
WO 00/57055 PCT/US00/03867  MICROELECTROMECHANICAL ROTARY STRUCTURES FIELD
OF THE INVENTION The present invention relates to microelectromechanical
structures, and  more particularly to thermally actuated
microelectromechanical rotary structures.  5 BACKGROUND OF THE INVENTION
Microelectromechanical structures (MEMS) and other microengineered  devices
are presently being developed for a wide variety of applications in view of
the size, cost and reliability advantages provided by these devices. Many
different  varieties of MEMS devices have been created, including
microgears, micromotors, 10 and other micromachined devices that are
capable of motion or applying force.  These MEMS devices can be employed in
a variety of applications including  hydraulic applications in which MEMS
pumps or valves are utilized and optical  applications which include MEMS
light valves and shutters. MEMS devices have relied upon various techniques
to provide the force  15 necessary to cause the desired motion within these
microstructures. For example,  cantilevers have been employed to apply
mechanical force in order to rotate  micromachined springs and gears. In
addition, some micromotors are driven by  electromagnetic fields, while
other micromachined structures are activated by  piezoelectric or
electrostatic forces. Recently, MEMS devices that are actuated by 20 the
controlled thermal expansion of an actuator or other MEMS component have WO
00/57055 PCT/USOO/03867  - 2  the controlled thermal expansion of an
actuator or other MEMS component have  been developed. For example, U.S.
Patent Application Serial Nos. 08/767,192;  08/936,598, and 08/965,277 are
assigned to MCNC, the assignee of the present  invention, and describe
various types of thermally actuated MEMS devices. In 5 addition, MEMS
devices have been recently developed that include rotational  connections
to allow rotation with less torsional stress and lower applied force than
found with torsion bar connections. For instance, U.S. Patent Application
Serial  



No. 08/719,711, also assigned to MCNC, describes various rotational MEMS
connections. The contents of each of these applications are hereby
incorporated by  10 reference herein. Regardless of the actuation source,
most MEMS devices provide generally  linear motion. As such, a need exists
to provide MEMS devices that are capable of  nonlinear motion, including
rotational motion. MEMS devices can thereby be  employed in a broader range
of applications. 15 SUMMARY OF THE INVENTION The present invention provides
a microelectromechanical structure capable  of rotation, thereby permitting
the resulting MEMS structure to be employed in a  20 wide variety of
applications that require rotary motion. In one embodiment, the MEMS
structure includes a microelectronic substrate and a hub structure affixed
to  a surface of the microelectronic substrate. The MEMS structure also
includes one  or more hub spoke members which extend outwardly from the
hub. Preferably,  each hub spoke member is disposed such that an imaginary
line extending through 25 at least a portion of each hub spoke member is
displaced to some extent from the  central axis of the hub. In other words,
at least some portion of each hub spoke  member is offset to some degree
from the center of the hub from which the hub  spoke member extends.
According to this embodiment of the present invention,  the hub spoke
members are adapted to impose a rotational force on the hub in 30 response
to changes in the temperature of the hub spoke members. The rotational WO
00/57055 PCT/USOO/03867  - 3  force is created by changes in the
dimensions, typically the length, of the hub  spoke member as the
temperature varies. The MEMS structure of one embodiment also includes a
ring spaced apart  from the microelectronic substrate and at least
partially encircling the hub. The 5 ring is attached to the hub spoke
members such that the hub spoke members extend  between the hub and the
ring. In this embodiment, the hub spoke members are  



adapted to impose a rotational force on the ring in response to changes in
the  temperature of the hub spoke members such that the ring can rotate in
either a  clockwise or counterclockwise direction relative to the hub. 10
The MEMS structure of one embodiment also includes one or more  anchors
connected to a surface of the microelectronic substrate and one or more
anchored spoke members disposed between the ring and respective ones of the
anchor members. The anchored spoke members are adapted to respond to
changes  in temperature, such as by changing in length, in order to impose
a rotational force 15 on the ring. As before, this rotational force causes
the ring to rotate relative to the  hub in either a clockwise or
counterclockwise direction. The MEMS structure of one embodiment can
include at least one  microelectromechanical actuator connected to a hub
spoke member for  controllably moving the hub spoke member in response to
thermal actuation. The 20 microelectromechanical actuator includes at least
two anchor members connected  to the surface of the microelectronic
substrate and at least one arched beam  extending between the actuator
members. In response to thermal actuation, the  arched beam further arches,
thereby causing the hub spoke member to move  which, in turn, typically
imparts a rotational force upon the hub. Alternatively, this 25 MEMS
structure can further include a ring, such that at least one
microelectromechanical actuator is operably connected, not to a hub spoke
member, but to a ring spoke member. As such, thermal actuation of one
microelectromechanical actuator will cause the arched beam further arch,
thereby  causing the ring spoke member to move which, in turn, causes the
ring to rotate. 30 Optionally, the MEMS structures of the foregoing
embodiments can each  include a plurality of microelectromechanical
actuators. In one embodiment, the WO 00/57055 PCT/USOO/03867  4
microelectromechanical actuators are configured to impart forces, which
cause the  hub and/or the ring to rotate in the same direction. In another
embodiment,  however, the MEMS structure includes first and second sets of



microelectromechanical actuators. According to this embodiment, one set is
5 configured to impart forces which cause the hub and/or ring to rotate in
one  direction, while the second set is configured to impart forces which
cause the hub  and/or ring to rotate in the opposite direction. The hub
and/or the ring can  therefore be rotated in either a clockwise or
counterclockwise direction in response  to the activation of the first and
second sets of microelectromechanical actuators. 10 In one advantageous
embodiment, at least a portion of the ring includes a  reflective surface,
thereby permitting the MEMS structure to selectively reflect  light as it
controllably rotates. In another embodiment, the ring defines at least one
hole having an axis that intersects the surface of the substrate. As such,
the position  of the hole relative to the surface of the substrate varies
as the ring rotates. 15 Further, the microelectronic substrate of this
embodiment of the MEMS structure  can also define at least one hole which
is alternately aligned and misaligned with  the one or more holes defined
in the ring as the ring rotates. As such, the MEMS  structure of this
embodiment defines a passage through the ring and alternatively  the
substrate to function as a valve or an optical shutter. 20 The MEMS
structure of another embodiment includes a conductive surface  disposed
upon the surface of the microelectronic substrate and a complimentary
conductive surface disposed on the ring overlying the substrate and spaced
therefrom. As the ring rotates above the surface of the substrate, the area
of  overlap between the conductive surfaces varies such that the MEMS
structure can 25 function as a variable capacitor. Still further, the MEMS
structure of another  embodiment includes at least one contact affixed to
the surface of the  microelectronic substrate and at least one contact
affixed to the ring. As the ring  rotates, the contacts alternatively
connect and disconnect such that the MEMS  structure can serve as a switch.
Further, the contacts can be electrically connected 30 such that different
amounts of electrical resistance can be selectively created as the  ring
rotates. WO 00/57055 PCTIUSOO/03867  5  



As a result of its construction, the MEMS structure of the present
invention  is adapted to provide rotary motion in a controlled fashion. As
such, the MEMS  structures can be used in a wide variety of applications,
including valves, shutters,  variable capacitors, switches, relays, and the
like, at least some of which have been  5 described above. Although the
foregoing invention will be described in some detail, it will  be obvious
that certain changes and modifications may be practiced within the  scope
of the invention described herein. 10 BRIEF DESCRIPTION OF THE FIGURES
Figure 1(a) and Figure 1(b) are respectively a top view and a cross-
sectional view taken along line a-a of a simple mobile hub MEMS rotary
structure  according to one embodiment of the present invention. 15 Figure
2(a) and Figure 2(b) are respectively a top view and a cross- sectional
view taken along line b-b of a mobile outer ring MEMS rotary structure
according to one embodiment of the present invention. Figure 3(a) and
Figure 3(b) are respectively a top view and a cross- sectional view taken
along line c-c of a mobile middle ring MEMS rotary structure  20 according
to one embodiment of the present invention. Figures 4(a) to 4(e) are top
views of various MEMS TAB (thermal arched  beam) structures according to
one embodiment of the present invention. Figure 5(a) and Figure 5(b) are
top views of two alternative embodiments  of a mobile hub rotary structure
according to the present invention in which TAB  25 actuators impose
rotational force upon the mobile hub. Figure 6(a) and Figure 6(b) are top
views of two alternative embodiments  of MEMS rotary structures according
to the present invention that include a lever  extending radially from the
ring and hub, respectively. Figure 7(a) and Figure 7(b) are respectively a
top view and a cross 30 sectional view taken along line d-d of a MEMS
rotary structure having a reflective  surface according to one embodiment
of the present invention. 



WO 00/57055 PCTIUSOO/03867  6  Figure 8(a) and Figure 8(b) are respectively
a top view and a cross- sectional view taken along line e-e of a MEMS
rotary valve or shutter structure  according to one embodiment of the
present invention. Figure 9(a) and Figure 9(b) are schematic side views of
a MEMS rotary  5 switch structure according to one embodiment of the
present invention wherein  contacts disposed on the ring and base substrate
are respectively disconnected and  connected. Figure 10(a), Figure 10(b),
and Figure 10(c) are two top views and a  cross-sectional view taken along
line IOC-10C of a MEMS variable capacitor 10 rotary structure according to
one embodiment of the present invention wherein the  degree of overlap
between conductors is altered to vary the capacitance  therebetween. Figure
11(a) and Figure 11(b) are respectively a top view and a schematic  side
view illustrating a rotational connection between a pin disposed upon a
base  15 microelectronic substrate and a hub of any MEMS rotary structure
of the present  invention. DETAILED DESCRIPTION OF THE INVENTION 20 The
present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which preferred embodiments of
the  present invention are shown. The present invention may, however, be
embodied in  many different forms and should not be construed as limited to
the embodiments  set forth herein; rather, these embodiments are provided
so that this disclosure will 25 be thorough and complete, and will fully
convey the scope of the present invention  to those skilled in the art.
Features in the drawings are not necessarily to scale, but  merely serve to
illustrate the present invention. Like numbers refer to like  elements
throughout. WO 00/57055 PCTIUSOO/03867  7  



Mobile Hub A MEMS rotary structure according to one embodiment is shown by
a top  view in Figure 1(a) and a cross sectional view taken through line
a-a in Figure 5 1(b). The MEMS rotary structure of this embodiment
comprises a hub 100  disposed upon and suspended above the surface of a
microelectronic substrate 10  and at least two hub spoke members 110
extending radially outward from the hub  and spaced from the substrate by a
gap 175. The hub spoke members are adapted  to impose rotational forces on
the hub in response to changes in temperature, as 10 described below. While
the hub is shown to be a solid cylindrical element, the hub  can have other
shapes and need not be solid, but can be tubular or the like.  Typically,
the microelectronic substrate is formed of silicon. However, the
microelectronic substrate can be formed of other materials, such as glass
or other  semiconductors. In addition, the hub and the hub spoke members
are typically  15 formed of a metal, such as nickel, that is deposited
through an integrated circuit manufacturing process, such as by
electroplating, upon the substrate in the same  manner as described in
conjunction with the thermal arched beam actuators by  U.S. Patent
Application Serial Nos. 08/767,192, 08,965,277 and 08/936,958; the
contents of which have been incorporated by reference. However, the MEMS 20
rotary structure and, in particular, the hub and the hub spoke members can
be  formed by different techniques and of different materials, including
silicon,  without departing from the spirit and scope of the present
invention. As shown in Figures 1(a) and 1(b), the hub 100 defines a central
axis 105  that intersects the surface of the microelectronic substrate. In
addition, each hub  25 spoke member 110 defines an imaginary line extending
lengthwise therethrough. According to the present invention, each hub spoke
member is connected to the  hub, but is displaced somewhat from the central
axis of the hub. In this regard, the  imaginary line extending lengthwise
through each hub spoke member intersects the  hub at a location offset
somewhat from the central axis of the hub. As such, the 30 hub spoke
members can impart torque and rotational force to the hub as the hub  spoke
members expand or contract during thermal actuation. 



WO 00/57055 PCTIUSOO/03867  - 8  As illustrated in Figures 1(a) and 1(b),
the MEMS rotary structure of this  embodiment also includes at least two
anchor members affixed to the substrate.  Each anchor member is preferably
formed by the same process and of the same  material, such as nickel, as
the hub and the hub spoke members. Further, each hub 5 spoke member extends
between the hub and a respective anchor member, although  each hub spoke
member is somewhat offset from the central axis of the hub as  described
above. Since one end of each hub spoke member is affixed to the  substrate
via the anchor member, when the hub spoke member is heated and  expands,
the hub spoke member will apply a force to the hub that will tend to cause
10 the hub to rotate in one direction or sense as a result of the offset
between the hub  spoke member and the central axis of the hub. Further,
when the hub spoke is  cooled and contracts, the hub spoke applies
rotational force to the hub causing the  hub to rotate in the opposite
sense. In either case, clockwise or counterclockwise  rotation can be
provided depending on where the hub spoke is affixed to the hub 15 relative
to the center axis of the hub and whether the hub spoke is heated or
cooled.  Those skilled in the art will appreciate that the hub spoke member
can be heated or  cooled by using many different techniques. For instance,
the ambient temperature  of a hub spoke member can be altered by changing
the ambient temperature, selectively applying fluid or gasses, or
selectively passing electrical current.  20 Mobile Outer Ring Figures 2(a)
and 2(b) illustrate a MEMS rotary structure according to  another
embodiment that includes a mobile outer ring. As described above, the  MEMS
rotary structure of this embodiment includes a hub 100 affixed to the 25
surface of a microelectronic substrate 10 and at least two equally spaced
hub spoke  members adapted to impose rotational forces to the hub in
response to changes in  temperature. As before, the hub 100 defines a
central axis 105 that intersects the  surface of the microelectronic
substrate. Each hub spoke member 120 extends  



outwardly from the hub 100 so as to define a lengthwise extending imaginary
line. 30 As described above, each hub spoke member is displaced somewhat
from the WO 00/57055 PCT/US00/03867  - 9  central axis of the hub in order
to provide torque and rotational force to the hub as  the hub spoke member
expands or contracts. Although a MEMS rotary structure need only include
two hub spoke  members, the MEMS rotary structure generally includes three
or more hub spoke  5 members extending outwardly from the hub. As noted
above, hub spoke members are included in both hub and hub and ring MEMS
rotary structures. While the hub  spoke members can be arranged in
different configurations, the hub spoke  members are generally spaced in
equal angular increments about the hub. For  example, the MEMS rotary
structure can include four hub spoke members spaced 10 in equal 90
increments about the hub as shown in Figures 1(a) and 2(a).  In addition,
the MEMS rotary structure of this embodiment further  comprises a ring 200
spaced apart from the microelectronic substrate. The ring  200 at least
partially encircles the hub 100, and is connected to the hub through at
least two hub spoke members 120. As such, each hub spoke member extends 15
between the hub and the ring. In operation, when the hub spoke is heated
and  expands, the hub spoke therefore applies rotational force in one sense
to the ring.  In addition, when the hub spoke is cooled and contracts, the
hub spoke applies  rotational force to the ring in the opposite sense. It
is important that the hub spoke  members are maintained at a different
temperature, either hotter or cooler, relative 20 to the ring when thermal
actuation is applied to cause rotation Numerous  techniques may be used to
thermally actuate the hub spoke members. Indirect  heating proximate the
hub spoke members may be used. Preferably, direct heating  can be provided
by conducting electrical current through the hub spoke members,  2 as
described below. 25 As shown in Figure 2(a), the hub can comprise two
generally semicircular  portions separated by an air gap 106. By applying a
voltage differential between  



the two portions of the hub, for instance first portion 102 and second
portion 103  as shown, current can flow through the MEMS rotary structure
as shown in Figure  2(a), thereby directly heating the hub spoke members
and causing thermal 30 actuation thereof. In particular, pairs of hub spoke
members are disposed between  the ring and the first and second portions of
the hub, respectively, and are adapted WO 00/57055 PCTIUSOO/03867  - 10
for thermal actuation as a result of the direct heating created by the
electrical  current flowing between the two portions of the hub. 5 Mobile
Middle Ring As depicted in Figures 3(a) and 3(b), the MEMS rotary structure
of  Figures 2(a) and 2(b) can be modified to include at least two anchored
spoke  members 150 and at least one corresponding anchor 170. More
preferably, the  MEMS rotary structure of this embodiment includes a
plurality of anchored spoke 10 members spaced in equal angular increments
about the ring and an equal number  of anchors associated with respective
anchored spokes. Each anchored spoke  member 150 is disposed between the
ring 200 and the corresponding anchor 170.  While the anchored spoke member
is spaced from the substrate as shown in Figure  3(b), the anchor 170 is
affixed to the surface of the microelectronic substrate 10 15 and serves to
support the anchored spoke member 150. The MEMS rotary structure of this
embodiment includes both hub spoke  members and anchored spoke members.
Either the hub spoke members, the  anchored spoke members, or both may be
thermally actuated so as to cause the hub  and the ring to rotate. For this
embodiment, the hub can be either suspended above 20 or affixed to the
surface of the base microelectronic substrate. In the illustrated
embodiment, the anchored spoke members are adapted to impart rotational
forces  to the ring and, in turn, to the hub since the anchored spoke
members are disposed  at a non-orthogonal angle relative to the ring. As
such, expansion and contraction  of the anchored spoke members in the
lengthwise direction will cause the ring to 25 rotate. Since the ring is
tied to the hub by the hub spoke members, rotation of the  



ring will cause the hub to rotate. Since the anchored spoke members are
adapted to  rotate the MEMS rotary structure of the illustrated embodiment,
the hub spoke  members need not be offset from the center axis of the hub
as described above in  conjunction with other embodiments. 30 In operation,
when an anchored spoke of the MEMS rotary structure of  Figures 3(a) and
3(b) is heated and expands, the heated spoke applies rotational WO 00/57055
PCT/US00/03867  - 11  force in one sense to the hub and ring. Conversely,
when the anchored spoke is  cooled and contracts, the cooled spoke applies
rotational force to the hub and ring  in the opposite sense. In addition to
imparting rotational motion with the anchored  spoke members, the hub spoke
members can impart rotational motion in the 5 manner described in
conjunction with the prior embodiments. Those skilled in the  art will
understand that the anchored spoke member and the hub spoke members  can be
disposed to provide rotational force in the same or opposite sense in
response to changes in temperature. That is, the spokes can cooperate to
provide  rotation in the same sense, or the spokes can be disposed to
provide rotation in 10 opposite directions. Rotation may be varied in
several ways in this embodiment.  For instance, altering the placement of
the spokes with respect to the central axis of  the hub can vary the
rotation. For example, a spoke displaced farther from the  central axis can
provide greater rotational force. Those skilled in the art will  therefore
appreciate that the MEMS rotary structure of this embodiment provides 15
improved rotational displacement and additional modes of rotation as
compared  with the prior embodiments. Importantly, those skilled in the art
will appreciate  that actuators other than those driven by thermal arched
beams can be used to  provide rotational force to all embodiments of the
MEMS rotary structures of the  present invention. 20 TAB Driven Mobile Hub
Figures 5(a) and 5(b) illustrate the MEMS rotary structure of another  



embodiment of the present invention. While the hub spoke members can be
linear  as illustrated in conjunction with prior embodiments, the hub spoke
members can 25 be non-linear as shown in Figures 5(a) and 5(b). In order to
impart rotational  forces to the hub, however, the imaginary line extending
lengthwise through at  least a portion of the hub spoke member must be
offset from the center axis of the  hub. As such, rotational forces will be
imparted to the hub even if the imaginary  line extending lengthwise
through other portions of the hub spoke member does  30 extend through the
center axis. WO 00/57055 PCT/USOO/03867  - 12  The MEMS rotary structure of
this embodiment also includes one or more  TAB micro electromechanical
actuators disposed on the surface of the  microelectronic substrate. Each
actuator is coupled to a respective hub spoke  member in order to move the
hub spoke member in response to thermal actuation. 5 Although the hub spoke
member can also be thermally responsive as described in  conjunction with
the other embodiments, the hub spoke member of the  embodiment need not be
formed of a material that significantly changes in length  in response to
temperature changes since the microelectromechanical actuators  provide
ample motive force. 10 While the microelectromechanical actuators can have
many different  embodiments, the microelectromechanical actuators
preferably include the thermal  arched beam (TAB) actuators described by
U.S. Patent Application Serial No.  08/767,192, the contents of which have
been incorporated by reference. In this  regard, various TAB actuators are
depicted in Figure 4. 15 Figure 4(a) illustrates one embodiment of a TAB
actuator having a single  arched beam. As shown, the TAB actuator is
constructed on a base  microelectronic substrate 10. The TAB beam actuator
comprises two supports 20  and 30 affixed to the base microelectronic
substrate, and an arched beam 40  extending between both supports. The ends
of the arched beam are affixed to the 20 supports so that the arched beam
is held in place above the surface of the base  



microelectronic substrate. The supports and the arched beam are preferably
constructed from a conductive metal, such as electroplated nickel, but
alternatively  may be constructed from a semiconductor, such as silicon. In
any event, the  arched beam should be constructed from a material that
expands or contracts in 25 response to changes in temperature. Typically,
the beam is comprised of a material  with a positive coefficient of thermal
expansion that expands with increases in  temperature. However, the beam
can also be created from material that has a  negative coefficient of
thermal expansion that contracts as temperature increases.  As shown, the
single beam is arched in a predetermined direction 50 such that 30 thermal
expansion will cause the beam to further arch in the same direction. WO
00/57055 PCT/US00/03867  - 13  The TAB actuator can also include means for
altering the temperature of  the single arched beam by applying or removing
heat therefrom. When the  temperature of an arched beam is modified, the
arched beam expands in the  direction shown by the arrow or contracts in
the direction opposite to the arrow. 5 Various means may be used to heat or
cool a single beam and thereby cause the  beam to expand or contract.
Current flowing through the beam can generate heat  directly within the
beam, or alternatively indirect external heaters may be used.  The flow of
gases or liquids around the arched beam may also be used to heat or  cool
an arched beam. Combinations of these and other techniques for heating or
10 cooling may be used within the present invention. Another embodiment of
a TAB actuator is shown in Figure 4(b). As  illustrated herein, the TAB
actuator can include two or more arched beams 40, 41,  and 42 that extend
between supports 20 and 30. Further, the TAB actuator of this  embodiment
can include at least one coupler 60 for interconnecting two or more 15
arched beams. The coupler allows the forces created by the plurality of
beams to  be combined to provide greater force, greater displacement, and a
stiffer and more  robust actuator design. Those skilled in the art will
appreciate that any number of  arched beams and couplers can be used within
the present invention. For instance,  



Figure 4(c) shows an eight beam TAB actuator. When the arched beams are 20
heated, the beams expand thereby further arching in the predetermined
direction.  As such, the coupler moves in the direction of the arrow 50
when at least one beam  is heated and expands. Conversely, the coupler
moves in a direction opposite to  the arrow 50 when at least one beam is
cooled and contracts. Those skilled in the  art will understand that the
arched beams are preferably arched in the same 25 direction, although
alternative arrangements of arched beams in which some of the  beams are
arched in a different or opposite direction are possible. As with the
single arched beam, the TAB actuator can include various means to heat or
cool  one or more of the plurality of arched beams. Figure 4(c) illustrates
one embodiment of a TAB actuator that employs  30 direct heating of the
arched beams. In this case, current is passed through each  arched beam to
provide direct resistive heating of the beams, thereby causing each WO
00/57055 PCT/US00/03867  - 14  beam to expand and arch further in the
predetermined direction 50. Figure 4(d)  shows another embodiment of a TAB
actuator wherein only a subset of the arched  beams are directly heated by
passing current therethrough. As shown in this  example, alternating beams
carry current i and are directly heated, while the 5 remaining beams are
unheated or are indirectly heated from the adjacent current  carrying
beams. The remaining beams do not carry current because they are
electrically isolated from the current carrying beams and from the supports
30 by  insulators 21 and 31. Those skilled in the art will understand that
different  combinations of direct and indirect heating may be used, and
that the current 10 carried by the arched beams need not be equal. Figure
4(e) illustrates another  embodiment of a TAB actuator having an external
heater 90 disposed upon a  substrate arranged in a serpentine pattern to
heat the ambient and in turn, the  arched beams. As shown, contacts 91 and
92 are used to electrically energize the  external heater 90 which is
typically constructed from a conductive metal or a 15 semiconductor
material. 



Having described some representative TAB actuators, we return to the
discussion of the MEMS rotary structure embodiments shown in Figures 5(a)
and  5(b). Regardless of the type of TAB actuator, each hub spoke member
130 is  operably connected to both a TAB actuator 300 and the hub 100, and
serves to 20 transmit rotational force from the TAB array to the hub. Each
hub spoke member  is operably connected to the arched beams of the
respective TAB actuators such  that thermal actuation of the TAB actuator
will cause the arched beams to further  arch in a predetermined direction,
thereby also moving the hub spoke members in  the predetermined direction.
Each hub spoke member is thereby disposed to 25 impart rotational force to
the operably connected hub. Although the illustrated  embodiment does not
include a ring, the MEMS rotary structure may optionally  further include a
ring as well as corresponding spoke members disposed between  the ring and
the hub as previously described. TAB actuators can be disposed to rotate a
hub in either a clockwise or  30 counterclockwise direction within a
particular MEMS rotary structure. For the  example shown in Figure 5(a),
TAB actuators are collectively disposed to provide WO 00/57055
PCT/US00/03867  - 15  clockwise rotational forces to the hub. In contrast,
another example illustrated in  Figure 5(b), includes TAB actuators
alternately disposed to provide both  clockwise and counterclockwise
rotation within a MEMS rotary structure.  Depending on which TAB actuators
are heated within Figure 5(b), the hub may be 5 selectively rotated in a
clockwise and counterclockwise direction. For instance,  TAB actuators 302
and 304 cooperate to move hub spoke 130 in direction 50 and  thereby rotate
the hub 100 in a clockwise sense. In contrast, TAB actuators 301  and 303
cooperate to move hub spoke 130 in direction 51 and thereby provide
counterclockwise rotation to the hub. 10 MEMS Rotary Structure Having a
Lever The various embodiments of the MEMS rotary structure described above



can be employed in a wide variety of applications, including use as an
actuator, a  temperature sensor, or the like. However, the MEMS rotary
structures of the 15 present invention can include other features that
adapt the MEMS rotary structure  to still other applications. In this
regard, Figures 6(a) and 6(b) illustrate an  optional modification that can
be made to the MEMS rotary structures discussed  above. A lever 250 may be
added to any ring structure as shown in Figure 6(a).  In addition, as shown
in Figure 6(b), a lever 250 may be added to any hub 20 structure described
herein. The lever is affixed to and can extend outwardly from  the hub or
ring as shown. In addition, the lever may be disposed to extend  inwardly
from the ring toward the hub. Further, a hub or ring can include levers
extending outwardly and inwardly therefrom in combination, or disposed in
some  other configuration. In any case, the lever will rotate with the hub
and/or ring and 25 can be used to transmit force. Those skilled in the art
will understand that the lever  can allow numerous other structures to be
selectively activated as the hub or ring  rotates. The applications of the
MEMS rotary structure that includes a lever  encompass, but are not limited
to, switches, relays, fluid valves and pumps,  electromagnetic shutters,
and other actuator driven devices. 30 MEMS Rotary Structure Having a
Reflective Surface WO 00/57055 PCT/US00/03867  - 16  Figures 7(a) and 7(b)
describe a MEMS rotary structure having a reflective  surface. In the
illustrated embodiment, at least a portion of the surface of a ring  200
has a reflective surface 300. The reflective surface 300 may be disposed on
the upper surface, lower surface, or along the perimeter of the ring. The
reflective 5 surface may be applied as a layer or coating on the ring using
microengineering  techniques. For example, the reflective surface could be
applied as a reflective  metal layer, such as a layer of gold.
Alternatively, the reflective surface could be  created by processing the
surface of the ring. For instance, if the ring is formed of  silicon, a
reflective surface may be created by polishing the silicon. Preferably, as 



10 the ring rotates, the reflective portion of the ring surface can be
selectively rotated  into and out of the path of light. Therefore, the
reflective surface may be used to  reflect light or to act as a light valve
or shutter. If the reflective surface is formed  of a conductive material,
the reflective surface may be used to absorb or block  electromagnetic
energy. For example, a metallic reflective surface could be used 15 to
selectively block radio frequency energy. Those skilled in the art will
understand that other applications are possible for a MEMS rotary structure
having  a controllably rotated reflective surface. Valve and Shutter Ring
Structures 20 As shown in Figure 8(a) and 8(b), the MEMS rotary structure
can be  employed as a valve or a shutter with only slight modifications. As
illustrated, the  ring can define a first hole 320 that has an axis
intersecting the surface of the  microelectronic substrate 10. In addition,
a second hole 310 may be defined  through the microelectronic substrate 10.
The first and second holes are disposed 25 such that the first hole 320
through the ring and the second hole 310 through the  microelectronic
substrate 10 may be selectively aligned upon rotation of the ring to
provide a passage through the ring and the microelectronic substrate. Once
the  ring has been rotated to bring the first and second holes into
alignment, gasses,  fluids, solids, or electromagnetic radiation can pass
through the ring and the 30 substrate. In instances in which the ring has
not been rotated and the first and  second holes are not aligned, the MEMS
rotary structure will block the passage of WO 00/57055 PCT/US00/03867  - 17
gas, fluids, etc. As such, the MEMS rotary structure of the embodiment can
serve  as a valve, a shutter, or the like. Those skilled in the art will
appreciate that the  applications for the MEMS rotary structures of this
embodiment are not limited to  the applications described above. Moreover,
the MEMS rotary structure of this 5 embodiment can be designed such that
the first and second holes are aligned while  the MEMS rotary structure is
at rest, i.e., unactivated, and are misaligned once the  MEMS rotary
structure has been activated. 



As shown in Figure 8(a), the ring may also contain more than one hole.  The
holes may assume various sizes, shapes, locations, and relative separations
10 along the circumference of the ring. Further, more than one hole may be
provided  in the substrate. Again, the holes may assume various sizes,
shapes, locations, and  relative separations in the substrate. As required
in a given application, one or  more holes may be provided in the ring
and/or substrate to serve as a valve or  shutter. One or more holes in the
ring and one or more holes in the substrate may 15 be selectively aligned
to define one or more passages therethrough.  Rotary Switch Ring Structures
Figures 9(a) and 9(b) illustrate a MEMS rotary structure that has been
designed to operate as a rotary switch. The MEMS rotary structure includes
a first  20 electrical contact 330 provided as part of the ring or affixed
to the surface of the ring 200. In addition, the MEMS rotary structure
includes a complimentary second  electrical contact 340 affixed to the
surface of the microelectronic substrate 10. As  shown in Figures 9(a) and
9(b), the second electrical contact 340 may be held in  position by support
350 above the microelectronic substrate so as to be disposed 25 proximate
the first electrical contact. Although not shown, a first conductive path
is provided through or along the ring of the hub spoke member and the hub
for the  first electrical contact, and a second conductive path is provided
through or along  the substrate for the second electrical contact for
providing electrical current to  each contact. Although the second
electrical contact is disposed in a fixed position 30 with respect to the
microelectronic substrate, the first electrical contact is rotated  with
the ring as the ring rotates relative to the substrate. The first and
second WO 00/57055 PCT/US00/03867  - 18  contacts may be selectively
aligned as the ring rotates in order to controllably  interconnect the
first and second electrical contacts. In this manner, the MEMS  rotary
structure can operate as an electrical switch or relay. Although one
advantageous embodiment is illustrated, those skilled in the art will
understand that 5 the first and second contacts may be otherwise disposed
on the ring and  



microelectronic substrate while still allowing this structure to function
as a rotary  electrical switch or relay. For example, the MEMS rotary
structure can include a  partial ring to permit the first and second
contacts to interconnect on a plane perpendicular to the surface of the
microelectronic substrate. Further, the electrical  10 contacts on the ring
and substrate may be disposed in other arrangements suitable  for several
other applications, such as a variable resistor, or potentiometer for
instance. To serve as a variable resistor, the electrical contacts remain
electrically  connected as the MEMS rotary structure rotates, such that an
electrical resistance is  maintained between the contacts. The electrical
resistance may be formed by the 15 electrical contacts or provided as a
separate device connected to the electrical  contacts. As the MEMS
structure rotates, the amount of the electrical resistance is  selectively
changed such that the MEMS rotary structure of this embodiment can  serve
as a variable resistor. 20 Variable Capacitor Ring Structures Figures
10(a)-(c) demonstrate a MEMS rotary structure that has been  adapted to
function as a variable capacitor. One or more variable capacitors may  be
formed by a MEMS rotary structure. To form a variable capacitor, the MEMS
25 rotary structure includes a first electrically conductive surface,
typically formed of  gold, disposed on the surface of the microelectronic
substrate 10, as shown in  Figure 10(a). Preferably, the first electrically
conductive surface is covered and  protected by an insulating layer,
typically formed of silicon nitride, which is  disposed thereupon. The
first electrically conductive surface includes a first plate 30 390
corresponding to a first variable capacitor C1 as shown. Optionally, the
first  electrically conductive surface further includes a second plate 391,
electrically  insulated from the first plate and forming a second variable
capacitor C2. The first WO 00/57055 PCT/USOO/03867  - 19  and second plates
can each include one or more teeth formed from the respective  plates, for
instance, first plate 390 having teeth 392 and second plate 391 having  



teeth 393 as shown in Figure 10(a). Those skilled in the art will
appreciate that  various shapes and positional orientations of the first
and second plates may be 5 used while implementing a variable capacitor
according to the present invention.  As shown in Figure 10(b), the MEMS
rotary structure of this embodiment  also includes a complimentary second
electrically conductive surface 380 disposed  upon or carried by the ring
200 and at least partially overlying the first electrically  conductive
surface 390. The second electrically conductive surface on the ring 10
preferably includes one or more teeth, as shown. In Figure 10(b), the first
electrically conductive surface including the first and second plates is
shown by  dashed lines. Preferably, the first and second plates of the
first electrically  conductive surface are disposed concentrically with
respect to the ring and the  second electrically conductive surface. The
first and second conductive surfaces 15 are preferably disposed proximate
to and facing each other, separated only by a  small air gap or a thin
layer of insulating dielectric material denoted as area 400 in  Figure
10(c). Preferably, the overlap and resulting capacitance between the first
and  second conductive surfaces can be selectively varied as the ring
rotates. 20 Accordingly, there are numerous techniques and structures that
can be used to  create variable capacitor embodiments according to the
present invention. In one  embodiment, one or more teeth of the first
electrically conductive surface, or more  particularly the first or second
plates, can selectively overlap one or more teeth of  the second
electrically conductive surface as the ring rotates. For instance, as 25
shown in Figure 10(b), as the ring rotates the respective teeth can overlap
partially, totally, or not at all such as to vary the capacitance
therebetween. For  example, tooth 392 on the first plate of the first
electrically conductive surface  overlies and partially overlaps tooth 202
of the second electrically conductive  surface on the ring, as shown in by
the plan view in Figure 10(b) and in cross 30 section in Figure 10(c).
Preferably, teeth disposed on the ring and the substrate  are interlaced
such that the overlap between teeth disposed on the first and second WO
00/57055 PCTIUSOO/03867  



- 20  electrically conductive surfaces varies as the ring rotates, thereby
providing a  variable capacitance. Those skilled in the art will understand
that teeth may be  provided in many sizes and shapes within the spirit of
the present invention, such  as rectangular, square, rounded, or other
shapes of teeth. As the ring rotates, 5 linear, nonlinear, logarithmic, or
other variations in capacitance can be provided  according to the placement
of the overlapping teeth. Further, the capacitance can  be rotatably varied
between a minimum value and a maximum value as the overlap  between the
teeth is respectively minimized or maximized. However, capacitance can also
be created by overlapping portions of the  10 first and second conductive
surfaces not formed into teeth. Preferably, there is  little or no overlap
between those portions of the first and second conductive  surfaces not
having teeth. As such, the capacitance can be varied from relatively  low
to relatively high values, since the amount of parasitic capacitance is
comparatively small when the teeth do not overlap. For example, it is
preferable to 15 minimize the overlap between portions of the first and
second plates on the  substrate having no teeth and portions of the ring
also lacking teeth. In this case,  capacitance is substantially determined
and varied according to the overlap of the  teeth disposed on the first and
second conductive surfaces. This concept may be  implemented in many ways.
20 For example, the ring can be provided with a smaller diameter than the
circle defined by the first and second plates. Teeth can be disposed facing
outwardly from the ring. As such, teeth on the ring and plates selectively
overlap  as the ring rotates, while other parts of the first and second
plates do not overlap  the ring. For instance, the C-shaped first and
second plates can be modified such 25 that the conductive portion
interconnecting the teeth has a substantially smaller  surface area than
the teeth. Thus, teeth on the ring can be disposed so as to overlap  teeth
on the first and second plates, while overlap between non-teeth portions of
the first and second electrically conductive surfaces is minimized or
eliminated. In  some situations, overlap between non-teeth portions of the
first and second 



30 conductive surfaces may be advantageous. In this case, at least part of
the first and  second conductive surfaces can be disposed so as to overlap
regardless of rotation WO 00/57055 PCT/US00/03867  - 21  of the ring, such
that a minimum amount of capacitance is always provided by the  variable
capacitor. In light of all the above, those skilled in the art will
appreciate  that the placement of the ring, first plate, second plate, and
corresponding teeth can  be varied as needed to provide a capacitance that
varies as the ring rotates. 5 Further, the second electrically conductive
surface on ring 200 can serve as  part of more than one variable capacitor.
As shown in Figure 10(b), the ring  serves as one plate of both variable
capacitor C1 and variable capacitor C2. As  such, variable capacitors C1
and C2 are effectively connected in series through the  second electrically
conductive surface of the ring. 10 The area of overlap between the first
and second conducting surfaces can  be controllably varied to alter the
capacitance therebetween as the ring rotates.  Preferably, the electrically
conductive surfaces are constructed from metallized  layers, although
layers formed of semiconductor materials may also be used.  Although not
shown, the MEMS rotary structure of this embodiment can include 15
electrical leads or paths to the first and second conducting surfaces in
order to  measure the capacitance therebetween. Again, those skilled in the
art will  recognize that the MEMS rotary structure can provide many other
embodiments of  the rotating variable capacitor design without departing
from the spirit of the  present invention. 20 Rotational Connection
Elements for Hub and Ring Structures There are two main techniques through
which a hub 100 and optionally a  ring maybe affixed to a microelectronic
substrate 10. First, in some embodiments  25 the hub may be rigidly affixed
to the microelectronic substrate. In this case, the hub may be directly
affixed to the substrate, or indirectly affixed thereto through  an anchor
or the like. In addition, the hub may be rotatably connected to the  



underlying microelectronic substrate, such that relatively free rotation is
possible. In one embodiment, the hub may be affixed to the microelectronic
substrate  30 through a rotational connection element. For instance, a
rotational contact such as  a rounded bearing, a ball and socket bearing,
or some other rolling contact may be WO 00/57055 PCT/US00/03867  - 22
used, such as those described by U.S. Patent Application Serial No.
08/719,711,  the contents of which have been incorporated herein. The hub
and ring could  freely rotate relative to the microelectronic substrate
through the rotational  connection element. Preferably, a rotational
connection to the microelectronic 5 substrate could be provided through a
pin joint mechanism, as shown in Figures  11(a) and (b). Although a hub is
shown in this example, the pin joint is equally  applicable for ring
embodiments. A pin 360 is affixed to the base microelectronic  substrate
10. An appropriate gap 362 is provided in hub 100 for example, such  that
the pin may be received therein. As such, the hub or hub and ring are 10
preferably supported by anchors as shown, or the like. However, the hub or
hub  and ring can pivot or rotate about the pin in response to any of the
sources of  thermal actuation as previously discussed. The gap can be
relatively large or small  as required in order to permit rotation.
Regardless of the type of rotational connection element used, the hub is
free  15 to rotate because there are relatively low frictional forces or
torsional stresses to  overcome when a rotational connection is used.
Relatively constant amounts of  rotational force will therefore cause the
hub to continue to rotate once the hub has  begun to rotate. Once the hub
with a rotational contact has been rotated into a  given position, the hub
remains in place even after the rotational force has been 20 removed. Of
course those skilled in the art will recognize that many other types of
rotational connections may be used without departing from the scope and
spirit of  the present invention. As described above, the various
embodiments of the MEMS rotary  structures can therefore be utilized in a
wide variety of applications, such as rotary  



25 switches, actuators, variable capacitors, variable resistors, shutters,
valves or the like. Those skilled in the art will understand that other
applications not mentioned  herein may exist. As such, the MEMS rotary
structures of the present invention  can be employed in various
applications that demand or prefer non-linear  movement in which
conventional linear MEMS actuators would be inappropriate. 30 In the
drawings and specification, there have been disclosed typical  preferred
embodiments of the present invention and, although specific terms are WO
00/57055 PCT/US00/03867  - 23  employed, they are used only in a generic
and descriptive sense only and not for  purposes of limiting the scope of
the present invention as set forth in the following  claims. WO 00/57055
PCTIUSOO/03867  - 24  THAT WHICH IS CLAIMED: 1. A microelectromechanical
rotary structure comprising:  a microelectronic substrate; a hub disposed
upon a surface of said microelectronic substrate, said  hub defining a
central axis extending therethrough; and at least two hub spoke members
extending outwardly from said hub,  wherein each of the at least two hub
spokes has an imaginary center line extending  through at least a portion
of said hub spoke members that is displaced from the  central axis of said
hub, and wherein said at least two hub spoke members are  operably adapted
to impose a rotational force upon said hub in response to changes  in
temperature. 2. A microelectromechanical rotary structure according to
Claim 1,  further comprising a ring spaced apart from said microelectronic
substrate and at  least partially encircling said hub, wherein said at
least two hub spoke members  extend between said ring and said hub, and
wherein said at least two hub spoke  members are adapted to respond to
changes in temperature by changing in length  



so as to rotate said ring relative to said hub. 3. A micro
electromechanical rotary structure according to Claim 2,  wherein said at
least two hub spoke members comprise first and second hub spoke  members,
wherein said hub comprises a first portion operably connected to said
first hub spoke member and a second portion operably connected to said
second  hub spoke member, wherein said first portion and said second
portion are  electrically isolated such that an electrical voltage
differential introduced  therebetween creates an electrical current flowing
from said first portion, through  both said first and second hub spoke
members and through said ring, to said  second portion, thereby changing
the temperature of both said first and second hub  spoke members. WO
00/57055 PCTIUSOO/03867  - 25  4. A microelectromechanical rotary structure
according to Claim 2,  further comprising: at least two anchor members
disposed on a surface of said microelectronic  substrate and connected
thereto; and at least two anchored spoke members disposed between a
respective anchor  member and said ring, wherein said at least two anchored
spoke members are  adapted to respond changes in temperature by changing in
length so as to rotate  said ring relative to said hub. 5. A
microelectromechanical rotary structure according to Claim 1,  further
comprising a heater for providing thermal energy to said at least two hub
spoke members. 6. A microelectromechanical rotary structure according to
Claim 1,  wherein said at least two hub spoke members are spaced about said
hub at an  angular displacement selected from the group consisting of equal
angular  displacements and unequal angular displacements. 7. A
microelectromechanical rotary structure according to Claim 1,  further
comprising at least one lever member extending from said hub. 



8. A microelectromechanical rotary structure according to Claim 2,  further
comprising at least one lever member extending from said ring. 9. A
microelectromechanical rotary structure according to Claim 1,  further
comprising at least one microelectromechanical actuator disposed on the
surface of said microelectronic substrate and operably connected to a
respective  hub spoke member so as to controllably move said hub spoke
member in response  to thermal actuation, said at least one
microelectromechanical actuator comprising: WO 00/57055 PCT/US00/03867  -
26  at least two anchor members disposed on the surface of said
microelectronic substrate and connected thereto; and at least one arched
beam extending between said at least two anchor  members, wherein said at
least one arched beam is operably connected to said respective  hub spoke
member, and wherein said at least one arched beam is adapted to further
arch in  response to thermal actuation so as to move said respective hub
spoke member, thereby  imposing a rotational force upon said hub. 10. A
microelectromechanical rotary structure according to Claim 9,  wherein said
at least one microelectromechanical actuator comprises: a first set of
micro electromechanical actuators having arched beams  that are arched in a
direction such that further arching of said arched beams  imposes a
rotational force in a clockwise direction upon said hub; and a second set
of microelectromechanical actuators having arched  beams that are arched in
a direction such that further arching of said arched beams  imposes a
rotational force in a counterclockwise direction upon said hub. 11. A
microelectromechanical rotary structure according to Claim 9,  further
comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for
interconnecting  said plurality of arched beams. 12. A
microelectromechanical rotary structure according to Claim 2,  further
comprising at least one microelectromechanical actuator disposed on the  



surface of said microelectronic substrate and operably connected to said
ring so as  to controllably move said ring in response to thermal
actuation, said at least one  microelectromechanical actuator comprising:
at least one ring spoke member extending outwardly from said ring;  at
least two anchor members disposed on the surface of said  microelectronic
substrate and connected thereto; and WO 00/57055 PCT/US00/03867  - 27  at
least one arched beam extending between said at least two anchor  members,
wherein said at least one arched beam is operably connected to said ring
through  said at least one ring spoke member, and wherein said at least one
arched beam is adapted  to further arch in response to thermal actuation so
as to move said respective ring spoke  member, thereby causing said ring to
rotate relative to said hub. 13. A microelectromechanical rotary structure
according to Claim 12,  wherein said at least one microelectromechanical
actuator comprises: a first set of microelectromechanical actuators having
arched beams  that are arched in a direction such that further arching of
said arched beams causes  said ring to rotate in a clockwise direction
relative to said hub; and a second set of microelectromechanical actuators
having arched  beams that are arched in a direction such that further
arching of said arched beams  causes said ring to rotate in a
counterclockwise direction relative to said hub. 14. A
microelectromechanical rotary structure according to Claim 12,  further
comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for
interconnecting  said plurality of arched beams. 15. A
microelectromechanical rotary structure comprising:  a microelectronic
substrate; a hub disposed upon a surface of said microelectronic substrate;
a ring disposed above the surface of said microelectronic substrate and at
least partially encircling said hub; and 



at least one hub spoke member that connects said ring and said hub,
wherein said at least one hub spoke member is operably adapted to impose a
rotational  force upon said hub and said ring by changing in length in
response to changes in  temperature. WO 00/57055 PCT/USOO/03867  - 28  16.
A micro electromechanical rotary structure according to Claim 15,  wherein
said hub defines a central axis extending therethrough, and wherein an
imaginary center line extending through at least a portion of said at least
one hub  spoke member also extends through said hub at a location displaced
from the  central axis of said hub. 17. A micro electromechanical rotary
structure according to Claim 15,  further comprising: at least one anchor
member disposed on a surface of said microelectronic  substrate and
connected thereto; and at least one anchored spoke member disposed between
a respective  anchor member and said ring, wherein said at least one
anchored spoke member is  adapted to respond changes in temperature by
changing in length so as to rotate  said ring relative to said hub. 18. A
microelectromechanical rotary structure according to Claim 15,  further
comprising a heater for providing thermal energy to said at least one hub
spoke member. 19. A microelectromechanical rotary structure according to
Claim 15,  further comprising a plurality of hub spoke members disposed
between said hub  and said ring, said plurality of hub spoke members being
spaced at an angular  displacement selected from the group consisting of
equal angular displacements  and unequal angular displacements. 20. A
microelectromechanical rotary structure according to Claim 15,  further
comprising at least one lever member extending from said ring. 21. A micro
electromechanical rotary structure according to Claim 15,  



further comprising a rotational connection element between said hub and
said  microelectronic substrate to facilitate relative rotation
therebetween. WO 00/57055 PCT/US00/03867  - 29  22. A
microelectromechanical rotary structure according to Claim 15,  wherein
said ring comprises a reflective surface on at least a portion of the
surface  of said ring. 23. A microelectromechanical rotary structure
according to Claim 15,  wherein said ring defines at least one hole having
an axis intersecting the surface  of said microelectronic substrate, and
wherein said at least one hole defined by said  ring can be disposed
proximate a predetermined area of the surface of said  microelectronic
substrate as said ring rotates relative to said hub. 24. A
microelectromechanical rotary structure according to Claim 23,  wherein the
surface of said microelectronic substrate defines at least one hole
therethrough, said at least one hole defined in said microelectronic
substrate being  positioned such that said at least one hole defined by
said ring and said at least one  hole defined by said microelectronic
substrate can be selectively aligned to provide  a passage through said
ring and said microelectronic substrate as said ring rotates  relative to
said hub. 25. A microelectromechanical rotary structure according to Claim
15,  further comprising at least one contact affixed to the surface of said
microelectronic substrate and at least one contact affixed to said ring so
that the  contacts can alternately interconnect and disconnect as said ring
rotates relative to  said hub. 26. A microelectromechanical rotary
structure according to Claim 15,  further comprising at least one contact
affixed to the surface of said  microelectronic substrate and at least one
contact affixed to said ring and adapted  for rotation therewith such that
the contacts are selectively electrically connected to  provide different
amounts of electrical resistance as said ring rotates relative to said hub.



WO 00/57055 PCT/US00/03867  - 30  27. A microelectromechanical rotary
structure according to Claim 15,  further comprising: a first conductive
surface disposed on the surface of said  microelectronic substrate; and a
complimentary second conductive surface disposed on said ring  overlying
said microelectronic substrate and spaced from the first conductive
surface such that a portion of the complimentary second conductive surface
overlies the first conductive surface on said microelectronic substrate,
wherein the  portion of the complimentary second conductive surface which
overlies the first  conductive surface varies as said ring rotates relative
to said hub. 28. A microelectromechanical rotary structure comprising:  a
microelectronic substrate; a hub disposed on a surface of said
microelectronic substrate; at least one hub spoke member extending
outwardly from said hub and  spaced from the surface of said
microelectronic substrate; and at least one microelectromechanical actuator
disposed on the surface of said  microelectronic substrate and operably
connected to a respective hub spoke member so as  to controllably move said
respective hub spoke member in response to thermal actuation,  said at
least one micro electromechanical actuator comprising: at least two anchor
members disposed on the surface of said  microelectronic substrate; and at
least one arched beam extending between said at least two anchor  members,
wherein said at least one arched beam is operably connected to said
respective  hub spoke member, and wherein said at least one arched beam is
adapted to further arch in  response to thermal actuation so as to move
said respective hub spoke member, thereby  imposing a rotational force upon
said hub. WO 00/57055 PCT/US00/03867  - 31  



29. A microelectromechanical rotary structure according to Claim 28,
further comprising a heater for providing thermal energy to said at least
one  microelectromechanical actuator. 30. A microelectromechanical rotary
structure according to Claim 28,  further comprising a plurality of hub
spoke members extending outwardly in  different directions from said hub,
and a plurality of micro electromechanical  actuators operably connected to
respective ones of said hub spoke members. 31. A microelectromechanical
rotary structure according to Claim 30,  wherein said plurality of
microelectromechanical actuators comprise: a first set of micro
electromechanical actuators having arched beams  that are arched in a
direction such that further arching of said arched beams impose  a
rotational force in a clockwise direction upon said hub; and a second set
of microelectromechanical actuators having arched  beams that are arched in
a direction such that further arching of said arched beams  imposes a
rotational force in a counterclockwise direction upon said hub. 32. A
microelectromechanical rotary structure according to Claim 28,  further
comprising a plurality of arched beams, and wherein said at least one
microelectromechanical actuator further comprises a coupler for
interconnecting  said plurality of arched beams. 33. A
microelectromechanical rotary structure according to Claim 28, wherein
said hub defines a central axis extending therethrough, and wherein an
imaginary line  extending through at least a portion of said at least one
hub spoke member also extends  through said hub at a location displaced
from the central axis of said hub. 34. A micro electromechanical rotary
structure according to Claim 28, further  comprising at least one lever
member extending from said hub. WO 00/57055 PCT/USOO/03867  - 32  35. A
microelectromechanical rotary structure according to Claim 28, further
comprising a rotational connection element between said hub and said
microelectronic  substrate to facilitate relative rotation therebetween. 




