RboL704-L Tros

SEEK ACTUATOR FOR OPTICAL RECORDING

CROSS REFEﬁENCE TO RELATED APPLICATIONS

. This is a continuation-in-part of U.S. Patent Application Ser. No. 08/105,8686, filed
August 11, 1993, which is a continuation of U.S. Patent Applic'atidn Ser. No. 07/657,165
filed February 15, 1991, now U.S. Patent No. 5,265,079. '

BACKGROUND'OF THE INVENTION
1. Field of the Invention

Th2 invention relates to optical disc recordmg systems and, in particular, to. an
electromagnetic carriage and actuator assembly for focusing, tracking, and random
access in optical disc players and recorders.

2. Description of the Related Art

Optical data storage systems that utilize a focused laser beam to record and
instantaneously playback information are very attractive in the computer mass storage
industry. Such optical data storage systems offer very high data rates with very high

_storage density and rapid random access to the data stored on the information medium,
most commionly an optical disc. In these types of optical disc memory systems, reading
- and writing data is often accomplished by using a single laser source functioning at two
‘respective intensities. During either operation, light from the laser source passes
through an objective lens which converges the light beamto a specif ic focal point on the
optjcal disc. During data retrieval, the laser light is focused on the recording medium
and is altered by the information of the data storage medium. This lightis then reflected
off the disc, back through the objective lens, to a photo-detector. It is this reflected
signal that fransmits the recorded information. It is thus especially important that, when
lnformatlon is being written to or read from the memory, the objective lens and the
exiting focused beam be-precisely focused at the center of the correct track s0 that the
information may be accurately written and retrieved.
" Toaftaina precise reading of the information stored on the disc, it is necessary to
be able to move the objective lens in both a focusing or Z direction (i.e., perpendicular
to the plane of the disc) in order to focus the laser beam to a small point of lighton a
precise location of the disc to write or retrieve information, and in a trackiﬁg orY
- direction (i.e., radial direction) to position the beam over the exact center of the desired
information track on the disc. Focus and trackmg correctlons may be effected by |
moving the objective lens in either the direction of the optlcal axis of the lens for
focusing, or in a direction perpendicular to the optical axis for tracking.
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In these systems, the position of the objective lens in the focus and tracking
directions is commonly adjusted by control systems. Actuators support the objective
lens and convert position correction signals from the feedback control systems into
movement of the objective lens. As will be appreciated, failure to focus the light on a
small enough area of the medium will result in too large a portion of the disc being used
to store a given amount of information, or in too broad of an area of the disc being read.
Likewise, the failure to precusely control the tracking of the laser light will result in the
information being stored in the wrong Iocatlon or in information from the wrong location
being read. :

In addition to translation along the Z axis to effect focusing, and translation along
the Y axis to effect tracking, there are at least four additional motion modes for the

" actuator, each of which reduces the accuracy of the reading and writing operations and

is thus undesirable during normal operation of the system. These undesirable modes
of motion are rotation about the X axis (an axis orthogonal to both the Y direction and
the Z directibn). or pitch; rotation about the Z axis, referred to as yaw; rotation about the
Y axis, called rolf; and linear n‘;otion along the X axis, or tangential translation. Motion
in these directions is often caused by motor and reaction forces acting on the carriage
and/or actuator. These modes typically produce undesired movement during fracking

or focusing operations which subsequently affects the alignment of the objective lens
relative to the optical disc. :

'SUMMARY OF THE INVENTION

The present invention overcomes the drawbacks of the prior art devices by
providing an apparatus for optical reading or recording information on an optical
information medium, wherein as a result of the relative position of the components of the
apparatus and the magnitude and applicafion points of the forces exerted to track and -

* focus, the objective lens through which information is read from the information medium
prevents the objective lens from being affected by most resonances, motor forces and

reaction forces. This is critical because in optical recording, displacements of 0.02
micrometers can easily be picked up. ' ,

Specifically, one aspect of the invention is an apparatus for: optically reading or
recording information on an optical disk which is rotatable about an axis of rotation,
wherein the apparatus includes a frame, a carriage, a-carriage drive, an objective lens, -
an objective lens holder and a focus drive. The carriage drive (i.e., those portions of the
carriage motor which move relative to the frame) drives the carriage along a path radial

to the axis of the rotation. The objective lens is mounted on the objective lens holder
_ so that the optical axis of the objective lens is within 0.5 millimeters of intersecting the
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center of mass of the carriage mass. The holder is movable relative to _the carriage SO
as to move the objective lens along its optical axis. This movement is controlled by a
focus drive (i.e., those portions of the focus motor which move relative to the carriage)
which drives the holder so as to move the objective lens along its optical axis. For

purposes of this application including appended claims, the carriage and actuator’
- assembly is considered to be broken down into two mass groupings. The first is the

"fine motor mass" . This includes the mass of all components suspended for freedom - -

- of movement from the carriage. The second is the “carriage mass" which includes the
- mass of all components which move-with the carriage excluding the fine motor mass
and any incidental connecting wiring not wholly suppcrted by the carriage.

Another aspect of the invention is an apparatus for optically reading or recording
information on an optical disk which is rotatable about an axis of rotation, wherein the
apparatus includes a fine tracking drive (i.e., those portions of the fine tracking motor
which move relative to the carriage) for driving the objective lens holder so as to make
fine adjustments in the relative position-of the objective lens along a path radial to the
axis of rotation of the optical disk. The fine motor mass has a center of mass within 0.5
millimeters of a line parallel to the optical axis containing the center of mass of the
carriage mass.

Another aspect of the invention is an apparatus for optically reading or recording
information on an optical disk which is rotatable about an axis of rotation, wherein the
apparatus includes a frame, a carriage, a carriage drive, an objective lens, an objective
lens holder, a focus drive, and a fine tracking drive, wherein the carriage mass and the
fine mofor mass each have a center of mass within 0.5 millimeters of the optical axis.
Preferably, the carriage mass and the fine motor mass have respectlve centers of

- gravity within 0.5 mm of one another.
' . Another aspect of the present invention is an apparatus f_or optically reading or '
recording information on an optical disk which is rotatable about an axis of rotation.
. having a frame, a carriage, a carriage drive, an objective lens, an objective lens holder,
. afocus drive and a fine tracking drive, wherein the net center of force exerted by the
fine tracking drive is less than 0.2 mm from the optical axis. Another aspect of the
invention is an apparatus for optically reading or recording information on an optical disk
having a frame, a carriage, a carriage drive, an objective lens, an objective lens holder,
~ a focus drive, and a fine tracking drive, wherein the: center of force exerted by the
 coarse tracking drive is less than 0.2 mm from said optical axis.
' Yet another aspect of the invention is an apparatus for optlcally readlng or
* recording information on an optical disk having a frame, a carriage, a carriage drive, an
' objective lens, an objec’ave lens holder, a focus drive, and a fine tracking drive, wherein
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the carriage drive exerts a pair of forces on the carriage to drive the carriage along a
radial path and the distance between the center of mass of the carriage and the point
upon which one of the forces acts is within 0.2 millimeters of the distance between the
center of mass of the carriage and the point upon which the other carriage'drive force
acts. | ' . o

In still another aspect of the-invention an assembly for éontrolling the position of
a lens in an optical data storage and retrieval drive includes a carriage that suspends
a lens holder using a plurality of flexures. A lens is mounted in the lens holder such that
the center of mass of the suspended lens holder lies on the optical axis of the 'lens, and
also coincides with the center of mass of the lens. The lens holder is capable of relative
motion with respect to the carriage with at least one degree of freedom. The center of
mass of the carriage lies within 0.1 mm of the optical axis, proximate the center of mass
of the lens holder. Suspensory forces acting on the lens holder are symmetric about the
optical axis. A coarse magnetic drive moves the carriagé in a tracking direction, and
exerts forces on the carriage hat are balanced and symmetric about the optical axis,
so that moments about the center of mass of the carriage are effectively absent. Inertial
forces acting on the carriage, and forces reactive to the magnetic drive forces are also

. balanced and symmetric with respect to the dptical axis, and produce insubstantial

moments about the center of mass of the carriage. There are fine tracking and focusing

~ drives for the lens holder. Both of these drives produce balanced and symmetric forces

about the optical axis, such that moments about the optical axis are absent. Inertial
forces and reactive forces acting on the suspended lens holder are also symmetric
about the opfical axis. As a result the objective lens moves alon its optical axis, and
in its tracking direction without change in attitude, and its focal point can be precisely
controlled with respect to the surface of a storage medium being read or written.
More specifically and particularly, the present invention.includes an apparatus for
optically reading or recording information on an optical disc which is rotatable about an
axis of rotation having a frame;-a carriage, the carriage being movable relative to the
frame along a path orthogonal to the axis of rotation; a carriage drive for driving the

. carriage along the orthogonal path, portions of the carriage drive being mounted on the

carriage, the carriage and the mounted portions of the carriage diive defining a center
of carriage mass; an objective lens having an optical axis and a center of fens mass; an
objective lens holder fo which the objective lens is mounted, the holder being movable
relative to the carriage; and a focus drive for driving the holder to move the objective

- lens along its optical axis, the focus drive and the objective lens holder defining a center

of fine motor mass; wherein the center of fine motor mass, the center of carriage mass,
and the center-of lens mass are substantially coincident on the optical axis.
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The present apparatus may further include a fine tracking drive for driving the
holder relative to the carriage along the orthogonal path and/or a plurality of flexures for
suspending the objective lens holder from the carriage, the flexures being attached to
the objective lens holder about the optical axis at attachment points that are disposed
in a plane defined by the optical axis.

An alternate implementation of the present invention includes an apparatus for
optically reading or recording information on an optical disc which is rotatable about an

. axis of rotation having a frame; a carriage, the carriage being movable relative to the

frame along a path orthogonal to the axis of rotation; a carriage drive for driving the
carriage along the orthogonal path, portions of the carriage drive being mounted on the
carriage, the carriage and the mounted portions of the carriage drive defining a center
of carriage mass; an objéCtive lens having an optical axis and a center of lens mass; an
objective lens holder to which the objective lens is mounted, the holder being movable
relative to the carriage so as to move the objectwe lens along the optical axis; a plurality
of ﬂexures for suspending the objective lens holder from the carrlage the flexures being
symmetrically attached to the objective lens holder about the optical axis at attachment

* points that are disposed in a plane defined by the optical axis and an axis extendlng in

a tracking direction; a focus drive for driving the holder so as to move the objectlve lens
along its optlcal axis, the focus drive and the objective lens holder defining a center of
fine motor mass; and a fine tracking drive for driving the holder so as to make fine
adjustments in the relative position of the objective lens along the orthogonal path
wherein the center of fine motor mass, the center of carriage mass, and the center of
lens mass are substantially coincident on the optical axis.

‘According to one particular aspect of the present invention there is provided an

apparatus .for controlling the position of a lens having a suspended body; a lens
disposed in the suspended body defining an optical axis, a center of mass of the

~suspended body being disposed substantially on the optical axis, and a center of mass

of the lens being coincident with the center of mass of the suspended body; a carriage
suspending the suspended body for relative mot|on therewith with at least one degree
of freedom, wherein a center of mass of the camage lies within 0.1 mm of the optical
axis proximate the center of mass of the suspended body, and the cariage has an initial
attitude with respect to three mutually orthogonal planes of reference defined by an X

" axis, a Y axis, and a Z axis, and suspensory forces of the carriage acting on the

suspended body are symmetric about the optical axis; a first drive means acting on the
carriage for producing a first plurality of forces that are balanced and symmetric about
the optical axis to accelerate the carriage and the suspended body therewith at different .
frequencies along the Y axis; wherein moments produced by the first plurality of forces



6
about the center of mass of the carriage are effectively absent and forces reactive to the
first plurality of forces are balanced and symmetric with respect to the optical axis and
produce insubstantial moments about the center of mass of the cafriage and further
inertial forces developed by the first drive means on the carriage are balanced and
symmetric about the optical axis so that the carriage maintains its the attitude with
respect to the planes of reference during acceleration thereof, and the suspended body
-maintains an initial position with respect to the carriage. '

One specific application of the above apparatus may mclude a second drive means
for producmg a second plurality of forces that are balanced and symmetric about the
optical axis to accelerate the suspended body relative to the carriage at different
frequencies along the Z axis so that moments produced by the second plurality of forces
about the center of mass of the suspended body are effectively absent and forces

 reactive to the second plurality of forces are balanced and symmetric with respect to the
optical axis and produce insubstantial moments about the center of mass of the
suspended body while inertial forces developed by the second drive means on the
" suspended body are balanced and symmetric about the optical axis. In this particular
implementation of the present invention, the apparatus may be further provided with a
third drive means for producing a third plurality of forces that are balanced and
symmetrlc about the optical axis to accelerate the suspended body relative to the
carriage at different frequencies along the Y axis wherein moments produced by the
third plurality of forces about the center of mass of the suspended body are effectively

- absent and forces reactive to the third plurality of forces are effectively balanced and
symmetric with respect to the optical axis so that inertial forces developed by the third
drive means on the suspended body are balanced and symmetnc about the optical axis.

The above apparatus may altematlvely be provided with a third drive means for
producing a third plurality of forces that are balanced and symmetric about the optical
axis to accelerate the suspended body relative to the carriage at different frequencies
along the Y axis wherein moments produced by the third plurality of forces about the
center of mass of the suspended body are effectively absent and forces reactive to the
third plurality of forces are effectively balanced and symmetric with respect to the optical
axis so that inertial forces developed by the third drive means on the suspended body
are balanced and symmetric about the optical axis.

In another implementation of the present invention, the carriage of the above
apparatus may further include a plurality of flexures that attach to the suspended body
for suspension therefrom, each of the flexures opposing a corresponding flexure
disposed on an opposite side of the Z axis and equidistant therefrom wherein the
flexures pivotally flex about intersections thereof with a plane defined by the Z axis and
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the Y axis. These flexures may be preferably attach to the suspended body in the plane
defined by the Z and Y axes.

- BRIEF DESCRIPTION OF THE DRAWING

Further objects of the present invention together with additional features
* contributing thereto and advantages accruihg therefrom will be apparent from the follow-
ing description of certain preferred embodiments of the invention which are shown in the
accompanying drawing, wherein:

Fig. 1 schematica“y illustrates an exemplary optical readfwrite system in which the
carriage and actuator assembly of the present invention may be used;

Fig.2is a perspective view of the earriage and actuator assembly;

Fig. 3 is an exploded view of the carriage and actuator assembly;

Fig. 4 is an exploded view of the actuator;

Fig. 5 is a'schematic top view illustrating the coarse tracking forces acting on the
assembly; ' '

Fig. 6 is a side schematic view further illustrating the coarse tracking forces;

Fig. 7 is an exploded view which illustrates the focus forces acting.on the actuator; ‘

Fig. 8 is an exploded view which illustrates the fine tracking forces acting on the
actuator;

Fig. 9A is a schematic top view ii(rrstrating the symmetry of coarse tracking forces
in the horizontal plane; .

Fig. 9B is a schematic side view lllustratmg the symmetry of coarse trackrng forces
in the vertical plane;

Fig. 10A is a schematic top view illustrating the symmetry of fine trackmg forces in

«

- the horizontal plane;

Fig. 10B is a schematic end view rllustratmg the alignment of the net fine tracking
force with the center of mass of the fine tracking motor; -

Fig. 11Ais a schematic topview illustrating the symmetry of ﬁne tracking reaction
forces in the horizontal plane;

Fig. 11B is a schematic end view illustrating the alignment of the net fine tracklng
- reaction force with the center of mass of the fine tracking motor; - :

" Fig. 12A is a schematic side view rllustratmg the symmetry of focus forces in the

horizontal plane;

_ Fig. 12B is a schematic end view ||lustratrng the alignment of the net focus force
- with the optical axis of the objective lens;

Fig. 13A is a schematic side view whlch illustrates the symmetry of focus reactlon
forces in the horizontal plane -
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Fig. 13B is a schematic end view which illustrates the alignment of the net focus
reaction force with the optical axis of the objective lens;

Fig. 14 is a schematic top view illustrating the flexure forces and fine motor reaction
forces generated in response to the flexure forces;

Fig. 15A is a schematic side view which illustrates ‘the symmetry of carriage
suspension forces in the horizontal plane;

Fig. 15B is a schematic end view illustrating the allgnment of the net camage'
suspension force with the optical axis of the objective lens;

Fig. 16A is a schematic top view which illustrates the symmetry of friction forces in
the horizontal plane;

Fig. 16B is a schematic side view lllustratmg the alignment.of the friction forces with
the center of mass of the carriage;

Fig.17isa schematic end view which illustrates the net lnertlal forces acting at the
center of mass of the fine motor and center of mass of the carriage in response foa

Fig. 18A is a-schematic side view illustrating the alignment of the net inertial force
of the fine motor with the optical axis of the objective lens; .

Fig. 18B is a schematic side view illustrating the alignment of the net inertial force
of the carriage with the optical axis of the objective lens;

Fig. 19A is a schematic top view which illustrates the inertial forces acting on
components of the carriage and actuator assembly for horizontal accelerations;

Fig. 19B is a schematic top view ll(ustratmg the net inertial forces for horizontal
accelerations;

Fig. 20A is a schematic end view which illustrates the fine motor and carriage

" inertial forces for accelerations above the flexure arm resonance frequency;

Fig. 20B is a schematic end view which illustrates the ﬂtje motor and carriage

" inertial forces for accelerations below the flexure arm resonance frequency; . -

Figs. 21A-21D a diagram illustrating the relaﬁonship between the fine fracking

~ position versus fine motor current;

Figs. 22A-220 illustrate the effects of asymmetncal focus forces acting on the

_assembly;

Fig. 23 illustrates an altemative embodiment of a carriage and actuator assembly;
_ Fig. 24 illustrates the operatiqn of the actuator as employed to move the lens holder
in a focusing direction;

Fig. 256 illustrates the operatlon of the actuator to move the lens holder in a tracking
direction; '
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Fig. 26 is an isometric view of an alternate embodiment of an actuator in
accordance with the present invention; and '
Fig. 27 is a view similar to Fig. 26 with flexures attached.

DETAILED DESCRIPTION OF THE PREFERR_ED EMBODIMENTS

Fig. 1 schematically illustrates the operation of an exemplary optical read/write
system 50 in reading data from a precise location 52 on an information storage medium,
such as an optical disc 54. While the system 50 illustrated is a write-once or WORM
system, those skilled in the art will récognizé that the carriage and actuator assembly
of the present invention could also be used in magne’to-bptical erasable systems.
Information is transmitted to and read from the disc 54 utilizing a light beam 56
produced by a light source 58 which passes through a plurality of components including

“a cube-shaped beamsplitter 60 which separates the light beam 56 according to its

polarization, a quarter wave plate 62 which éhanges the polarization of the light beam
56_. a collimator lens 64, and ag objective lens 66, which, in combination, direct the light

‘beam 56 toward the desired location 52 on the disc 54.

In operation, the light source element 58, typically a laser diode, emits the light
beam 56 toward the convex collimator lens 64. The collimator lens 64 converts this
source beam 56 into a pafallel linearly S polarized light beam 70 and conducts the
beam 70 toward the beamsplitter 60. This cube-shaped beamsplitter 60 is formed by
attaching two right angle prisms 72 and 74 along their respective hypotenuses and
includes a polarlzatlon sensitive coating forming a beamsplitting interface 76 between
the two hypotenuses. The beamsplitter 60 separates and/or combines light beams of

-differing polarization states, namely linear S. polarization and linear P polarization.

Separation is accomplished in conjunction with the polarization sensitive coating which
transmits linearly P polarized light beams and reflects linearly polarized S light beams.
Light exiting the beamsplitter 60 passes through the quarter wave plate 62 which’
converts the linearly polarized light beam 70 fo a circularly polarized fight beam 78.
Upon exltlng the quarter wave plate 62, the clrcularly polanzed beam 78 enters an
actuator 80.

The actuator 80 includes a mirror 82 which orthogonally reflects the ||ght beam 78
upward toward the objective lens 66. The objective lens 66 converges the circularly
polarized beam 78 fo the precis_e focal point 52 on surface of the optical disc 54. Upon
striking the disc 54, the circularly polarized light beam 78 is altered by the information
stored on the disc 54 and is reflected as a divergent circularly polarized light beam 84
carrying information identical to that encoded on the disc 54. This reflected circularly’
polarized Iiéht beam 84 re-enters the objective lens 66 where it is collimated. The light
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beam 84 is again reflected from the mirror 82 and re-enters the quarter wave plate 62.
Upon exiting the quarter wave plate 62, thé circularly polarized beam 84 is converted
to a linearly P polarized light beam 86. As linearly P polarized light beams are
transmitted through the beamsplitter 60 without reflection at the splitting interface, this
light beam 86 continues to a photodetector 88 which detects the data stored on the disc
54. In addition, if the light beam 86 falling on the photo detector 88 is out of focus or
misaligned, the amount of misalignment or defocusing is measured electronlcally and -
used as feedback for a servo system (not shown) which properly reahgns the objective
lens 66.

Fig. 2 illustrates an ‘electromagnetic carriage and actuator assembly 100
constructed in accordance with the present invention. The assembly 100 can be used

with an optics module 102 to read and write data onto the surface of an optical disc as

described above in connection with Fig. 1, wherein the light source 58, detector 88,
collimating lens 64, quarter wave plate 62, and beamsplitter 60 are all incorporated
within the module 102. A spingdle motor 104 is located adjacent the assembly 100 and
rotates an optical disc (not shown) about an axis of rotation A above the assembly 100.
The assembly 100 includes a carriage 106 having first and second bearing surfaces 108
and 110, respectively, slidably mounted on first and second guide rails 112 and 114,
respectively, and an actuator 116 which is mounted on the carriage 106. As will be
appreciated, the rails 112 and 114 provide a frame along which the carriage 106 moves.
A beam of light 120 emitted from the light source 58 in the optics module 102 enters the
actuator 116 through a circular aperture 118 and is reflected by a mirror contained
inside the actuator through an objective lens 122 defining an optical axis O to the '
surface of the disc. As will be appreciated, the axis of rotation A of the disc is parallel
to the optical axis O of the objective lens 122. :

The carriage 106 and actuator 116 carried thereon are moved honzontally along
the ralls 112 and 114 ina tracking direction by a coarse tracking motor to access various
information tracks on the surface of the disc. The tracking motor includes two
permanent magnets 130 and 132 wherein each magnet is attached to a corresponding
C-shaped outer pole pieoe 134, 136, respectively. Two inner pole pieces 138 and140

-are respectively positioned across the ends of the outer pole pieces 134 and 136 so as

to form a rectangular box around the permanent magnets 130, 132. Two coarse coils
142 and 144 of equal length are respectively affixed fo the bearing surfaces 108, 110
and surround the inner pole pieces 138, 140 with sufficient clearance fo move over the
pole pieces 138, 140 when the carriage 106 is moved in the tracking direction. In this
embodiment, the coarse coils 142 and 144 are the only portion of the course tracking
motor that are movable. As will be descnbed in more detaxl below, the actuator 116 can
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also move the objective lens 122 closer to or further away from the disc, thereby
focusing the exiting light beam 120 upon the desired location on the surface of the disc.

Fig. 3 is an exploded view illustrating the carriage 106 and actuator 116 in greater
detail. The carriage 106 includes a generally rectangular base 150 to which the actuator
116 is attached. The base 150 has a substantially flat top surface 152 having a
_generally rectangular chamber 154 formed therein. The first bearing surface 108 is
cylindrical in shape, while the seéond bearing surface 110 consists of two elliptical
bearing sections 160 and 162 of approximately equal length which meet inside the base
150. The spacing of the rails 112 and 114 relative to the optical axis O is selected such
that each bearing surface 108 and 110 is subjected to the same amount of preload. The
bearing surfaces 108 -and 110 are further designed such that both surfaces have
substantially the same amount of surface area contacting the rails 112 and 114. The
length of the bearing sections comprising the second bearing surface is approximately
equal to the length of the first bearing surface, although minor variations in length may
be necessary to account forwear. " Two vertical walls 156 and 158 extend upwardly
from the top surface 152 of the base 150 adjacent the ends of the chamber 154. The
~ base 150 further includes two platform regions 164 and 166 formed at the ends of the
base 150 above the bearing surfaces 108 and 110. - A step 168 joins the top surface

162 of the base 150 with the second platform region 166. A first U-shaped notch 170
" is formed in the first platform region 164, and a second U-shaped notch 172 is formeél
in the second platform region 166 and ste'p 168.

The coarse coils 142 and 144 are respectively attached to two vertical plates 174
" and 176. The plates 174 and 176 are respéctively positioned in-notches 180 and 182
formed in the ends of the base 150. The base 150 further includes a mass balancing
plate 184 which is attached to a bottom surface 186 of the base 150 via a screw 188,
and a mass balancing projection 190 which extends outwardly from the base 150
adjacent the first coarse coil 142. A circular aperture 192 is formed in a front side 194
of the base 150 and receives the light beam 120 emitted from the optics module 102
shown in Fig. 2. A bracket 196 having a circular aperture 198 therein is positioned
between the second vertical wall 158 and the first plétform region 164 along the front
. side. 194 of the base 150. The bracket 196 additionally includés a notch 200 which
receives a phofo detector 202 such that the photodetéctoi' 202 is positioned between
the bracket 196 and the first platform region 164. |

The actuator 116, ofter] referred to as a "2-D" actuator for 2 degrees of motion, i.e.
focusing and tracking, is mounted on the base 150 between the vertical walis 156, 158
and the platform regions 164, 166. A prism (not shown) is positioned within the
chamber 154 in the base 150 to deflect the light beam 120 emitted from the optics
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module 102 such that the beam 120 exits the actuator 116 through the objective lens
122. The objectlve lens 122 is posmoned within a lens holder 210 attached to a focus
and fine tracking motor which moves the lens 122 so as to precisely align and focus the
exiting beam 120 upon a desired location on the surface of the optical disc. The
objective lens 122 defines an optical-axis O which extends vertically through the center

" of the lens.

The components of the actuator 116 are best seen in Fig. 4. The lens holder 210
is generally rectangular in shape and includes a generally rectangular opening 212
formed therethrough. A top surface 214 of the lens holder 210 includes a circular collar
216 positioned between two shoulders 218, 220. A circular aperture 222 having a
diameter substantially equal to that of the collar 216 is formed in a bottom surface 224 _
of the lens holder. A rectangular focus coil 230 is positioned within the rectangular
opening 212 in the lens holder 210. Two oval-shaped, fine tracking coils 232, 234, are
positioned at the corners of a first end 240 of the focus coil 230, and two more identical
tracking coils 236, 238 are pesitioned at the corners of a second end 242 of the focus
coil 230. A first pair of U-shaped pole pieces 244 is positionied to surround the first end
240 of the focus coil 230 and tracking coils 232, 234 attached thereto, while a second
pair of U-shaped pole pieces 246 surrounds the second end 242 of the focus coil 230
and tracking coils 236, 238 attached thereto. In addition, two permanent magnets 250,
252 are positioned between the pole piece pairs 244, 246, adjacent the tracking coils
232, 234 and 236, 238 respectively.

Two top flexure arms 260, 262 are attached to.the top surface 214 of the lens
holder 210 while two additional bottom flexure arms 264, 266 are aftached to a bottom
surface of the lens holder 210. Each flexure arm preferably consists of a thin sheet of
etched or stamped metal (typically steel or beryllium copper) with a thickness on the

- order of 25 micrometers to 75 micrometers. For simplicity, only the flexure arm 260 will

be described. It should be noted, however, that the remaining flexure arms 262, 264,
and 266 are of identical structure. The flexure arm 260 includes a first vertical section
270 attached to first, second, and third horizontal sections 272,274, and 276. The third
horizontal section 276 is further attached to a perpendicular crossbar 280. The first

honzontal section includes a shoulder 278 which attaches to the corresponding shoulder

218 on the lens holder 210. Further, the shoulder of the second top flexure arm 262
attaches to the correspondmg shoulder 220, while the shoulders of the bottom flexure
arms 264 and 268 attach to similar structures on the bottom surface of the lens holder
210. : : _ _ '

The flexures 260, 262, 264, and 266 are further attached to a support member 290.
The support member 290 includes a central notch 202 which receives the second pair
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of pole pieces 246. A ledge 294 is formed on each side of the notch 292 on the top and
bottom surfaces of the support member 290. The crossbar sections 280 of the flexure
arms 260, 262 are attached to these ledges 294, while flexure arms 264, 266 are
connected to corresponding ledges on the bottom of the support member 290 so as to
cooperatively suspend the lens holdér 210 from the support member 290. The support
member 290 further includes an aperture 296 for receiving a light emitting diode 300.
The diode 300 _is in alignment with thé aperture 198 in the bracket 196, Fig. 3, and
photodetector 202 positioned within the notch 200 in the bracket, such that when the
light emitting diode 300 is .energized, substantially collimated light is emitted through the
aperture 198 in the bracket 196 and is incident upon the photodetector 202. Depending
on the position of the lens holder 210 with respect to the support member 290, fight
emitted by the diode 300 will fall onto various-portions of the detector 202. By analyzing
the amount of light incident upon the detector 202, a position correction signal can be
gen_eratéd to determine the amount of displacement required for precise focusing and
tracking at the desired location on the surface of the disc.

In the illustrated embodiment, the fine motor mass consists of the lens holder 210,
the objective lens 122, the focus coil 230, and the fine tracking coils 232, 234, 236 and
238. The carriage mass consists of the base 150, course tracking coils 142 and 144,
the bracket 196, and photodetector 202, the support member 290, the vertical plates
174 and 176, the mass balancing plate 184 and screw 188, the permanent magnets 250
and 252, the po|e pieces 244 and 246, and the bearing surfaces 108 and 110.

With reference to the above description in connection with Figs. 3 and 4, the coarse
tracking coils 142, 144 have equal dimensions and are symmetric about optical axis (0]
of the objective lens. Further, the tracking coil pairs 232, 234 and 236, 238 have equal
dimensions and'are symr_netric about optical axis O of the lens 122. The dimensions of
the mass balance plate 184 and mass balance projection 184 are advantageously

- selected to compensate for the mass of the support member 290, flexures 260, 262,

264, 266, bearing surfaces 108, 110, bracket 1 96 _ahd photodetector 202, such that the
center of mass of the carriage and the center of mass of the fine and focus drives
(consisting of the pole pieces 244, 246, the permanent magnets 250, 252, the focus coil

. 230, and tracking coils 232, 234, 236, 238) are generally intersected by the optical a_\xis
. O ofthe lens 122. As will be described in more detail below, alignment of these centers
. of gravity with the optical axis O of the lens 122, and the symmetry of the motor forces

and reaction forces acting on the carriage 106 and actuator 116 ensure that undesuable
modes of motion which adversely affect position of the objective lens 122 are minimized.

Referring to Fig. 5, the permanent magnets 130, 132 adjacent the coarse tracking
coils 142, 144 generate a magnetic field B whose lines of flux extend inwardly toward



14

the coarse coils 142, 144. When coarse tracking movement is required to po‘sitioh the
objective lens 122 beneath a selected track on the optical disc, currentis applied to the
coarse tracking coils 142, 144. The current interacts with the magnetic field B to
produce forces which move the carriage 106 in the tracking directidn. The forces are
generated according to the Lorentz law F=BXI1, wherein F represents the force acting
on the focus coil, B represents the magnetic flux density of the magnetic field between
the two permanent magnets, | represents the current through the focus coil, and 1
represents the length of the coil. For example, whén'the current | appiied to the first
coarse tracking coil 142 travels through the portion of the coil positioned within the
magnetic field B in the direction into the plane of the drawing sheet, a force Fg,, in the
~ direction of the arrow 320 is produced. Similarly, when current I travels through the
- portions of the second tracking coil 144 positioned within the magnetic field B in the
direction out of the plane of Fig.. 5, a force Fease iN the direction of the arrow 322 is
produced. The forces Fooases AN Feqarer act to move the carriage 106 horizontally to the
left. ' - | | |
Conversely, Fig. 6 shows that if the direction of the current | within the portions of
the tracking coils 142, 144 within the magnetic field B is reversed, forces Féoarser, @and
Feoareez, @re produced which act to move the carriage into the plane of Fig. 6 (to the-right
in Fig. 5). The amount of movement in the tracking direction depends on the amount
of current applied to the coarse coils 142, 144. In this manner, the carriage 106 is
moved to position the objective lens 122 such that the laser beam 120 exiting the lens
122 is focused within a desired information track on the surface of the optical disc.
When a control signal is generated by the optics module 102, a given current is
applied to either the fine tracking coils 232, 234, 236, and 238, or the focus coil 230
depending on the direction in which the displacement of the lens holder 210 and
objective lens-122 attached thereto is required. Such servo system and .feedback
cireuits which control the amount of current are well known in the art. This current
interacts with the electromagnetic field produced by the permanent magnets 250, 252
to create a force which displaces the lens _holder 210 and the objective lens 122
attached thereto in the appropriate tracking or focusing direction. For example, if
're-positioning is desired in the focus direction, according to a focus error signal, this
signal is transmitted to a servo amplifier (not shown), which generatés a current through
the focus coil 230. As described above, a force is generated according to the Lorentz
law F=BXI1. : - '
~ Referring to Fig. 7, the permanent magnets 250, 252 of the 2-D actuator 116 are
‘oriented such that the south poles of each magnet 250, 252 face the lens holder 210.
In this configuration, a magnetic field B is formed whose fines of flux originate at the

°«
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magnets 250, 252 and are directed inwérdly toward the lens holder 210 as shown.
When a current | is applied to the focus coil 230 and travels through the portions of the
coil 230 positioned within the magnetic field B in the direction shown, an upward force
Feocus IS generated at each section of the focus coil 230 which is translated to the flexure
arms 260, 262, 264, 266, bending the flexure arms to move the lens holder 210 and
associated objective lens 122 closer to the optical disc. Conversely, when the current
| is run through the coil sections in the opposite directions as those illustrated, a
downward force is generated which acts on the flexures to move the lens holder 210
and objective lens 122 further away from the surface of the optical disc. The magnitude
of the displacement is dependent upon the amount of current applied to the focus coil
230. By moving the objective lens 122 closer to or further away from the surface of the
optical disc, the focus coil 230 acts to precisely focus the laser beam 120 ekiting the
. objective lens 122 within the desired information track on the disc. :

As shown in Fig. 8, movement of the actuator 116 to effect fine tracking is produced
when current is generated in the four fine tracking coils 232, 234, 236, and 238 affixed
to the focus coil 230. When current is applied to the tracking coils in the directions
shown through the portions of the fracking coils positioned within the magnetic field B,
forces Fq are produced which move the Jens holder 210 to the right. When the forces
Frac @ct on the tracking coils 232, 234, 236, 238, they are translated through the focus
coil 230 and lens holder 210 to the flexures 260, 262, 264, 268 which bend in the
corresponding direction and the objective lens 122 is moved in the direction of the
forces, to the right in Fig. 8. When current travels through the tracking coils 232, 234,
236, 238 in the opposite direction, a force is geherated which acts to move the lens
holder 210 to the left. The amount of current applied to the fine tracking coils 232, 234,
236, 238 is relatively small in comparison with the amount applied to the coarse tracking
coils 242, 244, and the ditnensidns of the fine tracking coils are much smaller than the
" coarse coils to increase resonance frequencies and thus . enable hlgher servo
 bandwidths which can then control to tighter track errors.

Figs. 9A-16B are schematic diagrams of the actuator and carriage assembly 100
which illustrate the symmetry and balancmg of foroes ach|eved W|th the deSIgn of the
present invention.

Fig. 9A is a schematic diagram illustrating the symmetry of coarse or carriage motor

forces acting on the actuator 116 in the horizonal plane. When current is applied to the
| coarse tracking coils 142, 144 as described above, forces Feoarses @NA Feoasez are
produced which are centered within the portion of the coarse coils 142, 144 located
adjacent the permanent magnets 130, 132, respectively. The dimensions of the first
coarse coil 142 are selected to equal the dimensions of the second coarse coil 144, and
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the current applied to each coil is the same, such that the forces Feouser aNd Frgyses
acting on the coils are equal. Further, the coarse coils 142, 144 are positioned at equal
distances L¢, and L, from the objective lens 122 such that the resulting moments about
the optical axis O of the objective lens 122 are equal, and the carriage yaw is minimized.
In Fig. 9B, the centers of the coarse motor forces Fegaer NG Feoarser are illustrated in the
vertical plane. Because the forces Feyase: @Nd Feoasez are vertically aligned with the
center of mass of the carriage CM; (i.e., are generally intersected by a line orthogonal
to the radial direction and the optical axis O containing the center of gravity of the
carriage CR, the moments about the horizontal axis are equal, and carriage pitch which
can cause the prism to deflect the beam angle, thereby introducing track offset,. is
reduced.

The fine tracking motor forces in the horizontal and vertical planes are illustrated
in Figs. 10A and. 10B. The forces Frrec @nd Fraae produced by the energization of the
fine tracking coils 232, 234, 236, 238 within the magnetic field induced by the permanent
magnets 250, 252 are centered between the pairs of fine tracking coils 232, 234 and
236, 238, and extend horizontally in the tracking direction. The_dimensiohs of the coils
are equal and the amount of current applied to the coils is equal as well, such that the
magnitude of the resulting forces Frpe and Fr.qe is equal. Additionally, the fine
tracking coils 232, 234, 2'36., 238 are positioned at equal distances L; from the optical
axis O of the focus lens 122, and thus, the moments produced about the optical axis O
are equal, such that yaw of the lens holder 210 and lens 122 carried thereon about the
vertical axis is decreased. As illustrated in Fig. 10B, the resultant fine tracking force
Frex acts on the center of mass of the fine motor mass CMg, such that lens holder pitch
is minimized. | '

Fig. 11A illustrates the .reaction forces Freaqs and Fw resulting from the fine
tracking motor which act upon the carriage 106 in opposition to the fine tracking motor
forces Frracit @Nd Freqe illustrated in Fig. 10A. These reaction forces Freay and Freacee |
act on the pole pieces 244, 246 positioned over the tracking coils 232, 234, 236, 238 on
each side of the lens holder 210. As described above, the magnitude of the tracking
forces Fropue and Freae I8 €qual. Further, the dimensions of the pole pleoes 244, 246
are equal, such that the reaction forces Fgeay; and Freser produced are equal. Because
the pole pieces 244, 246 are positioned at equal distances L, from the optical axis O of
the lens 122, the moments about the optical axis O are equal in magnitude, reducing
rotation about the vertical axis, or yaw. Fig. 11B illustrates the resultant reaction force
Freaet in the vertical plane. As shown, the reaction force Fresct acts at the center of mass
of the fine motor mass CM;_at a distance Ly above the center of mass of the carriage
mass CM¢, and thus a moment will act on the carriage 106. Howes)er. because_the
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distance Lgy and the reaction forces Fq,,; and Fres are fairly small, this moment is
relatively small and does not S|gn|ﬂcantly affect carriage performance.

The resultant focus forces Frocust @Nd Feoeusp @cting on the 2-D actuator 116 are
illustrated in Fig. 12A. The focus forces Feoest @aNd Feoos,; are centered in the portions
of the focus coil 230 located between the tracking coils 232, 234, 236, 238 and pole
pieces 244, 246, adjacent the permanent magnets 250, 252. The focus coil 230 is
wound within the opening 212 in the lens holder 210, Fig. 4, such that the same amount
of current flows through each side of the coil 230 adjacent the magnets, thus producing
equal forces FF@S{ and Fg,s at the sides of the lens holder 210 which act to move the
lens holder and objective lens 122 carried thereon in a vertical direction. The coil is
positioned symmetrlcally within the opening 212 in the lens holder 210 such that the
centers of the forces Fepu and Feoes, produced are positioned equidistantly at
distances L; from the optical axis O of the objective lens 122. In this configuration, the
moments produced about the optical axis O of the lens 122 are equal, reducing roll of
the lens holder 210. Addltlonally, as illustrated in Fig. 12B, when viewed from the end
of the carriage, the focus forces FR,(,LI$1 and Fe .2 (Frocus iN the drawing) are aligned with
the center of mass CM_ of the carriage mass, thereby reducing pitch of the carriage 106.

The reaction forces Frs and Froqs, produced in response to the focus forces
Frocust aNd Feoouer Shown in Fig. 12A are illustrated in the horizontal plane in Fig. 13A.
The reaction forces Fere and Fpg, are equal in magnitude and opposite in direction to the
focus forces Fres; and Froue-and are centered adjacent the fine motor permanent
magnets 250, 252 intermediate the pole pieces 244, 246. As described above, the
focus forces Froye aNd Froqse are equal, and thus, the reaction forces Feg, and Feg, are
equal as well. Further, the reactions forces Fegy and F ¢, act at equal distances Lgg
from the optical axis O of the objective lens 122 to further reduce pitch. Additionally, as
illustrated in Fig. 13B, when viewed from the end of the carriage 106, the focus forces
Fers @and Feg, (Feg in the drawing) are aligned with the center of mass CM_ of the

 carriage mass, thereby reducing pitch of the carriage.

The forces Fr, and Fp,e,, generated by the flexure arms 260, 262, 264, 266 on the
lens holder 210 are illustrated in Fig. 14. The forces Fp,, and F g, illustrated are those
acting on the upper flexure arms 260, 262. Those skilled in the art, however, will

‘recognize that identical forces act on the lower flexure arms 264, 268, as well. The

forces Fpe,q and Fp,,, acting on the upper flexure arms 260, 262, respectively, are

" centered at the crossbar sections 280 of the flexure arms 260, 262 where the flexure

arms are aftached to the support member 290. As previously described, when these
forces Freq and Fgee act on the flexure arms 260, 262, the flexure arms bend in the
appropriate direction to achieve fine tracking. To main_tain the flexure arms 260, 262 in
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their bent condition, the fine motor generates reaction forces Fp, and Fgg which are
centered at the pole pieces 244, 246 on either side of the lens holder 210. As shown,
the flexure forces F,,, and F,,, act a distance L, from the optical axis O of the focus
lens 122, while the reaction forces Fp, and Frg act distances Lg, and Lgg from the optical
axis O, respectively. It will be apparent to those skilled in the art that the moments
produced about the optical axis O of the lens 122 by the pairs of forces are not equal,
sinCe (Fre, +Fpen) does not equal (Fp, L +Fgg Lrs).  However, since these forces are
effectively decoupled from the carriage except at very low frequencies (typically below
around 40 Hz), these forces do not affect actuator performance at most normal
operating conditions. |
As described above, the carriage 106 includes two bearing sqrfaces 108, 110
which are slidably mounted on the guide rails 112, 114 in order to position the carriage
106 beneath various data tracks on the optical disc. In essence, the bearings 108, 110
act as "springs" which hold the carriage 106 above the rails 112, 114. The bearing
"spring" stiffness forces Faodgq and Faeyng, are illustrated in Figs. 15A-B. The forces
Faearingt @Nd Fpgarngr are centered at the point of contact between the bearing surfaces
108, 110 and the rails 112, 114 and extend downward through the center of the rails.
As described above, the surface contact area between the bearing surface 108 and rail
12is approxumately equal to the surface contact area between the bearing surface 110
and rail 114, and thus these stiffness forces Facaingt 8N Fpeaing, are substantially equal.
Further, the bearing surfaces 108, 110 are positioned at equal distances Lg,,, from the
optical axis O of the lens 122 so that the moments about the optical axis O produced by
these forces Fieaings aNd Faeaing2 are equal, minimizing carriage pitch. Referring to Fig.
15B, in the vertical plane, the net carriage suspension force Faeaing @Cts at a point
directly between the two bearings and aligned with the optical axis O.

The friction forces E:,i‘,ﬁ‘,,,,,.~ Frrctons, @Nd Fraone acting on the bearing surfaces 108,
110 and rails 112, 114 are illustrated in Fig. 1'6A As the first bearing surface 108
comprises two sections 160 162, two friction forces Fercionia aNd Fricionis are present
one associated with each bearing section 160, 162, respectively, which are centered at
the middle of the bearings along the area of contact with the rails 112. A second friction
force Fon acts on the second bearing surface 110 and is centered in the middle of the
bearing along its contact with the rail 114 as shown. Because the area of contact of the
beanng sections 160, 162 forming the first bearlng surface 108 substantlally equals the
area of contact of the second bearing surface 110, and the amount of pre-loading and
coefficient of friction is the same for both beanng surfaces, the sum of the friction forces '
Fesctionta AN Freqoms €Quals the friction force Frisionz- The bearing surfaces 112, 114 are
located at equal distances L, from the optical axis O of the focus lens 122, and the
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resulting moments about the optical axis of the lens are then equal as well. In the
vertical plane, the forces Friionta Fricionts, @Md Fricionz. act at the areas of contact
between the rails 112, 114 and the bearing surfaces 108, 110, as shown in Fig. 168
which are advantageously designed to be horizontally aligned with the center of mass
of the carriage mass CM_ such that moments about the center of mass which can
produce carriage pitch are reduced. '

Figs. 17-20 illustrate the inertial forces acting on the carriage 106 and 2-D actuator
116 for both vertical and horizontal accelerations. The inertial forces acting on the fine
motor and carriage in response to a vertical acceleration of the assembly are shown in
Fig. 17. A first downward inertial force F,'F equal to the mass of the fine motor multiplied
by the acceleration acts at the center of mass of the fine motor mass CM; A second
downward inettial force F acts at the center of mass of the carriage mass CM, and is
equal to the mass of the carriage multiplied by the acceleration. Fig. 18A and 18B
further illustrate that the inertial forces Fjz and F¢ are honzontally aligned with the optical
axis O of the objective lens 122.

Fig. 19A illustrates the inertial forces acting on the coarse coils 142, 144 and fine
~ motor pole pieces 244, 246 for horizontal accelerations of the carriage and fine motor,
respectively. An inertial force F¢, acts at the center of upper portion of the first coarse
coil 142 and an inertial force F\c, acts at the center of the upper portion of the second
coarse coil 144. As described above, the coils 142, 144 are of identical dimensions,

such that the mass of the first coil 142 equals the mass of the second coil 144. The
' magnitude of each force F¢;, Fic, is equal to mass of the respective coil multiplied by the
acceleration, and thus, the inertial forces acting on the coils 142, 144 are equal.
Because the coils 142, 144 are posmoned at equal distances L. from the optlcal axis O
of the objective lens 122, the resulting moments .about the optical axis of the lens
produced by the inertial forces F¢; and Fc, are equal. Similarly, because the fine motor
pole pieces 244, 246 are of equal dimensions and are located at equal distances Lo
from the optical axis O, the inettial forces Fp, and Fp, écting on the pole pieces are
equivalent, and the resulting moments about the optical axis O of the objective lens 122
are equal. Applying this same analysis to all other components or "subparts” of the -
carriage and actuator assembly, and as will be explained in more detail below, the
inertial forces produced by horizontal and vertical accelerations above the resonance
~ frequency of the flexure arms are balanced and symmetric with respect to the optical
axis O. The net inertial forces of the fine motor and carriage F,- and Fy; for acting on the
assembly for horizontal accelerations thus act along a line through the center of the
carriage which intersects the optical axis O as shown in Fig. 19B. The net inertial forcé_
due to the coarse motor F; is equal to the mass of the coarse motor multiplied by the
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“acceleration, while the net inertial force due to the fine motor Fieis equal to the mass of
the fine motor multiplied by the acceleration.

At high frequencies, i.e., accelerations in the tracklng direction above the lens
holder-flexure arm resonance frequency, approximately 40 Hz, components of the
assembly 100 decouple and do not affect the position of the objective lens 122.
Consequently, the inertial forces differ for accelerations above and below the flexure
arm resonance frequency. The inertial forces for horizontal accelerations at these high
frequencies are illustrated in Fig. 20A. At these high frequencies, the actuator 116 is
decoupled from the carriage 106, such that a first inertial force FI1 equal to the mass of
the f ne motor multiplied by the acceleration acts at the center of mass of the fine motor
mass CM¢, and a second inertial force F,, equal to the mass of the coarse motor
multiplied by the acceleration is centered at the center of mass of the carnage mass
CM; : ;

Fig. 20B |l|ustrates the inertial forces at horizontal accelerations below the ﬂexure
arm resonance frequency. Atthese lower frequencies, the fine motor mass and carriage
mass move as a unit which has a net center of mass at CM,'. ‘As lllustrated, this net
center'of mass CM' is located at a distance x vertically above the center of mass of the
carriage mass CM, and thus the coarse motor forces Fe,, ¢ and Feoarsez, @nd the friction
forces Frigont @nd Frie0n2, @re no longer aligned with the carriage mass center of mass,
now shifted to CM_.’. Although this vertical shift in the carriage center of mass occurs,
the symmetrlcal design of the assembly 100 ensures that the center of mass of the
carriage mass CM does not shift in the horizontal plane, and the forces acting on the
carriage remain symmetrical about the center of mass and optical axis O in splte of the
vertical shift in the center of mass from CM, to CMc'.

Further, the symmetry of the design ensures that horizontal shifting of the center
of mass: CM, does not occur when subparts or components of the cariage deqouple at
high frequencies. For example, at frequencies in the KHz range, the fine motor poles
pieces 244, 246 and magnets-250, 252 will deco_uble. Due to the symmetry of the
design, however, the center of mass will not shift in the horizontal plane. Because there
is no shift of the center of mass CM in the horizontal plane, reaction forces of the focus
motor will not pitch or roll the carriage at frequencies above those where subparts have
come "loose”. Thus, by horizontally aligning the center of mass with the optical axis O

of the objective lens 122, the lens sits “in the eye of the storm", where its position is

~ minimally affected by resonance, motor, and reaction forces acting on the assembly
100. o '

'Figs. 21A-B illustrate the Bode transfer diagram of fine tracking position versus fine

motor current of the actuator 116 of the present invention for an objective lens of 0.24
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grams suspended in a fine motor having a mass of 1.9 grams. As illustrated in Fig. 21A,

the actuator exhibits almost ideal dB curve 310 having an approximate 40 dB/decade
slope and an ideal phase shift curve 312 having a 45 degree phase margin. Fig. 21C-D
illustrate the same transfer function when the lens is off centered in the horizontal or

tracking direction by 0.15 mm. Both the dB and phase shift curves, 310’ and 312

respectively, reveal a disturbance, or glitch, which occurs at approximatély 3.2kHz. The
phase margin decrease to approximately 25 degrees, further reducing loop damping -

and increasing settling time and overshoot. In terms of lens positioning, the horizontal

shift in lens position disturbs the symmetry or balance of the fine tracking forces acting

on the lens and results in a moment about the optical axis of the lens, resulting in yaw.

Thus, it can be seen that the balancing of forces in the assembly 100 about the optical
axis O of the objective lens 122 markedly improves tracking position.

. Figs. 22A-C illustrate the effects of asymmétrica__l focus forces acting on the
assembly 100. Fig. 22A illustrates the tracking signal while crossing tracks for a track
pitch of 1.5 um, wherein each sine wave corresponds to an information track on the
surface of the optical disc. In Fig. 22B, the focus force is centered with the center of
mass of the fine motor CMF and the optical axis O. The top trace 322 shows the current
applied fo the focus coil during the step, while the bottom trace 324 shows the tracking
error signal while following a particular track, for a focus current of 0.1 Amp, and a focus
acceleration of 0.75 m/s> As illustrated, the tracking error s1gna| remains virtually

~ unaffected by the focus current level. Fig. 22C shows the effect on the current and

tracking error signals as in Fig. 22B when the focus force is shifted out of alignment with
the optical axis O and center of mass CM; by approximately 0.2 mm. The
corresponding ‘curves are identified as trace lines 322’ and 324/, respectively. The
trackilig signal is now visibly affected by the focus current. With the same focus current
and acceleration, a tracking offset of 0.022.um results. Typically, the total allowable
track offset i |n an optical drive is in the range of 0.05 um to 0.1 um, and thus, by aligning
the forces as in Fig. 22B, the tracking offset is significantly reduced.

An alternative embodiment of a carriage and actuator assembly in which the center -
of mass of the 2-D actuator coincides with the center of mass of the carriage mass is

illustrated in Fig. 23 as assembly 400. In addition to being sijbétan_tially symmetrical

about the optical axis of the objective lens, the center of mass of the fine motor mass
coincides with the center of mass of the carriage mass and is aligned with the optical
axis. The carriage and actuator assembly 100 of the first embodiment is adequate for
most frequency ranges. The assembly 400 of the alternative embodiment, however,
may be used in applications where it is desirable to avoid the shift in the center of mass
of the carriage mass at fi'equencies below the flexure arm resonance frequency.
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The assefnbly 400 includes a carriage 406 having first and second bearing
surfaces 408 and 410 substantial'ly identical to those in assembly 100 which can be
slidably mounted on guidé rails (not shown), and a 2-D actuator 416 which is mounted
within the carriage 406. The carriage 406 includes a pair of coarse tfacking coils 412
and 414 positioned within respective notches 417 and 418 formed in the carriage 406,
adjacent the bearing surfaces 408 and 410, which act to move the carriage 406
horizontally in a tracking direction to access various information tracks on the surface
of an optical disc. _ _ _

The actuator 416 includes a lens holder 420 having an objective lens 422 mounted
thereon. A pair of ledges 424 formed on the top surface of the carriage 406 support a
pair of top flexure arms 426 which are further attached to the top surfaces of a pair of
projections 428 formed on the lens holder 420. A pair of bottom flexure arms 429 which
are identical in structure to the top flexure arms 426 are supported by correspondmg
ledges in the bottom of the carriage (not shown), and attach to the bottom surfaces of
the projections 428 on the lens holder 420. A beam of light 430 enters the actuator 416
through a oval aperture 432 and is reflected by a mirror (not shown) contained inside
the actuator 416 through the objective lens 422 along an optical axis O'. The actuator

1416 is further attached to a focus and fine tracking motor which moves the lens 422 o)
as to precisely align and focus the exiting beam upon a desired location on the surface
of the optical disc. The focus and fine tracking motor includes two permanent magnets
440 and 442 affixed to opposing ends of the lens holder 420. An oval-shaped fine
tracking coil 444 is éfﬁxed to each permanent magnet 440 and 442, adjacent the
carriage bearings 408 and 410. Focus coils 448 are attached to the top and bottom’
surfaces of the carriage 406 and supported by ledges formed within the interior of the
carriage such that the lens holder 420 is positioned between the focus coils 448.

Coarse tracklng movement of the carriage 406 and actuator 416 is effected in a

manner identical to that of the assembly 100 illustrated in Figs. 6 and 7. When a
~ current is applied to the coarse tracking coils 412 and 414 in the presence of a magnetic -
field, a force is generated according to Lorentz law which acts to move the carriage 406
and actuator 416 in a tracking direction so as to position the objective lens 422 beneath
various information tracks on the optical disc. "

Fig. 24 illustrates the operation of the actuator 416 to move the lens holder 420 and
objective lens 422 carried thereon in a focusing direction. When a current is generated
in the focus coils 448, an electromagnetic field 450 is induced in each of the coils. The
electromagnetic field 450 differs in direction for the respective focusing coils as shown.
in the example shown, both permanent magnets 440 and 442 will be attracted by the
bottom focus coil 448 and repelled by the top focus coil 448, thus moving the objective
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lens holder 420 toward the bottom___focus coil 448 and away from the top focus coil 448
to position the objective lens 422 further away from the surface of the optical disc,
wherein the magnitude of the displacement depends on the strength of the induced
electromagnetic field.

In a similar manner, Fig. 25 illustrates the permanent magnets 440 and 442
interacting with the fine tracking coils 444. Energization of the tracking coils 444 moves
the lens holder 420 horizontally in the tracking direction to the right or to the left -

depending upon the direction of current through the coils. For example, in the presence
of the magnetic field 460 illustrated, the lens holder 420 and 'objective lens 422 are
moved towards the left. In this manner, the fine tracking coils 444 act to more precisely
position the light beam exiting the objective lens 422 within the center of a desired .
information track on the optical disc.

As described above, the coarse tracking motor of this embodiment operétes ina

manner identicat to that of the coarse tracking motor in the assembly 100. The coarse
" tracking coils 412 and 414 are of identical dimensions and are positioned at equal
distances from the optical axis O' of the objective lens 422. Equal currents are applied
to the coils such that forces Feasei' and Feqarse2’ acting on the carriage 406 act at equal
distances L¢,' and L, from the optical axis O'. In the vertical plane, in the radial
direction, these forces Feoaeer' @nd Feqases' are aligned with the coincident centers of
grawty of the fine motor mass CM;' and carrlage mass CM¢', thereby minimizing
carnage and actuator pitch. Ina simitar manner, the bearing surfaces 408 and 410 are
positioned at equal distances from the optical axis O' such that the carriage suspension
forces are also symmetric about the optical axis O'. Each force Fp g1 @Nd Fgeaing acts
an equal distance Lgeaingt' from the optical axis O' such that the moments produced
~ about the optical axis are equal and carriage and actuator pitch is further reduced. The
surface area of the bearings which contacts the rails is desighed to be substantially
equal such that the friction forces acting on the carriage are substantially equal. Since
the beanng surfaces 408 and 410 are positioned equidistantly from the optical axis O',
the moments acting about the optical axis are equal and carriage and actuator is
minimized. The assembly is further designed such that the fnct(on forces are vertically
aligned with the center of mass of the carriage 406 and actuator 416

The fine tracking coils 444 are of equal dimensions and the current applied to the
coils is equal such that the fine tracking forces acting on the actuator are equal. Further,
the fine tracking coils 444 are posi'tioned at equal distances L;' from the optical axis O'
such that the moments produced about this axis are equal. In the vertical plane, these
forces Fyu' and Fr, are also aligned with the centers of gravity of the actuator 416
and carriage 4086, such that pitch of the actuator 416 is reduced. Since the fine tracking
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' forces acting on the assembly are equal, it follows that the reaction forces FRreacts' @nd
Freaz Produced in response to the tracking forces Fy,, ' and Fy 4, are equal as well.
These reaction forces act at equal distances L' from the optical axis and are vertlcally
ahgned with the centers of gravity, such that moments about the optical axis O' are
equal and yaw is reduced.

In a similar manner, the focus coils 448 have substantlally equal dimensions and
current applied to them such that the focus coils 448 produce equal forces Fp,,' and
Frocus2' @cting on the actuator. In this embodiment, however, the focus coils 448 are
. located at equal distances L;' from the coincident centers of gravity of the fine motor

mass and carriage mass such that the moments about the optical axis O' are equal.

Further, because the focus forces Fr ' and Fey e are equel, the focus reaction forces

Feas' @and Feg,' acting on the fine motor mass are equal and act at equal distances Leg

 from the coincident centers of gravity of the carriage mass CM,' and fine motor mass

CM¢". Thus, moments produced by the reaction forces about the optical axis are equal
“and actuator pitch is further minimized.

The flexure forces Frext's Frec's acﬁng on the actuator and fine motor reaction
forces Fg,', FR;', produced in response to the flexure forces are effectively the same as
those illustrated .in Fig. 14 for the assembly 100. Because the flexure and reactions
- forces are not symmetrical about the optical axis O, the moments produced by these
pairs of forces about the axis O' are not equal. These forces, however, are effectively
decoupled from the carriege except at low frequencies (typically below around 40 Hz),
such that these moments do not affect actuator performance under most operating
conditions.

Thus, the motor and reaction forces acting on the assembly 400 are symmetnc
about the optical axis O' and are vertically in alignment with the centers of gravity of the
fine motor mass CM;' and carriage mass CM.'. Because the centers of gravity of the
fine motor mass and carriage mass coincide, decoupling of the actuator or any of the
subparts of the assembly will not shift the center of mass, and the forces and moments
acting on the assembly will remain balanced for virtually all horizontal and vertical
aooeleratlons ' :

Turning now to Fig. 26, there is shown an alternate embodlment of the invention.
An actuator 1-100 is constructed in a generally similar manner to the actuator of the first
embodiment. In aseembly within a drive, the center of gravity C of the fine motor mass
.as previously defined lies within the actuator, and defines the origin of a coordinate
.system having mutually orthogonal X, Y, and Z axes. An objective lens 1-122 has an
optical axis that is collinear with the Z axis. The objective lens'1-122 is mounted within
a collar 1-124 within the interior of the actuator 1-100, such that the centers of gravity
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of the lens, and of the unit formed by the lens 1-122 and the collar 1-124 both coincide

with. the center of gravity C of the fine motor mass. In this embodiment the center of

mass of the carriage mass lies on the optical axis of the objective |ens 1- 122 and also
- coincides with the center of gravity C of the fine motor mass.

As in the first embodiment, the objective lens 1-122 is positioned within a lens
holder 1-210, as shown in Fig. 27. The lens holder 1-210 is provided with symmetrical
shoulders 1-213, 1-215 , from which extend, respectively, a pair of symmetrical upper
arms 1-217, 1-219, and a pair of symmetrical lower arms 1-221 disposed on opposite
sides of the lens holder 1-210. Of the lower arms, only one lower arm 1-221 is shown
in Fig. 27, it being understood that a second lower arm 1-221 is pdsitioned on the
opposite side of the lens holder 1-210. Flexures 1-260, 1-262 are attached to the ends
of the upper arms 1-217, 1-219 respectively, for suspension of the lens holder 1-210
within the actuator as more fully described with respect to the first embodiment.
Flexures are similarly attached to the lower arms as well and function in the same
manner as the flexures 1-260, 1-262, but in the interest of brevity, only the upper
flexures need be discussed. |

In accordance with one aspect of this inv_ention, the upper arms 1-217,_ 1-219, and
the lower arms extend forward to the XZ plane such that a discrete hinge action occurs
at a hinge point 1-263 at the ends of the arms, about a vertical axis lying precisely in the
XZ plane. Providing hinge action at the hinge points 1-263 minimizes moments about

- the Z-axis when the objective lens 1-122 is being moved in a tracking direction, so that
there is no tendency for the actuator to yaw about the Z-axis. It-is possible for the
flexures to be oonstructed so that they do not attach precisely at the XZ plane, so long
as the hinging action occurs in the XZ plane

The flexures 1-260, 1-262, and the lower flexures can be the flexures described
in Schell et al., U.S. Patent No.. 5,31'3,332, which is incorporated herein by reference.

The actuator 1-100 is mounted on a base 150 (Fig. 3) and is operated in the same
manner as the actuator of the first embodiment.
' Repeating the analysis of inertial forces for this embodiment, it will be seen that
when subjected to horizontal acceleration along the X-axis, the carriage mass and the
fine motor mass move as a unit having a net center of mass that exactly coincides with
the origin C. This is true whether the horizontal acceleration occurs at low frequencies
below the resonance frequency of the flexures, or at frequencies above the resonance
frequencies, when the components of the assembly decouple. Thus the center of mass
of the carriage mass and the center of mass of the fine motor mass never shift with

respect to one another, and, due to the arrangement of the -ﬂexqres as discussed
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‘hereinabove, the fine motor mass has no tendency to yaw about the Z-axis during

coarse or fine tracking.

As in the first embodiment, the actuator 1-100 may be provided with a fine focus
drive and a fine tracking drive, as appropriate for a desired application. The actuator 1- |
100 is particularly suitable for applications that can tolerate a relatively large working
distance for the objective lens 1-122. ' |

While this invention has been described in detail with reference to certain preferred
embodiments, it should be appreciated that the present invention is not limited to those

~ precise embodiments. Rather, in view of the present disclosure which describes the
~ current best mode for practicing the invention, many modifications and variations would

present themselves to those of skill in the art without departing from the scope and spirit
of this invention. The scope of the invention is, therefore, indicated by the following
claims rather than by the foregoing description. All changes, modifications, and

variations coming within the meaning and range of equivalency of the claims are to be
considered within their scope.



I

O Y

27

What is claimed is:

. 1. An apparatus for optically reading or recording information on an optical disc
which is rotatable about an axis of rotation, said apparatus comprising:
a frame;

a carriage being movable relative to said frame along a path orthogonal to said axis
of rotation;

a carriage drive for driving said carriage along said orthogonal path, portions of said
carriage drive being mounted on said carriage, said carriage and said mounted portions
of said carriage drive defining a center of carriage mass;

' an objective lens having an optical axis and a center of lens mass;

an objective lens holder having mounted therein said objective lens, said objective
lens holder being movable relative to said carriage; and

a focus drive for driving said objective lens holder to move said objective lens along
its optical axis, said focus drive and said objective lens holder defining a center of fine
motor mass wherein said center of fine motor mass, said center of carriage mass, and
said center of lens mass are substantially coincident on said optical axis.

2. An apparatus for optically reading or recording information on an ootical disc
which is rotatable about an axis of rotation, said apparatus compnsmg
a frame;

a carriage-being movable relatlve to sald frame along a path orthogonal to said axis
of rotation; ' :

a carriage drive for driving said carnage along said orthogonal path, portions of said
carriage drive being mounted on said carriage, said camage and said mounted portions
of said carriage drive defining a center of carriage mass;

an objective lens having an optical axis and a center of lens mass;

an objective lens holder haVing mounted thereto said objective lens, said objective
lens holder being movable relative to said carriage to move said objective lens along
said optical axis; -

a plurality of flexures for suspending said objective lens holder from said carriage,
said flexures being symmetrically attached to said objective lens holder about said
optical axis at attachment points that are disposed in a plane defined by said optlcal axis
and an axis extending in a tracking direction;

a focus drive for driving said objective lens holder to move said objective le‘ns along

‘its optical axis, said focus drive and said objective lens holder defining a center of fine
motor mass; and
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a fine tracking drive for driving said objective lens holder to make fine adjustments
in the relative position of said objective lens along said orthogonal path wherein said
center of fine motor mass, said center of carriage mass, and said center of Iens mass
are substantlally coincident on said optlcal axis.

3. An apparatus for controlling the position of a lens, said apparatus comprising:
a suspended body; ' _ ' .

a lens disposed in said suspended body defining an optical axis, a center of mass
* of said suspended body being disposed substantially on said optical axis, and a center
of mass of said lens being coincident with said center of mass of said suspended body;

a carriage suspendi'ng said suspended body for relative motion therewith having
at least one degree of freedom,_whereiri a center of mass of said carriage lies within 0.1
mm of said optical axis proximate said center of mass of said suspended body, and said
carriage has an initial attitude with respect to three mutually orthogonal planes of
reference defined by an X axis, a Y axis, and a Z axis, and suspensory forces of said
carriage acting on said suspended body are symmetric about said optical axis;

a first drive means acting on said carriage for producing a first plurality of balanced
forces being symmetric about said optical axis to accelerate said carriage and said
suspended body therewith at different frequencies along said Y ‘axis wherein moments

produced by said first plurality of balanced forces about said center of mass of said
| carriage are effectively absent and forces reactive to said first plurality of balanced
" forces are further symmetric with respect to said optical axis thereby producing
insubstantial moments about said center of mass of said carriage, inertial forces
developed by said first drive means on said carriage being balanced and symmetric
about said optical axis so that said carriage maintains its said attitude with respect to
said planes of reference during acceleration thereof and said suspended body maintains -
an initial position with respect to said carriage.



