04/040742 A1 I 0K OO . OO KOO

020

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

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

13 May 2004 (13.05.2004)

(10) International Publication Number

WO 2004/040742 A1l

(51) International Patent Classification’: HO02K 41/035
(21) International Application Number:
PCT/US2003/033607

(22) International Filing Date: 24 October 2003 (24.10.2003)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:
60/421,929 28 October 2002 (28.10.2002) US
(71) Applicant: BEI SENSORS AND SYSTEMS COM-
PANY, INC. [US/US]; 13100 Telfair Avenue, Sylmar, CA

91342-3573 (US).

(72) Inventor: GODKIN, Mikhail; 4414 Exbury Court, San
Diego, CA 92130 (US).

(74) Agent: SEKIMURA, Gerald, T.; Gray, Cary, Ware &
Freidenrich, L.L.P., 153 Townsend Street, Suite 800, San
Francisco, CA 94107 (US).

(81) Designated States (national): CN, JP, KR.

(84) Designated States (regional): European patent (AT, BE,
BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HU,
IE, IT, LU, MC, NL, PT, RO, SE, SI, SK, TR).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: CLOSED-ENDED LINEAR VOICE COIL ACTUATOR WITH IMPROVED FORCE CHARACTERISTIC

64A

(57) Abstract: Disclosed is a linear actuator which includes a core (64), a coil (50), a magnet assembly (52), and a housing (54).
The coil that is shaped to be positioned about the core for movement along a longitudinal axis (66) of the core. The housing is
supported by core flanges and positioned about the coil and the core. The magnet assembly includes magnets of the same polarity
facing the coil and shaped to be positioned inside or outside of the coil, and supported by the core or by the housing, respectively.
The core includes first and second portions (65a), each having an end face, and the first and second portions are positioned along the
longitudinal axis so that the end faces oppose each other and are separated by a gap (69). A cavity (68) is formed in each of the end

faces along the longitudinal axis.



WO 2004/040742

10

15

20

25

30

CLOSED-ENDED LINEAR VOICE COIL ACTUATOR WITH
IMPROVED FORCE CHARACTERISTIC

Inventor: Mikhail Godkin, San Diego, California

Related Applications

The present application claims priority under 35 U.S.C. §119(e)
from provisional application number 60/421,929, filed 10/28/2002.

Technical Field

The present invention relates generally to linear voice coil
actuators, and in particular to a linear voice coil actuator with
improved force characteristics and methods for achieving such

improved force characteristics.

Background Art

At least three prior art references describe improvements made
to linear voice coil actuators by removing some material from one or -
more parts of the magnetic circuit. U.S. Patent No. 5,808,379, issued
to Zhao and assigned to Kulicke and Soffa Industries, Inc. shows
such an improvement: at least one air gap 44 is provided in at least
one of the pole pieces. See Fig. 1, herein. (Fig. 1 is a reproduction of
Fig. 5 from U.S. Patent No. 5,808,379, but in which reference
numbers have been removed to avoid confusion with reference
numbers appearing in Fig. 2 of the subject application.) The stated
improvement is an increase in force for a fixed current level due to

reduced armature reaction.

Another prior art actuator is depicted in Fig. 2 and described in
U.S. Patent No. 5,113,099, issued to Wong, et al., and assigned to
Maxtor Corporation. (Fig. 2 is a reproduction of Fig. 3 from U.S.
Patent No. 5,113,099.) According to this patent, the core 35 has an

opening 37 that improves the rise time of the actuator, while additional

PCT/US2003/033607
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openings 36 are made to provide heavy saturation of the core to

make its magnetic characteristic approach that of air.

Yet another prior art actuator, depicted in Fig. 3, herein, is
described in U.S. Patent No. 5,677,963 issued to Morcos, et al., and
assigned to the assignee of the subject application. According to this
patent, a hole 109 is drilled through the core 108 in its center.
Because of the hole, the flux created by the permanent magnets is
not affected, but the flux created by the current in the coil (armature
reaction) is substantially reduced. One of the positive effects of this
measure is reduction of the force imbalance for any given position of

the coil and two different directions of current in the cail.

All of the above three patents substantially describe
rectangular voice coil actuators, although U.S. Patent No. 5,677,963
mentions that the core could be cylindrical. However, the above
mentioned patent describes field plates connected to end plates in a
fashion which can be interpreted to mean that only two magnets or
two sets of magnets are attached to the parallel plates and only two

sides of the coil are involved in creating the force.

Despite improvements in actuator performance achieved by
these earlier efforts, there continues to be a need for improvement in
force imbalance as a function of the position of the coil and current

direction in the coil.

Summary of the Invention

The present invention addresses the need for an improved
force balance characteristic and provides a method for achieving such
improvements. In accofdance with the present invention a linear
actuator comprises a core having a longitudinal axis, a coil shaped for
movement along the longitudinal axis of the core, and a magnet
structure positioned along the longitudinal axis of the core, wherein
the core includes first and second portions, each including an end
face and a cavity formed in the end face and having an axis of

symmetry along the longitudinal axis of the core, and further wherein

2
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the first and second portions are positioned so that the end faces

oppose each other and are separated by a gap.

By forming a cavity in each of the first and second portions of
the core in a direction along the longitudinal axis of the core, that is in
the direction of motion of the coil, it has been found that a substantial
improvement in force balance can be achieved. The cavity is
preferably of substantially the same shape in each of the core
portions. For example, a half-spherical cavity can be used, and when
the first and second portions of the core are positioned so their end
faces oppose each other to form the gap, the combination of half-
spherical cavities form a substantially spherical chamber in the core
subdivided by the gap.

Preferably, the cavity is widest at the end face of each portion
of the core, and decreases in span in a direction away from the end
face. The cavity is preferably curvilinear in cross section along the

longitudinal axis.

In accordance with the method of the present invention, a
linear actuator is formed by forming a core having a first portion and a
second portion positioned along a longitudinal axis, defining an end
face in each of the first and second portions, removing material
symmetrically along the longitudinal axis of the core to form a cavity in
each of the first and second portions; and positioning the first and
second portions so that the end faces oppose each other and are
separated by a gap, shaping a coil for movement along the
longitudinal axis of the core, and positioning a magnet structure along

the longitudinal axis of the core.

In accordance with the method of the present invention, the
removal of material to form the cavity can be accomplished by forming
in the end faces of the first and second portions of the core concentric
bores of varying diameters having centers along the longitudinal axis.
For example, the cavities can be formed by drilling out regions of
material of selected depths and selected diameters which are coaxial
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with the longitudinal axis, and causing the selected diameters of the
drilled out regions to increase in a direction toward the end face.

It is therefore an object of the present invention to provide a
linear actuator, and a method for forming the same, which has
improved force balance characteristics.

It is another object of the present invention to provide a linear
actuator and method, in which a core is formed of a first portion and a
second portion each with end faces that oppose one another to form a
gap, and having a cavity formed in each end face which cavity
extends symmetrically along a longitudinal axis of the core.

It is a further object of the present invention to provide a linear
actuator and method therefore in which a core having a longitudinal
axis is formed of two sections, each having a face transverse to the
longitudinal axis and that opposes the other face to form a gap, and
further in which each face has formed in it a curvilinear chamber
having a span which decreases with distance from the face.

These and other objectives, features, and advantages of the
present invention will be more readily understood upon considering

the following detailed description and accompanying drawings.

Description of the Drawings

Fig. 1 is a reproduction of Fig. 5 from U.S. Patent No.
5,808,379, but in which reference numbers have been removed to
avoid confusion with reference numbers appearing in Fig. 2 of the

subject application.

Fig. 2 is a reproduction of Fig. 3 from U.S. Patent No.
5,113,099.

Fig. 3 is a reproduction of Fig. 5 of U.S. Patent No. 5,677,963.

Fig. 4 is a simplified illustration of a cylindrical coil embodiment
of the present invention in which magnets are positioned on the
outside of the coil.
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Fig. 5 is a simplified illustration of a cylindrical coil embodiment
of the present invention in which magnets are positioned on the inside

of the coil.

Fig. 6 illustrates an actuator with a cylindrical housing in

accordance with the present invention.

Fig. 7 illustrates an example of a moving coil assembly that can
be employed in the actuator of Fig. 6.

Fig. 8 illustrates a crossbar for connecting the two coil base

“fingers” protruding through two slots in Fig. 6.

Fig. 9 illustrates that the Force vs. Stroke characteristic of an
actuator with a cavity formed in accordance with the present invention

can be almost constant throughout the stroke.

Fig. 10 illustrates one method of removing the portion of
magnetic material to form the cavity in accordance with the present

invention.

Fig. 11 illustrates an actuator with a housing having a square
configuration in the direction perpendicular to its axis in accordance

with the present invention.

Figs. 12A and 12B illustrate square cross-section linear
actuator embodiments of the present invention in which the coil is

positioned inside, and positioned outside the magnets, respectively.

Detailed Description of the Invention

The above referenced U.S. Patent Nos. 5,808,379, 5,113,099
and 5,677,963 are hereby incorporated herein by reference.

In one embodiment of the actuator of the present invention, a
cylindrical coil 50 is surrounded by the magnets 52 attached to the
housing 54, as illustrated in Fig. 4. In accordance with another
embodiment, a cylindrical coil 60 surrounds the magnets 62 attached
to the core 64 as can be seen in Fig. 5. In both cases, the entire coil
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is involved in producing the force, which improves utilization of the

volume occupied by the actuator.

In the embodiments of Figs. 4 and 5, the core 64, has two
sections 64A and 64B. These sections are positioned along the
longitudinal axis 66 of core 64. Each of the sections 64A and 64B has
a flange at one end at a end face at the other end. Housing 54 is
supported by these flanges.

in the embodiments of Figs. 4 and 5, moving coil assembly 74
includes fingers 78 and 80 which extend through slots formed in the
flange portion of section 64B. The portion of fingers 78 and 80
positioned inside the actuator within the gap 51 support the actuator
coil 50 (60). The other ends of fingers 78 and 80 support a crossbar
76 external to the actuator.

It is to be understood that actuators in accordance with the
present invention can take various cross sections, including circular,
rectangular and square cross sections transverse to the longitudinal

axis 66.

In accordance with the present invention, Fig. 6 depicts an
actuator 70 with a cylindrical housing 72. A moving coil assembly 74,
illustrated in Fig. 7, can be employed in the actuator 70 of Fig. 6. A
crossbar 76, connecting two coil base “fingers” 78, 80 protruding
through two slots 84, 86 of Fig. 6, is shown in Fig. 8.

In order to improve Force vs. Stroke characteristic of the
actuators of the present invention, some magnetic material should be
removed from the magnetic circuit. But unlike the method described in
U.S. Patent No. 5,677,963 where a hole is drilled through the core
perpendicular to its axis, in accordance with the present invention the
magnetic material removal is done along the axis 66 of the core 64 to
form a cavity 68. The particular shape of the cavity 68 in the core 64
is determined by the desired Force vs. Stroke characteristic.

In order to accomplish the formation of the cavity in
accordance with the present invention, a core preferably comprises

6
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two halves 64A, 64B, separated by a gap 69. The optimal size of this
gap 69 is also calculated as part of the magnetic circuit. For example,
Fig. 5 depicts a half-spherical cavity 82A (82B) in each half of the core
64A (64B). When assembly of the actuator is complete, the two
cavities 82A, 82B form a substantially spherical cavity.

In the preferred embodiment of the present invention, the
magnets can be radially magnetized ring magnets or a plurality of
segmented magnets of the same polarity facing the coil and shaped
to be positioned inside or outside of the coil. As can be seen from
Fig. 4 and 5, the magnets 52 (62) are spaced apart so that a space is
formed between them that is aligned with gap 69. While the magnets
52 in Fig. 4 are shown to be spaced apart, the magnet structure can
alternatively be formed without such spacing, such as by using a one-

piece magnet.

The advantage of having a cavity formed in the manner of the
present invention is demonstrated by Fig. 9. Fig. © shows that the
Force vs. Stroke characteristic of an actuator with such a cavity is
almost constant throughout the stroke. In particular, the dashed lines
illustrate the stroke of an actuator with a solid core. The dashed line
with diamond shaped markers illustrates the Force vs. Stroke
characteristic for a left-to-right motion, while the dashed line with the
triangular markers illustrates the Force vs. Stroke characteristic for a
right-to-left motion of the actuator. A variation of almost 10N can be

seen in each of these plots.

In contrast, the solid lines illustrate the Force vs. Stroke
characteristics of an actuator with a core having a spherical cavity in
accordance with the present invention. The solid line with square
markers illustrates the Force vs. Stroke characteristics for a left-to-
right motion, while the solid line with “X” markers illustrates the right-
to-left Force vs. Stroke characteristics. A variation of only
approximately 5N is present, indicating that the force imbalance has
been cut in half over the entire stroke in the illustrated example of an

actuator in accordance with the present invention. Further, it can be
7
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seen that in the region extending from 11.4 mm to 26.6 mm of the
stroke the force variation in either direction is less than approximately
1N.

Fig. 10 depicts another method of removing the portion of
magnetic material to form the desired cavity. In accordance with this
method, holes (84A, 84B, 84C) of increasing diameter are drilled
along the axis 66 of each half of the core. When the number of drills
and their sizes are properly selected, the combined effect is very

similar to that of a spherical cavity.

Preferably, the volume of the cavity should be optimized so
that the armature reaction effect is minimized, the force characteristic
is as flat as possible, and the force created by the actuator is not
reduced. If the volume is smaller than optimal, the armature reaction
effect will not be minimized, and the force characteristic will not be as
flat as it could be. On the other hand, if the volume of the material
removed from the core is greater than optimal, it would reduce the
primary magnetic flux created by the permanent magnets and,

consequently, reduce the force generated by the actuator.

Among the cavity shapes which can be employed in
accordance with the present invention are half-spherical,
hemispherical, curvilinear, stepped bore of increasing diameter
towards the face, concentric circular regions of progressively
increasing diameter, or a shape which is symmetrical about the
longitudinal axis of the core and which decreases in span with

distance along the longitudinal axis from the face of the core sections.

It is to be understood that the housing and/or the core could
also be of a rectangular, preferably square, configuration in the
direction perpendicular to the plane of the figures. If a cross-section of
the core is rectangular or square, the cavity in both halves of the core
can be obtained by milling. An actuator with a housing having a
square configuration in the direction perpendicular to its axis is

presented in Fig. 11.
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Two examples of square cross-section actuators in accordance
with the present invention are represented in Figs. 12A and 12B. Fig.
12A depicts configuration where the rectangular magnets 88 surround
the coil 90 and are attached to the housing 92. Fig. 12B shows
configuration where the coil 94 surrounds the rectangular magnets 96

attached to the core 98.

Disclosed is a linear actuator comprising a core, a coil
assembly, a magnet assembly, and a housing. The core has a
longitudinal axis and the coil assembly includes a coil that is shaped
to be positioned about the core for movement along the longitudinal
axis. The housing is supported by the core flanges and positioned
about the coil assembly and the core. The magnet assembly
comprises a radially magnetized ring magnet or a plurality of
segmented magnets of the same polarity facing the coil and shaped
to be positioned inside or outside of the coil, and supported by the
housing or by the core. The core comprises first and second portions,
each having an end face, wherein the first and second portions are
positioned along the longitudinal axis so that the end faces oppose
each other and are separated by a gap. A cavity is formed in each of
the end faces along the longitudinal axis. The core, coil, housing and
magnets of the above actuator of the present invention can be
cylindrical in shape in a direction perpendicular to the longitudinal
axis, and the cavity formed in each face of the first and second

portions of the core can be half-spherical.

The cavities of the above embodiments, can be formed from

~ concentric holes of varying diameters formed in the end faces of the

first and second portions of the core with centers spaced along the

longitudinal axis.

The core, coil, housing and magnets of the above actuator of
the present invention can be réctangular, for example square, in
shape in a direction perpendicular to the longitudinal axis, and the
cavity formed in each face of the first and second portions of the core

can be a plurality of the rectangular or square cavities of the
9
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increasing cross-section, similar to a plurality of cylindrical holes

shown in Fig. 10.

The terms and expressions employed herein are terms of
description and not of limitation, and there is no intent in the use of
5 such terms and expressions of excluding equivalents of the features
shown and described, or portions thereof, it being recognized that
various modifications are possible within the scope of the invention

claimed.

10
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What is claimed is:

1. Alinear actuator comprising

a core having a longitudinal axis;

a coil shaped for movement along the longitudinal axis
of the core; and

a magnet structure positioned along the longitudinal axis
of the core;

wherein the core includes first and second portions,
each including an end face and a cavity having an axis of
symmetry along the longitudinal axis of the core, and further
wherein the first and second portions are positioned so that the
end faces oppose each other and are separated by a gap.

2. The linear actuator of claim 1, further including a housing

supported by core flanges and positioned about the coil and the core.

3. The linear actuator of claim 1, wherein the magnet
assembly includes magnets of the same polarity facing the coil.

4. The linear actuator of claim 3, wherein the magnets are

shaped to be positioned inside of the coil,

5. The linear actuator of claim 3, wherein the magnets are

~shaped to be positioned outside of the coil.

6. The linear actuator of claim 4, wherein the magnets are

supported by the core.

7. The linear actuator of claim 5, further including a housing
supported by core flanges and positioned about the coil and the core,

and wherein the magnets are supported by the housing.

8. The linear actuator of claim 4, wherein the magnets include

a radially magnetized ring magnet.

11
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9. The linear actuator of claim 4, wherein the magnets include

a plurality of segmented magnets of the same polarity.

10. The linear actuator of claim 1, wherein the cavity formed in
the first portion of the core has a hemispherical cross section along

the longitudinal axis.

11. The linear actuator of claim 10, wherein the cavity formed
in the second portion of the core has a hemispherical cross section

along the longitudinal axis.

12. The linear actuator of claim 1, wherein the cavity formed in
the second portion of the core has a curvilinear cross section along

the longitudinal axis.

13. The linear actuator of claim 12, wherein the cavity formed
in the first portion of the core has a curvilinear cross section along the

longitudinal axis.

14. The linear actuator of claim 1, wherein the cavity formed in
the first portion of the core has a cross section along the longitudinal

axis which is widest at the end face of the first portion of the core.

15. The linear actuator of claim 14, wherein the cavity formed
in the second portion of the core has a cross section along the
longitudinal axis which is widest at the end face of the second portion

of the core.

16. The linear actuator of claim 1, wherein the cavity formed in
each of the first and second portions of the core has a cross section
along the longitudinal axis which is widest at the end face of the first

portion of the core.

17. The linear actuator of claim 16, wherein the cavity formed
in each of the first and second portions of the core has a

hemispherical cross section along the longitudinal axis.

12
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18. The linear actuator of claim 16, wherein the cavity formed
in each of the first and second portions of the core has a curvilinear

cross section along the longitudinal axis.

19. The linear actuator of claim 16, wherein the cavity formed
in each of the first and second portions of the core has a cross section
along the longitudinal axis which is widest toward the end face, and
which progressively narrows along the longitudinal axis away from tHe

end face.

20. The linear actuator of claim 16, wherein the cavity in each
of the first and second portions of the core along the longitudinal axis
is formed by removing circular regions of material of selected depths
and selected diameters which are coaxial with the longitudinal axis,
and further wherein the selected diameters of the circular regions

decrease in a direction away from the end face.

21. The linear actuator of claim 16, wherein the cavity in each
of the first and second portions of the core along the longitudinal axis
is formed by drilling out regions of material of selected depths and
selected diameters which are coaxial with the longitudinal axis, and
further wherein the selected diameters of the drilled out regions

increase in a direction toward the end face.

22. The linear actuator of claim 2, wherein the core, coil,
housing and magnet structure are square in shape transverse to the

longitudinal axis.

23. The linear actuator of claim 22 where the core comprises
first and second portions each having a face, and a cavity is formed in

each face having an axis of symmetry about the longitudinal axis.

24. The linear actuator of claim 23, wherein the cavity in each
face is formed from a plurality of square cavities of increasing cross-

section beginning at a selected distance from the face.

13
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25. The linear actuator of claim 2, wherein the core, coil,
housing and magnets are cylindrical in shape in a direction
perpendicular to the longitudinal axis, and the cavity formed in each

face of the first and second portions of the core is half-spherical.

26. The linear actuator of claim 3, wherein the gap is formed in

a plane transverse to the longitudinal axis, and the magnets are

positioned to form a space between them which is aligned with the

plane transverse to the longitudinal axis.

27. A method for constructing a linear actuator comprising the
steps of

forming a core having a first portion and a second
portion positioned along a longitudinal axis;

defining an end face in each of the first and second
portions;

forming a cavity having an axis of symmetry along the
longitudinal axis of the core in each of the first and second
portions; and

positioning the first and second portions so that the end
faces oppose each other and are separated by a gap;

shaping a coil for movement along the longitudinal axis
of the core; and

positioning a magnet structure along the longitudinal

axis of the core.

28. The method of claim 27, wherein the cavity forming step
includes the step of shaping the cavity to have a half-spherical cross

section.

29. The method of claim 27, wherein the cavity forming step
includes the step of shaping the cavity to have a curvilinear cross

section.

30. The method of claim 27, wherein the cavity forming step

includes the step of shaping the cavity to have a cross section along
14
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the longitudinal axis which is widest at the end faces of the first and

second portions of the core.

31. The method of claim 27, wherein the. cavity forming step
includes the step of removing circular regions of material of selected
depths and selected diameters which are coaxial with the longitudinal
axis, causing the selected diameters of the circular regions to

decrease in a direction away from the end face.

32. The method of claim 27, wherein the cavity forming step
includes the step of drilling out regions of material of selected depths
and selected diameters which are coaxial with the longitudinal axis,
and causing the selected diameters of the drilled out regions to

increase in a direction toward the end face.

33. The method of claim 27, wherein the first and second
portion positioning step includes the step of forming the gap in a plane
transverse to the longitudinal axis, and further wherein the magnet
structure positioning step includes the step of

positioning a plurality of magnets to form a space
between them which is aligned with the plane transverse to the

longitudinal axis.

34. A linear actuator comprising

a core;

a coil shaped to be positioned about the core for
movement along a longitudinal axis of the core;

a magnet assembly including magnets of the same
polarity facing the coil; and

a housing supported by core flanges and positioned
about the coil and the core; and

wherein the core includes first and second portions,
each having an end face, and the first and second portions are
positioned along the longitudinal axis so that the end faces
oppose each other and are separated by a gap, and further

15
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wherein a cavity is symmetrically formed in each of the end

faces along the longitudinal axis.

35. The linear actuator of claim 34, wherein the magnets are
shaped to be positioned inside of the coil, and to be supported by the

core.

36. The linear actuator of claim 34, wherein the magnets are
shaped to be positioned outside of the coil, and to be supported by
the housing.

38. The linear actuator of claim 34, wherein the cavity formed
in each face of the first and second portions of the core has a half-

spherical cross section relative to the longitudinal axis.

39. The linear actuator of claim 34, wherein the cavity in each
face of the first and second portions of the core is created by forming
concentric bores of varying diameters in the end faces of the first and

second portions of the core having centers along the longitudinal axis.

40. A method for constructing a linear actuator comprising the
steps of

forming a core having a first portion and a second
portion positioned along a longitudinal axis;

defining an end face in each of the first and second
portions;

removing material symmetrically along the longitudinal
axis of the core to form a cavity in each of the first and second
portions; and

positioning the first and second portions so that the end
faces oppose each other and are separated by a gap;

shaping a coil for movement along the longitudinal axis
of the core; and

positioning a magnet structure along the longitudinal
axis of the core.

16
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