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MEMS-BASED OPTICAL IMAGE STABILIZATION

Related Applications

This application claims priority to U.S. Application No. 13/247,906, filed September 28,
2011 and to U.S. Application No. 13/247,895, filed September 28, 2011. The contents of these

applications are incorporated herein in their entirety.

Technical Field

This disclosure relates, in general, to optical devices, and more particularly, to a MEMS-

based image stabilization system.

Background

The explosive growth of cell phone cameras with features such as zoom, auto focus, and
high resolution has threatened to make the point-and-shoot digital camera obsolete. But as such
miniature cameras migrate to ever higher megapixel density and zoom capabilities, the resulting
image quality suffers from shaky human hands. Indeed, it is physically impossible for a human
user to hold a camera still even when consciously trying in that human hands have a natural
tremor that peaks in the range of 7 to 11 Hz. This roughly 10 Hz shaking of the camera will have
more and more effect on the image quality depending upon the exposure time and also the
angular field-of-view for each image pixel. The increase of pixel density in cell phone cameras
introduces more and more image blur from camera jitter as a result.

Thus, MEMS-based motion sensors for digital cameras has been developed to address the
image degradation that results from human hand tremor. For example, MEMS-based gyroscopes
may be used to sense camera motion. In response to the sensed motion, an image stabilization
system attempts to move the lens or the image sensor to minimize or eliminate the resulting
motion-induced blurring of the image. However, the resulting actuation is performed using
conventional actuators.

Accordingly, there is a need in the art for MEMS-based image stabilization systems.
Summary

In accordance with a first aspect of the disclosure, a camera is provided that includes: a
plurality of electrostatic actuators; and an optical image stabilization (OIS) algorithm module
operable to command the plurality of actuators to actuate the at least one lens responsive to

motion of the camera.
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In accordance with a second aspect of the disclosure, a method of image stabilization is
provided that includes: sensing a motion of a camera; based upon the sensed motion, determining
a desired lens actuation that stabilizes a camera lens; translating the desired lens actuation into
desired tangential actuations; and tangentially actuating the at least one lens using a plurality of
tangential actuators according to the desired tangential actuations.

In accordance with a third aspect of the disclosure, an actuator device, comprising;:

a stage resiliently supported for movement within a plane; three or more actuators, each coupled
to an outer periphery of the stage and operable to apply a force acting in the plane and
tangentially to the stage when actuated; and, an outer frame surrounding and supporting the stage
and the actuators.

A Dbetter understanding of the above and many other features and advantages of the novel
actuator devices of the present disclosure and the several methods of their use can be obtained
from a consideration of the detailed description of some example embodiments thereof below,
particularly if such consideration is made in conjunction with the appended drawings, wherein
like reference numerals are used to identify like elements illustrated in one or more of the figures
thereof.

Brief Description of the Drawings

Fig. 1 is a plan view of an example image stabilization device that utilizes tangential
actuation;

Figs. 2A — 2F are vector diagrams illustrating the use of the example image stabilization
device of Fig. 1 to effect in-plane translational and rotational movement of an optical element;

Fig. 3 is a perspective view of an actuator in the device of Fig. 1;

Fig. 4A is a partial plan view of the interdigitated fingers for a comb in the actuator of Fig.
3, showing the fingers before the actuator is deployed for operational use;

Fig. 4B is a partial plan view of the interdigitated fingers for a comb in the actuator of Fig.
3, showing the fingers after the actuator has been deployed;

Fig. 4C is a partial plan view of the interdigitated fingers for a comb in the actuator of Fig
3, after the comb has been biased to an operating position;

Fig. 5 is a plan view of an actuator latch of Figure 3, showing various stages in its
engagement with the actuator lever;

Figs. 6A — 6C are vector diagrams illustrating in-plane rotational movement of a stage of
the device of Fig. 1 between a “parked” state and an “operating” state;

Fig. 6D is a plan view of the stage in the parked state;

Fig. 6E is a plan view of the stage in the operating state;
-2
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Fig. 6F is a close-up view of the locked stage arm of Figure 6D.

Fig. 6G is a close-up view of the unlocked stage arm of Figure 6E.

Fig. 7 is a block diagram of an image stabilization system using tangential actuators;

Fig. 8 is a block diagram of an embodiment of the system of Fig. 7 in which the optical
image stabilization algorithm is implemented in a driver integrated circuit;

Fig. 9 illustrates more details for the driver integrated circuit of Fig. 8;

Fig. 10 is a flowchart for the image stabilization process performed by the system of Figs.
8and 9;

Fig. 11 is a block diagram of an embodiment of the system of Fig. 7 in which the optical
image stabilization algorithm is implemented in an image processor integrated circuit;

Fig. 12 illustrates more details for the driver and image processor integrated circuits of
Fig. 11; and

Fig. 13 is a flowchart for the image stabilization process performed by the system of Figs.
11 and 12.

Detailed Description

Electrostatic MEMS-based lens actuation is exploited to provide an efficient image
stabilization system. In one embodiment, as few as three actuators may be disposed about an
optical element such as a lens to effect image stabilization by exploiting tangential actuation.
Turning now to the drawings, an image stabilization fixture 100 includes an a central aperture
105 defined by a circular mounting stage 110 for receiving an optical element such as a lens or
group of lenses (not illustrated). Three actuators, designated as an actuator 1, an actuator 2, and
an actuator 3, are symmetrically disposed about aperture 105. Each actuator actuates stage 110
in a tangential fashion. In other words, a linear displacement 120 introduced by each actuator
defines a vector direction that is tangential to a circle enclosing an aperture center 118. For
example, linear displacements 120 are tangential to the circle defined by mounting stage 110.

The resulting tangential actuation is better understood with regard to a Cartesian
coordinate system defined at center 118 of aperture 105. Stage 110 and actuators 1, 2, and 3 lie
in a plane defined by the x and y directions. A z direction projects normally from the plane at
center 118. As used herein, a tangential displacement is said to be positive for each actuator as
indicated by directions 115. Each actuator is thus capable of a positive and a negative
displacement in that regard. As seen in Figure 2A, if actuators 1, 2, and 3 each introduce an
equal displacement, with actuators 1 and 2 being tangentially negative and actuator 3 being
tangentially positive, the resulting tangential actuation of stage 110 is in the positive x direction.

Conversely, if all the actuators 1 and 2 are positive while actuator 3 is equally negative, the
-3-
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resulting tangential actuation of stage 110 is in the negative x direction as shown in Figure 2C.
Alternatively, if actuator 3 is left neutral, actuator 1 actuates negatively a given amount, and
actuator 2 actuates positively in the same amount, the net actuation of stage 110 is in the positive
y direction as shown in Figure 2B. Conversely, if actuator 3 is left neutral but the positive and
negative displacements switched for actuators 1 and 2 switched as shown in Figure 2D, the net
actuation of stage 110 is in the negative y direction. In this fashion, tangential actuation can
effect any desired amount of x and y displacement for stage 110 within the travel limits of the
actuators.

Tangential actuation can also introduce a rotation of stage 110 about the z axis. For
example, if actuators 1, 2 and 3 each introduce an equal amount of negative displacements, the
net actuation of stage 110 is a clockwise rotation (negative 0) in Figure 2E. Conversely, if the
actuations of Figure 2E are all reversed as shown in Figure 2Fm such that all tangential
actuations are positive, the net actuation of stage 110 is a counter-clockwise z axis rotation
(positive ). In this fashion, stage 110 may be both translated as desired in the x and y plane as
well as rotated in the 9 direction.

The tangential displacement introduced by each actuator 1 through 3 may be represented
in a local coordinate system. For example, the x-directed tangential displacement for actuator 3
may be designated as displacement in the Lz direction with the same positive convention as
represented by direction 115 of Figure 1. Similarly, the tangential displacements for actuators 1
and 2 may be represented by local linear coordinates L; and Lo, respectively. The displacement
in dimension L; from actuator 1, the displacement in L, from actuator 2, and the displacement in
L; from actuator 3 may all be related to the translation in the x and y dimensions for stage 110 as
well as a rotation in 0 for stage 110 depending upon the radial distance R from center 118 to the
effective tangential actuation point for each actuator. In that regard, it may be shown that a

coordinate transformation 1s as follows:

V3

L —RSinfh-+x+y
27 2

L, :RSinO—%XJr?Y

L, =RSin6 +X

The above coordinate transformations assume that the lens neutral position is at the origin
but may be modified accordingly if the neutral position is displaced from the origin. Using these

coordinate transformations, a detected translation in the x,y plane or rotation of stage 110
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resulting from jitter or other unintended physical disturbance of the camera may be addressed
through a corresponding tangential actuation.

Any suitable actuator may be used to construct actuators 1, 2, and 3 such as a comb
actuator or a gap-closing actuator. A biased comb actuator offers attractive travel characteristics
such as +/- 50 microns and may be implemented such as discussed in commonly-assigned U.S.
Application No. 12/946,670 (the '670 application), filed November 15, 2010, the contents of
which are incorporated by reference. In such an embodiment, each actuator has a fixed portion
121 and a moveable portion 122. In image stabilization device 100 of Figure 1, fixed portion 121
integrates with an outer frame 125 and includes a plurality of fixed comb supports 112 that
extend radially towards moveable portion 122. Similarly, moveable portion 122 includes a
plurality of comb supports 113 that extend radially toward fixed portion 121. Comb supports 112
and 113 alternate with each other to support a plurality of combs 114. For illustration clarity,
combs 114 are not shown in Figure 1 but instead are shown in a closeup view in Figure 4A
through 4C.

As seen in more detail in Figure 3, each actuator 1 through 3 drives stage 110 through a
corresponding flexure 106. To allow movement from opposing actuators, each flexure 106 may
be relatively flexible in the radial direction while being relatively stiff in the tangential direction
(corresponding to linear displacements 120 of Figure 1). For example, flexure 106 may comprise
a V-shaped folded flexure having a longitudinal axis aligned in the tangential direction. Such a
V-shaped flexure permits a radial flexing yet is relatively stiff with regard to displacements 120.
In this fashion, a "pseudo-kinematic" placement for stage 110 is achieved that precisely locates
center 118 in a rest state yet achieves the desired x-y plane translation and 0 rotation during
image stabilization.

Manufacture of combs 114 using a MEMS process yet achieving a biased deployed state
for actuators 1 through 3 may be accomplished using a linear deployment such as discussed in
the '670 application. As seen in the closeup view of Figure 4A, the interdigitated fingers making
up cach comb 114 may be manufactured in a fully interdigitated state. In other words, the fingers
for comb 114 are initially disposed such that the associated fixed and moveable comb supports
112 and 113 are spaced apart by approximately the length of the fingers in comb 114.
Accordingly, the application of a voltage differential across comb 114 in the un-deployed state of
Figure 4A would not result in any in-plane rectilinear movement of stage 110 relative to frame
125, and hence, any corresponding X, Y or © movement of a lens coupled to the former. To
allow room for actuation, each comb 114 should be spread apart and deployed as shown in

Figure 4B.
-5-
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As illustrated in Fig. 4B, in one embodiment, this deployment can be effected by moving
the comb support 113 (and hence, movable portion 122 of Figure 1) in the direction of an arrow
400 to a deployed position that is coplanar with, parallel to and spaced at a selected distance apart
from the associated fixed comb support 112, and then fixing moveable portion 122 in the
deployed position for substantially coplanar, rectilinear movement with regard to fixed portion
121. As illustrated in Fig. 4C, when thus deployed, the application and removal of a suitable
voltage differential across comb 114 will result in a substantially rectilinear and coplanar
movement of the resiliently supported moveable portion 122 toward and away from fixed portion
121 as indicated by a double-headed arrow 402, and hence, a corresponding X, Y and/or ©Z
movement of an element coupled to stage 110.

There are several different methods and apparatus for deploying moveable portion 122 to
the deployed position as well as for locking or fixing it in the deployed position. For example, as
seen in Figure 3 a deployment method involves a coplanar over-center latch 300 and a fulcrum
304 on frame 125. Latch 302 is coupled to frame 125 with a latch flexure 306. A coplanar
deployment lever 308 is coupled to moveable portion 122 through a deployment flexure 310.
Deployment lever 308 has a cam surface 312 that is configured to engage with latch
300. In addition, lever 308 has a notch for engaging with fulcrum 304 for rotational movement
of the lever with regard to fulcrum 304.

In an example deployment, an acceleration pulse is applied to moveable portion 122 in
the direction of an arrow 314 while holding the frame 125 static as shown in Figure 3. This pulse
causes deployment lever 308 to rotate about fulcrum 304 towards latch 300. The rotation of the
deployment lever 308 about the fulcrum 304 causes cam surface 312 to engage latch 300 as seen
in Fig. 5. Initially, lever 308 is in an un-deployed position 501 but begins to rotate into
intermediate position 502 such that cam surface 312 biases latch 300 and stretches latch flexure
306. Deployment flexure 310 is shown mostly cutaway for illustration clarity. Continued
rotation of lever 308 allows latch flexure 306 to pull latch 300 back down to latch lever 308 into
a latched position 503. To produce the acceleration pulse that rotates lever 308 and displaces
moveable portion 122, a small needle or another MEMS device may be inserted into a pull ring
315 (Figure 3) and actuated accordingly. In an alternative embodiment, moveable portion 122
may be deployed using capillary action such as described in commonly-assigned U.S.
Application No. 12/946,657, filed November 15, 2010, the contents of which are incorporated by
reference. Similarly, alternative deployment and latching structures and methods are described in

the '670 application.
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The deployment and latching may result in combs 114 being relatively fully opened as
shown in Figure 4B. In such a position, combs 114 can effectively only be contracted as opposed
to being expanded. In that regard, both a contraction and an expansion is desirable to get both
positive and negative tangential movements as discussed above with regard to actuators 1, 2, and
3. A default state during image stabilization may thus involve some degree of voltage being
applied across combs 114 to achieve the intermediate interdigitation as shown in Figure 4C. In
this fashion, should the comb voltage be lowered below the default operating voltage level of
Figure 4C, comb 114 will expand. Conversely, should the comb voltage be increased with regard
to the default operating level, comb 114 will contract. In this manner, both positive and negative
actuation may be applied by actuators 1, 2, and 3 as indicated by arrow 405.

Prior to application of the default voltage across combs 114, the actuators may be in a
“beginning-of travel,” “power-off” or “parked” state. In the parked state, image stabilization in
inoperative but center 118 is unaffected. As discussed with regard to Figure 2F, an appropriate
displacement for each of actuators 1, 2, and 3 produces a positive rotation in 6 but no x-y plane
translation. Such a displacement at each comb 114 is thus sufficient to go from the deployed but
inactive state shown in Figure 4b to the default operating state of Figure 4C. Figure 6A shows
the rotation from actuators 1, 2, and 3 to go from the parked state to the active optical image
stabilization state. As illustrated in Fig. 8B, after combs 114 have been biased to their operating
voltages, selectively applying controlled increases or decreases in the respective operating
voltages for each of the actuators 1, 2, and 3 will result in a deterministic movement of stage 110
(and hence center 118) as discussed above in connection with Figs. 2A —2F. To save on power
when imaging is not being performed, actuators 1, 2, and 3 may again be parked into their
inactive states as shown in Figure 6C.

The deployment of actuators 1, 2, and 3 from their parked state to their active optical
image stabilization may be better understood with reference to Figures 6D and 6E. The power-
off state of the actuator device can be utilized advantageously to protect the device against shock
forces and in-plane sagging effects acting on the stage and the flexures during periods of device
inactivity. Thus, in some embodiments, one or more locking arms 308, each having a locking
feature 428 disposed thereon, can be coupled to the periphery of stage 110, and a corresponding
plurality of complementary locking features 430 can be coupled, e.g., to the outer frame 125, and
arranged to engage a corresponding one of the complementary locking features 428 on the
locking arms 308 when the stage 101 is rotationally disposed in the parked, or power-off state.
Figures 6F is a view of the engagement of locking feature 430 with complementary locking

feature 428 whereas Figure 6G shows these features in the deployed state. In Fig. 6G, the
-7 -
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phantom outline 432 delineates the range of motion of the periphery of an end portion of a
locking arm 308 and locking feature 428 in the operating state and during an image stabilization
operation of the actuator device, and illustrates that no interference will occur between the arm
308, locking feature 428 and the complementary locking feature 430 during such operation.

A block diagram for a control system 700 to control image stabilization using tangential
actuation is shown in Figure 7. In image stabilization, it is conventional to distinguish between
intended motion of the camera as opposed to unintended jitter. For example, a user may be
deliberately moving a camera through a 90 degree range of motion to image different subjects.
Should this deliberate movement not be detected, the image stabilization system would have the
impossible and undesirable task of rotating the lens 90 degrees to compensate for such intended
motion. One way to distinguish unintended jitter of the camera is to use employ a tracking loop
that predicts the intended motion of a camera. In one embodiment, control system 700 includes a
tracking filter such a Kalman filter 705 that predicts a current lens position based upon
previously-measured camera movement.

Kalman filter 705 needs some measure of camera motion to make a prediction of what is
intended movement of the camera as opposed to unintended jitter. Thus, an inertial sensor such
as a MEMS-based gyroscope 710 measures the velocity of some reference point on the camera
such as aperture center 118 discussed previously. The x,y plane velocities for center 118 as
obtained from pitch and yaw measurements from gyroscope 710 may be designated as x, and y,,
respectively. Such inertial measurements may be supplemented by motion estimates obtained
from analyzing the camera image. Thus, a camera image processor 720 may also make an
estimate for the x,y plane velocities for center 118, which may be designated as x. and y.,
respectively. The Kalman filter receives the velocity estimates from gyroscope 710 and camera
image processor 720 to filter them so as to make a prediction of the x, y plane velocity for lens
center 118 accordingly. This Kalman filter predication for the reference location velocities in the
X,y plane may be designated as xo and yp, respectively. The velocity estimates are filtered
through high pass filters 725 to remove gyroscope drift and integrated in integrators 730 and
multiplied by an appropriate scale factor in amplifiers 735 to obtain position estimates 740. In
that regard, estimates 740 represent what Kalman filter 705 predicts as the intended position of
lens center 118 without the presence of jitter. Any difference between estimates 740 and the
actual lens position is treated as jitter and should be compensated for by image stabilization
control system 700. It will be appreciated that embodiments of control system 700 may be
implemented that do not include such a predicted tracking loop. For example, the inertial

measurements from gyroscope 710 may be merely high-pass filtered to provide a cruder estimate
-8 -
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of the intended camera velocities. Such velocity estimates may be integrated as discussed above
to obtain position estimates 740.

To obtain the actual lens position (or equivalently, the position of some reference point
such as center 118), each actuator is associated with a position sensor. For example, actuator 1
may be associated with a position sensor 741 that senses the L; displacement discussed earlier.
In that regard, position sensor 741 may sense the capacitance across combs 114 to make an
estimate of the L; displacement. Alternatively, other type of position sensors may be used such
as Hall sensors. Similarly, actuators 2 and 3 are associated with corresponding position sensors
742 and 743. Position sensor 742 thus senses the L, displacement whereas sensor 743 senses the
L; displacement. These sensed displacements may then be digitized in corresponding analog-to-
digital converters 745 and presented to a coordinate translator 750. The tangential actuations L,
through L; may be converted into a sensed position xs, ys by inverting the equations discussed
previously with 0 equaling zero. The difference between the sensed position and the Kalman-
filter-predicated position is then determined using adders 755. The outputs from adders 755 may
then be filtered in controllers 760 and compensators 765 to get the resulting x and y coordinates
of where the lens should be actuated to compensate for the jitter of the camera.

A translator 770 translates the x and y coordinates into tangential coordinates L, L, and
L; as described in the equation above with 8 equaling zero. The outputs from translator 770 thus
represents the desired actuation of actuators 1 through 3. The Kalman filter prediction and
generation of the resulting desired actuation takes place at a relatively slow data rate in that
significant calculation is necessary. But the actual actuation to drive actuators 1 through 3 to the
desired degree of actuation may take place at a relatively high data rate. Thus, a demarcation 771
in Figure 7 indicates the partition of a digital domain for control system 700 into relatively high
and relatively low data rates. Similarly, a demarcation 772 indicates the partition of control
system 700 into digital and analog domains.

The difference between the desired degree of actuation and the actual actuation of
actuators 1, 2, and 3 may be determined using corresponding adders. A corresponding controller
780 then determines an appropriate control signal for its actuator accordingly. The resulting
digital control signals may then be converted into analog control signals using digital to analog
converters (DACs) 790. As known in the art, an electrostatic comb actuator typically requires
boosted voltage levels such as obtained through charge pumps. Thus, each actuator 1 through 3
is driven by a corresponding driver circuit 790 responsive to the analog control signals produced

in DACs 790. In this fashion, control system 700 can uses gyroscope 710 that is sensing camera
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motion in the Cartesian X,y plane to advantageously achieve image stabilization using just three
tangential MEMS actuators.

Image stabilization using system 700 may be implemented using a number of alternative
embodiments. In that regard, the aggregation of digital components and signal paths from
Kalman filter 705 through translators 770 and 750 may be designated as an OIS algorithm
module. The OIS algorithm module may be implemented in various integrated circuit
architectures. As shown in Figure 8, one embodiment of a camera 800 includes an OIS
algorithm module 805 within a MEMS driver integrated circuit (IC) 810. Camera 800 includes
MEMS tangential actuators for image stabilization as discussed above as well as actuators for
autofocus (AF) purposes and zooming purposes. These MEMS actuators are shown collectively
as a MEMS module 815. Driver IC 810 drives MEMS module 815 with AF commands 820 from
an AF driver 830 as well as in-plane tangential actuation commands 825 from an optical image
stabilization (OIS) driver 835. MEMS module 815 includes positions sensors such as discussed
with regard to Figure 7 so that driver IC 810 may receive in-plane tangential actuator positions
840.

A bus such as an I’C bus 845 couples driver IC 810 to other camera components.
However, it will be appreciated that other bus protocols may be utilized. In camera 800,
gyroscope 710, imager 720, an image processor 850, and a micro controller unit (MCU) 855 all
couple to I*C bus 845. Since the I°C protocol is a master-slave protocol, the location of module
805 in driver IC 810 provides lower latency as will be described further herein. Figure 9 shows
the resulting control loops for camera 800. The bus master may be either the ISP or the MCU as
represented by master module 900. OIS algorithm module 805 is a simplified version in that the
tracking filter is omitted and the intended motion of the camera approximated by high pass
filtering 910 the pitch and yaw rates from gyroscope 710. Because the data flow on a master-
slave bus is always from slave-to-master or from master-to-slave, the rotation rates from
gyroscope 710 first flow to master module 900 and then to driver IC 810. Master module 900
controls both gyroscope 710 and driver IC 810 in that regard. For illustration clarity, just a single
combined channel is shown for OIS algorithm module 805. Thus, a translator 920 represents
translators 770 and 750 of Figure 7. The actual and desired lens positions are translated within
translator 920 with respect to a lens neutral position 925.

The resulting data traffic on bus 845 is shown in Figure 10. Image stabilization
necessarily draws some current and thus it is desirable to only commence image stabilization
while a user is taking a digital photograph. At that time, the OIS data traffic begins in an initial

step 1000 with master module 900 as the I°C bus master. At that time, gyroscope 710 may begin
-10 -
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taking inertial measurements of camera movement and OIS driver 835 may command MEMS
actuators 815 to transition from a parked to an active state as represented by step 1005. Master
module 900 then reads 6 bytes of gyroscopic data in a step 1010 so that the data may be written
to driver IC in a step 1015. OIS algorithm module 805 can then determine the appropriate
amount of actuation to address the camera jitter in a step 1020. If the user has finished taking
digital photographs as determined in a step 1025, the process ends at step 1030. Otherwise,
steps 1010 through 1025 are repeated. The communication time for one cycle (steps 1010
through 1020) depends upon the bus clock period and the data width. If bus 845 can
accommodate 3 bytes in each clock cycle of 10 s, the cycle time is 10 pus * 2 * 6 * 8 + the
algorithm calculation time for step 1020, which equals 0.96 ms + the algorithm calculation time.

An alternative control architecture is shown in Figure 11 in which OIS algorithm module
805 1s located within ISP 850. Similar to Figure 9, an autofocus algorithm module 940 in ISP
850 controls AF driver 830 in driver IC 810. Driver IC 810, gyroscope 710, imager 720, ISP
850 and MCU 855 all communicate using I’C bus 845. Figure 12 shows the resulting control
loops. OIS algorithm module 805 is again a simplified version in that the tracking filter is
omitted and the intended motion of the camera approximated by high pass filtering 910 the pitch
and yaw rates from gyroscope 710. ISP 850 controls both gyroscope 710 and driver IC 810. For
illustration clarity, just a single combined channel is shown for OIS algorithm module 805.

The resulting data traffic on bus 845 for the embodiment of Figures 11 and 12 is shown in
Figure 13. In response to invocation of an active picture taking mode, the OIS data traffic begins
in an initial step 1300 with ISP 850 as the I°C bus master. Alternatively, MCU 855 may act as
the master. Concurrent or subsequent to step 1300, gyroscope 710 may begin taking inertial
measurements of camera movement and OIS driver 835 may command MEMS actuators 815 to
transition from a parked to an active state as represented by step 1305. ISP 850 then reads 6
bytes of gyroscopic data in a step 1310. In addition, ISP 855 reads the current lens position as
six bytes of data from translator 920 in a step 1315. OIS algorithm module 805 can then
determine the appropriate amount of actuation to address the camera jitter in a step 1320
whereupon ISP 855 may write to driver IC accordingly with a six-byte actuation command in a
step 1325. If the user has finished taking digital photographs as determined in a step 1330, the
process ends at step 1335. Otherwise, steps 1310 through 1325 are repeated. The
communication time for one cycle (steps 1310 through 1325 depends upon the bus clock period
and the data width. If bus 845 can accommodate 3 bytes in each clock cycle of 10 ps, the cycle
time is 10 ps * 3 * 6 * 8 + the algorithm calculation time for step 1320, which equals 1.44 ms +

the algorithm calculation time. Thus, locating OIS algorithm module 805 in IC driver 810 as
-11 -
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discussed previously is faster in a master-slave bus protocol system. In contrast, locating OIS
algorithm 805 in ISP 850 requires an extra step of data movement.

As those of some skill in this art will by now appreciate and depending on the particular
application at hand, many modifications, substitutions and variations can be made in and to the
materials, apparatus, configurations and methods of use of the actuator devices of the present
disclosure without departing from the spirit and scope thereof, and in light this, the scope of the
present disclosure should not be limited to that of the particular embodiments illustrated and
described herein, as they are merely by way of some examples thereof, but rather, should be fully

commensurate with that of the claims appended hereafter and their functional equivalents.
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Claims

WHAT IS CLAIMED IS:

1. A camera, comprising:
a plurality of electrostatic actuators, each actuator configured to exert a force on at least
one lens; and
an optical image stabilization (OIS) algorithm module configured to command the

plurality of actuators to actuate the at least one lens responsive to motion of the camera.

2. The camera of claim 1, wherein each actuator is configured to exert a tangential force on
the at least one lens, and wherein the OIS algorithm module is configured to command the
plurality of actuators to tangentially actuate the at least one lens responsive to the motion of the

camera.

3. The camera of claim 2, further comprising:

a plurality of position sensors corresponding to the plurality of actuators, each position
sensor measuring a tangential displacement of its corresponding actuator; and

a translator module operable to translate the tangential displacements from the position
sensors into a displacement for the lens, wherein the OIS algorithm module is also responsive to

the lens displacement.

4, The camera of claim 1, further comprising:
a driver integrated circuit operable to drive the actuators responsive to the OIS algorithm
module's commands, wherein the OIS algorithm module is integrated in the driver integrated

circuit.

5. The camera of claim 1, further comprising:
an imager configured to digitize an image taken through the at least one lens; and
an image processor integrated circuit operable to process the digitized image, wherein the

OIS algorithm module is integrated in the image processor integrated circuit.

-13 -
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6. The camera of claim 1, wherein the camera is integrated into a cellular telephone.
7. The camera of claim 6, wherein the actuators are electrostatic comb actuators.
8. The camera of claim 7, further comprising:

a circular stage to receive the at least one lens, wherein the plurality of actuators

comprises three actuators symmetrically disposed outside of the circular stage.

9. The camera of claim 1, wherein the OIS algorithm module includes a Kalman filter for

predicting an intended motion of the camera.

10.  The camera of claim 9, further comprising:
a gyroscope, wherein the gyroscope measures a pitch and yaw of the camera, and wherein

the Kalman filter predicts an intended motion of the camera based the measured pitch and yaw.

11.  The camera of claim 1, wherein the OIS algorithm module commands the plurality of
actuators based upon a relatively low data rate, and wherein the camera further includes at least
one controller for controlling the actuators at a relatively high data rate based upon the OIS

algorithm module commands.

12. A method of image stabilization, comprising:
sensing a motion of a camera;
based upon the sensed motion, determining a desired lens actuation that stabilizes a
camera lens;
translating the desired lens actuation into desired tangential actuations; and
tangentially actuating the at least one lens using a plurality of tangential actuators

according to the desired tangential actuations.

-14 -
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13.  The method of claim 12, wherein the camera motion is sensed using a gyroscope, the

method further comprising:

filtering sensed camera motion from the gyroscope to provide a prediction of an intended
position for the lens;

sensing tangential actuations by the plurality of tangential actuations;

translating the tangential actuations into a current lens position; and

subtracting the current lens position from the intended lens position to provide a lens
position error due to unintended camera motion, wherein the desired lens actuation stabilizes the

lens by addressing the unintended camera motion.

14.  The method of claim 13, wherein the filtering is a Kalman filtering.

15.  The method of claim 13, wherein the filtering is a high pass filtering.

16.  The method of claim 13, wherein the tangential actuation is a MEMS electrostatic comb

tangential actuation.

17. An actuator device, comprising:
a stage resiliently supported for movement within a plane;
three or more actuators, cach coupled to an outer periphery of the stage and operable to
apply a force acting in the plane and tangentially to the stage when actuated; and,

an outer frame surrounding and supporting the stage and the actuators.

18. The actuator device of claim 17, wherein the stage, the actuators and the outer frame are

disposed generally coplanar with cach other.

19. The actuator device of claim 17, wherein at least one of the actuators is coupled to the outer

periphery of the stage through at least one flexure.

-15 -
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20. The actuator device of claim 17, wherein at least one of the actuators comprises:

a fixed frame,

a moving frame resiliently supported for reciprocal movement relative to the fixed frame,
and

a plurality of interdigitated tecth alternately attached to the fixed and the moving frames.

-16 -
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1000~ "Start (ISP/MCU as 12C master) |

Y
Initiate OIS Driver IC/gyro

—
-

Y
1010~~~ ISP reads gyro data (6 bytes) |

1005~

Y
1015~ ISP writes gyro data on Driver IC (6 bytes) |

Y
1020V‘| Let OIS algorithm in Driver IC determine lens position |

FIG. 10
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1300 ~~"Start (ISP/MCU as 12C master) ]

Y
Initiate OIS Driver IC/gyro

1305~

Y
1310~~~ ISP reads gyro data (6 bytes) |

Y
1315 ISP reads lens position (6 bytes) |

Y
1520~ Let OIS dlgorithm determines lens position |

Y
1525~~ ISP writes on Driver IC to drive lens (6 bytes) |

FIG. 13
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