
WO 2010/121121PCT/US2010/031380 LONG TRAVEL RANGE MEMS ACTUATOR
BACKGROUND OF THE INVENTION Technical Field of the Invention        The
present invention relates in general to Micro Electro-Mechanical Systems
(MEMS) devices and in particular, to MEMS actuators. 5Description of
Related Art        Micro Electro-Mechanical Systems (MEMS) refers to the
integration of mechanical elements, sensors, actuators and electronics on a
common silicon substrate through microfabrication technology. For example,
the microelectronics are typically fabricated using an integrated circuit
(IC) process, while the micromechanical components are fabricated using 10
compatible micromachining processes that selectively etch away parts of the
silicon wafer or add new structural layers to form the mechanical and
electromechanical components. MEMS devices are attractive candidates for
use in spectroscopy, profilometry, environmental sensing, refractive index
measurements (or material recognition), as well as several other sensor
applications, due to their low cost, batch processing ability and
compatibility with standard 15 microelectronics. In addition, the small
size of MEMS devices enables the integration of equipment incorporating
MEMS devices into mobile and hand held devices.       Reliable actuators
are critical components for MEMS devices. The two most common types of MEMS
actuators are thermal actuators and electrostatic actuators. One example of
an electrostatic actuator is a comb-drive actuator. Comb-drives are linear
motors that utilize 20 electrostatic forces acting between two metal or
silicon combs to cause motion of a MEMS component, such as a micromirror.
The electrostatic forces are created when a voltage is applied between the
combs causing them to attract. One comb is typically fixed, while the other
comb is moveable. Each comb includes a plurality of comb fingers arranged
so that the moveable comb fingers slide past the fixed comb fingers until
they are interdigitated. A restoring spring returns 25 the moveable comb to
its original position when a voltage is no longer present between the
combs. The force available from each finger is relatively small, and
therefore, comb-drive actuators typically have between 10 and 200 fingers
to produce adequate force for a MEMS device. However, the stable travel
range of the comb-drive actuator is limited by 30 electromechanical side
instability. When side instability occurs, the movable comb fingers are
displaced perpendicular to the direction of motion and come into contact
with the fixed comb WO 2010/121121PCT/US2010/031380 fingers. As the
moveable comb moves toward the fixed comb, the overlap area between the
fingers increases and the cross-axis force becomes greater, which causes
the fingers to suddenly snap over the sideway. This is attributed to two
effects: the displacement in the direction perpendicular to the direction
of motion and the induced moment around the center of the 5 restoring
spring. 



The stable travel range of electrostatic comb-drive actuators depends
primarily on finger gap spacing, initial finger overlapping and spring
stiffness of suspended springs. Increasing finger gap spacing of an
electrostatic comb-drive actuator is the simplest method for increasing the
stable travel range. However, this method requires a high driving voltage,
which is to undesirable in numerous applications.      Several other
approaches have been proposed to extend the stable travel range. For
example, one approach uses tilted folded-beam suspended springs instead of
straight springs to shift the spring constant in the y direction. The
corresponding spring constant in the y-direction changes from:
200 El  15(Equation 1) 3x2 L to 600 El  (Equation 2) (3x -5d)2 L '   where
E is Young's modulus, I is the inertia moment of the mechanical spring, d
is the projection of the suspended beam length along the x-direction and L
is the suspended beam length. 20 Another approach to extend the stable
traveling range includes adjusting the length of the individual comb
fingers and utilizing pre-bent suspended springs. More recently, another
approach utilizes a second comb electrode to extend the stable traveling
range. This approach shifted Ke (the electrostatic negative spring
constant) to extend the displacement of the electrostatic comb-drive
actuator. Although each of the above approaches can potentially extend 25
the stable traveling range, extra driving voltage is required to achieve
this. SUMMARY OF THE INVENTION 



Embodiments of the present invention provide an electrostatic comb drive
actuator for a Micro Electro-Mechanical System (MEMS) device with reduced
side instability. The comb drive actuator includes a flexure spring
assembly and first and second comb drive assemblies, 30 each coupled to the
flexure spring assembly on opposing sides thereof. Each of the first and
second comb assemblies includes a fixed comb drive member having an
elongate member with  WO 2010/121121PCT/US2010/031380 comb drive fingers
extending from one side thereof and a moveable comb drive member having a
center beam coupled to the flexure spring assembly and comb drive fingers
extending from one side of the center beam towards the comb drive fingers
of the fixed comb drive member. The moveable comb drive member is moveable
between a first position in which the 5 comb drive fingers of the moveable
comb drive member and the fixed comb drive member are partially overlapped
and a second position in which the comb drive fingers of the moveable comb
drive member and the fixed comb drive member are interdigitated to cause a
displacement of the flexure spring assembly. In addition, the comb drive
fingers are divided equally between the first and second comb drive
assemblies and placed symmetrically about a symmetry axis of 10 the flexure
spring assembly perpendicular to a direction of motion of the moveable comb
drive member. Furthermore, when electrically energized, the first and
second comb drive assemblies contribute electrostatic force in the same
direction of motion such that the comb drive fingers of the moveable comb
drive members of both the first and second comb drive assemblies
simultaneously move towards the comb drive fingers of the respective fixed
comb drive 15 members of the first and second comb drive assemblies.
In a further embodiment, a bi-directional electrostatic comb-drive actuator
is provided that effectively doubles the travel range of the actuator while
maintaining side stability. In the bi-directional comb-drive actuator, each
of the first and second comb drive assemblies further includes first and
second fixed comb drive members, in which each of the first and second comb
20 drive members has a respective elongate member with respective comb
drive fingers extending from one side thereof, and a moveable comb drive
member that includes two sets of comb drive fingers extending in opposite
directions from the center beam towards the comb drive fingers of each of
the first and second fixed comb drive members. The moveable comb drive
member is moveable between the first position in which the comb drive
fingers of the moveable comb drive 25 member, the first comb drive member
and the second comb drive member are partially overlapped, the second
position in which the comb drive fingers of the first fixed comb drive
member and one of the sets of the moveable comb drive member are
interdigitated and a third position in which the comb drive fingers of the
second fixed comb drive member and the other of the sets of the moveable
comb drive member are interdigitated 30Embodiments of the present invention
further provide a displacement multiplier for use within a Micro
Electro-Mechanical System (MEMS) device that can increase the travel range
of 



the electrostatic comb-drive actuator by an order of magnitude. The
displacement multiplier includes a pair of springs symmetrical about a
central axis of the displacement multiplier parallel  WO
2010/121121PCT/US2010/031380 to a direction of a force applied to the
displacement multiplier, in which each of the springs is stiff in the
direction of the force and compliant in a direction perpendicular to the
direction of the force. The displacement multiplier further includes a pair
of angled beam members symmetrical about the central axis and each having a
first end coupled to a corresponding one of the pair of 5 springs, a pair
of pivots symmetrical about the central axis and each coupled to a
corresponding one of the pair of angled beam members at a respective pivot
point to allow rotation of the pair of angled beam members in response to
motion of the pair of springs, a first pair of hinges symmetrical about the
central axis and each coupled to a second end of a corresponding one of the
pair of angled beam members, a pair of rigid body members symmetrical about
the central to axis and each having a first end coupled to a corresponding
one of the first pair of hinges and a second pair of hinges symmetrical
about the central axis and each coupled to a second end of a corresponding
one of the pair of rigid body members. The first and second pairs of hinges
allow rotation of the pair of rigid body members in response to motion of
the pair of springs. In exemplary embodiments, each of the springs is a
compliant structure forming a U- 15 shaped beam, each of the pivots is a
compliant structure forming a cantilever beam and each of the hinges is a
compliant structure forming an S-shape beam.       In further exemplary
embodiments, corresponding ones of the first and second pair of hinges and
the corresponding rigid body member therebetween form respective rotational
joint systems in which motion in a direction perpendicular to the direction
of motion of the 20 electrostatic comb-drive actuator is magnified and
transformed to a direction of motion of a MEMS element coupled between the
second pair of hinges. In addition, corresponding ones of the pair of
springs, the pair of pivots and the pair of angled beam members form
respective lever systems, and the lever systems and the rotational joint
systems are placed symmetrically around the symmetrical axis to transform
rotation motion into translational motion corresponding to the 25 direction
of motion of the MEMS element. Embodiments of the present invention further
provide a MEMS device that includes the electrostatic comb-drive actuator
with improved side stability, displacement multiplier and a MEMS moveable
element coupled to the displacement multiplier. The force applied by the
electrostatic comb-drive actuator on the displacement multiplier causes an
amplified 30 displacement of the MEMS moveable element with respect to the
displacement of the flexure 



spring assembly of the comb-drive actuator. In further embodiments, at
least one additional electrostatic comb-drive actuator is coupled to the
displacement multiplier to provide improved actuator stability, therefore
increasing the total travel range, while decreasing the driving voltage.
WO 2010/121121PCT/US2010/031380 BRIEF DESCRIPTION OF THE DRAWINGS       A
more complete understanding of the present invention may be obtained by
reference to the following detailed description when taken in conjunction
with the accompanying drawings wherein: 5FIGURE 1 is plan view illustrating
a prior art electrostatic comb-drive MEMS actuator;       FIGURE 2 is a
plan view illustrating an exemplary electrostatic comb-drive MEMS actuator
in accordance with embodiments of the present invention;       FIGURE 3 is
a plan view illustrating another exemplary electrostatic comb-drive MEMS
actuator in accordance with embodiments of the present invention; 10FIGURES
4 and 5 illustrate motion of the electrostatic comb-drive MEMS actuator of
FIGURE 3;       FIGURES 6-8B illustrate the effect of side force on the
electrostatic comb-drive MEMS actuator of FIGURE 3; FIGURE 9 is a chart
illustrating the measured stable travel range of the electrostatic 15
comb-drive MEMS actuator in accordance with embodiments of the present
invention; FIGURE 10 is a diagram illustrating an exemplary displacement
multiplier for use with a MEMS actuator in accordance with embodiments of
the present invention; 



FIGURE 11 illustrates motion of the displacement multiplier to cause a
displacement of a MEMS element, in accordance with embodiments of the
present invention; 20FIGURE 12 is a plan view of an exemplary displacement
multiplier in accordance with embodiments of the present invention;
FIGURE 13 is a plan view of an exemplary MEMS device including an exemplary
electrostatic comb-drive actuator and exemplary displacement multiplier in
accordance with embodiments of the present invention; and 25FIGURE 14
illustrates exemplary motion of the MEMS device in accordance with
embodiments of the present invention. DETAILED DESCRIPTION OF THE DRAWINGS
In accordance with embodiments of the present invention, an architecture is
described for an electrostatic comb-drive actuator that utilizes balanced
fingers to increase the stable range in 30 which the actuator can operate
with no sticking. In addition, a displacement multiplier architecture is
also described for use with a MEMS actuator to increase the displacement of
the MEMS actuator by an order of magnitude.  WO
2010/121121PCT/US2010/031380      FIGURE 1 illustrates a conventional
electrostatic comb-drive actuator 10 for MEMS application. The actuator 10
includes a comb drive assembly 20 and a flexure spring assembly 30. The
comb drive assembly 20 includes a fixed comb drive member 21 and a moveable
comb drive member 23. Each of the fixed and moveable comb drive members 21
and 23 includes an 5 elongate beam member 22 and 26, respectively, each
having comb drive fingers 24 and 28, respectively, extending from one side
thereof. The comb drive fingers 24 and 28 are arranged to slide past one
another so as to become interdigitated in response to a voltage being
applied across the fixed and moveable comb drive members 21 and 23 via
electrodes 25. For example, by applying a driving voltage between the
moveable comb drive fingers 28 and the fixed comb 10 drive fingers 24, a
displacement of the moveable comb drive fingers 28 toward the fixed comb
drive fingers 24 is generated by the attractive electrostatic force.
The flexure spring assembly 30 includes springs 32, anchors 34 and a rotor
36. The rotor 36 is attached to the elongate member 26 of the moveable comb
drive member 23. Springs 32 are coupled to the rotor 36 to enable linear
motion of the rotor 36 as a result of the electrostatic 15 force produced
by the comb drive assembly 20. For example, when a voltage is applied to
the comb drive assembly 20, the moveable comb drive member 23 moves from a
first position in which the moveable comb drive fingers 28 and the fixed
comb drive fingers 24 are partially overlapped to a second position in
which the moveable comb drive fingers 28 and the fixed comb drive fingers
24 are interdigitated to cause a linear displacement of the rotor 36 in the
direction 20 of motion. Anchors 34 secure the springs 32 to a substrate
(not shown) and enable the rotor 36 to spring back to an initial position
when a voltage is no longer present across the comb drive members 21 and
23. 



However, the maximum distance traveled by the rotor 36 is constricted by
side instability that causes the comb drive fingers 24 and 28 to snap
together due to a force unbalance resulting 25 from a large electrostatic
force with respect to a spring mechanical restoring force perpendicular to
the direction of motion. In theory, the electrostatic forces at both comb
drive members 21 and 23 should be equal, thus enabling each of the moveable
comb drive fingers 28 to traverse along a respective central axis between
two fixed comb drive fingers 24 without snapping. However, in practice, any
misalignment in lithography process, etching process or any environmental
30 disturbance could displace the moveable comb drive fingers 28 away from
the central position between fixed comb drive fingers 24. Thus, the
electrostatic forces at both comb drive members may be unequal.
Accordingly, if the spring constant in the perpendicular direction cannot
sustain the moveable comb drive fingers 28 at a steady position between two
fixed comb drive fingers  WO 2010/121121PCT/US2010/031380 24, the moveable
comb drive fingers will snap to one side of the fixed comb drive fingers
24, and the rotor will not be able to cover more distance.       For
example, as shown in FIGURE 1, the direction of motion is the x-direction,
and the force resulting from the instability is F. If the force Fy is large
enough, the rotor 36 will move in 5 the y-direction towards one of the
fixed fingers 24, depending on the sign of F. This will in turn result in a
moment Mo around the center of the flexure spring assembly 30. Thus, at the
onset of instability, there are two effects coupled together: the
translation in the direction perpendicular to the motion and the moment
around the Z- axis Mo. In accordance with embodiments of the present
invention, as shown in FIGURE 2, an 



10 electrostatic comb-drive actuator 100 is shown that provides reduced
side instability. The electrostatic comb-drive actuator 100 includes two
comb drive assemblies 110a and 110b symmetrically placed about a flexure
spring assembly 120.       Each comb drive assembly 110a and 110b includes
a respective fixed comb drive member 111 coupled to an underlying substrate
(not shown) and a respective moveable comb 15 drive member 113. Each of the
fixed and moveable comb drive members 111 and 113 includes a respective
elongate beam member 112 and 116, each having respective comb drive fingers
114 and 118 extending from one side thereof. The comb drive fingers 114 and
118 are arranged to slide past one another so as to become interdigitated
in response to a voltage being applied across the fixed and moveable comb
drive members 111 and 113 via electrodes 115. 20The comb drive fingers 114
and 118 are divided equally between the first and second comb drive
assemblies 110a and 110b and placed symmetrically about a symmetry axis 128
in the Y-direction of the flexure spring assembly 120 perpendicular to a
direction of motion of the moveable comb drive members 113 in the
X-direction. Thus, half of the comb drive fingers 114 and 118 are placed to
the left of the flexure spring assembly 120 and the other half of the comb
25 drive fingers 114 and 118 are placed to the right of the flexure spring
assembly 120 in a balanced manner The flexure spring assembly 120 includes
springs 122 and a rotor 124. The rotor 124 is attached to the elongate
member 116 of each of the moveable comb drive members 113 of the first and
second comb drive assemblies 110a and 110b. Therefore, when electrically
energized, 30 the first and second comb drive assemblies 110a and 110b
contribute electrostatic force in the same direction of motion such that
the moveable comb drive fingers 118 of both the first and second comb drive
assemblies 110a and 110b simultaneously move towards the respective fixed
comb drive fingers 114 of the first and second comb drive assemblies 110a
and 110b. For  WO 2010/121121PCT/US2010/031380 example, the moveable comb
drive member 113 of each comb drive assembly 110a and 110b is moveable
between a first position in which the comb drive fingers 114 and 118 of the
fixed comb drive member 111 and the moveable comb drive member 113 are
partially overlapped and a second position in which the comb drive fingers
114 and 118 of the fixed comb drive member 5 111 and the moveable comb
drive member 113 are interdigitated to cause a displacement of the rotor
124. 



Springs 122 are coupled to the rotor 124 to enable the linear motion of the
rotor 124 in response to the electrostatic forces produced by each of the
comb drive assemblies 110a and 110b. In addition, the springs 122 enable
the rotor 124 to spring back to an initial position when 10 a voltage is no
longer present across the comb drive assemblies 110a and 110b. Although not
shown, anchors secure the springs 122 to the substrate.      FIGURE 3
illustrates another exemplary electrostatic comb-drive actuator 100 in
accordance with embodiments of the present invention. The electrostatic
comb-drive actuator 100 shown in FIGURE 3 is a bi-directional comb-drive
actuator in a push-pull configuration that 15 effectively doubles the
travel range of the actuator. The bi-directional electrostatic comb-drive
actuator 100 includes first and second comb drive assemblies 110a and 110b
and flexure spring assembly 120. Each of the first and second comb drive
assemblies 110a and 110b includes first and second fixed comb drive members
111a and 111b coupled to an underlying substrate (not shown) and a moveable
comb drive member 113. 20Each of the first and second comb drive members
111a and 111b has a respective elongate member 112a and 112b with
respective comb drive fingers 114a and 114b extending from one side thereof
in a juxtapositional manner. The moveable comb drive member 113 includes
two sets of comb drive fingers 118a and 118b extending in opposite
directions from a center beam 116 towards respective comb drive fingers
118a and 118b of each of the first and 25 second fixed comb drive members
111a and 111b. Comb drive fingers 114a and 118a are each arranged to slide
past one another so as to become interdigitated in response to a voltage
being applied across the first fixed comb drive member 111a and the
moveable comb drive member 113 via electrodes 115a. In addition, comb drive
fingers 114b and 118b are each arranged to slide past one another so as to
become 30 interdigitated in response to a voltage being applied across the
second fixed comb drive member 111b and the moveable comb drive member 113
via electrodes 115b. For example, the moveable comb drive member 113 is
moveable between a first position in which the comb drive fingers 118a and
118b of the moveable comb drive member 113 are partially overlapped with
the WO 2010/121121PCT/US2010/031380 comb drive fingers 114a and 114b of the
first and second fixed comb drive members 111a and 111b, respectively, a
second position in which the comb drive fingers 114a of the first fixed
comb drive member 111a and the comb drive fingers 118a of the moveable comb
drive member 113 are interdigitated and a third position in which the comb
drive fingers 114b of the second 



5 fixed comb drive member 111b and the comb drive fingers 118b of the
moveable comb drive member 113 are interdigitated.       As in FIGURE 2,
the comb drive fingers 114a, 114b, 118a and 118b are divided equally
between the first and second comb drive assemblies 110a and 110b and placed
symmetrically about the symmetry axis 128 of the flexure spring assembly
120 perpendicular to a direction of 10 motion of the moveable comb drive
members 113. Thus, half of the comb drive fingers 114a, 114b, 118a and 118b
are placed to the left of the flexure spring assembly 120 and the other
half of the comb drive fingers 114a, 114b, 118a and 118b are placed to the
right of the flexure spring assembly 120 in a balanced manner The flexure
spring assembly 120 also includes springs 122 and the rotor 124. The rotor
15 124 is attached to the center beam 116 of each of the moveable comb
drive members 113 of the first and second comb drive assemblies 110a and
110b. Therefore, when electrically energized, the first and second comb
drive assemblies 110a and 110b contribute electrostatic force in the same
direction of motion such that the moveable comb drive fingers 118a and 118b
of both the first and second comb drive assemblies 110a and 110b
simultaneously move towards the 20 respective fixed comb drive fingers 114a
and 114b of the first and second comb drive assemblies 110a and 110b.
Springs 122 are coupled to the rotor 124 to enable the linear motion of the
rotor 124 in response to the electrostatic forces produced by each of the
comb drive assemblies 110a and 110b. In addition, the springs 122 enable
the rotor 124 to spring back to an initial position when a voltage is no
longer present across the comb drive assemblies 110a and 110b. Although 25
not shown, anchors secure the springs 122 to the substrate. Turning now to
FIGURES 4 and 5, the push-pull operation of the bi-directional
electrostatic comb drive actuator 100 is shown. As shown in FIGURE 4, when
there is an actuation on the first fixed comb drive member 111a of each of
the first and second comb drive assemblies 110a and 110b (i.e., V1 is on
and V2 is off), the first fixed comb drive fingers 114a 30 and the
juxtaposed moveable comb drive fingers 118a on that side become
interdigitated while the second fixed comb drive fingers 114b and the
moveable comb drive fingers 118b on the other side of each of the first and
second comb drive assemblies are not overlapping. In this WO
2010/121121PCT/US2010/031380 embodiment, the rotor's 124 linear motion is
in the direction of the first comb drive assembly 110a.  



Likewise, as shown in FIGURE 5, when there is an actuation on the second
fixed comb drive member 111b of each of the first and second comb drive
assemblies 110a and 1 lb (i.e., V2 5 is on and V1 is off), the second fixed
comb drive fingers 114b and the juxtaposed moveable comb drive fingers 118b
on that side become interdigitated while the first fixed comb drive fingers
114a and the moveable comb drive fingers 118a on the other side are not
overlapping. In this embodiment, the rotor's 124 linear motion is in the
direction of the second comb drive assembly 110b. As can be seen, the
push-pull configuration effectively doubles the travel range 10 of the comb
drive actuator 100, while not affecting the stable travel range since the
finger overlap at the initial position is kept to a minimum (i.e. during
actuator operation on one side of each of the comb drive assemblies, the
fingers of the other side thereof are non-overlapping).       FIGURES 6-8
illustrate the effect of side force on the electrostatic comb-drive MEMS
actuator of FIGURE 3. In each of FIGURES 6-8, the electrostatic side force
Fy is divided 15 between the first and second comb drive assemblies 110a
and 110b and the effect of side force Fy as well as the moment Mo for three
exemplary cases of Fy is illustrated. As shown in FIGURE 6, the side forces
Fy/2 are acting in the same direction on both of the comb drive assemblies
110a and 110b. In this case, the moment Mo around the center of the flexure
spring assembly 120 is zero, as each side cancels the moment effect of the
other, which leads to an 20 enhancement in the stable travel range. Thus,
there is only force Fy to be balanced by the spring 120.       The second
case shown in FIGURE 7 is similar to the case shown in FIGURE 6, except
that the forces Fy/2 are in opposite directions on each of the comb drive
assemblies 110a and 110b. In this case, the moment around the center of the
flexure spring assembly 120 is not 25 canceled. However, the displacement
in the y-direction is canceled, and only the rotation due to moment Mo
needs to be balanced by the spring, which in turn enhances the stable range
of the comb drive actuator. In the third case, as shown in FIGURE 8A, there
is a force Fy/2 on only one of the comb drive assemblies 110a. In this
case, there is a translation in the y-direction and a moment, but in 30
only the comb drive assembly 110a where the force is applied. Although the
other comb drive assembly 110b may be disturbed, the forces are balanced on
the fingers 114a, 114b, 118a and 118b of the other comb drive assembly
110b, and therefore, the fingers 114a, 114b, 118a and 118b of the other
comb drive assembly 110b will not stick. This has been verified  WO
2010/121121PCT/US2010/031380 



experimentally, as shown in the optical microscope photograph of FIGURE 8B,
where it can be seen that when V1 is on for both comb drive assemblies 110a
and 110b, the set of pull fingers on the comb drive assembly 110a on the
left are sticking while the set of pull fingers on the comb drive assembly
110b on the right are not sticking. 5FIGURE 9 is a chart illustrating
experimental measurements of the stable travel range of the electrostatic
comb-drive MEMS actuator in accordance with embodiments of the present
invention. The displacement of a single sided fingers comb-drive actuator
(i.e., only one comb drive assembly as shown in FIGURE 1) versus the
displacement of a double sided comb-drive actuator (i.e., two opposing comb
drive assemblies, as shown in FIGURES 2 and 3) is shown. 10 Both actuators
have the same dimensions of the spring and comb drive fingers. The comb
drive with single sided fingers has stable travel range of about 85 jam,
while the comb drive with double sided fingers achieved a stable travel
range of 125 jam. This is an extension in the travel range of 47 % with the
double sided comb-drive actuator as compared to the single sided comb-drive
actuator. 15To further increase the travel range, in addition to using a
balanced fingers electrostatic comb-drive actuator, a displacement
multiplier 200, as shown in FIGURE 10, can also be used. The displacement
multiplier 200 operates based on two principles; leverage and classical
rotation joints. As is well-known, a lever is a rigid bar that is used with
a pivot point to trade off force for displacement. The principle of
operation of a lever is simply that the work done at any point on 20 the
lever is always the same. Accordingly, the displacement at one end of the
lever (D2) is equal to the displacement at the other end of the lever (D1)
multiplied by the fractional length on each side of the pivot (L2 and L1)
as follows: D2 = Di r L2 L 1 i (Equation 3)      Equation (3) above
represents the basic equation for the lever or cantilever displacement 25
multiplication.       The principle of operation of classical joints is to
translate motion from an initial direction to the perpendicular direction
with amplification in displacement. The displacement amplification (0)
produced by the classical rotation joint mechanism is a function of the
length (L) of a rigid body between the two rotational joints, the distance
(i) traveled in the initial 30 direction by one of the rotational joints
and the angle (a) of rotation of the rigid body as a function of the
displacement (0) of the other rotational joint, which can be given as: 



WO 2010/121121PCT/US2010/031380 0 = VL2 sin 2 a+ i(2L cos a - i) - L sin
a(Equation 4) Since the displacement multiplier 200 shown in FIGURE 10
combines a leverage system with a rotational joints system, the overall
magnification of the displacement multiplier 200 is thus the multiplication
of the ratio L2/L1 by 0. 5Turning now to the particulars of the
displacement multiplier 200, the displacement multiplier 200 includes a
pair of springs 220 symmetrical about a central axis 210 of the
displacement multiplier 200 parallel to a direction of a force F applied to
the displacement multiplier 200, a pair of spring hinges 225 symmetrical
about the central axis 210, a pair of rigid angled beam members 235
symmetrical about the central axis 210, a pair of pivots 230 10 symmetrical
about the central axis, a first pair of hinges 240 symmetrical about the
central axis 210, a second pair of hinges 250 symmetrical about the central
axis 210 and a pair of rigid body members 245 symmetrical about the central
axis 210. A MEMS element 260, such as a micromirror or other moveable
component, is coupled between the second pair of hinges 250. Each of the
springs 220 is stiff in the direction of the force F and compliant in a
direction 15 perpendicular to the direction of the force, and is coupled to
a corresponding one of the pair of spring hinges 225. Each of the angled
beam members 235 has a first end coupled to a corresponding one of the pair
of spring hinges 225, and a second end coupled to a corresponding one of
the first pair of hinges 240. Each of the pivots 230 is coupled to a
corresponding one of the pair of angled beam members 235 at a respective
pivot point to allow rotation of the pair of 20 angled beam members 235 at
spring hinges 225 in response to motion of the pair of springs 220. Each of
the rigid body members has a first end coupled to a corresponding one of
the first pair of hinges 240 and a second end coupled to a corresponding
one of the second pair of hinges 240. The first and second pairs of hinges
240 and 250 allow rotation of the pair of rigid body members 245 in
response to motion of the pair of springs 220. 25The input displacement of
the springs 220 results from applying a mechanical force by a MEMS
actuator. In an exemplary embodiment, the MEMS actuator is the
electrostatic comb- drive actuator of FIGURE 2 or 3. However, in other
embodiments, the MEMS actuator could be a different electrical, thermal or
magnetic actuator. The displacement multiplier 200 is symmetric around the
central axis (or X-axis) 210 to ensure that the input and the output 30
displacements are in the X direction only without any rotation or
displacements in the Y direction. The springs 220 isolate the motion in the
Y direction and translate the motion in the X direction. Thus, the springs
220 are compliant in the Y direction and stiff in the X direction and 



WO 2010/121121PCT/US2010/031380 are coupled to the angled beam members via
spring hinges 225 to allow rotation. The pivots 230 allow only one degree
of freedom (i.e., the rotation of the angled beam members 235). The hinges
240 and 250 translate motion and allow rotation of the rigid body members
245. For example, as shown in FIGURE 11, two exemplary states for the
displacement 5 multiplier are illustrated. In the first state, no force has
been applied to the displacement multiplier 200 and the position of MEMS
element 260 remains unchanged, as in FIGURE 10. In the second state, a
force is applied to the displacement multiplier 200 to cause rotation of
the angled beam members 235 and rigid body members 245 to enable the MEMS
element 260 to be displaced. It can be seen in FIGURE 11 that a small input
displacement Din due to the MEMS 10 actuator is amplified by the
displacement amplifier 200, resulting in a large output displacement Dout.
Turning now to FIGURE 12, to avoid any friction between the different parts
of the displacement multiplier 200, the hinges and pivots have been
replaced by compliant structures. As shown in FIGURE 12, the springs and
corresponding spring hinges 220 and 225 have been 15 replaced with
compliant structures that each have a U-shaped beam designed to be
compliant in the Y direction and stiff in the X direction. Hence, the
spring beam 220 parallel to the X-axis is long while the beam parallel to
the Y-axis is short. The U-shaped beam 220 also serves as a hinge, and has
the advantage of minimizing the structure dimension along X-direction. The
pivots 230 have also replaced with compliant structures. For example, as
shown in 20 FIGURE 12, simple cantilever beams 230 serve as the pivots.
Although the ideal pivot allows for rotation without displacement (i.e.,
only one degree of freedom), while the cantilever beam allows for
displacement and rotation, the cantilever beam performs more efficiently
than the ideal pivot. In FIGURE 12, any displacement from the cantilever
beam in the X direction will be translated additively to the output
displacement, which will increase the displacement 25 multiplication of the
MEMS element 260. On the other hand, any displacement of the cantilever
beam in the Y direction will be transformed and multiplied by the classical
rotation joints to a displacement in the X-direction, which adds to the
output displacement and increases the displacement multiplication of the
MEMS element 260. The hinges 240 and 250 have been replaced with compliant
structures that have S-shaped 30 beams that are stiff in both the X and Y
directions to translate motion. In addition, the S-shaped beams 240 and 250
are compliant in the rotational direction to perform as ideal hinges.
Accordingly, there is a tradeoff in the design of the S-shaped hinges to
achieve optimal performance.  WO 2010/121121PCT/US2010/031380       FIGURE
13 illustrates an exemplary MEMS device 300 including an exemplary
electrostatic comb-drive actuator 100 and exemplary displacement multiplier
200 in accordance with embodiments of the present invention. When the
displacement multiplier 200 is used with the electrostatic comb-drive
actuator 100, the total travel range can be extended for small 



5 displacements of the actuator 100. In addition, by utilizing two or more
comb-drive actuators, the driving voltage necessary for driving each
comb-drive actuator is reduced.       In FIGURE 13, two electrostatic
comb-drive actuators 100 are used to drive the displacement multiplier 200,
which can further increase the side stability. For example, if the
stiffness in the X-direction from the displacement multiplier 200 is
Kmultiplier and there are two 10 electrostatic comb-drive actuators,
Kmultiplier will be divided equally between the two actuators 100.
Therefore, when considering the side stability of the comb-drive actuators,
a stiffness of half Kmultiplier is added to each of the actuators. As such,
using two electrostatic comb-drive actuators rather than one divides the
loading effect from the stiffness in the X direction of the displacement
multiplier 200 onto the two actuators 100. By dividing Kmultiplier in half,
the total 15 stiffness in the X direction decreases.       For example, the
total stiffness in the X direction using only one comb-drive actuator can
be estimated as: K total = K x K1.1. 9(Equation 5)   where Kx is the
stiffness of the spring of the electrostatic comb-drive actuator in the X
direction. 20 Therefore, the total stiffness in the X direction using two
comb-drive actuators with two springs is: K multiplier KXtotal = K x 2
(Equation 6)        Thus, decreasing stiffness in the x direction increases
side stability; which results in a longer travel range. More particularly,
when the ratio between the total spring constant stiffness 25 in the Y and
X directions (Ky/Kx) is increased, a longer stable travel range of the
comb-drive actuator is produced. Since the displacement multiplier 200 has
a low stiffness in the Y-direction, reducing the X-stiffness share for each
comb-drive actuator 100 ensures a long travel range.           FIGURE 14
illustrates exemplary motion of the MEMS device 300 in accordance with 30
embodiments of the present invention. As can be seen in FIGURE 14, by
combining the  WO 2010/121121PCT/US2010/031380 



balanced fingers comb-drive actuator 100 shown in FIGURE 3 and the
displacement multiplier shown in FIGURE 12, larger displacements of the
MEMS element 260 can be achieved. The magnification factor of the
displacement multiplier 200 may be adjusted to achieve an order of
magnitude increase in the displacement. 5As will be recognized by those
skilled in the art, the innovative concepts described in the present
application can be modified and varied over a wide range of applications.
Accordingly, the scope of patents subject matter should not be limited to
any of the specific exemplary teachings discussed, but is instead defined
by the following claims.  WO 2010/121121PCT/US2010/031380 WE CLAIM:  1. An
electrostatic comb drive actuator for a Micro Electro-Mechanical System
(MEMS) device, comprising: a flexure spring assembly; and 5first and second
comb drive assemblies, each coupled to the flexure spring assembly on
opposing sides thereof, each of the first and second comb assemblies
including:      a fixed comb drive member having an elongate member with
comb drive fingers extending from one side thereof; and           a
moveable comb drive member having a center beam coupled to the flexure
10spring assembly and comb drive fingers extending from one side of the
center beam towards the comb drive fingers of the fixed comb drive member;
wherein the moveable comb drive member is moveable between a first position
in which the comb drive fingers of the moveable comb drive member and the
fixed comb drive member are partially overlapped and a second position in
which the comb drive 15fingers of the moveable comb drive member and the
fixed comb drive member are interdigitated to cause a displacement of the
flexure spring assembly;       wherein the comb drive fingers are divided
equally between the first and second comb drive assemblies and placed
symmetrically about a symmetry axis of the flexure spring assembly
perpendicular to a direction of motion of the moveable comb drive member;
and 



20wherein the first and second comb drive assemblies when electrically
energized contribute electrostatic force in the same direction of motion
such that the comb drive fingers of the moveable comb drive members of both
the first and second comb drive assemblies simultaneously move towards the
comb drive fingers of the respective fixed comb drive members of the first
and second comb drive assemblies. 25  2. The electrostatic comb drive
actuator of Claim 1, wherein each of the first and second comb drive
assemblies further includes:         first and second fixed comb drive
members, each of the first and second comb drive members having a
respective elongate member with respective comb drive fingers extending 30
from one side thereof; and       the moveable comb drive member includes
two sets of comb drive fingers extending in opposite directions from the
center beam towards the comb drive fingers of each of the first and second
fixed comb drive members;  WO 2010/121121PCT/US2010/031380       wherein
the moveable comb drive member is moveable between the first position in
which the comb drive fingers of the moveable comb drive member, the first
fixed comb drive member and the second fixed comb drive member are
partially overlapped, the second position in which the comb drive fingers
of the first fixed comb drive member and one of the sets of the 5 moveable
comb drive member are interdigitated and a third position in which the comb
drive fingers of the second fixed comb drive member and the other of the
sets of the moveable comb drive member are interdigitated.   3. The
electrostatic comb drive actuator of Claim 2, wherein, in the second
position, there is 10 no overlap between the comb drive fingers of the
second fixed comb drive member and the moveable comb drive member.   4. The
electrostatic comb drive actuator of Claim 2, wherein, in the third
position, there is no overlap between the comb drive fingers of the first
fixed comb drive member and the 15 moveable comb drive member  5. The
electrostatic comb drive actuator of Claim 1, wherein a moment around a
center of the flexure spring assembly is canceled when an electrostatic
force perpendicular to the direction of motion of the moveable comb drive
member on each of the first and second comb drive 20 assemblies is in a
same direction.  6. The electrostatic comb drive actuator of Claim 5,
wherein a displacement of the comb drive fingers of the moveable comb drive
member in the direction perpendicular to the direction of motion of the
moveable comb drive member is canceled when the electrostatic force on each
25 of the first and second comb drive assemblies is in opposite directions.
7. The electrostatic comb drive actuator of Claim 5, wherein a displacement
of the comb drive fingers of the moveable comb drive member in the
direction perpendicular to the direction of motion of the moveable comb
drive member is minimized on the first comb drive assembly 



30 when the electrostatic force on the second comb drive assembly is
greater than the electrostatic force on the first comb drive assembly  WO
2010/121121PCT/US2010/031380 8.A Micro Electro-Mechanical System (MEMS)
device, comprising: an electrostatic comb drive actuator including: a
flexure spring assembly; and           first and second comb drive
assemblies, each coupled to the flexure spring 5assembly on opposing sides
thereof, each of the first and second comb assemblies including:       a
fixed comb drive member having an elongate member with comb drive fingers
extending from one side thereof; and a moveable comb drive member having a
center beam coupled to the 10flexure spring assembly and comb drive fingers
extending from one side of the center beam towards the comb drive fingers
of the fixed comb drive member;       wherein the moveable comb drive
member is moveable between a first position in which the comb drive fingers
of the moveable comb drive member and the fixed comb drive member are
partially overlapped and a second position in 15  which the comb drive
fingers of the moveable comb drive member and the fixed comb drive member
are interdigitated to cause a displacement of the flexure spring member;
wherein the comb drive fingers are divided equally between the first and
second comb drive assemblies and placed symmetrically about a symmetry axis
20of the flexure spring assembly perpendicular to a direction of motion of
the moveable comb drive member; and 



wherein the first and second comb drive assemblies when electrically
energized contribute electrostatic force in the same direction of motion
such that the comb drive fingers of the moveable comb drive members of both
the first and 25  second comb drive assemblies simultaneously move towards
the comb drive fingers of the respective fixed comb drive members of the
first and second comb drive assemblies      a displacement multiplier
coupled to the flexure spring assembly of the electrostatic comb drive
actuator, the displacement multiplier including: 30a pair of springs
symmetrical about a central axis of the displacement multiplier parallel to
a direction of force applied by the electrostatic comb drive actuator to
the displacement multiplier as a result of the displacement of the flexure
spring assembly,  WO 2010/121121PCT/US2010/031380 each of the springs being
stiff in the direction of the force and compliant in a direction
perpendicular to the direction of the force;       a pair of angled beam
members symmetrical about the central axis and each having a first end
coupled to a corresponding one of the pair of springs; 5a pair of pivots
symmetrical about the central axis and each coupled to a corresponding one
of the pair of angled beam members at a respective pivot point to allow
rotation of the pair of angled beam members in response to motion of the
pair of springs;                a first pair of hinges symmetrical about
the central axis and each coupled to a 10second end of a corresponding one
of the pair of angled beam members;      a pair of rigid body members
symmetrical about the central axis and each having a first end coupled to a
corresponding one of the first pair of hinges; and      a second pair of
hinges symmetrical about the central axis and each coupled to a second end
of a corresponding one of the pair of rigid body members, the first and
second 15pairs of hinges allowing rotation of the pair of rigid body
members in response to motion of the pair of springs; and 



a MEMS moveable element coupled between the second pair of hinges;
wherein the force applied by the electrostatic comb drive actuator on the
displacement multiplier causes an amplified displacement of the MEMS
moveable element with respect to the 20 displacement of the flexure spring
assembly. 9.The MEMS device of Claim 8, wherein each of the first and
second comb drive assemblies further includes:         first and second
fixed comb drive members, each of the first and second comb drive 25
members having a respective elongate member with respective comb drive
fingers extending from one side thereof; and       the moveable comb drive
member includes two sets of comb drive fingers extending in opposite
directions from the center beam towards the comb drive fingers of each of
the first and second fixed comb drive members; 30wherein the moveable comb
drive member is moveable between the first position in which the comb drive
fingers of the moveable comb drive member, the first comb drive member and
the second comb drive member are partially overlapped, the second position
in which the comb drive fingers of the first fixed comb drive member and
one of the sets of the moveable WO 2010/121121PCT/US2010/031380 comb drive
member are interdigitated and a third position in which the comb drive
fingers of the second fixed comb drive member and the other of the sets of
the moveable comb drive member are interdigitated 5 10.The MEMS device of
Claim 9, wherein in the second position, there is no overlap between the
comb drive fingers of the second fixed comb drive member and the moveable
comb drive member.   11. The MEMS device of Claim 9, wherein, in the third
position, there is no overlap between 10 the comb drive fingers of the
first fixed comb drive member and the moveable comb drive member  12. The
MEMS device of Claim 8, wherein each of the springs is a compliant
structure forming a U-shaped beam. 15 



13. The MEMS device of Claim 8, wherein each of the pivots is a compliant
structure forming a cantilever beam.     14. The MEMS device of Claim 8,
wherein each of the hinges is a compliant structure 20 forming an S-shape
beam.  15. The MEMS device of Claim 8, wherein corresponding ones of the
first and second pair of hinges and the corresponding rigid body member
therebetween form respective rotational joint systems in which motion in a
direction perpendicular to the direction of motion of the 25 electrostatic
comb-drive actuator is magnified and transformed to the direction of motion
of the MEMS element.  16. The MEMS device of Claim 15, wherein
corresponding ones of the pair of springs, the pair of pivots and the pair
of angled beam members form respective lever systems, wherein the 30 lever
systems and the rotational joint systems are placed symmetrically around
the symmetrical axis to transform rotation motion into translational motion
corresponding to the direction of motion of the MEMS element.  WO
2010/121121PCT/US2010/031380 17.The MEMS device of Claim 8, further
comprising:       at least one additional electrostatic comb-drive actuator
coupled to the displacement multiplier. 5 18.A displacement multiplier for
use within a Micro Electro-Mechanical System (MEMS) device, comprising:
a pair of springs symmetrical about a central axis of the displacement
multiplier parallel to a direction of a force applied to the displacement
multiplier, each of the springs being stiff in the direction of the force
and compliant in a direction perpendicular to the direction of the force;
10a pair of angled beam members symmetrical about the central axis and each
having a first end coupled to a corresponding one of the pair of springs;
a pair of pivots symmetrical about the central axis and each coupled to a
corresponding one of the pair of angled beam members at a respective pivot
point to allow rotation of the pair of angled beam members in response to
motion of the pair of springs; 15a first pair of hinges symmetrical about
the central axis and each coupled to a second end 



of a corresponding one of the pair of angled beam members;       a pair of
rigid body members symmetrical about the central axis and each having a
first end coupled to a corresponding one of the first pair of hinges; and a
second pair of hinges symmetrical about the central axis and each coupled
to a second 20 end of a corresponding one of the pair of rigid body
members, the first and second pairs of hinges allowing rotation of the pair
of rigid body members in response to motion of the pair of springs.     19.
The displacement multiplier of Claim 18, wherein each of the springs is a
compliant 25 structure forming a U-shaped beam.  20. The displacement
multiplier of Claim 18, wherein each of the pivots is a compliant structure
forming a cantilever beam. 30 21.The displacement multiplier of Claim 18,
wherein each of the hinges is a compliant structure forming an S-shape
beam.  WO 2010/121121PCT/US2010/031380  22. The displacement multiplier of
Claim 18, wherein corresponding ones of the pair of springs, the pair of
angled beam members and the pair of pivots form respective leverage
mechanisms that magnify an input displacement associated with the force
applied to the displacement multiplier. 5  23. The displacement multiplier
of Claim 18, wherein corresponding ones of the first and second pair of
hinges and the corresponding rigid body member therebetween form respective
rotational joint systems in which motion in a direction perpendicular to
the direction of motion of the electrostatic comb-drive actuator is
magnified and transformed to a direction of motion of a 10 MEMS element
coupled between the second pair of hinges.  24. The displacement multiplier
of Claim 23, wherein corresponding ones of the pair of springs, the pair of
pivots and the pair of angled beam members form respective lever systems,
wherein the lever systems and the rotational joint systems are placed
symmetrically around the 15 symmetrical axis to transform rotation motion
into translational motion corresponding to the direction of motion of the
MEMS element. 


