woO 2009/003196 A 1 |10 0 OO OO A0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
31 December 2008 (31.12.2008)

PO ) 0

(10) International Publication Number

WO 2009/003196 Al

(51) International Patent Classification:

HO2K 7/09 (2006.01)
(21) International Application Number:
PCT/US2008/068684
(22) International Filing Date: 28 June 2008 (28.06.2008)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
60/946,687 27 June 2007 (27.06.2007) US
Not furnished 27 June 2008 (27.06.2008) US

(71) Applicant (for all designated States except US): BROOKS
AUTOMATION, INC. [US/US]; 15 Elizabeth Drive,
Chelmsford, MA 01824 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): GILCHRIST,
Ulysses [US/US]; 10 Lawrence Road, Reading, MA
01867 (US). HOSEK, Martin [US/US]; 68 Mammoth
Road, Lowell, MA 01854 (US). MOURA, Jairo, Terra

(74)

(81)

(34)

[US/US]; 93 Brigham Street, Marlboro, MA 01752 (US).
KRISHNASAMY, Jay [US/US]; 5 Jennifer Circle, Bil-
lerica, MA 01821 (US).

Agents: GREEN, Clarence, A. et al.; Perman & Green,
LLP, 425 Post Road, Fairfield, CT 06824 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, 7M, 7ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

[Continued on next page]

(54) Title: ROBOT DRIVE WITH MAGNETIC SPINDLE BEARINGS

110 <

g 160 165 T 162
105 120 150 215
LAND PORT || [STATION3 [STATION4
MODULES @ C)
T I
115 115

(57) Abstract: A drive section for a substrate
transport arm including a frame, at least one stator
mounted within the frame, the stator including a first
motor section and at least one stator bearing section
and a coaxial spindle magnetically supported
substantially without contact by the at least one
stator bearing section, where each drive shaft
of the coaxial spindle includes a rotor, the rotor
including a second motor section and at least one
rotor bearing section configured to interface with
the at least one stator bearing section, wherein the
first motor section is configured to interface with
the second motor section to effect rotation of the
spindle about a predetermined axis and the at least
one stator bearing section is configured to effect
at least leveling of a substrate transport arm end
effector connected to the coaxial spindle through
an interaction with the at least one rotor bearing
section.
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ROBOT DRIVE WITH MAGNETIC SPINDLE BEARINGS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the Dbenefit of U.S.
Provisional Patent Application No. 60/946,687, filed on
June 27, 2007, the disclosure of which is incorporated

by reference herein in its entirety.

BACKGROUND

1. Field

[0002] The present embodiments relate to robot drives
and, more particularly, to robot drives with magnetic

bearings.
2. Brief Description of Related Developments

[0003] Conventional robotic drives such as for
example, drives for use in a vacuum environment, utilize
ball or zroller Dbearings in the wvacuum or other
controlled environment to support drive shafts of the
robotic drive. The bearings supporting the drive shafts
may employ various lubricants to prevent metal fatigue
and bearing failure. Specially formulate low vapor
pressure greases are generally used to lubricate the
robot drive bearings in the vacuum or controlled

environment.

[0004] However, the use of grease to lubricate the
robot drive bearings 1s limited because the lubrication
properties of the grease decrease as the vapor pressure

and temperature decrease in the robots operating
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environment. The grease is also a possible source of
contamination in a vacuum or other controlled
environment due to, for example, outgassing. Further,
the greases used in conventional robot drives may break
down and can migrate out of the bearings with the
potential for contaminating the processing environment
and can possibly cause a malfunctioning of the motor
feedback systems of the debris from the grease migrates

onto the position feedback encoders.

[0005] It would be advantageous to have a robot drive
system that employs a contactless bearing system, and
hence avoiding use of grease or other Ilubrication of
contact surfaces. It would also be advantageous to have
a zrobot drive system that is capable of enhanced
mobility without an increase in the number of motors

powering the system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The foregoing aspects and other features of the
disclosed embodiments are explained in the following
description, taken in connection with the accompanying

drawings, wherein:

f0007] FIG. 1 is a schematic plan view of a substrate
processing apparatus incorporating features in

accordance with one exemplary embodiment;

[0008] FIG. 2 shows an exemplary substrate transport

incorporating features of an exemplary embodiment;
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[0009] FIG. 3 is a schematic cross-sectional
illustration of a substrate transport drive section in

accordance with an exemplary embodiment;

[00010] FIG. 4A and 4B are schematic cross-sectional
illustrations of a substrate transport drive section in

accordance with an exemplary embodiment;

[00011] FIG. 5 is a schematic cross-sectional view of a
portion of substrate transport drive section in

accordance with an exemplary embodiment;

[00012] FIGS. 6A-B6F are schematic illustrations of a
portion of the substrate transport drive respectively in

accordance with different exemplary embodiments;

[00013] FIG. 6G illustrates and chart of forces applied

in accordance with an exemplary embodiment;

[00014] FIG. 7 is a schematic illustration of a portion
of a drive section in accordance with an exemplary

embodiment: ;

[00015] FIG. 72 diagrammatically illustrates forces

applied in the drive section of Figure 7;

[00016] FIG. 8 is a schematic illustration of a portion
of a transport drive section in accordance with an

exemplary embodiment;

[00017] FIG. 9 is a schematic cross-sectional
illustration of a substrate transport drive section in

accordance with an exemplary embodiment;
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[00018] FIG. 10 is another schematic illustration of a
portion of a substrate transport drive section in

accordance with an exemplary embodiment;

[00019] FIG. 11 1is a schematic illustration of a
portion of a substrate transport drive section in

accordance with an exemplary embodiment;

{00020] FIG. 11A is yet another schematic illustration
of a portion of a substrate transport drive section in

accordance with an exemplary embodiment;

[00021] FIG. 11B is still another schematic
illustration of a portion of a substrate transport drive

section in accordance with an exemplary embodiment;

[00022] FIG. 11C is another schematic illustration of a
portion of a substrate transport drive section in

accordance with an exemplary embodiment;

[{00023] FIGS. 11D-11F schematically illustrates
portions of a substrate transport drive section in

accordance with an exemplary embodiment;

[00024] FIG. 12 1is a schematic illustration of a
portion of an exemplary drive section feedback system in

accordance with an exemplary embodiment;

[00025] FIG. 12A is another schematic illustration of a
portion of an exemplary drive section feedback system in

accordance with an exemplary embodiment;

[00026] FIGS. 13 is a schematic illustration of a
portion of an exemplary drive section feedback system in

accordance with an exemplary embodiment;
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[00027] FIG. 14 is a schematic 1illustration of a
portion of the exemplary drive section feedback system

of Figure 13;

[00028] FIGS. 14A and 14B are schematic illustrations
of a portion of an exemplary drive section feedback

system in accordance with an exemplary embodiment;

[00029] FIG. 15 1is a schematic illustration of the
substrate transport drive section of Figure 11 shown in
another position in accordance with an exemplary

embodiment;

[00030] FIG. 16 is a schematic illustration of the
substrate transport drive section of Figure 11 shown in
still another position in accordance with an exemplary

embodiment; and

[00031] FIG. 17 1is a schematic illustration of a
substrate transport in accordance with an exemplary

embodiment.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENT (s)

[00032] Figure 1 illustrates a perspective view of a
substrate processing apparatus 100 incorporating
features of the exemplary embodiments. Although the
embodiments disclosed will be described with reference
to the embodiments shown in the drawings, 1t should be
understood that the embodiments disclosed can be
embodied in many alternate forms. In addition, any
suitable size, shape or type of elements or materials

could be used.
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[00033] The exemplary embodiments may increase the
reliability and c¢leanliness and vacuum performance of a
robotic drive that may be used to, for example,
transport substrates, align substrates, or perform any
other suitable function in any suitable environment
including, but not limited to, atmospheric, vacuum or
controlled environments. The robotic drives of the
exemplary embodiments may include windings configured to
magnetically support the motor spindle and to manipulate
the spindle such that the spindle can be translated in,
for example, a horizontal plane as well as be tilted
with respect to, for example, a vertical plane. It is
noted that the reference to the horizontal and vertical
planes is merely for convenience and that the spindle
may be translated and tilted, as will be described
below, with respect to any suitable coordinate system.
Though the exemplary embodiments described in detail
below refer particularly to transport or positioning
apparatus having articulated arms and rotary drives, the
features of the exemplary embodiments are equally
applicable to other equipment including, but not limited
to, any other suitable transport or positioning system,
any other device that rotates a substrate such as
substrate aligners and any other suitable machines with

rotary or linear drives.

[00034] The substrate processing apparatus 100 shown
in Figure 1 1is a representative substrate processing
tool incorporating features of the exemplary
embodiments. In this example the processing apparatus
100 is shown as having a general batch processing tool
configuration. In alternate embodiments the tool may

have any desired arrangement, for example the tool may
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be configured to perform single step processing of
substrates. In other alternate embediments, the
substrate apparatus may be of any desired type such as
sorter, stocker, metrology tool, etc. The substrates
215 processed in the apparatus 100 may be any suitable
substrates including, but not limited to, liquid crystal
display panels, semiconductor wafers, such as a 200mm,
300mm, 450mm wafers or any other desired diameter
substrate, any other type of substrate suitable for
processing by substrate processing apparatus 100, a
blank substrate, or an article having characteristics
similar to a substrate, such as certain dimensions or a

particular mass.

[00035] In this embodiment, apparatus 100 may
generally have a front section 105, for example forming
a mnmini-environment and an adjoining atmospherically
isolatable section 110, which for example may be
equipped to function as a vacuum chamber. In alternate
embodiments, the atmosphere isolated section may hold an
inert gas (e.g. Nz} or any other isolated and/or

controlled atmosphere.

[00036] In the exemplary embodiment, front section 105
may generally have, for example one or more substrate
holding cassettes 115, and a front end robot 120. The
front section 105 may also, for example, have other
stations or sections such as an aligner 162 or buffer
located therein. Section 110 may have one or more
processing modules 125, and a vacuum robot arm 130. The
processing modules 125 may be of any type such as
material deposition, etching, baking, polishing, ion

implantation cleaning, etc. As may be realized the
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position of each module, with respect to a desired
reference frame, such as the robot reference frame, may
be registered with controller 170. Also, one or more of
the modules may process the substrate(s) 215 with the
substrate in a desired orientation, established for
example using a fiducial (not shown) on the substrate.
Desired orientation for substrate(s) in processing
modules may also be registered in the controller 170.
Vacuum section 110 may also have one or more
intermediate chambers, referred to as load locks. The
embodiment shown in Figure 1 has two load locks, load
lock A 135, and load lock B 140. Load locks A and B
operate as interfaces, allowing substrates to pass
between front section 105 and vacuum section 110 without
violating the integrity of any vacuum that may be
present in vacuum section 110. Substrate processing
apparatus 100 generally includes a controller 170 that
controls the operation of substrate processing apparatus
100. In one embodiment the controller may be part of a
clustered control architecture as described in U.S.
pPatent Application No. 11,178,615, filed on July 11,
2005, the disclosure of which 1s incorporated by
reference herein in its entirety. In this example,
controller 170 has a processor 173 and a memory 178. In
addition to the information noted above, memory 178 may
include programs including techniques for on-the-£fly
substrate eccentricity and misalignment detection and
correction. Memory 178 may further include processing
parameters, such as temperature and/or pressure of
processing modules, and other portions or stations of
sectione 105, 110 of the apparatus, temporal information
of the substrate(s) 215 being processed and metric

information for the substrates, and program, such as

9
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algorithms, for applying this ephemeris data of
apparatus and substrates to determine on the fly

substrate eccentricity.

[00037] In the exemplary embodiment, front end robot
120, also referred to as an ATM (atmospheric) robot, may
include a drive section 150 and one or more arms 155.
At least one arm 155 may be mounted onto drive section
150. At least one arm 155 may be coupled to a wrist
160, which in turn 1is coupled to one or more end
effector(s) 165 for holding one or more substrate(s)
215. End effector(s) 165 may be rotatably coupled to
wrist 160. ATM robot 120 may be adapted to transport
substrates to any location within front section 105.
For example, ATM robot 120 may transport substrates
among substrate holding cassettes 115, load lock A 135,
and load lock B 1490. ATM robot 120 may also transport
substrates 215 to and from the aligner 162. Drive
section 150 may receive commands from controller 170
and, in response, direct radial, circumferential,
elevational, compound, and other motions of ATM robot

120.

[00038] In the exemplary embodiment, vacuum robot arm
130 may be mounted in central chamber 175 of section 110
{(See Fig. 1). Controller 170 may operate to cycle
openings 180, 185 and coordinate the operation of vacuum
robot arm 130 for transporting substrates among
processing modules 125, load lock A 135, and load lock B
140. Vacuum robot arm 130 may include a drive section
190 and one or more end effectors 195. In other
embodiments, ATM robot 120 and vacuum robot arm 130 may

be any suitable type of transport apparatus, including

10
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but not limited to, a SCARA-type robot, an articulating
arm robot, a frog leg type apparatus, or a bi-symmetric

transport apparatus.

[00039] Although the exemplary embodiments will be
described herein with respect to a vacuum robot, such as
for example robot 800 of Figure 2, it should be realized
that the exemplary embodiments can be employed in any
suitable transport or other processing equipment (e.g.
aligners, etc.) operating in any suitable environment
including, but not limited to, atmospheric enviromments,
controlled atmosphere environments and/or vacuum
environments. It should also be realized that the
transports incorporating aspects of the exemplary
embodiments can have any suitable configuration
including, but not limited to, the *frog leg”
configuration of robot arm 130, the SCARA arm
configuration of robot 120, an articulating arm robot or

a bi-symmetric transport apparatus.

[00040]) An exemplary robot transport 800 is shown in
Figure 2. The transport may include at least one arm
having an upper arm 810, a forearm 820 and at least one
end effector 830. The end effector 830 may be rotatably
coupled to the forearm 820 and the forearm 820 may be
rotatably coupled to the upper arm 810. The upper arm
810 may be rotatably coupled to, for example the drive
section 840 of the transport apparatus. For exemplary
purposes only, the drive section 840 may include a
coaxial drive shaft or spindle (See Fig. 3). In this
example, as shown in Figure 3, the coaxial shaft or
spindle is shown having two drive shafts 211, 212 but in

alternate embodiments the spindle may have more or less

11
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than two drive shafts. In other alternate embodiments
the drive shafts may be non-coaxial or configured in,
for example, a side by side arrangement. In still other
alternate embodiments the drive shafts may have any
suitable configuration. In this example, the outer
shaft 211 of the coaxial drive shaft may be suitably
coupled to upper arm 810 and the inner shaft 212 may be
suitably coupled to the forearm B820. In this example
the end effector 830 may be operated in a “slaved”
configuration but in alternate embodiments an additional
drive shaft may be included in the drive unit to operate
the end effector 830. The drive section 840 may include
two motors 208, 209, one motor for driving the outer
shaft and the other motor for driving the inner shaft.
The two motors 208, 209 may allow movement of the arm
800 such that the arm has at least two degrees of
freedom (i.e. rotation about, for example, the Z-axis

and extension in, for example the X-Y plane).

[00041] In operation, the arm 800 may be rotated about
the Z-axis by energizing motor windings such that
rotational torgue Rz is applied to both inner and outer
shafts 211, 212 of the coaxial spindle in the same
direction (i.e. ©both shafts rotate in the same
direction}). The arm may be extended or retracted by,
for example applying rotational torgue Rz to the inner
and outer shafts 212, 211 such that the inner and outer
shafts 212, 211 rotate in opposite directions. As will
be described below, the position of the arm may be fine
tuned by controlling the center of rotation T1 of the
inner and outer shafts. In accordance with an exemplary

embodiment the inner and outer shafts 212, 211 of the

12
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coaxial spindle and the arm 800 may be supported by the

magnetic bearings / motors as will be described below.

[00042] In accordance with an exemplary embodiment,
magnetic bearings located in the drive section 840 of,
for example the robotic transport 800 support axial and
radial moment loads applied to one or more drive
shaft(s) of the drive section for driving, for example,
the arm links of the zrobot as will be described in
greater detail below. One or more of the magnetic
bearings supporting the drive shafts may be active, for
example, the magnetic bearings may be configured with
radial and axial gap control that may allow controlled
motion of the drive shafts (and hence the transport end
effector) so that the transport has more than two
degrees of freedom from the two motors. For example,
the drive section may provide, for exemplary purposes
only, six or seven degrees of freedom in, for example,
the X, Y and Z directions as well as Rx, Ry, Rzl and Rz2
as will be described in greater detail below. In
alternate embodiments the drive section may provide more
or less than six or seven degrees of freedom. These
multiple degrees of freedom, for example, may allow the
active leveling and the fine tuning of a position /
orientation (i.e. for substrate centering) of the arm
and end effectors that are attached to the robot drive

as will also be described in greater detail below.

[00043] In one exemplary embodiment, referring to
Figure 3, the drive section 840 of the transport may
include first motor stator 2085 and rotor 208R (which
form a first motor 208) and a second motor stator 2098

and rotor 209R (which form a second motor 209) and two

13
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coaxial shafts 211, 212. As may be realized, in
alternate embodiments the coaxial shaft may have more or
less than two drive shafts. In this example the
centerline of the stators is located along the line CL
shown in Figure 3. Although the drive section 840 is
shown as having two stators 208S, 2095 it should be
realized that the drive section may include any suitable
nuneber of stators for driving more or less than two
shafts. The stators 208S, 209S may be isolated from the
rotating assembly or spindle (i.e. the shafts, rotors
and other motor components attached to the shafts) by,
for example, any suitable boundary 210 which may be for
example, a boundary of the housing of a processing
chamber that separates the chamber atmosphere from an
outside atmosphere. For example, the boundary 210 may
allow the rotors 208R, 209R to operate in a vacuum while
the stators 208S, 2095 operate in an atmospheric
environment . The boundary may be constructed of any
suitable material for use in, for example, a vacuum
environment and from material that can be interposed
within magnetic fields without causing a flux short
circuit or being susceptible to eddy currents and
heating from magnetic interaction. The boundary may
also be coupled to suitable heat transfer devices (e.g.
passive or active) to minimize temperatures in the drive
section. In this exemplary embodiment, the first motor
rotor 208R may be coupled to the outer drive shaft 211
while the second motor rotor 209R may be coupled to the
inmner drive shaft 212. As can be seen in Figure 3, the
outer and inner drive shafts 211, 212 are concentric or
coaxial drive shafts but in alternate embodiments the

drive shafts may have any suitable configuration

14
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including, but not limited to, side-by-side or otherwise

non-concentric configurations.

[00044] In accordance with one exemplary embodiment,
the stators 208S, 209S and their respective rotors 208R,
209R may form self-bearing motors / magnetic spindle
bearings that are configured to magnetically support
their respective shafts 211, 212 (for example, radially
and the Z-direction in the embodiment shown) and control
at least a center of rotation of their respective shafts
211, 212. For example, the motors 208, 209 may include
iron-core stators and rotors with permanent magnets and
iron backings. In alternate embodiments the stators may
include any suitable ferromagnetic material for
interacting with the rotors. The relative position
between the rotors 208R, 209R and the stators 2085, 2098
along, for example, the Z-direction may be maintained
substantially constant due to, for example, passive
magnetic forces between the stators 208S, 2095 and the
rotors 208R, 209R. The passive magnetic forces between
the stators 2088, 2098 and the rotors 208R, 209R may
also stabilize the Rx and Ry orientations of the rotors
208R, 209R about, for example, the X-and Y-axis. The
motor windings may be configured to apply a torgue Rzl
(for shaft 211), Rz2 (for shaft 212) to their respective
rotors 208R, 209R for rotating the shafts 211, 212 and
apply radial and/or tangential forces to control the
center of rotation of the rotor in for example, the X
and/or Y directions. By offsetting the X and/or Y
positions of the two rotors 208E, Z2Z09R the spindle can

be tilted as will be described below.

15
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[00045] Referring now to Figures 4A and 4B, another
exemplary coaxial drive that may be employed in, for
example, drive section 840 of transport robot 800, is
shown in accordance with an exemplary embodiment. In
this exemplary embodiment the motors 1410, 1420 of the
coaxial drive 1400 are located radially with respect to
each other rather than axially as shown in Figure 3.
For example, the first motor 1410 may be located
radially outward of the second motor 1420. In alternate
embodiments, the motors 1410, 1420 may be arranged in an
axial configuration (i.e. one above the other) or in any
other suitable arrangement . In thisg exemplary
embodiment, the first and second motors 1410, 1420 may
respectively include stators 14108, 14208 and rotors
1410R, 1420R that may be substantially similar to the
rotors and stators described above with respect to
Figure 3. However, the rotors 1410R, 1420R in this
exemplary embodiment may be respectively located within
passageways 1451, 1450 formed by, for example a housing
1460. Regpective rotary elements including, but not
limited to shafts, pulleys and robotic arm sgsections may
be attached or coupled to a respective rotor in any
suitable manner through, for example, the openings of
the passageways 1451, 1450. In a manner substantially
similar to that described above with respect to Figure
3, the relative position between the rotors 1410R, 1420R
and the stators 14108, 14208 along, for example, the Z-
direction may be maintained substantially constant due
to, for example, passive magnetic forces. In alternate
embodiments, active magnetic forces may provide the
relative pogitioning of the stators and rotors. The
motor windings may also be configured to apply a torque

Rzl (for rotor 1410R), Rz2’ {for rotor 1420R) and

16
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radial and/or tangential forces as described above for
controlling the position of the X-Y planar position of
the rotors. In alternate embodiments the motor may also

be arranged to control as well as the tilt the rotors.

[00046] Referring now to Figure 5 a schematic diagram
of a self bearing motor 1300 that may be employed in,
for example, drive section 840 of transport robot 800 is
shown illustrating exemplary magnetic forces for
controlling the rotor 1310R. A single rotor/stator is
shown in Figure 5 for exemplary purposes only and it
should be realized that the motor 1300 may include any
suitable number of rotors/stators having any suitable
configuration including, but not limited to, the
configuration described above with respect to Figures 3
and 4 or a side by side configuration. In the exemplary
embodiment of Figure 5, the stator 1310S may Dbe
substantially similar to the stators 2083, 209s
described above. The rotor 1310R may also be
substantially similar to rotors 208R, 209R described
above where the rotor is constructed of, for example, a
ferromagnetic material and may include permanent magnets
1310M and iron backings 1310B. In alternate embodiments
the rotors may be constructed of any suitable material.
In other alternate embodiments the permanent magnets may
be replaced with any suitable ferromagnetic material for
interacting with the stator. The rotor magnet 1310M may
include an array of magnets having alternating
polarities mounted around a periphery of the rotor. The
periphery of the rotor may be an internal peripheral
wall or an external peripheral wall of the rotor. In
alternate embodiments the magnet 1310M may be embedded

within the rotor. In other alternate embodiments, the

17
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magnets 1310M may be located at any suitable location on
or in the rotor. The stator 1310S includes windings sets
as will be described in greater detail bellow which when
energized drive the rotor 1310R rotationally, radially
and/or axially. 1In this exemplary embodiment the stator
13108 may be constructed of a ferromagnetic material
suitable for interacting with the rotor 1310R, but in
alternate embodiments the stator 13108 may be
constructed of any suitable material. The interaction
between the stator 13105 and the rotor magnets 1301M may
produce passive forces in the direction of arrow 1350
that passively levitate the rotor 1310R. The levitation
force may be a result of the curved magnetic flux lines
1320, 1321 which in turn may be generated by, for
example, an offset of an edge 1360 of the rotor magnet
1310M relative to the an edge of the stator 1365, In
alternate embodiments the levitational forces may be
generated 1in any suitable manner. The passive
levitational forces may generate a stable eguilibrium
condition along the axial and tilt directions of the
rotor 1310R. Radial or attractive forces may be
generated as a result of the magnetic flux lines 1330 in
the directions of for example, arrows 1355, 1356. These
attractive forces may create an unstable condition such
that the windings may be energized to actively center
and/or position the rotor 1310R radially to maintain the
geometric center of the rotor/axis of rotation at a

desired location.

[00047] Referring now to Figures 6A-6G, exemplary
schematic illustrations of the motor 208 are shown in
three different configurations in accordance with

different embodiments. As may be realized, the motor

18



WO 2009/003196 PCT/US2008/068684

209 may be substantially similar to motor 208. The
stator 208S may include windings that provide forces
(e.g. tangential, radial or any combination thereof) for
applying torgue and rotating the rotor 208R as well as
to provide radial positioning forces in order to
actively control the center of rotation C of the rotor
208R. In the exemplary embodiments, the motor 208 may
be arranged in winding segments where each segment may
be driven as desired with any suitable number of
electrical phases by, for example, controller 170 to
produce independently controllable torque, and bearing
forces simultaneously. For exemplary purposes only each
winding set may be a segment of a three phase brushless
DC motor. In alternate embodiments the winding segments
may be part of any suitable AC or DC powered motor. One
example of such a motor configuration is described in
the commonly assigned United States Patent Application
serial number 11/769,651, entitled “REDUCED-COMPLEXITY
SELF-BEARING BRUSHLESS DC MOTOR”, filed on June 27,
2007, the disclosure of which is incorporated by

reference herein in its entirety.

[00048] In the exemplary embodiment shown in Figure
6A, the stator 208S may include two pairs of winding
sets 208SA, 208SB, that are positioned to form any
desired mechanical angle between the winding sets and
may have a suitably corresponding electrical angle shift
therebetween to form the self bearing motor in
cooperation with the respective shaft rotor 208R. In
the example shown, the rotor 208R may have a permanent
magnet array for example purposes only, though in
alternate embodiments, the rotor 208R may not have

permanent magnets and be formed from, for example,
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ferromagnetic material or have a ferromagnetic material
attached to the rotor 208R in lieu of the permanent
magnets. As can be seen in Figure 6A, the winding sets
2088A, 208SB may be located about one-hundred-eighty
degrees apart from each other. In alternate
embodiments, the mechanical angle may be any suitable
angle and is shown in Figure 6A as being about one-
hundred eighty degrees for exemplary purposes only.
Also in the exemplary embodiment, the electrical angle
between winding sets may be formed as desired to produce
the radial or tangential forces for rotating and/or
positioning the spindle to which the rotor(s) 208R are
attached. The windings 208SA, 2083SB and the rotor 208R
may be configured and energized to produce radial and/or
tangential forces so that the center of rotation C of
the rotor 208R may be adjusted along, for example, a
linear path or any other desired path. For example, by
varying the magnitudes of the radial forces RF generated
by the windings 208SA, 208SB in, for example, the Y-
direction the rotor 208R may be moved along the Y-axis.
Likewise, for example, by wvarying the tangential forces
TF produced by each of the windings 208SA, 208SB the
rotor 208R may be displaced in, for example the X-
direction as will be described in greater detail below.
It is noted that the directions of motion of the rotor’s
center of rotation C and the direction of the forces RF,
TF are described herein for exemplary purposes only and
the direction of motion of the rotor in the X-Y plane
and the direction of the forces TF, RF may be in any
suitable directions. As may be realized the radial and
tangential forces may be decoupled from one another such
that the forces may be generated simultaneously for the

positioning and/or rotation of the rotor 208R. As also
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may be realized the resultant forces produced by the
windings 208SA, 208SEB may keep the rotor 208R centered
in, for example the X-Y plane. 1In alternate embodiments
the motors described herein may be commutated in any
suitable manner such that the radial and/or tangential
forces displace the rotor in any suitable direction in

the X-Y plane.

[00049] Referring now to Figure 6B another exemplary
embodiment is sghown utilizing two winding sets 1515,
1520, where each winding set is arranged for example as
two winding subsets 1525, 1530 and 1535, 1540
respectively. The winding sets 1515, 1520 may be driven
by a current amplifier 1550 which may include software,
hardware, or a combination of software and hardware
suitable for driving the winding sets 1515, 1520. The
current amplifier 1550 may also include a processor, a
commutation function and a current loop function for
driving the winding sets. In one embodiment the current
amplifier 1550 may be included in any suitable
controller such as, for example, controller 170. In
alternate embodiments the current amplifier 1550 may be
located in any suitable location. The commutation
function may determine current for one or more windings
1525, 1530 and 1535, 1540 of each winding set 1515, 1520
according to a set of specified functions, while the
current loop function may provide a feedback and driving
capability for maintaining the current through the
windings as determined. The processor, commutation
function, and current loop function may also include
circuitry for receiving feedback from one or more
sensors Or sensor systems that provide ©position

information.
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[00050] The two winding subsets 1525, 1530 and 1535,
1540 in each winding set 1515, 1520 respectively of
Figure 6B are coupled electrically and shifted with
respect to each other by about ninety electrical
degrees. As a result, when one of the two winding sets
in the pair produces pure tangential force the other
winding set in the pair generates pure radial force, and
vice versa. In this embodiment, winding set 1515 has
two sections 1530 and 1525, and winding set 1520 has two
sections 1540 and 1535. Exemplary relationships for the
desired torque (T) and centering forces (Fy) along the x-
axis and (Fy) along the y-axis for the segmented winding
sets 1515, 1520 of the embodiment of Figure 6B
utilizing, for example, Lorentz forces are described in
the U.S. patent application serial number 11/769,651,
entitled “REDUCED-COMPLEXITY SELF-BEARING BRUSHLESS DC
MOTOR”, previously incorporated by reference. As may be
realized, while winding subsets 1525, 1530, 1535, 1540
are shown offset by about ninety degrees it should be
understood that other offsets that are more or less than

about ninety degrees may also be utilized.

[00051] In the exemplary embodiment shown in Figure
6C, the stator may include three winding sets 208SC,
208SD, 208SE extending over three sectors of the rotor
208R. In this example, the winding sets are spaced
about one-hundred-twenty degrees apart from each other
for exemplary purposes only. In alternate embodiments
the three winding sets may have any suitable mechanical
angular relationship, that may be more or less than
about one-hundred-twenty degrees, for stably supporting
the rotor 208R (and shaft 211) with the resultant forces
generated by the winding sets 208S8SC, 2088SD, 208SE. As
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noted above, the winding sets 208SC, 208SD, 208SE may
also have a sultably corresponding electrical angle
shift therebetween to form the self bearing motor in
cooperation with the respective shaft rotor 208R. Iin
the example shown, the rotor 208R may be substantially
gimilar to that described above with respect to Figure
6A. As may be realized, in this exemplary embodiment
the windings 208SC, 208SD, 208SE may be configured and
energized to produce radial, tangential and/or axial
forces such that the center of rotation C of the rotor
208R may be moved to any point in, for example, the X-Y
plane and is not limited to linear movement along a
single axis as described above. It is noted that the
movement of the center of rotation C of the rotor 208S
may be limited only by the air gap G between a
respective one of the windings 208SC, 208SD, 208SE and

the rotor 208R.

[00052] In another exemplary embodiment as can be seen
in Figure 6D the stator 208S may include four winding
sets 208SF, 2088G, 2085H, 208SI extending over four
sectors of the rotor 208R. In this example the winding
sets 2088F, 208SG, 2088H, 208SI are shown as being
separated by, for example, an angle of about ninety-
degrees for exemplary purposes only. In alternate
embodiments the four winding sets may have any suitable
mechanical angular relationship, that may be more or
less than about ninety degrees, for stably supporting
the rotor 208R (and shaft 211) with the resultant forces
generated by the winding sets. As noted above, the
winding sets 208SF, 208SG, 208SH, 208SI may also have a
suitably corresponding electrical angle shift

therebetween to form the self Dbearing motor in
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cocoperation with the respective shaft rotor 208R. In
the example shown, the rotor 208R may be substantially
similar to that described above with respect to Figure
6A. As noted above, the windings 2088F, 2085G, 208SH,
208381 may be configured and energized to produce radial
and/or tangential forces such that the center of
rotation C of the rotor 208R may be moved to any point
in, for example, the X-Y plane and is not limited to
linear movement along a single axis where the motion of
the center of rotation C of the rotor 2085 may be
limited only by the air gap G between a respective one

of the windings and the rotor.

[00053] As may be realized, each of the winding
segments described above in Figures 6A-6D may include
any suitable number of circuits for generating the
forces for manipulating the rotor 208R. For example, as
can be seen in Figures 6E and 6F, one phase of a winding
that may have, for example, two circuits 280, 281 with a
zig-zag configuration is shown for exemplary purposes
only. In the exemplary winding configuration shown in
Figure 6F energizing the circuits 280, 281 such that the
current in circuit 280 is greater than that of circuit
281 produces a resultant force in for example the
direction of arrow 282 and vice versa. As may be
realized the circuits 280, 281 may have a cylindrical
configuration as can be seen in Figure 6F so that rotary
forces 282’ may also be applied to, for example, the
rotor 208R. One example of motors including multiple
circuit windings 1is described in United States Patent
Publication 2005/0264118 the disclosure of which is

incorporated by reference herein in its entirety.
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[00054] Figure 6G illustrates another exenplary
embodiment where the tangential forces TF1-TF4 generated
by the motor winding segments are varied for controlling
the movement of the rotor. It is noted that in the
chart shown in Figure 6G, each “+* or “-” @gign
represents a force with a magnitude of one unit but that
the tangential forces may be applied to produce suitable
resultant differential forces for radially positioning
the rotor. The signs shown in the chart of Figure 6G
represent the direction of the force or torgue, not the
value. As may be realized, by varying the resulting
differential tangential forces generated by the winding
sets the radial positioning of a respective rotor may be
effected for the fine positioning of the end effector or
the tilting of the spindle as described herein. One
example of utilizing tangential forces for centering
purposes 1is described 1in United States Patent No.
6,707,200, the disclosure of which is incorporated by

reference herein in its entirety.

[00055] Although the motors 208, 209 described above
with respect to Figures 6A-6G are shown with two, three
or four winding sets, it should be realized that the
motors 208, 209 may have any suitable number of winding
sets. It is also noted that while the motors 208, 209
are described above as being self-bearing motors where a
set of windings may provide levitation, rotation, axial
positioning and planar positioning of the rotor, it
should also be realized that separate or distinct
magnetic bearings (e.g. windings dedicated to providing
some active bearing either alone or in combination with
passive permanent magnets) may be provided with or apart

from the rotors and stators of the motors for
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magnetically supporting the rotors and their respective
shafts where the separate magnetic bearings are utilized
to control, for example, the position of the rotors. In
still other alternate embodiments, the rotors and shafts
may be controllably supported in any suitable manner

such as by any suitable actuators.

[00056] Referring now to Figures 7, 7A and 8, the
drive sections of the exemplary embodiments, such as
drive section 840 of transport robot 800, may also be
configured to produce a desired amount of axial and tilt
stiffness, and include anti-cogging elements to minimize
cogging disturbances along a number of axes, while
producing a desired amount of force across the air gap G
(See Fig. 3), including planar positioning forces (e.g.
radial forces) for positioning the rotor as described
herein. In one embodiment the anti-cogging elements may
be embodied in or incorporated as part of the stators of
the motor. In other embodiments the anti-cogging
elements may be separate from the stators. The anti-
cogging elements may allow for the superposition of the
cogging forces caused by each anti-cogging element
component such that the overall cogging disturbance
along propulsion, gap and axial directions is minimized.
One suitable motor including anti-cogging elements is
described in U.S. Patent Application entitled *MOTOR
STATOR WITH LIPT CAPABILITY AND REDUCED COGGING
CHARACTERISTICS”, Attorney Docket Number 390P012912-US
(PAR), filed on June 27, 2008, the disclosure of which

is incorporated by reference herein in its entirety.

[00057] The exemplary stator 5100 for a rotary motor

shown in Figure 7 may be configured for desired passive
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axial and tilt stiffness while reducing or minimizing
cogging effects. The stator 5100 may include two or
meore recesses 5105, 5175 (and 5615, 5685) that extend
inward from a first surface 5110 of the stator 5100. 1In
the exemplary embodiment, the recesses may be configured
to result in negligible effect on the passive axial and
tilt stiffness of the motor. Each recess may include two
transition areas from the first surface to the recess.
For example, recess 5105 may include first and second
transition areas 5115, 5120, respectively, between the
first surface 5110 and the recess 5105. The transition
areas may be configured as desired, suitable examples
are described in U.S. Patent Application entitled “MOTOR
STATOR WITH LIFT CAPABILITY AND REDUCED COGGING
CHARACTERISTICS”, previously incorporated by reference,
to act on the rotor permanent magnets 5150, 5180 and
generate anti-cogging forces upon the rotor to minimize
rotor cogging. Similarly, recess 5175 may include first
and second transition areas 5127, 5137, respectively,
between the first surface 5110 and the recess 5175.
Similar to the transition areas of the first recess, the
transition areas 5127, 5137 of the second recess (or
anti-cogging section of the stator) may be suitably
shaped to generate respective anti-cogging forces acting
on rotor permanent magnets 5190, 5195, that generate an
anti-cogging effect on the rotor. As may be realized,
recesses 5615, 5685 may also have suitable transition
areas substantially similar to those described with
respect to recesses 5105, 5175. The transition areas of
the stator recesses may operate to generate anti-cogging
forces minimizing cogging in the axial (e.g. Z direction
normal to the plane of the stator in Fig. 7) and

tangential directions. Fig. 7A shows graphical
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illustrations of the forces 5410, 5415 generated by
respective transition areas acting on the rotor, and the
cumulative force 5420 illustrating the anti-cogging
effect (e.g. axial) of the transition areas of a recess.
In the exemplary embodiment shown, the recesses 5105,
5175 (shown adjacent to each other for example purposes,
though in alternate embodiments they may not be
adjacent) may be positioned to cooperate with each other
to further minimize cogging in combination, in both

axial and tangential directions.

[00058] In the exemplary embodiment shown in Figure 7,
as few as two winding sets 5685, 5690 may be used to
drive the disclosed embodiments. Winding sets 5685,
5690 may include one or more windings. It should be
understood that the winding sets used for the aspects of
the exemplary embodiments may include one or more
windings located in one or more of the recesses and may
include any type of windings suitable for use in the
disclosed embodiments. The exemplary embodiments may
include segmented windings, for example, winding sets
divided into one or more winding subsets and
distributed in selected recesses of the stators. Each
winding subset may include one or more windings and may
be driven to produce motor forces according to the
disclosed embodiments. 1In one or more embodiments, the
winding sets may be arranged as three phase winding
sets, however, any suitable winding set arrangement may

be used.

[00059] As may be realized from Fig. 7, a rotor for
operation with the stator 5100 may include a plurality

of permanent magnets with adjacent magnets having
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alternating polarities. In alternate embodiments the
rotor may be formed of any suitable ferromagnetic
material. Magnets 5150, 5180, 5190, and 5195 are shown
for illustrative purposes. It should be understood that

other magnets may be dispersed among the magnets shown.

[00060] The exemplary embodiments may also provide for
a reduction of radial cogging forces, that is cogging
forces parallel to the gap between the stator 100 and
its respective rotor. Still referring to Figure 7, the
recesses 5105, 5615 on the surface 5110 of the stator
5100 may be suitably positioned so that forces generated
on the rotor by the respective recesses combine to
reduce radial cogging forces as described for example in
U.S. Patent Application entitled “MOTOR STATOR WITH LIFT
CAPABILITY AND REDUCED COGGING CHARACTERISTICS”

previously incorporated by reference.

{00061] Referring now to Figure 8, a schematic diagram
of other exemplary anti-cogging elements 6800, 6210,
6215, 6220 is shown according to the disclosed
embodiments. The anti-cogging elements 6800, 6210,
6215, 6220 may be constructed of any suitable material
including, but not limited to, ferromagnetic material.
The geometry of the elements 6800, 6210, 6215, 6220 is
arranged such that the superposition of the cogging
forces caused by components of the elements result in a
minimal overall cogging disturbance along the propulsion

and gap directions.

[00062] The components of the anti-cogging element
6800 in Figure 8 include an inner arc-segment 6805, an
outer arc-segment 6810, first and second transition

zones 6815, 6820, a sequence of coil slots 6825, and a
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span angle 6830. The inner arc-segment 6805 may be
arranged to allow for interaction with, for example, a
permanent magnet rotor. In alternate embodiments the
inner arc-segment 6805 may be configured to allow
interaction with any suitably configured rotor. The
coil slots 6825 may enclose a winding set, arranged for
example as a three phase winding set. In alternate
embodiments the winding set may have any suitable number
of phases. The winding set may be driven in any
suitable manner such as, for example, using a sinusoidal
commutation scheme. The gpan angle 6830 may be arranged
such that within its arc segment it accommodates an odd
number of fractional magnet pitches. In alternate
embodiments the span angle may be arranged to

accommodate any suiltable number of magnet pitches.

[00063] In the exemplary embodiment shown in Figure 8
four anti-cogging elements 6800, 6210, 6215, 6220 are
utilized for exemplary purposes. It should be understood
that any number of anti-cogging elements (e.g. more or
less than four) may be used. In one or more embodiments
the anti-cogging elements 6800, 6210, 6215, 6220 may be
substantially similar to each other and may be
positioned about ninety mechanical and electrical
degrees apart. In other embodiments, the anti-cogging
elements 6800, 6210, 6215, 6220 may be arranged about
ninety mechanical degrees apart with corresponding coil
slots 6825, 6230, 6235, 6240, respectively, aligned with
an imaginary 360 degree fractional slot pitch. In some
embodiments only a subset of the coil sglots may be

populated with coils. In alternate embodiments the
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anti-cogging elements may have any suitable
configuration and/or mechanical and electrical
positioning with respect to each other. Suitable

examples of anti-cogging elements are described in U.S.
Patent Application entitled “MOTOR STATOR WITH LIFT
CAPABILITY AND REDUCED COGGING CHARACTERISTICS, ”

previously incorporated by reference.

[00064] Referring now to Figure 9, in one exemplary
embodiment, the drive section, such as drive section 840
of transport robot 800 may include a Z-drive unit 220, a
first rotary motor 208 and a second rotary motor 209
located within a housing 201. While the Z-drive unit
220 and the motors 208, 209 are shown in the Figures as
being located within the housing 201 it should be
realized that alternate embodiments the Z-drive unit 220
and/or any portion of the motors 208, 209 may be located
in separate housings. In still other alternate
embodiments, the drive unit may have any suitable

configuration.

[00065] The housing 201 may be constructed of any
suitable material including, but not limited to,
plastics, metals, ceramics, composites or any
combination thereof. The Z-drive unit 220 may include a
guide rail 203, Z-drive motor 206, ball screw mechanism
207 and carriage 205. The guide rail 203 may be any
suitable guide rail made of any suitable material for
linearly guiding the carriage 205 along the Z-direction
within the housing 201. The guide rail 203 may be
suitably supported at each end to housing. In alternate
embodiments the guide rail may be supported in a number

of locations along its length or may be cantilevered
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within the housing. The carriage may be supported
within the housing by linear bearings 204A, 204B and
ball screw member 207A. Linear bearings 204A, 204B and
the ball screw member 207A may be attached to the
carriage 205 in any suitable manner such as, for
example, by mechanical or chemical fasteners, adhesives
or by weldments. The linear bearings 204A, 204B may
interact with the linear guide rail to allow the
movement of the carriage in the Z-direction. The ball
screw member 207A may interact with the ball screw 207
for moving the carriage 205 along the Z-direction when
the ball screw 207 is caused to rotate by motor 206,
The ball screw 207 may be supported on one end by any
suitable bearing 207B that allows the ball screw member
to freely rotate. The other end of the ball screw may
be supported and coupled to the Z-drive motor 206 in any
suitable manner. In alternate embodiments the ball screw
207 may be supported within the housing and caused to
rotate in any suitable manner. The Z-drive motor may be
any suitable motor including, but not limited to,
stepper motors, servo motors or any other suitable AC or
DC motors. In alternate embodiments, the drive may
include any suitable linear actuator that may be
magnetically, pneumatically, hydraulically or
electrically driven. In still other alternate
embodiments the linear actuator may be driven in any
suitable manner. As may be realized the configuration
of the Z-drive unit 220 shown in Figure 9 is exemplary
and the Z-drive unit 220 may have any suitable

configuration.

[00066] Referring to Figure 10, another exemplary

embodiment of a portion of drive section 8000, such as
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drive section 840 of transport robot 800 is shown. in
this exemplary embodiment any suitable number of Z-drive
urlits may be used. In one exemplary embodiment, any
suitable controller such as, for example, controller 170
may synchronize the motion of each Z-drive. In
alternate embodiments the motion of the Z-drives may be
synchronized in any suitable manner. In one embodiment,
stator 13108 may be supported on, for example linear
bearings 204A’, 204B’ which in turn are connected to a
pair of Z-drive units 206', 206", The Z-drive units
206, 206’' may be substantially similar to Z-drive unit
206 described above. In alternate embodiments the Z-

drive units may be any suitable drive mechanisms.

[00067] Referring now to Figure 11, an exemplary
schematic illustration of a portion of the carriage 205
is shown. It is noted that the carriage 205 shown in
Figure 11 may be supported within the housing 201 (see
Fig. 9) by the Z-drive unit(s) as described above with
respect to Figures 9 and 10. In alternate embodiments,
the carriage may be supported within the housing 201 in
any suitable manner. As may be realized the drive
section 840 of the robotic transport, such as, for
example, transport 800 may be coupled to any suitable
processing equipment using the mounting flange 202. To
prevent particulates generated by the Z-drive unit(s),
such as 2Z-drive unit 220, from entering the substrate
processing environment a seal 400 may be provided
between the carriage 205 and the mounting flange 202.
For example, one end of the seal 400 may be attached to
the mounting flange 202 while the other end of the seal
is attached to the carriage 205. In this example, to

allow for the Z-motion of the carriage 205, the seal 400
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is shown as a bellows seal but in alternate embodiments
the seal may be any suitable seal made of any suitable
material including, but not limited to metals, plastics,
rubbers and cloths. In other alternate embodiments the
seal 400 may be omitted or replaced with any suitable
barrier to isolate atmospheres across the barrier such
as, for example, a portion of the housing 201, mounting

flange 202 or carriage 205.

[00068] As can be seen in Figure 11, the carriage may
include a first stator 208S, second stator 2098,
encoders 410A, 410B, 410C and coaxial drive shafts 211,
212, The outer drive shaft 211 may include encoder
scale 430A, stop surface 420A and first motor rotor
208R. The inner drive shaft 212 may include encoder
scale 430B, stop surfaces 420B and second motor rotor
209R. As can be seen in Figure 11 the drive shafts 211,
212 (which are part of the motor spindle assembly) are
shown as being longitudinally oriented along the Z-axis
for exemplary purposes. The stators 2088, 2098 and
rotors 208R and 209R may form the self-bearing motors /
magnetic spindle bearings 208, 209 described above. For
exemplary purposes only, the stator 208S is shown as
including a drive portion 208D and bearing portions
208B1 and 208B2 and it should be realized that in other
exemplary embodiments, as described above, the stator
may have only one portion or section that provides
rotational forces, passive levitation, and/or radial
positioning forces as will be described below. In
alternate embodiments the stator 208S may include more
or less than two bearing portions. The stator drive
portion 208D interacts with rotor drive portion 208RD

such that when the stator drive portion 208D is
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energized the resulting magnetic forces cause the rotor
drive portion 208RD to rotate about center of rotation
or axis Cl thereby rotating the outer shaft 211. In
substantially the same manner, the inner shaft 212 is
rotatably driven about axis C2 by stator drive portion
209D and rotor drive portion 209RD. An isolation
barrier 210aA, 210B may be provided over each of the
stators 2088, 209S such that the rotors may operate in
one environment while the stators operate in another
environment as described above with respect to Figure 3.
It is noted that the igolation barriers 210A, 210B may

be substantially similar to barrier 210 described above.

[00069] The center of rotation Cl1 of the outer shaft
211 may be controlled by the bearing portions 208B1,
208B2 of the stator and bearing portions 208RBl1 and
208RB2 of the rotor. In the exemplary embodiments, the
bearing portions may be configured to provide, for
example, active radial bearing (e.g. in Rx and Ry) and
passive 1lift (e.g. Rz), passive radial bearing and
active lift or passive radial bearing and passive lift.
In this exemplary embodiment the bearing portions 208B1,
208B2 may both be active bearings but in alternate
embodiments one of the bearing portions may be a passive
bearing portion. As may be realized, where an active
radial bearing is combined with a passive lift stator,
the rotor is stabilized in pitch and role such that a
second passive radial bearing may be omitted. In other
alternate embodiments the active radial bearing, the
rotary portion and the passive 1ift stator can be
combined into a single stator-rotor arrangement. Stator
bearing portion 208B1 interacts with zrotor Dbearing

portion 208RB1 to, for example, control the air gap G1
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while stator bearing portion 208B2 interacts with rotor
bearing portion 208RB2 to, for example, control the air
gap G2. It is noted that in Figure 11, for exemplary
purposes only, one half of the shaft is shown such that
the gaps Gl and G2 correspond only to the gap in, for
example the X-direction for the half of the drive
section shown in the Figure. It should be realized, as
described above, that the gap between the stator and
rotor may vary around the circumference of the motor 208

as the position of the center of rotation C1 changes.

[00070] Similarly the center of rotation C2 of the
inner shaft 212 may be controlled by the bearing
portions 209Bl, 209B2 of the stator and bearing portions
209RB1 and 209RB2 of the rotor in a manner substantially
similar to that described above with respect to bearing
portions 208Bl1, 208B2, 208RB1 and 208RB2. In this
exemplary embodiment the bearing portions 209B1, 209B2
may both be active bearings but in alternate embodiments
one of the bearing portions may be a passive bearing
portion. As described above, where an active radial
bearing is combined with a passive lift stator, the
rotor is stabilized in pitch and role such that a second
passive radial bearing may be omitted. In other
alternate embodiments the active radial bearing, the
rotary portion and the passive 1lift stator can be
combined into a single stator-rotor arrangement.
Stator Dbearing portion 209B1 interacts with rotor
bearing portion 209RB1 to, for example, control the air
gap G3 while stator bearing portion 209B2 interacts with
rotor bearing portion 209RBZ to, for example, control
the air gap G4. As noted above, it should be realized,

that the gaps G3 and G4 between the stator and rotor
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portions may vary around the circumference of the motor
209 as the position of the center of rotation C2
changes. The transport apparatus controller, such as
for example control 170, or any other suitable
controller may be configured to receive gap measurement
signals from sensors at various points around the
circumference of the motors 208, 209 so that the
windings may be energized to position the shafts 211,
212 at, for example, any suitable predetermined position

and/or gspatial orientation.

[00071] Referring now to Figure 11A, another exemplary
schematic illustration of a portion of the carriage 205
is shown. It is noted that the carriage 205 is
substantially similar to that described above with
respect to Figure 11 such that like features have like
reference numbers. It 1is noted that the bearing
portions may provide control of the rotors in a manner
substantially similar to that described above with
respect to Figure 11. However, in this exemplary
embodiment the bearing portions 208B1 and 209B2 are
shown as active bearings while bearing portions 208B2°
and 209Bl’ are shown as passive bearing portions for
exemplary purposes only. In this exemplary embodiment,
the passive bearings portions 208B2’, 208B1’ may
passively provide radial stabilization for the rotors in
any suitable manner. It should be realized, however,
that in alternate embodiments the bearing portions may
have any suitable active/passive bearing configuration.
For example, bearings 208Bl1 and 208B2’ may be active
bearings while Dbearings 209B1’ and 209B2 are passive
(where shaft 212 is suitably supported within shaft 211

so that the shafts are concentric). In other examples,
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bearings 208Bl1 and 209B2 may be passive while bearings
208B2’ and 209Bl’ are active. In this example, any
suitable controller, such as controller 170, may
energize the active bearing portions 208B1, 209B2 such
that the shafts 211, 212 are positioned at any suitable
predetermined position. In this example, the passive
bearings 208B2' and 209B1’ may act as a fulcrum for
their respective active bearing so that the shafts 211,
212 can be spatially oriented, for example, by

controlling the size of the gaps G1, G4.

[00072] Referring now to Figure 11B, another exemplary
schematic illustration ¢of a portion of the carriage 205
is shown. It is noted that the carriage 1is
substantially sgimilar to that described above with
respect to Figure 11 such that like features have like
reference numbers . However, in this exemplary
embodiment the magnetic spindle bearings 450, 451 are
separated or distinct from the rotary drives 208’, 209°‘.
It is noted that the bearings 450, 451 may be
substantially similar to bearing portions 208B1, 208RB1,
208B2, 208RB2, 209B1, 209RB1, 209B2, 209RB2 described
above and are configured to provide bearing and 1lift
control in a manner substantially similar to that
described above with respect to Figure 11. In this
exemplary embodiment the drive 208’ may include stator
2083 mounted in the carriage 205 and rotor 208R’
attached to the shaft 211. Drive 209’ may include
stator 2095’ mounted in the carriage and rotor 209R’
attached to the shaft 212. The magnetic bearing 450 may
include a first bearing member 450A located in the
carriage and a second bearing member 450B attached to

the shaft 211. The magnetic bearing 451 may include a
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first bearing member 451A located in the carriage and a
second bearing member 451B attached to the shaft 212.
wWhile only two magnetic bearings 450, 451 (one on each
shaft 211, 212) are shown in Figure 11B it should be
realized that in alternate embodiments any suitable
number of magnetic bearings may be associated with each
of the shafts 211, 212. In one exemplary embodiment,
the magnetic bearings may be vertically segmented (i.e.
the segments are offset vertically) so that each bearing
450, 451 provides individual tilt control over a
respective one of the shafts 211, 212 along the Rx, Ry
axes. In other exemplary embodiments, the shafts may be
constrained with respect to each other in any suitable
manner such as by, for example, suitable bearings
provided between the shafts 211, 212 so that the shafts
211, 212 remain concentric while bearings 450, 451
stabilize or control the radial position and tilt (e.qg.

Rx, Ry) of the coaxial shafts 211, 212 as a unit.

[00073] Referring now to Figure 11C, an exemplary
schematic illustration of a portion of the carriage 205
is shown. It is noted that the carriage is
substantially similar to that described above with
respect to Figure 11 such that like features have like
reference numbers . However, in this exemplary
embodiment the magnetic spindle bearings/stators 2087,
209’ are shown as having one portion or section
configured to provide rotational forces, levitation,
axial forces and/or planar X-Y (i.e. radial) positioning
forces (e.qg. the stator and passive bearings are
integrated with each other in a unitary drive member).
The magnetic spindle bearings/stators may be configured

to provide bearing and 1ift control in a manner
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substantially similar to that described above with
respect to Figure 11. In one exemplary embodiment, the
magnetic spindle bearings/stators 208’’, 209’' may be
configured as sets of interposed windings for generating
the different driving forces for operating the drive
section. In alternate embodiments the windings may be
non-interposed windings that may be commutated in such a
way as to generate the driving forces described herein.

In this exemplary embodiment the interaction between the

stators 2088’’, 209S’'‘ and their respective rotors
208R’’, Z209R’’ may respectively produce the magnetic
flux fields 1330, 1320 and 13307, 1320° and

corresponding passive and attractive forces in a manner
substantially similar to that described above with
respect to Figure 5. The motor 208'’ may be configured
as described above to control the gap G5 while the motor
209’ may be configured as described above to control
the gap G6. As described above, by varying the gaps G5
and G6 the spindle 600 may be tilted and/or positionally
located within, for example the X-Y plane for the fine
positioning of, for example, the robot arm coupled to
the spindle and thus the substrate carried on the robot
arm. In one exemplary embodiment, the magnetic
bearings/stators may be vertically segmented (i.e. the
segments are offset vertically) so that each bearing
20877, 209'' provides individual tilt control over a
respective one of the shafts 211, 212 along the Rx, Ry
axes. In other exemplary embodiments, the shafts may be
constrained with respect to each other in any suitable
manner such as by, for example, suitable bearings
provided between the shafts 211, 212 so that the shafts

211, 212 remain concentric while bearings 208’ °, 209‘°
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stabilize or control the radial position and tilt (e.g.

Rx, Ry} of the coaxial shafts 211, 212 as a unit.

[00074] Referring now to Figures 11D-11F another
exemplary motor configuration is shown in accordance
with an exemplary embodiment. For example, the motors
1000, 1010 and their controller 1050, which may be
similar to controller 170, may be configured so that an
electrical angle is used to drive a common set of
commutation functions to produce three dimensional
forces including propulsion forces about an axis of
rotation of the drive shafts 211, 212, propulsion forces
in the z-direction and a guidance forces in the X and/or
Y directions for tilting, rotating and positioning the
spindle 1070. In other words, by adjusting the
electrical angle with the electrical angle offset, at
least one, two, and three dimensional forces may be
produced in the motor using a common set of commutation
equations. Examples of such a drive configuration is
described in commonly assigned United States Patent
Application No. 11/769,688, filed on June 27, 2007 and
entitled “COMMUTATION OF AN ELECTROMAGNETIC PROPULSION
AND GUIDANCE SYSTEM”, the disclosure of which is

incorporated by reference herein in its entirety.

[00075] In this exemplary embodiment the two motors
1000, 1010 of drive unit 1099 provide, for example, at
least seven degrees of freedom. For example, where the
shafts 211, 212 are held coaxial with respect to one
another via, for example, suitable bearings between the
shafts 211, 212 the two motors may provide seven degrees
of freedom. In another example, where the shafts 211,

212 are not constrained with respect to one another
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(i.e. the shafts can move relative to each other in all
axes) the degrees of freedom provided by the two motors
may be, for example, twelve degrees of freedom. The
drive unit 1099 may be substantially similar to the
drive unit described above with respect to Figure 11
unless otherwise noted. Figure 11D shows a drive unit
where each of the motors 1000, 1010 are configured to
provide forces in four dimensions (i.e. X, Y, Z and
rotation of the respective shaft) for the operation of
the transport. As may be realized, the motors may also
produce moments along the Rx, Ry and Rz axes that
results from forces produced by different segments of
the stator windings. For example, in one exemplary
embodiment, the windings of the motors may be vertically
segmented in a manner substantially similar to that
described above. A propulsion system for the shafts
211, 212 is shown that provides propulsion (i.e.
rotation Rzl for the outer shaft 211 and rotation Rz2
for the inner shaft 212) about the Z-axis using, for
example, Lorentz forces, 1lift along the =z-axis using,
for example, Lorentz forces, and gap control along the X
and Y-axes (i.e. planar motion in the X-Y plane as well
as rotation Rx and Ry about the X and Y axes) using, for
example, Lorentz and Maxwell forces when, for example,
the shafts are held concentric with one another as
described above. Where the shafts are not constrained
with respect to each other the tilting (Rx, Ry) moments
may be produced independently for each of the shafts
211, 212 by for example, different lift forces along the
Rz axis produced by for example vertically offset
winding segments along the circumference of each stator.

In alternate embodiments the propulsion system may
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propel the shafts 211, 212 along the Rx, Ry, Rzl, Rz2,

Z, X, Y axes/planes in any suitable manner.

[00076] In the exemplary embodiment shown in Figure
11D the motors 1000, 1010 may respectively include
winding sets 1000A, 1000B and 1010A, 1010B positioned
in, for example, the carriage 205. Each of the winding
sets 1000a, 1000B, 1010a, 1010B may include individual
windings 1065 as can be seen with respect to winding
1000A in Figure 11F. In alternate embodiments, the
winding sets and/or the individual windings may have any
suitable configuration such as, for example, the zlg-zag
or trapezoidal winding configurations described in
United States Patent Publication 2005/0264119 previously
incorprated by reference. The winding sets 1000A, 1000B
and 1010A, 1010B may be driven by amplifier 1051, which
may be part of controller 1050. In alternate
embodiments the amplifier 1051 may be separate from the
controller 1050. Amplifier 1051 may be any suitable
amplifier such as, for example, a multi-channel
amplifier capable of driving each of the individual
windings 1065 of winding sets 1000a, 10008, 1010a, 1010B
separately or in groups. Winding sets 10002 and 1010A
may have the same orientation and may be oriented for
example, about ninety degrees from winding sets 10008
and 1010B respectively. In alternate embodiments the
winding sets may have any suitable mechanical angular
relationship, that may be more or less than about ninety
degrees, for stably supporting the rotor (and shaft)
with the resultant forces generated by the winding sets.
As noted above, the winding sets may also have a

suitably corresponding electrical angle shift
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therebetween to form the self ©bearing motor in

cooperation with the respective shaft rotor.

[00077] In the exemplary embodiment shown in Figure
11D each of the shafts 211, 212 of the drive unit 1099
respectively includes magnet rotors 1000P, 1010P. In
the example shown, the magnetic rotors 1000P, 1010P may
have permanent magnet arrays for example purposes only,
though in alternate embodiments, the rotors 1000P, 1010P
may not have permanent magnets and may be formed from,
for example, ferromagnetic material. Each of the rotors
1000p, 1010P may be arranged as an array of magnets and
may extend around the circumference of their respective
shafts 211, 212. 1In one exemplary embodiment, as can be
seen in Figure 11E, the array of magnets of rotors
1000pP, 1010P may be arranged with alternating north
poles 1101 and south poles 1102 facing the winding sets
10004, 1000B, 10104, 1010B. In other exemplary
embodiments the rotors 1000P, 1010P may have any
suitable configuration including, but not limited to,
those described in United States Patent Application No.
11/769,688, filed on June 27, 2007 and entitled
“COMMUTATION OF AN ELECTROMAGNETIC PROPULSION AND
GUIDANCE SYSTEM”, previously incorporated by reference.
In alternate embodiments the winding sets and magnet
platens may have any suitable configuration for driving

the spindle assembly and shafts as described herein,

[00078] Any suitable sensor systems such as, for
example, those described below with respect to Figures
12-158 may be provided for sensing the location, for
example, the x, y, 2z, Rx, Ry and Rz coordinates of the

individual shafts 211, 212 and/or the spindle assembly
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1070. In alternate embodiments the relative motion
between the rotors and stators may produce back electro-
motive force that can provide positional information in
any direction relative to the magnet array via, for
example the sum of the voltages in a phase and/or in the
direction normal to the magnet array via, for example
different circuit voltages where each of the winding
sets includes multiple circuits. In other alternate
embodiments other suitable sensor systems may be

utilized.

[00079] In one exemplary embodiment, the planar
movement of the spindle assembly 1070 in the X and/or ¥
directions, the tilt Rx, Ry of the spindle assembly
1070, the rotation Rzl, Rz2 of each of the shafts 211,
212 and the movement of the spindle assembly 1070 along
the Z-axis as described above may be controlled by
adjusting the electrical angle with an electrical angle
offset using a common set of commutation equations. In
alternate embodiments the movement of the drive unit
components may be controlled in any suitable manner. It
is noted that in this exemplary embodiment the two
motors 1000, 1010 provide, for example, seven degrees of
freedom for the drive system 1099. As may be realized
an the drive unit 1099 may also include a Z-drive unit

as described above with respect to Figure 9.

[00080] Referring again to Figure 11 and also to
Figure 12, the rotational position of the outer and
inner shafts 211, 212 may be tracked through, for
example, any suitable encoders, such as encoders 4104,
410B and their respective encoder scales 430A, 430B. In

alternate embodiments the relative motion between the
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rotors and stators may produce back electro-motive force
that can provide positional information as described
above. In this exemplary embodiment, the encoders 410A,
410B are configured as optical encoders having an
emitter 412 and a read head 411. In alternate
embodiments the encoders may be configured as any
suitable encoder including, but not limited to, optical,
reflective, capacitive, magnetic and inductive encoders.
The encoder scales 430A, 430B may be any suitable scales
configured to allow the encoder to track a rotational
position of their respective shafts. In one exemplary
embodiment, as can be seen in Figure 11, the encoder
410A may be mounted on the carriage 205 and arranged to
interact with scale 430A, which may be mounted on the
outer shaft 211. Encoder 410B may be mounted on the
carriage 205 and arranged to interact with scale 430B,
which may be mounted on the inner shaft 212. In
alternate embodiments the scales may be located on the
carriage while the encoders are located on a respective
one of the drive shafts. In other alternate embodiments
the encoders and encoder scales may have any suitable
configuration. The positional signals output by the
encoders 410A, 410B may be utilized by, for example,
controller 170 to provide feedback as to the position of
an arm link coupled to a respective one of the shafts

and/or for motor commutation.

[060081] As can best be seen in Figure 12, in one
exemplary embodiment, an exemplary encoder emitter 412
and read head 411 may be coupled to an encoder frame or
module 500 that may be inserted into the carriage. The
encoder frame may be constructed of any suitable

material including materials configured for use in a
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vacuum environment. The encoder frame 500 may be
configured such that the emitter 412 and read head 411
may be movable in the direction of arrows A and B to
allow for adjustment of the encoder with respect to the
encoder scale 430A. Any suitable seals 510E, 510C may
be provided between the emitter 412 and read head 411
and the encoder frame 500 to prevent any particulates
from entering the substrate processing environment.
Suitable seals 510A, 510B may also be provided between
the encoder frame 500 and the carriage 205 to prevent
particulates from entering the substrate processing
environment. It is noted that encoder 410B may be
substantially similar to encoder 410A. In alternate
embodiments the encoder frame 500 may be configured such
that the encoder emitter and read head are kept in an
environment separate from the substrate processing
environment and utilized through optical view ports to
reduce the amount of materials that can outgas into, for
example, a wvacuum processing environment. In other
alternate embodiments, any suitable feedback devices
could be utilized including, but not limited to, Hall

effect sensors, inductive sensors and resolvers.

[c0082] Referring now to Figure 12A, another exemplary
encoder configuration is shown in accordance with
another exemplary embodiment. In this exemplary
embodiment the carriage 205’ may have recesses or
openings 530A, 530B for accepting sensor inserts or
modules 550A, 550B. The recesses 530A, 530B may have
view ports 560A, 560B that allow the sensor components
4117, 412’ to sense the encoder scale 430A. The modules
5504, 550B may have any suitable shape and or

configuration. For example the modules 550A, 550B may
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be configured such that upon insertion of the modules
550A, 550B into their respective recesses 530A, 530B the
sensors 4117, 412‘ are aligned with each other and the
encoder scale. 1In alternate embodiments the modules may
be adjustable within the recesses so that the sensors
may be aligned with a respective encoder scale. As may
be realized, while the modules 550A, 550B are shown in
Figure 12A as separate modules, in alternate embodiments
the modules 550A, 550B may have a unitary construction
(e.g. one piece). In this exemplary embodiment the
module 550A may include an encoder read head 411°
positioned in the module 550A such that the read head
411’ is aligned with the view port 560A when the module
550A is inserted into the carriage 205°'. In this
exemplary embodiment the read head 411’ forms a seal
570A between the module 550A and the carriage 205’ to
prevent any leakage of atmosphere or the passage of
contaminates into or out of the substrate processing
area. In alternate embodiments, the seal may be formed
between the read head and carriage in any suitable
manner. In other alternate embodiments, a “window” or
optically clear material that is separate from the read
head 411’ may cover and seal the view port 560A. Module
550B may include an encoder emitter 412’ positioned in
the module 550B such that the emitter 412’ is aligned
with the view port 560B when the module 550B is inserted
into the carriage 205°. In this exemplary embodiment
the emitter 412’ forms a seal 570B between the module
550A and the carriage 205’ to prevent any leakage of
atmosphere into or out of the substrate processing area.
In alternate embodiments, the seal may be formed between
the read head and carriage in any suitable manner. In

other alternate embodiments, a “window” or optically
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clear material that is separate from the emitter 412’
may cover and seal the view port 560B. As may be
realized the modules 5504, 550B may be suitably
connected to a controller, such as controller 170, for
providing feedback regarding shaft orientation, planar
position and rotational position. It is noted that the
configuration of the exemplary modules 550A, 550b shown
in the drawings is for example purposes only and that
the modules 5504, 550B may have any suitable
configuration and/or include any suitable types of
sensors including, but not limited to, inductive and

capacitive sensors.

[00083] The encoders 410A, 410B, 550A, 550B may also
be configured to measure, for example, one or more of
the gaps Gl1-G4 between the stators and rotors of the
motors 208, 209, For example, the scale 430A may be
configured to allow the encoders to measure the air
gaps . In alternate embodiments the encoders may be
configured to measure the air gaps in any suitable
manner. In other alternate embodiments additional
encoders or other feedback devices may be positioned in,
for example, proximity of the shafts 211, 212 for

measuring one or more of the gaps Gl-G4.

[00084] Referring now to Figure 13, another exemplary
sensor configuration 1100 is shown for detecting, for
example, the rotational position, axial position, X-Y
planar position and/or gap with respect to, for example,
drive shaft 211. In this exemplary embodiment, the
sensor configuration 1100 is configured as a non-
invasive sensor such that no optical view ports or feed-

throughs are needed in, for example, the barrier 210
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that isolates, for example, the vacuum environment from

the atmospheric environment.

[00085] The sensor configuration 1100 of Figure 13 may
utilize magnetic circuit principles for determining, for
example the distance from a ferromagnetic target 1110
(that may be affixed to e.g. the rotor or drive shaft)
to the transducer or read head frame. The ferromagnetic
target may have any suitable contour (e.g. curved for
rotary drive or flat for linear drives) and have any
suitable profile(s) embedded in it as will be described
in greater detail below. In this exemplary embodiment,
the transducer or read head 1120 includes, for example,
a ferromagnetic element 1122, a permanent magnet 1123,
magnetic sensors 1124A-1124D and a mounting substrate
1125. The permanent magnet 1123 may have any suitable
shape such as for example the cylindrical shape shown in
Figure 13. The poles of the permanent magnet 1123 may
be oriented such that they are parallel with the
mounting substrate however, in alternate embodiments the
poles may be oriented in any suitable manner. The
magnetic sensors 1124A-1124D may be any suitable
magnetic sensors including, but not limited to, Hall

effect sensors, reed switches and magnetoresistors.

[00086] The ferromagnetic element 1122 may have any
suitable shape such as, for example, the cup shape shown
in Figure 13. The ferromagnetic element 1122 may be
positioned relative to the permanent magnet 1123 such
that the cupped shape is concentric with the permanent
magnet 1123, In alternate embodiments the ferromagnetic
element 1122 may have any suitable positional

relationship with the permanent magnet 1123. The
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permanent magnet 1123 may be coupled to a center of the
ferromagnetic element 1122 in any suitable manner such
as for example, through magnetic attraction, mechanical
fasteners and/or adhesives. The configuration of the
permanent magnet 1123 and the ferromagnetic element may
be such that a magnetic circuit is created where a
magnetic flux is formed with a uniform density along a
certain path. In the exemplary embodiment shown in
Figure 13, the magnetic flux density may be uniform

along the circle 1127.

[00087] In this example, the four magnetic sensors
1124A-1124D are placed along the uniform magnetic flux
path indicated by circle 1127 such that their outputs
are substantially the same. It should be realized that
in alternate embodiments any suitable number of magnetic
sensors may be placed along the uniform magnetic flux
path. The outputs of the magnetic sensors may be routed
to any suitable conditioning circuit 1126 for processing
the sensor output signals to optimize the quality of the
output signal 1128. As may be realized increasing the
number of magnetic sensors in the read head 1120 may
increase the noise immunity of the read head 1120. In
alternate embodiments the magnetic sensors may be
arranged in pairs with alternating orientations relative
to the flux density lines. The pairs of sensors can
each provide a differential output that may improve
noise immunity on the signal routing from the read head
location to any suitable device that will read the
signal. In other alternate embodiments the magnetic

sensors may be arranged in any suitable manner.
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[00088] In operation, placing the ferromagnetic target
1110 in front of the read head 1120 may alter the
magnetic flux density vector sensed by the magnetic
sengors 1124A-1124D thereby modifying the output signal
1128 of the magnetic sensors 1124A-1124D. As may be
realized the distance or gap 1130 Dbetween the
ferromagnetic target 1110 and the read head 1120
influences the value of the output signal 1128. As may
also be realized the shape of the permanent magnet 1123
and ferromagnetic element 1122 may be optimized to
maximize the range of operation (e.g. the distance 1130)

of the read head 1120.

[00089] The sensor configuration of the exemplary
embodiment of Figure 13 may be capable of sensing the
gap between, for example, the rotor 1200R and stator
12008 through the barrier 210 in a non-invasive manner
as can be seen in Figure 14. Figure 14 shows a
schematic illustration of a portion of the sensor
configuration described above with respect to Figure 13.
In this exemplary embodiment, the ferromagnetic target
may be the rotor Dbacking 1210, but in alternate
embodiments the target may be any suitable ferromagnetic
target. The read head 1120 may interact with the rotor
backing 1210 such that the magnetic flux lines pass from
the read head 1120 through the barrier 210 to the rotor
backing 1210 and back to the sensor 1124. The sensor
signal may be sent to, for example any suitable
electronics, such as controller 170 for reading the

signal and the determination of the gap 1130 size.

[00090] Referring now to Figures 14A and 14B, another

exemplary sensor feedback system is illustrated in
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accordance with an exemplary embodiment. As can be seen
in Figure 144, the sensor system includes a
ferromagnetic target 1340 and three sensors 1350-1370.
In alternate embodiments the feedback system may include
more or less than three sensors. In this exemplary
embodiment, the ferromagnetic target may be the rotor
backing, but in alternate embodiments the target may be
any suitable ferromagnetic target. As can be seen best
in Figure 14B the ferromagnetic target 1340 in this
example is configured as a rotor 1300R that may be
utilized in, for example the motor described above with
respect to Figures 4A and 4B for exemplary purposes
only. The rotor backing 1340 may have several profiles
embedded in a surface 1390 of the rotor backing 1340.
In this example, an absolute track profile 1330 and an
incremental track profile 1310 are embedded or otherwise
formed in the backing 1340. The absoclute and
incremental track profiles 1330, 1310 may include any

suitable profile (e.g. lands and grooves, recesses,

etc.) for suitably tracking a position of the rotor
1300R. In alternate embodiments the rotor 1300R may
have any suitable configuration of profiles. In

alternate embodiments the profiles may be provided
separately from the rotor 1300R and located at any
suitable location within the drive section. It is also
noted that while the ferromagnetic target is described
as being the rotor backing, it should be realized that
the ferromagnetic target may be separate from the rotor.
For example, the ferromagnetic target may be attached to
any suitable position on, for example, a drive shaft of

the exemplary embodiments described herein.
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[00091] The sensors 1350-1370 may be substantially
similar to each other and to read head 1120 described
above. In alternate embodiments the sensors 1350-1370
may be any suitable sensors. In this exemplary
embodiment, the sensors 1350-1370 may be positioned
relative to the rotor 1300R such that each sensor
provides a different sensor reading. For example, the
sensor 1350 may Dbe aligned with the absolute track
profile 1330 to form an absclute position sensor.
Sensor 1360 may be aligned for interfacing with the non-
profiled surface 1320 of the rotor backing 1340 to form
a gap sensor. Sensor 1370 may be aligned with the
incremental track profile 1310 to form an incremental
position sensor. In alternate embodiments the sensors
may be configured along with a respective magnetic
target to provide any suitable positioning information.
Other suitable feedback systems for use with the drive
sections of the exemplary embodiments is described in
U.S. Patent Application gserial number 12/163,984
entitled “POSITION FEEDBACK FOR SELF BEARING MOTOR”,
Attorney Docket Number 390P012911-US(PAR), filed on June
27, 2008, the disclosure of which is incorporated by

reference herein in its entirety.

[00092] As may be realized, the carriage 205 may also
include any suitable sensor, such as, for example,
sensor 410C shown in Figure 11 for sensing the position
of the carriage 205 along the Z-direction. The sensor
410C may be substantially similar to sensors 410A, 410B.
In alternate embodiments the sensor 410C may be any
suitable sensor having any suitable configuration,
including, but not limited to, those sensors described

herein.
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[00093] Referring back to Figure 11, as may be
realized the motors / magnetic spindle bearings 208, 209
may not support the shafts 211, 212 when the windings of
the motors 208, 209 are not energized, such as when the
transport apparatus (e.g. transport 800) is powered down
or otherwise loses power. The carriage 205 and/or
shafts 211, 212 may be configured such that the shafts
211, 212 are supported in any suitable manner when the
windings are not energized. In one exemplary embodiment
as can be seen in Figure 11, the carriage 205 may
include a support surface 421A and the outer shaft 211
may include a support member 421B that is coupled to the
shaft in any suitable manner. In alternate embodiments
the support member 421B may be of unitary construction
with the shaft 211. As the windings 208Bl, 208B2 are
de-energized the outer shaft 211 may be lowered so that
the support member 412B rests on support surface 421A.
As may be realized the shape and/or configuration of the
support surface 421A and support member 421B may be any
suitable shape and/oxr configuration for stably
supporting the shaft 211 when the windings 208B1, 208B2

are not energized.

[00094] The shaft 211 may also have a support surface
420A and the inner shaft 212 may have a support member
420B. In this example the, support member 420B of the
inner shaft 212 is shown as ©being of unitary
construction with the shaft 212 but in alternate
embodiments the support member 420B may be a separate
member coupled to the shaft 212 in any suitable manner.
As the windings 209B1, 209B2 are de-energized the inner
shaft may be lowered so that the support member 420B of

the inner shaft interacts with the support surface 420
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of the outer shaft 211 to support the inner shaft 211.
The shape and/or configuration of the support surface
420A and support member 420B may be any suitable shape
and/or configuration for stably supporting the shaft 212
when the windings 209Bl, 209B2 are not energized.

[00095] It is noted that the support surfaces and
support members shown in Figure 11 are for exemplary
purposes only and that the shafts 211, 212 may be
supported in any suitable manner when the transport is
in a powered down state. For example, in alternate
embodiments the shafts may be supported by any suitable
supports including, but not limited to, ball bearings,
roller bearings and/or suitable bushings. In other
alternate embodiments, permanent magnets may be located
in the carriage in proximity to the outer and inner
shafts 211, 212. The permanent magnets of the carriage
may interact with respective permanent magnets located
on the shafts 211, 212 such that the shafts 211, 212 are
supported when the transport is powered down. It is
noted that where permanent magnets are utilized to
support the shafts 211, 212 the windings 208B1, 20882,
209B1, 209B2 may have sufficient power to overcome the
magnetic forces produced by the permanent magnets so
that the center of rotation of the shafts can be

positioned as described herein.

[00096] Referring now to Figures 15-17, an exemplary
operation of the exemplary embodiments will be
described. As described above the shafts 211, 212 may
be coupled in any suitable manner to arm links of the

transport apparatus.
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[00097] As can be seen Dbest in Figure 15 the
contreller (e.g. controller 170) may be configured to
energize the motor windings of stators 2088 and 209S to
produce radial and/or tangential forces so that the
rotors 208R, 209R are skewed along the 2Z-axis by an
angle o which causes the longitudinal centerline C1, €2
of shafts 211, 212 to be tilted with respect to, for
example, the centerline Z1 of the carriage 205 and/or
stators 2088, 20935 (i.e. the spindle 600 is rotated
about the X and/or Y axes) as shown in Figure 15. As
can be seen in Figure 15, the air gaps G1-G4 increase
towards the Dbottom 205B of the carriage 205 for
exemplary purposes only and it should be realized that
the air gaps may increase or decrease depending on the
direction of tilt with respect to the X-Y plane. The
controller may be configured to energize the windings of
the stators 208S, 209S so that the air gaps G1-G4 and
the tilt angle « are maintained as the arm is extended
or retracted. In alternate embodiments the windings may
be energized to tilt the spindle 600 after the arm is
extended or retracted. In still other alternate
embodiments the spindle 600 may be tilted at any point
in time during the operation of the arm. As may be
realized the tilt may be in any suitable direction such
as a tilt Rx in the X-direction, a tilt Ry in the Y-
direction or a tilt in both the X and Y directions. The
angle of tilt « may be limited only by, for example, the
size of the air gap G1-G4 between the stators 208S, 2098
and the rotors 208R, 209R.

[0oco098] As can be seen in Figure 16, the windings may
also be energized so that the spindle 600 is translated

in the X-Y plane such that the centerline of the shafts
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211, 212 (i.e. spindle 600) remains parallel with the Z-
axis. In the example shown in Figure 16, the
longitudinal centerline or center of rotation of the
shafts 211, 212 is moved by a distance D away from, for
example, the centerline Zl1 of the carriage 205 or any
other suitable location within the drive system. The
air gaps G1-G4 shown in Figure 16 are illustrated as
being substantially equal but as noted above, it should
be realized the air gaps will be different depending on
which point on the circumference of the stators/rotors
the air gap is measured. It is noted that the distance
D traveled by the spindle in the X-Y plane (e.g. the X-Y
translation) may only be limited by the size of the air

gaps Gl-G4.

[00099] The X-Y translation and/or the tilting of the
spindle assembly 600 and the arm 800 coupled thereto may
be utilized to fine tune the position of the arm 800 so
that a substrate S located on the end effector 830 is
suitably spatially positioned in or on, for example, a
substrate processing chamber, a locad lock, an aligner, a
substrate cassette or any other suitable eguipment used
in processing and/or storing the substrate. For
example, referring to Figure 17, a schematic
illustration of a transport 900 and a substrate station
910 are shown. The transport includes a spindle
assembly 600 and an arm 800 as described above. The
substrate station 910 may be any suitable station for
supporting, storing and/or processing a substrate such
as, for example, a substrate aligner. In this example,
the transport may be, for example, mounted so that the
centerline of the spindle 600’ (e.g. when the air gap

between the spindle and the stators is substantially
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uniform) is not perpendicular with the substrate seating
plane 911 of the substrate station 910. As such, a
substrate S located on the end effector 830 of the arm
800 may not be parallel with the substrate seating plane
911. The windings of the motors of the transport 900
may be energized as described above to tilt the spindle
at an angle of o’ in the X-Y plane so that the substrate
S is substantially parallel with the substrate seating
plane 911 when the substrate is placed on the substrate
station 910. As may be realized the spindle assembly
600 may also be translated in the X and/or Y directions
to fine tune the orientation and/or position of the end
effector and the substrate S carried on the end effector
with respect to the substrate station 910. As may also
be realized the translation of the substrate in the X
and/or Y direction may also be effected through a
tilting of the spindle in the direction the substrate is
to be translated and moving the substrate in for
example, the Z-direction to compensate for the tilt of
the spindle when placing the substrate. In fine tuning
the orientation and/or position of the end effector, the
end effector may be leveled or made substantially
parallel with a substrate seating surface or plane
and/or the position of the end effector may be adjusted
in, for example the X-Y plane without rotating,
extending or retracting the robot arm. The fine tuning
of the end effector position through controlling the
centerline of the spindle assembly 600 may also be
utilized to compensate for sag in the arm 800 or for any

other suitable purpose.

[000100] It is also noted that the substrate station

910 shown in Figure 17 may incorporate a drive system
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substantially similar to that described above with
respect to Figures 15-17 such that the substrate seating
surface attached to, for example a drive shaft of an
aligner motor may be tilted and/or translated as

described herein.

[000101} The drive sections of the exemplary
embodiments as described herein include, for example,
seven degrees of freedom which include X, Y, Z, Rx, Ry,
Rzl and Rz2. In one exemplary embodiment, Rzl and Rz2
are associated with the rotation of the shafts 211 and
212 respectively. X, Y, Rx and Ry are associated with
the location and/or tilt of the gpindle 600 (i.e.
offsetting the position of the rotors 208R, 209R). Z is
associated with the movement of the carriage 205 (and
the arm 800) along the Z-direction. It is noted that in
one embodiment there are six degrees of freedom provided
by the two motors 208, 209 while the seventh degree of
freedom is provided by the Z-drive unit 220. In other
embodiments such as that shown in Figures 11D-11F seven
degrees of freedom may be provided by the two motors
while an eighth degree of freedom is provided by a 2z-

drive unit.

[000102] As noted above, the number of degrees of
freedom of the exemplary drives is not limited to seven.
In alternate embodiments drive sections in accordance
with the exemplary embodiments may have more or less
than seven degrees of freedom. For example, the
transport apparatus may be mounted on a movable carriage
that allows the entire transport to be translated in a

one, two or three dimensional direction. In other
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examples, the drive system may have more or less than

two drive shafts.

[000103] These multiple degrees of freedom in the drive
unit may allow for the fine leveling and positioning of
substrates while compensating for any misalignment
between the transport and substrate station and/or any
deflection from cantilever effects of the substrate
transport. The magnetic spindle bearings provided by
the drive section of the exemplary embodiments may also
provide a lubrication free rotary spindle thereby
reducing the possibility that any particulates are
introduced into the substrate processing area. The
magnetic spindle bearings of the exemplary embodiments
also reduce possible outgassing that may be caused by,
for example, grease or other lubricants that may be used

to lubricate the spindle of the drive section.

[000104] As may be realized, the exemplary embodiments
described herein may be utilized separately or combined
in any suitable manner for driving a motor of, for
example a robotic transport or other equipment
including, but not limited to, substrate aligners. As
also may be realized, although the exemplary embodiments
are described herein with respect to rotary motors, the
exemplary embodiments are equally applicable for driving

linear motor systems.

[000105] It should be understood that the foregoing
description is only illustrative of the embodiments.
Various alternatives and modifications can be deviged by
those skilled in the art without departing from the
embodiments. Accordingly, the present embodiments are

intended to embrace all such alternatives, modifications
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and variances that fall within the scope of the appended

claims.

[000106] What is claimed is:
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CLAIMS

A drive section for a substrate transport arm

comprising:
a frame;

at least one stator mounted within the frame, the
stator including a first motor section and at least

one stator bearing section; and

a coaxial spindle magnetically supported
substantially without contact by the at least one
stator bearing section, where each drive shaft of
the coaxial spindle includes a rotor, the rotor
including a second motor section and at least one
rotor bearing section configured to interface with

the at least one stator bearing section;

wherein the first motor section is configured to
interface with the second motor section to effect
rotation of the spindle about a predetermined axis
and the at least one stator bearing section is
configured to effect at least leveling of a
substrate transport arm end effector connected to
the coaxial spindle through an interaction with the

at least one rotor bearing section.

The drive section of claim 1, wherein the at least
one stator bearing section is configured to
interface with the at least one rotor bearing
section to change at least an angular orientation
of the predetermined axis of rotation with respect

to a centerline of the at least one stator.
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3. The drive section of claim 1, wherein the frame is
located within a housing, the drive section being
coupled to the frame and configured to linearly

translate the frame within the housing.

4. The drive section of claim 1, wherein the at least
one stator and rotor are isolated from one another
where the at least one stator operates in a first
environment and the rotor operates in a second

environment.

5. The drive section of claim 1, further comprising a
drive section feedback system comprising at least
one sensor configured to measure a planar position
of the predetermined axis of rotation and an
angular orientation of the predetermined axis of

rotation.

6. The drive section of claim 1, wherein the coaxial
spindle comprises at least two drive shafts each
having a rotor and the at least one stator
comprises at least two stators where each of the at
least two stators is configured to interface with a
respective one of the rotors and cause a change in
angular orientation of the predetermined axis of

rotation.

7. The drive section of claim 1, wherein the at least
one stator Dbearing section is configured to
interface with the rotor bearing section and
axially offset a centerline of the coaxial spindle

from a centerline of the at least one stator.

8. The drive section of claim 7, wherein axially

offsetting the centerline of the coaxial spindle
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10.

effects planar positional adjustment of the end

effector.

The drive section of claim 1, wherein the at least
one stator comprises two stators and the coaxial
spindle comprises two drive shafts each having a
respective rotor, where the two stators and the
respective rotors provide six degrees of freedom

for the drive section.

The drive section of claim 1, wherein the at least
one stator comprises two stators and the coaxial
spindle comprises two drive shafts each having a
respective rotor, where the two stators and the
respective rotors provide seven degrees of freedom

for the drive unit.
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