
TITLE OF THE INVENTION FOREIGN SUBSTANCE REMOVAL APPARATUS AND
OPTICAL APPARATUS INCLUDING THE SAME BACKGROUND OF THE INVENTION
Field of the Invention [0001]The present invention relates to a
foreign substance removal apparatus capable of eliminating a foreign
substance such as dust or dirt, and an optical apparatus including
the foreign substance removal apparatus. Description of the Related
Art [0002]In optical apparatuses such as digital cameras, the optical
apparatus converts an object image into an electric signal to capture
the object image, receives an imaging light flux on an image sensor,
and converts a photoelectrically converted signal output from the
image sensor into image data. Such an imaging apparatus includes an
optical low-pass filter and an infrared absorption filter disposed at
the object side of the image sensor. [0003]When a foreign substance
such as dust or dirt is 



attached to any of the surfaces of these filters, this results in
generation of a black spot in a captured image from the attached
portion, thereby deteriorating the visibility of the image.
[0004]Especially, in interchangeable lens digital single-lens reflex
cameras, mechanically operating units such as a shutter and a quick
return mirror are disposed in the vicinity of an image sensor, so
that a foreign substance such as dust or dirt produced from these
operating units may be attached to the surface of an optical member
such as the image sensor and a filter. Further, at the time of a lens
exchange, a foreign substance such as dust or dirt may enter from an
opening of a lens mount into a camera main body, and may be attached
to the surface of an optical member eventually. [0005]To prevent this
phenomenon from occurring, it is known to vibrate an optical member
disposed at the object side of an image sensor with use of a
piezoelectric element to remove a foreign substance such as dust and
dirt attached on the surface of the optical member. [0006]Japanese
Patent Application Laid-Open No. 2008-207170 discusses a technique of
generating a travelling wave at an optical member by simultaneously
causing a first bending vibration and a second bending vibration,
which has a next higher or lower order than the order of the first
bending vibration and is out of time phase with the first bending
vibration by 90, at the optical member. [0007]Even if the first
bending vibration and the second bending vibration are excited in
such a manner that the second bending vibration is in time phase with
the first bending vibration and has a next higher or lower order than
the order of the first bending vibration, detection of each of the 



vibrations reveals that their time phases do not overlap depending on
the ambient temperature around the optical member and the provided
state of a piezoelectric element.  [0008]The driving parameters
should be set so that the first bending vibration and the second
bending vibration are in time phase difference with each other by an
ideal difference to generate a stabilized travelling wave at an
optical member. SUMMARY OF THE INVENTION [0009]According to an aspect
of the present invention, a foreign substance removal apparatus
includes an optical member, a piezoelectric element provided to the
optical member, a drive control unit configured to drive the
piezoelectric element in a first driving mode for causing a first
bending vibration of the optical member, a second driving mode for
causing a second bending vibration of the optical member, and a third
driving mode for simultaneously causing the first bending vibration
and the second bending vibration. The second bending vibration has an
order different from an order of the first bending vibration. The
foreign substance removal apparatus further includes a vibration
detection unit configured to detect a vibration of the optical member
when the drive control unit drives the piezoelectric element in the
first driving mode and the second driving mode, and a driving
parameter generation unit configured to determine a driving parameter
when the drive control unit drives the piezoelectric element in the
third  driving mode based on a time phase difference between a
vibration of the optical member which is detected when the drive
control unit drives the piezoelectric element in the first driving
mode, and a vibration of the optical member which is detected when
the drive control unit drives the piezoelectric element in the second
driving mode. The drive control unit drives the piezoelectric element
in the third driving mode with use of the driving parameter
determined by the driving parameter generation unit. [0010]According
to the present invention, it is possible 



to generate a stabilized travelling wave at the optical member by
simultaneously exciting the first bending vibration and the second
bending vibration, which has a next higher or lower order than the
order of the first bending vibration and is shifted in time phase
with the first bending vibration by an ideal difference, at the
optical member. [0011]Further features and aspects of the present
invention will become apparent from the following detailed
description of exemplary embodiments with reference to the attached
drawings. BRIEF DESCRIPTION OF THE DRAWINGS [0012]The accompanying
drawings, which are incorporated in and constitute a part of the
specification, illustrate exemplary embodiments, features, and
aspects of the invention and, together with the description, serve to
explain the  principles of the invention. [0013]Fig. 1 is a block
diagram illustrating a functional configuration of a digital camera
100 according to an exemplary embodiment of the present invention.
[0014]Fig. 2 is an exploded perspective view schematically 



illustrating a configuration of an imaging unit 400. [0015]Fig. 3 is
a graph illustrating relationships between the frequencies and
amplitudes of bending vibrations of two vibration modes excited at an
optical low-pass filter 410 according to a first exemplary
embodiment. [0016]Figs. 4A and 4B illustrate shapes of m-order and
(m+1)-order vibration modes, and voltages applied to piezoelectric
elements 430a and 430b according to the first exemplary embodiment.
[0017]Fig. 5 illustrates behavior of the optical low-pass filter 410
when the bending vibrations of the two vibration modes are
simultaneously excited. [0018]Fig. 6 illustrates behavior of the
optical low-pass filter 410 when the bending vibrations of the two
vibration modes are simultaneously excited. [0019]Fig. 7 illustrates
a structure of the piezoelectric element 430a. 



[0020]Fig. 8 illustrates the piezoelectric elements 430a and 430b
when they are stuck to the optical low pass filter 410 as viewed from
the image sensor side, according to the first exemplary embodiment.
[0021]Fig. 9A, 93, and 90 are flowcharts illustrating a  foreign
substance removal operation. [0022]Fig. 10 illustrates an output
voltage that a vibration detection circuit 112 detects from a sensor
electrode SF of the piezoelectric element 430a. DESCRIPTION OF THE
EMBODIMENTS [0023]Various exemplary embodiments, features, and
aspects of the invention will be described in detail below with
reference to the drawings. [0024]A digital camera will be described
as an example of 



an optical apparatus including a foreign substance removal unit
according to an exemplary embodiment of the present invention.
[0025] Fig. 1 is a block diagram illustrating a functional
configuration of a digital camera 100 according to an exemplary
embodiment of the present invention. [0026]A micro computer
(hereinafter referred to as "micro processing unit (MPU)") 101 is,
for example, a central processing unit, and controls the operations
of the respective blocks provided in the digital camera 100. Circuits
connected to the MKT 101 include a mirror drive circuit 102, a focus
drive circuit 103, a shutter drive circuit 104, an image signal
processing circuit 105, a switch sensor circuit 106, a light metering
circuit 107, a piezoelectric element drive circuit 111, a vibration
detection circuit 112, and a temperature sensor 113. These circuits
operate under the control of the MPU 101. [0027]The MN) 101
communicates with a lens control circuit  202 in an imaging lens unit
200 via a mount contact 21. The MPG 101 determines that the MPG 101
is now ready for communication with the lens control circuit 202 in
the imaging lens unit 200 by receiving a signal via the mount contact
21, when the imaging lens unit 200 is connected to the digital camera
100. [0028]The lens control circuit 202 drives the imaging lens 201
and a diaphragm 205 in the imaging lens unit 200 via an automatic
focus (AF) drive circuit 203 and a diaphragm drive circuit 204 by
receiving a control signal fromtheMPG101. For simplification of
illustration, Fig. 1 illustrates the imaging lens 201 as if the
imaging lens 201 is constituted by only a single lens, but actually,
the imaging lens 201 is constituted by a group of a large number of
lenses such as a focus lens. [0029]The AF drive circuit 203 includes,
for example, a stepping motor, and focuses an imaging light flux on
an image sensor 33 by changing the position of the focus lens in the
imaging lens 201 under the control of the lens control circuit 202.
The diaphragm drive circuit 204 is, for example, a diaphragm
mechanism such as an auto iris, and changes the diaphragm amount of
the diaphragm 205 under the control of the lens control circuit 202. 



[0030]A main mirror 6 guides an imaging light flux transmitted
through the imaging lens 201 to a pentagonal prism 22 while allowing
a part of the imaging light flux to pass through the main mirror 6 to
guide it to a sub mirror 30, in such a state that the main mirror 6
is maintained at an angle of 45 relative  to an imaging optical axis
illustrated in Fig. 1. The sub mirror 30 guides the imaging light
flux transmitted through the main mirror 6 to a focus detection
sensor unit 31. [0031]The mirror drive circuit 102 includes, for
example, a direct current (DC) motor and a gear train, and drives the
main mirror 6 to such a position that the main mirror 6 allows a
photographer to observe an object image through a finder, and to such
a position that the main mirror 6 is retracted from an imaging light
flux. When the main mirror 6 is driven, the sub mirror 30 is
simultaneously moved to such a position that the sub mirror 30 guides
an imaging light flux to the focus detection sensor unit 31, and to
such a position that the sub mirror 30 is retracted from the imaging
light flux. [0032]The focus detection sensor unit 31 includes, for
example, a field lens, a reflection mirror, a second imaging lens, a
diaphragm, and a line sensor including a plurality of charge coupled
devices (CCDs), which are disposed in the vicinity of an imaging
plane (not illustrated). The focus detection sensor unit 31 performs
focus detection according to the phase difference detection method. A
signal output from the focus detection sensor unit 31 is supplied to
the focus drive circuit 103 to be converted into an object image
signal, and then is transmitted to the MPU 101. [0033]The MPU 101
performs focus detection calculation according to the phase
difference detection method based on the object image signal. More
specifically, the MPU 101 calculates 



a defocus amount and a focus direction with use of the object  image
signal, and drives the focus lens in the imaging lens 201 to an
in-focus position via the lens control circuit 202 and the AF drive
circuit 203 according to the calculated defocus amount and defocus
direction. [0034]The pentagonal prism 22 reflects the imaging light
flux reflected by the main mirror 6 while converting it into a normal
upright image. As a result, a photographer can observe an object
image through a finder eyepiece window 18 via a finder optical
system. [0035]Further, the pentagonal prism 22 also guides a part of
the imaging light flux to a light metering sensor 37. The light
metering circuit 107 converts a light metering value output from the
light metering sensor 37 into a luminance signal of each area on an
observation plane, and then outputs it to the MPU 101. The MPU 101
calculates an exposure value based on the luminance signal. [0036]A
shutter unit 32 is, for example, a mechanical focal plane shutter,
and is configured so that a shutter first curtain is located at a
light shielding position and a shutter second curtain is located at
an exposure position when a photographer observes an object image
through the finder eyepiece window 18. On the other hand, at the time
of shooting, the shutter first curtain performs exposure travelling
by moving from the light shielding position to the exposure position,
thereby allowing an imaging light flux to pass therethrough. The
image sensor 33, which will be described below, photoelectrically
converts a formed object image, thereby performing an imaging
operation.  [0037]Then, after a set exposure time has passed, the 



shutter second curtain performs light shielding traveling by moving
from the exposure position to the light shielding position, thereby
completing an imaging operation required to acquire one image data
piece. The shutter unit 32 is controlled by the shutter drive circuit
104 that receives a control command from the MPU 101. [0038]The image
signal processing circuit 105 applies analog/digital (AID) conversion
processing on an analog image signal output from the image sensor 33,
and further, applies various kinds of image processing such as noise
removal processing and gain adjustment processing on the
thus-acquired digital image data. [0039]The switch sensor circuit 106
transmits to the MPU 101 an input signal input by a photographer's
operation of a user interface included in the digital camera 100,
such as a main switch (SW) 43 and a cleaning SW 44. [0040]The
cleaning SW 44 is a user interface for issuing an instruction to
remove a foreign substance such as dust and dirt attached to the
surface of an optical low-pass filter 410. A photographer can
manually causes a removal operation of a foreign substance on the
filter by operating the cleaning SW 44. [0041]An imaging unit 400,
which is a foreign substance removal unit, is a block constructed by
assembling the members including the optical low-pass filter 410, a
piezoelectric element 430, and the image sensor 33 to form one unit.
The  optical low-pass filter 410 corresponds to an optical member.
[0042] The image sensor 33 is, for example, an imaging device such as
a complementary metal-oxide semiconductor (CMOS) sensor or CCD
sensor. The image sensor 33 outputs an analog image signal by
photoelectrically converting a formed optical image of an object, as
mentioned above. 



[0043]The piezoelectric element 430 is, for example, a single-plate
piezoelectric element such as a piezo element. The piezoelectric
element 430 is configured to be vibrated by a piezoelectric element
drive circuit 111 that receives a control signal from the MPU 101,
and transmit the vibration to the optical low-pass filter 410.
[0044]The MPU 101 and the piezoelectric element drive circuit 111
function as a drive control unit. The vibration detection circuit 112
functions as a vibration detection unit which detects a vibration of
the optical low-pass filter 410. The temperature sensor 113 functions
as a temperature detection unit which detects a temperature
surrounding the optical member. <CONFIGURATION OF FOREIGN SUBSTANCE
REMOVAL UNIT> [0045]Now, the imaging unit 400, which is a foreign
substance removal unit configured to remove a foreign substance on
the filter by vibrating the optical low-pass filter 410, will be
described in further detail with reference to Fig. 2. Fig 2 is an
exploded perspective view schematically illustrating the
configuration of the imaging unit 400. [0046]The optical low-pass
filter 410 disposed in front of  the image sensor 33 is a single
birefringent plate made of crystal, and has a rectangular shape. The
optical low-pass filter 410 is disposed in an optical path, and is a
rectangular optical member in which an optical effective area
allowing transmittance of a light flux is set. 



[0047]The optical low-pass filter 410 has a peripheral portion where
a pair of piezoelectric elements 430a and 430b is disposed outside
the optical effective area, and is symmetrical in the direction
perpendicular to the center of the imaging optical axis (i.e., the
camera lateral direction). An optical coating such as an infrared cut
coating or a reflection prevention coating is applied on the surface
of the thus-configured optical low-pass filter 410. [0048]As will be
described below, the piezoelectric elements 430a and 430b each
include a plurality of electrodes integrally formed on a single
piezoelectric member, and have an elongated rectangular contour. The
piezoelectric elements 430a and 430b are disposed along the two
opposite short sides of the optical low-pass filter 410,
respectively. [0049]More specifically, the piezoelectric element 430a
is bonded to the optical low-pass filter 410 in such a manner that
the long side of the piezoelectric element 430a, which is a first
piezoelectric element, extends in parallel with one short side (one
end) of the optical low-pass filter 410 at the peripheral portion of
the optical low-pass filter 410. On the other hand, the piezoelectric
element 430b is bonded to the optical low-pass filter 410 in such a
manner that the long side of the  piezoelectric element 430b, which
is a second piezoelectric element, extends in parallel with the other
short side (the other end) of the optical low-pass filter 410 at the
peripheral portion of the optical low-pass filter 410. [0050]The
optical low-pass filter 410 is vibrated in a wavelike manner with a
plurality of anti-nodes and a plurality of nodes generated in
parallel with the side of the optical low-pass filter 410. A periodic
voltage is applied to the piezoelectric elements 430a and 430b so
that the piezoelectric elements 430a and 430b performs
contraction/extension movements. These movements then cause the
optical low-pass filter 410 to also perform a periodic bending
deformation. The state of the vibration will be described concretely
below. [0051]An optical low-pass filter holding member 420 is made 



from a resin or a metal, and serves to hold the optical low-pass
filter 410. The optical low-pass filter holding member 420 is fixed
to an image sensor holding member 510 with the use of screws. [0052]A
biasing member 440 biases the optical low-pass filter 410 toward the
image sensor 33. The biasing member 440 is engaged with the optical
low-pass filter holding member 420. The biasing member 440 is
electrically connected to the portion (ground) of the digital camera
100 that has a ground potential. The surface of the optical low-pass
filter 410 is also electrically connected to the portion (ground) of
the digital camera 100 that has a ground potential. Due to these
connections, it is possible to prevent a foreign substance such  as
dust and dirt from being electrostatically attached to the surface of
the optical low-pass filter 410. [0053]An elastic member 450 has a
frame shape substantially circular in cross-section, and is
sandwiched by the optical low-pass filter 410 and the optical
low-pass filter holding member 420. The biasing member 440 biases the
optical low-pass filter 410, which causes the elastic member 450 to
be compressed between the optical low-pass filter 410 and the optical
low-pass filter holding member 420. [0054]Therefore, the strength of
the force for compressing the elastic member 450 is determined based
on the biasing force that the biasing member 440 applies toward the
image sensor 33. The elastic member 450 may be made of a rubber
material or a urethane foam material such as PORON (registered
trademark). [0055]An optical member 460 is an optical member
constructed 



by bonding a phase plate (depolarization plate), an infrared cut
filter, and a birefringent plate having a different refraction
direction from the optical low-pass filter 410 by 900. The optical
member 460 is adhesively fixed to the optical low-pass filter holding
member 420. [0056]The image sensor holding member 510 has a
rectangular opening formed therethrough, where the image sensor 33 is
fixedly held while being maintained in an exposed state. The image
sensor holding member 510 is fixed to the main body of the digital
camera 100 with, for example, screws. [0057]A mask 520 is held by
being sandwiched by the optical low-pass filter holding member 420
and the image sensor 33 to  prevent an entry of excess light from the
outside of a photographic optical path into the image sensor 33.
[0058]Image sensor biasing members 530 are a pair of right and left
biasing members constituted by plate springs. The image sensor
biasing members 530 are fixed to the image sensor holding member 510
by screws, and press the image sensor 33 against the image sensor
holding member 510. [0059]The optical low-pass filter 410 is
configured in this 



way, as a result of which the optical low-pass filter 410 is
supported so as to be capable of vibrating while being sandwiched by
the biasing member 440 and the elastic member 450. [0060]Next, a
vibration occurring at the optical low-pass filter 410 according to
the present exemplary embodiment will be described with reference to
Figs. 3 to 6. [0061]In the present exemplary embodiment, a travelling
wave moving in the long-side direction (the left-right direction in
the drawings) of the optical low-pass filter 410 is generated at the
optical low-pass filter 410. More specifically, a traveling wave is
generated at the optical low-pass filter 410 by causing two bending
vibrations, which are shifted in time phase from each other and have
different consecutive order numbers, at the optical low-pass filter
410. [0062]Fig.3 is a graph illustrating relationships between the
frequencies and amplitudes of two vibration modes excited at the
optical low-pass filter 410 according to the present exemplary
embodiment. As illustrated in Fig. 3, a bending vibration of an
m-order vibration mode is excited at a frequency  indicated as Um),
and a bending vibration of an (m+1)-order vibration mode is excited
at a frequency indicated as f(m+1).  [0063] Setting a frequency f of
a voltage to be applied to the piezoelectric elements 430a and 430b
so as to satisfy the relationship f(m) < f<f(m+1) makes it possible
to utilize both the resonance of the bending vibration of them-order
vibration mode and the resonance of the bending vibration of the
(m+1)-order vibration mode. If the frequency f is set so as to
satisfy the relationship f< f(m), it is possible to utilize the
resonance of the m-order vibration mode, but it becomes difficult to
utilize the resonance of the (m+1)-order vibration mode, since the
frequency is separated away from the resonance point of the
(m+1)-order vibration mode in this case.  [0064] Further, if the
frequency f is set so as to satisfy the relationship f(m+1) < f, it
is possible to utilize only the resonance of the (m+1)-order
vibration mode. In the present exemplary embodiment, the frequency f
is set within the range satisfying the relationship f(m) < f < f(m+1)
to utilize the resonance of the both vibration modes. 



[0065]Figs. 4A and 45 illustrate waveforms of the m-order and
(m+1)-order vibration modes, and voltages applied to the
piezoelectric elements 430a and 430b in a case where m is an odd
number. [0066]Figs. 4A and 43 illustrate the waveforms and voltages
when m is 9 (m - 9), which is one example of m as an odd number. Fig.
4A illustrates the optical low-pass filter 410 as viewed from the
main mirror 6 side. The piezoelectric elements 430a  and 430b are
bonded to the surface, which is closer to the image sensor 33, of the
optical low pass filter 410. [0067]As illustrated in Fig. 4A, in each
of the bending vibrations of the two vibration modes, a plurality of
nodes is generated at regular intervals in the long-side direction of
the piezoelectric elements 430a and 430b, in the long-side direction
of the optical low-pass filter 410. In Fig. 43, the amplitudes and
time phases of alternating-current voltages applied to the
piezoelectric elements 430a and 430b are expressed by real components
and imaginary components for each of the bending vibrations of the
vibration modes. [0068]The row (1) in the table illustrated in Fig.
4B indicates the alternating-current voltages for the bending
vibration of the m-order vibration mode. The row (2) in the table
illustrated in Fig. 43 indicates the alternating-current voltages for
the (m+1)-order vibration mode. The row (3) in the table illustrated
in Fig. 43 indicates the alternating-current voltages for the bending
vibration of the (m+1)-order vibration mode shifted by 90 in terms of
time phase. [0069]In this table, by setting the amplitude ratio
between 



the bending vibration of the m-order vibration mode and the bending
vibration of the (m+1)-order vibration mode to be A:1, the voltage of
the bending vibration of each vibration mode is standardized based on
the amplitude of the bending vibration of the m-order vibration mode,
so that the bending vibrations of the two vibration modes have the
same amplitudes.  [0070]The bending vibration of the m-order
vibration mode and the bending vibration of the (m+1)-order vibration
mode, which is shifted in time phase relative to the first bending
vibration by 90, can be simultaneously excited at the optical
low-pass filter 410 by adding the alternating-current voltages
indicated in the rows (1) and (3) illustrated in Fig. 4B. In other
words, the target vibrations can be excited by applying the
alternating-current voltages indicated in the row (4) illustrated in
Fig. 4B. [0071]Next, a description will be given of behavior of the
optical low-pass filter 410 when the bending vibrations of the two
vibration modes are simultaneously excited according to the
above-described control method. In the present exemplary embodiment,
a ninth-order vibration mode and a tenth-order vibration mode are
simultaneously excited by way of example. [0072]Figs. 5 and 6
illustrate the behavior of the optical low-pass filter 410 in each
time phase when the bending vibrations of the two vibration modes are
simultaneously excited with their time phases shifted from each other
by 90. The horizontal direction in Figs. 5 and 6 represents the
position in the optical low-pass filter 410, and the positions from
the left end to the right end are expressed by the numerical values
of 0 to 360. Further, in the description below X indicates the
long-side direction of the optical low-pass filter 410, Y indicates
the short-side direction of the optical low-pass filter 410, and Z
indicates the normal direction of the plane.  [0073]In Figs. 5 and 6,
C represents the waveform of the 



bending vibration of the ninth-order vibration mode, and D represents
the waveform of the bending vibration of the tenth-order vibration
mode. Further, E represents the synthesized waveform of the two
modes. [0074]In other words, E represents the actual amplitude of the
optical low-pass filter 410. F represents the acceleration of the
optical low-pass filter 410 in the Z direction. A foreign substance
attached to the surface of the optical low-pass filter 410 is being
conveyed by receiving a force in the normal direction as the optical
low-pass filter 410 is deformed. [0075]More specifically, when the
curve F, which represents the acceleration in the Z direction, shows
a positive value, a foreign substance is thrust up out of the plane,
and receives a force in the normal direction of the curve E, which
represents a displacement of the optical low-pass filter 410 in this
time phase. The foreign substance receives a force in the right
direction (the positive direction of the X direction) during the
periods indicated by "rn (n = 1, 2, 3, ... )" in Figs. 5 and 6. The
foreign substance receives a force in the left direction (the
negative direction of the X direction) during the periods indicated
by "In (n = I, 2, 3,) in Figs. 5 and 6.  [0076]As a result, the
foreign substance is conveyed to the positions indicated by "Xn (n =
1, 2, 3, ... )". In the present exemplary embodiment, as the time
phase progresses, the position Xn (n = 1, 2, 3, ... ) is being
shifted in the positive direction of the X direction, so that the
foreign substance is  being conveyed in the positive direction of the
X direction. [0077]Next, Fig. 7 illustrates the configuration of the 



piezoelectric element 430a. Fig. 7 is a three-sided drawing of the
piezoelectric element 430a. As illustrated in Fig. 7, the
piezoelectric element 430a includes a piezoelectric member 431, which
is a single piezo element, and four kinds of electrodes formed on the
surfaces of the piezoelectric member 431, i.e., a drive electrode AF,
a drive electrode AB, a sensor electrode SF, and a ground electrode
SB. [0078]As illustrated in Fig. 7, two drive electrodes Al and one
sensor electrode SF are formed on a surface F (a first surface) of
the piezoelectric member 431. In other words, a plurality of drive
electrodes AF is formed on the surface F (the first surface) of the
piezoelectric member 431. [0079]Two drive electrodes AB and one
ground electrode SB are formed on a surface B (a second surface) of
the piezoelectric member 431. The two drive electrodes AF and the two
drive electrodes AB are formed at such positions that they have a
front-back relationship with respect to the piezoelectric member 431
from each other. The two drive electrodes AF and the two drive
electrodes AB are drive electrodes for exciting a vibration at the
optical low-pass filter 410. [0080]The piezoelectric element drive
circuit 111, which is a control circuit, alternately applies a
voltage to the two drive electrodes AF and the two drive electrodes
AB, thereby vibrating the optical low-pass filter 410. [0081]The
sensor electrode SF is a vibration detection  electrode for detecting
a vibration of the optical low-pass filter 410. The sensor electrode
SF is formed between the two drive electrodes AF on the surface F
(the first surface) of the piezoelectric member 431. The sensor
electrode SF is connected to the vibration detection circuit 112.
[0082]The ground electrode SB is electrically connected to 



the portion (ground) of the digital camera 100 that has a ground
potential. The ground electrode SB is formed between the two drive
electrodes AB on the surface B (the second surface) of the
piezoelectric member 431. The sensor electrode SF and the ground
electrode SB are formed at such positions that they have a front-back
relationship with respect to the piezoelectric member 431 from each
other. [0083]The vibration detection circuit 112, to which the sensor
electrode SF is connected, monitors how an output voltage generated
by the sensor electrode SF is changed relative to the ground
electrode SB, which has a ground voltage, to detect a vibration of
the optical low-pass filter 410. [0084]The drive electrodes AF, the
drive electrodes AB, the sensor electrode SF, and the ground
electrode SB are connected to a flexible printed circuit board (not
illustrated)for the piezoelectric element by thermal compression
bonding with use of an anisotropic conductive film (ACF). [0085]The
drive electrodes AF and the drive electrodes AB are connected to the
piezoelectric element drive circuit 111 via a wiring pattern of the
flexible printed circuit board for the piezoelectric element. The
sensor electrode SF, which is  a vibration detection electrode, is
connected to the vibration detection circuit 112 via the wiring
pattern of the flexible printed circuit board for the piezoelectric
element. 



[0086]The ground electrode SB is connected to the portion of the
digital camera 100, which has a ground potential, via the wiring
pattern of the flexible printed circuit board for the piezoelectric
element. [0087]The thus-configured piezoelectric element 430a is
bonded at the surface For the surface B thereof to the optical
low-pass filter 410 in such a manner that the long side of the
piezoelectric element 430a is in parallel with one short side (one
side) of the optical low-pass filter 410. [0088]The piezoelectric
element 430b is configured in a similar manner to the piezoelectric
element 430a. The piezoelectric element 430b is bonded at the surface
F or the surface B thereof to the optical low-pass filter 410 in such
a manner that the long side of the piezoelectric element 430b is in
parallel with the other short side (the other side) of the optical
low-pass filter 410. [0089]Next, a description will be given of the
positions of the sensor electrodes SF respectively formed on the
piezoelectric elements 430a and 430b when the piezoelectric elements
430a and 430b are bonded to the optical low-pass filter 410.
[0090]Fig. 8 illustrates the piezoelectric elements 430a and 430b
with their surfaces B attached to the surface of the optical low-pass
filter 410 at the image sensor side, as viewed 



from the image sensor side. [0091]As illustrated in Fig. 8, the
piezoelectric element 430a is bonded to the optical low-pass filter
410 in such a manner that the long side of the piezoelectric element
430a extends along the one short side (the one side) of the optical
low-pass filter 410. The length of the long side of the piezoelectric
element 430a is approximately equal to the length of one short side
(the one side) of the optical low-pass filter 410. [0092]As
illustrated in Fig. 8, the piezoelectric element 430b is bonded to
the optical low-pass filter 410 in such a manner that the long side
of the piezoelectric element 430b extends along the other short side
(the other side) of the optical low-pass filter 410. The length of
the long side of the piezoelectric element 430b is approximately
equal to the length of the short side of the optical low-pass filter
410.  [0093]As mentioned above, a foreign substance is conveyed
through a vibration of the optical low-pass filter 410 at the
frequency f (f(m) < f < f(m+1)). At this time, the frequency f should
be a frequency capable of generating a travelling wave most suitable
to the conveyance between the frequency f(m) and f(m+1). [0094]Fig. 8
schematically illustrates a traveling wave generated at the frequency
f. Fig. 8 illustrates only the optical low-pass filter 410 and the
piezoelectric elements 430a and 430b as viewed from the image sensor
side with the other members omitted therefrom. Further, the shaded
area in Fig. 8 is an optical effective area allowing transmission of
an  



imaging light flux incident on the digital camera 100. [0095]As
illustrated in Fig. 8, a traveling wave is generated so as to travel
in the long-side direction of the optical low-pass filter 410, i.e.,
the direction perpendicular to the short-side of the optical low-pass
410 filter to which the piezoelectric elements 430a and 430b are
bonded. At this time, a stationary wave of a first-order vibration
mode illustrated in Fig. 8 is generated in the short-side direction
of the optical low-pass filter 410. [0096]The broken line in Fig. 8
indicates nodes of this first-order stationary wave. This first-order
stationary wave has one node in the short-side direction of the
optical low-pass filter 410 at each of the opposing sides symmetric
about the central axis of the short-side direction of the optical
low-pass filter 410. This first-order stationary wave is a stationary
wave generated at a frequency between the frequency f(m) (the m-order
vibration mode) and the frequency f(m+1) (the (m+1)-order vibration
mode). [0097]A foreign substance attached to the surface of the
optical low-pass filter 410 is conveyed in the long-side direction of
the optical low-pass filter 410 by a synthetic wave of the travelling
wave, which travels in the long-side direction of the optical
low-pass filter 410, and the first-order stationary wave generated in
the short-side direction of the optical low-pass filter 410.
[0098]The amplitude of the synthetic wave, which conveys a foreign
substance, is maximized at the central axis in the  



short-side direction of the optical low-pass filter 410, which
corresponds to the anti-node of the first-order stationary wave
generated in the short-side direction of the optical low-pass filter
410. [0099]The amplitude of the synthetic wave, which conveys a
foreign substance, is gradually reduced from the central axis of the
short-side direction of the optical low-pass filter 410 toward the
node portion of the first-order stationary wave generated in the
short-side direction of the optical low-pass filter 410. Then, the
amplitude of the synthetic wave, which conveys a foreign substance,
is minimized at the node portion of the first-order stationary wave
generated in the short-side direction of the optical low-pass filter
410. [0100]Therefore, the amplitude sufficient to convey a foreign
substance may not be acquired at the node portion of the first-order
stationary wave generated in the short-side direction of the optical
low-pass filter 410. [0101]According to the present exemplary
embodiment, the size of the optical low-pass filter 410 is optimized
to generate the node of the first-order stationary wave outside the
optical effective area. In other words, the size of the optical
low-pass filter 410 is set so that the node of the first-order
stationary wave appears outside the optical effective area. [0102]As
a result, it is possible to acquire the amplitude sufficient to
convey a foreign substance within the optical effective area of the
optical low-pass filter 410. [0103]The travelling wave, which travels
in the long-side  



direction of the optical low-pass filter 410, is reflected at the end
of the long side of the optical low-pass filter 410, i.e., the end of
the optical low-pass filter 410 where the piezoelectric elements 430a
and 430b are not bonded. This results in generation of another
vibration different from the first-order stationary wave generated in
the short-side direction of the optical low-pass filter 410.
[0104]The reflected wave generated at the end of the long-side of the
optical low-pass filter 410 interferes with the synthetic wave for
conveying a foreign substance. This interference leads to unevenness
in the degree of the amplitude of the synthetic wave and generation
of a vibration with a phase different from that of the synthetic wave
for conveying a foreign substance in the vicinity of the end of the
long side of the optical low-pass filter 410. [0105]Therefore, if the
sensor electrode SF is located outside relative to the node of the
first-order stationary wave generated in the short-side direction of
the optical low-pass filter 410, the sensor electrode SF cannot
accurately detect the synthetic wave for conveying a foreign
substance. [0106]On the other hands, if the sensor electrode SF is
located on the node of the first-order stationary wave generated in
the short-side direction of the optical low-pass filter 410, it
becomes difficult to distinguish the vibration from a noise due to
the small amplitude of the synthetic wave for carrying a foreign
substance. [0107]For these reasons, the piezoelectric elements 430a
and 430b are bonded to the optical low-pass filter 410 so that the
sensor electrodes SF thereof are positioned between the nodes of the
first-order stationary wave generated in the short-side direction of
the optical low-pass filter 410. 



[0108]In other words, the sensor electrodes SF are positioned between
a plurality of nodes of the vibration generated in the short-side
direction of the optical low-pass filter 410 to which the
piezoelectric elements 430a and 430b are bonded. In the present
exemplary embodiment, the sensor electrodes SF are positioned on the
central axis of the short-side direction of the optical low-pass
filter 410. [0109]This arrangement allows the sensor electrodes SF to
detect the synthetic wave having the largest amplitude to thereby
easily distinguish the vibration from a noise. Further, the influence
of the reflected wave generated at the end of the long-side of the
optical low-pass filter 410 is being reduced toward the central axis
of the short side of the optical low-pass filter 410, too.
[0110]Therefore, positioning the sensor electrodes SF on the central
axis of the short side of the optical low-pass filter 410 allows the
sensor electrodes SF to accurately detect the traveling wave
conveying a foreign substance. [0111]The size of the sensor electrode
SF may be any size allowing the sensor electrode SF to produce an
output voltage sufficiently larger than a noise level. The drive
electrode AF is an electrode for exciting a vibration of the optical
low-pass filter 410, so that it may be effective to form the  drive
electrode AF so as to have a size as large as possible. [0112]The two
drive electrodes AF and the two drive 



electrodes AB formed at the piezoelectric element 430a are referred
to as a first drive electrode, and the sensor electrode SF formed at
the piezoelectric element 430a is referred to as a first sensor
electrode. [0113]Similarly, the two drive electrodes AF and the two
drive electrodes AB formed at the piezoelectric element 430b are
referred to as a second drive electrode, and the sensor electrode SF
formed at the piezoelectric element 430b is referred to as a second
sensor electrode. [0114]The piezoelectric element drive circuit 111
is connected to the first drive electrode of the piezoelectric
element 430a and the second drive electrode of the piezoelectric
element 430b, respectively. A voltage applied from the piezoelectric
element drive circuit 111 to the piezoelectric elements 430a and 430b
is controlled by the MPU 101. [0115]The vibration detection circuit
112 is connected to the first sensor electrode of the piezoelectric
element 430a and the second sensor electrode of the piezoelectric
element 430b. An output from the first sensor electrode of
piezoelectric element 430a and an output from the second sensor
electrode of the piezoelectric element 430b are input into the
vibration detection circuit 112. [0116]The foreign substance removal
operation according to the present exemplary embodiment will be
described with reference to Figs. 9A to 90. Fig. 9A is a main
flowchart of  



the foreign substance removal operation according to the present
exemplary embodiment. [0117]In step S100, the main flow of the
foreign substance removal operation is started. [0118]In step 5110,
the switch sensor circuit 106 detects a turning-on operation of the
cleaning SW 44. In step 5120, the MPU 101 detects the internal
temperature of the digital camera 100 based on an output from the
temperatures sensor 113.  [0119] In step 5130, the MPU 101 reads out
the temperature data stored in an electrically erasable programmable
read-only memory (EERPOM) 108. The EEPROM 108 stores data in which
main driving parameters calculated based on previous preliminary
driving operations and the temperature data at the time of execution
of the preliminary driving operations are associated with each other.
[0120]In step S140, the MPU 101 determines whether the internal
temperature of the digital camera 100 detected in step S120 is within
any of predetermined temperature ranges set based on the temperatures
stored in the EEPROM 108. If the internal temperature of the digital
camera 100 is within any of the temperature ranges (YES in step
S140), the processing proceeds tostepSr/0. If the internal
temperature of the digital camera 100 is not within any of the
temperature ranges (NO in step S140) , the processing proceeds to
step S150. [0121]In step S150, the MPG 101 determines whether the
elapsed time after execution of the foreign substance removal
operation is within a predetermined time range set in advance.  If
the elapsed time after execution of the foreign substance removal
operation is within the predetermined time range (YES in step S150),
the processing proceeds to step S170. If the elapsed time from
execution of the foreign substance removal operation is not within
the predetermined time range (NO in step S150), the processing
proceeds to step S160. 



[0122]In step 3160, the MPU 101 executes a preliminary driving
operation. The details of the preliminary driving operation will be
described below. [0123]In step 3170, the MPU 101 executes a main
driving operation. The details of the main driving operation will be
described below. [0124]In step 3180, the MPU 101 starts a time count.
As a result, it is possible to measure the elapsed time since the
foreign substance removal operation is performed. In other words, the
MPU 101 functions as a time counter unit for measuring the elapsed
time since the piezoelectric element is driven. [0125]Then, in step
3190, the main flow of the foreign substance removal operation is
ended. [0126]Fig. 93 is a sub flowchart illustrating the details of
the preliminary driving operation illustrated in step 3160 according
to the present exemplary embodiment. [0127]It is necessary to
simultaneously excite the bending 



vibration of the m-order vibration mode and the bending vibration of
the (m+1)-order vibration mode, which is shifted in time phase
relative to the bending vibration of the m-order vibration mode by
90, at the optical low-pass filter 410 to  generate a travelling wave
at the optical low-pass filter 410. [0128]Therefore, it is necessary
to detect how large a difference in time phase is generated between
when the optical low-pass filter 410 has the bending vibration of the
m-order vibration mode and when the optical low-pass filter 410 has
the bending vibration of the (m+1)-order vibration mode with the same
time phase as the m-order vibration. [0129]Then, it is desirable to
determine the amount of the time phase difference of the bending
vibration of the (m+1)-order vibration mode from the bending
vibration of the m-order vibration mode in consideration of the
detected time phase difference. [0130]For example, if the detected
time phase difference is 10 between the bending vibration of the
m-order vibration mode and the bending vibration of the (m+1 ) -order
vibration mode, it is determined that the bending vibration of the
(m+1)-order vibration mode is shifted in time phase from the bending
vibration of the m-order vibration mode by 80. [0131]This setting
makes it possible to simultaneously excite the bending vibration of
them-order vibration mode, and the bending vibration of the
(m+1)-order vibration mode, which is shifted in time phase relative
to the bending vibration of the m-order vibration mode by 90, at the
optical low-pass 



filter 410. As a result, it becomes possible to generate a stabilized
travelling wave at the optical low-pass filter 410. [0132]In the
preliminary driving operation, first, a vibration is detected by the
vibration detection circuit 112  when the bending vibration of the
m-order vibration mode is excited at the optical low-pass filter 410.
The bending vibration of the m-order vibration mode here corresponds
to a first bending vibration, and exciting the bending vibration of
the m-order vibration mode at the optical low-pass filter 410
corresponds to a first driving mode. [0133]Subsequently, a vibration
is detected by the vibration detection circuit 112 when the bending
vibration of the (m+1)-order vibration mode in the same time phase
with the m-order vibration mode is excited at the optical low-pass
filter 410. [0134]The bending vibration of the (m+1)-order vibration
mode here, which is in the same time phase with the bending vibration
of them-order vibration mode, corresponds to a second bending
vibration, and exciting the bending vibration of the (m+1)-order
vibration mode in the same time phase with the m-order vibration mode
corresponds to a second driving mode. [0135]After that, it is
detected how large a difference is 



generated between the time phase of the vibration detected when the
bending vibration of them-order vibration mode is excited at the
optical low-pass filter 410, and the time phase of the vibration
detected when the bending vibration of the  (m+1)-order vibration
mode is excited at the optical low-pass filter 410. [0136]Then, the
MPU 101 generates driving parameters for use in the main driving
operation based on the detected time phase difference. The MPU 101
functions as a driving parameter  generation unit. [0137]The MPU 101
stores the data in which the generated driving parameters, the
temperature range set based on the internal temperature of the
digital camera 100, and the date and time when the driving parameters
are generated in the EEPROM 108, are associated. The EEPROM 108
corresponds to a memory storing an operation parameter.
[0138]Execution of the preliminary driving operation allows a
calculation of the driving parameters for simultaneously exciting the
bending vibration of the m-order vibration mode and the bending
vibration of the (m+1)-order vibration mode, which is shifted in time
phase relative to the bending vibration of the m-order vibration mode
by exactly 90, at the optical low-pass filter 410. 



[0139]In step S200, the sub flow of the preliminary driving operation
is started. [0140]In step S210, the piezoelectric element drive
circuit 111 sets the frequency f, the voltage, and the power supply
time for power application to the piezoelectric elements 430a and
430b. [0141]The frequency f for use in the preliminary driving
operation is the same frequency as the frequency f for use in the
main driving operation. The value of this frequency f is different
for each imaging unit 400 due to, for example, a variety in the
thicknesses of the optical low-pass filters 410 and a difference in
the ambient temperatures. This frequency f can be recognized by, for
example, measuring the resonance  frequency of the optical low-pass
filter 410 with use of, for example, an impedance analyzer.
[0142]During the preliminary driving operation, it is sufficient to
vibrate the optical low-pass filter 410 with amplitude just allowing
the vibration detection circuit 112 to detect the vibration. [0143]In
the present exemplary embodiment, inconsideration 



of this fact, a first voltage, which is applied to the piezoelectric
elements 430a and 430b during the preliminary driving operation, is
set so as to be a lower voltage than a second voltage, which is
applied to the piezoelectric elements 430a and 403b during the main
driving operation. [0144]Further, it is sufficient to vibrate the
optical low-pass filter 410 for a time just allowing the vibration
detection circuit 112 to detect the vibration as the driving time of
the piezoelectric elements 430a and 430b. [0145]Therefore, a first
driving time, for which the piezoelectric elements 430a and 430b are
driven as one operation during the preliminary driving operation, is
set so as to be a shorter driving time than a second driving time,
for which the piezoelectric elements 430a and 430b are driven as one
operation during the main driving operation. [0146]In the present
exemplary embodiment, the voltage applied to the piezoelectric
elements 430a and 430b by the piezoelectric element drive circuit 111
is set to be 40 V. and the power supply time is set to be 20 ms.
[0147]As a result, it is possible to reduce power  consumption of the
digital camera 100, which is another advantageous effect of the
present exemplary embodiment. [0148]In step S220, the piezoelectric
element drive circuit 



111 drives the piezoelectric elements 430a and 430b according to the
frequency f, the voltage, and the power supply time set in step S210
to excite the bending vibration of the m-order vibration mode at the
optical low-pass filter 410. [0149]The vibration of the optical
low-pass filter 410 is accompanied by generation of a voltage having
a sine wave of the frequency f at the sensor electrodes SF of the
piezoelectric elements 430a and 430b due to the piezoelectric effect.
At this time, the ground electrodes SB of the piezoelectric elements
430a and 430b are constantly maintained at the ground potential (0
V), so that the vibration detection circuit 112 detects output
voltages from the respective piezoelectric elements 430a and 430b.
[0150]In the example illustrated in Fig. 4A and 45, driving voltages
in the same phase are applied to the piezoelectric elements 430a and
430b to excite the bending vibration of the m-ordervibrationmode.
Therefore, the output voltage that the vibration detection circuit
112 detects from the sensor electrode SF of the piezoelectric element
430a, and the output voltage that the vibration detection circuit 112
detects from the sensor electrode SF of the piezoelectric element
430b show the same sine waveforms. [0151]In step S230, the
piezoelectric element drive circuit 111 drives the piezoelectric
elements 430a and 430b according  to the frequency f, the voltage,
and the power supply time set in step S210 to excite the bending
vibration of the (m+1)-order vibration mode at the optical low-pass
filter 410. 



[0152]The vibration of the optical low-pass filter 410 is accompanied
by generation of a voltage having a sine wave of the frequency f at
the sensor electrodes SF of the piezoelectric elements 430a and 430b
due to the piezoelectric effect. At this time, the ground electrodes
SB of the piezoelectric elements 430a and 430b are constantly
maintained at the ground potential (0 V), so that the vibration
detection circuit 112 can detect output voltages from the respective
piezoelectric elements 430a and 430b. [0153]In the example
illustrated in Fig. 4, a voltage in the same phase with the voltage
applied when the bending vibration of the m-order vibration mode is
excited is applied to the piezoelectric elements 430a to excite the
bending vibration of the (m+1)-order vibration mode. However, in this
case, a voltage shifted in phase by 180 relative to the voltage
applied when the bending vibration of the m-order vibration mode is
excited is applied to the piezoelectric element 430b.
[0154]Therefore, the output voltage that the vibration detection
circuit 112 detects from the sensor electrode SF of the piezoelectric
element 430b shows a reversed sine waveform with respect to the
output voltage that the vibration detection circuit 112 detects from
the sensor electrode SF of the piezoelectric element 430a. [0155]In
the present exemplary embodiment, the vibration  is detected based on
the output voltage from the sensor electrode SF of the piezoelectric
element 430a, to which the voltages in the same phase are applied
when the bending vibration of them-order vibration mode is excited
and when the bending vibration of the (m+1 ) -order vibration mode is
excited. [0156]In step S240, a difference is detected between the
time phase of the vibration detected when the bending vibration of
the m-order vibration mode is excited at the optical low-pass filter
410, and the time phase of the vibration detected when the bending
vibration of the (m+1)-order vibration mode is excited at the optical
low-pass filter 410. 



[0157]Fig. 10 illustrates the output voltages that the vibration
detection circuit 112 detects from the sensor electrode SF of the
piezoelectric element 430a. In Fig. 10, the vertical axis represents
the voltage, and the horizontal axis represents the time. The voltage
represented by the vertical axis is proportional to the amplitude of
the optical low-pass filter 410. [0158]In Fig. 10, a sine waveform Vm
indicated by the solid line is an output voltage that the vibration
detection circuit 112 detects from the sensor electrode SF of the
piezoelectric element 430a when the bending vibration of them-order
vibration mode is excited at the optical low-pass filter 410. [0159]A
phase 0m in Fig. 10 indicates a time from a start of driving the
piezoelectric element 430a to excite the bending vibration of
them-order vibration mode at the optical low-pass filter 410 to
detection of the vibration of the optical low-pass  filter 410 by the
vibration detection circuit 112. [0160]In Fig. 10, a sine waveform
Vm+1 indicated by the broken line is an output voltage that the
vibration detection circuit 112 detects from the sensor electrode SF
of the piezoelectric element 430a when the bending vibration of the
(m+1)-order vibration mode is excited at the optical low-pass filter
410. [0161]A phase em+1 in Fig. 10 indicates a time from a start 



of driving the piezoelectric element 430a to excite the bending
vibration of the (m+1)-order vibration mode at the optical low-pass
filter 410 to detection of the vibration of the optical low-pass
filter 410 by the vibration detection circuit 112. [0162]Then, ed in
Fig. 10 corresponds to a time phase difference between the vibration
detected when the bending vibration of the m-order vibration mode is
excited at the optical low-pass filter 410 and the vibration detected
when the bending vibration of the (m+1)-order vibration mode is
excited at the optical low-pass filter 410. [0163]A voltage applied
to the piezoelectric element 430a to excite the bending vibration of
the m-order vibration mode is in the same phase with a voltage
applied to the piezoelectric element 430a to excite the bending
vibration of the (m+1)-order vibration mode. Therefore, in the
present exemplary embodiment, the above-described time phase
difference is calculated with use of the output voltages detected
from the sensor electrode SF of the piezoelectric element 430a, to
which voltages in the same phase are applied when the bending
vibration of them-order vibration mode is excited and when the
bending vibration of the (m+1 ) -order vibration mode is excited.
[0164]In step S250, the MPU 101 calculates the time phase of the
bending vibration of the (m+1)-order vibration mode relative to that
of the bending vibration of the m-order vibration mode, based on the
time phase difference 8d detected in step 8240. 



[0165]Then, the MPU 101 performs a vector operation to calculate the
driving parameters for the main driving operation to simultaneously
excite the bending vibration of the m-order vibration mode and the
bending vibration of the (m+1)-order vibration mode, which is shifted
in time phase relative to the bending vibration of the m-order
vibration mode by the calculated degree, at the optical low-pass
filter 410. [0166]For example, in a case where the bending vibration
of the (m+1)-order vibration mode is delayed relative to the bending
vibration of the m-order vibration mode by 10 (the time phase
difference ed is 10), the MPU 101 sets the time phase of the
(m+1)-order vibration mode so as to be delayed relative to the time
phase of the m-order vibration mode by 80. [0167]Then, the NFU 101
performs a vector operation to synthesize the parameters for exciting
the bending vibration of the m-order vibration mode at the optical
low-pass filter 410, and the parameters for exciting the bending
vibration of the (m+1)-order vibration mode, which is shifted in time
phase relative to the bending vibration of them-order vibration mode
by 80, at the optical low-pass filter 410. The driving  parameters
synthesized by the vector operation are used as the driving
parameters for the main driving operation. [0168]The driving
parameters calculated here are a voltage to be applied to the
piezoelectric element 430a, a voltage to be applied to the
piezoelectric element 430b, and a phase difference of the voltage to
be applied to the piezoelectric element 430b from the voltage to be
applied to the piezoelectric element 430a. 



[0169]In step S260, the MPU 101 stores the driving parameters for the
main driving operation calculated in step S250 in the EEPROM 108. The
driving parameters are associated with the temperature range set
based on the temperature data detected in step S120, and the date and
time when the driving parameters for the main driving operation are
generated. [0170]In step S270, the sub flow of the preliminary
driving operation is ended, and the processing returns to the main
flow. [0171]Fig. 90 is a sub flowchart illustrating the details of
the main driving operation illustrated in step S170 according to the
present exemplary embodiment. [0172]In step S300, the sub flow of the
main driving operation is started. [0173]In step S310, the MPU 101
reads out appropriate driving parameters for the main driving
operation from the EEPROM 108. [0174]More specifically, if the
temperature detected in 



step S120 falls within any of the temperature ranges stored in the
EEPROM 108, the MPU 101 reads out the driving parameters  for the
main driving operation that are associated with the temperature range
within which the temperature detected in step S120 falls. If the
temperature detected in step S120 does not fall within any of the
temperature ranges stored in the EEPROM 108, the MPU 101 reads out
the driving parameters having the latest date and time as the date
and time when the driving parameters for the main driving operation
were generated. [0175]Instep S320, the MPU 101 sets the driving
parameters for the main driving operation, which are read out in step
S310, and also sets the frequency f, the voltage v, the phase
difference, and the power supply time for power application from the
piezoelectric element drive circuit 111 to the piezoelectric elements
430a and 430b. In the present exemplary embodiment, for example, the
MPU 101 sets 120V, 100V, and 500 ms as the voltage that the
piezoelectric element drive circuit 111 applies to the piezoelectric
element 430a, the voltage that the piezoelectric element drive
circuit 111 applies to the piezoelectric element 430b, and the power
supply time therefor, respectively. [0176]During the main driving
operation, increasing voltages to be applied to the piezoelectric
elements 430a and 430b, and applying such voltages for a long power
supply time lead to an increase in the possibility of succeeding in
removing a foreign substance attached to the optical low-pass filter
410, so that maximally increased voltages are applied to the
piezoelectric elements 430a and 430b. [0177]In step S330, the MPU 101
increments a repetition 



count n of the main driving operation. [0178]In step S340, the
piezoelectric element drive circuit 111 drives the piezoelectric
elements 430a and 430b according to the conditions set in step 3320.
[0179]This driving results in simultaneous occurrence of the bending
vibration of the m-order vibration mode and the bending vibration of
the (m+1)-order vibration, which is shifted in time phase relative to
the bending vibration of the m-order vibration mode by the calculated
degree, at the optical low-pass filter 410. This operation
corresponds to a third driving mode of simultaneously exciting the
first bending vibration and the second bending vibration, which is
out of time phase with the first bending vibration and has a next
higher or lower order than the order of the first bending vibration.
[0180]In step 5350, the MPU 101 determines whether the repetition
count n of the main driving operation reaches a preset value. If the
repetition count n of the main driving operation reaches the preset
value (YES in step S350), the processing proceeds to step S360. If
the repetition count n of the main driving operation does not reach
the preset value (NO in step S350), the processing proceeds to step
3330. [0181]In step S360, the sub flow of the main driving operation
is ended, and the processing returns to the main flow.
[0182]According to the present exemplary embodiment, it is 



possible to simultaneously excite the bending vibration of the
m-order vibration mode and the bending vibration of the (m+1)-order
vibration mode, which is shifted in time phase  relative to the
bending vibration of them-order vibration mode by exactly 90, at the
optical low-pass filter 410. As a result, it is possible to generate
a stabilized travelling wave at the optical low-pass filter 410.
Further, it is possible to reduce power consumption at the time of
the preliminary driving operation, even if the highest possible
voltage is set as the voltage to be applied to the piezoelectric
elements 430a and 430b to maximally exert the foreign substance
removal ability at the time of the main driving operation.
[0183]While the present invention has been described with reference
to exemplary embodiments, it is to be understood that the invention
is not limited to the disclosed exemplary embodiments. The scope of
the following claims is to be accorded the broadest interpretation so
as to encompass all modifications, equivalent structures, and
functions.  WHAT IS CLAIMED IS: 1. A foreign substance removal
apparatus comprising: an optical member; a piezoelectric element
attached to the optical member; 



a drive control unit configured to drive the piezoelectric element in
a first driving mode for exciting a first bending vibration of the
optical member, a second driving mode for exciting a second bending
vibration of the optical member, and a third driving mode for
simultaneously exciting the first bending vibration and the second
bending vibration, the second bending vibration having an order
different from an order of the first bending vibration;           a
vibration detection unit configured to detect a vibration of the
optical member when the drive control unit drives the piezoelectric
element in the first driving mode and the second driving mode; and
a driving parameter generation unit configured to determine a driving
parameter for when the drive control unit drives the piezoelectric
element in the third driving mode based on a time phase difference
between a vibration of the optical member which is detected when the
drive control unit drives the piezoelectric element in the first
driving mode, and a vibration of the optical member which is detected
when the drive control unit drives the piezoelectric element in the
second driving mode,            wherein the drive control unit is
configured to drive the piezoelectric element in the third driving
mode with use of the driving parameter determined by the driving
parameter generation unit.      2. The foreign substance removal
apparatus according to claim 1,          wherein a drive electrode
and a sensor electrode are formed at the piezoelectric element,
wherein the drive control unit is configured to drive the
piezoelectric element by applying a voltage to the drive electrode,
and          wherein the vibration detection unit is configured to
detect the vibration of the optical member from an output from the
sensor electrode.      3. The foreign substance removal apparatus
according to claim 2,          wherein the piezoelectric element
includes a first piezoelectric element provided at one end of the
optical member, and a second piezoelectric element provided at the
other end of the optical member, 



wherein a first drive electrode and a first sensor electrode are
formed at the first piezoelectric element,          wherein a second
drive electrode is formed at the second piezoelectric element,
wherein the drive control unit is configured to apply  voltages in a
same phase to the first drive electrode and the second drive
electrode, both when the drive control unit drives the first
piezoelectric element and the second piezoelectric element in the
first driving mode and when the drive control unit drives the first
piezoelectric element and the second piezoelectric element in the
second driving mode, and          wherein the vibration detection
unit is configured to detect the vibration of the optical member from
an output of the first sensor electrode, both when the drive control
unit drives the piezoelectric element in the first driving mode and
when the drive control unit drives the piezoelectric element in the
second driving mode.      4. The foreign substance removal apparatus
according to claim 1,          wherein the drive control unit is
configured to apply a first voltage to the piezoelectric element when
the drive control unit drives the piezoelectric element in the first
driving mode and the second driving mode,          wherein the drive
control unit is configured to apply a second voltage to the
piezoelectric element when the drive control unit drives the
piezoelectric element in the third driving mode, and wherein the
first voltage is lower than the second voltage. 



5. The foreign substance removal apparatus according to  claim 1,
wherein the drive control unit is configured to drive the
piezoelectric element for a first driving time when the drive control
unit drives the piezoelectric element in the first driving mode and
in the second driving mode,          wherein the drive control unit
is configured to drive the piezoelectric element for a second driving
time when the drive control unit drives the piezoelectric element in
the third driving mode, and          wherein the first driving time
is shorter than the second driving time.      6. The foreign
substance removal apparatus according to claim 1, further comprising
a memory configured to store the driving parameter set by the driving
parameter generation unit; and          a time counter unit
configured to measure an elapsed time since the drive control unit
drives the piezoelectric element in the third driving mode,
wherein the drive control unit is configured to drive the
piezoelectric element in the third driving mode with use of the
driving parameter stored in the memory without causing the driving
parameter generation unit to operate, in a case where the elapsed
time measured by the time counter unit is within a predetermined
range. 7. The foreign substance removal apparatus according to  



claim 1, further comprising:          a temperature detection unit
configured to detect an ambient temperature around the optical
member; and          a memory configured to store the driving
parameter set by the driving parameter generation unit in association
with the temperature detected by the temperature detection unit,
wherein the drive control unit is configured to drive the
piezoelectric element in the third driving mode with use of the
driving parameter stored in the memory without causing the driving
parameter generation unit to operate, in a case where the temperature
detected by the temperature detection unit when the drive control
unit is caused to operate is within a predetermined range set based
on the temperature stored in the memory. 8. An optical apparatus
comprising: an optical member; a piezoelectric element attached to
the optical member;           a drive control unit configured to
drive the piezoelectric element in a first driving mode for exciting
a first bending vibration of the optical member, a second driving
mode for exciting a second bending vibration of the optical member,
and a third driving mode for simultaneously exciting the first
bending vibration and the second bending vibration, the second
bending vibration having an order different from an order of the
first bending vibration;            a vibration detection unit
configured to detect a vibration of the optical member when the drive
control unit drives the piezoelectric element in the first driving
mode and in the second driving mode; and 



a driving parameter generation unit configured to determine a driving
parameter for when the drive control unit drives the piezoelectric
element in the third driving mode based on a time phase difference
between a vibration of the optical member which is detected when the
drive control unit drives the piezoelectric element in the first
driving mode, and a vibration of the optical member which is detected
when the drive control unit drives the piezoelectric element in the
second driving mode,          wherein the drive control unit is
configured to drive the piezoelectric element in the third driving
mode with use of the driving parameter determined by the driving
parameter generation unit. 9. The optical apparatus according to
claim 8,          wherein a drive electrode and a sensor electrode
are formed at the piezoelectric element,          wherein the drive
control unit is configured to drive the piezoelectric element by
applying a voltage to the drive electrode, and          wherein the
vibration detection unit is configured to detect the vibration of the
optical member from an output from the sensor electrode.   10. The
optical apparatus according to claim 9,          wherein the
piezoelectric element includes a first piezoelectric element provided
at one end of the optical member, and a second piezoelectric element
provided at the other end of the optical member,          wherein a
first drive electrode and a first sensor electrode are formed at the
first piezoelectric element,          wherein a second drive
electrode is formed at the second piezoelectric element, 



wherein the drive control unit is configured to apply voltages in a
same phase to the first drive electrode and the second drive
electrode, both when the drive control unit drives the first
piezoelectric element and the second piezoelectric element in the
first driving mode and when the drive control unit drives the first
piezoelectric element and the second piezoelectric element in the
second driving mode, and           wherein the vibration detection
unit is configured to detect the vibration of the optical member from
an output of the first sensor electrode, both when the drive control
unit drives the piezoelectric element in the first driving mode and
when the drive control unit drives the piezoelectric element in the
second driving mode.  11. The optical apparatus according to claim 8,
wherein the drive control unit is configured to apply a first voltage
to the piezoelectric element when the drive  control unit drives the
piezoelectric element in the first driving mode and the second
driving mode,          wherein the drive control unit is configured
to apply a second voltage to the piezoelectric element when the drive
control unit drives the piezoelectric element in the third driving
mode, and wherein the first voltage is lower than the second voltage.
12. The optical apparatus according to claim 8,          wherein the
drive control unit is configured to drive the piezoelectric element
for a first driving time when the drive control unit drives the
piezoelectric element in the first driving mode and the second
driving mode,          wherein the drive control unit is configured
to drive the piezoelectric element for a second driving time when the
drive control unit drives the piezoelectric element in the third
driving mode, and 



wherein the first driving time is shorter than the second driving
time.       13. The optical apparatus according to claim 8, further
comprising a memory configured to store the driving parameter set by
the driving parameter generation unit; and           a time counter
unit configured to measure an elapsed time since the drive control
unit drives the piezoelectric element in the third driving mode,
wherein the drive control unit is configured to drive the
piezoelectric element in the third driving mode with use of the
driving parameter stored in the memory without causing the driving
parameter generation unit to operate, in a case where the elapsed
time measured by the time counter unit is within a predetermined
range.      14. The optical apparatus according to claim 8, further
comprising:          a temperature detection unit configured to
detect an ambient temperature around the optical member; and
a memory configured to store the driving parameter set by the driving
parameter generation unit in association with the temperature
detected by the temperature detection unit,          wherein the
drive control unit is configured to drive the piezoelectric element
in the third driving mode with use of the driving parameter stored in
the memory without causing the driving parameter generation unit to
operate, in a case where the temperature detected by the temperature
detection unit when the drive control unit is caused to operate is
within a predetermined range set based on the temperature stored in
the memory. 






