaches and/or exceeds first offset 123, the leakage flux associated with the
right pole extension shoe 38 is higher than the leakage flux associated with the left
pole extension shoe 38 due to the right pole extension shoe approaching right end

125 of workpiece 17.  Although shown as a linear target zone 121, a two-
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dimensional target zone 121 may be defined for a length and a width of workpiece
17. In one example a calibration run is executed wherein tool 10 is placed at each of
first limit 123 (see FIG. 23) and second limit 127 (see Fig. 22) and the corresponding
leakage flux values for the magnetic flux sensors 98 at both limits are stored in
memory 33. The two leakage flux values stored for the first limit position (see FIG.
23) are stored in memory 33 as “Limiting Position 1”7 (two values, one for each
sensor 98). The two leakage flux values stored for the second limit position (see FIG.
22) are stored in memory 33 as “Limiting Position 2” (two values, one for each
sensor 98). In embodiments, the first range of the first criteria are the values
between and including Limiting Position 1 and Limiting Position 2 for one of the
magnetic field sensors 98 and the second range of the second criteria are the values
between and including Limiting Position 1 and Limiting Position 2 for the other of the
magnetic field sensors 98. Assuming the first range of values correspond to the left
side sensor 98 of unit 10 and the second range of values correspond to the right side
sensor 98 of unit 10, logic control circuit 23 determines that a left end of the tool 10 is
positioned outside of the target zone 121 when the second criteria is satisfied and
the first criteria is not satisfied and likewise that a right end of the tool 10 is
positioned outside of the target zone 121 when the first criteria is satisfied and the
second criteria is not satisfied.

[00136] In embodiments, using (storing) ‘Limiting Position 1’ and Limiting
Position 2’ calibrated values on memory 33 allows a tool user to calibrate the
workpiece present signal to only come on when a specific magnetic work circuit is
formed (if calibrated as the same position) or within a range of magnetic working
circuits (if calibrated as 2 different positions). The North and South pole signal
positions can either be the equivalent of the “max leakage” position of Limiting
Position 1/2 or it can be outside of that in a greater leakage position. These
calibrations are what allow for so called double blank detection (DBD) and part
specific or range specific confirmation. The freedom for the North and South pole
positions to be outside of the limiting positions is intended to give the user more

freedom, especially if they are landing near edges on thinner steel sheets.
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[00137] In embodiments, 1t is also possible to use this multisensory approach to
provide additional tool status data. In the above situation, beyond just comparing the
two sensor readings to determine a general state of the tool and the presence or
absence of a workpiece In proximity of the workpiece engagement surfaces of the
pole extension shoes, by taking more differentiated and precise magnetic field
measurements from each sensor when in closer proximity to the workpiece (i.e.
presence already detected, but proximity not yet quantified) and performing
calculations on the value of each sensor’s signal and the value of the difference
between the magnetometer readings, one can determine the orientation of the tool
relative to the workpiece, such as what angle a magnet gripper including the tool 10
is sitting relative to a flat steel workpiece.

[00138] Taking this even further, using calibration runs of tool 10 with respect to
a predefined workpiece having known parameters (size, shape, material, etc.) and
by storing into memory of the evaluation circuit data obtained from processing of
sensor output signals during the various calibration runs, it is possible to completely
determine the orientation and distance to a workpiece target surface relative to the
EOQAMT position, even before the pole extension shoes contact the workpiece, in
particular if additional magnetic field sensors are placed in locations other than the
ones previously specified, such as shown in FIG. 14. As the unit 10 emits leakage
flux in any state, even the off state, very sensitive sensors can respond to small
variations in the leakage flux emanating from the pole shoes at the sensor detection
surfaces in the off state. When an EOAMT in the off state or a known partial on state
approaches a workpiece, then, adequately sensitive magnetometers can indicate
proximity to component, and can deliver signals which are converted into control
signals for the robotic arm in acting as a sort of “vision” for an otherwise blind robot.
[00139] For example, assuming that a total of four magnetometers are present,
one at the flux detection surface of the North pole shoe and one at the flux detection
surface of the South pole shoe associated with the magnetic flux source, as
previously noted, and two additional sensors at other locations, such as shown in

FIG. 14, when moving the EOAMT towards the workpiece with one of the sensors
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moving closer (in absolute terms) than the others, leakage flux lines near that sensor
would increase in density, focusing themselves toward the workpiece. In bringing the
EOCAMT even closer to the workpiece (without changing spatial attitude and
translational direction of the housing component coupled to the end of the arm of the
robot, the flux lines would redistribute more intensely across the housing component,
with the density of flux lines on the nearest sensor being inversely proportional to the
distance between the sensor and the workpiece. This produces an even higher
reading in the magnetometer over the close-proximity sensor. By comparing the
close proximity magnetometer output to the signal output from the other 3
magnetometers, and by evaluating the data one can tell where and how close the
workpiece is to the working faces of the EOAMT, given the known spatial
relationships between the sensors and the working face of the pole extension shoes.
[00140] In performing accurate calculations on the outputs of the
magnetometers of the EOAMT, other functionalities can be enabled when the
magnetic flux source is switched on and contact is established with the workpiece.
There is a direct relationship between the amount of magnetic flux in a working
magnetic circuit, and the amount of physical force that the working magnetic circuit
can withstand, which in the case of a magnetic coupling tool corresponds to the
tool’s payload. As the leakage flux from a permanent magnet depends on how much
of the magnetic flux is ‘consumed’ (i.e. bound) in the primary working circuit, there is
a correlation between the leakage flux and the maximum payload that can be
sustained by the coupling tool. The microprocessor of the logic control circuit 23 is
programmed, in one embodiment, with the appropriate formulae and calibration runs
can be performed such that the combined readings of the magnetometers on the tool
can be used to derive a more exact holding force of the EOAMT than with known
devices. This could be used as a “safety check,” to make sure that the EOAMT is
able to lift the workpiece before being moved by the robot.

[00141] In all of these situations, the microprocessor of the logic control circuit
23 is responsible for accepting input from each of the magnetometers 98 of the

EOAMT and performing calculations and comparisons. The microprocessor then
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determines various tool states based upon the calculations. In embodiments, tool 10
communicates the determined tool states and feedback points to an external robot
controller 770 (see FIG. 25). This is handled by either the 24V 1/O or a
communications module 39. Once the feedback has been communicated to the
robot controller 770, the robot controller 770 is then able to adjust an orientation of
tool 10 and operation to address challenges or issues in operation.

[00142] It will be appreciated that the logic control circuit 23 comprises the
required components to perform isolation, filtering and ampilification of signals
provided by the sensors for processing by the on-board microprocessor of the
EOAMT 10.

[00143] In embodiments, the EOAMT 10 incorporates input devices 41 and
output devices 43. Exemplary input devices include buttons, switches, levers, dials,
touch displays, soft keys, and communication module 39. Exemplary output devices
include visual indicators, audio indicators, and communication module 39.
Exemplary visual indicators include displays, lights, and other visual systems.
Exemplary audio indicators include speakers and other suitable audio systems. In
embodiments, tool 10 includes simple visual status indicators, in the form of one or
more LEDs positioned behind LED window 106, which are driven by the
microprocessor of logic control circuit 23, to indicate when a predefined Tocl status
is present or absent (e.g. Red LED on when magnetic flux source 15 is off, Green
LED blinking fast when magnetic flux source 15 is on and proximity of target 17 is
detected, Green LED slower blinking with Yellow LED on when contacting target 17
outside intended specific area 121 on target 17 (e.g. partially complete magnetic
working circuit) and Yellow LED off with steady Green LED on, showing tool
engagement within threshold limits, showing safe magnetic coupling state.

[00144] Referring to the FIGS. 1-29, additional details regarding embodiments
of tool 10 are provided. Referring to FIGS. 1 and 2, an embodiment of tool 10 is
illustrated that can be integrated as an end of arm tool in a robotic material handling
apparatus 700 (see FIG. 25) by way of fastening structures 12, 14 which in this case

are threaded bores and a dowel bore in a housing component of tool 10 adapted to
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receive fastening bolts(not shown). Other arrangements / interfaces for securing tool
10 to a robotic arm 704 of robotic system 700 or other type of positioning apparatus
are known to the skilled person.

[00145] Tool 10 incorporates magnetic field detection sensors 98, as well as,
an on-board sensor output signal processing circuit with integrated microprocessor,
logic control circuit 23, which in turn provides a variety of tool status information data
that can be displayed visually and/or used by a controller770 of robotic system 700
to determine whether the tool 10 is in an on state, a partial on state, or off state;
whether the tool 10 has been positioned correctly {within predefined thresholds) on a
target zone 121 of a workpiece 17 (see FIG. 21); whether a safe magnetic working
circuit has been established between tool 10 and target workpiece 17; and also to
assist in positioning tool 10 by the robotic arm 704.

[00146] Tool 10 includes two subassemblies, a switchable permanent magnet
assembly 16 and an actuator and electronic sensor and feedback assembly 18. FIG.
3 is an exploded view of the entire tool 10, whereas FIGS. 4 and 5 respectively show
the permanent magnet assembly 16 and the actuator 54 and electronic sensor and
feedback assembly 18.

[00147] Referring to FIG. 4, an embodiment of a switchable permanent magnet
device 20 as described in US Patent 7,012,495 (Magswitch)

is illustrated. Switchable

permanent magnet device 20 is a modified version of an AR type Magswitch unit as
manufactured and sold by Magswitch Technology inc. Device 20 includes a
ferromagnetic steel housing 22, illustratively of rectangular foot print, essentially a
unitary rectangular prismatic body with an upper portion whose width is larger than a
lower portion with both portions having the same depth. In one embodiment,

housing 22 is a multi-piece housing. A circular bore 24 extends axially from the
bottom to the top of housing 22, with its axis coinciding with the intersection of the
width and depth symmetry planes of housing 22, so that a small web 26 of material
is left standing on opposite depth ends of housing 22, which subdivide housing 22 in

essentially magnetically isolated portions along the height of housing 22. The wall
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thickness of the width-ward housing portions 28 is substantial and sufficient to fully
carry magnetic flux provided by two cylindrical, diametrically magnetized rare earth
permanent magnets 30, 32 which are received in bore 24. A shunt plate 34 is
inserted to close the bottom end of bore 24. Bottom magnet 30 is fixed against
rotation in bore 24 in such an orientation that the N-S pole separation plane (p) of
magnet 30 bisects the web portions 26 and polarizes the opposite width-ward
housing portions with the respective N- and S-polarities of the dipole magnet 30. Top
magnet 32, despite having a hexagonal prism depression on its upper face to allow
for hexagonal prism drive shaft 36 to be inserted into it, has ideally and as far as
possible the same magnetization characteristics as lower magnet 30.

[00148] Two ferromagnetic pole shoes 38, illustratively of essentially
rectangular prismatic configuration (but for chamfered edges at an outside face), of a
material magnetically compatible with or the same as housing 22, are mounted to the
width-ward sides at the lower portion of housing 22 to complement the shape of the
upper portion of housing 22, using bolts 40 and locator pins 42. Pole shoes 38
preferably extend beyond a lower side 37 (see FIG. 3) of housing 22, but are
illustratively shown as generally flush with the lower side 37 of housing 22. Pole
shoes 38 define at a lower face respective workpiece engagement surfaces 44 which
in the illustrated embodiment are planar, but could be of different geometry and/or
contoured to form fittingly abut against a target surface of a workpiece 17 to be
magnetically coupled to and handled by tool 10. The fit of pole shoes 38 to the
receptacles defined at the lower portion of housing 22 is such as to minimize or
indeed essentially avoid magnetic circuit air gaps; in other words, the thick-walled
width-ward portions of housing 22 and the pole shoes 38 together form a magnetic
flux path from the magnets 30, 32 to the top and bottom axial end faces of housing
22.

[00149] As noted, the pole shoes 38 define at their lower terminal end the tool’s
workpiece engagement (or working) surface(s), whereas the top faces of the thick-
walled width-ward portions of housing 22 define what will herein be termed flux

detection surfaces 46. In absence of an external magnetic working circuit, and even
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when such is created, magnetic flux lines pass through both the workpiece
engagement surfaces 44 at pole shoes 38 and flux detection surfaces 46 of housing
22.

[00150] For further details on such switchable permanent magnet units 20,
compare Magswitch Technology technical information of its products which is
publically available, including magnetic rating of Magswitch AR devices. For
example, an AR 50 coupling unit has a max. workpiece break away rating of 249 kg
with a safe working load of 62 Kg and safe shear load of 31 Kg, the magnets having
a flux output to cause full saturation of a ferromagnetic workpiece having a thickness
of 9.5 mm and a bottom face footprint area of 52 x 64 mm.

[00151] Turning then to FIG. 5, the actuator and electronic sensor and
feedback assembly 18 (as identified in FIG. 2) is illustrated. Referring to FIGS. 3 and
5, assembly 18 comprises a four part housing assembly 48 whose parts serve
different functional purposes.

[00152] A lower rectangular-footprint actuator housing part 50 is made
(machined and/or cast) from aluminum and includes a rectangular depression 52
with a through passage opening towards the lower face of housing part 50, which
serves to house a rotary actuator 54.

[00153] Rotary actuator 54 has a torgue output shaft 56 which in the
assembled state of tool 10, in which lower housing part 50 is hermetically secured to
the top of the magnet assembly’s housing 22 using four fastening bolts 58 which
extend through four bores 59 in lower housing part 50 and engage with threaded
bores 60 on the top face of housing 22. Torque output shaft 56 is inserted into
hexagonal drive insert 36 present at the upper magnet 32. This enables actuator 54
to impart selective torque to rotate top magnet 32 in its housing 22 to turn the
switchable permanent magnet device 20 between the off state, the on state, and a
partial on state. Referring in this context to and as may be gleaned from FIG. 4, the
lines across the upper faces of both magnets 30, 32 represent the respective

separation planes of the North and South active poles of magnets 30, 32.
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[00154] When the north and south poles of both magnets 30, 32 are on the
same width-ward side of housing 22 such that the north pole of permanent magnet
32 completely overlaps the north pole of permanent magnet 30, device 20 is in the
on state, providing flux past workpiece engagement surfaces 44 at pole shoes 38
and flux detection surfaces 46 at housing 22. When the north and south poles of
both magnets are on the same width-ward side of housing 22 such that the north
pole of permanent magnet 32-only partially overlaps the north pole of permanent
magnet 30, device 20 is in the partial on state, providing flux past workpiece
engagement surfaces 44 at pole shoes 38 and flux detection surfaces 46 at housing
22. When the north and south pole of both magnets 30, 32 are on the opposite sides
(i.e. anti-aligned) such that the north pole of permanent magnet 32 completely
overlaps the south pole of permanent magnet 30, the device is in the off state and
flux is confined within the housing 22 and magnets 30, 32. Additional details on

exemplary actuation and sensing systems are provided in US Patent No. 7,012,495 .

[00155] Lower housing part 50 also includes two coupling conduits 62 through
which the actuator 54 receives hydraulic or pneumatic fluid, depending on the
actuator's make-up, to rotate its output shaft selectively to turn unit 20 on and off. In
one embodiment, actuator 54 is an electric actuator and receives power from robotic
system 700. Exemplary electric actuators include stepper motors. Reference
number 64 in FIGS. 3 and 5 references a flag and hard stop that are provided to limit
rotation and provide reference stops/positions for the upper magnet 32 of unit 20 in
the on state and the off state rotational orientations. Retractable pins may be
included to selectively provide reference stops for upper magnet 32 in various partial
on states.

[00156] In embodiments, logic control circuit 23 monitors the rotational position
of magnet 32 to verify that magnet 32 has been moved to the appropriate reference
position for known partial on states and the on state. In examples where actuator 54

is a stepper motor, logic control circuit 23 monitors a position signal from the stepper
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motor and compares that to a stored pasition value to determine if magnet 32 in in
the requested partial on or on state.

[00157] In embodiments, magnetic coupling device 10 includes a brake, such
as a frictional brake which may interact with a rotatable member coupled to
permanent magnet 32. The frictional brake may be actuated to maintain the current
position of rotatable member and hence the current position of permanent magnet
32.

[00158] In embodiments, actuator 54 is a stepper motor and the ability of the
stepper motar to hold its output shaft at a current position also holds permanent
magnet 32 at a current position and hence magnetic coupling device 10 in a current
state (on state, off state, partial on state).

[00159] An intermediate aluminum (or other non-ferromagnetic metallic)
housing part 66 of housing assembly 48 has a rectangular footprint and is secured to
the lower housing part 50 by the above mentioned fastening bolts 58. Intermediate
housing part 66 has a rectangular recess 68 with bores 69 on the width-ward ends of
recess 68 extending from top to bottom, with the width-ward end bores 69 locating
outside the rectangular depression 52 in lower housing part 50 and coinciding with
respective cylindrical passage channels 70 that extend either from the top to the
bottom face of lower housing part 50 or from the top to end a small distance from the
bottom face.

[00160] On top of intermediate housing part 66 is a rectangular frame-like
upper housing part 72, also made from non-ferromagnetic metal material, whose
upper open end is closed by a rectangular non-ferromagnetic cover plate 74 which
by way of four fastening screws 76 extending through bores 78 at the four corners of
upper housing part 72 is sandwiched in sealing manner between cover plate 74 and
intermediate housing part 66. It will be noted that two of the fastening screws 76
secure in threaded bores 80 on one width-ward side on the top of intermediate
housing part 66, whereas the other two fastening screws 76 are seated and secured
at two threaded bores 82 on a width-ward opposite side in a top block portion 84 of

lower housing part 50, so that all housing parts 50, 66, 72 and 74 of housing
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assembly 48 of actuator and electronic sensor and feedback assembly 18 secure
safely to one another.

[00161] Referring to FIG. 5, actuator and electronic sensor and feedback
assembly 18 further includes a magnetic field sensor and sensor signal processing
circuit unit 90 which is part of logic control circuit 23 and that will now be described
with reference to FIGS. 6 and 7. Unit 90 comprises two PCBs (printed circuit boards),
amain control PCB 92 and a magnetometer sensor PCB 94 comprising two leg
portions 96 which at their respective terminal ends each support / mount a magnetic
flux sensor 98 of Linear Hall Effect type as mentioned above.

[00162] Main control PCB 92 includes a microcontroller (not illustrated
separately), an M12 electronic connector 100 for interfacing I/0 signals to/from the
sensors and microcontroller with external equipment, and a board-to-board
connector 102 on its underside for coupling with a complimentary board-to-board
connector 104 located in the horizontal leg of PCB 94; connector 102 and 104 serve,
beyond providing a mechanical connection between the PCBs, to conduct signals
between electronic components on the respective boards, as is known in industry.
[00163] Referring to FIG. 3, main control PCB 92 will locate and be secured in
the assembled state of upper housing assembly 48 within frame-like upper housing
part 72, the board-to-board connectors 102 and 104 will come to locate within the
rectangular through-passage 68 of intermediate housing part 66, and the leg portions
96 of magnetometer sensor board PCB 94 will extend past rectangular through-
passage 68 of intermediate housing part 66 into the two cylindrical passage
channels 70 in lower housing part 50. The overall arrangement ensures that the Hall
Effect sensors 98 of PCB 94 will come to be securely located in a defined position a
small distance away from the flux detection surfaces 46 of housing 22. In essence,
this arrangement ensures that one magnetic flux sensor 98 of magnetometer sensor
board PCB 94 is positioned over the North Pole of the switchable permanent magnet
device 20 (one of the pole extension shoes 38), and the other sensor 98 is

positioned over the South Pole (one of the pole extension shoes 38).

48

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

[00164] The magnetic field sensor and sensor signal processing circuit unit 90
has a layout and electronic components that allow magnetic flux signals to be sent
electrically from sensors 98 to the microcontraller/processor on the main PCB 92
where these signals can be conditioned and information embedded in the signal can
then be processed by the microcontroller through a series of algorithms to provide
tool state feedback via an M12 electronic connector 100 which is secured to cover
plate 74 using M12 pressed screw connector 105 used for attaching an M12 cable
assembly to the M12 electrical connector 100 linked to the microcontroller.

[00165] Main PCB 92 may incorporate one or more output devices 144,
illustratively LEDs, that receive status signals from the microcontroller/processor to
provide a visual representation of certain tool states, beyond using the signals for an
external control device. These tool states can be appreciated visually by an operator
through an LED window 106 present in a wall of the frame-like upper housing part
72. The tool states will in any event include: magnet unit 20 of switchable permanent
magnet assembly 16 on or off, North Pole pole shoe 38 (i.e. its workpiece
engagement surface 44) on target or not (within settable thresholds, as explained
below), which is indicative of the north pole shoe having a good magnetic hold on the
workpiece), South Pole pole shoe 38 (i.e. its workpiece engagement surface 44) on
target or not (within settable thresholds, as explained below), which is indicative of
the south pole shoe having a good hold on the workpiece), and workpiece presence
with overall good pull force exertion (both pole have good contact on the warkpiece).
[00166] In an exemplary embodiment, the following operations were handled by
tool 10: (1) Microprocessor (having an ADC unit) used to read magnetic sensor
values; (2) Microprocessor used to read multiple sensors values; (3) Sensor readings
used to light up tool status indication LEDs at certain sensor values; (4) Sensor
readings used to light up an LED for the tool being On/Off; (5) an averaging function
was created on the microprocessor to averages the sensor values; (6) A calibration
function was created incorporating the averaging function to determine the on values
for the sensors; and (7) The calibrated values from the calibration function were used

to determine if the poles were off target, outside the target zone 121. In this
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exemplary embodiment of the EOAMT 10, a STM320F038 Discovery board was
initially used followed by a custom designed main PCB board using
STM32F030R8TE, and software coded and uploaded into memory of the processor,
to perform the tool's functional settings, including calibration of the tool's sensors and
controller.

[00167] An exemplary calibration procedure for the tool 10 includes placing the
tool with its two workpiece engagement surfaces 44 against a workpiece 17 to be
handled by the tool 10, in varying positions, multiple sampling of magnetic field
sensor data at the sensors 98 located in close proximity to the flux detection
surfaces 46 of the magnet unit's housing for each of the varying positions, averaging
of sampled data, and storing threshold values in memory 33 against which live
sensor data sampled during operation of the tool can be compared to determine tool
status. To this end, the STM320F038 Discovery board was configured to allow
toggling of data input. A three step calibration procedure then includes, in the
specified order:

1. Toggle the calibration input of input devices 41 (see FIG. 13).

a. Now the tool is in calibration mode.
b. Wait for the power LED to stop flashing.

2. Place the tool with its workpiece engagement surfaces against a workpiece
with ‘ideal’ contact and turn on the magnetic flux unit to an on state or
alternatively to a known partial on state.

3. Toggle the calibration input.

a. Wait for the power LED to stop flashing.
b. Once the power LED stops flashing, turn off the magnetic flux unit of
the tool.

4. Orient the tool with its workpiece engagement surfaces on the workpiece so
that the S-Pole pole shoe is at the extent of what a tool operator (user) wants
to be the on target value and turn the unit on to an on state or alternatively to
a known partial on state.

5. Toggle the calibration input.
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a. Wait for the power LED to stop flashing.

b. Once the power LED stops flashing, turn off the tool's magnetic flux
source.

6. Orient the tool on the part so that the N-Pole pole shoe is at the extent of what
the user wants to be the on target value and turn the unit on to an on state or
alternatively to a known partial on state.

7. Toggle the calibration input.

a. Wait for the power LED to stop flashing.

b. Once the power LED stops flashing, turn off the unit.

8. Once the power LED stops flashing, the tool will go back into sensing mode.

At this point in time, the state outputs of the tool should be functioning properly for
the on state or known partial on state that was calibrated. If this is not the case,
repeat the calibration steps.

[00168] Sensitivity inputs can be added to the firmware as well so that the user
can adjust to be more or less sensitive from the calibrated values.

[00169] Another functionality which the tool with its on-board sensor array and
signal pracessing logic can deliver is a so-called ‘double blank’ monitoring
functionality, which is useful when magnetic coupling device 10 is used to de-stack
ferromagnetic sheet blanks or partially shaped sheet material components from a
staple (e.g. for transfer of the blanks between or to a blank drawing or molding
station). This functionality includes a calibration of the tool as follows:

1. Toggle the calibration input.

a. Now the user is in calibration mode.

b. Wait for the power LED to stop flashing.

c. Place the tool with its pole shoes on one sheet of steel with ideal
contact and turn on to an on state or alternatively to a known partial on
state the magnetic flux source of the tool (Note: this step is required
each time the user changes sheet material thicknesses).

2. Toggle the calibration input.

a. Wait for the power LED to stop flashing.
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b. Once the power LED stops flashing, turn off the unit.
3. Once the power LED stops flashing, the tool will go back into normal sensing
mode.

At this point in time, the state outputs of the tool should be functioning
properly. If this is not the case, repeat the calibration steps. I in a subsequent
operation, the sensed leakage flux for the calibrated on state or partial on state is
less than the stored calibrated value by a threshold amount (absolute or percentage)
then tool 10 may be coupled to multiple workpieces instead of a single workpiece.
[00170] As mentioned herein other configurations of magnets may be used in
place of permanent magnets 30, 32. Referring to FIGS. 26-30, an exemplary
switchable permanent magnet assembly 200 of the present disclosure is
represented. Switchable permanent magnet assembly 200 may replace magnetic
flux source 15. Further, permanent magnet assembly 200 is placed in a non-ferrous
housing, as opposed to houéing 22 for magnetic coupling device 10. As explained in
more detail herein pole portions 250 of permanent magnet system 200 are located at
a lower side of the housing and contact workpiece 17 (see FIGS. 29 and 30) or have
pole extension members positioned directly below pole portions 250 and contacting
workpiece 17.

[00171] Switchable permanent magnet assembly 200 includes an upper platter
212 and a lower platter 214 to be placed in housing 22. Each of platters 212 and
214 include a plurality of spaced-apart permanent magnets 230 and a plurality of
pole portions 250. Each of the plurality of spaced-apart permanent magnets 230 are
illustratively shown as a single permanent magnet, but may comprise multiple
permanent magnets and/or at least one permanent magnet positioned within a
housing. Exemplary platters are provided in US Patent No. 7,161 ,451 and German
Utility Model DE202016006696U1 .

[00172] Returning to the example of FIGS. 26-30, each permanent magnet 230
has a north pole side 232 and a south pole side 234. The permanent magnets 230

and pole portions 250 of platter 212 and of platter 214 are each arranged to form a
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closed shape wherein one of pole portions 250 is positioned between two of
permanent magnets 230. Further, the permanent magnets 230 are arranged so that
each of the two permanent magnets 230 contacting the pole portion 250
therebetween have either their north pole sides or their south pole sides contacting
the pole portion 250. When the north pole sides of the adjacent permanent magnets
230 are contacting a pole portion 250, the pole portion 250 is referred to as a north
pole portion. When the south pole sides of the adjacent permanent magnets 230 are
contacting a pole portion 250, the pole portion 250 is referred to as a south pole
portion.

[00173] Each of upper platter 212 and lower platter 214 includes an equal and
even number of permanent magnet 230 and an equal number of pole portions 250.
In one embodiment, in each of upper platter 212 and lower platter 214, permanent
magnets 230 and pole portions 250 are arranged in a circular configuration.

[00174] In embodiments, lower platter 214, like magnet 30 in tool 10, is held
stationary relative to the housing containing lower platter 214 and upper platter 212,
like magnet 32 in tool 10, rotates relative to lower platter 214. Upper platter 212 is
rotatable in directions 290, 292 about a central axis 294 relative to lower platter 214
to alter an alignment of the permanent magnets 230 and pole portions 250 of upper
platter 212 relative to the permanent magnets 230 and pole portions 250 of lower
platter 214.

[00175] Switchable permanent magnet assembly 200 is considered to be in an
on state when the south pole portions 250 of lower platter 214 are aligned with the
south pole portions 250 of upper platter 212 and the north pole portions 250 of lower
platter 214 are aligned with the north pole portions 250 of upper platter 212. In the
on-state, a workpiece is held by magnetic coupling device 10 due to a completion of
a magnetic circuit from the aligned north pole portions 250 of upper platter 212 and
lower platter 214, through the workpiece, and to the aligned south pole portions 250
of upper platter 212 and 214.

[00176] Switchable permanent magnet assembly 200 is considered to be in an

off state when the south pole portions 250 of lower platter 214 are aligned with the
53

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

north pole portions 250 of upper platter 212 and the north pole portions 250 of lower
platter 214 are aligned with the south pole portions 250 of upper platter 212. In the
off state, a workpiece is not held by magnetic coupling device 10 due to a completion
of a magnetic circuit within upper platter 212 and lower platter 214 from the aligned
north pole portions 250 of upper platter 212 to the south pole portions 250 of lower
platter 214 and from the aligned north pole portions of upper platter 212 to the south
pole portions 250 of lower platter 214.

[00177] Switchable permanent magnet assembly 200 is considered to be in a
partial on state when the south pole portions 250 of upper platter 212 are partially
overlapping the north pole portions 250 of lower platter 214 and the north pole
portions 250 of upper platter 212 are partially overlapping the south pole portions
250 of lower platter 214. When in the partial on state, a workpiece may be held by
magnetic coupling device 10 due to a completion of a magnetic circuit from the
overlapping north pole portions 250 of upper platter 212 and lower platter 214,
through the workpiece 27, and to the overlapping south pole portions 250 of upper
platter 212 and lower platter 214. The strength of the magnetic circuit increases as
the degree of overlap of the overlapping north pole portions 250 of upper platter 212
and lower platter 214 and the overlapping south pole portions 250 of upper platter
212 and lower platter 214 increases.

[00178] Referring to FIG. 26, upper platter 212 is illustrated. Upper platter 212
includes a cylindrical base component 220 having a central aperture 222 and a
plurality of radially extending apertures 224. Each of the radially extending apertures
224 is sized and shaped to receive a permanent magnet 230. Each permanent
magnet 230 has a north side 232, a south side 234, a radially inward facing side 236,
a radially outward facing side 238, a top 240, and a bottom.

[00179] Referring to FIG. 27, a top view of upper platter 212 is shown.
Cylindrical base component 220 surrounds each of north sides 232, south sides 234,
radially inward facing side 136, and radially outward facing side 138 of permanent
magnet 230. In one embodiment, apertures 224 are not through apertures, but

rather blind depth apertures from the bottom side of cylindrical base component 220
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and hence cylindrical base component 220 would also surround top 240 of pole
portions 250. In the illustrated embodiment, cylindrical base component 220 is a
single integral component. In one embodiment, cylindrical base component 220 is
comprised of two or more components joined together.

[00180] As shown in FIG. 27, permanent magnets 230 are arranged so that the
north sides 232 of adjacent magnets are facing each other and the south sides 234
of adjacent magnets 230 are facing each other. This arrangement results in the
portions 250 of cylindrical base component 220 between permanent magnet 230 to
act as pole extensions for permanent magnet 230. In embodiments, base
component 220 and hence pole portions 250 are made of steel. Other suitable
ferromagnetic materials may be used for base component 220.

[00181] Referring to FIG. 28, upper platter 212 is shown exploded relative to
lower platter lower platter 214. Lower platter 214 is generally identical to upper
platter 212. Upper platter 212 may be rotated relative to lower platter 214 to place
switchable permanent magnet assembly 200 in an on state, a partial on state, or an
off state.

[00182] Referring to FIG. 29, upper platter 212 and lower platter 214 are
arranged in an on-state wherein the south pole portions 250 of upper platter 212 are
adjacent the south pole portions 250 of lower platter 214 and the north pole portions
250 of upper platter 212 are adjacent the north pole portions 250 of lower platter
214. In the on-state, a workpiece 27 being made from a ferromagnetic material is
held by magnetic coupling device including the upper and lower platters 212, 214
due to a completion of a magnetic circuit from the aligned north pole portions 250 of
upper platter 212 and lower platter 214, through the workpiece 27, and to the aligned
south pole portions 250 of upper platter 212 and lower platter 214. The lower
surfaces of north and south pole portions 250 form the workpiece contact interfaces.
Alternatively, instances of pole shoes 38, although of different shape than in FIG. 1,
may positioned between the lower surfaces of north and south pole portions 250 and
the workpiece 17 to provide the workpiece contact interfaces 44 with workpiece 17.

Further, sensors 98 may be positioned adjacent various ones of north pole and south
55

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

pole portions 250. In embodiments, at least one of the north pole portions 250 and
at least one of the south pole portions 250 has a sensor 98 associated therewith to
monitor the leakage flux associated with the respective north pole portion and the
respective south pole portion. As shown in FIG. 27, a first sensor 98 may be placed
proximate to a north pole portion 250, such as directly over north pole portion 250 or
radially outward of north pole portion 250, and a second sensor 98 may be placed
proximate to a south pole portion 250, such as directly over south pole portion 250 or
radially outward of south pole portion 250. Logic control circuit 23 may perform
calibration runs for permanent magnet assembly 200 in a similar fashion as
described herein for magnetic coupling device 10 to store sensor values for
determining operating states of the device including permanent magnet assembly
200.

[00183] Referring to FIG. 30, upper platter 212 and lower platter 214 are
arranged in an off-state when the south pole portions 250 of upper platter 212 are
adjacent the north pole portions 250 of lower platter 214 and the north pole portions
250 of upper platter 212 are adjacent the south pole portions 250 of lower platter
214. In the off-state, a workpiece 27 being made from a ferromagnetic material is
not held by magnetic coupling device including the upper and lower platters 212, 214
due to a completion of a magnetic circuit between the aligned south pole portions
250 of upper platter 212 and the north pole portions 250 of lower platter 214 and
between the aligned north pole portions 250 of upper platter 212 and the south pole
portions 250 of lower platter 214. In other words, platters 212 and 214 shunt the
magnetic circuit within the pole portions 150 causing the external magnetic field to
collapse. Upper platter 212 and lower platter 214 may also be arranged to provide
one or more partial on states of the magnetic coupling device including upper platter
212 and lower platter 214.

[00184] As mentioned herein other configurations of magnets may be used in
place of permanent magnets 30, 32. Referring to FIGS. 31-33, an exemplary
switchable permanent magnet assembly 300 of the present disclosure is

represented. Switchable permanent magnet assembly 300 may replace magnetic
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flux source 15. Further, permanent magnet assembly 300 is placed in a non-ferrous
housing, as opposed to housing 22 for magnetic coupling device 10. As explained in
more detail herein pole portions 350 of permanent magnet system 300 are located at
a lower side of the housing and contact workpiece 17 or have pole extension
members 340 (see FIGS. 31-33) positioned directly below pole portions 350 and
contacting workpiece 17.

[00185] Switchable permanent magnet assembly 300 includes an upper
assembly 312 and a lower assembly 314. Each of assemblies 312 and 314 include
a plurality of spaced-apart permanent magnets 330 and a plurality of pole portions
350. Each of the plurality of spaced-apart permanent magnets 330 are illustratively
shown as a single permanent magnet, but may comprise multiple permanent
magnets and/or at least one permanent magnet positioned within a housing.

[00186] Each permanent magnet 330 has a north pole side (N) and a south
pole side (S). The permanent magnets 330 and pole portions 350 of assembly 312
and of assembly 314 are each arranged in a linear array wherein one of pole
portions 350 is positioned between two of permanent magnets 330. Further, the
permanent magnets 330 are arranged so that each of the two permanent magnets
330 contacting the pole portion 350 therebetween have either their north pole sides
(N) or their south pole sides (S) contacting the pole portion 350. When the north
pole sides (N) of the adjacent permanent magnets 330 are contacting a pole portion
350, the pole portion 350 is referred to as a north pole portion. When the south pole
sides (S) of the adjacent permanent magnets 330 are contacting a pole portion 350,
the pole portion 350 is referred to as a south pole portion.

[00187] In embodiments, lower assembly 314, like magnet 30 in tool 10, is held
stationary relative to the housing containing lower assembly 314 and upper
assembly 312, like magnet 32 in tool 10, rotates relative to lower assembly 314.
Upper assembly 312 is translatable relative to lower assembly 314 in directions 390
and 392 to alter an alignment of the permanent magnets 330 and pole portions 350
of upper assembly 312 relative to the permanent magnets 330 and pole portions 350

of lower assembly 314. Permanent magnets 330 of lower assembly 312 are spaced
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apart from workpiece 17 due to pole shoes 340 coupled to pole portions 350.
Alternatively, pole portions may be extended to provide the spacing. Additionally, a
spacer (not shown) is provided between the permanent magnets of upper assembly
312 and lower assembly 314.

[00188] Switchable permanent magnet assembly 300 is considered to be in an
on state when the south pole portions 350 of lower assembly 314 are aligned with
the south pole portions 350 of upper assembly 312 and the north pole portions 350
of lower assembly 314 are aligned with the north pole portions 350 of upper
assembly 312 (see FIG. 20). In the on-state, workpiece 17 is held by switchable
permanent magnet assembly 300 due to a completion of a magnetic circuit from the
aligned north pole portions 350 of upper assembly 312 and lower assembly 314,
through the workpiece 27, and to the aligned south pole portions 350 of upper
assembly 312 and lower assembly 314.

[00189] Switchable permanent magnet assembly 300 is considered to be in an
off state when the south pole portions 350 of lower assembly 314 are aligned with
the north pole portions 350 of upper assembly 312 and the north pole portions 350 of
lower assembly 314 are aligned with the south pole portions 350 of upper assembly
312 (see FIG. 22). In the off state, a workpiece 17 is not held by switchable
permanent magnet assembly 300 due to a completion of a magnetic circuit within
upper assembly 312 and lower assembly 314 from the aligned north pole portions
350 of upper assembly 312 to the south pole portions 350 of lower assembly 314
and from the aligned north pole portions of upper assembly 312 to the south pole
portions 350 of lower assembly 314.

[00190] Switchable permanent magnet assembly 300 is considered to be in a
partial on state when the south pole portions 350 of upper assembly 312 are partially
overlapping the north pole portions 350 of lower assembly 314 and the north pole
portions 350 of upper assembly 312 are partially overlapping the south pole portions
350 of lower assembly 314. When in the partial on state, a workpiece 17 may be
held by switchable permanent magnet assembly 300 due to a completion of a

magnetic circuit from the overlapping north pole portions 350 of upper assembly 312
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and lower assembly 314, through the workpiece 17, and to the overlapping south
pole portions 350 of upper assembly 312 and lower assembly 314. The strength of
the magnetic circuit increases as the degree of overlap of the overlapping north pole
portions 350 of upper assembly 312 and lower assembly 314 and the overlapping
south pole portions 350 of upper assembly 312 and lower assembly 314 increases.
[00191] Further, sensors 98 may be pasitioned adjacent various ones of north
pole and south pole portions 350. In embodiments, at least one of the north pole
portions 350 and at least one of the south pole portions 350 has a sensor 98
associated therewith to monitor the leakage flux associated with the respective north
pole portion and the respective south pole portion. As shown in FIG. 31, a first
sensor 98 may be placed proximate to a north pole portion 350, such as directly over
north pole portion 350 or radially outward of north pole portion 350, and a second
sensor 98 may be placed proximate to a south pole portion 350, such as directly
over south pole portion 350 or radially outward of south pole portion 350. Logic
control circuit 23 may perform calibration runs for permanent magnet assembly 300
in a similar fashion as described herein for magnetic coupling device 10 to store
sensor values for determining operating states of the device including permanent
magnet assembly 200.

[00192] Referring to FIGS. 8-12, in embodiments, magnetic coupling tool 10
includes degaussing functionality for removing residual magnetism following
handling of workpieces using magnetic coupling tool 10.

[00193] In an exemplary embodiment, magnetic coupling device 10 includes an
on-off switchable di-pole magnetic flux source 15; a first housing component 22 in
which is received the magnetic flux source 15; and a pair of magnetic pole extension
shoes 38 having each a workpiece engagement surface 44. The pole extension
shoes 38 are mounted to the first housing component 22 such as to receive
magnetic flux from the magnetic flux source 15 and make such available at the
workpiece engagement surfaces 44. At least one magnetic field sensors 98, but
preferably a number of first magnetic field detection sensors equal in number to the

number of pole extension shoes and/or workpiece engagement surfaces, are located
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a predetermined distance away but in close proximity to a flux detection surface 46
preferably at an end opposite the workpiece engagement surface 44 of an
associated one of the pole extension shoes. A pair of degaussing electrical windings
110, one each wound about a section of an associated one of the two magnetic pole
extension shoes 38, are provided. Logic control circuit 23 is further operative to (i)
receive an output signal from the at least one magnetic field detection sensor and
determine from said output signal(s) an operating state of the tool indicative of the
magnetic flux source being switched off, (ii) in such event switch-on an electric power
supply to the degaussing electrical windings and (iii) perform a degaussing cycle
wherein the degaussing electrical windings generate an oscillating and alternating
magnetic field over a predetermined time.

[00194] In embodiments, the degaussing electrical windings 110 and
exchangeable pole extension shoe members 38 form modular units attachable to the
first housing component 29, wherein the pole extension shoe members 38 form part
of a magnetic flux delivery circuit of the EOAMT 10 when used in magnetically
coupling the EOAMT 10 with a workpiece 17, as well as, form part with the
degaussing windings 110 of an electromagnet which is operated in a degaussing
cycle during degaussing of the workpiece 17.

[00195] In embodiments, the logic control circuit 23 is devised such that the
degaussing cycle will be performed immediately before magnetic coupling device 10
is removed from a workpiece 17 that has previously been handled with magnetic
coupling device 10, i.e. when magnetic coupling device 10 is stationary with the
workpiece engagement surfaces 44 at the workpiece 17 and the magnetic flux
source 15 has been turned off to effect decoupling. By performing the degaussing
cycle at that stage, the pole shoes 38 of magnetic coupling device 10 will act as
conduits to focus the degaussing operation to the workpiece area which in the first
place will exhibit the magnetic remanence after placing magnetic coupling device 10
in the off state.

[00196] In embodiments, the pole extension shoes 38 are comprised of at least

two components, a first pole extension member 38a secured in removable manner to
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the first housing component and a second pole extension member 38b removably
secured in extension to the first member and defining the workpiece engagement
surface 44, wherein the degaussing electrical windings 110 encircle a section of the
second pole extension member 38b. This two-part pole shoe lay-out enables the
EOAMT 10 to be deployed with or without degaussing functionality, by allowing
simple decoupling of the second pole extension member 38b from the first pole
extension member 38a, whereby the first pole shoe member 38a will then exhibit /
provide the workpiece engagement surface 44. Equally, it allows the second pole
shoe member 38b to be exchangeable so as to provide a workpiece engagement
surface 44 that is optimized to the geometry of the workpiece 17.

[00197] In embodiments, the pole shoes 38 have, in the section covered by the
degaussing windings 110, a cross section sufficient to direct a substantial and
preferably all of the magnetic flux generated upon the degaussing windings 110
being energized, to the workpiece engagement surface 44. This ensures that all of
the magnetic flux provided by the degaussing windings 110 is effectively used in
performing degaussing of the workpiece 17 at the contact zone with the pole
extension shoes 38. It is of course also possible for the pole shoes 38 to have in the
section covered by the degaussing windings 110, a cross section sufficient to direct
a substantial portion (but not all) of the magnetic flux generated upon being
energized, to the workpiece engagement surface 44 and generate magnetic flux
leakage around the workpiece engagement surface 44. This measure will assist in
degaussing zones outside the immediate contact zone between pole extension
shoes and workpiece.

[00198] In embodiments, the logic control circuit 23 further includes an AC
driver (hardware or software) for generating a pulse width modulated (PWM) current
which as explained in more detail herein is supplied to the degaussing windings 110.
Further, in embodiments, functional blocks of the logic control circuit 23 for
performing the degaussing cycle.

[00199] In embodiments, the degaussing windings 110, in being wrapped about

(i.e. encircling) a section of the ferromagnetic pole extension shoes 38, effectively
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create an electromagnet. The control circuit and the microprocessor of logic control
circuit 23 are configured such that the electromagnets are driven to alternate the
polarity and magnitude beneath the poles shoes 38. The pole shoes 38 always have
their fields in opposite directions during normal (coupling) use of the tool. For
different size tools, the parameters of the electromagnets are changed to correlate
the strength of the magnetic field to that of the switchable permanent magnet unit
deployed in the magnetic coupling device 10 to overcome the residual magnetic field
that is left in the workpiece without creating a new residual field.

[00200] The two electromagnets performing the degaussing function can be
controlled using a typical DC motor driver. In order to minimize the residual
magnetism left in the workpiece 17, an alternating magnetic field that decreases in
magnitude is used. The alternating magnetic field is controlled by the microcontroller
(through the dedicated DC motor drive chip) with a pulse width modulated (PWM)
waveform and a direction pin. The direction pin is what alternates the direction of the
current supplied to the degaussing windings (coils). The PWM waveform is what
controls the actual magnetic field seen through the electromagnets.

[00201] There are a number of parameters that affect the PWM waveform, and
in turn, the magnetic field, such as frequency, duty cycle, and amplitude. Workpieces
17 with different geometries and steel compositions require different parameters to
properly degauss. Therefore, the control circuit can either be provided with suitable
memory banks for storing pre-defined parameter tables accessible to the programed
microprocessar, or alternatively customized data can be stored which is sampled
during calibration runs during which the parameters are cycled and changed, the
residual magnetism of the workpiece measured and then an ‘optimal’ set of
parameters for a PWM waveform determined, that achieves a desired degaussing
level of the specific workpiece. Exemplary hardware circulits for achieving various
forms of PWM drivers are provided in US Patent No. 3,895,270 and 4,384,313,
although more generic circuits coupled to a programmable microprocessor may also

be employed.

62

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

[00202] Tuming to the Figures exemplary embodiments are illustrated.
Referring to FIGS. 8-11, an exemplary embodiment of magnetic coupling device 10
including degaussing functionality is illustrated. Pole shoes 38 include degaussing
windings 110 wrapped around each pole shoe 38.

[00203] Multi-piece ferromagnetic pole extension shoes 38 are provided. Pole
shoes 38 are mounted to the width-ward recessed sides at the lower portion of
housing 22 using a pair of fastening screws 40. Pole shoes 38 include an essentially
rectangular prismatic first member 38a having chamfered edges along its height,
which are mounted to the width-ward sides at the lower portion of housing 22 and
complement the shape of the upper portion of housing 22, and a rectangular plate-
like second member 38b secured by fastening screws 38c¢ at the lower terminal ends
of upright shoe member 38a. Alternative shapes of pole shoes 38" may be used.
[00204] The pole extension shoes 38 define at a lower face (i.e. at the second
member 38b) respective workpiece engagement surfaces 44 which in the illustrated
embodiment are planar, but could be of different geometry and/or contoured to form
fittingly abut against a curved or uneven target surface of a workpiece to be
magnetically coupled to and handled by tool 10. The fit of pole shoes members 38a
to the receptacles defined at the lower portion of housing 22 is such as to minimize
or indeed essentially avoid magnetic circuit air gaps; in other words, the thick-walled
width-ward portions of housing 22 and the pole shoes 38’ together form a magnetic
flux path from the magnets 30, 32 to the top axial end faces of housing 22 and the
lower end of pole shoes 38.

[00205] Referring to FIG. 11, an exploded view of degauss assembly 110 is
illustrated. Degauss assembly 110 includes an electric degaussing winding or coll
114 wound about a bobbin 112, with a 2-wire ribbon cable 116 for connection to a
control circuit as will be explained below. Coil 114 and bobbin 112 are received
within top bobbin cover 118 made of non-ferromagnetic steel or other material,
whereby ribbon cable 116 passes through an opening in the top wall of bobbin cover
118. Bottom bobbin cover 120 is then fastened to top bobbin cover 118 via fasteners

122.
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[00206] The above mentioned pole extension shoe 38 of the switchable
permanent magnet unit 20 is then incorporated into the degaussing module by
sliding rectangular prismatic pole shoe component 38a through an appropriately and
correspondingly shaped opening in the middle of bottom bobbin cover 120 to extend
through bobbin 112 and protrude past the complementary opening in top baobbin
cover 118. The customizable pole extension shoe component 38b, which provides
the workpiece engagement surface 44, is either already attached to the lower axial
end of pole shoe component 38a using fasteners 38¢, or can be secured afterwards,
and comes to abut against the lower bobbin cover plate 120. As previously noted,
pole extension shoe component 38a and degaussing coil 114 effectively provide a
dedicated electromagnet for performing the degaussing cycle.

[00207] Now referencing FIG. 10, each 2-wire ribbon cable 116 is routed
through dedicated degauss wire routing bores 124 extending through the upper
portion of housing 22 on either width-ward side of cylindrical bore 24, and the two
degauss modules 110 are then attached to housing 22 of switchable magnet unit 20
through the above mentioned fastening bolts 40, thus also securing the pole
extension shoes 38 to the unit 22 and thus providing for completion of the switchable
magnetic flux source used in normal operation of the tool 10 to attach to a
workpiece.

[00208] The logic control circuit 23, in particular main PCB 92 incorporates the
necessary hardware and software required for operating the degauss modules 110,
in particular for generating the degaussing AC (and controlling its waveform) that is
sent through the degaussing coils 114. The 2-wire ribbon cables 116 of degaussing
modules 110 attach to sockets at pole board PCB 94 which is connected to main
control board PCB 92 via board-to-board connectors 102, 104.

[00209] Current (which given it is PWM-modulated can appropriately also be
described as an operating signal for the degaussing coils 114) going through the
ribbon cables 116 to the coils 114 is controlled via the microcontroller and a motor
driver on the main control PCB 92. These signals are controlled via a PWM

waveform from the microcontroller to provide a high frequency AC signal. The
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degaussing PWM and direction pin work by alternating positive/negative between the
North and South poles and decreasing the magnitude each period. Depending on
the material composition and geometry of the workpiece being degaussed, different
waveform parameters need to be changed including, but not limited to, frequency,
magnitude, and shape.
[00210] The PVWM signals effectively create a rapidly changing magnetic
degaussing circuit with the workpiece which eliminates the residual magnetism.
Exemplary processes are disclosed herein.
[00211] As regards degaussing coils 114, the wire gage, length, and number of
windings (as well as how far those winding are from the pole extension shoe (or core
of the electromagnet) of the coil affect the inductance and resistance of the coils.
The changes in inductance and resistance affect the ramp up time of the coils, which
means different coils (different size units) need different series of PWM waveforms.
The ideal ramp up time can be calculated to determine the appropriate frequency. In
general, larger degaussing units require more coil mass, which increases the ramp
up time meaning that larger units will take longer to degauss.
[00212] The way the coils are wired also has an effect on the inductance and
resistance of the cails. If the coils are wired in series the resistance is roughly double
that of when they are in parallel. Thus, the way the coils are wired also has an effect
on the PWM waveform.
[00213] In embodiments, five parameters are used by the logic control circuit 23
to alter the operation of degaussing coils 114. These parameters include (a)
Prescaler. The prescaler divides the counter clock frequency from the main clock of
the main PCB board’s STM32F030R8T6. 240 has been the standard used for
consistency (when the period is set to 200 the frequency for each pulse is 1 kHz );
(b) Period: The period for each individual pulse (positive integer with 1 unit = 5 ps
when prescaler set to 240); (c) Steps: The number of pulses at each amplitude
(positive integer); (d) Cycles: The number of amplitudes used to degauss (positive
integer); and (e) Amplitude: The maximum duty cycle used to degauss (float with
0<x<1).
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[00214]

noted though that the step function could be replaced with other type of functions

An exemplary degauss waveform is shown in FIG. 12. It should be

that seek to mimic a sine wave form more closely. The following is the list of
parameters used to create the waveform of FIG. 12: (a) Period: 10 (1 time unit on
this graph = 5 us when the prescaler is set to 240); (b) Steps: 3 (Note that there are
3 positive steps and 3 negative steps per cycle); (c) Cycles: 3 (Note that the
waveform goes positive and then negative a total of 3 times. Further note that the
number of cycles is equivalent to the number of different magnitudes); (d) Amplitude:
0.9 (Note that the maximum duty cycle is 0.9 and that the average waveform
magnitude is equal to the duty cycle/amplitude. Further note that the magnitudes are
determined from the maximum amplitude divided by the number of cycles 0.9/3 = 0.3
(1st Cycle = £0.9; 2nd Cycle = £ 0.6; and 3rd Cycle = +0.3)).

[00215]

degaussing efficiency and efficacy of magnetic coupling tool 10 may be optimized.

By performing calibration runs in varying the above parameters, the

For example, the table below was prepared using data obtained using a prototype
coupling tool with degauss functionality based on a Magswitch AR70 unit. The table
compares the performance of different software parameters and the maximum
residual gauss level observed. This data was taken on 51200 steel, which is known

to retain residual magnetism. This data was taken with the prescaler set to 240.

Test | Period (1unit=| Steps |Cycles | Amplitude Max Residual
# 5us) Observed (G)
1 400 100 5 0.95 12
2 400 50 10 0.95 17
3 400 50 5 0.95 15
Table 1: AR70 Degauss Data on 51200 Steel
[00216] The number of steps per cycle was double the amount for the 1 test

as compared to the 2" and 3" tests. The first test had a lower residual, thus the
ramp up for the 2" and 3" test was not long enough (the number of steps directly

relates to the ramp up).
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[00217] Using a different type of magnetic flux unit, a Magswitch J50 unit with
degauss capability, different tests were conducted which show the importance of
running calibration tests in determining the best degaussing outcomes for a given
workpiece.

[00218] The following software parameters were used in the generation of a
PWM signal supplied to the degaussing coils: Prescaler: 240; Period: 250; Steps:
10; Cycles: 20; and Amplitude: 0.7. With these parameters, the degauss cycle took
roughly 200 ms, and the maximum current draw of the coils was about 0.9 A. The
coils were wired in parallel for this unit. The total resistance of the coils was roughly 8
Q.

[00219] With a change of parameters, different outcomes are observable. The
following software parameters were used in the generation of a PWM signal supplied
to the degaussing coils for a second test: Prescaler: 240; Period: 300; Steps: 10;
Cycles: 20; and Amplitude: 0.7. With these parameters, the degauss cycle takes
roughly 200 ms, and the maximum current draw was about 0.3 A. The coils are wired
in series for this unit. The total resistance of the coils was roughly 30 Q .

[00220] A number of other parameters were tested before narrowing these
down. Initially, the number of steps was much greater, but it was creating a more
sustained magnetic field that had negative effects on degaussing. The number of
cycles was initially much lower, but with a decreased number of steps, the number of
cycles could be increased while keeping the degauss cycle under 0.5 s. The
amplitude was initially higher, but with the increased frequency on this unit, there
were issues with the limits of the transistor switching speeds.

[00221] It will be understood that the above provided data is based on
prototype development and optimization will yield degaussing cycle times that are
acceptable in robotic handling of workpieces.

[00222] Referring to FIG. 24, a functional processing sequence 600 of logic
control circuit 23 is illustrated. The processing sequence shows the various steps
which the tool’'s software is programmed to undertake in employing an initial four

calibration process of the tool (as compared to the 3-step outline above) for a given
67

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

workpiece 17, and the steps performed in determining the various possible status of
the tool in its magnetic interaction with the workpiece 17, based on comparison of
actual sensor data with calibrated threshold sensor data (averaged). The tool 10
executes a startup routine, as represented by block 602. A check is made to see if a
degauss input of the input devices 41 was triggered, as represented by block 604. If
triggered a check is made to determine if the magnetic flux source 15 is in an off
state, as represented by block 606. If so, a degauss cycle is performed as
represented by block 608.

[00223] If the degauss input was not triggered, a check is made to determine if
a calibration input of the input devices 41 was triggered, as represented by block
610. If so, a four step calibration run is performed, as represented by block 612. In
one example, magnetic coupling device 10 is calibrated to a single sheet thickness
(1mm) that is a small square (100mmx100mm). The two Limiting Positions are
calibrated for positions of magnetic coupling device 10 near the center of the sheet.
The North pole signal is calibrated for the north pole shoe being on an edge of the
sheet (not in the corners) and the South pole signal is calibrated for the south pole
shoe being on an edge of the sheet (not in the corners).

[00224] If the calibration input was not triggered, the sensor values for magnetic
sensors 98 are averaged, as represented by block 614. In one example, block 614
entails for each sensor 98 averaging the magnetic field sensor values of the tool
sampling magnetic flux data points within a defined (very short) measurement time
period, and processing these signals by the on-board processor of the magnetic field
sensor and sensor signal processing circuit unit, all of which can be performed in a
few milliseconds. This of course increases accuracy of data sampling and
performance of the tool’s sensor suite to determine the different tool status.

[00225] A check is made to see if the sampled values indicate that the
magnetic flux unit 15 is in an on state (or calibrated partial on state), as represented
by block 616. If not, it is determined the magnetic flux circuit is off, as represented
by block 618. If so, the magnetic flux circuit is indicated to be on, as represented by

block 620.
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[00226] Next, the averaged sensor values for the magnetic sensor associated
with the north pole shoe and the sensor values for the magnetic sensor associated
with the south pole are checked to see it is within the range of the limiting position 1
and limiting position 2 calibrated values, as represented by block 622. On the small
thin plate mentioned above, the magnetic flux sensor values will start to change
rapidly as the magnetic coupling device is moved away from the center of the plate.
If both are in range, it is determined that a part is present and engaged in a targeted
Zone, as represented by block 624. If not, a check of the magnetic flux sensor
values for each magnetic sensor 98 is compared to the respective pole position
calibration values to determine if either the north pole or the south pole is on the part,
as represented by blocks 626-638.

[00227] In one embodiment, a six step calibration procedure is implemented.
The following sensor values are calibrated: (1) Limiting position 1 North best flux
circuit; (2) Limiting position 1 South best flux circuit; (3) Limiting position 2 North
worst flux circuit; (4) Limiting position 2 South worst flux circuit; (5) South pole
position; and (6) North pole position. This calibration procedure differs from the four
step calibration sequence above wherein the limit positions corresponded to the
center of the sheet. In this procedure, the magnetic coupling device 10 is within the
limit ranges as long as both the north pole shoe and the south pole shoe are on the
sheet. For sensor values (1) and (2), the magnetic coupling device 10 is located at
the center of the sheet, and these values are recorded. For sensor value (3), the
magnetic coupling device 10 is located with the north pole shoe adjacent to two
edges of the sheet (in a corner) and the value for the north pole shoe sensor is
recorded. For sensor value (4), the magnetic coupling device 10 is located with the
south pole shoe adjacent to two edges of the sheet (in a corner) and the value for
the south pole shoe sensor is recorded. Sensor values (5) and (6) are the same as
sensor values (3) and (4) for one example (limit range is whole sheet). If the sensor
values for (3) and (4) where for positions not in the corners of the sheet, then sensor
values (5)_ and (6) would differ from (3) and (4) because sensor values (5) and (6)

are taken with magnetic coupling device in the corners of the sheet. Referring to
69

SUBSTITUTE SHEET (RULE 26)



CA 03061331 2019-10-23

WO 2018/200948 PCT/US2018/029786

FIG. 25, an exemplary robotic system 700 is illustrated. The embodiments described
in relation to robotic system 700 may be applied to other types of machines, (e.g.,
mechanical gantries, crane hoists, pick and place machines, etc.).

[00228] Robotic system 700 includes electronic controller 770. Electronic
controller 770 includes additional logic stored in associated memory 774 for
execution by processor 772. A robotic movement module 702 is included which
controls the movements of a robotic arm 704. In the illustrated embodiment, robotic
arm 704 includes a first arm segment 706 which is rotatable relative to a base about
a vertical axis. First arm segment 706 is moveably coupled to a second arm
segment 708 through a first joint 710 whereat second arm segment 708 may be
rotated relative to first arm segment 706 in a first direction. Second arm segment
708 is maveably coupled to a third arm segment 711 through a second joint 712
whereat third arm segment 711 may be rotated relative to second arm segment 708
in a second direction. Third arm segment 711 is moveably coupled to a fourth arm
segment /14 through a third joint /16 whereat fourth arm segment /14 may be
rotated relative to third arm segment 711 in a third direction and a rotary joint 718
whereby an orientation of fourth arm segment 714 relative to third arm segment 711
may be altered. Magnetic coupling device 10 is illustratively shown secured to the
end of robotic arm 704. Magnetic coupling device 10 is used to couple a workpiece
17 (not shown) to robotic arm 704. Although magnetic coupling device 10 is
illustrated, any of the magnetic coupling devices described herein and any number of
the magnetic coupling devices described herein may be used with robotic system
700.

[00229] In one embodiment, electronic controller 770 by processor 772
executing robotic movement module 702 moves robotic arm 704 to a first pose
whereat magnetic coupling device 100 contacts the workpiece at a first location.
Electronic controller 770 by processor 772 executing a magnetic coupler state
module 776 instructs magnetic device 10 to move upper magnet 32 relative to lower
magnet 30 to place magnetic coupling device 10 in one of the on state or a partial on

state to couple the workpiece to robotic system 700. In embodiments, magnetic
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coupler state module 776 includes the functionality of logic control circuit 23. Thus,
the functionality of logic control circuit 23 may be located within tool 10 or remote
from tool 10. Electronic controller 770 by processor 772 executing robotic movement
module 702 moves the workpiece from the first location to a second, desired, spaced
apart location. Once the workpiece is at the desired second location, electronic
controller 770 by processor 772 executing magnetic coupler state module 776
instructs magnetic device 10 to move upper magnet 12 relative to lower magnet 14
to place magnetic coupling device 10 in the off state to decouple the workpiece from
robotic system 700. Electronic controller 770 then repeats the process to couple,
move, and decouple another workpiece 17. In one embodiment, prior to moving
away from the workpiece 17, controller 770 instructs magnetic coupling device 10 to
execute a degauss cycle.

[00230] In embodiments, magnetic coupling device 10 has an elongated
housing to hold multiple instances of magnetic flux source 15 in a linear array. An
exemplary device having multiple instances of magnetic flux source 15 is the LAY
Series unit as manufactured and sold by Magswitch Technology Inc. Referring to
FIGS. 34 and 35, a magnetic coupling device 400 is shown. Magnetic coupling
device 400 includes a housing 402 containing multiple instances of magnetic flux
source 15, illustratively flux sources 15A-C. Pole extension shoes 404 are provided
along a lower side of housing 402. The relative positions of magnet 32 of each
instance of magnetic flux source 15 is controlled through an actuator 406. Each
instance of magnetic flux source 15 operates in the same manner as for magnetic
coupling device 10 and are placable in any one of an on state, an off state, and a
partial on state.

[00231] Further, magnetic coupling device 400 includes magnetic field sensors
98 positioned within housing 402. Magnetic field sensors 98 are shown being
positioned proximate the pole shoes 404 of two of the magnetic flux sources 15,
illustratively flux sources 15A and 15C. In embodiments, magnetic field sensors 98
are associated with only a single flux source 15 of the plurality of magnetic flux

sources 15A-C. In embodiments, magnetic field sensors 98 are associated with
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each flux source 15 of the plurality of magnetic flux sources 15A-C. Logic control
circuit 23 by monitoring the magnetic field sensors 98, is able to determine a quality
of magnetic circuit formed by workpiece engagement surfaces 444 of pole shoes 404
and a workpiece 17, proximity to a workpiece 17, or other operating states disclosed
herein.

[00232] In embodiments, magnetic coupling device 10 has an elongated
housing to hold multiple instances of magnetic flux source 15 in a circular array. An
exemplary device having multiple instances of magnetic flux source 15 is the AY
Series unit as manufactured and sold by Magswitch Technology Inc. Referring to
FIGS. 36 and 37, a magnetic coupling device 450 is shown. Magnetic coupling
device 450 includes a housing 452 supporting multiple instances of magnetic flux
source 18, illustratively flux sources 15A-F  each having its own pair of workpiece
engagement surfaces 454. The relative position of magnet 32 for each instance of
magnetic flux source 15 is controlled through an actuator 456. Each instance of
magnetic flux source 15 operates to form magnetic working circuits therebetween
through workpiece 17. The operation of magnetic coupling device 450 is described
in more detail in US Patent No. 9,484,137.

[00233] Further, magnetic coupling device 450 includes magnetic field sensors
98 positioned within housing 452. In embodiments, magnetic field sensors 98 are
positioned in cylindrical protrusions 458 extending down from a lower surface 460 of
housing 452. In the illustrated embodiment, two magnetic sensors 98 are positioned
in respective protrusions 458, one being positioned between magnetic flux source
15F and 15A and the other positioned between magnetic flux sources 15C and 15D.
In embodiments, a magnetic field sensor 98 is positioned in a protrusion 458
between any two of magnetic flux sources. In embodiments, magnetic field sensors
98 are positioned in respective protrusions between each pair of adjacent magnetic
flux sources 15A-F along a diameter of the circular array. Logic control circuit 23 by
monitoring the magnetic field sensors 98, is able to determine a quality of magnetic

circuit formed by workpiece engagement surfaces 454 of magnetic flux sources 15A-
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F and a workpiece 17, proximity to a workpiece 17, or other operating states
disclosed herein.

[00234] Various modifications and additions can be made to the exemplary
embodiments discussed without departing from the scope of the present invention.
For example, while the embodiments described above refer to particular features,
the scope of this invention also includes embodiments having different combinations
of features and embodiments that do not include all of the described features.
Accordingly, the scope of the present invention is intended to embrace all such
alternatives, modifications, and variations as fall within the scope of the claims,

together with all equivalents thereof.
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CLAIMS
1. A magnetic coupling tool for magnetically coupling to a ferromagnetic workpiece,
comprising:

a housing;

a switchable magnetic flux source supported by the housing including a
plurality of permanent magnets, the plurality of permanent magnets including a first
permanent magnet and a second permanent magnet movable relative to the first
permanent magnet;

a plurality of workpiece engagement surfaces supported by the housing and
magnetically coupled to the switchable magnetic flux source, the plurality of
workpiece engagement surfaces adapted to contact the ferromagnetic workpiece, a
first workpiece engagement surface of the plurality of workpiece engagement
surfaces corresponding to a north pole of the magnetic coupling tool and a second
workpiece engagement surface of the plurality of workpiece engagement surfaces
corresponding to a south pole of the magnetic coupling tool, the second permanent
magnet being movable relative to the first permanent magnet to alter the magnetic
flux at both the first workpiece engagement surface of the switchable magnetic flux
source and the second workpiece engagement surface of the switchable magnetic
flux source;

a plurality of magnetic field sensors supported by the housing, a first magnetic
field sensor of the plurality of magnetic field sensors positioned to monitor a first
magnetic flux associated with the first workpiece engagement surface of the plurality
of workpiece engagement surfaces and a second magnetic field sensor of the
plurality of magnetic field sensors positioned to monitor a second magnetic flux
associated with the second workpiece engagement surface of the plurality of
workpiece engagement surfaces; and

a logic control circuit operatively coupled to the plurality of magnetic field
sensors, the logic control circuit configured to determine at least one operating state
of the magnetic coupling tool based on an output from at least one of the plurality of
magnetic field sensors.
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2. The magnetic coupling tool of claim 1, wherein the logic control circuit is

configured to determine if the switchable magnetic flux source is in an off state.

3. The magnetic coupling tool of claim 2, wherein the logic control circuit determines
if the switchable magnetic flux source is in an off state by a comparison of an output
of at least one of the plurality of magnetic field sensors to a first threshold stored on

a memory accessible by the logic control circuit.

4. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine if at least one of the plurality of workpiece engagement

surfaces is proximate to the ferromagnetic workpiece.

5. The magnetic coupling tool of claim 4, wherein the logic control circuit determines
if at least one of the plurality of workpiece engagement surfaces is proximate to the
ferromagnetic workpiece by a comparison of an output of at least one of the plurality
of magnetic field sensors to a second threshold stored on a memory accessible by

the logic control circuit.

6. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine a spacing of the first workpiece engagement surface from

the ferromagnetic workpiece.

7. The magnetic coupling tool of claim 6, wherein the spacing of the first workpiece
engagement surface from the ferromagnetic workpiece is determined by a
comparison of an output of the first magnetic field sensor to at least one threshold
stored on a memory accessible by the logic control circuit.

8. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine an orientation of the first workpiece engagement surface
and the second workpiece engagement surface relative to the ferromagnetic
workpiece.
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9. The magnetic coupling tool of claim 8, wherein the orientation of the first
workpiece engagement surface and the second workpiece engagement surface
relative to the ferromagnetic workpiece is determined by a comparison of an output

of the first magnetic field sensor and an output of the second magnetic field sensor.

10. The magnetic coupling tool of claim 9, wherein a first spacing between the first
workpiece engagement surface and the ferromagnetic workpiece and a second
spacing between the second workpiece engagement surface and the ferromagnetic
workpiece are determined by the logic control circuit to be generally equal when the
output of the first magnetic field sensor and the output of the second magnetic field
sensor satisfy a first criteria.

11. The magnetic coupling tool of claim 10, wherein the first criteria is that the output
of the first magnetic field sensor is within a threshold amount of the output of the

second magnetic field sensor.

12. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine if a placement of the first workpiece engagement surface
and the second workpiece engagement surface relative to the ferromagnetic

workpiece are within a target zone of the ferromagnetic workpiece.

13. The magnetic coupling tool of claim 12, wherein the placement of the first
workpiece engagement surface and the second workpiece engagement surface
relative to the ferromagnetic workpiece are determined to be within a target zone of
the ferromagnetic workpiece when both an output of the first magnetic field sensor
satisfies a first criteria and an output of the second magnetic field sensor satisfies a

second criteria.

14. The magnetic coupling tool of claim 13, wherein the first criteria is the output of
the first magnetic field sensor is within a first range of magnetic flux values and the
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second criteria is the output of the second magnetic field sensor is within a second

range of magnetic flux values.

156. The magnetic coupling tool of claim 14, wherein the first range of magnetic flux
values includes a first limit value corresponding to the first workpiece engagement
surface positioned at a first limit position of the target zone relative to the
ferromagnetic workpiece and a second limit value corresponding to the first
workpiece engagement surface positioned at a second limit position of the target

zone relative to the ferromagnetic workpiece.

16. The magnetic coupling tool of claim 14, wherein the second range of magnetic
flux values includes a first limit value corresponding to the second workpiece
engagement surface positioned at a first limit position of the target zone relative to
the ferromagnetic workpiece and a second limit value corresponding to the second
workpiece engagement surface positioned at a second limit position of the target

zone relative to the ferromagnetic workpiece.

17. The magnetic coupling tool of any one of claims 13-16, wherein the logic control
circuit determines a first end of the magnetic coupling tool including the first
workpiece contact surface is positioned outside of the target zone when the second

criteria is satisfied and the first criteria is not satisfied.

18. The magnetic coupling tool of claim 17, wherein the logic control circuit
determines a second end of the magnetic coupling tool including the second
workpiece contact surface is positioned outside of the target zone when the first

criteria is satisfied and the second criteria is not satisfied.

19. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine an orientation of the first workpiece engagement surface
and the second workpiece engagement surface relative to the ferromagnetic
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workpiece in two rotational axes based on the output of the plurality of magnetic field

SEensors.

20. The magnetic coupling tool of claim 19, wherein the plurality of magnetic field
sensors includes a third magnetic field sensor and a fourth magnetic field sensor, the
first magnetic field sensor being positioned in a left side half of the magnetic coupling
tool, the second magnetic field sensor being positioned in a right side half of the
magnetic coupling tool, the third magnetic field sensor being positioned in a front half
of the magnetic coupling tool, the front half including a first portion of the left side half
and a first portion of the right side half, and the fourth magnetic field sensor being
positioned in a rear half of the magnetic coupling tool, the rear half including a
second portion of the left side half and a second portion of the right side half, the
logic control circuit determines the orientation of the first workpiece engagement
surface and the second workpiece engagement surface relative to the ferromagnetic
workpiece in two rotational axes based on the output of each of the first magnetic
field sensor, the second magnetic field sensor, the third magnetic field sensor, and

the fourth magnetic field sensor.

21. The magnetic coupling tool of claim 19, wherein the logic control circuit is
configured to determine an orientation of the first workpiece engagement surface
and the second workpiece engagement surface relative to the ferromagnetic
workpiece in two rotational axes based on the output of the plurality of magnetic field
sensors, the first magnetic field sensor and the second magnetic field sensor each

being a three-dimensional magnetic field sensor.

22. The magnetic coupling tool of any one of claims 19-21, wherein the logic control
circuit is further configured to determine a spacing of the magnetic coupling tool

relative to the ferromagnetic workpiece.

23. The magnetic coupling tool of claim 22, wherein the logic control circuit is
configured to determine the spacing of the magnetic coupling tool relative to the
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ferromagnetic workpiece independent of the orientation of the magnetic coupling tool
relative to the ferromagnetic workpiece.

24. The magnetic coupling tool of claim 1, wherein the logic control circuit is
configured to determine, whether one or more of the workpiece engagement
surfaces at the pole extension shoes abut a workpiece, and whether abutment of a
workpiece at one or more of the workpiece engagement surfaces is adequate and
within predetermined positional thresholds.

25. The magnetic coupling tool of any one of claims 1-24, further comprising an
actuator operatively coupled to the second permanent magnet to move the second
permanent magnet relative to the first permanent magnet.

26. The magnetic coupling tool of claim 25, wherein the actuator is a stepper motor.

27. The magnetic coupling tool of any one of claims 25 and 26, wherein the logic
control circuit is operatively coupled to the actuator to control an orientation of the

second permanent magnet relative to the first permanent magnet.

28. The magnetic coupling tool of any one of claims 1-27, wherein the second
permanent magnet is rotatable relative to the first permanent magnet about an axis
intersecting with the second permanent magnet to alter a position of the second
permanent magnet relative to the first permanent magnet.

29. The magnetic coupling tool of any one of claims 1-27, wherein the second
permanent magnet is rotatable relative to the first permanent magnet about an axis
in a non-intersecting relationship with the second permanent magnet to alter a

position of the second permanent magnet relative to the first permanent magnet.
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30. The magnetic coupling tool of claim 29, further comprising a first platter
supported by the housing and a second platter supported by housing, the second
platter being moveable relative to the first platter to alter a position of the second
permanent magnet relative to the first permanent magnet,

wherein the first platter comprising

a first plurality of spaced apart permanent magnets including the first
permanent magnet, each of the first plurality of spaced apart permanent

magnets has a north pole side and a south pole side, and

a first plurality of pole portions interposed between adjacent permanent
magnets of the first plurality of permanent magnets, wherein the first plurality
of permanent magnets are arranged so that each pole portion of the first
plurality of pole portions is one of a north pole portion which is adjacent the
north pole side of two permanent magnets of the first plurality of permanent
magnets and a south pole portion which is adjacent the south pole side of two

permanent magnets of the first plurality of permanent magnets;
the second platter comprising

a second plurality of spaced apart permanent magnets including the
second permanent magnet, each of the second plurality of spaced apart

permanent magnets has a north pole side and a south pole side, and

a second plurality of pole portions interposed between adjacent
permanent magnets of the second plurality of permanent magnets, wherein
the second plurality of permanent magnets are arranged so that each pole
portion of the first plurality of pole portions is one of a north pole portion which
is adjacent the north pole side of two permanent magnets of the second
plurality of permanent magnets and a south pole portion which is adjacent the
south pole side of two permanent magnets of the second plurality of
permanent magnets, wherein the first magnetic sensor is associated with one
of the north pole portions of the second platter and the second magnetic

sensor is associated with one of the south pole portions of the second platter.
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31. The magnetic coupling tool of any one of claims 1-30, further comprising a
plurality of pole extension shoes supported by the housing, the plurality of pole
extension shoes including a first pole extension shoe including the first workpiece
engagement surface and a second pole extension shoe including the second
workpiece engagement, wherein the housing includes a lower side positioned
between the first pole extension shoe and the second pole extension shoe, the first
pole extension shoe and the second pole extension shoe extending below the lower
side of the housing.

32. The magnetic coupling tool of claim 31, wherein the first pole extension shoe

and the second pole extension shoe are removable from the housing.

33. The magnetic coupling tool of any one of claims 1-32, wherein the first magnetic
field sensor and the second magnetic field sensor are positioned outside of an

envelope of the second permanent magnet.

34. The magnetic coupling tool of any one of claims 1-19 and 21-33, wherein the
first magnetic field sensor is positioned in a first half of the magnetic coupling tool
and the second magnetic field sensor is positioned in a second half of the magnetic
coupling tool.

35. The magnetic coupling tool of any one of claims 31-34, wherein the first pole
extension shoe is associated with a flux detection circuit surface opposite the
workpiece engagement surface of the first pole extension shoe, the first magnetic
sensor is positioned above the flux detection circuit associated with the first pole
extension shoe.

36. The magnetic coupling tool of claim 35, wherein the housing includes a first
recess, the first pole extension shoe being received in the first recess and the first
magnetic sensor being positioned directly above the first recess.
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37. The magnetic coupling tool of any one of claims 31-34, wherein the second pole
extension shoe is associated with a flux detection circuit surface opposite the
workpiece engagement surface of the second pole extension shoe, the second
magnetic sensor is positioned above the flux detection circuit associated with the

second pole extension shoe.

38. The magnetic coupling tool of claim 35, wherein the housing includes a second
recess, the second pole extension shoe being received in the second recess and the

second magnetic sensor being positioned directly above the second recess.

39. The magnetic coupling tool of any one of claims 1-38, wherein the first magnetic
field sensor and the second magnetic field sensor are positioned within the housing.

40. The magnetic coupling tool of any one of claims 1-39, further comprising at least
one temperature sensor supported by the housing, the logic control circuit is
operatively coupled to the at least one temperature sensor and the logic control
circuit based on an output of the temperature sensor adjusts the output received

from the at least one of the plurality of magnetic field sensors.

41. The magnetic coupling tool of any one of claims 1-40, wherein the first magnetic

field sensor and the second magnetic field sensor are each vector magnetometers.
42. The magnetic coupling tool of any one of claims 1-41, further comprising a
communication module supported by the housing, wherein the logic control circuit is
operatively coupled to the communication module to interface with external control

electronics.

43. The magnetic coupling tool of any of claims 31-39, 41, and 42, the magnetic

coupling tool further comprising
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a plurality of degaussing electrical windings, a first degaussing electrical
winding of the plurality of degaussing electrical windings being positioned about the
first pole extension shoe of the plurality of pole extension shoes and a second
degaussing electrical winding of the plurality of degaussing electrical windings being
positioned about a second pole extension shoe of the plurality of pole extension
shoes, wherein the logic control circuit is operatively coupled to the first degaussing
electrical winding and the second degaussing electrical winding, the logic control
circuit configured to perform a degaussing cycle with the plurality of degaussing
electrical windings, the degaussing cycle including generating an oscillating and
alternating magnetic field with the first degaussing electrical winding and the second

degaussing electrical winding for a period of time.

44. The magnetic coupling tool of claim 43, wherein each of the first pole extension
shoe and the second pole extension shoe include a first portion covered by the
respective first and second degaussing electrical windings, a cross sectional area of
the respective first portions being sufficient to direct at least a substantial portion of
the magnetic flux generated upon the respective first and second degaussing
electrical windings being energised to the respective first and second workpiece
engagement surfaces.

45. The magnetic coupling tool of claim 43 or 44, wherein the first workpiece
engagement surface and the second workpiece engagement surface are both in
contact with the ferromagnetic workpiece during the degaussing cycle and the

switchable magnetic flux source is in an off state.

46. The magnetic coupling tool of any one of claims 1-45, further comprising an
output device which provides an indication of the operating state of the magnetic

coupling device.

47. The magnetic coupling tool of any one of claims 1-45, further comprising an
output device which provides a plurality of distinct indications each corresponding to
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a respective one of a plurality of distinct operating states of the magnetic coupling

device.

48. The magnetic coupling tool of claim 47, wherein the plurality of distinct

indications are each a visual indication perceivable from an exterior of the housing.

49. The magnetic coupling tool of claim 47, wherein the output device includes a

plurality of lights which are controlled to provide the plurality of distinct indications.

50. Arobotic system for lifting a ferromagnetic workpiece, the robotic system

comprising:
a robotic arm including a base and a plurality of moveable arm segments; and

a magnetic coupling device according to any one of claims 1-49 operatively
coupled to the robotic arm at a first end opposite the base.

51. A method of determining at least one operating state of a magnetic coupling
tool, the method comprising the steps of:

detecting a first magnetic flux associated with a north pole of a switchable
magnetic flux source supported by a housing, the switchable magnetic flux source
including a plurality of permanent magnets, including a first permanent magnet and a
second permanent magnet movable relative to the first permanent magnet, the first
magnetic flux being detected at a location remote from a workpiece engagement
surface of the north pole of the magnetic coupling tool and to a first side of the
switchable magnetic flux source;

detecting a second magnetic flux associated with a south pole of the
switchable magnetic flux source, the second magnetic flux being detected at a
location remote from a workpiece engagement surface of the south pole of the
magnetic coupling tool and to a second side of the switchable magnetic flux source,

the second side being opposite the first side; and
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determining if the magnetic coupling tool is in a first operating state based on
at least one of the detected first magnetic flux and the detected second magnetic

flux.

52. The method of claim 51, wherein the step of determining the first operating state
of the magnetic coupling tool includes the steps of:

determining if the detected first magnetic flux satisfies a first criteria;

determining if the detected second magnetic flux satisfies a second criteria;
and

determining that the magnetic coupling tool is in the first operating state if the
detected first magnetic flux satisfies the first criteria and the detected second
magnetic flux satisfies the second criteria.

53. The method of claim 52, wherein the first criteria is the output of the first
magnetic field sensor is within a first range of magnetic flux values and the second
criteria is the output of the second magnetic field sensor is within a second range of

magnetic flux values.

54. The method of claim 53, wherein the first range of magnetic flux values includes
a first limit value corresponding to the first workpiece engagement surface positioned
at a first limit position of a target zone relative to the ferromagnetic workpiece and a
second limit value corresponding to the first workpiece engagement surface
positioned at a second limit position of the target zone relative to the ferromagnetic

workpiece.

55. The method of claim 53, wherein the second range of magnetic flux values
includes a first limit value corresponding to the second workpiece engagement
surface positioned at a first limit position of the target zone relative to the
ferromagnetic workpiece and a second limit value corresponding to the second
workpiece engagement surface positioned at a second limit position of the target
zone relative to the ferromagnetic workpiece.
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56. The method of claim 52, further comprising the step of determining the first side
of the magnetic coupling tool including the first workpiece contact surface is
positioned outside of a target zone on the ferromagnetic workpiece when the second

criteria is satisfied and the first criteria is not satisfied.

57. The method of claim 52, further comprising the step of determining the second
side of the magnetic coupling tool including the second workpiece contact surface is
positioned outside of a target zone on the ferromagnetic workpiece when the first

criteria is satisfied and the second criteria is not satisfied.

58. The method of claim 51, wherein the first operating state is the magnetic

coupling tool is in an off state.

59. The method of claim 58, wherein the step of determining if the magnetic
coupling tool is in the first operating state includes the step of comparing of an output
of at least one of the plurality of magnetic field sensors to a first threshold.

60. The method of claim 51, wherein the first operating state is that at least one of
the plurality of workpiece engagement surfaces is proximate to the ferromagnetic

workpiece.

61. The method of claim 60, wherein the step of determining if the magnetic
coupling tool is in the first operating state includes the step of comparing an output of
at least one of the plurality of magnetic field sensors to a second threshold stored on

a memory accessible by the logic control circuit.

62. The method of claim 51, further comprising the step of determining a spacing of

the first workpiece engagement surface from the ferromagnetic workpiece.
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63. The method of claim 51, further comprising the step of determining an
orientation of the first workpiece engagement surface and the second workpiece

engagement surface relative to the ferromagnetic workpiece.

64. The method of claim 63, wherein the step of determining the orientation of the
first workpiece engagement surface and the second workpiece engagement surface
relative to the ferromagnetic workpiece includes the step of comparing an output of

the first magnetic field sensor and an output of the second magnetic field sensor.

65. The method of claim 64, wherein the first workpiece engagement surface and
the second workpiece engagement surface of the magnetic coupling tool are
generally parallel to the ferromagnetic workpiece when the output of the first
magnetic field sensor and the output of the second magnetic field sensor satisfy a
first criteria.

66. The method of claim 65, wherein the first criteria is that the output of the first
magnetic field sensor is within a threshold amount of the output of the second

magnetic field sensor.

67. A magnetic coupling tool for magnetically coupling to a ferromagnetic workpiece,
comprising:

a housing;

a switchable magnetic flux source supported by the housing including a
plurality of permanent magnets, the plurality of permanent magnets including a first
permanent magnet and a second permanent magnet movable relative to the first
permanent magnet;

a plurality of pole extension shoes each having a workpiece interface; the
plurality of pole extension shoes coupled to the housing to receive magnetic flux from
the switchable magnetic flux source, the received magnetic flux being available to
the ferromagnetic workpiece through the respective workpiece interfaces of the
plurality of pole extension shoes;
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a plurality of degaussing electrical windings, a first degaussing electrical
winding of the plurality of degaussing electrical windings being positioned about a
first pole extension shoe of the plurality of pole extension shoes and a second
degaussing electrical winding of the plurality of degaussing electrical windings being
positioned about a second pole extension shoe of the plurality of pole extension
shoes; and

a logic control circuit operatively coupled to the switchable magnetic flux
source, the first degaussing electrical winding, and the second degaussing electrical
winding, the logic control circuit configured to (i) positon the second permanent
magnet in a first orientation relative to first permanent magnet and (ii) perform a
degaussing cycle with the plurality of degaussing electrical windings, the degaussing
cycle including generating an oscillating and alternating magnetic field with the first
electrical winding and the second electrical winding for a period of time.

68. The magnetic coupling tool of clam 67, wherein each of the first pole extension
shoe and the second pole extension shoe include a first portion covered by the
respective first and second degaussing electrical windings, a cross sectional area of
the respective first portions being sufficient to direct at least a substantial portion of
the magnetic flux generated upon the respective first and second degaussing
electrical windings being energised to the respective first and second workpiece

engagement surfaces.

69. The magnetic coupling tool of claim 67 or 68, wherein the first workpiece
engagement surface and the second workpiece engagement surface are both in
contact with the ferromagnetic workpiece during the degaussing cycle and the
switchable magnetic flux source is in an off state.

70. An end of arm magnetic coupling tool (EOAMT) devised for magnetically
securing a ferromagnetic workpiece to a working face of the tool, comprising:
i) an on-off switchable magnetic flux source including a plurality of

magnets, the plurality of magnets including a first permanent magnet fixed relative to
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the housing and a second magnet configurable relative to the first permanent
magnet to provide a first configuration wherein a north pole of the second magnet is
aligned with a north pole of the first permanent magnet and a south pole of the
second magnet is aligned with a south pole of the first permanent magnet and a
second configuration wherein the north pole of the second magnet is misaligned with
the north pole of the first permanent magnet and the south pole of the second
magnet is misaligned with the south pole of the first permanent magnet;

i) a housing component in which is received the magnetic flux source;

)] at least two, magnetic pole extension shoes having each a workpiece
engagement surface and flux detection surface at an end opposite to the workpiece
engagement surface, wherein the pole extension shoes are mounted to or at least
partially form integral part of the housing component such as to receive magnetic flux
from the magnetic flux source and make such available at the workpiece
engagement surface;

iv) a number of first magnetic field detection sensors equal in number to
the pole extension shoes and each located a predetermined distance away butin
close proximity to the flux detection surface of an associated one of the pole
extension shoes; and

v) a logic control circuit operative to receive an output signal from one or
more of the magnetic field detection sensors and determine from said output
signal(s) at least one of the following operating states of the tool: whether the
magnetic flux source is switched on or off, whether there is a ferromagnetic
workpiece in spatial proximity to one or more of the workpiece engagement surfaces
at the pole extension shoes, whether one or more of the workpiece engagement
surfaces at the pole extension shoes abut a workpiece, and whether abutment of a
workpiece at one or more of the workpiece engagement surfaces is adequate and

within predetermined positional thresholds.

71. The EOAMT of claim 70, wherein the first magnetic field sensors and the logic
control circuit are housed within a further housing component which is secured to the
first housing component, such as to provide a compact-footprint EOAMT with
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integrated magnetic field detection and workpiece — tool interface detection

capabilities.

72. The EOAMT of claim 70 or 71, wherein the magnetic flux source, the first
housing component and the pole extension shoes are comprised in an on-off

switchable, dipole permanent magnet unit.

73. The EOAMT of claim 72, wherein the first housing component is a ferromagnetic
steel housing component with a central cylindrical bore in which two cylindrical,
diametrically polarized rare-earth permanent magnets are stacked such that one of
the magnets is fixed against rotating within the cylindrical bore while the other
magnet is free to rotate upon external torque application by an actuator interfaced

with the rotatable magnet.

74. The EOAMT of claim 72 or 73, wherein that housing component comprises an
upper, un-recessed portion and a lower recessed portion at which cuboid pole shoes
are mounted such as to form a continuous, substantially air-gap-free flux delivery
path towards the workpiece engagement surfaces provided at the free axial terminal
ends of the pole shoes, and wherein the flux detection surfaces opposite the
workpiece engagement surfaces are provided at an upper terminal face of the un-
recessed housing portion, the housing having a substantially rectangular foot print.

75. The EOAMT of claim 70, wherein a second housing component is provided in
addition to the first housing component, secured to an end of the first housing
component opposite the workpiece engagement surfaces.

76. The EOAMT of claim 75, wherein the second housing component is
substantially non-ferromagnetic and includes at least two passage ways receiving a
respective one of two said first magnetic field detection sensors.
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77. The EOAMT of claim 75 or 76, wherein the second housing component houses
an actuator which interfaces with the rotatable magnet received in the first housing

component to switch the magnetic flux source “on” and “off”.

78. The EOAMT of claim 70, wherein the logic control circuit operative to receive
output signals from the one or more of the first magnetic field detection sensors and
determine from said output signals one or more of the operating states of the tool,
comprises a central control board with analog to digital converters (ADCs) for sensor
signal sampling.

79. The EOAMT of claim 78, wherein the logic control circuit of the central control
board comprises additional transistors for interfacing the central control board to

industrial 24V logic.

80. The EOAMT of claim 79, wherein the central control board further comprises
power conditioning to take 24 V from an industrial power supply and regulate it to a
lower voltage for the magnetic field sensors.

81. The EOAMT of any one of claims 78-80, wherein the central control board
comprises a series of blank headers for accept a communications module that allows

the control board to interface with external control electronics.

82. The EOAMT of claim 70, wherein the first magnetic field sensors are vector
magnetometers.

83. The EOAMT of claim 70, further comprising visual status indicators to indicate
when a predefined one of the tool status is present or absent, including at least one
of when the magnetic flux source is on or off, when the magnetic flux source is on
and proximity of target is detected by the first magnetic field sensors, when the tool’s
workpiece engagement surfaces contact the workpiece outside intended specific
areas on target and when tool engagement with the workpiece is within threshold

limits, showing a safe magnetic coupling state.
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84. An end of arm magnetic coupling tool (EOAMT) devised for magnetically
securing a ferromagnetic work piece to a working face of the tool, comprising:

i) an on-off switchable di-pole magnetic flux source;

i) a first housing component in which is received the magnetic flux
SOUurce;

iii) a plurality of magnetic pole extension shoes having each a work piece
engagement surface, wherein the pole extension shoes are mounted to the first
housing component such as to receive magnetic flux from the magnetic flux source
and make such available at the work piece engagement surfaces;

iv) at least one;

V) a plurality of degaussing electrical windings wound about a section of
the magnetic pole extension shoes; and

vi) a logic control circuit operative to (i) receive an output signal from the at
least one magnetic field detection sensor and determine from said output signal an
operating state of the tool indicative of the magnetic flux source being switched off,
(i) switch-on an electric power supply to the degaussing electrical windings after
detection of an off state of the magnetic flux source and (iii) perform a degaussing
cycle wherein the degaussing electrical windings generate an oscillating and

alternating magnetic field over a predetermined time.

85. The EOAMT of claim 84, wherein the at least one magnetic field sensors and
the logic control circuit are housed within a second housing component which is
secured to the first housing component such as to provide a compact-footprint
EOAMT with integrated work piece coupling, magnetic field detection, work piece —
tool interface detection and degaussing functionalities.

86. The EOAMT of claim 84 or 85, wherein the magnetic flux source, the first
housing component and the pole extension shoes are comprised in an on-off

switchable, dipole permanent magnet unit.

87. The EOAMT of any one of claims 84-86, wherein the first housing component is

a ferromagnetic steel housing component with a central cylindrical bore in which two
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cylindrical, diametrically polarized rare-earth permanent magnets are stacked such
that one of the magnets is fixed against rotation within the cylindrical bore while the
other magnet is free to rotate upon external torque application by an actuator
interfaced with the rotatable magnet.

88. The EOAMT of any one of claims 84-87, wherein the pole extension shoes
comprise at least two components, including a first pole extension member secured
in removable manner to the first housing component and a second pole extension
member removably secured in extension to the first member and defining the work

piece engagement surface.

89. The EOAMT of claim 88, wherein the degaussing electrical windings encircle a

section of the second pole extension member.

90. The EOAMT of claim 88 or 89, wherein the second pole shoe member has a
work piece engagement surface adapted to a contour or geometric parameters of a
work piece.

91. The EOAMT of any one of claims 84-90, wherein the pole extension shoes
have, in a section covered by the degaussing windings, a cross sectional area
sufficient to direct at least a substantial portion of the magnetic flux generated upon

the degaussing windings being energised, to the work piece engagement surface.

92. The EOAMT of any one of claims 84-90, wherein the pole extension shoes
have, in a section covered by the degaussing windings, a cross sectional area
sufficient to direct a substantial portion of the magnetic flux generated upon the
degaussing windings being energised, to the work piece engagement surface and

generate magnetic flux leakage around the work piece engagement surface.

93. The EOAMT of any one of claims 84-92, wherein the first housing component
comprises an upper, un-recessed portion and a lower portion recessed at opposite

sides of the housing component, wherein the pole shoe extension members are or
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comprise a cuboid mounted to the recessed lower housing portions such as to form
with the upper, un-recessed housing portion a continuous, substantially air-gap-free
flux delivery path towards the work piece engagement surfaces provided at the free
axial terminal ends of the pole extension shoes, and wherein the flux detection
surfaces opposite the work piece engagement surfaces are provided at an upper

terminal face of the un-recessed housing portion.

94. The EOAMT of claim 93, wherein the first housing component comprises
through holes for guiding connection leads from the logic control circuit to the electric

degaussing windings.

95. The EOAMT of any one of claims 84-94, wherein the second housing
component is substantially non-ferromagnetic and includes at least two passage

ways extending to the logic control circuit.

96. The EOAMT of any one of claims 84-95, wherein the logic control circuit is
devised to perform the degaussing cycle when the tool is still resting with its work
piece engagement surfaces at the work piece after having been magnetically
secured thereto and the magnetic flux source has been turned off to effect

decoupling from the work piece.

97. The EOAMT of claim 96, wherein the logic control circuit comprises a central
control board which contains a microprocessor and circuitry for generating an AC
signal causing the degaussing windings to generate the oscillating and alternating

magnetic degaussing field.

98. The EOAMT of claim 97, wherein the logic control circuit of the central control

board comprises components for interfacing to industrial 24V logic.

99. The EOAMT of claim 98, wherein the central control board further comprises

power conditioning to take 24 V from an industrial power supply and regulate it to an
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operating value required by the electric degaussing windings to perform the

degaussing cycle.

100. The EOAMT of claim 84, further comprising visual status indicators to indicate
when a predefined one of the tool status is present or absent, including when the

magnetic flux source is on or off and when a degaussing cycle is being performed.

101. The EOAMT of any one of claims 84-100, wherein the degaussing electrical
windings and exchangeable pole extension shoe members form modular units
attachable to the first housing component, wherein the pole extension shoe
members form part of a magnetic flux delivery circuit of the EOAMT when used in
magnetically coupling the EOAMT with a work piece, and wherein the pole extension
shoe members form part of an electromagnet comprising the degaussing windings in

degaussing the work piece.

102. A magnetic coupling tool for magnetically coupling to a ferromagnetic
workpiece, comprising:

a housing;

a switchable magnetic flux source supported by the housing including a
plurality of permanent magnets, the plurality of permanent magnets including a first
permanent magnet and a second permanent magnet movable relative to the first
permanent magnet;

a plurality of workpiece engagement surfaces supported by the housing and
magnetically coupled to the switchable magnetic flux source, the plurality of
workpiece engagement surfaces adapted to contact the ferromagnetic workpiece, a
first workpiece engagement surface of the plurality of workpiece engagement
surfaces corresponding to a north pole of the magnetic coupling tool and a second
workpiece engagement surface of the plurality of workpiece engagement surfaces
corresponding to a south pole of the magnetic coupling tool;

a plurality of magnetic field sensors supported by the housing, a first magnetic

field sensor of the plurality of magnetic field sensors positioned at a first location
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remote from the first workpiece engagement surface and to a first side of the
switchable magnetic flux source to monitor a first magnetic flux associated with the
first workpiece engagement surface of the plurality of workpiece engagement
surfaces and a second magnetic field sensor of the plurality of magnetic field sensors
positioned at a second location remote from the second workpiece engagement
surface and to a second side of the switchable magnetic flux source, the second side
being opposite the first side, to monitor a second magnetic flux associated with the
second workpiece engagement surface of the plurality of workpiece engagement
surfaces; and

a logic control circuit operatively coupled to the plurality of magnetic field
sensors, the logic control circuit configured to determine at least one operating state
of the magnetic coupling tool based on an output from at least one of the plurality of
magnetic field sensors.

103. A magnetic coupling tool for magnetically coupling to a ferromagnetic
workpiece, comprising:

a housing;

a switchable magnetic flux source supported by the housing including a
plurality of permanent magnets, the plurality of permanent magnets including a first
permanent magnet and a second permanent magnet movable relative to the first
permanent magnet, the second permanent magnet is rotatable relative to the first
permanent magnet about an axis intersecting with the second permanent magnet to
alter a position of the second permanent magnet relative to the first permanent
magnet;

a plurality of workpiece engagement surfaces supported by the housing and
magnetically coupled to the switchable magnetic flux source, the plurality of
workpiece engagement surfaces adapted to contact the ferromagnetic workpiece, a
first workpiece engagement surface of the plurality of workpiece engagement
surfaces corresponding to a north pole of the magnetic coupling tool and a second
workpiece engagement surface of the plurality of workpiece engagement surfaces

corresponding to a south pole of the magnetic coupling tool,
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a plurality of magnetic field sensors supported by the housing, a first magnetic
field sensor of the plurality of magnetic field sensors positioned to monitor a first
magnetic flux associated with the first workpiece engagement surface of the plurality
of workpiece engagement surfaces and a second magnetic field sensor of the
plurality of magnetic field sensors positioned to monitor a second magnetic flux
associated with the second workpiece engagement surface of the plurality of
workpiece engagement surfaces; and

a logic control circuit operatively coupled to the plurality of magnetic field
sensors, the logic control circuit configured to determine at least one operating state
of the magnetic coupling tool based on an output from at least one of the plurality of

magnetic field sensors.

104. A magnetic coupling tool for magnetically coupling to a ferromagnetic
workpiece, comprising:

a housing;

a magnetic flux source supported by the housing including a plurality of
magnets, the plurality of magnets including a first permanent magnet fixed relative to
the housing and a second magnet configurable relative to the first permanent
magnet to provide a first configuration wherein a north pole of the second magnet is
aligned with a north pole of the first permanent magnet and a south pole of the
second magnet is aligned with a south pole of the first permanent magnet and a
second configuration wherein the north pole of the second magnet is misaligned with
the north pole of the first permanent magnet and the south pole of the second
magnet is misaligned with the south pole of the first permanent magnet;

a plurality of workpiece engagement surfaces supported by the housing and
magnetically coupled to the magnetic flux source, the plurality of workpiece
engagement surfaces adapted to contact the ferromagnetic workpiece, a first
workpiece engagement surface of the plurality of workpiece engagement surfaces
corresponding to a north pole of the magnetic coupling tool in the first configuration
of the magnetic coupling tool and a second workpiece engagement surface of the
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plurality of workpiece engagement surfaces corresponding to a south pole of the
magnetic coupling tool in the first configuration of the magnetic coupling tool;

a plurality of magnetic field sensors supported by the housing, a first magnetic
field sensor of the plurality of magnetic field sensors positioned to monitor a first
magnetic flux associated with the first workpiece engagement surface of the plurality
of workpiece engagement surfaces and a second magnetic field sensor of the
plurality of magnetic field sensors positioned to monitor a second magnetic flux
associated with the second workpiece engagement surface of the plurality of
workpiece engagement surfaces; and

a logic control circuit operatively coupled to the plurality of magnetic field
sensors, the logic control circuit configured to determine at least one operating state
of the magnetic coupling tool based on an output from at least one of the plurality of
magnetic field sensors.

105. A method of determining at least one operating state of a magnetic coupling
tool, the method comprising the steps of:

detecting a first magnetic flux associated with a north pole of a magnetic flux
source supported by a housing, the magnetic flux source including a plurality of
magnets, including a first permanent magnet fixed relative to the housing and a
second magnet configurable relative to the first permanent magnet to provide a first
configuration wherein a north pole of the second magnet is aligned with a north pole
of the first permanent magnet and a south pole of the second magnet is aligned with
a south pole of the first permanent magnet and a second configuration wherein the
north pole of the second magnet is misaligned with the north pole of the first
permanent magnet and the south pole of the second magnet is misaligned with the
south pole of the first permanent magnet, the first magnetic flux being detected at a
location remote from a workpiece engagement surface of a north pole of the
magnetic coupling tool and to a first side of the magnetic flux source;

detecting a second magnetic flux associated with a south pole of the magnetic
flux source, the second magnetic flux being detected at a location remote from a
workpiece engagement surface of a south pole of the magnetic coupling tool and to
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a second side of the magnetic flux source, the second side being opposite the first
side; and

determining if the magnetic coupling tool is in a first operating state based on
at least one of the detected first magnetic flux and the detected second magnetic

flux.

106. The magnetic coupling tool of claim 102, wherein the second permanent
magnet and the first permanent magnet are vertically stacked.

107. The magnetic coupling tool of claim 102, wherein the second permanent

magnet is rotatable relative to the first permanent magnet.

108. The magnetic coupling tool of claim 107, wherein the second permanent
magnet and the first permanent magnet are vertically stacked.

109. The magnetic coupling tool of claim 103, wherein the second permanent
magnet and the first permanent magnet are vertically stacked.

110. The magnetic coupling tool of claim 104, wherein the second magnet and the

first permanent magnet are vertically stacked.

111. The magnetic coupling tool of claim 104, wherein the second magnet is a

second permanent magnet.

112. The method of claim 105, wherein the second magnet and the first permanent

magnet are vertically stacked.

113. The method of claim 105, wherein the second magnet is a second permanent

magnet.
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114. A magnetic coupling device for magnetically coupling to a ferromagnetic
workpiece, comprising:

a plurality of spaced apart pole portions, each of the plurality of spaced apart
pole portions having a workpiece contact interface to contact the ferromagnetic
workpiece;

a magnetic flux source including a plurality of magnets, the plurality of
magnets including a first permanent magnet fixed relative to the plurality of pole
portions and a second permanent magnet, the magnetic flux source having a first
state wherein a first level of magnetic flux is available at the plurality of workpiece
contact interfaces of the plurality of spaced apart pole portions and a second state
wherein a second level of magnetic flux is available at the plurality of workpiece
contact interfaces of the plurality of spaced apart pole portions, the second level
being less than the first level,

a plurality of electrical windings;

at least one magnetic field sensor positioned to monitor at least one
characteristic of the magnetic flux available at the plurality of workpiece contact
interfaces; and

an electronic controller operatively coupled to the plurality of electrical
windings to control the magnetic flux at the plurality of workpiece contact interfaces,
wherein the plurality of electrical windings are spaced apart from the plurality of
workpiece contact interfaces.

115. The magnetic coupling device of claim 114, wherein the first permanent
magnet is positioned between a first pole portion of the plurality of spaced apart pole
portions and a second pole portion of the plurality of spaced apart pole portions.
116. The magnetic coupling device of claim 114, wherein the second permanent

magnet is positioned between at least two of the plurality of spaced apart pole
portions.
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117. The magnetic coupling device of claim 115, wherein the plurality of electrical
windings includes a first electrical winding and a second electrical winding, the

second electrical winding being spaced apart from the first electrical winding.

118. The magnetic coupling device of claim 117, wherein the first electrical winding
is positioned completely to a first side of the second pole portion of the plurality of
spaced apart pole portions and the second electrical winding is positioned
completely to a second side of the first pole portion of the plurality of spaced apart

pole portions.

119. The magnetic coupling device of claim 118, wherein the first side of the second
pole portion of the plurality of spaced apart pole portions faces the second side of
the first pole portion of the plurality of spaced apart pole portions.

120. The magnetic coupling device of claim 117, wherein the first electrical winding
overlaps the first permanent magnet in a vertical direction, the first pole portion of the
plurality of spaced apart pole portions being spaced apart from the second pole

portion of the plurality of spaced apart pole portions in a horizontal direction.

121. The magnetic coupling device of claim 120, wherein the second electrical

winding overlaps the second permanent magnet in the vertical direction.

122. The magnetic coupling device of claim 114, wherein the second permanent

magnet is moveable relative to the first permanent magnet.

123. The magnetic coupling device of claim 114, wherein the first permanent

magnet and the second permanent magnet are rare earth magnets.

124. A magnetic coupling device for magnetically coupling to a ferromagnetic
workpiece, the magnetic coupling device comprising:
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a plurality of spaced apart pole portions, each of the plurality of spaced apart
pole portions having a workpiece contact interface to contact the ferromagnetic
workpiece;

a plurality of permanent magnets including

a first permanent magnet positioned between a first pole portion of the
plurality of spaced apart pole portions and a second pole portion of the
plurality of spaced apart pole portions, the first permanent magnet being
spaced apart from a workpiece contact interface of the first pole portion and
being spaced apart from a workpiece contact interface of the second pole
portion,

a second permanent magnet positioned between the first pole portion
of the plurality of spaced apart pole portions and a third pole portion of the
plurality of spaced apart pole portions, the second permanent magnet being
spaced apart from the workpiece contact interface of the first pole portion and
being spaced apart from a workpiece contact interface of the third pole
portion, and

a third permanent magnet positioned between the second pole portion
of the plurality of spaced apart pole portions and a fourth pole portion of the
plurality of spaced apart pole portions, the third permanent magnet being
spaced apart from the workpiece contact interface of the second pole portion
and being spaced apart from a workpiece contact interface of the fourth pole
portion,

wherein the third pole portion, the second permanent magnet, the first
pole portion, the first permanent magnet, the second pole portion, the third
permanent magnet, and the fourth pole portion form a linear array and the first
pole portion, the second pole portion, the third pole portion, and the fourth
pole portion are each one of a north pole portion of the magnetic coupling
device and a south pole portion of the magnetic coupling device based on a

state of the plurality of permanent magnets;
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at least one magnetic field sensor positioned to monitor at least one
characteristic of the at least one of the north pole portion of the magnetic coupling
device and the south pole portion of the magnetic coupling device; and

wherein the plurality of permanent magnets having

a first state wherein the ferromagnetic workpiece is capable of being
held by the plurality of workpiece contact interfaces with a first magnetic
strength;

a second state wherein the ferromagnetic workpiece is capable of
being held by the plurality of workpiece contact interfaces with a second
magnetic strength, the second magnetic strength being less than the first
magnetic strength; and

a third state wherein the ferromagnetic workpiece is incapable of being
held by the plurality of workpiece contact interfaces.

125. A magnetic coupling device for magnetically coupling to a ferromagnetic
workpiece, comprising:

a plurality of spaced apart pole portions, each of the plurality of spaced apart
pole portions having a workpiece contact interface to contact the ferromagnetic
workpiece;

a magnetic flux source including a plurality of permanent magnets, the
plurality of permanent magnets including a first group of permanent magnets fixed
relative to the plurality of pole portions and a second group of permanent magnets,
the magnetic flux source having a first state wherein a first level of magnetic flux is
available at the plurality of workpiece contact interfaces of the plurality of spaced
apart pole portions and a second state wherein a second level of magnetic flux is
available at the plurality of workpiece contact interfaces of the plurality of spaced
apart pole portions, the second level being less than the first level,

a platter positioned above the first group of permanent magnets and carrying
the second group of permanent magnets, the platter and the second group of
permanent magnets being rotatable as a unit relative to the first group of permanent
magnets about an axis, wherein the magnetic flux source is in the first state when the
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platter and the second group of permanent magnets are in a first position relative to
the first group of permanent magnets and the magnetic flux source is in the second
state when the platter and the second group of permanent magnets are in a second
position relative to the first group of permanent magnets, the first group of permanent
magnets and the second group of permanent magnets being positioned in a non-
overlapping relationship with the axis;

at least one sensor monitoring at least one characteristic; and

a logic control circuit operatively coupled to the at least one sensor, the logic
control circuit based on the at least one characteristic of the at least sensor
determining a proximity of the plurality of workpiece contact interfaces of the plurality

of spaced apart pole portions to the ferromagnetic workpiece.

126. The magnetic coupling device of claim 125, wherein the platter includes a

plurality of apertures which receive the second group of permanent magnets.

127. The magnetic coupling device of claim 125, further comprising a brake which
holds a position of the second group of permanent magnets relative to the first group

of permanent magnets.

128. The magnetic coupling device of any one of claims 125-127, wherein each of
the first group of permanent magnets includes a first number of permanent magnets
and the second group of permanent magnets includes a second number of
permanent magnets, the first number of permanent magnets is equal to the second
number of permanent magnets and the first number of permanent magnets is an

even number.

129. The magnetic coupling device of any one of claims 125-128, wherein the
plurality of spaced apart pole portions extend below and above the first group of

permanent magnets.
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130. The magnetic coupling device of any one of claims 125-129, a first pole portion
of the plurality of spaced apart pole portions being positioned between a first
permanent magnet of the first group of permanent magnets and a second permanent
magnet of the first group of permanent magnets; a second pole portion of the
plurality of spaced apart pole portions being positioned between a third permanent
magnet of the first group of permanent magnets and a fourth permanent magnet of
the first group of permanent magnets; and a third pole portion of the plurality of
spaced apart pole portions being positioned between a fifth permanent magnet of the
first group of permanent magnets and a sixth permanent magnet of the first group of

permanent magnets.

131. The magnetic coupling device of claim 130, wherein each of the first pole
portion and the second pole portion are north pole portions of the magnetic coupling

device.

132. The magnetic coupling device of claim 130, wherein the at least one sensor is
positioned between the first pole portion and the second pole portion.

133. The magnetic coupling device of any one of claims 125-132, wherein the at

least one sensor is magnetic field sensor

134. The magnetic coupling device of any one of claims 125-132, wherein the at

least one characteristic is a magnetic characteristic.

135. The magnetic coupling device of any one of claims 125-134, wherein in the a
first state the ferromagnetic workpiece is capable of being held by the plurality of
workpiece contact interfaces with a first magnetic strength, in the second state the
ferromagnetic workpiece is capable of being held by the plurality of workpiece
contact interfaces with a second magnetic strength, the second magnetic strength
being less than the first magnetic strength, and in a third state of the plurality of
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permanent magnets the ferromagnetic workpiece is incapable of being held by the

plurality of workpiece contact interfaces.

136. The magnetic coupling device of any one of claims 67-69, 102-104, 106-111,
and 114-135, wherein the magnetic coupling device is carried by an end of a robotic

arm.
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