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MULTI-AXIS RELATIVE POSITIONING STAGE

RELATED APPLICATIONS

[0001] This application claims benefit of U.S. Provisional Application
No0.62/402,674, filed on September 30, 2016, and entitled MULTI-AXIS RELATIVE
POSITIONING STAGE, which is hereby incorporated by reference in its entirety.

FIELD OF INTEREST

[0002] Inventive concepts relate to a positioning stage and, in particular, to a multi-

axis relative positioning stage.

BACKGROUND

[0003] Position manipulators are employed in a vast array of applications to position
objects, tool, or instruments with varying degrees of precision. A survey of kinematic joints,
or kinematic pairs, that may be used in position manipulators are illustrated in Fig. 1,
including: rigid (no motion), prismatic, revolute, parallel cylinders, cylindrical, spherical,
planar, edge slider, cylindrical slider, point slider, spherical slider, and crossed cylinder.

[0004] The Stewart Platform (also referred to herein as a hexapod) is a multi-axis
positioning stage made up of six actuators with spherical, ball, or universal joints at both ends
of each actuator, for example. Hexapods are considered the world class multi-axis
positioning stage design for most applications, but are often cost-prohibitive. One problem
with hexapods is that it is a synergistic motion platform because of the mutual interaction of
the actuators. That is, due to the mutual interaction of the actuators, none of the actuators can
be moved independently; a given move requires many or all of the actuators to move
different specific amounts and at different speed profiles to prevent the stage from binding.
Additionally, these motion and speed profiles change continuously as the defined starting and
ending points are changed. For this reason, a highly complex computer algorithm is required
to individually calculate the distance to travel and speed profiles necessary for each actuator

to get the top plate of the stage from point A to point B, even if a short distance single axis
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move is desired. As a result, a human operator is incapable of manually performing, even
this simple move, without binding the stage.

[0005] Another significant disadvantage with a hexapod is that the stiffness of the
joints (against off axis motion) dictates the “slop,” or “play,” and, therefore, the resolution of
the stage. This is a design conflict because it is exponentially more difficult to make
spherical joints (employed in hexapods) at tighter and tighter tolerances. That is, in the case
where a designer makes a world class spherical bearing to maximize stage resolution and
minimize slop, he has, by default, exacerbated two inherent issues. First, because of the
rigidness of the spherical joints, the accuracy of the motion and speed profile requirements
for each actuator increases exponentially to prevent binding. Second, the capability
requirements of the actuators increases exponentially in order to achieve the required
precision motions and speed profiles. As a result, improving the resolution of a hexapod
requires an exponential increase in computing power for determining motion and speed
profiles, an exponential increase in the performance capabilities of the actuators, and twelve
high quality spherical bearings. All of these factors drive up the cost of a hexapod
significantly.

[0006] Although hexapods typically cost from three to ten times as much as their
kinematic chain counterpart, they are often preferred because they do not suffer from
tolerance stack up issues. Ten microns of precision is not an uncommon positioner
requirement for many applications and, for example, in the photonics industry, submicron
precision is often required. At this date, hexapods typically cost from $60,000 to greater than
$120,000, each depending on physical size, load limits, and precision requirements. An

alternative precise position manipulator would be highly desirable.

SUMMARY
[0007] In accordance with principles of inventive concepts, a parallel position
manipulator includes a top plate, a base plate (also referred to herein as a bottom plate or
baseplate) and three, four, five or six prismatic joint actuators. Each actuator includes an
actuator joint having five Degrees of Freedom (DOF) at either the base plate or the top plate.
In operation, when one or more of the actuators extends or contracts the pivot points, e.g.,
five DOF actuator joints, of the remaining actuators are allowed to shift in any axis other than
that actuator’s axis of motion (that is, an axis defined by the actuator’s extension and

contraction). In example embodiments, magnetic force, gravity, and/or a pliable polymer,
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such as silicone, may be employed to keep the up to five DOF pivot points in contact with
their respective (that is, top or bottom) plate in a contact region when the prismatic actuators
are extended or retracted. In example embodiments at least two of the prismatic actuators are
perpendicular to at least two other prismatic actuators. If a fifth axis is added, its associated
prismatic actuator is arranged perpendicular to the other four prismatic actuators.

[0008] In example embodiments the actuators may be any of several types, such as:
piezo actuators, manual micrometer screws, magnetic actuators, stepper motors with linear
actuators (either integral or separate), hydraulic cylinders, pneumatic cylinders, or rotary
motors with eccentric cams, for example. In example embodiments in accordance with
principles of inventive concepts, the parallel position manipulator is configured such that the
push and pull forces exerted by each actuator is greater than the shear friction of all the other
actuators combined. In example embodiments this is accomplished by employing materials
that have a high holding force but a low shear force, for example, such as a hard metal
spherical surface magnetically held in contact with a hard flat metal surface. In such
embodiments only one of the sides (that is, either the hard metal spherical surface or the hard
flat metal surface) is magnetized, because if both sides are magnetic they will be semi-
constrained in the sliding axis and, therefore, behave like a spherical three DOF joint.

[0009] In accordance with principles of inventive concepts, a positioning stage
includes a plurality of magnetic prismatic joint actuators, a base plate and a top plate. The
top plate may support a device for precise positioning thereof. The top plate may be
supported by a plurality of magnetic prismatic joint actuators, which are, in turn, supported
by the base plate. In example embodiments, each actuator is fixed to a portion of the
baseplate, which positions each actuator at an angle to the horizontal. In example
embodiments, the angle is forty-five degrees, which thereby positions actuators on opposite
ends, or endpieces of the baseplate and ninety degrees to one another. In example
embodiments, sides of the top plate are formed at the same angle to the horizontal as sides of
the baseplate, although other configurations are contemplated within the scope of inventive
concepts. Magnets are provided on the angled sides of the top plate. Each actuator includes,
at its distal end, a magnetic material, which may be a ferrous metal, for example. In example
embodiments, the magnetic material is in the shape of a hemisphere, but other shapes and
combinations are contemplated within the scope of inventive concepts. In preferred
embodiments, each magnetic material end is configured to contact a magnet on a side of the

top plate to thereby support the top plate above the baseplate.
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[0010] In operation, an actuator distal end is held in contact with a magnet on a side
of the top plate through force of the magnet. As an actuator is activated (that is, extended or
retracted), the top plate moves linearly in the direction of motion determined by the motion of
the actuator. The distal end of an actuator in contact with a magnet on the opposite side of
the top plate remains in contact with the magnet, through the magnetic force of the magnet
operating upon the magnetic material of the actuator’s distal end. At the same time, the distal
end of this actuator allows the magnet (and top plate) to slide in a direction dictated by the
motion of the activated actuator.

[0011] In accordance with the inventive concepts, provided is a parallel positioner,
comprising a top plate, a baseplate, and three or more actuators configured to support the top
plate over the baseplate and to move the top plate in response to extension or retraction of
one or more actuators, wherein each of the actuators includes a joint having five degrees of
freedom.

[0012] In various embodiments, each of the actuators includes a magnetic joint as a
five degree of freedom joint.

[0013] In various embodiments, the top plate includes angled sides and the actuators
are configured to extend from the baseplate to the top plate and to support the top plate along
the angled sides of the top plate.

[0014] In various embodiments, in a neutral position, the angled sides of the top plate
are at the same angle to the horizontal as the angled sides of the baseplate.

[0015] In various embodiments, each magnetic joint includes an end of an actuator
formed of a hemispherical magnetic material and a magnet in a contacting region of a plate.
[0016] In various embodiments, each magnetic joint is formed on a side of the top
plate, each respective actuator end forming the joint is configured to contact a magnet on the
side of the top plate and each respective opposing end of the actuator is configured to be
fixedly attached to the baseplate.

[0017] In various embodiments, the parallel positioner includes four prismatic
actuators each forming magnetic joints with sides of the top plate, two actuators per side, and
each prismatic actuator fixed to the baseplate at the other end, wherein endpieces of the
baseplate and sides of the top plate, when in a neutral position, are formed at the same angle
to the horizontal.

[0018] In various embodiments, the actuators are configured such that the same

amount of extension or retraction of any pair of actuators produces movement of the top plate
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solely along a single axis, and said extension or retraction is carried out under control of an
electronic controller.

[0019] In accordance with another aspect of the inventive concept, provided is a
method of positioning a device, comprising providing a top plate upon which the device rests,
providing a baseplate to support the top plate, and providing three or more actuators between
the top plate and baseplate, the actuators configured to support the top plate over the
baseplate and moving the top plate by extension or retraction of one or more actuators,
wherein each of the actuators includes a joint having five degrees of freedom.

[0020] In various embodiments, each of the actuators includes a magnetic joint as a
five degree of freedom joint.

[0021] In various embodiments, the top plate includes angled sides and the actuators
are configured to extend from the baseplate to the top plate and to support the top plate along
angled sides of the top plate.

[0022] In various embodiments, in a neutral position, the angled sides of the top plate
are at the same angle to the horizontal as angled sides of the baseplate.

[0023] In various embodiments, each magnetic joint includes an end of an actuator
formed of a hemispherical magnetic material and a magnet in a contacting region of a plate.
[0024] In various embodiments, each magnetic joint is formed on a side of the top
plate, each respective actuator end of the joint is configured to contact a magnet on the side of
the top plate and each respective opposing end of the actuator is configured to be fixedly
attached to the baseplate.

[0025] In various embodiments, the method of positioning includes providing four
prismatic actuators each forming magnetic joints with sides of the top plate, two actuators per
side, and each prismatic actuator fixed to the baseplate at the other end, wherein endpieces of
the baseplate and sides of the top plate, when in a neutral position, are formed at the same
angle to the horizontal.

[0026] In various embodiments, the actuators are configured such that the same
amount of extension or retraction of any pair of actuators produces movement of the top plate
solely along a single axis and said extension or retraction is carried out under control of an
electronic controller.

[0027] In accordance with another aspect of the inventive concept, provided is a
photonic positioning device, comprising a photonic device, a top plate supporting the

photonic device, a baseplate, and three or more actuators configured to support the top plate
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over the baseplate and to move the top plate in response to extension or retraction of one or
more actuators, wherein each of the actuators includes a joint having five degrees of freedom.
[0028] In various embodiments, the photonic device is an optical fiber splicer.

[0029] In various embodiments, the photonic positioning device further comprises
four prismatic actuators each forming magnetic joints with sides of the top plate, two
actuators per side, and each prismatic actuator fixed to the baseplate at the other end, wherein
endpieces of the baseplate and sides of the top plate, when in a neutral position, are formed at
the same angle to the horizontal.

[0030] In various embodiments, the actuators are configured such that the same
amount of extension or retraction of any pair of actuators produces movement of the top plate
solely along a single axis, and said extension or retraction is carried out under control of an
electronic controller.

[0031] In accordance with another aspect of the inventive concepts, provided is a
parallel positioner, comprising a top plate, a baseplate, and at least four actuators configured
to support the top plate over the baseplate and to move the top plate in response to extension
or retraction of one or more actuators, wherein at least some of the actuators includes a joint
having five degrees of freedom.

[0032] In various embodiments, each of the actuators includes a joint having five
degrees of freedom.

[0033] In various embodiments, less than all of the actuators includes a joint having
five degrees of freedom.

[0034] In various embodiments, at least one of the actuators includes a joint having
four degrees of freedom.

[0035] In various embodiments, top plate includes a first angled side and a second
angled side and the baseplate includes a first angled side piece corresponding to and parallel
with the first angled side and a second angled side piece corresponding to and parallel with
the second angled side.

[0036] In various embodiments, the baseplate includes an intermediate portion from
which the side pieces and extend.

[0037] In some embodiments, the intermediate portion is planar.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0038] The present invention will become more apparent in view of the attached
drawings and accompanying detailed description. The embodiments depicted therein are
provided by way of example, not by way of limitation, wherein like reference numerals refer
to the same or similar elements. The drawings are not necessarily to scale, emphasis instead
being placed upon illustrating aspects of the invention. In the drawings:

[0039] FIG. 1 illustrates a variety of conventional kinematic joints;

[0040] FIG. 2 shows a front end view of embodiment of a four-axis stage, or
positioner with all actuators retracted, wherein a third actuator (not shown) is behind the first
actuator and a fourth actuator (not shown) is behind the second actuator;

[0041] FIG. 3 shows the same front end view of the four-axis stage of FIG. 2, with
the first actuator and third actuator extended along an axis (“X AXIS™);

[0042] FIG. 4 shows the same end view of the four-axis stage of FIG. 2, with the
second actuator and the fourth actuator extended along an axis (“Y AXIS™);

[0043] FIG. 5 shows a first (left) side view of the four-axis stage of FIG. 2, with the
first and third actuators extended along the “X AXIS”, wherein a second actuator (not shown)
is behind the first actuator and a fourth actuator (not shown) is behind the third actuator;
[0044] FIG. 6 shows a second (right) side view, opposite the first (left) side view, of
the four-axis stage of FIG. 2, with the second and fourth actuators extended along the “Y
AXIS”, wherein the first actuator (not shown) is behind the second actuator and third actuator
(not shown) is behind the fourth actuator;

[0045] FIG. 7 shows the first (left) side view of the four-axis stage of FIGS. 2 and 5,
with the first actuator retracted and the third actuator extended to pitch the top plate, wherein
the second actuator (not shown) is behind the first actuator and the fourth actuator (not
shown) is behind second actuator;

[0046] FIG. 8 shows the second (right) side view of the four-axis stage of FIGS. 2
and 6, with the second actuator extended and the fourth actuator retracted to yaw the top
plate, wherein the first actuator (not shown) is behind the second actuator and the third
actuator (not shown) is behind fourth actuator;

[0047] FIG. 9 shows a top view of the four-axis stage of FIG. 2, with the base plate
omitted for clarity;

[0048] FIG. 10 shows a table of single axis/dual actuator moves that can be applied to

a four-axis stage, in accordance with principles of the inventive concepts;
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[0049] FIG. 11 shows a table of single axis / single actuator moves that can be applied
to a five-axis stage, in accordance with principles of the inventive concepts;

[0050] FIG. 12 shows an embodiment of a five-axis stage top view, in accordance
with principles of the inventive concepts;

[0051] FIG. 13 shows another embodiment of multi-axis stage that can achieve a
“roll” motion of a top plate, in accordance with principles of the inventive concepts;

[0052] FIGS. 14A-C are views of another embodiment of a four-axis stage using
manual actuators capable of single digit micron precision, in accordance with principles of
the inventive concepts;

[0053] FIG. 15 is a top view of an embodiment of a five-axis stage employing
cylinder magnets in a joint, in accordance with principles of the inventive concepts;

[0054] FIG. 16 is a block diagram of an embodiment of a photonic positioner,
including electronic controller, in accordance with principles of inventive concepts;

[0055] FIG. 17A is a top view of an embodiment of a photonic positioner system that
employs a four-axis stage, in accordance with principles of inventive concepts; and

[0056] FIG. 17B is a side view of the photonic positioner system of FIG. 17A.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

[0057] Various aspects of the inventive concepts will be described more fully
hereinafter with reference to the accompanying drawings, in which some exemplary
embodiments are shown. The present inventive concept may, however, be embodied in many
different forms and should not be construed as limited to the exemplary embodiments set
forth herein.

[0058] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are used to distinguish one element from another, but not to imply a required
sequence of elements. For example, a first element can be termed a second element, and,
similarly, a second element can be termed a first element, without departing from the scope
of the present invention. As used herein, the term "and/or" includes any and all combinations
of one or more of the associated listed items. The term “or” is not used in an exclusive or
sense, but in an inclusive or sense.

[0059] It will be understood that when an element is referred to as being “on” or

“connected” or “coupled” to another element, it can be directly on or connected or coupled to
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the other element or intervening elements can be present. In contrast, when an element is
referred to as being “directly on” or “directly connected” or “directly coupled” to another
element, there are no intervening elements present. Other words used to describe the
relationship between elements should be interpreted in a like fashion (e.g., “between” versus

LT

“directly between,” “adjacent” versus “directly adjacent,” etc.).
[0060] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein, the

M on

singular forms "a,” "an" and "the" are intended to include the plural forms as well, unless the

context clearly indicates otherwise. It will be further understood that the terms "comprises,"
"comprising,” "includes" and/or "including,” when used herein, specify the presence of stated
features, steps, operations, elements, and/or components, but do not preclude the presence or
addition of one or more other features, steps, operations, elements, components, and/or

groups thereof.

"on "on

[0061] Spatially relative terms, such as "beneath,” "below," "lower," "above,

upper”
and the like may be used to describe an element and/or feature's relationship to another
element(s) and/or feature(s) as, for example, illustrated in the figures. It will be understood
that the spatially relative terms are intended to encompass different orientations of the device
in use and/or operation in addition to the orientation depicted in the figures. For example, if
the device in the figures is turned over, elements described as "below" and/or "beneath" other
elements or features would then be oriented "above" the other elements or features. The
device may be otherwise oriented (e.g., rotated 90 degrees or at other orientations) and the
spatially relative descriptors used herein interpreted accordingly.

[0062] Exemplary embodiments are described herein with reference to cross-sectional
illustrations that are schematic illustrations of idealized exemplary embodiments (and
intermediate structures). As such, variations from the shapes of the illustrations as a result,
for example, of manufacturing techniques and/or tolerances, are to be expected. Thus,
exemplary embodiments should not be construed as limited to the particular shapes of regions
illustrated herein but are to include deviations in shapes that result, for example, from
manufacturing.

[0063] To the extent that functional features, operations, and/or steps are described
herein, or otherwise understood to be included within various embodiments of the inventive
concept, such functional features, operations, and/or steps can be embodied in functional

blocks, units, modules, operations and/or methods. And to the extent that such functional
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blocks, units, modules, operations and/or methods include computer program code, such
computer program code can be stored in a computer readable medium, e.g., such as non-
transitory memory and media, that is executable by at least one computer processor.

[0064] In example embodiments in accordance with principles of inventive concepts,
a parallel position manipulator includes a top plate, a base plate, and four, five, six or more
prismatic joint actuators. In preferred embodiments, each actuator includes an actuator joint
having five Degrees of Freedom (DOF) at either the base plate or the top plate. In operation,
when one or more of the actuators extends or contracts, the pivot points of the remaining
actuators are allowed to shift in any axis other than that actuator’s axis of motion (that is, an
axis defined by the actuator’s extension and contraction).

[0065] In example embodiments, magnetic force, gravity, and/or a pliable polymer,
such as silicone, may be employed to keep the five DOF pivot points in contact with their
respective (that is, top or bottom) plate when the prismatic actuators are retracted.

[0066] In some example embodiments, at least two of the prismatic actuators can be
perpendicular to at least two other prismatic actuators.

[0067] In some embodiments, a fifth axis of movement can be added. If a fifth axis is
added, its associated prismatic actuator can be arranged perpendicular to the other four
prismatic actuators.

[0068] In example embodiments the actuators may be any of several types, such as:
piezo actuators, manual micrometer screws, magnetic actuators, stepper motors with linear
actuators (either integral or separate), hydraulic cylinders, pneumatic cylinders, or rotary
motors with eccentric cams, for example. In example embodiments in accordance with
principles of inventive concepts, the parallel position manipulator is configured such that the
push and pull forces exerted by each actuator is greater than the shear friction of all the other
actuators combined. In example embodiments this is accomplished by employing materials
that have a high holding force but a low shear force, for example, such as a hard metal
spherical surface magnetically held in contact with a hard flat metal surface. In such
embodiments only one of the sides (that is, either the hard metal spherical surface or the hard
flat metal surface) is magnetized, because if both sides are magnetic they will be semi-
constrained in the sliding axis and, therefore, behave like a spherical 3DOF joint.

[0069] In example embodiments in accordance with principles of inventive concepts,
a positioning stage includes a plurality of magnetic prismatic joint actuators, a base plate and

a top plate. The top plate may support a device for precise positioning thereof. The top plate

10
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may be supported by a plurality of magnetic prismatic joint actuators, which are, in turn,
supported by the base plate. In example embodiments, each actuator is fixed to a portion of
the baseplate, which positions each actuator at an angle to the horizontal. In example
embodiments, sides of the top plate are formed at the same angle to the horizontal as sides of
the baseplate, although other configurations are contemplated within the scope of inventive
concepts. Magnets are provided on the angled sides of the top plate. Each actuator includes,
at its distal end, a magnetic material, which may be a ferrous metal, for example. In example
embodiments, the magnetic material is in the shape of a hemisphere, but other shapes and
combinations are contemplated within the scope of inventive concepts. Each magnetic
material end is configured to contact a magnet on a side of the top plate to thereby support the
top plate above the baseplate.

[0070] In some embodiments, the magnet on the side of the top plate conforms to an
outer surface of the top plate. For example, the top plate can have cross section with a planar
shape, a V-shape, a semi-cylindrical shape, or another shape.

[0071] In operation, an actuator distal end is maintained in contact with a magnet on
an outer surface or side of the top plate through force of the magnet. As an actuator is
activated, e.g., extended or retracted, the top plate moves linearly in the direction of motion
determined by the motion of the actuator. Therefore, the actuator can be extendible and
retractable along an axis. The distal end of an actuator in contact with a magnet on an
opposite side of the top plate remains in contact with the magnet, through the magnetic force
of the magnet operating upon the magnetic material of the actuator’s distal end. At the same
time, the distal end of such actuator allows the magnet (and top plate) to slide in a direction
dictated by the motion of the activated actuator. With respect to activation, this opposite side
actuator can be passive, i.e., not activated, or activated in a different direction, in various
embodiments.

[0072] A positioning stage in accordance with principles of inventive concepts can
take the form of a parallel position manipulator. Because it is a parallel position manipulator,
it does not suffer from the mechanical stack up issues associated with multiple single axis
stages stacked on top of each other in what may be referred to as a kinematic chain.
Additionally, unlike a hexapod, a positioning stage in accordance with principles of inventive
concepts allows for any combination of the four actuators to extend or contract any amount at
any speed without the stage binding. Each actuator can be arranged to affect movement in

two different axes of the top plate of the stage. To implement a single axis of motion, two

11
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actuators may be moved in a manner in which they complement one another in the desired
axis and cancel each other in an undesired axis. As a result, in example embodiments in
accordance with principles of inventive concepts, all single-axis stage moves employ dual
actuator moves. Single-axis stage moves, and the associated actuator actions, are shown in
the tables of FIGS. 10 and 11.

[0073] In addition to being a parallel actuator, a positioning stage in accordance with
principles of inventive concepts can have several other benefits. For example, a positioning
stage in accordance with principles of inventive concepts is scalable from four to six axes,
incrementally, whereas a Stewart Platform always has three or six axes. Unlike a kinematic
chain, a positioning stage in accordance with principles of inventive concepts does not exhibit
tolerance stack up of individual stages. A positioning stage in accordance with principles of
inventive concepts does not require rotary or linear bearings, whereas a kinematic chain
requires one for each axis of freedom. With a positioning stage in accordance with principles
of inventive concepts, each axis of motion only requires two actuators that move at a fixed,
intuitive ratio and, therefore, desired motion is relatively easy to achieve. As previously
indicated, this is not the case with a Stewart Platform. Additionally, unlike a Stewart
Platform, the speed of actuation need not be controlled to prevent stage binding and
individual actuators can be moved without binding the stage. In example embodiments, the
positioning stage top plate may be readily removed and replaced simply by decoupling the
interfaces, such as a magnetic interfaces.

[0074] In example embodiments the resolution and stiffness of the stage may be
determined by the quality of the actuators, the smoothness of the spherical slider components,
and the strength of the magnetic (or other) force holding the spherical slider joints together.
All of these aspects can be optimized to create a submicron precision stage for a small
fraction of the cost of a similar precision hexapod. In many cases, a positioning stage in
accordance with principles of inventive concepts will outperform a standard kinematic chain
while, at the same time, being more cost-effective. In example embodiments, the holding
force (for example, magnetic holding force) of an actuator spherical slider (or other five DOF
connection) is greater than the coefficient of friction of all of the other actuator joints. When
this is true, the top plate will settle at an equilibrium that allows the four (or more)
connections to slide or pivot as needed to ensure that all of the points of contact are

maintained.
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[0075] A four axis stage with a constrained Z axis in which other degrees of freedom
are not interfered with may be implemented in accordance with principles of inventive
concepts by using a rigid beam to constrain or restrict movement such Z axis movement, or
by replacing one of the four five-DOF actuator joints with a four-DOF joint, restricting
motion in the Z axis, as illustrated in FIG. 15.

[0076] FIGS. 2-9, in combination, provide views of example embodiments of a four
axis positioning stage in accordance with principles of inventive concepts.

[0077] FIG. 2 shows a front end view of embodiment of a four-axis stage, or
positioner with all actuators retracted, wherein a third actuator (not shown) is behind the first
actuator and a fourth actuator (not shown) is behind the second actuator. FIGS. 5-9 shows
the third and fourth actuators. As can be seen, for example, from FIG. 9, third actuator is
behind first actuator and fourth actuator is behind second actuator.

[0078] With respect to FIG. 2, all actuators are retracted in this view. In this example
embodiment, the positioning stage is a four-axis stage 100 that includes base plate 102, top
plate 104, and a plurality of actuators, which can be prismatic actuators. The plurality of
actuators includes a first actuator 106 (i.e., prismatic actuator 1), a second actuator 108 (i.e.,
prismatic actuator 2), a third actuator 110 (i.e., prismatic actuator 3), and a fourth actuator
112 (i.e., prismatic actuator 4).

[0079] In example embodiments, baseplate 102 includes angled side pieces 118, 120
that are formed at an angle 6 with respect to the horizontal, where 6 = 0; = 6, in this
embodiment. In other embodiments, it may be possible for 01 # 0. Sides 122, 124 of top
plate 104 are formed at the same angle 6 to the horizontal. Therefore, side piece 118 of the
base plate 102 is parallel to side 122 of the top plate 104 and side piece 120 of the base plate
is parallel to side 124 of the top plate 104. In the embodiment of FIG. 2, the base plate 102
includes an intermediate portion from which the side pieces 118 and 120 extend. The
intermediate portion can be a planar piece that lies in the horizontal plane, but the
intermediate portion need not be planar in all embodiments.

[0080] In this embodiment, each of the actuators 106, 108, 110, and 112 extends from
one of the side pieces 118, 120 of the base plate 102, in a direction toward the top plate 104.
For example, in this embodiment, each actuator is secured or coupled to a side piece of the
base plate 102 and extends at an angle of 90 degrees with respect to the corresponding side

piece 118 or 120 toward the corresponding side 122 or 124 of the top plate 104.
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[0081] A distal end of each actuator 106, 108, 110, and 112 includes a magnetic
material. In this embodiment, each of the actuators 106, 108, 110, and 112 includes ferrous
metal hemispheric ends 134, 136, 138 and 140. Magnets 126, 128, 130, and 132 are disposed
on or in the sides 122, 124 of the top plate 104 in locations corresponding to the ferrous metal
hemispheric ends 134, 136, 138, and 140 of respective actuators 106, 108, 110, and 112.
[0082] FIG. 3 shows the same front end view of the four-axis stage of FIG. 2, with
the first actuator and third actuator extended along an axis (“X AXIS™). In FIG. 3 the first
actuator 106 and the third actuator 110 are extended to move the top plate 104 in the direction
of the X axis, as indicated by the X-AXIS arrow. As previously indicated, third actuator 110
(actuator 3) is behind first actuator 106 (actuator 1) and the fourth actuator 112 (actuator 4) is
behind the second actuator 108 (actuator 2). In example embodiments, actuator 1 106 and
actuator 3 110 are extended the same amount in order to provide purely X axis movement.
Broken lines indicate the original location of the top plate 104 and magnets 126, 128, which
is the position of the top plate in FIG. 2.

[0083] FIG. 4 shows the same end view of the four-axis stage of FIG. 2, with the
second actuator and the fourth actuator extended along an axis (“Y AXIS”). In the example
embodiment of FIG. 4, actuators 1 106 and 3 110 (X axis) and actuators 2 108 and 4 112 (Y
axis) are extended. As previously indicated, third actuator 110 is behind first actuator 106
and fourth actuator 112 is behind second actuator 108. In example embodiments, the first
actuator 106 and the third actuator 110 are extended the same amount in order to provide X
axis movement and second actuators 108 and fourth actuator 112 are extended the same
amount in order to provide Y axis movement. Broken lines indicate the original location of
the top plate 104 and magnets 126, 128.

[0084] FIG. 5 shows a first (left) side view of the four-axis stage of FIG. 2, with the
first and third actuators extended along the “X AXIS”, wherein a second actuator (not shown)
is behind the first actuator and a fourth actuator (not shown) is behind the third actuator. In
the example embodiment of FIG. 5, the first actuator 106 and the third actuator 110 are
extended by the same amount to produce movement solely in the direction of the X axis.
Second actuator 108 is behind first actuator 106 and fourth actuator 112 is behind third
actuator 110 from this perspective. Broken lines indicate the original location of the top plate
104 and magnets 126, 130.

[0085] FIG. 6 shows a second (right) side view, opposite the first (left) side view, of

the four-axis stage of FIG. 2, with the second and fourth actuators extended along the “Y
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AXIS”, wherein the first actuator (not shown) is behind the second actuator and third actuator
(not shown) is behind the fourth actuator. In the embodiment of FIG. 6, the second actuator
108 and the fourth actuator 112 are extended the same amount to produce movement solely in
the direction of the Y axis. First actuator 106 is behind second actuator 108 and third
actuator 110 is behind fourth actuator 112 from this perspective. Broken lines indicate the
original location of the top plate 104 and magnets 128, 132.

[0086] FIG. 7 shows the first (left) side view of the four-axis stage of FIGS. 2 and 5,
with the first actuator 106 retracted and the third actuator 110 extended to pitch the top plate
104, wherein the second actuator 108 (not shown) is behind the first actuator and the fourth
actuator 112 (not shown) is behind second actuator.

[0087] FIG. 8 shows the second (right) side view of the four-axis stage of FIGS. 2
and 6, with the second actuator 108 extended and the fourth actuator 112 retracted to yaw the
top plate 104, wherein the first actuator 106 (not shown) is behind the second actuator and the
third actuator 110 (not shown) is behind fourth actuator.

[0088] FIG. 9 shows a top view of the four-axis stage of FIG. 2, with the base plate
102 omitted for clarity. In the example embodiment of FIG. 9, a top view of a four-axis stage
in accordance with principles of inventive concepts illustrates the relative position of first,
second, third, and fourth actuators 106, 108, 110, and 112, along with respective associated
magnets 126, 128, 130, and 132 and top plate 104.

[0089] FIG. 10 shows a table of single axis/dual actuator moves that can be applied to
a four-axis stage, in accordance with principles of the inventive concepts. The table of FIG.
10 illustrates combinations of dual actuator moves that implement top plate movements in
accordance with principles of inventive concepts. For example, to extend the top plate solely
in the positive X axis direction, first actuator 106 and third actuator 110 are extended while
second actuator 108 and fourth actuator 112 are left in place; to extend the top plate solely in
the positive Y axis direction, second actuator 108 and fourth actuator 112 are extended while
first actuator 106 and third actuator 110 are left in place.

[0090] FIG. 11 shows a table of single axis / single actuator moves that can be applied
to a five-axis stage, in accordance with principles of the inventive concepts. For example,
FIG. 12 shows a fifth actuator 113 added to affect movement of the top plate 4 in a Z AXIS,
which lies in a horizontal plane. In other embodiments, a sixth actuator could be provided

opposite the fifth actuator.
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[0091] The table of FIG. 11 shows single axis, single actuator movements of the fifth
actuator 113, as an example, if added to the actuators 106, 108, 110, and 112. That is, the
table of FIG. 11 could be appended to the table of FIG. 10 if five actuators were used.
Therefore, a five-axis stage, such as that illustrated in FIG. 12, can be provided with
movement in the positive Z axis direction effected by extension of fifth actuator 113 and
movement in the negative Z axis direction effected by retraction of fifth actuator 113. In
example embodiments in which a four axis stage is used, with Z axis constrained, fifth
actuator 113 may be replaced with a rigid beam, for example.

[0092] FIG. 13 shows another embodiment of multi-axis stage that can achieve a
“roll” motion of a top plate, in accordance with principles of the inventive concepts. In an
example embodiment in accordance with principles of inventive concepts, a sixth axis of
motion, roll, may be introduced as illustrated in FIG. 13. In this example embodiment top
plate 104 is semi-cylindrical, as is magnet 133. In such example embodiments, the operation
of the sixth axis does not interfere with operation of the other five. The roll can be achieved
through selective extending and/or retracting of actuators 106, 108, 110, and 112. A fifth
actuator 113 could again be optional and provided if movement in the Z-axis was intended.
[0093] FIGS. 14A, 14B, and 14C provide end, perspective, and exploded views,
respectively, of an example positioner in accordance with principles of inventive concepts.
In this example embodiment, top plate 104 and baseplate 102 are V-shaped, with sides having
the same angle 0 with respect to the horizontal, where 6 = 61 = 0> in this embodiment. In
other embodiments, it may be possible for 61 # 62. In this example embodiment, first through
fourth actuators 106, 108, 110 and 112 penetrate baseplate 102 to contact magnets 135,137
positioned on sides of top plate 104.

[0094] Magnets 135 and 135 are disposed on or in the sides 122, 124 of the top plate
104 in locations corresponding to the ferrous metal hemispheric ends 134, 136, 138, and 140
at distal ends of respective actuators 106, 108, 110, and 112.

[0095] In example embodiments actuators 106, 108, 110, and 112 may be precision
adjustment mechanisms, such as micrometer screws 106a, 108a, 110a, 112a, that allow
single-digit micron precision adjustment.

[0096] FIG. 15 is a top view of an embodiment of a five-axis stage employing
cylinder magnets in a joint, in accordance with principles of the inventive concepts. As
illustrated in the example embodiment of FIG. 15, one of the magnets 139, in this example

embodiment, affixed to top plate 104 may be in the form of cylindrical magnets, for example,
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that yield a four DOF joint that results in a positioner with restricted motion in the Z axis.
The cylinder magnets could be configured, by bending, for example, to yield a sixth axis, of
roll.

[0097] FIG. 16 is a block diagram of an embodiment of a photonic positioner,
including electronic controller, in accordance with principles of inventive concepts. The
block diagram of FIG. 16 depicts a photonic system 200 that employs a photonic device 101,
such as a fiber splicer or component thereof, such as an alignment device, in conjunction with
a positioner 100 in accordance with principles of inventive concepts. In example
embodiments, positioner 100 is controlled by controller 103, which operates the positioner’s
actuators in a manner previously described to precisely move photonic device 101. Such
movement may allow for the alignment of optical fiber ends, for example. Controller 103
may receive feedback, for example, from photonic equipment 101 that the controller employs
to adjust positioner 100. In example embodiments in which the photonic equipment 101 is a
splicer, for example, sensors indicative of the quality of alignment between fibers may
provide indicia to controller 103, which employs such indicia to adjust positioner for precise
alignment of optical fibers, for example.

[0098] FIGS. 17A and 17B are top and side views, respectively, of a photonic
positioner system 105 that employs positioners in accordance with principles of inventive
concepts. In this example embodiment a pair of positioners 100 each support an optical fiber
end F1, F2 for splicing. Each positioners 100 may be manipulated, as previously described,
for example, using an electronic controller 103 to align the ends of fibers F1, F2 for splicing
by an optical fiber slicer including a heating element, such as a plasma heater (not shown),
that is configured to heat the fiber ends once aligned using positioners 100. In example
embodiments the top plates of positioners 100 may include or support fiber holders 107.
Such fiber holders are known and may include grooves in an otherwise flat top surface for
holding one or more fibers in place for positioning and splicing.

[0099] While the foregoing has described what are considered to be the best mode
and/or other preferred embodiments, it is understood that various modifications can be made
therein and that the invention or inventions may be implemented in various forms and
embodiments, and that they may be applied in numerous applications, only some of which
have been described herein. It is intended by the following claims to claim that which is
literally described and all equivalents thereto, including all modifications and variations that

fall within the scope of each claim.
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[00100] It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provide in combination in a
single embodiment. Conversely, various features of the invention which are, for brevity,
described in the context of a single embodiment may also be provided separately or in any

suitable sub-combination.

[00101] For example, it will be appreciated that all of the features set out in any of the

claims (whether independent or dependent) can combined in any given way.
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What is claimed is:

1. A parallel positioner, comprising:

a top plate;

a baseplate; and

three or more actuators configured to support the top plate over the baseplate and to
move the top plate in response to extension or retraction of one or more actuators, wherein

each of the actuators includes a joint having five degrees of freedom.

2. The parallel positioner of claim 1, or any other claim, wherein each of the

actuators includes a magnetic joint as a five degree of freedom joint.

3. The parallel positioner of claim 1, or any other claim, wherein the top plate
includes angled sides and the actuators are configured to extend from the baseplate to the top

plate and to support the top plate along the angled sides of the top plate.

4. The parallel positioner of claim 3, or any other claim, wherein, in a neutral
position, the angled sides of the top plate are at the same angle to the horizontal as the angled

sides of the baseplate.

5. The parallel positioner of claim 2, or any other claim, wherein each magnetic
joint includes an end of an actuator formed of a hemispherical magnetic material and a

magnet in a contacting region of a plate.

6. The parallel positioner of claim 5, or any other claim, wherein each magnetic
joint is formed on a side of the top plate, each respective actuator end forming the joint is
configured to contact a magnet on the side of the top plate and each respective opposing end

of the actuator is configured to be fixedly attached to the baseplate.
7. The parallel positioner of claim 1, or any other claim, including four prismatic

actuators each forming magnetic joints with sides of the top plate, two actuators per side, and

each prismatic actuator fixed to the baseplate at the other end, wherein endpieces of the
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baseplate and sides of the top plate, when in a neutral position, are formed at the same angle

to the horizontal.

8. The parallel positioner of claim 7, or any other claim, wherein the actuators
are configured such that the same amount of extension or retraction of any pair of actuators
produces movement of the top plate solely along a single axis, and said extension or

retraction is carried out under control of an electronic controller.

9. A method of positioning a device, comprising:

providing a top plate upon which the device rests;

providing a baseplate to support the top plate; and

providing three or more actuators between the top plate and baseplate, the actuators
configured to support the top plate over the baseplate and moving the top plate by extension
or retraction of one or more actuators, wherein each of the actuators includes a joint having

five degrees of freedom.

10. The method of positioning of claim 9, or any other claim, wherein each of the

actuators includes a magnetic joint as a five degree of freedom joint.

11. The method of positioning of claim 9, or any other claim, wherein the top
plate includes angled sides and the actuators are configured to extend from the baseplate to

the top plate and to support the top plate along angled sides of the top plate.

12. The method of positioning of claim 11, or any other claim, wherein, in a
neutral position, the angled sides of the top plate are at the same angle to the horizontal as

angled sides of the baseplate.
13. The method of positioning of claim 10, or any other claim, wherein each
magnetic joint includes an end of an actuator formed of a hemispherical magnetic material

and a magnet in a contacting region of a plate.

14. The method of positioning of claim 13, or any other claim, wherein each

magnetic joint is formed on a side of the top plate, each respective actuator end of the joint is
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configured to contact a magnet on the side of the top plate and each respective opposing end

of the actuator is configured to be fixedly attached to the baseplate.

15. The method of positioning of claim 9, or any other claim, including providing
four prismatic actuators each forming magnetic joints with sides of the top plate, two
actuators per side, and each prismatic actuator fixed to the baseplate at the other end, wherein
endpieces of the baseplate and sides of the top plate, when in a neutral position, are formed at

the same angle to the horizontal.

16. The method of positioning of claim 15, or any other claim, wherein the
actuators are configured such that the same amount of extension or retraction of any pair of
actuators produces movement of the top plate solely along a single axis and said extension or

retraction is carried out under control of an electronic controller.

17. A photonic positioning device, comprising:
a photonic device;

a top plate supporting the photonic device;

a baseplate; and

three or more actuators configured to support the top plate over the baseplate and to
move the top plate in response to extension or retraction of one or more actuators, wherein

each of the actuators includes a joint having five degrees of freedom.

18. The photonic positioning device of claim 17, or any other claim, wherein the

photonic device is an optical fiber splicer.

19. The photonic positioning device of claim 18, or any other claim, further
comprising four prismatic actuators each forming magnetic joints with sides of the top plate,
two actuators per side, and each prismatic actuator fixed to the baseplate at the other end,
wherein endpieces of the baseplate and sides of the top plate, when in a neutral position, are

formed at the same angle to the horizontal.

20. The photonic positioning device of claim 19, or any other claim, wherein the

actuators are configured such that the same amount of extension or retraction of any pair of
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actuators produces movement of the top plate solely along a single axis, and said extension or

retraction is carried out under control of an electronic controller.

21. A parallel positioner, comprising:

a top plate,

a baseplate, and

at least four actuators configured to support the top plate over the baseplate and to
move the top plate in response to extension or retraction of one or more actuators, wherein at

least some of the actuators includes a joint having five degrees of freedom.

22. The positioner of claim 21, or any other claim, wherein each of the actuators

includes a joint having five degrees of freedom.

23. The positioner of claim 21, or any other claim, less than all of the actuators

includes a joint having five degrees of freedom.

24. The positioner of claim 21, or any other claim, wherein at least one of the

actuators includes a joint having four degrees of freedom.

25. The positioner of claim 21, or any other claim, wherein top plate includes a
first angled side and a second angled side and the baseplate includes a first angled side piece
corresponding to and parallel with the first angled side and a second angled side piece

corresponding to and parallel with the second angled side.

26. The positioner of claim 21, or any other claim, wherein the baseplate includes

an intermediate portion from which the side pieces and extend.

27. The positioner of claim 21, or any other claim, wherein the intermediate

portion is planar.
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to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date
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cited to establish the publication date of another citation or other
special reason (as specified)

“0” document rcferring to an oral discluswie, use, exhibilion or other
means

“P”  document publistied privr (o the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority

date and not in conflict with the apﬁliqation but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

wyn

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art
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